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Abstract

Remote sensing is one of the most effective and promising methods to observe the
Earth’s surface and its processes. Its unique features make it possible to acquire
information-rich images of large areas at various spatial, temporal and spectral reso-
lutions. Among remote sensing techniques, RADAR (RAdio Detection and Ranging)
techniques, such as Synthetic Aperture RADAR (SAR), are particularly attractive
as they allow to obtain an electromagnetic image from an area or object of inter-
est regardless of weather and light conditions. The spectrum of applications is large
and various, ranging from environmental and social studies to safety and security
management.

The interpretation of a SAR image, unfortunately, is very challenging as it presents
features that are not commonly seen in optical images. This is especially true for
moving objects, whose signature is oftentimes blurred and displaced from the real po-
sition, hence making it impossible to retrieve further information (e.g., back-scattering
properties, dimensions, and shape). The need for automatic procedures to produce
well-focused images of a moving object is, without a doubt, crucial to many appli-
cations, including human activity monitoring, search-and-rescue and urban planning.
Though plenty of work has been done in this field, the recent technological advances in
electronics and the development of more flexible acquisition platforms have widened
the range of RADAR applications but, at the same time, have also introduced new
challenges yet to be thoroughly addressed.

This dissertation concentrates on the derivation of two- and three-dimensional
imaging algorithms for refocusing moving objects in SAR imagery. Several experi-
ments, involving different types of sensors and objects, were conducted to test the
adequacy of the proposed algorithms. The obtained results demonstrate that, pro-
vided the motion parameters of the moving object are accurately estimated, it is
possible to design an imaging algorithm capable of strongly reducing the defocusing
effects. From an unshaped blob of pixels, the moving object signature is transformed
into a well-focused image with much more precise details. Hence, the motion parame-
ters and dimensions of a moving object, whether on land or at sea, could be estimated
with a percent error not larger than 5% and 7%, respectively. Moreover, in the case
of large vessels, the results were so precise that, with visual inspection of the final
point clouds, various parts of the object could be correctly identified. A thorough
discussion of the main findings emphasizes both advantages (e.g., the ability to deal
with different kinds of objects, and to work under different conditions) and limita-
tions (e.g., the assumption that different points on the same object present the same
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relative motion) of the proposed algorithms, and suggests potential future research
directions.
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Zusammenfassung

Die Fernerkundung ist eine der erfolgreichsten und vielversprechendsten Methoden
zur Beobachtung der Erdoberfläche und deren Prozesse. Dank ihrer einzigartigen
Eigenschaften können informationsreiche Bilder von grossen Gebieten in verschiede-
nen räumlichen, zeitlichen und spektralen Auflösungen erfasst werden. Unter den
Fernerkundungstechniken sind RADAR-Techniken (RAdio Detection and Ranging)
wie Synthetic Aperture RADAR (SAR) besonders attraktiv, da sie es ermöglichen,
unabhängig von den Wetter- und Lichtverhältnissen ein elektromagnetisches Bild von
einem Gebiet oder einem Objekt von Interesse zu erhalten. Das Spektrum der An-
wendungen ist vielfältig und reicht von Umwelt- und Sozialstudien bis hin zum Sicher-
heitsmanagement.

Die Interpretation eines SAR-Bildes gestaltet sich, aufgrund von Merkmalen, die in
optischen Bildern nicht anzutreffen sind, als äusserst anspruchsvoll. Dies gilt insbeson-
dere für sich bewegende Objekte, deren Signatur oft unscharf und von der realen Posi-
tion abweichend dargestellt wird. Dies verunmöglicht die Ermittlung weiterer Informa-
tionen (z. B. Eigenschaften der Rückstreuung, Abmessungen und Form). Die Bereit-
stellung an automatisierten Verfahren zur Erzeugung gut fokussierter Bilder eines
sich bewegenden Objekts ist zweifellos von entscheidender Bedeutung für viele An-
wendungen, einschliesslich der Überwachung menschlicher Aktivitäten, der Seenotret-
tung sowie der Stadtplanung. Die jüngsten technologischen Fortschritte in der Elek-
tronik und die Entwicklung flexiblerer Aufnahmeplattformen haben das Spektrum der
RADAR-Anwendungen erweitert, gleichzeitig aber auch neue Herausforderungen mit
sich gebracht, welche es noch zu bewältigen gilt.

Diese Dissertation konzentriert sich auf die Entwicklung von zwei- und dreidi-
mensionalen Bildgebungsalgorithmen zur Refokussierung bewegter Objekte in SAR-
Bildern. Um die Eignung der vorgeschlagenen Algorithmen zu testen, wurden mehrere
Experimente mit verschiedenen Sensortypen und Objekten durchgeführt. Die erziel-
ten Ergebnisse zeigen, dass es möglich ist, einen Bildgebungsalgorithmus zu entwi-
ckeln, der die Defokussierungseffekte stark reduziert, vorausgesetzt, die Bewegungspa-
rameter des sich bewegenden Objekts werden genau geschätzt. Die Signatur eines
sich bewegenden Objektes, ursprünglich als eine unförmige Ansammlung von Pixeln
erkennbar, wird in ein gut fokussiertes Bild mit viel präziseren Details überführt. Die
Bewegungsparameter und die Abmessungen eines sich bewegenden Objekts, entweder
an Land oder auf See, können mit einem prozentualen Fehler von höchstens 5% bzw.
7% erfasst werden. Bei grossen Schiffen waren die Ergebnisse sogar so genau, dass bei
der visuellen Inspektion der endgültigen Punktwolken verschiedene Teile des Objekts
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korrekt identifiziert werden konnten. In einer ausführlichen Diskussion der wichtigs-
ten Ergebnisse werden sowohl die Vorteile (z. B. die Fähigkeit, mit verschiedenen
Objektarten sowie unter verschiedenen Bedingungen zu funktionieren) als auch die
Grenzen (z. B. die Annahme, dass verschiedene Punkte desselben Objekts dieselbe
relative Bewegung aufweisen) der vorgeschlagenen Algorithmen hervorgehoben und
mögliche zukünftige Forschungsrichtungen aufgezeigt.
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Chapter 1

Introduction

1.1 Remote Sensing for Human Activity Monitoring

Remote Sensing (RS) has been defined in a variety of ways, but, at its essence, it
is the science of obtaining information about an object or phenomenon through the
analyses of data acquired by a sensor that is not in direct contact with the target
of investigation [1]. This definition, though adequate, is very broad and includes
numerous applications (e.g., archaeology, architecture, medicine, and robotics) that
are not discussed herein. For the scope of this dissertation, a more suitable definition
can be formulated as follows: RS is the science of obtaining information about the
Earth’s surface, using images acquired by airborne or spaceborne sensors, and using
electromagnetic radiation reflected or emitted from the Earth’s surface [2].

RS is performed with either a passive or an active sensor [1,2]. Passive sensors do
not emit electromagnetic waves, and they exploit the radiation either reflected or emit-
ted from the Earth’s surface. To this class belongs, for instance, an imaging spectrom-
eter, an optical system capable of acquiring coregistered images in many spectrally
contiguous bands [3, 4]. Active sensors, on the other hand, are equipped with their
own source of radiation and, in turn, they are not dependent on the light conditions of
the area under analysis. They can be subdivided into two main groups: LIght Detec-
tion and Ranging (LIDAR) [5,6] and RAdio Detection and Ranging (RADAR) [7,8].
The latter usually operates at longer wavelengths, which are less sensitive to smaller
objects (e.g., atmospheric particles, droplets, and water particles). Hence, not only
is RADAR better suitable for long range applications, but it is also not affected by
weather conditions, thus making it especially attractive for RS applications.

The primary advantage of RS is the ability to provide regional- to global-scale
products with fine spatial, temporal and spectral resolution. This, along with the fact
that both sensors and acquisition platforms have recently become more accessible,
has made RS a powerful tool for a vast number of applications. These range from
environmental applications (e.g., observation of land [9, 10], bodies of water [11, 12],
and snow and ice [13–15]) to social sciences (e.g., deriving population distribution
data-sets [16,17], and detecting urban deprived areas [18,19]).

Of particular importance is RS of human activities on land and at sea, which is
crucial for many fields, including urban planning, safety and security management,
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search-and-rescue, etc. For instance, traffic flows are important for building historic
data-sets for traffic prediction, or deriving insights for future infrastructure devel-
opments. Reliable, detailed and continuous traffic data at regional-to-global scale
can be obtained either with optical or RADAR techniques, as demonstrated in [20]
and [21, 22], respectively. In the latter, the authors present two different processing
methods for wide area traffic monitoring using an airborne and a spaceborne RADAR
sensor, respectively. The proposed methods can successfully detect moving objects,
estimate their position, velocity and direction of motion. Nonetheless, these methods
cannot differentiate between small-, mid- and large-sized moving objects, and cannot
discriminate between objects with similar dimensions but different shapes.

Furthermore, RS is widely used to detect and monitor illegal human activities
(e.g., illegal fishing, logging, mining, and waste discharge), which have potentially
deleterious effects on environments and ecosystems. Particularly common are waste
discharge events at sea, which can result in a serious damage to the marine environ-
ment. Oftentimes, these events are not a consequence of an accident, but a result
of illegal activities, including deliberately discharging engine room wastes. The ves-
sels responsible for such activities either manipulate or switch off the on-board vessel
monitoring system, hence making it impossible for law enforcements to identify them.
To this end, RADARs are nowadays used not only to detect the presence of suspi-
cious vessels [23], but also to monitor the consequences of their activities such as, for
instance, in the case of oil spills [24, 25]. Though these algorithms have been proven
to be a useful tool for waste discharge events at sea, they are not designed to identify
the responsible vessels.

RS techniques can also be used to help design effective maritime search-and-rescue
operations. With the rapid growth of maritime trade and transportation, and the
recent development of migration phenomena by sea, rapid detection and effective
monitoring of vessels in distress has become a major concern. A thorough overview
of vessel detection with RADAR and optical imagery can be found in [26] and [27],
respectively. Both technologies can provide timely and accurate geospatial informa-
tion of distressed vessels, which is crucial for supporting humanitarian actions, as
presented in [28–31]. The migrant crisis at Europe’s southern borders has increased
migration outflows from north Africa to Europe. Many migrants are forced to cross
the Mediterranean sea with unreliable boats, or even with small rubber inflatables,
which are in no way suitable to travel such long distances. In [30, 31], the authors
demonstrate that spaceborne RADAR sensors can successfully detect a rubber boat
lying almost stationary on a lake bed. However, in a realistic scenario where the boat
is in motion, the proposed algorithms cannot accurately estimate, among many pa-
rameters, its dimensions. Since the latter give a rough idea of the maximum number of
migrants on-board, the usefulness of these algorithms for search-and-rescue missions
is somewhat limited.

In conclusion, RS techniques are essential tools for monitoring human activities
on Earth. Designing algorithms that consider the spatio-temporal dynamics of such
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Figure 1.1: SAR image of the German A 48 highway acquired by
the MIRANDA-35 sensor on the 20th of June 2016.

activities is the key for better understanding geographic phenomena (e.g., environmen-
tal disasters, human migrations, pollution, traffic flows, and urban growth). Though
most of the RS systems are not yet capable of detecting a person from an image,
they can, however, detect man-made objects, such as vehicles (e.g., boats, cars, ships,
trains, and trucks). Hence, the main objective of this dissertation is to study the
impact of the motion of man-made objects on RADAR products, and to assess what
information can be retrieved from the objects themselves.

1.2 Introduction to Synthetic Aperture RADAR

Most of RADAR systems are designed to carry out a specific set of primary tasks (e.g.,
detection, ranging, and Doppler frequency estimation) [7]. Although this operating
mode is more than adequate for many applications (e.g., airport surveillance, detection
of meteorological phenomena, and speed measurement), it is intrinsically unable to
provide two-dimensional products, such as an electromagnetic image of the Earth’s
surface, therefore making it unfit for Earth observation missions.

Synthetic Aperture RADAR (SAR) is a frequently exploited technique for Earth’s
surface monitoring in all-light and all-weather conditions [32,33]. In SAR, the sensor
is mounted on-board a moving platform (e.g., aircraft, drone, and satellite), and
its forward motion synthesizes a long antenna. The received signal is processed by
means of any of the available SAR focusing techniques [32, 33], thus resulting in an
electromagnetic image with high resolution both in range and azimuth. The high
accuracy of SAR products, along with a resolution in the order of cm, has led to a
vast set of applications, including ice monitoring [34], oceanography [35], topographic
mapping [36] and wide area surveillance [37]. To further appreciate the importance of
SAR, it should be reminded that, unlike optical and LIDAR systems, it can operate
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Figure 1.2: Simplified sketch of a stripmap SAR acquisition [38]:
point-like stationary object (green circle), point-like moving object

(red circles) and corresponding trajectory (red dashed line).

successfully with unfavourable weather conditions, which are common, for instance,
in the tropics and the Arctic.

An exemplary SAR image is depicted in Fig. 1.1. This image was chosen in light of
the fact that it contains many features that are unique to SAR images, thus helping the
reader to grasp both limits and possibilities of this technology. The image comprises
many different objects, both natural and man-made: fields, trees, buildings, a road
sign, a short stretch of an highway and, lastly, a moving vehicle. Even those who have
never seen a SAR image beforehand will be able to retrieve most of the information
content from Fig. 1.1, as it is quite similar to the corresponding optical image. This is
especially true for stationary objects, which appear to be very well-focused. Moving
objects, on the other hand, regardless of whether they are artificial or natural, appear
blurred in the image. More specifically, for the exemplary image in Fig. 1.1, all
tree crowns are defocused, a clear indicator that the data were acquired with windy
conditions. As for the moving vehicle, not only is its signature defocused, but it is
also displaced from the road on which it is travelling. These effects, namely, blurring
and displacement, are very well-known in the SAR community, and they always affect
the signature of a moving object [39,40].

1.3 SAR Limitations for Moving Object Imaging

The first question that needs to be addressed is “when is an object in motion?” In
the SAR community, an object is in motion when it moves with respect to a reference
point, which is a stationary point located on ground. Icebergs, as well as glaciers,
landslides, flock of birds, or tree crowns and transportation vehicles, are only few
examples of moving objects in SAR imagery.

Fig. 1.2 depicts the conventional stripmap acquisition mode, comprising two point-
like objects, one with own motion and one without (i.e., the reference point). As SAR
technology deploys a moving platform, both objects are in motion with respect to
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Figure 1.3: SAR image of the Rhine river acquired by the MIRANDA-35
sensor on the 11th of September 2018.

the antenna phase center, the point from which the electromagnetic radiation spreads
outwards. Hence, both range histories, the distances between phase center and objects,
vary substantially within the observation time. Unfortunately, SAR processors can
only compensate for the range history of the reference point. As a consequence, after
the image formation process, the moving object signal is characterized by a residual
range history, which causes the aforementioned effects. More specifically, the along-
and cross-track component (see x- and y-axis in Fig. 1.2, respectively) of the residual
range history are responsible for the blurring and displacement, respectively [39,40].

To fully understand how likely these effects are when observing dynamic processes
with SAR, it is necessary to relate the motion to both the illumination time and
the operating wavelength. The illumination time is defined as the time span during
which a given scatterer on ground is illuminated by the antenna. Its value varies
greatly depending on a variety of factors (e.g., acquisition geometry, antenna pattern,
and platform altitude), reaching up to several seconds for airborne scenarios. In this
time, an excursion (i.e., the difference between maximum and minimum value) of the
residual range history in the order of the wavelength, or even smaller, would prevent
the received signal from being coherently integrated, and thus optimally focused. For
spaceborne applications, common values of the operating wavelength range from 3m

to 3 cm, while for short-range airborne applications they reach as low as 3mm.
Most of dynamic processes change so slowly that the focusing quality of the final

image is not affected, even when using long illumination times and short wavelengths.
The glacier Jakobshavn Isbrae, in Greenland, is generally considered to be the fastest
glacier in the world, with speeds up to 40m per day, which translates into less than
half a millimeter per second. Buildings, on the other hand, under normal conditions,
experience vertical motions with rates up to tens of mm per year. Hence, the SAR
image of a moving glacier, or of a building undergoing a deformation process, will
very likely exhibit a high degree of focusing. Man-made moving objects (e.g., trains,
vehicles, and satellites), on the contrary, usually move much faster. The SAR image
of a short stretch of the Rhine river is shown in Fig. 1.3. The shores of the rivers,
crowded with buildings and trees, are clearly visible on the left- and right-hand side of
the image. In the middle of the river, whose pixels are characterized by low amplitude
and thus darker grays, one can identify a bright signature produced by a moving vessel.



6 Chapter 1. Introduction

As SAR processing failed at compensating for its range history, the resulting product
exhibits blurring effects, therefore making it more challenging, or even impossible, to
retrieve meaningful information, including geometry and electromagnetic properties,
and to successfully recognize the object. This prompts the need for the development
of imaging algorithms that are primarily designed to remove the undesired effects
characterizing the signature of a moving object in SAR imagery.

1.4 Detection and Imaging of Moving Objects with SAR

1.4.1 Detection Techniques

The detection of moving objects in SAR imagery is the prerequisite for refocusing and
recognition. This processing step depends on many factors, including the number of
available receiving channels and their arrangement, the radar parameters as well as
the specific ground scenario. The detection of a moving object with low radial velocity
is usually more challenging as the signal spectrum is overlaid with that of the ground
clutter, the signal back-scattered by the static scene, which is usually characterized by
a much higher power. State-of-the-art techniques for detecting moving objects buried
in clutter relies on using multiple receiving channels, such as in the case of Along-
Track Interferometry (ATI) [41], Displaced-Phase-Center Antenna (DPCA) [42] and
Space-Time Adaptive Processing (STAP) [43].

Moving objects with high radial velocity are more easily detectable as the Doppler
frequency shifts the signal spectrum outside of the main beam clutter. In absence of
aliasing effects (i.e., when the spectrum is folded around the Nyquist frequency), the
object signature is not overlaid with that of the static scene and the detection can be
performed by means of simple amplitude-based techniques [44].

Lastly, it is worth highlighting that the clutter characteristics play a key role in
designing the detection scheme. The signature of a land vehicle (e.g., cars, trains, and
trucks) is most likely to compete with ground-clutter produced by the neighbouring
stationary objects (e.g., building, fields, and streets). Vice-versa, for a maritime
vehicle, the signature is almost certainly imaged on the very same body of water
through which it travels. The water conditions, as well as the operating wavelengths,
determine whether there is need for a clutter removal technique [26].

1.4.2 Two-Dimensional Imaging

There exists a vast amount of literature on refocusing moving objects in SAR imagery.
The design of an imaging algorithm depends on many different factors, the most
important ones being processing domain, RADAR technology, system specifications,
desired application, a-priori knowledge, etc.

A commonly adopted approach consists in modifying well-known focusing algo-
rithms to match the signal back-scattered from the moving object. In this regard,
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in [45, 46], the authors have successfully exploited the Wavenumber Domain Algo-
rithm (WDA) and the Chirp Scaling Algorithm (CSA) to perform moving object
imaging. Alternatively, an optimal matching scheme can be derived from the signal
spectrum of the moving object. In this context, the keystone transform was proven to
be an appropriate and effective method to compensate for the range cell migration, as
illustrated in [40,47,48], which is the main responsible for signature blurring. In [49],
the authors identify the moving object response in the SAR image domain, use it to
derive the signal spectrum and, lastly, to design the imaging scheme.

What all these works have in common is that they are based upon assumptions
that are unlikely to hold in realistic scenarios. Not only they assume the sensor
to fly with a perfectly linear trajectory and at a constant velocity, but they also use
simplistic models of range history. When dealing with more complicated scenarios, the
aforementioned algorithms are sub-optimal and likely to fail, hence prompting the need
for a more sophisticated solution. Inverse SAR (ISAR) is a state-of-the-art imaging
algorithm capable of handling a wider range of motions [50–52]. Oftentimes, ISAR
processing is combined with autofocus, the latter referring to any technique designed
to estimate the range history of a moving object from its back-scattered signal. In [53],
an ISAR autofocus algorithm is presented: the range history is modelled as a finite-
order polynomial, and its coefficients are iteratively estimated on the basis of the image
contrast. Though ISAR processing was originally designed for ground-based systems,
similar techniques have been developed to handle SAR data-sets, acquired with a
moving platform. To do so, the signature of the moving object is firstly detected,
back-projected onto the received data domain and, lastly, ISAR processed [54,55].

When designing an imaging algorithm, the characteristics of the transmitted wave-
form have to be taken into consideration. Until few years ago, most of SAR sensors
made use of pulsed-technology, while only recently it has become more common to use
Frequency-modulated Continuous-wave (FMCW) technology [7]. The main difference
is given by the nature of the transmitted signal: unlike pulsed-SAR, which transmits
a sequence of extremely short pulses, FMCW-SAR transmits almost continuously. As
a consequence, FMCW-SAR needs little power to operate, hence defining a more com-
pact and cost-effective system capable of obtaining performances as good as those of
pulsed-SAR. Though FMCW-technology is well renowned, only few researches have
dealt with the imaging of moving objects in FMCW-SAR imagery. All aforementioned
methods, which are not designed to handle the peculiarities of FMCW signals, cannot
precisely image moving objects. In [56,57], the authors present a FMCW-ISAR signal
model, analyze the FMCW-induced image distortions and develop an autofocus algo-
rithm. However, this algorithm was applied only to X-band data-sets with meter scale
range resolution, and hence it is not clear whether a similar method could successfully
handle data-sets acquired at higher frequencies and with larger bandwidths.
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1.4.3 Three-Dimensional Imaging

Two-dimensional products are not suitable for properly representing three-dimensional
objects, whether stationary or moving, especially when the geometry is complex. In
both SAR and ISAR, the third dimension is projected onto the imaging plane, thus
making the interpretation of the image more difficult. However, the three-dimensional
geometry of the moving object can be reconstructed with different techniques. One
way to subdivide them is to consider the number of receiving channels. Most of single-
channel techniques exploit concepts that were originally designed for photogrammetric
applications. Given a sequence of RADAR images, the three-dimensional geometry of
an object of interest can be derived, provided that the relative motion with respect to
the sensor is known [58]. As demonstrated in [59,60], the factorization method, which
is quite popular in the computer vision domain [61], can effectively reconstruct the
third dimension from a sequence of ISAR images. Nevertheless, this approach relies on
the correct association of the same scatterer through the different frames. This is not
at all trivial as the back-scattering properties of an object might change drastically
within fractions of second, hence making the factorization method unpractical.

Multi-channel state-of-the-art solutions combines ISAR processing with interfer-
ometry, introducing the concept of Interferometric ISAR (InISAR). The receiving
antennae are usually arranged in two orthogonal baselines, defining an L-shaped
configuration, which is particularly suitable for reconstructing moving objects [62].
An ISAR-based algorithm specifically designed for imaging large vessels is presented
in [63]. In [64], the authors give a thorough description of three-dimensional InISAR
theory, with a particular emphasis on the analysis of the imaging plane. The recon-
struction of moving objects or, in general, RADAR imaging, crucially benefits from
observing the object from different aspect angles. In fact, when relying on a single
image, it is common to experience shadowing effects produced when parts of the ob-
ject block the electromagnetic signal, therefore making it impossible to illuminate the
whole surface. To avoid this, multiple sensors or, alternatively, longer observation
times, prevent shadowing effects from corrupting the final products [65]. The imaging
algorithm in [64] is the state-of-the-art for reconstructing the three-dimensional ge-
ometry of a moving object. However, its performances are strictly dependent on how
accurately the imaging plane is estimated. Even a small error can greatly affect the
geolocation accuracy of a given scatterer, thus producing three-dimensional products
with unrealistic dimensions that are of no use to most applications. For instance,
in the case of search-and-rescue missions, under- or overestimating the dimensions
of a vessel in distress can result in an inappropriate response plan, with potentially
disastrous consequences in terms of loss of life.

1.5 Objective and Research Questions

This thesis aims to solve methodological issues related to the imaging of moving
objects in SAR imagery, in order to expand application fields of SAR RS. A particular
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problem is that SAR is designed to image the static scene, and thus cannot handle
moving objects. Hence, this thesis focuses on designing imaging algorithms, with the
primary objective of producing well-focused electromagnetic images of moving objects
from SAR data-sets. Particular attention is paid to tailoring the imaging algorithm to
the RADAR technology, the system specifications as well as the acquisition geometry.

Moving Object Refocusing in FMCW-SAR Imagery

Due to recent developments in hardware technology, FMCW-SAR has become a fre-
quently exploited solution for imaging the Earth’s surface from an airborne platform.
FMCW-technology allows to design low-cost, low-powered and compact systems, while
maintaining performances comparable to pulsed-SAR. While interest in this technol-
ogy has steadily increased, there is still a vast, unexploited potential that needs to be
identified and assessed. To this end, when designing any imaging algorithm, it should
be taken into consideration that FMCW waveforms differ from pulsed-SAR signals
and, in turn, the signature of a moving object will preserve this characteristics.

The research question for this Chapter is formulated as follows: “How far is it
possible to refocus a moving object using an algorithm based on the focusing technique
that produced the input FMCW-SAR image?”

Moving Object Refocusing with a Light-Weight Platform

The need for lighter platforms has led to the use of light-weight aircrafts and, more
recently, small-sized Unmanned Aerial Vehicles (UAVs) for airborne SAR applica-
tions. Because of the limited payload capacity, they are usually equipped with a very
compact sensor, operating at higher carrier frequencies. Unlike heavier aircrafts or
satellites, these solutions are more flexible, cost-effective and can handle non-linear
acquisition geometries. On the other hand, the light weight makes them particularly
susceptible to wind disturbances, which negatively impacts on the quality of the SAR
products. The light-weight factor and its implications, in combination with the high
operating frequency, increase the difficulty of the refocusing task, and cast doubts on
the effectiveness of light-weight platforms for moving object imaging.

The research question for this Chapter is formulated as follows: “How good can
state-of-the-art ISAR-based techniques perform when resources are poor and physical
design constraints are present, such as in the case of light-weight systems?”

Three-Dimensional Imaging with a Circular Acquisition

Both two- and three-dimensional stripmap SAR products are usually characterized,
among many other features, by shadowing effects, and therefore parts of the object are
not visible. Non-linear acquisition geometries such as, for instance, a circular flight-
path, are better suitable for imaging purposes as they allow to observe a moving object
from different viewing angles. The information retrieved from different images can be
merged, thus producing a more reliable final product.
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The research question for this Chapter is formulated as follows: “To what extent
are three-dimensional imaging techniques capable of retrieving geometrical features of
a moving object from circular SAR data?”

1.6 Structure of the Dissertation

Chapter 1 defines the framing of this thesis by outlining the context, reviewing the
state-of-the-art, and identifying research gaps. Particular attention is paid to SAR
technology, whose contribution to RS is emphasized by giving an overview of the most
prominent peer-reviewed contributions. The problem of moving objects in SAR im-
agery is highlighted with exemplary images, the reasons behind it are briefly explained
and, lastly, a thorough overview over the imaging of moving objects is given. Finally,
the research questions this study sought to answer are presented.

Chapter 2 is based on a first-authored, peer-reviewed journal article [66], published
in IEEE Transactions on Geoscience and Remote Sensing. It demonstrates how the
well-known WDA can be adjusted to refocus moving objects in FMCW-SAR imagery.
The publication is self-contained in terms of structure and content.

Chapter 3 is based on a first-authored, peer-reviewed journal article [67], pub-
lished in IEEE Journal of Selected Topics in Applied Earth Observations and Remote
Sensing. It evaluates the imaging capabilities of a light-weight FMCW-SAR system
when using state-of-the-art ISAR-based techniques. The publication is self-contained
in terms of structure and content.

Chapter 4 is based on a first-authored, peer-reviewed journal article [38], submitted
in IEEE Transactions on Geoscience and Remote Sensing. It presents how to refocus
moving objects with a time-domain processor, and it demonstrates the potential of
using a circular acquisition geometry for imaging purposes. The publication is self-
contained in terms of structure and content.

Chapter 5 answers the individual research questions, summarizes the main findings
from the publications of Chapters 2–4, and provides concluding remarks. Finally, an
outlook of potential future research directions is given.
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Chapter 2

Refocusing FMCW SAR Moving
Target Data in the Wavenumber
Domain

Emiliano Casalini, Max Frioud, David Small and Daniel Henke

This chapter is based on the peer-reviewed article: IEEE Transactions on
Geoscience and Remote Sensing, vol. 57, no. 6, pp. 3436–3449, 2019; DOI:
10.1109/TGRS.2018.2884830. It is reprinted as the final submitted manuscript
and has been modified to fit the layout of this thesis. © 2019, IEEE. Reprinted,
with permission, from E. Casalini, M. Frioud, D. Small and D. Henke, “Refo-
cusing FMCW SAR Moving Target Data in the Wavenumber Domain,” IEEE
Transactions on Geoscience and Remote Sensing, 2019.

E. Casalini and D. Henke conceptualized the study. E. Casalini elaborated
the methodology, performed the analysis and interpreted the results. M. Frioud
and D. Henke contributed to the analysis and the interpretation of the results.
E. Casalini wrote the first draft of the manuscript. E. Casalini, D. Small and
D. Henke participated in the writing and editing of the final manuscript.
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2.1 Abstract

FMCW SAR are now commonly adopted solutions for producing high resolution
electromagnetic images of the earth surface. However, many SAR applications,
such as detection or imaging of moving targets, have not yet been thoroughly
researched for FMCW scenarios. This paper presents a refocusing technique
that works in the wavenumber domain and is based on the reference spectrum
of a point-like moving target. The method is illustrated using simulated exper-
iments, and is further tested by processing real data collected by the Ka-band
MIRANDA-35 sensor. The obtained results are validated and compared with
independent ground measurements, thus demonstrating the accuracy of the pre-
sented method.

2.2 Introduction

The compactness, cost effectiveness and very high spatial resolutions have made
FMCW SAR a frequently exploited solution for imaging the earth surface. The
main difference between common pulsed SAR and FMCW SAR lies in the dif-
ferent nature of the transmitted signal. Pulsed SAR transmits short pulses [32],
whereas FMCW SAR transmits relatively long sweeps [68]. In general, transmis-
sion times are such that the stop-and-go approximation is not valid. However,
in the FMCW SAR scenario, the variation of the instantaneous slant-range dur-
ing transmission considerably affects the raw data by introducing a range walk
term [68] and an additional range-dependent range-azimuth coupling term [69].
These effects have to be dealt with when focusing both stationary and moving
targets. In recent years, a number of algorithms that were originally designed
for focusing pulsed SAR data have been modified in order to account for the
aforementioned FMCW effects [69–72]. A state-of-the-art WDA was proposed
in [69]: this algorithm not only deals with the range walk term, but also compen-
sates for the range-dependent range-azimuth coupling term which was neglected
by the previously proposed signal models [68]. Although FMCW SAR focusing
has been well-researched, the detection and imaging of ground moving targets
in FMCW SAR images has only rarely been addressed [57, 73–76]. A Ground
Moving Target Indication (GMTI) solution was suggested in [73]: when using
triangularly frequency-modulated signals, the separate processing of the two
slopes produces distinct images where the moving target is registered to dif-
ferent positions. In [57], it was shown that moving target signatures can be
refocused by means of ISAR in combination with an auto-focusing technique.
The FMCW signal model, originally introduced for stationary targets [69], was
modified in [74] for moving targets. Furthermore, conventional FMCW SAR
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focusing algorithms can be adjusted to serve GMTI purposes: moving target de-
tection and focusing can be obtained by modifying, respectively, the Frequency
Scaling Algorithm (FSA) [75] and the WDA [76]. More specifically, the last two
solutions exploit the concept of Normalized Relative Speed (NRS) which has
proven to be a powerful tool for wide-band SAR environments [46,77–79]. This
parameter can be used to modify both time [77] and wavenumber domain-based
focusing algorithms [78] to detect and focus moving targets. The latter approach
has been successfully applied to TerraSAR-X and TanDEM-X images [79], thus
demonstrating its feasibility of processing data collected by different types of
SAR sensors.

In this paper, we concentrate on the design of a wavenumber domain-based
algorithm for refocusing moving targets in SAR images originally produced by
the WDA [69]. Existing approaches (see [44]) were exploited in order to perform
moving target indication as that was not the main focus of this work. The
proposed algorithm is designed on the basis of the theory of focusing moving
targets before the formation of the complex image. Such a problem, which has
been thoroughly discussed for the pulsed SAR case, has also been addressed for
the FMCW SAR scenario [76]: however, the authors’ dissertation is designed on
a simplified signal model which does not take into account the platform’s motion
during transmission. By making use of a more realistic solution, we derive the
spectrum of a point-like moving target after conventional SAR focusing, thus
emphasizing the phase component responsible for defocusing. The signal is then
remapped onto a new and more favourable domain and the aforementioned
phase component is compensated for by applying a properly designed filter.
Unlike ISAR-based algorithms, where the conversion from Doppler to azimuth
is not straightforward and requires a mandatory scaling step [57], the refocused
signature is obtained here by directly applying an Inverse Fourier Transform
(IFT). In case the target’s motion was not a-priori known, a set of tentative
NRSs are tested, and the estimate is made based on the entropy values of the
refocused images. In order to assess the capabilities of the proposed algorithm,
both simulated and real data were processed, where the latter were collected by
the MIRANDA-35 system developed by Fraunhofer FHR [80].

The remainder of the paper is organized as follows. In Section 2.3.1 we
introduce the MIRANDA-35 sensor, its specifications and we describe the ex-
periments’ set-ups. Section 2.3.2 gives an overview of the proposed method
and outlines those processing steps not discussed in detail in the rest of the
paper. Section 2.3.3 introduces the signal model of a point-like moving target;
the theoretical foundations for focusing moving targets before the formation of
the complex image are given in Section 2.3.4, and the refocusing algorithm is
presented in Section 2.3.5. Section 2.3.6 lists the available ground measure-
ments used to validate the results. The obtained performances were assessed by
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(a) (b)

Figure 2.1: (a) Target of interest: Steyr truck with four dihedral corner reflectors,
(b) Google Earth image of the Thun test-site: (red) Sensor’s flightpath, (blue)

Target’s path, (yellow) Swath

Parameter Value

Carrier frequency 35GHz

Bandwidth 1GHz

PRF 1695.53Hz

Azimuth beam-width 3 deg

Mid-swath slant-range 2003.32m

Swath width 791.21m

Sampling frequency 9.77MHz

Table 2.1: System Parameters: Experiment #1

processing both simulated and real data, as shown in Sections 2.4.1 and 2.4.2.
Finally, a detailed analysis of the results and potential research directions are
given in Section 2.5.

2.3 Method

2.3.1 Sensor and Experiment Set-Up

The SAR sensor utilized in the experiments was the Fraunhofer FHR MIRAN-
DA-35 system [80]. This is an airborne sensor transmitting FMCW signals at
Ka-band and capable of achieving centimetre resolution. The system is com-
prised of one transmitting and up to four receiving antennas, allowing for a
variety of acquisition modes. Two experiments, held during distinct campaigns,
are discussed here in detail.
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Parameter Value

Carrier frequency 35GHz

Bandwidth 0.3GHz

PRF 6781.49Hz

Azimuth beam-width 3.3 deg

Mid-swath slant-range 1171.07m

Swath width 639.36m

Sampling frequency 13.02MHz

Table 2.2: System Parameters: Ex-
periment #2

Figure 2.2: Google Earth image of
the Bassenheim test-site: (red) Sensor’s
flightpath, (blue) Targets’ path, (yel-

low) Swath

2.3.1.1 Experiment #1

The experiment was conducted in Summer 2017 in the surroundings of the
town of Thun, in the canton of Bern, Switzerland. The main system param-
eters, which have also been used to generate the simulated data-set discussed
in Section 2.4.1.1, are summarized in Table 2.1. The deployed platform (i.e.,
the Diamond DA42 Centaur) had a mean altitude of 1377 m above ground, an
average speed of 49 m s−1 and a mean incidence angle of 55 deg. The target of
interest, which is shown in Fig. 2.1a, was equipped with four dihedral corner
reflectors and two Global Positioning System (GPS) antennas. These were at-
tached on two poles at different heights (see Fig. 2.1a, right), and they were
tilted according to the platform’s heading, thus ensuring they would be properly
illuminated during the acquisition time. The experimental set-up is depicted in
Fig. 2.1b: the nominal platform’s heading was 100 deg, whereas the target was
driven at constant velocity with an approximate angle of 67.5 deg with respect
to North. This, in turn, resulted in both an along- and a cross-track motion,
making the target’s signature smeared and displaced along the azimuth axis.
The sensor was flown a number of times over the area of interest and different
data-takes were collected: for each of them, the target’s speed was modified to
test the method under different conditions.

2.3.1.2 Experiment #2

The experiment was conducted in Summer 2016 in the municipality of Bassen-
heim, in the district Mayen-Koblenz, Germany. The sensor was mounted on
the ultra-light-weight FHR Delphin platform to record the traffic flows of the
A61 highway which presented a variety of moving targets. The main system
parameters, which were used to generate the simulated data-set discussed in
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Signature extraction: GMTI and data cropping
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Figure 2.3: Block diagram of the refocusing algorithm

Section 2.4.1.2, are summarized in Table 2.2. The flightpath had a mean al-
titude of 745 m above ground, an average platform speed of 35 m s−1 and a
mean incidence angle of 60 deg. The experimental set-up is depicted in Fig. 2.2:
the nominal platform’s heading was 140 deg, while the targets presented differ-
ent orientations with respect to the flightpath. Similarly to Experiment #1, all
moving targets presented a combination of along- and cross-track motion. How-
ever, due to the adopted geometry and the specific test-site, the resulting radial
velocities were substantially higher, emphasizing the impact of the motion on
the final signatures.

2.3.2 Overview

The block diagram of the proposed algorithm is sketched in Fig. 2.3. The first
step consists of performing moving target indication: the choice of the detector
depends on the specific data-set and does not fundamentally change the final
product. For our experiments, due to the very favourable circumstances (see
Section 2.5.1 for details), the targets of interest of both experiments were easily
detectable by making use of an amplitude-based technique similar to the detec-
tion step in [44]. The derived pixels were then grouped together and de-noised
using morphological filtering [81]. Subsequently, a border tracing algorithm was
used to connect contiguous objects and obtain meaningful information such as
the center of mass and size [82]. A rectangular crop, whose position and dimen-
sions are defined on the basis of previously estimated geometric features, was
selected to extract the useful signal. Consequently, a Two-dimensional Fourier
Transform (2D-FT) was performed in order to map the cropped data from the
spatial into the wavenumber domain. Moving target refocusing was then per-
formed for each NRS: for a detailed discussion, please refer to Section 2.3.5.
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Figure 2.4: Geometry of the system

Lastly, the NRS yielding the image with the best degree of focusing was esti-
mated on the basis of the obtained entropy values. The entropy is a measure
of the smoothness of a distribution [83]: higher degrees of focusing result in
sharper images and thus smaller entropy values. In light of the above, the en-
tropy value was computed for the entire set of tentative NRSs, and then the
estimate was consequently derived.

2.3.3 Signal Model

The mathematical symbols used throughout the entire paper are briefly listed
below.

c Speed of light
fτ , f Azimuth and range frequency
f0 Transmitted signal carrier frequency
Kr Transmitted signal chirp rate
kx, kr Azimuth and range wavenumber
kw Slant-range wavenumber
rc Reference range for dechirp-on-receive
σ0 Back-scatter coefficient of the point-like target
τ, t Azimuth and range time variables
τ0 Time of closest approach
vp Platform velocity
vx, vr Target azimuth and range velocity
x0, r0 Target azimuth and range position at time of closest approach

The adopted geometry was the common side-looking strip-map SAR geom-
etry as shown in Fig. 2.4. The SAR antenna, which was assumed to be moving
with a constant velocity vp through a perfectly linear trajectory, pointed along
a fixed direction and its footprint illuminated a strip of the earth’s surface.
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Within this strip, a point-like target moved with a given azimuth and range
velocity, namely vx and vr, which were assumed to be constant during the SAR
integration time.

Let the vectors describing the time-variant position of sensor and target,
respectively psar(τ) and p(τ), be defined as

psar(τ) = [psarx (τ), psarr (τ)] = (vpτ, 0) (2.1)

p(τ) = [px(τ), pr(τ)] = [x0 + vx(τ − τ0), r0 + vr(τ − τ0)]. (2.2)

The leading edge of the FMCW SAR signal, which was originally transmitted
at time τ , was received at time τ+τd. Thus, the relation between the round-trip
delay τd and the one-way range delays is as follows

τd =
R(τ) +R(τ + τd)

c
(2.3)

where
R(τ) = ‖psar(τ)− p(τ)‖ (2.4)

R(τ + τd) = ‖psar(τ + τd)− p(τ + τd)‖ (2.5)

with ‖·‖ being the Euclidean norm operator. By replacing (2.5) in (2.3) and
solving the resulting equation for τd, we obtain

τd = 2β

[
R(τ)

c
+
v2

c2
(τ − τ0)

]
(2.6)

where v and β represent, respectively, the norm of the relative velocity vector
and the Doppler factor, and can be expressed as

v =
√

(vp − vx)2 + v2r (2.7)

β =
1

1− (vp−vx)2+v2r
c2

=
1

1− v2

c2

. (2.8)

Equation (2.6) is slightly different from the dual result of (3) in [74] due to a
different assumption on the initial geometry. The solution adopted herein allows
us to obtain a neater analytical form of the round-trip delay τd, thus easing the
following mathematical demonstration. The result in (2.6) is a general solution
that holds both for the stationary and non-stationary case: in fact, when forcing
vx = vr = 0, the resulting round-trip delay is equal to (4) in [69].

Assuming to linearly modulate the instantaneous frequency of the transmit-
ted signal with chirp rate Kr, the received signal can be expressed as

gr(τ, t;p,v) = σ0 exp
[
jπKr(t− τd)2

]
exp

[
j2πf0(t− τd)

]
(2.9)
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where the vectors p = p(τ0) = [x0, r0] and v = [vx, vr] highlight the dependency
on the target parameters. The contribution due to the antenna pattern has
been neglected since it does not affect the following results.

The received signal was then processed by means of the dechirp-on-receive
technology: firstly, (2.9) was multiplied with a reference signal, that is a delayed
and complex conjugated replica of the transmitted signal [73,84]. Subsequently,
the Residual Video Phase (RVP) term was removed [84, 85]. At this stage, the
dechirped signal can be expressed as

g1(τ, t;p,v) = σ0 exp
[
−j2πf0(τd−τc)

]
exp

[
−j2πKr(t−τc)(τd−τc)

]
(2.10)

with τc being the time delay associated to the reference range for dechirp-on-
receive. As the range frequency variable f is directly linked to the sweep time
through the relation Kr(t− τc)→ f , (2.10) can be rewritten as

g1(τ, f ;p,v) = σ0 exp
[
− j2π(f0 + f)(τd − τc)

]
(2.11)

Finally, replacing (2.6) in (2.11) yields

g1(τn, t, f ;p,v)

= σ0 exp

{
− j4πβ(f0 + f)

[
R(τn + t)

c
+
v2

c2
(τn + t− τ0)−

rc
βc

]}
(2.12)

where the intrinsic two-dimensional nature of the SAR signal has been made
explicit by making use of the relation τ → τn + t. The data are then mapped
into the two-dimensional frequency domain via a Fourier Transform (FT) with
respect to τn, yielding the following result

G1(kx, kw;p,v) = σ0 exp[−jΦ1(kx, kw;p,v)] (2.13)

where

Φ1(kx, kw;p,v) = γ′Ψ(kx, kw; v)r0 − kx(vpt) + kx(vpτ0)− kwrc. (2.14)

Equation (2.14) was obtained by means of the Principle of Stationary Phase
(PoSP): a step-by-step demonstration of how to derive it can be found in [69,74].
To achieve such a compact form, (2.14) was written as a function of different
variables: the azimuth and slant-range wavenumber (i.e., kx and kw), the square
root term Ψ(·), and the motion-dependent parameters γ and γ′. These are
defined as

kx =
2πfτ
vp

(2.15)

kw =
4π(f0 + f)

c
(2.16)
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Ψ(kx, kw; v) =

√(
βkw

)2 − [v
c

(
βkw

)
+
kx
γ

]2
(2.17)

γ =
v

vp
(2.18)

γ′ =
v

(vp − vx)
. (2.19)

The parameter γ, which is the well known NRS, is the ratio of the norm of the
relative velocity vector to the platform velocity. The parameter γ′ is defined as
the ratio of the norm of the relative velocity vector to the relative azimuth speed.
As shown in the subsequent sections, γ and γ′ are important parameters, as they
affect, respectively, the focusing of the moving target and its range registration
coordinate.

The first term in (2.14) contains the azimuth modulation, the Range Cell
Migration (RCM) and the range-azimuth coupling term [69]. In contrast to the
stationary case, where these contributions are dependent on vp, they are now a
function of v. The second term, i.e. −kx(vpt), is the range-invariant range walk
which is caused by the motion of the platform during transmission [68]. The
third term, i.e. kx(vpτ0), is linearly dependent on the zero-Doppler time and
defines the target azimuth coordinate of registration. The fourth and last term,
i.e. −kwrc, is a constant shift intrinsically produced by the dechirp-on-receive
processing.

2.3.4 Moving Target Focusing

In this section, we briefly review how to perform moving target focusing before
the formation of the complex image by exploiting the NRS γ. The processing
is tailored to a given motion: those targets with motion γ become focused
while the remaining ones are blurred. This approach is well known in the
literature as it has been adopted to perform moving target focusing in pulsed
SAR data-sets [46, 77–79]. However, the theoretical foundation for the FMCW
SAR scenario has not yet been explicitly derived.

Let us take into consideration the dechirped signal after azimuth FT whose
phase response is described by (2.14). In order to facilitate the following discus-
sion, the target-independent phase terms can be assumed to have been priorly
removed. As a consequence, the remaining phase can be expressed as

Φ′1(kx, kw;p,v) = γ′Ψ(kx, kw; v)r0 + kx(vpτ0) (2.20)

where the Ψ(·)-dependent term contains quadratic and higher order phase com-
ponents. The remaining term is linear along the kx-axis: it merely produces a
constant shift along the azimuth axis, thus not affecting the quality of focusing
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of the final product. Moving target focusing can be obtained by remapping the
data onto a new domain in a similar fashion to conventional Stolt interpolation.
This remapping is implemented by means of an interpolation designed in such a
way as to linearise the phase content of the data, thus concentrating the target
energy at specific coordinates. This can be formulated as

Ψ(kx, kw; v)→ kr (2.21)

with kr being the newly defined range wavenumber variable. The relation be-
tween the slant-range wavenumber kw and the range wavenumber kr is obtained
by solving (2.21) for kw, which results in

kw =

(
vp
c
kx

)
+

√(
vp
c
kx

)2

+
1

β

[(
kx
γ

)2

+ k2r

]
. (2.22)

Let us now look at the connections between moving target focusing and
conventional focusing. The latter is obtained by, amongst various steps, imple-
menting the Stolt interpolation which is defined as [69][

Ψ(kx, kw; v)
]
|vx=0
vr=0

= Ψ(kx, kw; vp)→ kr. (2.23)

The relation between the different wavenumbers is again obtained by solving
(2.23) for kw, thus yielding

kw =

(
vp
c
kx

)
+

√(
vp
c
kx

)2

+
1

α
(k2x + k2r) (2.24)

where α is the stationary case Doppler factor which is defined as

α = β|vx=0
vr=0

=
1

1− v2p
c2

. (2.25)

Comparing (2.22) with (2.24) reveals a key point. That is, moving target fo-
cusing can be obtained by using already existing algorithms, such as the WDA,
as long as the platform velocity vp is replaced by the relative velocity v. In
other words, this is equivalent to rescaling vp with the NRS γ. By doing so,
those moving targets with motion γ are stationary with respect to the rescaled
trajectory of the SAR platform, allowing focusing. The above considerations
are in accordance with the results carried out for the pulsed SAR case, though
the equations are not analytically coincident, due to the adoption of different
signal models.
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2.3.5 Moving Target Refocusing

The algorithm reviewed in Section 2.3.4 performs moving targets focusing at
the expense of blurring the stationary background. It is necessary to process the
entire raw data-set, implying a burdensome processing. Lastly, the raw data-
sets are not always available, thus making it impossible to adopt the proposed
approach. All these problems can be simultaneously tackled by adopting a
patch-wise processing that takes as input the focused SAR image, in a similar
fashion to [46].

Let us consider an image produced by means of the WDA [69]. Within this
image, one moving target has been previously detected: the goal of the proposed
algorithm is to refocus its signature, while leaving the neighbouring scene intact.
The assumption on the use of the WDA, and thus the Stolt interpolation, implies
that the mapping of the data along the kr-axis was originally accomplished by
making use of (2.24). Nonetheless, in order to focus the moving targets, (2.22)
should have been used. In light of these considerations, and noting that (2.22)
and (2.24) link the same slant-range wavenumber kw to two different range
wavenumbers, namely kr,1 and kr,2, the following relations hold

1

α
(k2x + k2r,1) =

1

β

[(
kx
γ

)2

+ k2r,2

]
(2.26)

kr,1 = Θ(kx, kr,2;v) =

√(
α

βγ2
− 1

)
k2x +

α

β
k2r,2 (2.27)

kr,2 = Ω(kx, kr,1;v) =

√(
β

α
− 1

γ2

)
k2x +

β

α
k2r,1. (2.28)

The above equations, which are useful when expressing the phase response of the
moving target signal throughout the different domains, were obtained assuming
that no Doppler ambiguity phenomenon occurs. This kept the formulas compact
and improved the readability of the paper; however, for a general solution, which
also takes into consideration Doppler ambiguities, please refer to Section 2.6.

The phase response of the moving target signal after 2D-FT (see Fig. 2.3)
can be derived on the basis of the following considerations. The original focused
SAR image has been obtained by making use of, first, the Reference Function
Multiplication (RFM) and, second, the Stolt interpolation, both a function of
vp. The RFM filter is defined as [69]

HRFM(kx, kw) = exp[jΦRFM(kx, kw)] (2.29)

where
ΦRFM(kx, kw) = Ψ(kx, kw; vp)rref − kx(vpt)− kwrc. (2.30)
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Performing the RFM yields

G2(kx, kw;p,v) = G1(kx, kw;p,v)HRFM(kx, kw)

= σ0 exp[−jΦ2(kx, kw;p,v)] (2.31)

where

Φ2(kx, kw;p,v) = γ′Ψ(kx, kw; v)r0 −Ψ(kx, kw; vp)rref + kx(vpτ0). (2.32)

Subsequently, the signal was mapped into the kr,1 domain by performing the
Stolt interpolation as defined in (2.23). The signal resulting from the Stolt
interpolation, which is also coincident with the output of the 2D-FT (i.e., the
very first step of the proposed algorithm) can be formulated as

G3(kx, kr,1;p,v) = σ0 exp[−jΦ3(kx, kr,1;p,v)] (2.33)

where

Φ3(kx, kr,1;p,v) = Ω(kx, kr,1;v)γ′r0 − kr,1rref + kx(vpτ0). (2.34)

The processing steps specifically designed for moving target refocusing were
introduced next. First, (2.26) was exploited to introduce an additional interpo-
lation step, defined as

kr,1 → kr,2. (2.35)

To implement (2.35), the value of γ has to be either known or estimated before-
hand. A set of equally spaced tentative NRSs is therefore defined, where the
extreme values are chosen according to a-priori knowledge of the road model
and of the expected speeds. To derive the analytical form of both the required
processing steps and of the final output, γ is from now on assumed to be per-
fectly known.

After remapping the data into the kr,2 domain, and after simple mathemat-
ical manipulations omitted here, (2.34) can be rewritten as

Φ3(kx, kr,2;p,v) = kr,2(γ
′r0−rref )+

[
kr,2−Θ(kx, kr,2;v)

]
rref +kx(vpτ0). (2.36)

The second term of (2.36) is the one responsible for moving target defocusing.
It is a direct consequence of the RFM filter being matched to vp rather than
v, thus not compensating for the phase contributions due to the actual relative
motion. Having noted this, moving target refocusing is achieved when removing
this term. Let the filter H(·) be defined as

H(kx, kr,2;v) = exp[jΦ(kx, kr,2;v)] (2.37)
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where
Φ(kx, kr,2;v) =

[
kr,2 −Θ(kx, kr,2;v)

]
rref . (2.38)

Multiplying the moving target signal by (2.37) results in

G4(kx, kr,2;p,v) = G3(kx, kr,2;p,v)H(kx, kr,2;v)

= σ0 exp[−jΦ4(kx, kr,2;p,v)] (2.39)

where
Φ4(kx, kr,2;p,v) = kr,2(γ

′r0 − rref ) +
kx
γ

(vτ0). (2.40)

Equation (2.40) shows that combining (2.35) with (2.37) correctly linearises the
phase content of the data along both the kx- and the newly defined kr,2-axis.
Finally, the refocused moving target signature is obtained by performing a Two-
dimensional Inverse Fourier Transform (2D-IFT), thus yielding the following
result

g4(x, r;p,v) = ŵx(x− vτ0)ŵr(r − γ′r0 + rref ) (2.41)

where ŵx(·) and ŵr(·) represent the azimuth and range compressed pulse en-
velopes, respectively.

2.3.6 Validation Methods

In order to validate the obtained products, ground measurements were collected
while performing both experiments. Pictures were taken by an optical camera
installed on board the platform with a 2 s sample interval. Camcorders were
placed on ground at designated positions to record videos of the test-site during
the acquisition of the SAR data. All available media were associated to time
stamps, making it possible to relate them to the SAR images. The target
of interest of Experiment #1 was equipped with two GPSs, which were the
main source for the validation of the motion estimates. No GPS was available
for Experiment #2, therefore preventing an accurate validation of the motion
estimates. However, due to the chosen test-site, the algorithm could be tested
on a variety of vehicles presenting different sizes and motions. As a consequence,
the products of this experiment were mainly used to assess whether any of the
target’s geometric features could be extracted. To this end, the available ground
measurements (i.e., pictures and videos) were exploited to infer the target’s
actual length, which was compared to the derived value.
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Target ID x0 r0 vx vr

MT1 0 1975 10 0

MT2 0 2000 10 0

MT3 0 2025 10 0

* [x0] = [y0] = m, [v] = ms−1;

Table 2.3: Ground Scene: Experiment #1

Target ID x0 r0 vx vr

MT1 0 880 10 −20

MT2 0 900 10 −20

MT3 0 920 10 −20

* [x0] = [y0] = m, [v] = ms−1;

Table 2.4: Ground Scene: Experiment #2

2.4 Results

2.4.1 Simulation Results

In this section, we introduce two simulation experiments whose main goal was
to illustrate the proposed method and assess its performance. The strip-map
SAR geometry depicted in Fig. 2.4 was adopted here to generate the raw data-
sets. The system parameters, which are chosen according to realistic SAR
acquisitions, are listed, respectively, in Table 2.1 and Table 2.2. The antenna
pattern was assumed to be rectangular in the azimuth frequency domain to ease
the computation of the azimuth resolution. The Point Spread Function (PSF)
of the refocused moving target was analysed to characterize the performances
of the proposed algorithm. The final assessment was derived on the basis of
the following quality parameters: Impulse Response Width (IRW), Peak to
Side-lobe Ratio (PSLR) and Integrated Side-lobe Ratio (ISLR).

2.4.1.1 Experiment #1

Three point-like targets with equal Radar Cross-section (RCS) were simulated
on the basis of the parameters listed in Table 2.1 and Table 2.3 where Moving
Target (MT)n identifies the n-th MT. This configuration defined the following
set of motion parameters:{

v ≈ 39.1325, γ ≈ 0.7965, γ′ = 1
}

For the sake of simplicity, the ground scene was designed to force the same az-
imuth registration coordinate (i.e., vτ0 = 0 m) for each target. The Doppler cen-
troid was null, thereby keeping the signal’s bandwidth within defined Doppler
frequencies.

Fig. 2.5a shows the SAR image obtained when focusing the stationary back-
ground with conventional SAR processing, whereas the product of the proposed
algorithm is depicted in Fig. 2.5b. In order to be able to fully assess the ca-
pabilities of the algorithm, a test moving target, namely MT2, was selected.
Its PSF was extracted, up-sampled along both axes and analysed. To avoid
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Range parameters:
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Figure 2.5: Experiment #1: (a) Simu-
lated SAR image, (b) Moving target refo-
cusing, (c) PSF after moving target refo-
cusing: the contour lines are at −3, −15,
−30 and −40 dB from the peak level
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Figure 2.6: Experiment #2: (a) Simu-
lated SAR image, (b) Moving target refo-
cusing, (c) PSF after moving target refo-
cusing: the contour lines are at −3, −15,
−30 and −40 dB from the peak level

undesired interferences between different signatures, the remaining targets were
removed prior to the PSF analysis. The contour of the energy distribution is
shown in Fig. 2.5c: no squint was experienced due to the chosen target parame-
ters. The theoretical azimuth and range IRW were computed by making use of,
respectively, the Doppler excursion Bx ≈ 381.0931 Hz and the range bandwidth
(see Table 2.1), thus yielding ρx ≈ 0.0910 m and ρr ≈ 0.1328 m. The compar-
ison between the experienced IRWs (see Fig. 2.5c) and the theoretical values,
in addition to the two-dimensional PSLR deviating from the theoretical value
of −13.26 dB by no more than 0.01 dB, demonstrates the reliable refocusing
capabilities of the proposed algorithm.
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2.4.1.2 Experiment #2

A different ground scene was simulated according to the parameters listed in
Table 2.2 and Table 2.4. The new set of motion parameters was as follows{

v ≈ 32.3409, γ ≈ 0.9132, γ′ ≈ 1.2725
}

Unlike the previous experiment, this configuration used high radial veloci-
ties, thus producing a data-set with a larger Doppler centroid (i.e., fdc =

3714.4171 Hz).
The resulting SAR image and refocused signature are depicted in Figs. 2.6a–

2.6b. The algorithm’s capabilities were once again assessed adopting the pre-
viously described procedure. The contour of the energy distribution of MT2 is
shown in Fig. 2.6c: the PSF results to be counter-clockwise rotated through
an angle η ≈ 29.4547° due to the specific geometry and target’s motion. The
Doppler excursion Bx ≈ 267.9772 Hz defines ρx ≈ 0.0931 m, whereas the range
bandwidth (see Table 2.2) determines ρr ≈ 0.4426 m. The comparison between
theoretical and experienced (see Fig. 2.6c) quality parameters demonstrated
that a more challenging relative motion had only limited impacts on the result-
ing performance.

2.4.2 Experimental Results

To further investigate the performance of the method, results obtained when
processing real data-takes are presented in this section. The data-takes were
collected by the Fraunhofer FHR MIRANDA-35 system (see [80]) during two
different campaigns.

2.4.2.1 Experiment #1

A SAR image from one of the data-takes is shown in Fig. 2.7. The result of
the signature extraction step is highlighted in the red box: the target’s en-
ergy was smeared over a large square area whose sides were approximately 60 m

in azimuth and 15 m in range. This image was fed into the refocusing algo-
rithm and processed according to the procedure described in Section 2.3. The
GPS installed on board the target registered a slightly fluctuating speed with
a mean value of 5.33 m s−1 (target speed was 20 km h−1). This, in combination
with the specific geometry and the platform’s motion, yielded the nominal NRS
γn = 0.9195. Based on the previously described method, the set of tentative γ
was defined within an interval ranging from 0.8 to 1.0 with a 0.0001 step size.
The best degree of focusing was obtained with γg = 0.9389, thus defining a
relative error of 2.11%. The resulting refocused image is shown in Fig. 2.8a:
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Figure 2.7: Experiment #1, exemplary SAR image: (red) Moving target signature
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Figure 2.8: Experiment #1, refocused target’s signatures: (a–d) Data-take #1–4

the target’s signature is now limited within a much more restricted area and it
is characterized by a limited number of bright scatterers.

The same procedure was then adopted to process all the available data-takes,
thus yielding the SAR images depicted in Figs. 2.8a–2.8d. The four data-takes
were acquired under almost identical configurations, the most prominent differ-
ence being the target speed: its nominal value was 20 km h−1 for data-take #1–2,
and 40 km h−1 for data-take #3–4. The parameters of interest are summarized
in Table 2.5: the vx- and vr-columns list the target’s azimuth and range veloc-
ities as provided by the GPS, which are used to compute the nominal NRSs
γn. These values were then used to validate the estimates γg: the resulting
percentage errors ranged from the minimum value of 0.79 % up to the maxi-
mum value of 4.38 %. Visual inspection of the images revealed that the pair of
reflectors installed on the rear of the vehicle (see Figs. 2.8a–2.8d, upper half of
the signature) clearly stood out for all data-takes, whereas the front pair was
recognizable only in Fig. 2.8c. The theoretical PSF registration points were de-
rived on the basis of the available GPS data, and then compared to the obtained
ones: the resulting errors (Euclidean distances) did not exceed ≈ 6 cm.



2.4. Results 29

Data-take vx vr γn γg Error

#1 4.42m s−1 −2.45m s−1 0.9195 0.9389 2.11%

#2 4.46m s−1 −2.44m s−1 0.9187 0.9590 4.38%

#3 7.50m s−1 −4.09m s−1 0.8671 0.8740 0.79%

#4 7.58m s−1 −4.09m s−1 0.8657 0.8964 3.54%

Table 2.5: Results: Experiment #1

(a) (b)

Figure 2.9: Experiment #2: (a) Exemplary SAR image: (red) Moving target
signature, (b) Corresponding optical image: (red) Moving target image

2.4.2.2 Experiment #2

The available data-take recorded the A61 highway traffic flow during non-rush
hours for an approximate duration of 1 min. The data were subdivided into over-
lapping sub-apertures whose dimension was defined on the basis of the adopted
RADAR parameters (see Table 2.2). The azimuth size of the antenna foot-
print at the mid-swath slant-range can be quantified as ≈ 67.45 m, equivalent
to approximately 19 374 pulses. In light of the above, the number of integrated
pulses was set to 20 480 (i.e., ≈ 3.02 s), thereby ensuring that the −3 dB az-
imuth beam-width would be fully processed. Within the overall SAR acquisition
time, a variety of moving targets drove by in both directions. However, due to
the adopted geometry and the specific test-site, trees would frequently occlude
the sight to the closer carriageway, thereby substantially affecting the targets’
signatures. As a consequence, those targets driving along the aforementioned
carriageway were not taken into consideration when assessing the algorithm’s
refocusing capabilities.

The SAR image of a sub-aperture is depicted in Fig. 2.9a and the respective
optical image is shown in Fig. 2.9b. Within the integration time, the antenna
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illuminated two moving targets whose elongated signatures were easily recog-
nizable outside the main beam clutter. This stems from the use of a high Pulse
Repetition Frequency (PRF) which ensured two quite distinct zones: the endo-
clutter zone (see Fig. 2.9a, center) which exhibited the information due to the
stationary scene, and the exo-clutter zone (see Fig. 2.9a, left and right) where
only moving targets were imaged. The target of interest, highlighted in the red
box on both images, was a medium-sized light commercial vehicle moving at
high speed along the highway. The sense of its motion was opposite to that
of the platform, thus defining a relative velocity vector with a large absolute
value. Its energy was smeared over an area with an extension along the azimuth
axis of approximately 120 m, which is induced by a large excursion of the radial
velocity within the integration time. The signature of interest was extracted
and subsequently fed into the proposed algorithm: the best degree of focusing
was obtained when processing with γg = 1.9427. The resulting refocused image
is shown in Fig. 2.10k.

Based on the available optical images, 18 targets drove along the visible
carriageway (i.e., the one opposite sensor’s direction). Their signatures were
all detected and fed into the refocusing algorithm: the resulting refocused im-
ages, combined with the respective optical images, are shown in Fig. 2.10. In
order to extract the length of the main axis, the energy image of each refocused
signature was compared to a threshold dependent on the specific noise level.
Morphological filtering was then performed in order to remove undesired de-
tections (i.e., for instance, contributions due to the secondary lobes of bright
scatterers) and to aggregate nearby detections. The resulting lengths, together
with other parameters of interest, are summarized in the captions of Fig. 2.10:
Lsar and Lopt represent the lengths derived from SAR and optical images, the
latter herein assumed to be the true length. The parameter µ exhibits the
average value of the squint angle computed at the mid-swath slant-range: sub-
stantial differences existed even between adjacent sub-apertures due to the use
of an ultra-light-weight platform. Lastly, δ represents the relative orientation
of the target trajectory with respect to the sensor’s flightpath.

Comparing Lsar with Lopt revealed that the SAR-derived lengths underes-
timated the true ones: the absolute value of the error ranged from 0.03 m up
to 3.26 m, with a mean value of 1.33 m. Nonetheless, the refocused signatures
clearly exhibited information on the targets’ dimensions, thus making it possible
to discriminate between small and large targets.
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(a) γg = 1.4951, Lsar = 12.21, Lopt =

15.15, µ = 8.99, δ = 9.80

(b) γg = 1.5135, Lsar = 12.81, Lopt =

14.94, µ = 8.80, δ = 10.20

(c) γg = 1.5417, Lsar = 3.18, Lopt =

3.44, µ = 8.53, δ = 8.75

(d) γg = 1.5121, Lsar = 12.17, Lopt =

15.34, µ = 7.75, δ = 8.75

(e) γg = 1.5911, Lsar = 8.65, Lopt =

10.75, µ = 7.27, δ = 7.75

(f) γg = 1.6038, Lsar = 12.19, Lopt =

15.45, µ = 6.99, δ = 8.00

(g) γg = 1.5855, Lsar = 8.94, Lopt =

10.43, µ = 7.03, δ = 8.00

(h) γg = 1.7478, Lsar = 3.85, Lopt =

5.40, µ = 7.05, δ = 8.00

(i) γg = 1.9060, Lsar = 4.04, Lopt =

4.07, µ = 5.49, δ = 18.70

(j) γg = 1.9511, Lsar = 3.40, Lopt =

3.45, µ = 4.70, δ = 5.00

(k) γg = 1.9427, Lsar = 3.35, Lopt =

5.21, µ = 4.59, δ = 2.50

(l) γg = 1.8848, Lsar = 3.55, Lopt =

4.20, µ = 2.77, δ = 3.05

(m) γg = 1.6928, Lsar = 14.24,

Lopt = 15.36, µ = 5.51, δ = 10.75

(n) γg = 1.7041, Lsar = 7.08, Lopt =

7.94, µ = 5.35, δ = 10.75

(o) γg = 1.5911, Lsar = 3.57, Lopt =

3.67, µ = 4.79, δ = 10.55

(p) γg = 1.7916, Lsar = 3.54, Lopt =

4.20, µ = 4.69, δ = 10.55

(q) γg = 2.0274, Lsar = 3.04, Lopt =

4.28, µ = 5.53, δ = 4.90

(r) γg = 1.7676, Lsar = 6.88, Lopt =

7.43, µ = 3.13, δ = 4.50

Figure 2.10: Experiment #2, refocused targets’ signatures (10m × 10m) and
corresponding optical images: (a–r) Targets of interest, (caption) γg: NRS estimate,
Lsar: SAR-derived length [m], Lopt: true length [m], µ: squint angle [deg], δ: relative

orientation [deg]
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2.5 Discussion

2.5.1 General Comments

The input signal of the proposed algorithm should consist only of the contri-
bution from the moving target of interest. However, additional components
such as thermal noise and clutter, which is the signal being back-scattered by
undesired targets, were also measured. The superimposition of such signals
on the one of interest, in addition to the smearing of the target’s energy, can
jeopardize the success of the method. Nevertheless, all data-takes discussed
herein benefited from favourable circumstances. For Experiment #1, the use
of corner reflectors ensured that the target emerged from ground clutter, and
thus the contribution due to the latter was assumed to be negligible. Contrari-
wise, for Experiment #2, targets were imaged in the exo-clutter zone, reducing
the interference signal to mainly thermal noise. In light of the above, not only
was the detection step uncomplicated, but also the refocusing products were
marginally affected. However, when such conditions are not met, clutter reject-
ing techniques such as STAP (see [43]) should be implemented prior to or in
combination with the proposed method.

2.5.2 Refocusing Algorithm

The percentage error committed when estimating the NRS for Experiment #1
ranged between 0.79 % and 4.38 %. Though the estimates were reasonably accu-
rate, interpreting the outputs depicted in Figs. 2.8a–2.8d might not be straight-
forward. Nonetheless, the following remarks should be kept in mind. First, the
energy back-scattered by the corner reflectors was much larger than that from
the different structures of the truck. Hence, when refocusing the signature of
the target, the contributions due to the corner reflectors were predominant and
the truck itself was barely distinguishable. Moreover, as two pairs of reflectors
were deployed, one would expect four extremely bright scatterers to stand out
in the refocused images. However, although the pair installed on the rear of
the truck was visible irrespective of the data-take, the front one did not clearly
emerge from the background. Understanding what might have induced such
effects is a challenging task, and all the potential causes herein provided are
speculative. The spatial proximity between the front pair and the truck cab,
also mainly made of metallic materials, could result in defining the effects de-
picted in the lower half of Figs. 2.8a–2.8d. Also, a faulty installation of the
reflectors during the experiment set-up could lead to a non-ideal illumination,
thereby preventing the proposed method from precisely refocusing the targets.

Limited ground measurements were available for Experiment #2. Nonethe-
less, analysing the optical media allowed us to infer the behaviour of the traffic
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flow, and to assess the coherency of the estimates. All the large targets (i.e.,
trucks) moved along the slow-lane of the carriageway at moderate speeds. Con-
trariwise, small- and medium-sized moving targets (i.e., private cars or light
commercial vehicles) exhibited much more diverse motion behaviours. Of par-
ticular interest was the car with ID i which was illuminated by the antenna main
beam while driving along the connection road between two different highways
(see Fig. 2.2, upper blue line). Though moving at a much slower speed com-
pared to other cars, its relative orientation δ defined a substantial range velocity
vr, which translated into a large NRS. The ID q drove along the fast-lane of the
carriageway overtaking other vehicles: the specific geometry induced a consid-
erable azimuth velocity vx, thus defining the largest NRS among the targets of
interest. The refocused images could then be exploited to infer whether a given
signature was due to a small- or a large-sized vehicle. Although the target’s
dimensions were preserved in the refocused image (i.e., larger targets induced
larger signatures, and vice-versa), the SAR-derived lengths underestimated the
true ones: the minimum and maximum values of the absolute errors were 0.03 m

and 3.26 m respectively, and the mean value was 1.33 m. Nonetheless, the re-
ceived signal depends on a variety of factors such as the squint angle µ, the
relative orientation δ, the target’s anisotropic three-dimensional back-scattering
properties and its integration time. The latter, that is the time during which
the target is illuminated by the antenna main beam, is a fraction of the adopted
SAR integration time (i.e., ≈ 3.02 s) as the targets of interest moved opposite
to the sensor. In light of that, extracting geometric features from refocused
images appears to be quite a challenging task. However, the obtained products
demonstrated the feasibility of differentiating vehicle types (i.e., small-, mid-
and large-sized targets) on the basis of their signatures. Furthermore, provided
that favourable conditions are met, it is also possible to isolate different features
within a single signature. A significant example is given by ID n: not only the
strong reflectors at the front and rear of the truck were clearly imaged, but also
the vertical profile of the truck was preserved.

The following considerations should be taken into account when interpret-
ing the results from both experiments. The data-takes were collected by a
millimetre-wave sensor. This made the refocusing much more challenging as
the NRS estimate had to be highly accurate to compensate for range histories
with a millimetre accuracy. Also, the mismatching of the actual target’s mo-
tion from the adopted model had a larger impact: small accelerations, which
would be negligible when using different RADAR parameters, were critical in
our experiments. Nonetheless, although the processing of such data-takes was
not trivial, the proposed method proved to be capable of accurately estimating
the NRS and of refocusing non-cooperative targets’ signatures with satisfying
performance.
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2.5.3 Summary and Outlook

This paper has presented how to refocus FMCW SAR moving target data by
making use of both the WDA and the NRS concept. A limited amount of rele-
vant work has been carried out to research either the imaging or the indication
of moving targets in FMCW SAR environments. First, the moving target Point
Target Reference Spectrum (PTRS) was derived and expressed in the same
analytical form adopted within previously published works that addressed the
same problem in a stationary case. From simple visual comparisons between
the two PTRSs, it appears clear that the main difference was the parameter
describing the relative motion between sensor and target. As a consequence,
moving target focusing can be performed by means of the WDA as long as
the platform’s speed (or the NRS) is replaced with a dual parameter describ-
ing the relative motion between sensor and target. The above considerations
were then exploited to design a method to refocus moving target signatures.
This consisted of two main steps. The first was a remapping of the data onto
a new more favourable domain. The second filtered out those residual phase
components that survived the WDA processing and which were responsible for
target defocusing. The method has been tested and validated in a number of
ways. Simulations were performed to assess whether the performances would
match the expected values. The algorithm behaviour was further investigated
by processing real data collected in two distinct experiments. The availability
of detailed ground measurements allowed for an accurate validation of the prod-
ucts of Experiment #1: the NRSs were estimated with a relative error up to
4.38%, whereas the registration points of the reflectors were within a 6 cm dis-
tance from their theoretical positions. As for Experiment #2, estimates of the
target’s length and shape were retrieved, therefore allowing for a differentiation
of the targets on ground.

The current technological advances suggest that millimetre-wave, centimetre
resolution, miniaturized SAR systems are about to become commonly adopted
solutions. In light of the above, particular attention should be devoted to design-
ing refocusing (or auto-focusing) techniques not bounded by any assumptions
on the relative motion. Also, adopting centimetre resolution systems allows
discrimination of the multiple scatterers of the target, each characterized by
slightly different motions. Thus, not only the assumption of a constant velocity
should be dropped, but also the assumption of a common motion for all the
scatterers results in a sub-optimal approach. Future research activities shall
focus on imaging moving targets whose signatures are either registered close by
or partially overlapped. A particular emphasis shall be put on analysing the
impact on the resulting motion estimates, and on assessing the corresponding
re-location performance.
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2.6 Appendix

The core equations for moving target focusing and refocusing [i.e., respectively,
(2.22) and (2.27)] are based on the assumption that the azimuth spectrum is
contained within the unambiguous wavenumber bandwidth. Nonetheless, this
condition is very unlikely to hold in realistic scenarios, suggesting the need for
a general solution. To successfully deal with ambiguous spectra, the ambiguity
number M has to be estimated beforehand [86]. Although this is a crucial step,
the estimation process is beyond the scope of this work, and M is consequently
assumed to be perfectly known.

Let the ambiguous azimuth wavenumber k∗x be defined as

k∗x =
2πfτ
vp

+
2πM × PRF

vp
(2.42)

To take into account the ambiguous nature of the spectrum, (2.17) has to be
modified by replacing kx by k∗x. The relation between kw and kr can be obtained
by following the procedure described in Section 2.3.4, thus yielding

kw = f(k∗x, kr;v) =

(
vp
c
k∗x

)
+

√(
vp
c
k∗x

)2

+
1

β

[(
k∗x
γ

)2

+ k2r

]
(2.43)

The equation linking the range wavenumbers kr,1 and kr,2 is obtained by equal-
izing (2.43) and (2.24), and solving for the desired wavenumber. The solution,
which is obtained through simple mathematical manipulations omitted here,
can be expressed as

kr,1 = Υ(k∗x, kr,2;v)

=

{
− k2x + α

{[
f(k∗x, kr,2;v)−

(
vp
c
kx

)]2
−
(
vp
c
kx

)2}} 1
2

(2.44)
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3.1 Abstract

ISAR is a commonly adopted technique for producing high resolution images
of moving targets. This paper investigates the imaging capabilities of high-
frequency and high-bandwidth systems by means of two distinct experiments.
The deployed sensor is the Fraunhofer FHR MIRANDA-35, a millimeter-wave
SAR airborne system which transmits frequency-modulated continuous-wave
FMCW signals at Ka-band and is capable of achieving centimeter resolution.
The performances are assessed by comparing the derived estimates (e.g., radial
velocity and acceleration, and dimensions) with independent ground measure-
ments. The resulting accuracy can be summarized as follows: the mean value
of the percent error is 2.05 % and 2.11 % for radial velocity and acceleration,
respectively, and 4.27 % for the target dimensions.

3.2 Introduction

SAR systems are frequently exploited solutions for earth surface monitoring
in all-weather and all-light conditions. Such systems are capable of producing
electromagnetic images with enhanced spatial resolution [32], and therefore are
a useful tool for, amongst many applications, surveillance and reconnaissance
purposes [87, 88]. The need for a broad accessibility to SAR has led to the de-
sign of frequency-modulated continuous-wave FMCW waveforms [84]. FMCW
SAR differentiates from pulsed SAR due to the transmission of a frequency-
modulated signal which covers most of the Pulse Repetition Interval (PRI). As
a consequence, high Signal-to-Noise Ratio (SNR) values can be obtained even
when using low transmission powers, thus making the system more compact
and cost-effective. A detailed analysis of the FMCW SAR signal model, its
resulting signal processing aspects and viable hardware solutions can be found
in [68].

Conventional SAR processing is designed to compensate for the quadratic
and higher order phase terms produced by the static scene. As a consequence,
moving targets signals are not coherently integrated, thereby producing signa-
tures which are both blurred and displaced along-track [40]. Many publications
have dealt with the imaging of moving targets in SAR images [45,46,49,66,89].
In [49], the authors derive the moving target image impulse response and its
spectrum, which is then used to perform matched filtering. A two-dimensional
matched filtering without a-priori knowledge of the accurate motion parameters
can successfully correct the range cell migration [89]. Alternatively, well-known
SAR processors can be adjusted for RADAR imaging purposes: a bank of fo-
cusing filters based on the chirp scaling algorithm can efficiently image moving
targets [45]. Furthermore, the concept of NRS has been used to modify the



3.2. Introduction 39

WDA for both pulsed [46] and FMCW SAR [66]. Though yielding fairly good
results, the aforementioned algorithms are based upon simplified range history
models, which are unlikely to hold, for instance, in maritime scenarios where
targets undergo complicated angular motions (e.g., roll, pitch and yaw). This
calls for more sophisticated techniques, such as ISAR [50,51], which is capable
of dealing with a wider range of target dynamics. Its main drawback is repre-
sented by the unpredictable azimuth resolution which depends on the unknown
target dynamics and cannot, therefore, be estimated beforehand. However,
ISAR succeeds where most of algorithms fail, thus making it a powerful tool
for a number of applications. In light of recent technological developments,
ISAR theory has been generalized to include FMCW waveforms: in [56], the
authors analyze the image distortions introduced when using such signals and
present a more general solution. However, FMCW ISAR algorithms, such as the
one introduced in [56], were only applied to X-band data-sets with meter scale
range resolution. It remains an open question as to whether such algorithms
can successfully process data-sets acquired at higher frequencies and with larger
bandwidths.

In this paper, we introduce the Ka-band Fraunhofer FHR MIRANDA-35
experimental sensor [80]. Its RADAR imaging capabilities are discussed on the
basis of experimental results obtained when combining state-of-the-art tech-
niques, in a similar fashion to [55]. However, unlike previously published works,
the implemented method comprises both pulsed and FMCW SAR techniques
that have been developed separately and have never been used in combination.
Moreover, in light of its main features (e.g., millimeter-wave wavelength, FMCW
technology and ultra-light-weight airborne platform), MIRANDA-35 results to
be an interesting case study as the need for extremely compact and low-cost sys-
tems, yet characterized by satisfying performances, is raising. Lastly, the results
presented herein are of importance as FMCW ISAR processing has never been
tested with Ka-band data-sets. At such wavelengths, the target range history
needs to be estimated with millimeter accuracy, thereby making the refocusing
task way more challenging.

The remainder of the paper is organized as follows. In Section 3.3.1 we in-
troduce the MIRANDA-35 sensor, its specifications and we describe the experi-
ments’ set-ups. Section 3.3.2 reviews the implemented processing chain whereas
Section 3.3.3 describes the available ground measurements used for validation.
The obtained performances were assessed by processing real data-sets acquired
during two different experiments, and they are summarized in Section 3.4.1
and 3.4.2. Results and future research directions are thoroughly discussed in
Section 3.5.
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Figure 3.1: Experiment #1. Google Earth image of the Königswinter test-site:
sensor’s flightpaths (red), and target’s path (blue).

Data-take #1 #2 #3

Bandwidth [GHz] 0.6 1.25 0.6

PRF [kHz] 10.17 2.54 10.17

Mid-range [m] 622.39 1247.20 622.39

Swath width [m] 235.5 455.47 235.5

Velocity [ms−1] 32.63± 0.09 35.33± 0.03 30.84± 0.04

Roll [deg] 0.79± 1.23 2.25± 0.49 2.33± 0.84

Pitch [deg] −1.35± 0.07 −0.17± 0.06 1.71± 0.23

Yaw [deg] 156.15± 0.11 159.56± 0.52 126.74± 0.14

Table 3.1: System and Motion Parameters: Experiment #1

3.3 Method

3.3.1 Sensor and Experimental Set-up

The SAR sensor utilized in the experiments was the Fraunhofer FHR MIRAN-
DA-35 system [80]. This is an airborne sensor transmitting FMCW signals and
operating at 35 GHz frequency. The system is composed of one transmitting and
up to four receiving antennas which can be arranged both along- and cross-track,
thereby allowing for a variety of applications. The minimum and maximum
PRF are 1271.57 Hz and 10 172.53 Hz, respectively, whereas the largest usable
bandwidth is equal to 1.25 GHz, thus defining a maximum range resolution of
12 cm. Due to its compactness, MIRANDA-35 is mounted on board the ultra-
light-weight FHR Delphin platform. Two experiments, held during distinct
campaigns, are briefly discussed here.
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Data-take #1 #2 #3

Bandwidth [GHz] 1 1 1

PRF [kHz] 1.69 1.27 1.69

Mid-range [m] 2003.32 2916.46 2003.32

Swath width [m] 791.06 1078.78 791.06

Velocity [ms−1] 54.09± 0.07 54.18± 0.04 55.17± 0.02

Roll [deg] −0.18± 0.23 −0.13± 0.19 −0.46± 0.10

Pitch [deg] 0.34± 0.04 0.22± 0.13 −0.74± 0.02

Yaw [deg] 103.37± 0.24 105.48± 0.05 100.78± 0.11

Table 3.2: System and Motion Parameters: Experiment #2

3.3.1.1 Experiment #1

The experiment was conducted in Summer 2018 in the municipality of Königs-
winter, in the district Rhein-Sieg, Germany. The mission was designed in order
to record the activities of the ferry Königswinter IV. The experimental set-up is
depicted in Fig. 3.1. The nominal values of the most notable system parameters,
together with mean and standard deviation of the platform motion parameters,
are listed in Table 3.1.

3.3.1.2 Experiment #2

The experiment was conducted in Summer 2017 in the surroundings of the town
of Thun, in the canton of Bern, Switzerland. The mission was designed in order
to study the case of a ground target (i.e., a medium-sized truck) moving at
moderate speed along a linear trajectory. The target of interest was equipped
with four dihedral corner reflectors attached on two poles at different heights.
Table 3.2 summarizes the nominal values of the main system parameters and,
additionally, it provides mean and standard deviation of the platform motion
parameters. For a more detailed description of the experiment, please refer
to [66].

3.3.2 Processing Chain

The main steps of the implemented algorithm are summarized in the block
diagram of Fig. 3.2, where intermediate Fourier transforms and other minor
operations are omitted for the sake of clarity. The input consists of a processed
SAR image in RADAR geometry (i.e., range and cross-range), whereas the
output consists of the target refocused signature. The implemented algorithm
is capable of dealing with images produced by any focusing algorithm as long as
the proper image inversion mapping is exploited. The examples shown within
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Signature Extraction: GMTI and Data Cropping

Automatic Time Window Selection

Motion Compensation

Range Doppler Imaging

SAR Image

CLEAN refocused signature

CLEAN

Image Inversion Mapping

Doppler to Azimuth Scaling

Figure 3.2: Block diagram of the implemented algorithm.

this paper, and thus the related inversion mapping, were produced on the basis
of the WDA for FMCW signals [69].

3.3.2.1 GMTI and Data Cropping

The multiple spatial degrees of freedom offered by MIRANDA-35 are exploited
in order to perform ATI [41]. The resulting interferogram is passed on to a
two-dimensional adaptive non-parametric Constant False Alarm Rate (CFAR)
detector to determine whether the pixel of interest is occupied by a moving
target [90]. This technique estimates the magnitude-phase joint Probability
Density Function (PDF) of the terrain interferogram via a histogram-based ap-
proach, and it detects potential moving targets by exploiting a threshold contour
line. Then, the derived detections are grouped together and de-noised by means
of morphological filtering [81]. Consequently, contiguous objects generated by
the same target are connected by making use of the border tracing algorithm
presented in [82]. Lastly, a rectangular crop is defined based on centroid and
size of the final object, and the useful signal is extracted from the SAR image.

3.3.2.2 Image Inversion Mapping

The image inversion mapping is designed on the basis of the focusing technique
that was used to produce the algorithm input. The examples shown within this
paper were obtained by making use of the WDA for FMCW signals [69]: such
an algorithm has proven itself capable of handling high-squint configurations,
thereby making it suitable for an ultra-light-weight airborne platform. Its main
steps are listed sequentially in the order they are performed: RVP removal,
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RFM and Stolt interpolation. The latter represents the main core of the WDA:
it is implemented in the two-dimensional wavenumber domain and is designed
to linearise the phase content of the data.

The obtained crop, which is represented in RADAR geometry, is remapped
in the two-dimensional wavenumber domain by performing an IFT and a Fourier
transform FT along the range and azimuth axis, respectively. Let the azimuth
wavenumber be referred to as kx, whereas the slant-range and range wavenumber
(i.e., the variable describing the signal along the range direction before and after
applying the Stolt interpolation) are kw and kr, respectively. The inversion
mapping can be formulated as

kr → kw (3.1)

where the relation between the different wavenumbers is as follows:

kr =

√(
αkw

)2 − [vp
c

(
αkw

)
+ kx

]2
(3.2)

with vp and c being the platform velocity and the speed of light, respectively,
and α is the stationary case Doppler factor defined as

α =
1

1− v2p
c2

. (3.3)

The subsequent step consists of reintroducing the range-invariant phase contri-
bution originally removed by the RFM. This is performed by multiplying the
output of the inverse Stolt interpolation with a filter whose phase response is
expressed as

ΦRFM(kx, kw; vp) = −

√(
αkw

)2 − [vp
c

(
αkw

)
+ kx

]2
rref + kx(vpts) (3.4)

with ts being the fast-time. The last term in (3.4), i.e. kx(vpts), is the range-
invariant range walk which is caused by the motion of the platform during trans-
mission [68]. Lastly, after mapping the signal into the range domain through
a FT, the RVP term is restored by means of a filter which introduces a range
dependent delay [84]. Its phase response can be expressed as follows:

ΦRV P (r) =
π

γ

(
γ

2r

c

)2

(3.5)

where γ and r represent the transmitted signal chirp rate and the range axis,
respectively.

The term (vp/c)(αkw) in (3.2) and (3.4) is unique to FMCW SAR environ-
ments and describes the range-azimuth coupling produced by the sensor motion
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during the transmission of the signal. The pulsed SAR solution can be obtained
by forcing the sensor position to be stationary during transmission, which is
known as stop-and-go approximation. This can be factored into (3.1)–(3.5) by
replacing vp = 0.

3.3.2.3 Automatic Time Window Selection

The illumination time for a given target on ground varies greatly depending on
a variety of factors (e.g., acquisition geometry, antenna pattern, relative motion
between sensor and target, etc.). Within this time span, which can reach up
to few seconds for airborne scenarios, the target motion results to be fairly
complicated, and conventional imaging algorithms, such as the range Doppler
technique, fail. In order to successfully perform RADAR imaging, only a sub-
set of the available echoes (i.e., a window) needs to be processed. Its selection
is based on the maximum contrast automatic time window selection algorithm
proposed in [91]: the image with the highest contrast determines the optimum
window position and length.

3.3.2.4 Motion Compensation

Motion Compensation (MoComp) is a crucial step for ISAR processing. The
received signal exhibits a phase modulation which is a function of the range
variation over time between focusing point and antenna phase center. In case
this contribution was not perfectly compensated for, the residual phase term
would induce defocusing, thereby jeopardizing the successful interpretation of
the final products. In [56], the authors designed a MoComp algorithm for
FMCW SAR: as the stop-and-go approximation is no longer valid, the phase
modulation results to be dependent on both the fast-time ts and the slow-time
variable n.

The received signal, which was derived in [56], can be expressed as follows:

Sb(ts, n) = K ′w(ts, n, Ts)e
jφ0(ts,n)

∫
V

g(x)ejφ(ts,n,x) dx (3.6)

where x represents the position of a given scatterer, and g(·) is the target
reflectivity function. The signal domain, which is identified by w(·), can be
approximated as

w(ts, n, Ts) ≈ rect

(
ts − nTs
Ts

)
(3.7)



3.3. Method 45

with Ts being the PRI. Furthermore, the exponential φ0(·) in (3.6) can be
expressed as follows:

φ0(ts, n) = −2π(fc + γts)τ0(ts, n) + πγτ 20 (ts, n)

= −2π(fc + γts)
2R0(ts, n)

c
+ πγ

(
2R0(ts, n)

c

)2

(3.8)

where fc represents the transmitted signal carrier frequency whereas R0(ts, n)

describes the range history of the target focusing point.
In case no a-priori knowledge was available, R0(ts, n) would need to be

estimated on the basis of the received signal, thereby introducing the concept
of ISAR autofocusing. Autofocusing techniques can be subdivided into two
different categories: parametric and non-parametric [92]. The examples shown
within this paper were obtained by exploiting the so-called image contrast based
technique [93]. This is a parametric technique that models R0(ts, n) via a finite-
order polynomial as

R0(ts, n) =
N∑
n=0

an(ts + nTs)
n

n!
(3.9)

The polynomial degree N is empirically designed: for common maritime and
ground targets, two coefficients (i.e., the radial velocity and acceleration) de-
scribe the range history with sufficient accuracy. On the other hand, the esti-
mate of the polynomial coefficient an is obtained by maximizing the contrast of
the refocused signature, and the optimization problem is solved by making use
of the Nelder–Mead method.

Equation (3.9) emphasizes how the complexity of the MoComp crucially
increases in FMCW SAR scenarios. In fact, the number of radial distances that
needs to be estimated is equal to Nf ×Ns, with Nf and Ns being the number
of estimates along the fast- and slow-time, respectively.

3.3.2.5 Range Doppler Imaging

A FT performed along the slow-time successfully implements the range Doppler
technique provided that the Fourier domain of the received signal can be approx-
imated with a rectangular grid. This is obtained when the following conditions
are satisfied: (i) the effective rotation vector is approximately constant, (ii) the
variation of the viewing angle within the integration time is small, and (iii) the
signal is narrow-band [50,51].

After implementation of the range Doppler technique, the energy due to a
given scatterer is concentrated at a specific Doppler frequency. Though the
imaging formation process is fairly simple, the resulting output is represented
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in a non-homogeneous range/Doppler domain, thus making it impossible to
retrieve the desired geometric features.

3.3.2.6 Doppler to Cross-range Scaling

Converting Doppler into cross-ranges is a mandatory step in order to represent
the refocused signature in a homogeneous domain. As pointed out in [94], the
slow-time signal produced by a given scatterer is dependent on the target dy-
namics. More precisely, both Doppler and chirp-rate are a function of, amongst
other parameters, the effective rotation vector modulus Ωeff , which defines the
total variation of the viewing angle within the integration time. The relation
between chirp-rate and Ωeff can be expressed as follows:

mk =
2f0Ω

2
eff

c
rk (3.10)

Equation (3.10) describes a line with axes mk and rk representing the chirp-
rate and range of the kth scatterer, respectively. The points of such line can
be obtained by making use of basic image and signal processing techniques.
The PSF of a given scatterer is extracted through image segmentation, and
back-projected into the slow-time domain via an IFT. Consequently, the Local
Polynomial Fourier Transform (LPFT) is exploited in order to assess what chirp-
rate guarantees the best focusing. Then, provided a meaningful set of scatterers
is available, it is possible to estimate the slope of the line by means of a Least
Square Error (LSE) approach, and thus to derive Ωeff . Lastly, Doppler fre-
quencies can be converted into cross-ranges by making use of

νk = −2f0Ωeff

c
ck (3.11)

with νk and ck being the Doppler frequency and cross-range of the kth scatterer,
respectively.

3.3.2.7 CLEAN

The dominant scatterers of the refocused signature are extracted by making
use of the CLEAN technique [95]. After estimation of the PSF of the ISAR
system, position and complex amplitude of each scatterer are retrieved, and
their contribution is iteratively removed from the image.

3.3.3 Validation Methods

Diverse ground measurements were collected during both experiments in order
to validate the derived products. Pictures of the illuminated area were taken
by an optical camera installed on board the platform with a 2 s sample interval.
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Figure 3.3: Experiment #1, exemplary SAR image: target of interest (red).
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Figure 3.4: Experiment #1, exemplary data-take. (a) Range/Doppler image be-
fore refocusing. (b) Range/cross-range image after refocusing. (c) CLEAN image.

Moreover, both targets were equipped with differential GPS systems composed
of a Trimble Zephyr 2 antenna and a Trimble R7 GNSS receiver. The estimated
standard deviations of the GPS positions showed an approximately constant
trend during the integration times, with values ranging between 0.026 m and
0.040 m according to the specific data-take and experiment. The recorded dy-
namics are used in order to obtain the true radial velocity and acceleration,
therefore allowing for an accurate validation of the motion estimates. Further-
more, for Experiment #1, the derived main geometric features (e.g., length and
width) are compared with the design values obtained from the ferry’s construc-
tion project.

3.4 Results

3.4.1 Experiment #1

The exemplary SAR image depicted in Fig. 3.3 was fed to the implemented
algorithm. The range/Doppler image of the target before refocusing is de-
picted in Fig. 3.4a. The autofocusing algorithm converges when using (vr, ar) =

(−3.32 m s−1, 1.64 m s−2), thereby yielding the refocused image of Fig. 3.4b. The
estimated motion parameters were then compared with the ones provided by
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 3.5: Experiment #1, data-take #1–3. (a–c) Target of interest; range/cross-
range images after refocusing and CLEAN images (red). (d–f) Target of interest;
optical images. (g–i) Targets of opportunity; range/cross-range images after refo-

cusing. (j–l) Targets of opportunity; optical images.
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(a) (b) (c)

Figure 3.6: Experiment #2, data-take #1. (a) Range/Doppler image before refo-
cusing. (b) Range/cross-range image after refocusing. (c) Optical image.

the GPSs, thus defining a percent error of (1.78 %, 0.73 %). Lastly, the domi-
nant scatterers of Fig. 3.4b were extracted by making use of the CLEAN tech-
nique, and were exploited to derive the target length L and width W . The
SAR derived dimensions are (44.55 m, 19.36 m), thus defining a percent error of
(3.65 %, 3.63 %). The remaining data-takes were processed through the same
procedure: the refocused images, superimposed with the extracted dominant
scatterers, are depicted in Figs. 3.5a–3.5c, whereas the respective optical im-
ages are shown in Figs. 3.5d–3.5f. The retrieved parameters are summarized in
Table 3.3: the mean value of the percent error is 2.37 % and 2.02 % for the radial
velocity and acceleration, respectively, and 4.27 % for the target dimensions.

Additionally, targets of opportunity, for which no direct ground-truth mea-
surements are available (neither motion parameters nor dimensions), were pro-
cessed: the obtained refocused images are depicted in Figs. 3.5g–3.5i, and the
respective optical images are shown in Figs. 3.5j–3.5l.

3.4.2 Experiment #2

The range/Doppler images before and after refocusing for an exemplary data-
take are shown in Fig. 3.6a and Fig. 3.6b, respectively, whereas the correspond-
ing optical image is shown in Fig. 3.6c. The best degree of focusing is obtained
when using (vr, ar) = (−2.64 m s−1, 1.23 m s−2), thus defining a percent error
of (1.18 %, 3.23 %). The same procedure was then adopted to process the re-
maining data-takes, thus retrieving the estimates summarized in Table 3.4: the
mean value of the percent error results to be 1.73 % and 2.19 % for the radial
velocity and acceleration, respectively. As the data-takes were acquired under
almost identical configurations, no substantial visual differences arise, thereby
the refocused images of the remaining data-takes are not shown herein.
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Data-take #1 #2 #3

(vr, εvr ) (−3.32, 1.78) (−5.02, 2.67) (−4.97, 2.65)

(ar, εar ) (1.64, 0.73) (0.96, 5.05) (1.31, 0.28)

(L, εl) (44.55, 3.65) (44.53, 3.70) (43.03, 6.94)

(W, εw) (19.36, 3.63) (19.18, 4.53) (19.46, 3.14)

* [vr] = ms−1, [ar] = ms−2, [L] = m, [W ] = m, [ε] = %

Table 3.3: Results: Experiment #1

Data-take #1 #2 #3

(vr, εvr ) (−2.64, 1.18) (−1.89, 2.98) (−1.57, 1.02)

(ar, εar
) (1.23, 3.23) (0.66, 2.20) (1.00, 1.13)

* [vr] = ms−1, [ar] = ms−2, [ε] = %

Table 3.4: Results: Experiment #2

3.5 Discussion

3.5.1 Refocusing Algorithm

The performances obtained for Experiment #1 are summarized as follows. The
percent error of the radial velocity ranges between 1.78 % and 2.67 %, and has
a mean value of 2.37 %. As for the radial acceleration, its estimates yielded an
error ranging between 0.28 % and 5.05 %, with a mean value of 2.02 %. The re-
sulting refocused images (see Figs. 3.5a–3.5c) exhibit strong similarities with the
corresponding optical images (see Figs. 3.5d–3.5f). Nonetheless, some structures
that are clearly visible for one data-take (e.g., see the left contour of the ferry
deck in Fig. 3.5a) are either barely detectable or even missing in the remaining
ones. When interpreting and comparing the visual outputs of Figs. 3.5a–3.5c,
it is worth bearing in mind that they were obtained under different conditions:
not only crucial RADAR parameters such as PRF and bandwidth varies (see
Table 3.1), but, more importantly, different illumination conditions (e.g., inci-
dence angle, integration time, etc.) were experienced. A meaningful example is
given by the signatures of the parked vehicles on the ferry deck, which clearly
emerge from the white (low energy) floor only for data-take #3 (see Fig. 3.5c).
The causes behind such behaviors are not easily traceable, and the explana-
tions proposed herein are merely speculative. One plausible cause is given by
the different acquisition geometries: for data-take #1–2, planar surfaces, such
as the roof or the vehicles sides, reflect the electromagnetic energy away from
the sensor, whereas only edges back-scatter a detectable signal.

All targets’ signatures were mapped from the range/Doppler domain to the
range/cross-range domain after estimation of Ωeff . However, the accuracy of
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such estimates, and thereby of the resulting dimensions, could be assessed only
for the target of interest of Experiment #1. The percent error of the length (i.e.,
the dimension along the longer main axis) ranges between 3.65 % and 6.94 %,
and has a mean value of 4.76 %. As for the width (i.e., the dimension of the
ferry along its shorter main axis), its estimates yielded a percent error ranging
between 3.14 % and 4.53 %, with a mean value of 3.77 %. For all available data-
takes, both dimensions were always underestimated. The aforementioned values
were obtained by exploiting the CLEAN images: the retrieved dominant scat-
terers were projected onto the axis of interest, and the pair defining the largest
distance was used in order to define the estimate. When adopting such an
approach, measurements from different data-takes are not completely coherent
with each other as different pairs of dominant scatterers are used to estimate the
same geometric feature. Nonetheless, though the images were acquired under
completely different conditions, the estimates summarized in Table 3.3 are sim-
ilar, thereby they represent a reliable indicator of the algorithm performances.

The RADAR and optical images of three additional targets are shown in
Figs. 3.5g–3.5l, respectively. The amount of back-scattered energy is directly
linked to the target characteristics: the deck surface depicted in Fig. 3.5j appears
to be flat, and, as a consequence, most of the energy is reflected away from the
sensor, thus producing an image with only few visible features (see Fig. 3.5g).
On the other hand, Figs. 3.5k–3.5l present surfaces with complicated and edgy
structures, thereby justifying the considerable amount of back-scattered energy
(see Figs. 3.5h–3.5i).

Similar to Experiment #1, the GPS derived values were used to validate the
estimates of Experiment #2. The percent error of the radial velocity ranges be-
tween 1.02 % and 2.98 %, and has a mean value of 1.73 %. The estimates of the
radial acceleration, vice-versa, defined a percent error ranging between 1.13 %

and 3.23 %, with a mean value of 2.19 %. Neither the front nor the rear of the
truck are clearly imaged in Fig. 3.6b, thereby making the image interpretation
more difficult. Nonetheless, the following remarks have to be taken into ac-
count. The largest ratio of back-scattered energy is due to the deployed corner
reflectors. However, from a visual inspection of the resulting images, only the
pair of reflectors installed in the vehicle’s rear is clearly recognizable (see farther
contributions in either Fig. 3.6a or Fig. 3.6b). Identifying the causes that lie
behind such behaviors is a challenging task, and validating the findings is no
longer possible. A likely explanation is given by an erroneous implementation of
the experiment’s set-up: during the SAR acquisition, and thus while the truck
was moving, the reflectors might have shaken, thereby inducing centimeter scale
range variations, which cannot be accurately described by the adopted range
history model.
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One limiting factor of the implemented algorithm is represented by the in-
ability to handle low Signal-to-Noise-and-Clutter Ratio (SNCR) environments.
The superimposition of clutter, in combination with the spreading of the target
energy outside of the cropped sub-image, decreases the SCNR and affects the
derived estimates. Nevertheless, such effects were minimized due to the adopted
experiments’ set-ups. In fact, all targets of Experiment #1 were imaged inside
the Rhine river, which back-scatters a marginal amount of energy. On the other
hand, for Experiment #2, ground-clutter competes with the signal of interest,
though the use of corner reflectors makes the useful signal emerge from the
stationary back-ground. In light of the above, it is safe to assume clutter to
have a limited impact for the cases discussed herein, thus making unnecessary
the use of clutter rejecting techniques. However, it remains an open question as
to how the performance would degrade in case the aforementioned conditions
were not experienced. Moreover, it should be noted that the range registration
coordinate for moving targets in FMCW SAR data-sets is a function of both
round-trip delay and Doppler frequency. This, in turn, translates into an invalid
range measurement, thereby affecting the estimates of the motion parameters
obtained from the range-compressed signal. However, for the examples shown
herein, the undesired contribution affecting the radial velocity estimates in Ta-
ble 3.3 and 3.4 reaches values up to 2 cm s−1, and it is therefore considered
negligible. Lastly, it is worth highlighting that the implemented method is de-
signed on the assumption of using short integration times (i.e., of the order of
1 s). Within such a time span, the effective rotation vector is approximately
constant and the range Doppler technique is successful. However, when longer
integration times are needed to maximize the azimuth resolution, or when the
target undergoes exceptionally strong angular motions, the adopted imaging
method is no longer optimum and other solutions are necessary [96].

3.5.2 Summary and Outlook

This paper has proven the capabilities of FMCWKa-band data-sets for RADAR
imaging purposes. The authors combined a number of state-of-the-art tech-
niques to produce high resolution images of moving targets. The main core of
the implemented algorithm is represented by the range Doppler technique which,
in combination with autofocusing, allows to produce RADAR images with high
resolution. Though the deployed method consists of well-known techniques,
the authors believe that the results shown herein are of particular importance.
Firstly, although the demand for low-cost and compact imaging systems has
increased over the last few years, only few publications have dealt with the
imaging of moving targets in FMCW SAR environments. Moreover, Ka-band
data-sets have rarely been used for moving targets imaging, and the resulting



3.5. Discussion 53

products (e.g., images, derived motion parameters and geometric features) have
never been validated as thoroughly as in the current work. The choice of the
band is crucial in determining the system performances: for a given variation
of the viewing angle, shorter wavelengths – or, equivalently, higher frequen-
cies – allows to obtain a better cross-range resolution. Lastly, assessing whether
ultra-light-weight airborne platforms are capable of guaranteeing satisfying per-
formances is a question which needs to be addressed as the current technological
advances push for the exploitation of even lighter platforms. However, such car-
riers usually present an unstable motion: for the data-takes discussed herein,
the standard deviations of the angular motions result to be at least an order of
magnitude larger than that for heavier carriers (e.g., the Transall C-160).

The implemented method has been tested and its performances have been
precisely assessed: the motion estimates were validated by making use of ground
measurements, whereas the retrieved target dimensions were compared with
the design values obtained from the target construction project. Both motion
and geometric estimates resulted to produce marginal percent errors, thereby
validating the implemented algorithm and verifying the usefulness of the data-
sets.

Future researches shall focus on designing imaging algorithms which can suc-
cessfully process millimeter-wave data-sets acquired by SAR sensors mounted on
board ultra-light-weight, or even lighter, airborne platforms. As MoComp plays
a crucial role in defining the final degree of focusing, especially when exploiting
shorter wavelengths, particular attention shall be paid to designing algorithms
which are not constrained to simplified range history models. Moreover, choos-
ing whether to use time or frequency domain processors is not trivial, as the
latter appear to be not sufficiently flexible to handle strongly non-linear flight-
paths. The use of a lighter platform, and thereby of a more compact system,
might dictate physical design constraints that prevent from exploiting multiple
channels, thus making it impossible to implement efficient clutter rejecting tech-
niques. In light of the above, it is of interest to quantify the minimum SCNR
that still allows for an acceptable degree of focusing, and how the accuracy of
the derived estimates degrade as a function of the SCNR. Moreover, particular
attention shall be paid to assessing how the target angular motions affect the
final products, and to modifying the implemented method for it to be capable
of handling longer integration times. Alternatively, it is also of interest to study
the feasibility of merging either coherently or incoherently a sequence of ISAR
images after mapping them into a common reference frame.
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4.1 Abstract

Conventional SAR processing can be adapted to obtain Two-dimensional (2-D)
high-resolution images of moving targets. The resulting images, however, suf-
fer from layover effects, therefore making their interpretation more challenging.
This problem can be dealt with by combining RADAR imaging with interfer-
ometry, which allows for Three-dimensional (3-D) target reconstruction. This
article presents a 3-D imaging technique built upon the well-known Global Back-
projection (GBP) algorithm, which has been adapted to focus moving targets
rather than the stationary scene. The proposed algorithm is tested on real
data-sets acquired with a circular acquisition geometry. Using a non-linear
flight-path allows to monitor the target from multiple viewing angles, therefore
overcoming the limitations that are common to stripmap SAR (e.g., shadowing
effects, geometrically adverse cases, etc.). The obtained results, which were
compared with independent ground measurements, demonstrate the accuracy
of the proposed method.

4.2 Introduction

SAR systems are popular RS solutions for earth surface monitoring in all-
weather and all-light conditions. Such systems are usually mounted onto air-
borne or spaceborne platforms, and move along a desired trajectory while radi-
ating electromagnetic waves towards the ground [32]. SAR processing converts
the recorded signal into a high-resolution RADAR image, which can then be
used for numerous applications. Important among these are maritime applica-
tions, such as the monitoring of shipping routes, surveillance of coastal areas,
border control, etc. [87, 97]. Conventional SAR processing was primarily de-
signed to compensate only for the relative motion between sensor and ground.
As a consequence, stationary targets (e.g., streets, buildings, parked vehicles,
etc.) are correctly imaged whereas moving targets are defocused and displaced
from their real position [39, 40]. Oftentimes, the moving target signal is so
spread that it is challenging to extract any useful information, thus making it
meaningless for applications such as target recognition and classification.

The problem of moving target refocusing has been extensively treated, and
many different methods are nowadays available in the literature [45,46,49,66,89].
Jao [49] identifies the moving target response in the SAR image and derives
its corresponding spectrum, which is then used to perform matched filtering.
Similarly, Zhu et al. [89] propose a two-dimensional matched filtering that can
successfully compensate for the range cell migration without a-priori knowledge
of the accurate motion parameters. Alternatively, SAR processors can be modi-
fied in order to match the moving target signal. In [45], Cristallini et al. achieve
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this through a bank of chirp scaling algorithm-based filters, each one tuned to
a different relative azimuth velocity. Moreover, in [46] and [66], the authors
suggest the use of the so-called normalized relative speed to refocus moving
targets in both pulsed and frequency-modulated continuous-wave SAR images.
Though the aforementioned algorithms produce reasonably good results, they
are unable to automatically estimate the motion parameters, therefore having
to rely on computationally burdening solutions. This can be prevented by using
autofocus algorithms [53,98–100]. Martorella et al. [53] model the target range
history via a finite-order polynomial, and estimate its coefficients by maximizing
the contrast of the target range-Doppler image. In a similar fashion, Noviello
et al. [98] compensate for the target motion by automatically estimating the
target Doppler parameters. The backprojection autofocus algorithm was first
introduced in [99], and later on extended in [100]: Sommer et al. decompose
the target image into sub-images, and implement a pulse-by-pulse phase cor-
rection at sub-image level. Despite these algorithms are designed to tackle the
same problem, they are intrinsically different. The methods in [53, 98] work
in the frequency-domain, and provide good results when dealing with short
observation times. On the other hand, the algorithm in [100] operates in the
time-domain, and can utilize data-sets with longer observation times.

Regardless of how well moving targets are refocused, 2-D images are difficult
to interpret due to the projection of a 3-D object on the imaging plane. State-of-
the-art techniques for 3-D moving target reconstruction combine ISAR images
acquired by multiple receiving channels, therefore introducing the concept of
InISAR [62–65,101]. Wang et al. [62] propose a system that uses three receiving
channels arranged in two orthogonal baselines. Similarly, in [101], Xu et al.
use a pair of antennae located at different altitudes in order to produce the
3-D target image. Given et al. [63] provide the basis for a generalized ISAR
algorithm specifically designed for imaging large vessels. Martorella et al. [64]
present the theoretical foundations for 3-D InISAR imaging. The authors pay
special attention to estimating the so-called effective rotation vector, which
univocally identifies the imaging plane. Lastly, in [65], Salvetti et al. show how
3-D target reconstruction largely benefits from merging information acquired
from different sensors. The solutions proposed in [64, 65] are computationally
efficient as the reconstruction process is performed on a limited number of bright
scattering points. However, the algorithm performances are directly linked to
how accurately the imaging plane is determined. Hence, even small errors in
estimating the effective rotation vector might translate into unreliable height
estimates.

In this article, we propose an algorithm to derive a 3-D image, or point
cloud, of a moving target using single-pass interferometric SAR data acquired
with an arbitrary flight-path. The proposed algorithm combines a well-known
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frequency-domain-based autofocus method [53] with the GBP algorithm [102].
The former is computationally efficient and capable of retrieving reliable mo-
tion estimates directly from raw data-sets. However, the resulting images are
usually expressed in the non-homogeneous range-Doppler domain, thus requir-
ing a mandatory scaling step [94]. This is not an issue when using the GBP
algorithm, as the focused images are naturally expressed in homogeneous coor-
dinates. Therefore, the estimation of the imaging plane is no longer necessary,
and the accuracy of the height estimates depends only on the reliability of the
interferometric phase.

Finally, it is worth highlighting that the data-sets presented herein are of
particular interest as they were acquired with a Circular SAR (CSAR) acquisi-
tion geometry. Such acquisition mode allows the target to be observed over a
long period and from different viewing angles, thereby easing its detection and
increasing the amount of information that can be extracted [103]. Time-domain
processors, due to their specific design, are more suitable for handling strongly
non-linear flight-paths [104], and they can provide better image quality than
frequency-domain processors. Nonetheless, while much effort has been devoted
to deriving autofocus algorithm in the time-domain [99, 100], almost no atten-
tion has been paid to assessing whether they can be used to implement 3-D
moving target reconstruction.

The remainder of this article is organized as follows. Section 4.3.1 introduces
the F-SAR sensor and its specifications, and describes the experimental set-up.
Section 4.3.2 reviews the well-known GBP algorithm. The proposed method is
thoroughly described in Section 4.3.3, whereas the available ground measure-
ments are listed in Section 4.3.4. Experimental results, obtained by processing
real data-sets, are summarized in Section 4.4. Finally, a detailed analysis of the
results and potential research directions are given in Section 4.5.

4.3 Method

4.3.1 Sensor and Experimental Set-up

The F-SAR sensor is an airborne multi-frequency pulsed-SAR sensor designed
by the German Aerospace Center (DLR) [105]. For our experiment, we used
X-band in combination with a 384 MHz range bandwidth, which translates into
a nominal resolution of circa 39 cm. Moreover, the system features single-pass
interferometric SAR capabilities, as two receiving channels are arranged in a
cross-track baseline. The main system parameters are summarized in Table 4.1.

The experiment was conducted on the 28th of June 2019, and took place
on Lake Constance, between the cities of Constance and Meersburg, Germany.
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Parameter Value

Carrier frequency [GHz] 9.6

Bandwidth [MHz] 384

PRF [kHz] 1.25

Mid-swath slant-range [m] 6245.56

Swath width [m] 4219.45

Cross-track baseline [m] 1.67

Azimuth beam-width [deg] 7.58

Off-Nadir angle [deg] 50

Table 4.1: System Parameters

Figure 4.1: Google Earth image of the
Lake Constance test-site: sensor flight-
path (red), and target path (yellow).

The aim of the experiment was to record the activities of the vessels on the
lake. The airborne platform, the DLR Dornier 228 research aircraft, flew at
an altitude of 4331 m with a speed of 85 m s−1, and drew two subsequent cir-
cular trajectories with a 4074 m radius. In order to maximize the chances of
observing moving targets, the acquisition geometry was designed so that the
antenna would illuminate a highly trafficked area. In this portion of the lake,
which connects Constance with Meersburg, a fleet of six different-sized ferries,
transporting passengers and private vehicles, is continuously underway. The
acquisition geometry and the test-site are depicted in Fig. 4.1.

4.3.2 GBP Algorithm

In this section, we briefly review how to focus the signal back-scattered from
a point-like stationary target. In the equations, we neglect the operations that
do not impact the focusing of the SAR image (e.g, calibration factors, signal
weightings, etc.). Let the band-pass range-compressed signal be referred to as
s(·) (i.e., after matched filtering, up-sampling and signal band-pass conversion),
whereas the discrete slow time variable is identified by τ . The GBP algorithm
achieves focusing by projecting a sequence of range-compressed signals onto a
desired grid, typically a Digital Terrain Model (DTM) of the illuminated area.
This can be expressed as

γ0(x, y, h0) =

+T
2∑

τ=−T
2

s

[
2R(τ)

c

]
· exp

[
j · 2πfc

c
· 2R(τ)

]
(4.1)

with c and fc representing the speed of light and the carrier frequency, respec-
tively. Within the aperture integration, defined by the minimum and maximum
slow time ±T

2
, the platform motion induces a slant-range variation R(·) be-

tween the sensor and the point of interest. The latter is located at coordinates
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Figure 4.2: Block diagram of the implemented algorithm.

(x, y, h0), with h0 being the height. The exponential term in (4.1) compensates
for the slow time-dependent phase rotation produced by the round-trip delay,
thus allowing for coherent integration of the recorded samples. The antenna
phase center position is assumed to be known with sub-wavelength accuracy in
order to achieve the nominal resolution and to reduce targets defocusing. The
resulting image γ0(·) represents the non-calibrated reflectivity of the scene.

4.3.3 Moving Target Imaging

4.3.3.1 Overview of the Processing Chain

The main steps of the implemented algorithm are summarized in Fig. 4.2. The
input consists of a SAR raw data-set, which is mapped from the original slow
time-domain into the Doppler frequency-domain through a Fourier transform.
Then, moving targets are indicated by using any of the available detectors
designed in the range-Doppler domain. The resulting image is fed to a state-
of-the-art autofocus algorithm to retrieve accurate estimates of the motion pa-
rameters, as described in Section 4.3.3.2. Consequently, in Section 4.3.3.3, the
GBP algorithm is modified on the basis of the previously obtained estimates,
producing a refocused image in map geometry. For 3-D target reconstruction,
the previous step is iterated a number of times for each available receiving chan-
nel. The resulting 3-D cubes are further processed to obtain the target point
cloud, according to the procedures in Section 4.3.3.4.

4.3.3.2 Motion Parameters Estimation

Autofocus algorithms are designed with the objective of retrieving the moving
target motion parameters directly from the received signal. Such techniques are
usually subdivided into two different categories: parametric and non-parametric
[92]. The results presented herein were obtained by using the image contrast
based technique [53], a parametric technique that models the range history via
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Figure 4.3: Top-view of the simplified geometry: point-like stationary target (green
circle), iso-range line at central time instant τ = 0 (black dashed line), point-like

moving target (red circles) and corresponding trajectory (red dashed line).

a finite-order polynomial. Let the slant-range variation with respect to the
central time instant τ = 0 be referred to as δR′(·). This can be approximated
as

δR′(τ) =
∞∑
n=1

anτ
n

n!
≈ ˜δR′(τ) =

N∑
n=1

ãnτ
n

n!
(4.2)

with N and an being the polynomial degree and the polynomial coefficient, re-
spectively. The order N depends on multiple factors, the most important being
how smooth the slant-range variation is within the observation time. When the
desired cross-range resolution is of the order of the meter, or worse, and for
reasonably regular relative motions, three coefficients (i.e., the radial velocity,
acceleration and jerk) describe the range history with sufficient accuracy.

The estimation of the polynomial coefficients an is designed as follows. First,
the Radon transform is used to obtain an initial estimate of the motion param-
eters. Then, the estimate is refined through a semi-exhaustive search, and the
best solution is derived based on the contrast values of the resulting images.
Last, the estimate is further refined by solving an optimisation problem: sim-
ilarly to the previous step, the function to be maximised is directly linked to
the image contrast. For a more detailed explanation of the method, please refer
to [53].

4.3.3.3 Modified GBP Algorithm

Let the vector describing the position of the antenna phase center and of a point-
like moving target be referred to as PS(τ) and P ′(τ), respectively. Moreover,
let us assume that the resulting relative motion is such that the moving target is
registered at coordinates P at τ = 0, as depicted in Fig. 4.3. The corresponding
range histories can be computed as follows:

R(τ) = ‖PS(τ)− P ‖ = R(0) + δR(τ) (4.3)
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R′(τ) = ‖PS(τ)− P ′(τ)‖ = R(0) + δR′(τ) (4.4)

with ‖·‖ being the Euclidean norm operator. By replacing (4.2) into (4.4), the
difference between the two range histories can be expressed as follows:

∆(τ) = R(τ)−R′(τ) ≈ δR(τ)−
N∑
n=1

ãnτ
n

n!
(4.5)

Assuming that the degree N has been correctly chosen, and that the estimates
ãn are accurate enough, ∆(·) represents the residual slant-range variation which
is responsible for moving target defocusing. This contribution can be compen-
sated for in the GBP algorithm by modifying the sensor position on the basis
of ∆(·).

Let the unit vector identifying the line-of-sight between the sensor position
and the target registration coordinates P be referred to as i(·). This is com-
puted as follows:

i(τ) =
PS(τ)− P

R(τ)
(4.6)

Hence, the fictitious sensor position P ′
S(τ) is derived from (4.5) and (4.6), and

can be written as
P ′

S(τ) = PS(τ)−∆(τ) · i(τ) (4.7)

Thus, when replacing PS(τ) with P ′
S(τ) in the GBP algorithm, the resulting

image can be expressed as

γ′0(x, y, h0) ≈
+T

2∑
τ=−T

2

s

[
2R′(τ)

c

]
· exp

[
j · 2πfc

c
· 2R′(τ)

]
(4.8)

where the approximation sign is a consequence of using the finite-order poly-
nomial (4.2). When the error caused by this approximation is negligible, γ′0(·)
represents the non-calibrated reflectivity function of the point-like moving tar-
get.

4.3.3.4 3-D Reconstruction

The height information can be derived by means of interferometric SAR data-
sets acquired withK−1 baselines. Let us assume that a point-like moving target
is lying on a plane at height hi 6= h0. When using (4.8), the resulting image
exhibits a sub-optimal degree of focusing since the signal has been projected
onto a grid at the wrong height h0. However, this problem can be easily tackled
by using a grid at the correct height hi. The newly obtained image is indicated
with γ′k,i(·), where the indexes k and i identify the receiving channel and the
grid layer, respectively. Hence, the signal impinging on the antenna array can
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be expressed as

y = [γ′1,i(x, y, hi), . . . , γ
′
K,i(x, y, hi)]

T = Mx+ ε (4.9)

with x and ε being vectors of size L× 1 representing the unknown reflectivity
vector and noise, respectively. The matrix M has size K × L and contains
the steering vectors in its columns. The l-th steering vector can be written as
follows:

ml =
{

1, exp
[
j · φ(2, l)

]
, . . . , exp

[
j · φ(K, l)

]}T
(4.10)

where
φ(k, l) = −2πfc

c
· 2 ·

[
R′S(k, l)−R′S(1, l)

]
(4.11)

with R′S(·) being the slant-range of minimum approach.
Multiple studies are available in the literature as to how to retrieve the 3-D

information of a target [106, 107]. In this work, we adopted the Maximum
Likelihood Estimator (MLE) [108]. This method performs a multi-dimensional
search to derive the elevation and amplitude of the layovered scatterers within
each resolution ground cell. MLE provides Digital Surface Models (DSMs) with
a height accuracy comparable to that of compressive sensing-based approaches,
and with less outliers [109]. However, its computational complexity makes it
impractical for use with data acquired from a large number of baselines [110].
For this reason, we applied a single-dimensional search-based MLE operating in
a similar fashion to MUSIC [111–113]. The height information of each scatterer,
the DSM, is computed by applying MLE to all the images γ′k,i(·) of the 3-D grid.
Although this increases the computational time, the coherence matrices can be
obtained for each height level. This approach provides the DSMs that better
resemble those acquired by airborne laser scanning sensors [109].

With MLE, the power of the compressed signals in elevation can be expressed
as

xMLE(x, y, hi) = e−m
H(hi)Γ̂

−1
i m(hi) (4.12)

where m(hi) is the steering vector for the coordinates (x, y, hi), and Γ̂i is the
sample coherence matrix at height hi. The elements of the coherence matrix are
derived from those of the covariance matrix [108,109]. To compute the latter, we
performed a multi-looking operation to reduce outliers caused by phase noise.
The covariance matrix of the received signal at coordinates (x, y, hi) is given by

Ĉ =
1

Lk

N∑
n=1

(yny
H
n ) (4.13)

where yn is the n-th look and N is the number of looks.
Maxima detection is applied to the output power resulting from (4.12). For
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each ground cell (x, y), we retain the 3-D coordinates (x, y, hi) of the ns largest
peaks in xMLE(n(x, y)), with ns being the number of layovered scatterer that
can be unambiguously resolved. The unit vector n(·) identifies the normal line
for the ground cell of interest, and it is computed as in [109]. After applying
maxima detection, we obtain a 3-D image of the target, where an empty voxel
implies the absence of a scatterer.

4.3.4 Validation Methods

One of the operating ferries was equipped with a differential GPS, composed
of a Trimble Zephyr 2 antenna and a Trimble R7 GNSS receiver. The recorded
data were used in order to recognize the target of interest in the SAR data-
sets, and to derive the true motion parameters, thus making it possible to
validate the obtained estimates. Furthermore, the derived 3-D reconstructions
were compared with the corresponding designs, which provide the ferry’s main
geometric features (i.e., length, width and height) and the front-, side- and top-
view. Due to the lack of available 3-D computer-aided designs of the targets
of interest, a thorough validation of the obtained point clouds could not be
performed.

4.4 Results

The data-sets acquired from the two circular acquisitions were subdivided into a
number of partially overlapping sub-apertures. The sub-aperture length and the
overlapping time period were set equal to 3 s and 0.5 s, respectively, therefore
defining more than 600 sub-apertures per acquisition. During the acquisitions,
two ferries, from now on referred to as Target #1 and Target #2, were illu-
minated. The results for both targets were obtained by using a DTM of size
130 m×130 m×20 m, and with pixel spacing 10 cm. The grid size was designed
on the basis of a-priori knowledge of the target dimensions, whereas the pixel
spacing was set slightly smaller than the RADAR range resolution to avoid
aliasing.

The obtained results for Target #1 are summarized in Figs. 4.4–4.5. The
six refocused images with the highest contrast are depicted in Figs. 4.4a–4.4f.
Each of these images were further processed in order to reconstruct the 3-D
shape of the moving target. Hence, the obtained point clouds were rotated in
order to align the target longitudinal axis with the x-axis, thus yielding the
results of Figs. 4.4g–4.4x. The final point cloud, the result of the fusion of
the six different sub-apertures, and the corresponding optical image, are de-
picted in Fig. 4.5. The SAR-derived estimates of the length L, width W and



4.4. Results 65

Parameter (L̂, εL) (Ŵ , εW ) (Ĥ, εH)

Sub-aperture #1 (68.27, 0.39) (13.68, 2.06) (11.90, 3.48)

Sub-aperture #2 (63.41, 6.74) (13.59, 1.45) (9.30, 19.13)

Sub-aperture #3 (67.71, 0.42) (13.68, 2.09) (12.20, 6.09)

Sub-aperture #4 (64.96, 4.47) (13.57, 1.29) (12.10, 5.22)

Sub-aperture #5 (65.46, 3.74) (13.47, 0.49) (9.40, 18.26)

Sub-aperture #6 (67.53, 0.69) (13.56, 1.17) (12.10, 5.22)

Fusion (68.62, 0.91) (13.72, 2.38) (12.20, 6.09)

* [L̂] = m, [Ŵ ] = m, [Ĥ] = m, [ε] = %

Table 4.2: Results: Target #1

Parameter (L̂, εL) (Ŵ , εW ) (Ĥ, εH)

Sub-aperture #1 (78.20, 5.06) (13.26, 1.01) (10.60, 1.45)

Sub-aperture #2 (77.87, 5.46) (13.55, 1.13) (11.40, 5.99)

Sub-aperture #3 (78.90, 4.22) (13.71, 2.29) (10.90, 1.34)

Sub-aperture #4 (80.96, 1.72) (13.65, 1.90) (11.50, 6.92)

Sub-aperture #5 (82.29, 0.10) (13.68, 2.09) (11.20, 4.13)

Sub-aperture #6 (79.69, 3.25) (13.59, 1.45) (11.10, 3.20)

Fusion (82.29, 0.10) (13.71, 2.33) (11.50, 6.92)

* [L̂] = m, [Ŵ ] = m, [Ĥ] = m, [ε] = %

Table 4.3: Results: Target #2

height H were computed as the distance between the two most distant scat-
terers along the x-, y- and z-coordinate, respectively. The retrieved estimates
were compared with the values from the ferry design, thus resulting in the
percent errors ε summarized in Table 4.2. When considering only the point
clouds derived from the single sub-apertures, the percent errors range between
(0.39 %, 0.49 %, 3.48 %) and (6.74 %, 2.09 %, 19.13 %), and the resulting mean
errors are (2.74 %, 1.43 %, 9.57 %). After fusion of the six sub-apertures, the
final point cloud exhibits an error of (0.91 %, 2.38 %, 6.09 %).

The same procedure was adopted for Target #2. The refocused images and
the corresponding point clouds are depicted in Figs. 4.6a–4.6f and Figs. 4.6g–
4.6x, respectively, whereas the final point cloud, together with the target optical
image, is shown in Fig. 4.7. The percent errors of the derived dimensions are
summarized in Table 4.2. The minimum and maximum values range between
(0.10 %, 1.01 %, 1.34 %) and (5.46 %, 2.29 %, 6.92 %), respectively, and the re-
sulting mean errors are (3.30 %, 1.65 %, 3.84 %). The final point cloud exhibits
an error of (0.10 %, 2.33 %, 6.92 %).
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To assess the accuracy of the derived point clouds, the latter were superim-
posed onto the designs, as depicted in Fig. 4.8.

Furthermore, with the main purpose of showing how the quality of the al-
gorithm products changes through the circular acquisition, additional images
of Target #2 are shown in Fig. 4.9. The sub-apertures mid-positions are high-
lighted with diamond markers in Fig. 4.10. The marker color codes the azimuth
angle: values equal to 0 or 180 deg (i.e., the sensor and target trajectories are
parallel) are represented in red, whereas values equal to 90 deg are represented
in green. The azimuth angles for the sub-apertures of Fig. 4.9 are 64.94, 120.06

and 178.60 deg, respectively. The refocused image in Fig. 4.9c clearly exhibits
a much lower quality.

4.5 Discussion

4.5.1 Algorithm Performances

The results of the numerical evaluation (see Tables 4.2–4.3) show that the re-
trieved dimensions of the targets are consistent with the values provided in the
original designs. Moreover, the final point clouds (see Fig. 4.5a and Fig. 4.7a)
exhibit strong similarities with the corresponding optical images (see Fig. 4.5e
and Fig. 4.7e). This is further evidenced in Fig. 4.8, which shows that the large
majority of detections fall within the outer contours of the targets.

Both targets are so-called double-ended ferries: they are symmetric about
center-line and about midships, and have a broad vehicle deck with rounded
ends. The open areas at the extremities of the vehicle deck are accurately
represented by the blue-colored detections of Figs. 4.5a–4.5d and Figs. 4.7a–
4.7d. The main differences between the two targets lie in the geometry of the
upper passenger deck. For Target #1, the deck extremities are open and have
a rounded shape; moreover, the pilothouses are located above the passenger
deck. The red-colored detections of Figs. 4.5a–4.5d are likely caused by the
signal back-scattered from the pilothouses and, as expected, they are located
along the vessel center-line (see Fig. 4.5b and Fig. 4.5d). On the other hand, for
Target #2, the passenger deck exhibits an oval shape and, more importantly, the
pilothouses are located at the same level. In this case, the points with brighter
colors of Fig. 4.7b define an oval-shaped area, presumably linked to the roof of
the passenger deck. Moreover, the side-views of Figs. 4.7c–4.7d indicate that
the roof of the upper deck is roughly flat, and that, unlike Target #1, the
pilothouses are located at the same level.

The main similarity between the products of the two targets resides in the
height-dependent nature of the derived detections. Visual inspection of the
products reveals that the large majority of detections are close to ground level,
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Figure 4.4: Target #1. (a–f) Refocused images. Point clouds: (g–l) x-y plane,
(m–r) x-z plane and (s–x) y-z plane.
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Figure 4.5: Target #1. Final point cloud: (a) 3-D view, (b) x-y plane, (c) x-z
plane and (d) y-z plane. (e) Optical image.
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Figure 4.6: Target #2. (a–f) Refocused images. Point clouds: (g–l) x-y plane,
(m–r) x-z plane and (s–x) y-z plane.
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Figure 4.7: Target #2. Final point cloud: (a) 3-D view, (b) x-y plane, (c) x-z
plane and (d) y-z plane. (e) Optical image.
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(a)

(b)

Figure 4.8: Superimposition of the ferry design on the derived point cloud (x-z
plane). (a) Target #1. (b) Target #2.
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Figure 4.9: Additional refocused images of Target #2. The sensor position for
these sub-apertures is highlighted with diamond markers in Fig. 4.10.

thus suggesting that they belong to the vehicle deck. The density decreases with
height, up to the point where the higher parts of the vessel (e.g., see pilothouses
in Fig. 4.8a) are represented by only a few points. This could be explained by low
back-scatter with the RADAR parameters (frequency, polarization, incidence
angle, etc.) in use. As evidenced in Fig. 4.5e and Fig. 4.7e, both passenger decks
are open on the sides, and all pilothouses present glass side surfaces. Another
explanation of the height-varying density could be found in the interaction
between the targets and water. In fact, it is worth noting that most of the
detections at ground level are located along the vehicle deck edges. These
contributions could be due to the multiple scattering mechanisms involved in
the interaction of the electromagnetic waves back-scattered by the vessel hull
and the water surface.
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Figure 4.10: Sensor flight-path (circle) and Target #2 path (curve). Triangle
markers identify the sensor position for sub-apertures #1–6 of Fig. 4.6. Diamond
markers identify the sensor position for the additional sub-apertures of Fig. 4.9.

4.5.2 CSAR

Based on the results presented herein, CSAR was proved to be a powerful
acquisition mode to obtain well-focused 2-D images and detailed point clouds
of moving targets. The use of non-linear SAR acquisitions, like CSAR, offers
multiple advantages in comparison to conventional stripmap SAR. For instance,
linear flight-paths oftentimes suffer from shadowing effects: parts of the target
with high vertical profiles block the electromagnetic signal and prevent the
sensor from observing other parts of the target. This is not a problem for
CSAR, as proven, for instance, by sub-apertures #2 and #5 of Target #1.
From the refocused images (see Fig. 4.4b and Fig. 4.4e, respectively), one can
observe that the relative geometries are almost symmetrical, the main difference
being a 180 deg shift in viewing angle. In both cases, the vertical structures are
layovered along the longitudinal axis of the vessel. However, their registration
coordinates differ as they are imaged in the top- and bottom-half of the target in
Fig. 4.4b and Fig. 4.4e, respectively. The corresponding point clouds show that,
in these sub-apertures, the sensor observed different parts of the target vertical
structures (see the green-colored detections in Fig. 4.4h, Fig. 4.4k, Fig. 4.4n and
Fig. 4.4q).

Another advantage of CSAR is that the sub-apertures-derived point clouds
can be merged to obtain a product with significantly higher point density. The
merged point clouds (see Figs. 4.5a–4.5d and Figs. 4.7a–4.7d) better describe
the targets of interest as they integrate the information acquired from different
snapshots (see Figs. 4.4g–4.4x and Figs. 4.6g–4.6x).

Lastly, the use of a CSAR acquisition geometry allows to relate the obtained
image quality to the viewing angle, giving insights on what flight geometry
is the most convenient for imaging purposes. It is well-known that targets
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moving along the line-of-sight induce a negligible Doppler excursion, and that
the resulting images are characterized by an unsatisfactory resolution. This
suggests that the most suitable images for target recognition and classification
are those acquired when sensor and target move in opposite directions (see red-
colored markers in the left-hand side of Fig. 4.10). Nonetheless, the obtained
results rule this out, as highlighted in Fig. 4.9. A potential reason for this
is the interfering behaviour of the target wake (i.e., the wave pattern on the
water surface produced by a moving object), whose contribution appears to be
quite disruptive when the vessel longitudinal axis is approximately parallel to
the sensor flight-path. The chaotic nature of wake signal, together with the
algorithm’s inability to deal with intrinsically different signals (i.e., target and
wake), could explain the aforementioned results.

4.5.3 General Comments

Using the GBP algorithm holds a number of implications, the most prominent
one being that it does not require to estimate the imaging plane. Hence, the 2-D
products (i.e, the refocused images) are naturally expressed in a homogeneous
domain, thus making it possible to retrieve the target dimensions with no further
steps. Moreover, the accuracy of the 3-D products is mainly limited by the phase
noise, as no other sources of error are introduced. On the other hand, most of
frequency-domain-based approaches have to rely on estimating the orientation
of the imaging plane. As a consequence, the estimation error affects the 3-D
geolocation of a given scatterer. Thus, specifically for non-linear (or CSAR)
acquisitions, GBP-derived 3-D products are more accurate then the frequency-
domain-based counterparts.

The main limitation of the proposed method is its higher computational com-
plexity, a direct consequence of the adoption of the GBP algorithm. Nonethe-
less, the number of operations could be drastically reduced by using a more
efficient processing solution, such as the fast factorized backprojection [114].

4.5.4 Summary and Outlook

This article presents a method to derive well-focused RADAR images and de-
tailed point clouds of man-made moving targets from SAR data-sets acquired
with arbitrary acquisition geometries. To this end, the conventional GBP al-
gorithm, which is primarily designed to focus the stationary scene, has been
modified in order to compensate for the relative motion between sensor and
target. This approach can be iterated several times over the height dimension,
therefore defining a stack of images, each one focused at a different height, forK
receiving channels. The resulting 3-D cubes were further processed by making
use of the MLE algorithm, and, for each resolution cell, K − 1 scatterers were
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extracted. In order to emphasize the advantages of CSAR, the resulting point
clouds were merged, thus producing high density and accurate reconstructions
of the targets of interest.

The algorithm has been tested on data-sets acquired with a circular acqui-
sition geometry by the F-SAR sensor. In order to assess the performance of
the proposed method, we compared the point cloud-derived dimensions of the
targets, two double-ended ferries, with information provided by the original de-
signs. Quality assessment showed that the percent errors of the estimates were
marginal, thus demonstrating the capabilities of the algorithm and its potential
use for target recognition and classification. In conclusion, the algorithm pre-
sented herein generates high-end tomographic images and reconstructs the 3-D
shape of maritime moving targets from CSAR data-sets with excellent accuracy.

Future research shall focus on further refining the framework presented
herein. To this end, particular attention shall be paid to reducing the com-
putational burden, which has been proven to be a limiting factor. Moreover,
the proposed method could be further tested with polarimetric SAR data-sets
in order to differentiate the different scattering mechanism in the point cloud.
Another task to be undertaken is the development of a time-domain-based aut-
ofocus algorithm. The current technological advances suggest that ultra-light-
weight platforms, such as drones, might become a commonly used platform
for future airborne SAR campaigns. Unfortunately, drones are not as stable
as heavier aircrafts, therefore making the motion compensation process more
challenging, and, in turn, prompting the need for more sophisticated autofocus
algorithms.
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Chapter 5

Synopsis

5.1 Main Results

The main findings of this dissertation are summarized according to the research
questions presented in Section 1.5.

Moving Object Refocusing in FMCW-SAR Imagery

“How far is it possible to refocus a moving object using an algorithm based on
the focusing technique that produced the input FMCW-SAR image?”

The performances of the proposed algorithm were assessed by using a variety
of vehicles with different size, shape and motion. The latter was estimated with
a relative error up to 4.38 % (see Experiment #1 in Chapter 2). While refocusing
the moving objects, it was possible to infer the behaviour of the traffic flow (see
Experiment #2 in Chapter 2). Large-sized vehicles, such as trucks, were all
characterized by a low NRS, while small- and middle-sized vehicles exhibited
much more diverse motion behaviours.

The SAR-derived lengths underestimate the real dimensions, with error
ranging from 0.03 m to 3.26 m, and a mean value of 1.33 m. The refocused
images, while not particularly accurate, allows to differentiate between small-,
medium- and large-sized objects. To better appreciate the impact of the im-
plemented algorithm, it should be noted that, prior to refocusing, the energy
of a moving object would be smeared over an area as large as 120 m along the
azimuth axis. Hence, the algorithm was demonstrated to estimate the range
history of a moving object accurately enough to concentrate most of its en-
ergy within an area whose dimensions are of the same magnitude, or slightly
smaller, than the true ones. The level of detail, however, is insufficient for most
of the objects, making it impossible to retrieve further features. In this regard,
it is worth highlighting that both range and azimuth resolution are quite low.
The RADAR parameters in use defined a range resolution of only 0.5 m, while
the acquisition geometry and the platform velocity limited the extension of the
illumination time.
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The proposed algorithm is based upon the well-known WDA with whom
it shares similar assumptions, the most prominent one being that the relative
motion between sensor and object is constant within the integration time. The
object motion, which is modelled with a constant range and azimuth velocity,
is likely to be characterized by a more complicated behaviour. Nonetheless, the
algorithm was proven to be capable of estimating motion parameters with satis-
fying accuracy and producing RADAR images with realistic dimensions, hence
making it a powerful tool for traffic monitoring applications. In this regards,
it should be noted that the motion parameters were estimated with a relative
error up to 4.38 %, with performances similar to that achieved by devices that
are commonly used for speed limit enforcement. The speed enforcement toler-
ance, which takes into account the limited accuracy of the measuring device, is
a function of many factors, including legislation, technology (e.g., RADAR and
LIDAR), device state (i.e., stationary or moving) and location (i.e., straight or
curved road), and measured velocity. In Switzerland, for a stationary RADAR
speed measuring device placed on a straight road, a 5 km h−1 tolerance is de-
ducted from measurements up to 100 km h−1. This accounts for a relative error
up to 5 %, which is slightly larger than the one obtained by the proposed algo-
rithm. The tolerance increases for measurements acquired by a device located
on a curved road, or for a mobile device. In conclusion, the proposed algorithm
achieves performances as good as those of close-range speed measuring devices.
However, unlike the latter, the resulting products allow to contemporaneously
monitor multiple moving objects over much larger areas.

Moving Object Refocusing with a Light-Weight Platform

“How good can state-of-the-art ISAR-based techniques perform when resources
are poor and physical design constraints are present, such as in the case of
light-weight systems?”

The need for compact and inexpensive solutions, yet characterized by state-
of-the-art performances, has led to the ever-increasing number of light-weight
SAR systems. The imaging capabilities of MIRANDA-35, an airborne system
using FMCW technology and operating at Ka-band, were demonstrated by
refocusing two types of objects (i.e., a ferry and a truck) with an ISAR-based
algorithm.

The proposed algorithm is capable of estimating both velocity and acceler-
ation of a moving object. For the ferry (see Experiment #1 in Chapter 3), the
minimum, mean and maximum percent error of the radial velocity and acceler-
ation are (1.78 %, 2.37 %, 2.67 %) and (0.28 %, 2.02 %, 5.05 %), respectively. For
the truck, on the other hand, the percent errors (see Experiment #2 in Chap-
ter 3) are (1.02 %, 1.73 %, 2.98 %) and (1.13 %, 2.19 %, 3.23 %), respectively. The
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Figure 5.1: RGB composite of the object of interest: (red) Frame #1, (green)
Frame #2, (blue) Frame #3

SAR-derived lengths and widths give a percent error with minimum, mean and
maximum value equal to (3.65 %, 4.76 %, 6.94 %) and (3.14 %, 3.77 %, 4.53 %),
respectively.

The resulting RADAR images exhibit strong similarities with the corre-
sponding optical images. This is particularly true in the case of the ferry: not
only the reconstructed shape resembles the original, but it is also possible to
identify additional features, such as the pilothouse and the parked vehicles on
the deck. The high quality of the obtained images is the product of a num-
ber of different factors. The adopted RADAR parameters allows to achieve a
nominal range resolution of 0.15 m. Moreover, using such a short wavelength
(i.e., 8.6 mm) induces a large Doppler excursion and, potentially, a high azimuth
resolution. The latter, however, can only be accomplished when the imaging
algorithm precisely compensates for the relative motion between sensor and
object.

Despite the light-weight platform and the high operating frequency, the
ISAR-based algorithm was able to perform well enough to retrieve a variety
of information, including motion and geometric parameters. The high detail
of the resulting images allows not only to recognize the object of interest, but
also to monitor its changes over time. To appreciate this, please refer to the
RGB composite image in Fig. 5.1, formed using the refocused images depicted
in Fig. 3.5a–c. For frame #2, one can identify a series of rectangular-shaped
contributions on the left-hand side of the image, most likely produced by a
queue of vehicles. Vice-versa, for the remaining frames, the signatures of the
parked vehicles, though being much more attenuated and confined in a smaller
region (i.e., the ferry is transporting fewer vehicles), can be identified on the
right-hand side of the image. Hence, from the direct comparison of RADAR
images acquired at different times it is possible to detect changes, such as the ar-
rangement of parked vehicles on a ferry deck. In a similar fashion, the proposed
algorithm, in combination with a sensor capable of high-resolution imaging,
could be used, for instance, to detect illegal activities at sea (i.e., discharging
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of containers, barrels, etc.), monitor vessels in distress or aid search-and-rescue
missions.

Three-Dimensional Imaging with a Circular Acquisition

“To what extent are three-dimensional imaging techniques capable of retrieving
geometrical features of a moving object from circular SAR data?”

Conventional stripmap SAR acquisition oftentimes suffers from shadowing
effects, hence giving incomplete products. The dimensions (i.e., length, width
and height) of a moving object derived from such products tend to under-
estimate the true values, and the reconstructed shape does not resemble the
original. This limitation can be overcome by adopting a circular acquisition
geometry, which allows to observe the object from multiple viewing angles.

The capabilities of CSAR for imaging purposes were evaluated by analysing
the two- and three-dimensional images of two different ferries. The length, width
and height retrieved from the final point clouds (i.e., after fusion) give a per-
cent error of (0.91 %, 2.38 %, 6.09 %) and (0.10 %, 2.33 %, 6.92 %), respectively.
Merging the information derived from different sub-apertures allows to obtain
more reliable products: for ferry #1, for instance, the height derived from the
single sub-apertures results in percent errors as high as 19.13 %, roughly three
times larger than the estimate obtained from the final point cloud.

The reconstructed shape presents a variety of features that are present in
the corresponding optical image. The projection of the final point clouds on
any of the three main planes yields symmetrical results, in accordance with the
real geometry of both ferries. Moreover, not only it is possible to detect the
lower and upper deck of each ferry, but one can also identify the pilothouses.

In conclusion, CSAR was demonstrated to be particularly suitable for ob-
taining a high quality point cloud of a moving object. The main advantage of
CSAR is that the final product exhibits the information acquired from different
sub-apertures. Hence, the point cloud does not present gaps and is characterized
by a significantly higher point density, which is crucial for object recognition.
Moreover, one of the main peculiarities of the proposed algorithm is the use
of a time-domain processor, which allows to back-project the refocused images
directly onto a DTM of choice. Although, on the one hand, this approach in-
creases the computational time, on the other hand, the height estimates are
much more accurate than those obtained with conventional frequency-domain
based processors. The resulting products, though being characterized by a fair
amount of outliers mostly concentrated in the areas between lower and up-
per deck, result to resemble the ground truth. The ability to reconstruct the
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three-dimensional geometry allows to discriminate between objects with simi-
lar horizontal dimensions (i.e., length and width), but different height and/or
shape.

5.2 Conclusions

Within this dissertation, the potential and challenges of refocusing moving ob-
jects in SAR imagery were investigated through different experiments. The main
contribution of this study is the development of both two- and three-dimensional
imaging algorithms, which were designed paying particular attention to many
aspects, including RADAR technology, platform typology and acquisition ge-
ometry.

Chapter 2 has focused on assessing the feasibility of FMCW-SAR for mov-
ing object imaging. The proposed algorithm is, in our knowledge, one of the
first attempts to integrate the peculiar nature of FMCW waveforms into the
imaging process. The obtained results have demonstrated the effectiveness of
the proposed algorithm and the possibility of application of FMCW-technology
for wide area traffic monitoring.

The capabilities of FMCW-ISAR, a newly developed state-of-the-art imag-
ing technique, are discussed in Chapter 3. In this study, an ISAR-based ap-
proach was applied to data-sets acquired with unconventional settings, includ-
ing millimeter-wave wavelength, FMCW technology, and light-weight platform.
The obtained results confirm the capabilities of the proposed approach to pro-
duce highly detailed RADAR images of maritime objects.

In Chapter 4, both challenges and opportunities of using a circular acquisi-
tion geometry are discussed. Unlike most methods available in the literature,
which are successful only when the platform flight-path is linear, the proposed
algorithm is capable of delivering high quality products even with strongly non-
linear acquisition geometries. The high detail of the resulting three-dimensional
products demonstrates that the proposed algorithm can be successfully used for
object recognition.

The experiments discussed in detail throughout this dissertation appear not
to be linked to a specific application. However, it should be noted that they
were primarily designed to help define new methods, and to gain insights on how
to overcome the technical challenges associated with moving objects in SAR im-
agery. Thanks to the analysis of the acquired data-sets, and the newly-designed
methods, it is now possible to better interpret SAR images, which is oftentimes
challenging, even for an experienced specialist. A successful compensation of
the motion-induced blurring effects allows to unveil hidden information, which
is crucial for a variety of real-world applications. Among these, the analysis
of traffic flows, whether on land or at sea, benefits greatly from high quality
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products produced by two- and three-dimensional imaging algorithms. Reliable
and detailed traffic data are a prerequisite to retrieve traffic flow characteris-
tics, an essential information for the planning and design of new transportation
systems, or for the renovation of already existing ones. Moreover, a thorough
analysis of traffic flows and their spatio-temporal dynamics allows, for instance,
to assess the socio-economic status of countries or regions, or to evaluate the en-
vironmental impact of activities such as commercial trading and tourism. The
proposed algorithms are capable of estimating both motion and geometric pa-
rameters of a moving object with satisfying accuracy, and thus can be used to
deliver detailed traffic data at regional-to-global scale.

Furthermore, maritime surveillance is another field that benefits immensely
from the emergence of RADAR imaging techniques. Safety and security man-
agement at sea has become a major concern in the past decade due to the
increase in commercial trading, fishing activities and migration flows. An ef-
ficient and effective monitoring of maritime activities can only be carried out
provided that fast, detailed and reliable information is made available to law
enforcement agencies. This shall include accurate geolocation of the vessel of
interest, as well as further data such as vessel type, geometry and trajectory.
Unfortunately, oftentimes these data are deliberately not provided (i.e., in the
case of illegal activities) or cannot be provided (i.e., in the case of an emer-
gency). In all these cases, situational awareness can be significantly improved
by processing SAR imagery with properly designed imaging algorithms. This
is confirmed by the results of this thesis: the proposed three-dimensional imag-
ing algorithm guarantees such a high level of detail that allows to discriminate
between different parts of a vessel. Hence, this algorithm is well suited, for in-
stance, to identifying vessels conducting illegal activities, or to monitoring the
status of a vessel in distress.

Lastly, it is important to highlight that the proposed methods are of great
importance in many other fields. A few examples are the detection and mon-
itoring of illegal activities, such as illegal fishing or logging, which have great
socio-economic and environmental impacts, or the monitoring of environmen-
tal disasters, such as in the case of an oil spill at sea, which have tremendous
impacts on the marine ecosystems.

5.3 Outlook

5.3.1 Pixel-Dependent Refocusing

All proposed algorithms rely on using the same phase correction to refocus the
entire object of interest. Obviously, this solution is an approximation since
each scatterer is characterized by a slightly different range history. Hence, one



5.3. Outlook 81

(a) (b)

Figure 5.2: Range/Doppler image of a simulated moving object for different ranges
of minimum approach R: (a) R = 10 km, (b) R = 5km

specific point, the so-called focusing point, will be optimally focused while the
remaining ones will exhibit lower degrees of focusing.

The errors introduced by this approximation are marginal when the object
physical dimensions are much smaller than the distance between sensor and
object. This is particularly valid for spaceborne applications, where even the
largest moving object is small compared to the distance to the sensor. For
airborne applications, however, the distance can decrease as low as few hundreds
of meters, or even lower when using an ultra-light-weight platform such as a
small-sized drone.

Fig. 5.2 illustrates the decrease in focusing quality obtained when this ap-
proximation no longer holds. The figure depicts the range/Doppler image of
an object with dimensions {L = 68 m,W = 13.4 m, H = 0 m} (i.e., the same
horizontal dimensions of ferry #1 in Chapter 4) moving with a linear trajectory
at a typical vessel speed. In order to simulate the SAR data, the object was
modelled as a set of nine ideal point-like scatterers with unit reflectivity, while
the system parameters were set equal to the ones summarized in Table 4.1. For
both images, the focusing quality degrades the further away the scatterers are
from the focusing point, which, for the given example, is located in the origin of
the coordinate system. However, it should be noted that the defocusing is much
more evident for Fig. 5.2a, for which the distance between sensor and object is
shorter.

In conclusion, short-range RADAR imaging cannot use the aforementioned
approximation, hence prompting the need for a pixel-dependent refocusing algo-
rithm, capable of compensating for the range histories of the different scatterers.
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5.3.2 Terahertz RADAR Imaging

The main advantage of terahertz RADAR technology is that it provides a band-
width as large as several tens of gigahertz, hence allowing to achieve millimeter
resolution. Due to the extreme level of detail and the high image quality, tera-
hertz RADAR products result to be useful for many RS applications. Safety and
security management is the field that benefits most from such products: millime-
ter wavelengths, in fact, can penetrate clothes and other disguising material,
thus making them particularly suitable for detecting and imaging concealed
weapons (e.g., guns and explosive materials).

Unfortunately, atmospheric attenuation and technological challenges sub-
stantially limit the range of operation. At this moment, short-range airborne
applications up to few hundreds of meters, though being extremely challenging,
are possible, while longer range applications are simply not viable. In contrast
to these limitations, terahertz imaging systems offer a very compact and light-
weight design, and can be mounted on-board of any platform, including a small
sized UAV.

RADAR imaging in terahertz band, whether of a static scene or of a moving
object, has only marginally been researched. Despite the challenging aspects,
many of them still unknown, preliminary results for both SAR and ISAR ap-
plications have shown the feasibility and efficacy of such systems [115–117].
However, the imaging of a moving object has only been carried out in a safe
and controlled environment, where the object of interest is placed on a turn-
table [115,116]. Hence, it remains an open question as to whether it is possible
to produce well-focused images of a moving object with a more realistic mo-
tion behaviour. In this regard, particular attention shall be paid to designing
new imaging algorithms, as the current state-of-the-art methods, most of them
specifically designed for lower bands, are likely to fail. Moreover, of particular
interest will be the analysis of the information content of the final products, es-
pecially when illuminating small objects (e.g., small-sized cars or motorbikes),
which oftentimes appear as an unshaped blob of pixels when operating at lower
frequencies.

5.3.3 Further Applications

In the past, the most commonly used platforms for airborne RADAR imaging
were medium to large-sized airplanes capable of carrying quite heavy and vo-
luminous payloads. Nowadays, RADAR systems are much more compact and
light-weight, and therefore they can be mounted on-board smaller aircrafts,
such as an ultra-light-weight airplane or even a commercial off-the-shelf drone.
Drones are much more efficient in terms of costs, manpower and time, and
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thus have been recently acknowledged as a potential platform for SAR data
collection [118,119].

Drone-borne SAR systems could be deployed, for instance, to address prob-
lematic phenomena such as human trafficking and illegal migration activities.
The large availability of drones and their limited costs makes it possible to de-
ploy a network of RADAR sensors in sensitive areas, be it a sea or the border
between two states. This would provide the possibility to detect such events
and, more importantly, to promptly react in case of an emergency. However,
for such a system to be effective, several factors have to be taken into consider-
ation during design, including the shorter distances between sensor and earth’s
surface as well as the higher vulnerability to flight turbulence. Particular at-
tention shall be paid to accurately reconstructing the drone trajectory, which
has a crucial impact on the quality of SAR imagery and subsequent products.

Furthermore, the high maneuverability of drones allows them to follow an
object of interest, hence increasing the chances of a successful recognition. This
prompts the question as to whether or not drone-based solutions are effective
for carrying out safety and security management at sea, or for ensuring the
protection of marine environments. Vessels conducting illegal activities can
be detected with remotely sensed satellite data. However, the revisit time of
satellites usually ranges from few hours up to several days, therefore making
it impossible to continuously illuminate the same area. A potential solution to
this problem consists in combining satellites with drones, therefore preserving
the unique features of both approaches. Satellite imagery would be exploited
to accurately geolocate the vessel conducting illegal activities, while a drone,
or a fleet of drones, would be used to track the vessel and continuously observe
it. The design of a sophisticated tracking algorithm, as well as the definition of
optimal flight trajectories to maximize the quality of the final RADAR products,
are only few of the many challenges that need to be carefully addressed.

Despite being cost-intensive and technically challenging, satellite platforms
remain a fundamental source of information in the field of RS. Spaceborne SAR
data-sets contain an incredible amount of information and can be used, among
others, to derive global scale traffic networks and to evaluate their dynamics
over the years. From a geographical perspective, this is particularly interesting
as trends in trading activity are directly linked to the socio-economic status of
a country. In fact, from global scale traffic data we can infer the geographical
distribution of trade flows, and identify, for instance, the emerging role of de-
veloping economies, or the leading position of developed ones. Moreover, being
able to recognize the mode of transport (e.g., container ship, dry cargo, tanker,
bulker and ro-ro) is crucial as it uniquely identifies what type of goods are being
transported. Container ships are used to transport goods such as televisions,
computers, clothing and toys, while dry cargos transport huge quantities of
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non-packaged items such as grain, coal, iron and cement. Combining space-
borne SAR imagery with a properly designed imaging algorithm would allow to
discriminate between ship types, hence delivering even more detailed and thor-
ough traffic characteristics. To this end, particular attention shall be paid to
designing automatic detection schemes, further refining the proposed imaging
algorithms to reduce the computational time, and designing automatic proce-
dures to recognize a given ship from its reconstructed point cloud.
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