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Resumo

Neste trabalho foi desenvolvida uma ferramenta para estudo de modos inovadores

de aquisi�c~ao em radares de abertura sint�etica. O objetivo foi implementar os c�odigos

propostos pelo grupo de pesquisa NewSpaceSAR de maneira a se ter uma ferramenta em

Python cujo uso permite a simula�c~ao do sinal usual e do sinal com ambiguidade na dire�c~ao

de range, para quatro modos de aquisi�c~ao inovadores para radar de abertura sint�etica e

para o modo convencional de opera�c~ao. Foi feita tamb�em a otimiza�c~ao de cada uma das

rotinas em termos do uso de mem�oria para que se mitigue o problema do uso excessivo de

RAM. O c�odigo �nal foi desenvolvido com uma estrutura modular e seguindo os princ��pios

de boas pr�aticas de programa�c~ao. Foram tamb�em desenvolvidas rotinas para que a an�alise

dos resultados das simula�c~oes seja facilitada.



Abstract

In this work a tool was developed to study innovative modes of acquisition in synthetic

aperture radars. The objective was to implement the codes proposed by the research

group NewSpaceSAR to have a tool in Python whose use allows the simulation of the

usual signal and the signal with ambiguity in the range direction, for four innovative

acquisition modes for synthetic aperture radar and the conventional mode of operation.

The optimization of each of the routines in terms of memory use has also been done

to mitigate the problem of excessive use of RAM. The �nal code was developed with a

modular structure and following the principles of good programming practices. Routines

were also developed so that the analysis of the simulation results is facilitated.
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1 Introduction

1.1 Motivation

Although the use of synthetic aperture radars has brought a signi�cant advance in data

collection from Earth to support scienti�c research, it is also true that the technology still

has open problems. Among these is the lack of data for climate and geological research.

In this sense, it is necessary to make an e�ort to have more technologies operating in the

future to produce this data. In line with this demand, the synthetic aperture radar has

proved to be a fundamental system for ground monitoring with a high degree of accuracy

and independence from climatic conditions, being therefore an important technology in

remote sensing.

However, in order to have a high level of precision with this technology, one must use

hardware whose cost is quite high, which makes it impossible to do these missions more

often. The research group in NewSpace SAR aims to develop innovative ways for the

operation of these radars in order to reduce costs and increase the performance of this

synthetic aperture radar technology.

This work was developed during my experience as an intern in the NewSpace SAR

group at the German Aerospace Center (DLR). My contribution to the group was the

development of a tool to support research on new acquisition modes for synthetic aperture

radars (SAR). The research of these new acquisition modes aims to improve the technology

of this type of radar, through the variation in the waveform of the waves emitted by the

sensor. This change implies an improvement in the level of ambiguity suppression in

the image, since it forces a mismatch of the �lter with the ambiguous signal. As a �nal

consequence, there is an image where the ambiguities are smeared. This improvement

has the impact of a greater ability to focus on the local level, and is therefore a solution

with the objective of local optimization, but not global. The application of innovative

acquisition modes for SAR, precisely due to this capacity of local improvement, has as

another bene�t the cheapening of this type of mission. Therefore, the development of a

tool to support the research on these novel acquisition modes can accelerate the advances

on searching for modes to developed system's cheaper and with higher performance.
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1.2 General objectives of this work

This work aims to describe the rationale, steps, and results achieved in the development

of a new SAR research tool for the study of innovative SAR acquisition modes. This

document aims to serve as a record of the main aspects considered and also as a �rst

workbook on how to use the code developed. It also seeks to clarify what the next steps

are and to delimit what are the advances in terms of code e�ciency due to the application

of good programming practices.

1.3 Outline

Chapter 2 explains the main concepts for understanding the SAR context and the

variables considered for the characterization and study of images produced in this research

�eld. The signal characteristics relevant to understanding the innovation proposed by the

NewSpace SAR research group are explained. In Chapter 3, the innovations proposed by

the group and their characteristics are detailed. Chapter 4 describes the methodology

used in the development of the tool, delimiting what was the rationale for deriving the

requirements and the process of solving the problems linked to each of these requirements.

It is also explained the main concepts that guided the development of a tool with the level

of availability and maintainability required for this application. Chapter 5 �nally explains

the result developed, clarifying each of the regions of this project and how the separation

of contexts was made. In Chapter 6 the results of the execution times, for the single target

simulation use case, for each of the required data acquisition and processing modes are

explained and its e�ciency discussed. In Chapter 7 the results of the Real SAR Scene

use case are described for each type of signal and acquisition mode, then the performance

enhancement achieved is discussed. Finally, in Chapter 8 the main conclusions and the

next steps suggested for the further development of this tool are outlined.



2 Introduction to the Synthetic

Aperture Radar

SAR is a particular type of radar. This Chapter explains the concept of radar and its

application. Then the SAR type will be characterized and the main concepts required to

understand how this technology works will be explained. Among these aspects, there is

the way the signals are emitted by this equipment and the characteristics of the signals in

the fundamental directions of the SAR image. After that, the algorithms for the treatment

of SAR signals in terms of their fundamental steps will be exposed.

2.1 The RADAR technology

The radar was initially developed for military purposes during World War II. Its

initial proposal was to identify aircraft and ships during conditions of darkness or adverse

weather. Advances in radio frequency studies brought improvements in digital technology

and antennas to this area. The radar systems initially lent themselves to measuring the

distance to the target by measuring the time di�erence between the emission and the

perceived echo. Today, radars are used to measure the distance, angle, and speed of

targets such as ships, aircraft, missiles, and even weather formations such as storms and

clouds (Cumming; Wong, 2002).

2.2 Brief contextualization about SAR

Synthetic aperture radar technology has been widely used to generate images of the

Earth. This remote sensing mode has its creation credited to the mathematician Carl

A. Wiley, in 1951. The invention of the then employee of Goodyear Aircraft Company

operates mainly through satellites and is today present in more than 10 space missions.

These satellites produce daily images that allow us to support research in climatology,

geology, and geography. SAR stands out in the area of remote sensing because it allows

ground sensing regardless of weather and lighting conditions in the area under study.
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Added to this is the advantage of the resolution of this type of radar being independent

on the distance of the equipment to the study point, which allows us to have a constant

resolution along the same line of sight. One last point of emphasis and which is still

related to this same performance parameter is that the SAR has an azimuth resolution

that depends on the antenna length, which allows gains in the order of dozens in relation

to the resolution that can be achieved in a traditional radar situation. The resolution in

range depends on the bandwidth of the transmitted pulse.

2.3 SAR fundamentals

In this section, it will be detailed better how the characterization of the SAR scene

geometry is done. The main aspects of the SAR signal will be explained for the case

of a single target being illuminated by the radar beam. The backscattered signal will

be characterized in both range and azimuth directions. Then the algorithm applied to

simulate the raw data for a real SAR scene will be shown. Finally, the steps of the data

processing algorithms necessary to build the focused image through this technology will

be exposed.

2.3.1 SAR Geometry characterization

SAR is a type of radar that works onboard a vehicle, such as an aircraft or a satellite.

The acquisition mode of this equipment is in a lateral view to avoid ambiguities in the

captured signal. This type of system has several variations in its mode of operation and

type of acquisition, but in this study, we will focus on the explanation of a conventional

SAR system embarked on a satellite and operating in the stripmap mode.

In this system, there is a satellite traveling at a speed ofVs at a height of the Earth's

surface ofH . Simplifying the geometry of this system, we have that the direction of

motion of the satellite is called azimuth direction and the direction orthogonal to it is

called range direction. These directions constitute an inclined plane in relation to the

Earth plane. The distance from a target on the ground to the system is called slant

distance and is represented byR. The smallest distance from this same target to the

azimuth direction is represented byR0. In the scene illumination process, the platform

then moves along the azimuth direction and illuminates a target with a conical emission

beam whose azimuth extension is called the azimuth opening and in the range direction

is the swath width.
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FIGURE 2.1 { Basic scheme of the geometry of SAR observation. In this �gure, H stands
for the satellite altitude related to the ground andVs is the platform's speed

The range and azimuth directions form the basis of the coordinate system of a SAR

image in two dimensions. The temporal coordinates of these axes are named speci�cally,

the time in the range direction being calledfast time and represented by the letter� .

The time coordinate on the azimuth axis is calledslow time and is represented by the

letter eta.

2.3.2 Transmitted Pulses characterization

In the conventional SAR acquisition mode, the waveform of a standard radar pulse

wave is a chirp wave. This wave is a frequency modulated signal that is ruled by two

variables, the carrier frequency (f 0) and the chirp rate (K r ) The main characteristic

about this wave is that its frequency has a linear variation with the time, the general
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format of the frequency of this wave is:

f (t) = f 0 + K r :t (2.1)

where theK r is the chirp rate and gives the rate of change of the chirp frequency with

the time.

To derive the shape of the chirp wave, one starts from the general equation of a one-

dimensional wave as a function of time:

s(t) = A0cos(!:t ) (2.2)

Where A0 is the amplitude of the wave and! is its angular frequency.

Replacing the 2.1 in 2.2 we have:

s(t) = A0cos(2� (f 0:t + K r :t2)) (2.3)

The last point to consider when characterizing the signal emitted by SAR is that

this transmission does not take place continuously and interrupts, but periodically. The

periodic signal transmitted consists of a chirp wave whose duration is equal toT units of

time. After this time, the transmission ceases forTi time units and this set constitutes

the transmission pattern of a SAR radar in conventional acquisition operation mode. The

�gure 2.2 illustrates this process.

FIGURE 2.2 { Schematic to illustrate what a conventional SAR acquisition system issuing
pattern looks like. The pulses are periodically emitted with a PRI interval between them,
while the chirp wave has a total duration of T. The time in which there is no emission is
used to make the acquisition of the signal re
ected by the illuminated scene.

For the chirp wave to be emitted in this rectangular shape, its analytical form must be

multiplied by a function that has this e�ect of limiting the emission range. This function
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is a pulse envelope and is given by:

! r = rect(
�
T

) (2.4)

whererect( x
T ) denote the rectangular function with duration T.

However, as mentioned, the SAR image depends not only on the emission of waves

but also on the backscattering acquisition. To this process of emission and acquisition,

the SAR usually has a �xed time interval between its pulses and the radar wave collec-

tion. This acquisition step happens between the emission of the consecutive pulses and is

illustrated 2.2.

FIGURE 2.3 { Schematic illustration of the characterization of the emitted and received
signal in time for a conventional SAR operation mode. The �gure shows the magnitude
of the signal as a function of time during the pulse emission and echo receiving process

The wave transmitted has an echo that depends on variables such as the terrain ge-

ometry, the distance to the radar, and so on. Thus the echoes acquired by the antenna

may have any shape, like the ones represented in �gure 2.3.

The interval between two pulses is called Pulse Repetition Interval (PRI) and is an

important con�guration parameter on SAR. With respect to the signal processing con-

straints, its inverse value, the Pulse Repetition Frequency (PRF) is also important to

de�ne before the acquisition is made.

They are related by:

PRI =
1

PRF
(2.5)

2.3.3 Backscattered signal characterization

Once the format of the signal emitted by the radar is characterized, it is now necessary

to understand how the echo of the emitted signals is received and the main aspects of this

process.
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According to (Cumming; Wong, 2002), let's �rst characterize the signal in the range

direction and then in the azimuth direction.

As discussed in the previous section, the signal re
ected by the terrain in
uences the

shape of the wave captured by the radar. Considering this e�ect, the �nal equation of the

re
ected signal in the range direction is given by:

s0(� ) = A0
0:! r (� �

2R0

c
):cos(2�f 0(� �

2R0

c
+ �K r (� �

2R0

c

2

)) (2.6)

wherec is the speed of light,R0 is the minimum slant range for this point target, and

A0
0 is an arbitrary complex constant.

To account now the azimuth dependence in the characterization of the received signal,

as explained in (Cumming; Wong, 2002), the modulation e�ects of the signal in this direction

due to the Doppler e�ect must be considered, as well as the e�ect of the acquisition pattern

coming from the radiation diagram of the antenna used in the satellite. Once these two

factors are accounted for, the equation that characterizes the signal received by the system

as a function of the range and azimuth time coordinates, after demodulation, is:

s0(�; � ) = A0:! r (� �
2R(� )

c
):! a(� � � c):exp(� j 4�f 0

R(� )
c

):exp(j�K r (� �
2R(� )

c
)2) (2.7)

In which ! a is the term corresponding to the satellite antenna acquisition pattern. As

exposed in (Cumming; Wong, 2002) for a rectangular-shape antenna this term corresponds

to a sinc-like-squared function.

! a � sinc2(
0:886:� (� )

� bw
) (2.8)

where � bw is the azimuth beamwidth and� (� ) is the angle measured from boresight

in the slant range plane and it is also a function of the slow time (� ).

Furthermore, due to the movement of the satellite, the azimuth signal received by the

antenna is also modulated. This modulation is originated due to the Doppler e�ect. The

movement of the platform also causes a second important e�ect on the data structure

which is the range cell migration (RCM ). In this e�ect, the data corresponding to the

same target, whose distance from the movement axis of the system is �xed, has a sym-

metrical arc pattern in relation to the zero doppler plane. This e�ect happens because

the distance from the target to the satellite increases as the data is acquired and as a con-

sequence, in order to process the data later, it will be necessary to correct this migration

�rst so that the image can be properly focused.
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Finally, still concerning to this platform movement, the R(� ) in the equation 2.7,

represents the range of the target as a function of the slow time (� ). To derive this term,

it is used the hyperbolic form of the range equation, which is de�ned as:

R2(� ) = R2
0 + ( Vr :� )2 (2.9)

whereVr is the approximated radar velocity. This approximation is discussed in (Cum-

ming; Wong, 2002) and it is calculated for the zero Doppler point according to the relation

2.10.

Vr �
p

Vs:Vg (2.10)

where Vs and Vg are the instantaneous velocities of the satellite and the radar beam

footprint respectively.

2.4 SAR image generation

SAR raw data generation is an important step for testing di�erent SAR image forma-

tion algorithms as well as studying the interaction of electromagnetic waves with a scene.

The SAR raw data can be generated by exploiting eq. (2.7) introduced in the previous

section. This temporal approach is computationally very intensive, especially as the scene

gets larger, and the number of points scatterers increases. An alternative is to make use

of SAR image formation algorithms in their inverse forms. The advantages gained by

this approach are computational time e�ciency and its independence with respect to the

number of scatterers in a given scene. In addition, we are also interested to simulate,

starting from real SAR images (i.e., TerraSAR-X images), the SAR images received from

novel SAR operation.

2.4.1 Raw data

The raw data matrix contains the data as a function of the range and azimuth time

coordinates. This matrix is generated, in the case of point target simulation, using the

equation 2.7. Another type of raw data simulation is made from a real SAR scene already

focused. In this case, the raw data corresponding to that scene can be obtained using the

inverse omega-k algorithm, which will be explained in more detail below.
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2.4.1.1 Single target

It is common in the SAR study that the �rst exercise done to understand this tech-

nology is the simulation of the signal received by the system in a situation of emission

against a point target. In this work, this study mode was also implemented, and according

to the theory discussed, the echo signal received by the system as a function of time, as

described in 2.7.

2.4.1.2 The Inverse Omega� K algorithm

The inverse Omega-K algorithm is used to generate raw data from real SAR images.

It produces the raw data based on a set of parameters provided by the User and the

System's con�guration, for instance: all the satellite`s con�guration and the required

processing parameters.

The algorithm has an input a real Scene data image and produces the simulated raw

data performing a set of steps sequentially. The following block diagram 2.4 shows the

steps of the inverseOmega� K .

FIGURE 2.4 { Block diagram of the inverseOmega� K algorithm.

This algorithm was used in the project for the simulation of raw data from a real

scene image obtained with SAR. For the exploration of innovative acquisition modes, this

algorithm was adapted to correspond to the acquisition mode in study.
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2.4.2 Focused image

Once the echo of the signal emitted by the radar has been received, in order to build

the image from it, signal processing techniques must be applied so that this signal can be

transformed into data in which the scene that had been illuminated can be visualized.

To do this process of focusing the raw data, a matched �lter is applied in the range

and azimuth direction. This �lter is applied using the known pulse response of the signal

in each direction of the image. This is possible because the SAR system, is a linear system

and, therefore, the knowledge of the impulse response of the pulses emitted allows the

construction of the image by applying the superposition principle.

To do this focusing process, according to (Cumming; Wong, 2002), you can choose one

of several known and already tested algorithms. The di�erentiation in the choice of code

is due to the comparison in terms of precision, the di�culty of implementation, and its

adequacy to the geometric conditions of the scene under study.

The most primitive algorithm for the processing of raw SAR data is Range Doppler

Algorithm (RDA). This algorithm has as one of its advantages the ease of implementa-

tion. However, to have more quality in the focus, it is possible to use more elaborated

algorithms, being that in this work it was opted to use the adapted omega-K algorithm.

2.4.2.1 The Omega-K algorithm

As described in (Cumming; Wong, 2002) the omega� k algorithm for SAR raw data

image focusing is better than the traditional RDA due to its capacity of data processing

in conditions of wider azimuth apertures or high squint angles.

The Omega-K, in the accurate implementation, is built using the following steps:

1. A two-dimensional FFT is performed to transform the SAR signal data into the

two-dimensional frequency domain

2. Reference function multiply

3. Stolt mapping along range frequency axis

4. two-dimensional IFFT

The approximate algorithm di�erentiates to the full omega-K on the aspect of the

Stolt interpolation what is done in favor of a simpler phase multiply. Hence, the steps on

the approximate case are:

1. A two-dimensional FFT then a multiplication by the reference function
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2. A range IFFT to change the domain to the range Doppler domain

3. A matched �ltering with the range dependency to remove the residual azimuth

modulation

4. An IFFT to transform the compressed data back into the time domain in both

directions

The block diagram 2.5 shows its main steps.

FIGURE 2.5 { Block diagram of theOmega� K algorithm and of its approximate version.
(Cumming; Wong, 2002)

In this work, the omega� k algorithm was adapted so that it could �t all the novel

SAR acquisition modes. This way, the �nal algorithm implemented was the represented

in the diagram 2.6.
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FIGURE 2.6 { Block diagram of the adaptedOmega� K algorithm used in this work.
The numbers on the left of each block in this diagram refers to the step number of the
implemented algorithm. It is important to notice that these are the same steps of the
�gure 2.4, but in the opposite order.



3 Novel SAR acquisition modes

Among the innovative acquisition modes developed in the NewSpace SAR group, those

studied in this work were four: waveform encoded SAR with up-and-down alternation (1),

waveform encoded SAR with cyclically-shifted chirps (2), Doppler-matched azimuth phase

code (3) and the waveform encoded SAR with up-and-down alternation with Doppler-

matched azimuth phase code (4). These modes were compared with the conventional

acquisition mode in stripmap operation mode. The di�erence between the innovative

modes is the variation in the waveforms of the emitted pulses. At each pulse, a change

is imposed that allows suppression of the ambiguities in the image and a decrease in the

ASR level at the end of the processing.

3.1 About the importance of the new SAR acquisi-

tion modes

As mentioned (Moreira et al., 2013) the problem of the Earth's lack of data is often

the reason why geological, geographic, and climatic research has its advance delayed.

According to the same source, the number of searches in these areas that require accurate

data and increasingly shorter time intervals has grown, as explained in 3.1 and one way

to meet this demand is through the use of SAR.
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FIGURE 3.1 { Earth study areas and their physical data time intervals required to
support research. Figure from (Villano et al., 2020)

The use of synthetic aperture radars may be a key way in the future to prove climate

and terrestrial data with the precision of the time interval required for the advancement of

scienti�c research on Earth's physical phenomena. With this mission in mind, the NewS-

pace SAR group proposes to study variations in conventional SAR modes of operation to

innovate in this �eld and provide greater resolution, accuracy, and optimization in the use

of this technology.

3.2 Innovative SAR acquisition modes

Among the innovative acquisition modes developed in the NewSpace SAR group, those

studied in this work were four: waveform encoded SAR with up-and-down alternation,

waveform encoded SAR with cyclically-shifted chirps, Doppler-matched azimuth phase

code and the waveform encoded SAR with up-and-down alternation with Doppler-matched

azimuth phase code. These modes were compared with the conventional acquisition mode

in stripmap operation mode. The di�erence between the innovative modes is the pulse to

pulse variation in the waveform. As a consequence of this waveform change pattern, it is

possible to suppress ambiguities after the image focusing.

The �gure 3.2, taken from (Villano et al., 2020) illustrates the quality of results that

can be achieved by applying this technique. The image used for the simulation was a real

image collected by TerraSAR-X.
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