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Abstract
This document is an investigation about GEOSAR technology and possible
methods that improve the performance especially by accurately pointing or focusing
the antenna towards the target. Results obtained show that this accuracy can be
evaluated through several parameters, being the entropy of the SAR image one of
the most consistent. A gradient descent is implemented as means to focus the
image by optimizing the entropy of the SAR image. The application of this
procedure known as “autofocus” has a wide variety of applications and can be used
in different systems if more precision is needed.
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1.

Introduction

This project serves as an introduction to satellite aperture radars (SAR) as well as
an attempt to develop an algorithm or functionality that improves the performance
of an already existing SAR system. Such improvement should improve the quality
of the SAR image obtained while adding as little as possible computation load.
A benchmark is not specified for this project, but the relation between quality
improvement, cost and run time will be weighted to decide whether it is worth or not
implementing in an existing SAR system.
To do so an already performing code that simulates a SAR system is provided,
understanding this code and learning how to change it in the benefit of this project
is a first step to begin with. Once this is done, a way to evaluate the performance
has to be investigated, and finally, implement an algorithm that improves the
performance and test it. The original code has been developed by several students
previous to me, but most of the code has been typed either by Roger Fuster or Marc
Fernández.

The following are the tasks carried out, divided according to the “part” of the project
they belong. This parts or Work Packages are the following:
WP1

Introduction to the project

WP2

Evaluation and study of the entropy in SAR images

WP3

Design and evaluation of an autofocusing algorithm

At the end you will also find the Gantt diagrams for all the tasks, both in weekly and
daily scales.
Table 1: Work package 1

Project: Design of a bistatic SAR processor for WP ref: (WP1)
GEOSAR systems
Major constituent: Introduction to the project
Short description: A set of software exercises aimed to Planned start date: 30th Jan
introduce the student into the satellite signal processing
Planned end date: 1st March
and GEOSAR technology
Start event: 30th Jan
End event: 8th March
Internal task T1: Convolution exercise in time and Deliverables:
Dates:
frequency domain and evaluate performance
Show
the T1: 4th Jan
results
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Internal task T2: Test smoothing windows in the obtained and T2: 1st March
frequency domain.
confirm
the
results
with
T3: 8th March
the tutor.
Internal task T3: Presentation and redaction

Table 2: Work package 2

Project: Design of a bistatic SAR processor for GEOSAR WP ref: (WP2)
systems
Major constituent: Entropy evaluation
Short description: Many documentation regarding SAR Planned start date: 1st March
autofocusing points towards the entropy as a way to
Planned end date: 22nd March
improve the SAR image, we had to verify if it was the case
for a geosynchronous SAR system.
Start event: 8th March
End event: 24th April

Internal task T1: Change and study the given code.

Deliverables:

Dates:

Internal task T2: Obtain simulations and evaluate results

Show
the T1:29th March
results
and
obtain
solid
T2: 14th April
conclusions.

Internal task T3: Presentation and redaction
T3: 24th April

Table 3: Work package 3

Project: Design of a bistatic SAR processor for WP ref: (WP3)
GEOSAR systems
Major constituent: Design autofocus algorithm
Short description: After noting autofocus is a worth Planned start date: 22nd
implementing algorithm the only task remaining is to March
implement the algorithm itself. In this case a gradient
Planned end date: 15th June
descent to minimize entropy.
Start event: 28th April
End event: 20th July
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Internal task T1: Implement the algorithm

Deliverables:

Dates:

Internal task T2: Test the algorithm.

The final code T1: 28th June
with
the
results
T2: 7th July
obtained

Internal task T3: Presentation and redaction
T3: 15th July

Gantt Diagrams

Figure 1: Weekly Gantt diagram
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2.

State of the art of the technology used or applied in this
thesis:

GEOsynchronous Synthetic Aperture Radar, briefly known as GEOSAR is a
technology whose interest has grown in the recent years, especially since the
reliability of spatial communications has improved. It is commonly used to generate
images, but the computational requirements were such that previous technology
had issues to keep up. The recent improvements in computing time have led to
SAR images being a more reliable source of information and thus bringing SAR
(and GEOSAR) to the spotlight.
SAR was first explored by the mathematician Carl A Wiley [1], while working on a
guidance system for spatial missions, he then, together with other colleagues,
developed further the concept and developed the very first patent while
simultaneously other experts in the field were investigating SAR. The original
documents were kept private for a long time to avoid military leaks and up to this
day most of the original documents cannot be found.
The idea of taking advantage of the movement of an orbiting platform to obtain SAR
images was firstly introduced by doctor Kiyo Tomiyasu in 1978 [2] and later
expanded in 1983 [3].
The publications suggest the possibility of a mission that used a geosynchronous
orbit to generate SAR images of the surface of America using said satellites and
gave a benchmark of the resolution obtained as well as the needed signal to noise
ratio. Although the results seemed promising for the technology at the time, the
antenna needed to obtain them was huge and made the mission borderline
unfeasible,
Since the introduction of GEOSAR, further investigation was been done regarding
the antenna, the orbital configuration and the link budget. Missions have been
common since the 1990 and up to this day there are still spatial missions that aim
to take benefit from this technology [4][5][6].

Due to the nature of this thesis, it is of particular interest to study the document
published by Lisa Cazzani in 2000 [7] in which a ground station with the receiver
while using a TV broadcast satellite as the signal source. A very similar scenario to
the one at hand.
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3.

Methodology / project development:

The methodology followed for the development of the thesis consisted of individual
work supervised by both the tutor Antoni Broquetas as well as Roger Fuster.
Besides the punctual consults, every Tuesday a meeting was held, were all the
members of the GEOSAR project spoke about the progress achieved that week
and their plans for the week ahead.

Any kind of research or documentation investigated came from publications from
IEEE and can be consulted at the end of this document. In regards to the software,
Matlab basic student license was the only one used.

The development of the project can be divided in three main stages. The first one
consisted in very simple exercises in relation with the thesis. They were very basic
and served more as an introduction to the signal processing than actual thesis
development.

The second stage took about half of the time span of the development. It consisted
in evaluating the entropy of a SAR image as a quality measure parameter. To do
so, the code available had to be improved. The previous iteration created the SAR
image and performed backprojection with the same measures, so the functionality
to apply backprojection with different measurements had to be implemented.

Once this was done, it was tested how the entropy evolved when the backprojection
was performed with a slightly erroneous set of observations. To do so slight errors
were introduced to the state vectors and then propagated, the results can be seen
in detail in the appendix.

Once this was done, the third stage began, where an algorithm was designed to
improve the performance. Once the basic algorithm was coded, the final task was
to refine the parameters of the algorithm and stress test it.
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4.

Previous knowledge

Before heading into the developed technology and the results, a proper introduction
to the many concepts that will be mentioned is very much a must. In this section
the basic notions of RADAR, orbits, signals and spatial communications will be
introduced, so that even the unexperienced readers are able to follow the thesis
and understand what’s on display.
4.1.

RADAR concepts

RADAR stands for RAdio Detection And Ranging, a technology developed in the
late 19th century, when the idea that signals could be reflected in solid objects
started to get into the scientific scene, especially regarding the detection of ships
on low visibility.

Originally it was proved that by reading the reflections of the signals when colliding
with solid objects (also called echoes) one could identify said object; further
investigation proved that the distance of the object being spotted could also be
identified using the same technology. As of today, RADAR technology has a wide
usage, ranging from medical applications to spatial communications.

The basic functionality of a RADAR system is described in this section.

A RADAR systems contains a transmitter that emits radar signals in a determined
direction of interest. The signal will then travel through the medium until the wave
interacts with objects resulting in radar echoes. The differences in dielectric
characteristic between object and propagation media results into a reflected signal
or echo that can be received by the same antenna used for transmission (in
monostatic systems) or a different antenna (bistatic systems) [8]. The echo received
at the receiver is usually several orders of magnitudes weaker in comparison to the
transmitted signal as it gets attenuated by the medium it travels through, but it can
be detected using low noise amplifiers and matched filter techniques. We will not
dive into said amplification as it falls out of the scope of this project.

In the scenario that the reflective object is moving, the signal will suffer the Doppler
Effect, that is, a shift in the frequency of the received signal. Although this may
seem hazardous for the RADAR system, it is actually beneficial, as it allows the
receiver to know the speed and directions the object is moving towards.
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Radar range
Once the echo is received it is very easy to measure the distance between the
transmitter and the target. Assuming the pulse travels at the speed of light, we can
obtain the distance by doing the speed times the time between the emission of the
pulse and the time the echo is received halved. [8]

𝑐 · 𝑅𝑇𝑇
𝑇𝑎𝑟𝑔𝑒𝑡 𝑅𝑎𝑛𝑔𝑒 =
2
Where C is the speed of light and RTT the round
(i.e. the time between the signal is generated and its echo received).

(4.1)

trip

time

We can also obtain the maximum distance covered by the radar by taking into
account how much power does the RADAR need to register the echo and the power
transmitted by the transmitter.

We can first obtain the power reflected by the target [8]:

𝑃𝑟 =

𝑃𝑠 · 𝐺 · 𝜎

(4.2)

2

4 · 𝑅1 · ℼ

Where Pr is the reflected power, Ps the transmitted power by the antenna, G the
antenna gain, sigma the radar cross section and R1 the distance between the
antenna and the target.

Using this formula and other basic ones that can be found here one can obtain the
range the RADAR can cover is

𝑅𝑚𝑎𝑥

𝑃𝑠 · 𝐺 2 · 𝜎 · ƛ
=√
(4 · ℼ) 3 · 𝑃𝐸𝑚𝑖𝑛 · 𝐿𝑔𝑒𝑠
4

(4.3)

Where lambda is the wavelength, PEmin the minimum power received at the RADAR
antenna so that the signal is detected and Lges the losses.
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Unambiguous range
The unambiguous range is defined as the maximum distance that a target can be
located so that the radar can distinguish if it is a target very far or very close of the
RADAR. The following image will help understand this concept

Figure 2: RADAR discrepancy representation

In figure 2, the RADAR is unable to say if the echo is a very far object that answers
to the first pulse, or if it is an object very close detected by the second pulse.

Rangemax 𝑢𝑛𝑎𝑚𝑏𝑖𝑔𝑢𝑜𝑢𝑠

𝑐
=
2 · 𝑃𝑅𝐹

(4.4)

Where PRF is the pulse repetition frequency.

This section we will dive deeper into the how the radar communicates

Carrier
The carrier is a radio frequency signal of microwave frequencies, modulated or not
according to the system: ranging radars usually use pulse modulations, while
continuous wave (constant transmission) do not require it.

The most usual configuration is to use pulses. With this setup, the carrier is
switched on when transmission is required, and then turned off until the next pulse
has to be sent. This is a common configuration for monostatic RADARS -due to
RADARS being unable to both receive and emit at the same time- pulsing radars
emit a pulse, turn off, and wait for the echo to come back. Once this time has passed,
a second pulse is emitted, and so on.

Continuous wave RADARs are not turned off, and are constantly transmitting,
leaving aside obvious differences in power consumption and the need of an
independent receiver, the main difference is the efficiency at which these two
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systems track and record the speed of objects in movement, being the latest the
best one for this application.

When using pulsing RADARs, the pulse width (or pulse duration) is a relevant
design parameter. Usually we would like to use long pulses: as the energy delivered
to the target is the product of the length and the amplitude, long pulses ensure that
the echo is detectable by the receiver. At the same time, the longer the pulse is the
worse the system can detect targets closer together in the propagation axis
degrading the “range resolution”; a critical trait in the design of any RADAR.

Another relevant concern is that the longer the pulse is, the longer the dead zone
is. The dead zone is the range in which objects cannot be detected because the
RADAR is still emitting the pulse. This is very relevant when objects can be near
the emitter, which is not the case of this thesis.

These kind of compromises are all around when designing a RADAR system, and
they are bound to the specific application of the RADAR.[9]

Pulse repetition frequency (PRF)

As mentioned previously, a pulsing radar emits pulses periodically.. This period is
decided according to the function the RADAR is meant to accomplish. Lower time
gaps between pulses allow for more samples of the position of the target, which
means a more accurate tracking. A downside to this is that the range the RADAR
can cover without ambiguity is inversely proportional to the pulsing frequency,
hence long distance measurements require low pulse repetition frequencies.

A RADAR working as previously explained would not be able to tell if an echo is
generated by his own transmissions, or if a nearby RADAR -working at a very
similar frequency and PRF- is contaminating its communications.

If the echo is indeed from an interfering RADAR it will appear over and over, and
will only suffer slight changes in its position due to the PRF of the interfering RADAR
not being the same that we use, which can be interpreted as the normal movement
of the target respect our RADAR.
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To solve this discrepancy, pulsing RADAR use something called staggering PRF,
where the period between pulses changes in a controlled manner. This way, if the
received echo does not move according to the change introduced, it means it
comes from a second RADAR. This situation is very common as RADAR sees more
and more use in everyday applications, especially in urban environments, where.

Current RADARS operating in LEO orbits in Earth observation missions choose the
PRF used with accuracy, ensuring that the echoes are received between two
consecutive pulses. This PRF is of the order of milliseconds to respect Nyquist [10]
condition. GEO satellites are yet a case of study, but the same technology could be
applied and use as PRF a frequency that satisfies Nyquist sampling condition while
ensuring the echo is received between consecutive pulses.

This is illustrated in the image below: to which radar does the echo belong to? How
can we confirm it belongs to “our” radar and not another one? In figure 3 we can’t
tell if the echo belongs to us, there may be slight differences in the time between
the pulses and echoes, but that could be due either to the natural movement of the
target or the interfering RADAR configuration. In figure 4, by changing the PRF of
our RADAR, we can see that the time between echo and pulse has not changed at
all, which means that it is a returning signal answering to our pulses. Was it the
other case, the distance measured would not be consistent.[9]

Figure 3: RADAR using the same PRF

Figure 4: RADAR using a changing PRF

Clutter

In RADAR technology, we understand clutter as echoes generated by objects we
are not intentionally looking for. These echoes are usually generated by the natural
environment (sea, ground, rain and other atmospheric effects) or by human-made
structures like buildings or intentionally placed reflectors.
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Clutter is detected and neutralized in several ways. Generally it is created by the
environment, and so its position does not change between scans, unlike the target,
that may move between pulses. Another way to avoid stationary clutter is to polarize
the signal: horizontal for plain clutter like the sea, and circular for precipitations are
some examples of how we can manipulate the signal to improve the performance.

There are several techniques and ways to improve performance when clutter is
present in the RADAR scene, however there is no need to dive deeper into it, as it
there are other concepts that need to be explained and are more relevant to this
investigation.[9]

Resolution
Resolution is a concept that has been mentioned previously and is very important
to every RADAR. We understand as “range resolution” the minimum distance
between two objects along the propagation axis so that the RADAR receives their
echoes separately. As illustrated in the image below, when the airplanes are too
close together, the RADAR registers their echoes as a single pulse; if instead they
are separated enough, two distinct pulses will be registered.

Figure 5: Situations where RADAR can and can´t differentiate both targets

This distance can be calculated with the following formula
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𝐶 · 𝜏
𝛥𝑅 =
2

(4.5)

A quick glimpse at the formula will show that the only variable under our control is
𝜏, that is, the autocorrelation width in seconds. This signal does have the same
width as the emitted pulse when using simple non-modulated signals. When using
more complex signals, this width is that of the output of the echo convoluted with
the matched filter.

SAR technology, for instance, uses Chirp signals which at the end of the matched
filter give a time duration very small in comparison with the original pulse, this is
called pulse compression [11].

This means that the only way we can decrease the range resolution -making our
RADAR better at distinguishing targets- would be to make the correlation shorter,
which, as seen in previous sections, has drawbacks like reducing the range covered.
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4.2.

Synthetic aperture RADAR concepts

Synthetic Aperture Radar (SAR) is a sensing technology used in RADAR that
obtains images of the aimed target these targets range from Earth observation to
monitoring natural disasters according. The transmitting antenna is moved along a
path while it emits pulses and then generates the image by coherently processing
the echoes received along the track. Some of the benefits provided by SAR
systems compared to standard techniques are the independency of the weather to
detect and generate images and using very low frequency signals, which
diminishes the atmospheric propagation losses.
The first theory developed in the SAR area of research was on 1951, when the
Doppler beam-sharpening concept was presented by Carl Wiley [1]. Much more
theory and demonstrations were needed before the first SAR mission took place.
SAR saw use for the first time in the second half of the 20th century by mounting
the antennas in airplanes, it was not until 1978 that NASA launched the first spaceborne SAR system. As of today, SAR systems are mostly used in the spatial
environment to keep track of the surface of planets.
The basic behaviour of a SAR will be explained in this section.
In every SAR system there are two directions that will be key to understand how
the system works. Range (or cross-track) and azimuth (or along-track). We have
heard of range before, it is the direction the signal is propagated, azimuth on the
other hand is the direction followed by the SAR platform and is usually orthogonal
to the range.

Figure 6: SAR geometry [13]
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In a SAR system, the SAR platform (usually a satellite or airplane) travels along a
track illuminating an area (antenna footprint) while it does. The movement of the
platform and the different areas illuminated simulates the same result that would be
generated by an array of antennas, hence the name synthetic aperture radar.

𝜌𝑎𝑧

𝜆 · 𝑅
=
2 · 𝐿𝑆𝐴

(4.6)

Range resolution uses the same previous formula.
As the platform travels along the path, it will get close to the luminous target we are
looking for, reach a minimum and then increase again as the antenna and target
separate. This evolution of the distance is translated into a hyperbolic curve in the
azimuth-range plane.[14][15]

Figure 7: Airborne and satellite curves obtained through the observation of a target

The acquired 2D data corresponding to a single scattering point describes a
hyperbolic curve as depicted in Figure 7. The hyperbole represents the echoes
generated by our target placed in the range-azimuth plane, but has yet to be
compressed along the azimuth axis. After said processing is done, the curve is
transformed into a single pixel located at the same position as the scattering point
in the scene. This procedure is described in detail in future sections.
We can also eliminate echoes generated by scattering targets that are not of our
concern if we know the position of the desired target. This is a common practice
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when we aim to keep track of the same target/s and do not care of the surroundings.
If what we are looking for is to scan the whole scene, many curves will appear, their
intensity depending on the energy backscattered by the objects, which will be
higher or lower according to their radar cross-section.
The images below represent SAR images obtained by SAR processing of the
simulated radar echo acquisitions. Since the main application of the GEOSAR
mission at hand is urban scene monitoring, a point scattering model is appropriate
since urban scenes contain a large number of distributed point-like reflectors. The
yellow coloured parts should be a single pixel, but due to the non-ideal scenario of
a real simulation, what should have been a delta function turns into a function with
side lobes.
This side lobes can be attenuated with windowing techniques, but the spatial
resolution gets worsened by doing so, and such, we have not applied any filters.

Figure 8: SAR images generated with 1 and 5 targets respectively

Because this thesis does not tackle SAR but geosynchronous SAR (GEOSAR)
some small considerations have to be done.

The SAR system will be constructed by placing an antenna over a geostationary
satellite. This means that the track followed by the SAR platform follows the orbit of
the satellite. This is very beneficial for tracking matters, as the satellite will naturally
always be above the same area, which means we can keep constant track of
whatever area we choose to target.
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Figure 9: Geometry of the GEOSAR mission

However, the great distances covered by the signals and echoes, as well as the
inaccuracies of the orbits, will translate into meaningful errors that could heavily
decrease the quality of the SAR images we generate. Here is where this thesis aims
to improve the performance of the system.

The generation of images through the SAR phase history data has been researched
and improved over the latest years [16]. The majority of SAR image generation
algorithms are based on frequency domain techniques [17][18] and only a few fall
under the category of time domain techniques, such as backprojection.

Algorithms in the frequency domain need to assume several things such as the
platform movement, range, the spread along the scene and so more. This comes
handy when this assumptions can be made without injuring the performance of the
image generation. Time domain backprojection algorithm uses no approximations
and accordingly performs closer to an ideal matched filter, this translates into
several advantages that are absent in frequency domain algorithms such as: motion
compensation, ground-plane imaging, no buffering needed and simplicity [19].

Still there is a reason as to why time domain algorithms are underused and is the
computational expense. This has been keeping backprojection from being the goto algorithm for focusing, but recent improvements in the overall power and speed
of computers have made the generation of images in real time by using
backprojection a reality.
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Having knowledge of the geometry of the imaging is the only remaining challenge.
Knowing the position of the SAR platform relative the scene at hand is no easy task,
this issue is usually tackled through estimations of the position by means of Precise
Global Navigation Satellite Systems and Inertial Navigation Systems in airborne
platforms.

The following section details the mathematics behind backprojection [19]

The SAR system begins with a transmitted linear frequency modulated (LFM) signal
stx(t), like the Chirp.

𝑠 𝑡𝑥 (𝑡) = 𝜔(𝑡)𝑒 𝑗2𝜋𝜙(𝑡)

(4.7)

Where

𝜙(𝑡) = 2𝜋(𝑓0 𝑡 +

𝐾 2
𝑡 + 𝜙0 )
2

(4.8)

Being f0 the central frequency, t the time variable, K the frequency ramp-rate, 𝜙0
the initial phase and (t) the signal envelope (rectangle signal, triangle, etc..).
If we consider a single scatterer, and call the time it takes to our signal to reach it
tn, the echo received will resemble equation (4.7) with an amplitude reduction and
time delayed:

𝑠 𝑡𝑥 (𝑡) = 𝐴𝑛 (𝑡 − 𝑡𝑛 )𝐺𝑛 (𝑡 − 𝑡𝑛 )𝑠 𝑡𝑥 (𝑡 − 𝑡𝑛 ) + 𝜂

(4.9)

Where An is an amplitude term due to propagation, Gn another amplitude term
depending on the antenna gain and losses. This signal would include an additive
noisy factor 𝜂
The signal is then demodulated, making the overall expression:

𝑠 𝑡𝑥 (𝑡) = 𝐴𝑛 (𝑡 − 𝑡𝑛 )𝐺𝑛 (𝑡 − 𝑡𝑛 )𝜔(𝑡 − 𝑡𝑛 )𝑒𝑥𝑝 {−𝑗2𝜋𝑡𝑛 + 𝑗𝜋𝐾(𝑡 − 𝑡𝑛 )2 + 𝑗𝜙0 } + 𝜂
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(4.10)

The demodulated signal goes through the matched filter:

ℎ(𝑡) = 𝜔(𝑡 − 𝑡𝑛 )𝐺𝑛 (𝑡 − 𝑡𝑛 )exp{−𝑗2𝜋𝑡𝑛 + 𝑗𝜋𝐾(𝑡 − 𝑡𝑛 )2 }

(4.11)

Then, a convolution is performed between the received signal (4.10) and the
filter (4.11) for each pulse illuminating a single cell of the scene. The addition of
these convolutions, gives out the value of the backprojected pixel value for the
scattering cell.

The resulting expression is very simplified by configuring the delay in the matched
filter to be equal to the on introduced in (4.9).

𝐼 = 𝑒 𝑗𝜙0 ∑ ∫ 𝐴𝑛 (𝜏 − 𝑡𝑛 )𝐺𝑛2 (𝜏 − 𝑡𝑛 )𝜔𝑛2 (𝜏 − 𝑡𝑛 )𝑑𝜏

(4.12)

𝑛 𝜖𝑁

This has to be calculated for every pixel in the image which is extremely expensive
computationally-wise, of the order of O(n4). Luckily, compression can be simplified
using the stop-and-hop approximation. This approximation can be applied when the
pulse duration T is short enough that the platform movement during the RTT is
insignificant.
This approximation allows us to divide the range and azimuth compression into two
independent problems. The matched filter can then perform the range compression
using the reversed function:

ℎ𝑟 (𝑡) = 𝜔(𝑡 − 𝑡𝑛 )exp{𝑗𝜋𝐾(𝑡 − 𝑡𝑛 )2 }

(4.13)

After several small calculations regarding the range and time [19] a final and more
simple expression is obtained, of computational cost of O(n3)

𝐼 = ∑ ∫ 𝐴𝑛 (đ𝑛 − 𝑑𝑛 )𝐺𝑛 (đ − 𝑑𝑛 )𝑅(𝛥𝑑𝑛 )exp(𝑗𝑘𝛥𝑑𝑛 )

(4.14)

𝑛 𝜖𝑁

Where dn is the distance from RADAR to target, đn the two-way range parameterizing

the matched filter, and 𝛥𝑑𝑛 the difference between both.
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4.3.

Orbit concepts

The world of spatial communications is heavily related to the rules of orbits and
gravity, so a very basic introduction to some terms will be helpful to get a better
grasp of the thesis.

As it is of common knowledge, objects placed in space are designed to follow a
certain orbit, that is, follow a path around the desired planet, in our case, the Earth.
These orbits have several names according to the form of their track or the
projection of their position over the surface of the Earth. In this thesis the SAR
system is placed in the geostationary orbit, hence GEOSAR. The geostationary
orbit is placed at around 36.000 Km above the surface of the Earth and over the
equator [20].

The reason a geostationary orbit is chosen is because it is the only orbit that allows
to keep track of the same part of the surface along all its track, and thus fits the best
the purpose of this thesis.

The orbital positions of the SAR system along its orbit are stored in Orbital state
vectors. These vectors store the position and speed of a celestial object at every
epoch and are constructed by defining a starting state vector and finding the values
for every epoch by “propagating” the state vector, this propagation is as accurate
as the propagated state vector is close to the real position and speed at the first
epoch [21].

Due to the short-term nature of this SAR simulation, a Kepplerian propagator
without orbital perturbations has been used.

Unlike when talking about cinematics in the surface of the Earth, when evaluating
the movement and position of an object in space there is not a unique coordinate
system to follow. In space there are two main coordinate systems: Earth-centred
inertial (ECI) and Earth-centred, Earth-fixed (ECEF) [22][23].

In ECI, the X-Y plane matches the equatorial plane of Earth, and the Z axis is
orthogonal to the X-Y plane and extends through the North Pole. The key point
about the ECI coordinate system is that it is fix and does not follow the Earth along
its rotation, this becomes especially handy to describe orbital motion and the
movement of an object towards another.
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ECEF coordinates are defined relative to the centre of the Earth. The X axis goes
through the intersection between the Greenwich meridian and the equator (0º,0º).
The Z axis goes through the North Pole and the Y is orthogonal to the two previous
axis. By definition, this coordinate system rotates with the Earth, which becomes
especially useful when tracking terrestrial objects.

Figure 10: ECEF coordinate system

As one may imagine, the orbital position of a geostationary satellite is not perfectly
still relative to the Earth, but moves around a central point in an ellipse of about
100 Km wide, this movement is what allows us to simulate a synthetic aperture
through a GEO satellite [24].
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5.
5.1.

Investigation

Entropy as a quality measure of SAR images

5.1.1. Preface: Entropy in SAR images

The entropy of a SAR image has been a useful tool for several SAR applications, a
very common use of it is to segment images when working with a big amount of
SAR images [25], to classify them according to the content in them [26], or to
autofocus [27].

Shannon’s entropy can be applied to SAR images to characterize the texture of the
image: the noisy background does barely contain any information, while the
reflections from the scattering points contain relevant information. This feature will
be used to obtain the maximum information possible, which in the end will translate
into having the energy concentrated around points instead of spread out around the
scene, just like focusing the SAR image.

Shannon’s entropy is defined as follows:
𝑛

𝐻(𝑋) = − ∑ 𝑃(𝑥𝑖 ) log 2 (𝑃(𝑥𝑖 ))

(5.1)

𝑖=1

Where X is a random variable, xi the possible values the variable can take, and
P(xi) the chance of the variable X = xi. Instead of using Shannon’s entropy, we
decided to use the definition presented in [28] which uses a similar expression
applied to the relative power of each pixel of the image.

The expression we used to calculate our own entropy is then:

∑𝑛𝑖=1|𝑃𝑥𝑖 |2 log 2 |𝑃𝑥𝑖 |2
𝐻𝑝 (𝑋) = −
∑𝑛𝑖=1|𝑃𝑥𝑖 |2

(5.2)

Where |𝑃𝑥𝑖 |2 is the energy of a pixel.

This expression obtains the energy of every pixel and normalizes it respect the total
energy of the image. Defined this way, smooth (defocused) images show higher
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entropy than correctly focused images containing sharper details. This unusual
definition of entropy has seen use in previous investigations that aimed to focus
images through entropy minimization [29].

In terms of our SAR image, it means that images whose energy is focused around
a small group of pixels will have a smaller entropy, while images with energy
distributed along the image will have higher values. This can be seen in Figure 11
and Figure 12 where the focused image has a lower entropy than the one spread
out: 5.7317 and 6.6348 respectively. This will be studied further in the results
section.

Figure 11: Focused SAR image

Figure 12: Defocused SAR image

Overall this way of calculating entropy works for us, as it gives smaller values when
we correctly focus our images, we can exploit this in our favour to implement a
focusing algorithm.
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5.1.2. Investigation and software developed

A paper by the University of Malaysia named “A Comparison of Autofocus
Algorithms for SAR Imagery” served as an introduction to popular autofocus
techniques and how different metrics represent SAR image quality [28].

Autofocus is a technique that aims to improve the pointing of a RADAR towards the
focused object in order to improve the overall performance. The original SAR signal
does present a phase error that translates directly into inaccuracies in the SAR
image depending on the frequency of the given noises and their order, see figure

Table 4: Categories of errors according to frequency and phase variation [28]

This error is not trivially compensated because it is space-dependent and nonseparable multiplicative, which translates into the need of autofocus.

Autofocus is not a specific procedure, although several common techniques have
already been proposed, the implementation of the algorithm comes down to the
need of each application. These already existing techniques are classified in two:
Model-based and Non-parametric. The first estimate the coefficients of a series
expansion that models the error, while the second one requires no previous
knowledge of the error.

Model-based algorithms are simple and efficient, but require a good modelling of
the error. They embrace a wide spectrum of complexity: from very basic models
that determine quadrature phase errors, to complex ones that can estimate the
higher orders; however, high frequency errors can never be estimated. Commonly
used model-based autofocus techniques are Mapdrift (MD) and Multiple aperture
Mapdrift (MAM) [28].
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The non-parametric version consists of several techniques derived from the
common phase gradient autofocus (PGA), which can estimate high order errors,
the most commonly used are the Eigenvector method ML estimator, weighted least
square, and quality phase gradient. The main difference between model based and
non-parametric is the trade-off between efficiency and error compensation.

The same document [28] performed tests to evaluate how well did several metrics
translate into the quality of the image. The results show that, overall, the entropy is
a very well rounded indicator of how well an image is pointed for both high and low
order, no matter the frequency.

Following the results proved, it seemed that the entropy of the SAR image was a
good indicator of how accurate it was. To verify if -and how- this was translated to
our situation (GEOSAR) we performed the following evaluation: How does the
entropy change as the image gets more defocused? And how impactful is this
entropy change?

The first step was to change the software we used for SAR simulations so that it
could perform the desired evaluation. The original software created a set of
observations and applied backprojection to generate a SAR image of a scene of
100x100 m. After some trial and error, software corrections and concept definitions,
the software was ready to evaluate how much the entropy differed from the ideal
situation (focused) when we introduce error in the focusing.

The software simulates following these steps:

1. We start with a GEO satellite with a certain initial state vector.

2. Using the Keppler laws and for a time of 6 hours, we propagate the
state vector, generating this way a set of 100 state vectors, one for
each epoch.

3. We obtain then the Euclidean distances from the RADAR to the scene,
which contains one or several scattering points, in the simulations
shown, only one.
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4. Then, through the RADAR pulse emitted we calculate the echo signal,
also called raw data, obtained as the superposition in module and
phase from the echoes reflected by each point of the scene. The
phase of these echoes is extremely dependant on the distance
RADAR – scene, and the introduction of errors while performing
backprojection will damage the image generated.

5. We can then generate the SAR image with both the ideal orbit (to use
as a benchmark) and with errors introduced, to evaluate the impact of
these errors.
6. We then obtain the entropy of the SAR image and compare it, as well
as the SAR image itself and the resolution along both axis to evaluate
the impact.

7. This is repeated for different axis for both the speed and position state
vector.
Simulation configuration:
















Scene size: 100m x 100m
Scene longitude: 41.390746º
Scene latitude: 2.111682º
Bandwidth: 30 MHz
Sampling frequency: 3 GHz
Central frequency: 12 GHz
Modulation: QPSK
Antenna gain: 60 dB
Semi-major axis: 42165 Km
Eccentricity: 4.327 e-4
Inclination: 9.6866e-4 rad
RAAN: 4.5228 rad
Argument of perigee: 4.5838 rad
True longitude: 6.9853 rad
Argument of latitude: 2.4625

The expected result of these simulations is to prove that the entropy is lowest when
we use a perfectly accurate state vector to describe the position and speed of the
satellite. The axis are more and less sensible according to the geometry of the
problem.
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We also expect the inaccuracies in speed to be way more impactful than the
position because while an error in the position is constant and does not change
along the track, an error in speed will totally skyrocket the difference between the
real track and the one we obtained through propagation. To give a magnitude of
this relevancy, a 1 m/s error in the speed along any axis would translate into 86.4
kilometres of error at the end of the first period.

The simulation only covers the first 6 hours out of the 24 of the geostationary period.
The main implications of using only one fourth of the orbit are that the run time of
the simulations is shorter. Depending on the figure described by the orbit, taking
into account only a part of it could translate in a bad representation of how the SAR
system behaves along the orbit. But due to the orbit being fairly symmetrical, the
track described in the first 6 hours gives a fair representation of the results obtained
along the orbit.

Figure 13: 24 hour evolution of the satellite position relative to the Earth

Now that the geometry of the orbit is described, it may make more sense that the
most sensible axis are expected to be the X and Y axis, while the Z axis should
have a smaller impact.
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5.2.

Gradient descent

Knowing that entropy was a good way to measure how focused our image is, all
that remained was to find a way to improve the performance by improving the
entropy of the SAR images obtained.

To improve the performance we decided to apply gradient descent to the state
vector, looking for the smallest entropy value (taking benefit of the entropy including
local minimums).

Gradient descent is a very common algorithm used in a wide variety of
mathematical environments due to how effective it is for its simplicity and
computational cost, with the sole requirement of the function having no local
minimums.

Figure 14: Gradient descent block diagram

The algorithm starts with an initial guess of the parameter our function depends on
(X0) and evaluate the function using this guess and the same guess with a small
variation (X’) obtaining f(X0) and f(X1). This variation has to be chosen carefully, as
very small variations will lead to errors due to potential noise in our functions.

These values obtained are then compared and the slope is obtained as the
difference divided the small increase, this is what we call finite difference method
and has to be done instead of the standard derivation because the functions are
not derivable. Whether the slope is positive or negative, we choose the negative
one, as it is the one that leads to the absolute minimum we are looking for.

We then update the initial guess. This update is done adding to the second
assumption the product of the learning rate (𝛥) times the slope. This learning rate,
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just like the variations introduced to the initial assumption, has to be carefully
designed. A very small learning rate will make the algorithm slow to reach the
minimum we are looking for, while a very big one will introduce such a change that
we may never pinch the minimum with enough accuracy, as depicted in Figure 15.
It is a common practice to start with medium sized learning rates, and decreasing
it as the algorithm goes on.

Figure 15: Learning rate comparison

This is repeated over and over. In the end, the obtained value Xn will go back and
forth around a value, indicating that the value obtained is very close to the one that
minimizes our function. The algorithm is usually forced to stop either after a set
number of iterations, when the approximation is close to the
minimum i.e. f(Xn) < f(Xn+1). Or when the difference between two consecutive
iterations is low enough i.e. f(Xn) ≈ f(Xn+1)

In our case, what we aim to improve (X) is the three dimensions of the state vector.
The function we apply is backprojection, and the initial guess is an erroneous state
vector of our choosing. The increase in each component and learning rate are 0.1
and 10 respectively when improving the position, and 0.0001 and 0.00000001 when
improving the speed. These values ensure that even though the curve is not
perfectly smooth, the gradient moves towards the minimum and the values are not
updated in too big steps.

Due to the three dimensional nature of our gradient some changes had to be made
respect the standard gradient descent, and so we implemented the gradient
ourselves.
Our gradient generated a first set of observations, but did not yet perform
backprojection. Once the observations were generated, backprojection was
performed with a non-ideal state vector (SV0), resulting in the expected damaged
SAR image and a value for our starting entropy (E0).
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Then, for the X component, we added a small difference leaving the Y and Z
components untouched, and performed gradient descent as if it was a one
dimensional variable. Then, only the X component was updated. The same was
done then to the Y and Z component, always leaving the other components
untouched and without updating them. After the three components were updated
independently, the three of them were used to create the new state vector (SV1),
which was then used to obtain the entropy and go on with the algorithm (E 1).

The algorithm would stop when the entropy obtained increased respect the
previous iteration, meaning it had gone through the minimum entropy achievable,
or after a set of iterations. This last forced stop had to be implemented because
certain error combinations would not necessarily translate into errors in the SAR
image and the gradient would not stop even after focusing the image.

During the simulations we found that sometimes, even though we improved one
axis, it would be in detriment of another, for that reason, and because our system
is able to obtain the X axis very accurately, we decided to ignore the X axis in our
gradient and to not update it every iteration, and focus our efforts in obtaining good
results when working the Y axis.

The results obtained changed with the amount of error we introduced and whether
we added it to the X, Y or Z axis. The overall conclusions are that we can fix small
amounts of error in the X and Y axis, while the Z axis is barely fixable.

Another undesired behaviour that happened is when the error introduced was too
high, this results in the reflective spectrum being out of the scene or completely
spread along it. This situation is due to the scene being small for computational
reasons, bigger scenes would result in more margin of operation, but does not align
with the overall objective of the thesis: to develop a functional autofocus algorithm.
The second issue is out of the operating margin of the algorithm and would need
more information inputs to be solvable.

Obviously there are an infinite amount of error combinations that could be tested
and evaluated, but the general lines of the algorithm behaviour are described above.
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6.

Results

This section shows the results obtained in the simulations. It is divided in two parts:
the first one will display and comment the results obtained in the entropy evaluation
while the second will show the focused images obtained by the application of the
gradient descent.

The evaluation of the entropy was done by performing the generation of the SAR
image of a luminous target in the middle of the scene while manually introducing
an error in the state vector that we propagate. By doing so, we can get the SAR
image and the obtained resolution in both axis that would be obtained if we had
said error in our state vector, we then obtained the entropy of the SAR image and
compared it to the entropy of the ideal scenario. Each axis of both the speed and
position state vector were evaluated independently to get a grasp of how impactful
each of the axis were.

Figure 16, Figure 18 and Figure 20 show how the entropy grows from the ideal

scenario (no error in the state vector) as we introduce 100m of error in the position
state vector, up to 1000m of error in the last iteration. Figure 17, Figure 19 and Figure
21 perform a similar evaluation for the speed state vector, where the steps are of
0.1 m/s, ramping up to 1m/s in the latest iteration.

The errors simulated range from no error to 1000 m in steps of 100 m. Out of the
10 cases simulated, only 3 representative will be shown: when the error introduced
is 100 m, 500 m and 1000 m. The images will be displayed in a table with two
columns, the left column will show both the azimuth and range resolution (in blue
and red respectively) and the right one the SAR image obtained; the first row of
every table shows the ideal scenario (with no error in the state vector) to have a
quick reference of the result we would like to obtain.

Following the evaluation of the position state vector, comes the speed state vector,
which follows the same display as the previous tables, but sweeps errors 0.1m/s to
1m/s in steps of 0.1 m/s. Again, only 3 representative sets of images are shown:
when the error is 0.1 m/s, 0.3 m/s and 0.5 m/s. We have chosen these values as
they are the bottleneck of the focusing and are the ones that lead to a more in depth
evaluation of the impact of these errors. Additionally, some results with very high
errors have been added to give an idea on how the simulation results when the
error introduced is very high.
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Figure 16: Entropy evolution of the position state vector along the X axis.

Figure 17: Entropy evolution of the speed state vector along the X axis.
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Figure 18: Entropy evolution of the position state vector along the Y axis.

Figure 19: Entropy evolution of the speed state vector along the Y axis.
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Figure 20: Entropy evolution of the position state vector along the Z axis:

Figure 21: Entropy evolution of the speed state vector along the Z axis.
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The evolution of the entropy follows the expected behaviour. The errors introduced
in the position state vector have a smaller impact than those in the speed vector,
this can be seen comparing the maximum entropy achieved in the speed vector
with the same in the position vector.

Another confirmed result is that the Z axis is the least sensitive axis, especially
when increasing the errors in the position state vector, the speed vector does also
increase the entropy a fair amount, but still, less than the X and Y axis. The Y and
X axis on the other hand do also behave as we expected, being the most delicate
and getting heavily damaged when the error in position is big enough or the speed
is also predicted with not enough accuracy.

The changes in the entropy may not seem very big. If we have a look, the biggest
difference is a 20% difference versus the ideal scenario, but these changes are
very relevant to the resolution and SAR image obtained. From this, we can read
that very slight changes in the entropy will result in relevant changes in the
performance of the GEOSAR system.

Probably the most important observation is that this result is symmetric, resulting in
a slight “V” shape which will allow us in the future to apply gradient descent to the
entropy to focus the images. Still, this V shape is not perfectly consistent, and some
small valleys can be seen in the values of the entropy as we increase them. This
result could lead to local minimums that will have to be avoided during the
application of the gradient.
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Table 5: Changes in the X component of the position state vector:
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Table 6: Changes in the Y component of the position state vector
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Table 7: Changes in the Z component of the position state vector
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Table 8: Changes in the X component of the speed state vector
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Table 9: Changes in the Y component of the speed state vector
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Table 10: Changes in the Z component of the speed state vector
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Table 11: Sample of an erroneous speed state vector in the Y axis
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The images verify the theoretical results we were expecting, and confirm that the
entropy can be used to measure how well we are approximating the state vectors
that will be propagated to track the SAR system along the orbit.

Both the X and Y axis follow very similar behaviours: when the error introduced in
their respective components is not high enough, we can see small changes in the
azimuth and range resolution, but the SAR image does barely change. This means
that the performance is worsened slightly, but the generated image is still focused.

As we increase the error, the resolution gets heavily damaged, and so does the
SAR image. In the SAR images of both the X and Y axis we can see how a second
luminous point has appeared, this means that a secondary lobule has increased its
height and is now comparable to the original luminous target, which has lost power.
This is exactly what we want to avoid.

If we increase the error even more, up to 1Km, not only has the resolution been
widened and lost the original nominal value, but the SAR image has gotten worse.
The side lobes have gained strength versus the target scenario and they have
widened when compared to previous images.

Overall we can say that as long as the state vector we use is at least in a 300m
range from the real position, the obtained results will be acceptable.

For the Z axis we see that the errors introduce do barely change the resolution or
the SAR image unless we really miss the real position by a wide margin (700m or
more) even then the SAR image is focused. Given that, we do not need to worry of
how well we estimate the Z axis, as the range error in our prediction is not wide
enough for the Z axis to worsen the performance of the SAR system.

Regarding the speed the can see a very similar behaviour. For the X axis, the
displayed images show little to no serious impact in the SAR images, they are
displaced and spread across the axis, but slight upgrades to the algorithm would
solve that issue.
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The resolution does get damaged more than the SAR images, not only in the
amplitude but also in main lobe resolution and side lobe level. This is an annoying
side effect, keeping in mind that our target is to focus images, we could consider
this results borderline valid, but the damage done to the resolution is not negligible.

The Y axis is where the speed has a bigger impact, especially compared to the
other axis. The errors that destroy the Y axis, do barely impact the X and Z axis in
a significant way: 0.1 m/s of error in the state vector already worsen the results
slightly, especially in the focusing department. The resolution on the other hand is
kept fairly good, both in level and resolution. The second simulation worsens a lot
the results, the image gets totally defocused along the track and the resolution
losses a lot of amplitude, the resolution does loose amplitude and the width of the
main lobe is increased. This same behaviour is empowered as we worsen the state
vector approximation.

The Z axis has kept the role of being the most insensitive axis. The changes do
move the luminous centre in the same fashion as the X axis, and the image loses
focus as it spreads across the curve. The resolution does worsen slightly in the first
two simulations, and is not until the third one that the cuts do get bad enough to be
a worrying trend.

The last table with the very high errors shows what happens when the errors
introduced are of the order of m/s.

The next section shows several images generated with an erroneous state vector,
and how this images result after going through the developed algorithm. As
explained in previous sections, some images will get focused but not around their
original position. This is due to the algorithm focusing the image by improving the
entropy, which sometimes will not necessarily translate into correcting the position
of the target, especially when the errors in the image are relevant.
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Figure 22: Scene with 5 scatterers

The SAR image above shows 5 different targets located along the scene. The
reason we have to increase the number of targets from one to five is that more
targets allow to see better and evaluate more situations, it also will allow to see how
the algorithm would perform in a situation where there are several targets, like when
we point an antenna towards a satellite. Furthermore, because the gradient tackles
the entropy, having more targets eases the computation.

All the targets in the scene are equally reflective (i.e. their backscattering coefficient
is the same) and are distributed in such a way that they don’t lead us to confusion
when performing the evaluations.

As there are many possible error combinations, only those that provide a worth
commenting result have been added.
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Figure 23: SAR image before focusing

Figure 24: SAR image after focusing

Table 12: Results before and after focusing

SV difference: [1, 1, 1]Km

Entropy

MSE

Original SAR image

7.194262

1.7320

SAR image after focusing

7.1404366

1.1668
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Figure 25: SAR image before focusing

Figure 26: SAR image after focusing

Table 13: Results before and after focusing

SV difference: [2, 2, 2]Km

Entropy

MSE

Original SAR image

7.302922

3.46410

SAR image after focusing

7.112885

2.2105
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Figure 27: SAR image before focusing

Figure 28: SAR image after focusing

Table 14: Results before and after focusing

SV difference: [2, 4, 2]Km

Entropy

MSE

Original SAR image

7.358213

4.89897

SAR image after focusing

7.109360

2.20913
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Figure 29: SAR image before focusing

Figure 30: SAR image after focusing

Table 15: Results before and after focusing

SV difference: [2, 2, 4]Km

Entropy

MSE

Original SAR image

7.385895

4.89897

SAR image after focusing

7.152880

3.25076
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Figure 31: SAR image before focusing

Figure 32: SAR image after focusing

Table 16: Results before and after focusing

SV difference: [0.1, 0.1, 0.1]

Entropy

MSE

Original SAR image

7.316996

1.7320

SAR image after focusing

7.188292

1.47986

m/s
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Figure 33: SAR image before focusing

Figure 34: SAR image after focusing

Table 17: Results before and after focusing

SV difference: [0.3, 0.3, 0.1]

Entropy

MSE

Original SAR image

7.696339

4.358898

SAR image after focusing

7.144773

4.00269

m/s
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Figure 35: SAR image before focusing

Figure 36: SAR image after focusing

Table 18: Results before and after focusing

SV difference: [0.3, 0.3, 0.3]

Entropy

MSE

Original SAR image

7.857594

5.196152

SAR image after focusing

7.198502

4.354176

m/s

56

Figure 37: SAR image before focusing

Figure 38: SAR image after focusing

Table 19: Results before and after focusing

SV difference: [0.3, 0.5, 0.3]

Entropy

MSE

Original SAR image

7.990467

6.55743

SAR image after focusing

7.858617

5.36846

m/s
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The images show what was previously mentioned. When the entropy works in our
favour, the image moves towards the original position of the targets. Even when
some targets fall out of the scene -like in Figure 25, Figure 27, Figure 29 and Figure
31- the algorithm is able to bring them back towards the original position.

Regarding the images, all the targets get narrow after going through the gradient.
This is the main objective of the algorithm and has been accomplished in most of
the cases simulated, but due to the few inputs given to the gradient (just the SAR
image) when the errors introduced get too big it is unable to focus the image around
the original positions of the targets. As expected, and following the same fashion
as the first set of simulations, too big of an error in the Y axis leads to images that
can´t be solved, like in Figure 37 and Figure 38

It is also worth noting the differences in mean square error and entropy of the
original images versus them after going through the gradient. The changes in
entropy may seem small, but slight changes in entropy lead to significant changes
in the SAR image, this can be appreciated in figures Figure 33, Figure 34, Figure
35 and Figure 36.

The algorithm is able to focus the image in all the situations that matter to our SAR
project because the error in our state vector is way smaller than those the algorithm
fails to fix. Still, most combinations ranging up to 4Km in one of the sensible axis (X
or Y) are solved as long as the other axis are fairly accurate (up to 2Km as shown
in the examples).

The last simulations show that the algorithm can solve with good results errors that
do not grow too large, especially as long as the Y axis does not get too bad: more
than 0.3 m/s of difference with the ideal state vector will heavily damage the image
and we will rarely correct the image. On the other hand errors in the X axis up to
0.5 m/s seem to be solvable, as long as the error in other axis remains reasonable
around 0.3 m/s or less.

The Z axis has kept its behaviour, although the impact in the images has become
more relevant, it is not preventing us from focusing the images. Overall the
algorithm seems to be very useful given the computational load it carries and the
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simplicity of it, especially when aiming to solve the errors made in the speed state
vector.

7.

Budget

Due to the nature of this thesis, the economic cost does not go much beyond that
of paying a junior developer for the time dedicated: no software beyond matlab has
been needed and only a computer to execute the algorithm would be needed.
As a rough estimation, taking into account time spent coding or writing, around 12
hours a week have been dedicated to the thesis. Considering the average wage of
an internship engineer (8 €/hour), this would sum up to 106 € a week, to a total of
2.226 € for the entirety of the project. Aside, we should include the cost of a laptop
or computer to run the algorithm, which would add around 900 € on average,
depending on the model purchased; the basic student license of Matlab costs 35 €.
Taking into account all the costs, this project would need a budget of 3.161 €. It
would be up to every application to decide whether it is worth for them or not to
improve the accuracy or their SAR system through this algorithm, as different
applications will need different accuracy in their images.
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8.

Conclusions and future development:

The purpose of the thesis was to design an algorithm to improve the performance
of a GEOSAR system, taking a look back, we can say that the objective has been
achieved with a fair amount of success.
The first part, a study of how does the entropy change when the tracking of our
satellite is not accurate, has proven the results we expected and given a frame for
future studies that want to use entropy as a quality measuring parameter. The
simulations could have been more throughout, but for the scope of this project,
obtaining the general idea of how the different axis did respond to the changes in
their state vectors was enough to go on with the investigation.
The implementation of the gradient descent has also been a success in its own way
given that the main purpose of the project was to develop a software that improved
the performance of the GEOSAR system. A point can be made that the simulations
did not cover a wide spectrum of error combinations and that when focusing,
sometimes it would not place the reflective points where they originally were. This
is because entropy by itself does not take into account the position of the scatterers,
because the position of our target is known to us, we could include the difference
between the position obtained and the real one so that the algorithm takes into
account and not only focuses the image, but does so around the real position.
Covering the whole possible combinations of errors would not have been possible
due to both the time constrain and the huge amount of possible combinations.
Regarding the second concern, focusing the image at the same time that we
correctly place the luminous points would be desirable, but keep in mind that the
algorithm only takes as input the SAR image.
Future studies of this area could include a more throughout evaluation of the impact
of the entropy, and it would be very interesting (and beneficial) to improve the
gradient algorithm by introducing more inputs to the logic of the code so that the
image gets focused around the original positions of the luminous targets.

60

9.

Bibliography:

[1] Love, A. W. (1985). "In Memory of Carl A. Wiley". IEEE Antennas and Propagation Society NewsletteR,
17–18.

[2] Tomiyasu, K. (1978 ). Synthetic aperture radar in geosynchronous orbit . Antennas and Propagation
Society International Symposium, vol.16, 42-45.

[3] Tomiyasu, K., & Pacelli, J. L. (1983). Synthetic Aperture Radar Imaging from an Inclined
Geosynchronous Orbit . Geoscience and Remote Sensing, IEEE Transactions on , vol.GE-21, no.3, 324329.

[4] Bartholoma, K.-P.; Benz, R.; Demuth, D.; Dubock, P.; Gardini, B.; Graf, G.; Ratier, G., "ENVISAT-1-on its
way to hardware," Geoscience and Remote Sensing Symposium, 1995. IGARSS '95. 'Quantitative
Remote Sensing for Science and Applications', International , vol.2, no., pp.1560-1563 vol.2, 10-14
Jul1995

[5] Roth, A., "TerraSAR-X: a new perspective for scientific use of high resolution spaceborne SAR data,"
Remote Sensing and Data Fusion over Urban Areas, 2003. 2nd GRSS/ISPRS Joint Workshop on , vol.,
no., pp.4-7, 22-23 May 2003.

[6] McGuire, M. E.; Parashar, S.; Mahmood, A.; Brule, L., "Evolution of Canadian Earth observation from
RADARSAT-1 to RADARSAT-2," Geoscience and Remote Sensing Symposium, 2001. IGARSS '01.
IEEE 2001 International , vol.1, no., pp.480-481 vol.1, 2001

[7] Cazzani, L. et al, ‘A Ground-Based Parasitic SAR Experiment’, IEEE Transactions on Geoscience and
Remote Sensing, Vol. 38, No. 5, September 2000.

[8] Christian Wolff. “Radar basics”. [Online] Available: www.radartutorial.eu/index.en.html. May 2018.
[9] Wikipedia contributors. "Radar signal characteristics." Wikipedia, The Free Encyclopedia. Wikipedia, The
Free Encyclopedia, 7 Sep. 2018. Web. June 2018.

[10]

Wikipedia contributors. "Nyquist–Shannon sampling theorem." Wikipedia, The Free Encyclopedia.
Wikipedia, The Free Encyclopedia, 22 Sep. 2018. March 2018.

[11]
[12]

University of Kansas School of engineering. “SAR basics”, May 2018.

Wikipedia contributors. "Radar." Wikipedia, The Free Encyclopedia. Wikipedia, The Free
Encyclopedia, 27 Sep. 2018. Web. June 2018.
Josep Ruiz Rodon. “Geosynchronous Synthetic Apertur Radar for Earth Continuous Observation
Missions” July 2014.

[13]

Atlantis Scientific Inc. “Theory of Synthetic Aperture Radar”. [Online] Available:
http://www.geo.uzh.ch/~fpaul/sar_theory.html

[14]

Crockett, Mark T. “An Introduction to Synthetic Aperture Radar: a High-Resolution Alternative to
Optical Imaging.” (2013).

[15]

I. Cumming and J. Bennett, “Digital processing of seasat sar data,” in Acoustics, Speech, and Signal
Processing, IEEE International Conference on ICASSP ’79., vol. 4, 1979, pp. 710–718

[16]
[17]

I. G. Cumming and F. H. Wong, Digital Processing of Synthetic Aperture Radar Data. Artech House,
2005
P. Prats, K. de Macedo, A. Reigber, R. Scheiber, and J. Mallorqui, “Comparison of topography- and
aperture-dependent motion compensation algorithms for airborne SAR,” Geoscience and Remote
Sensing Letters, IEEE, vol. 4, no. 3, pp. 349–353, 2007.

[18]

Michael Israel Duersch, “BAckprojection for Synthetic Aperture Radar”.
https://scholarsarchive.byu.edu/etd 2013

[19]
[20]

Wikipedia contributors. "Geostationary orbit." Wikipedia, The Free Encyclopedia. Wikipedia, The
Free Encyclopedia, 27 Sep. 2018. Web. June 2018.
Marc Fernàndez Uson. “Orbit Determination Methods and Techniques”. Universitat Poltécnica de
Catalunya 2016.

[21]
[22]

Wikipedia contributors. "ECEF." Wikipedia, The Free Encyclopedia. Wikipedia, The Free
Encyclopedia, 20 Aug. 2018. Web. June. 2018.

[23]

Wikipedia contributors. "Earth-centered inertial." Wikipedia, The Free Encyclopedia. Wikipedia, The
Free Encyclopedia, 26 Aug. 2018. Web. June 2018.

61

[24]

Li H. (2014) The Motion of Geostationary Satellite. In: Geostationary Satellites Collocation.
Springer, Berlin, Heidelberg. Ch 3 “The Motion of Geostationary Satellite, Ch. 4 “Geostationary
Orbit Perturbation”
Debabrata Samanta, Goutam Sanyal, “Novel Shannon’s Entropy Based Segmentation Technique for
SAR Images” Communications in computer and information science volume 292.

[25]

Debabrata Samanta, Goutam Sanyal “Classification of SAR Images Based on Entropy”
Published online in MECS. 2012.

[26]

T. Zend, R. Wang, F. Li. “SAR Image Autofocus Utilizing Minimum-Entropy Criterion” IEEE
Geoscience and Remote Sensing Letters, vol. 10. 2013.

[27]
[28]

C. Koo, V & Lim, Tien Sze & T. Chuah, H. (2005). A Comparison of Autofocus Algorithms for SAR
Imagery. Piers Online. 1. 16-19. 10.2529/PIERS050110142944.
Li Xi, Liu Guosui, Jinlin Ni, “Autofocusing of ISAR images based on entropy minimization” IEEE
Transactions on Aerospace and Electronic Systems. Vol. 35 Issue 4 Oct 1999.

[29]

62

