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1.1 History and context of SAR remote imaging

Synthetic Aperture Radar (SAR) is a technique usedadar (RAdio Detection And
Ranging) [1] systems to get high resolution imagbgh are impossible to obtain with a
conventional radar. This method allows us to aeginrages from the surface of the Earth
or other planets from large distances.

In SAR [2], a single antenna is used to get infdromaof the targets, and the platform
movement, where the antenna is fixed, is used teaspthe Doppler history of received
echoes improving the resolution of processed images

Remote sensing is a wide area which studies diffeiechniques to acquire information

about targets situated at far distances. Thesaitpods can be classified in two different
areas according to their basic operation. The @irstip, called passive remote sensing [3]
[4], uses passive sensors to acquire the energgteddby the targets. This energy can
come from an external source, such as Sun radjdigng reflected by the object or it can
be emitted by the target itself. On the other hautive remote sensing systems [4] emit
pulses to illuminate the scanned area, providieq thwn energy. So, although it requires a
more complex system, active sensing does not e@umrexternal source to operate which
is an advantage when the conditions are not fatdeira

SAR and other radar techniques are examples ofeasgnsors, working at frequencies
between 0.3 GHz and 300GHz. These systems sendspu@ards the scanned area, the
interaction of each pulse with the surface origgsain echo which arrives to the receiver.
This echo is originated by the energy backscattbyethe objects in the scene and it will

be dependant of the backscattering profile of #rgets (radar cross-section) [5] [6]. The

time delay and strength of power received as veeftequency properties of the returns are
processed to determine the target locations ancctesistics.

Synthetic aperture is similar to a conventional eggerture radar (RAR) antenna but it is
achieved by signal processing. In a SAR, the amtenstalled in a moving platform, sends
pulses to the scene and receives backscatterethgeflhe movement of the platform
makes possible to illuminate the targets at diffengositions of the satellite trajectory,
which is equivalent to have multiple antennas illugting the scene at the same time.

Thus, SAR is a fairly recent acquisition methodt thas some advantages in comparison
with other remote sensing techniques. The mosifgignt are:

» Day/Night and all weather condition imaging sinteélaes not depend on external
power sources to detect the targets.

» Geometric resolution independent of altitude or @ength.

» Signal data characteristic unique to the micromagron of EM spectrum which
has suffers less deterioration in atmosphere pitag

The SAR systems started with aero-transported amssand later, first space missions
were sent. The SAR beginning dates back to 195hwhéNiley postulated the Doppler
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beam-sharpening concept [7]. Highlights of SAR di@mment can be seen in Table 1.1.

Date Development

1951 Carl Wiley of Goodyear postulates the Doppler bessvarpening concept.

1952 University of lllinois demonstrates the bedmrpening concept.

1957 University of Michigan produces the first SAR imageausing an optice
correlator.

1964 Analog electronic SAR correlation demonstraied nonyeal time (U.
Michigan).

1969 Digital electronic SAR correlation demonstdaia nonfeal time (Hughes
Goodyear, Westinghouse).

1972 Real-time digital SAR demonstrated with motemmpensation (for aircra
systems)

1978 First space-borne SAR NASA/JPL SEASAT sa&ll&]. Analog downlink;
optical and non-real-time digital processing.

1981 Shuttle Imaging Radar series starts - SIR-A [@on-realtime optical
processing on ground.

1984 SIR-B digital downlink [10]; non-real-time dligl processing on ground.

1986 Space-borne SAR Rdahe processing demonstration using JPL Advai
Digital SAR processor (ADSP) [11]

1987 Soviet 1870 SAR is placed in Earth orbit.

1990 Magellan SAR images Venus [12]

1990 Evolution of SAR begins in space; Soviet ALMA91), European ERS-
(1991) [13], Japanese JERS-1 (1992) [14], SIR-®4)915], ERS-2 (1995)
[16], Canadian RADARSAT-1 (1995) [17]

2000s The last years the number of RSAnissions increases significantly. So

examples are: SRTM (2000), ENVISAT (2002) [18MALOS (2006).
TerraSAR-X (2007) [19], RADARSAT-2 (2007) [20], SARUPE (2007).
SURVEYOR (2007)...

Table 1.1 Highlights in space-borne SAR histordj [2
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Annex A provides a summarized report of principdRSmission and their operation
characteristics.

A first approximation to SAR geometry is shown iig.FL.1. Azimuth direction is parallel
to platform velocity, while range corresponds te pgerpendicular direction. Look angle is
defined as the angle between the nadir directienpgndicular to the ground below the
satellite) and the pointing direction. Incidencealanis defined as the angle between the
illumination direction and the direction perpendauto the surface in the scene. All
parameters will be explained more accurately inpgBdra2.

direction

Slant

_ range Azimuth
Height

Swath width
Incidence
angle
Antenna
footprint

Range

Fig. 1.1 Basic geometry and parameters for SAR

Nowadays, SAR investigations are still improving timaging features. These research
activities provide better resolution images withren@ersatility of scanning modes. The
increase of SAR popularity is due to the commeasibn of SAR technology, which in
the first years only had military purposes. Amohgse new commercial possibilities, most
notably could be sea surveillance and detectiobaaits, topographic mapping, forestry
monitoring, natural disaster prevention and sulaede, etc. The increasing demand for
SAR products is promoting the R&D of new SAR missicat international level with
better Earth coverage and spatial resolution.

In this context, a first Spanish SAR satellite nueshas been proposed based on the
German mission TerraSAR-X. The Spanish satelliied PAZ, will provide more than
200 images from earth surface every day. EADS-CAsSSthe main contractor of the PAZ
spacecraft after specification of its subsystemi$ evientually integrate the satellite and
carry out the functional tests. The Universitatittohica de Catalunya which has expertise
in SAR techniques is assessing EADS-CASA in the Pgsfellite specification and
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performance prediction. The present Final Yeard®tols part of the UPC study for the
PAZ SAR mission addressing specifically a new asitjoh mode (TOPSAR) designed to
obtain wider coverage images compared to traditiSA&R Stripmap operation.

1.2 Purpose of the project

Recently, several missions have been sent to theesm order to get high resolution
images from Earth’s surface and oceanic phenom&aaDEM-X, RADARSAT-2,
COSMO-SkyMed and TerraSAR-X are some examples. May& it is possible to obtain
precise information with SAR technology but invgators are searching for advanced
techniques that make possible to improve some sygtgameters.

In the context a Spanish SAR mission in X-Band lbeesn proposed. This mission called
PAZ belongs to the Programa Nacional de Observacién de la Tierra patédte,
managed jointly by the Ministries of Defence andustry, Trade and Tourism. EADS-
CASA Espacio is the main contractor of the PAZ litge The Universitat Politécnica de
Catalunya is supporting EADS CASA Espacio in the ZPAatellite performance
assessment and to study some innovative SAR aspi&aesof them is the possibility to
incorporate a new operation mode called Terrain e@fagion by Progressive Scans
(TOPSAR) which is the focus of the present FinahiyReroject.

One of the limitations imposed by the nature ofcgpp@rne SAR is the impossibility to
achieve high resolution and, at the same time, &rida coverage. For this reason, various
scanning modes have been studied during the lass.yBome of them are more adequate
to get high resolution images as Spotlight or &ap mode. On the other hand, other
modes, such as ScanSAR, provide wide coverageandtnsiderable loss of resolution.

In this project, the recently proposed mode TOP33H [36] will be studied and their
performance features will be analysed. This scannmode offers wide coverage avoiding
some problems of ScanSAR mode, such as a rip@éettin the image named scalloping
that will be discussed later. Furthermore, it vk possible to optimize the azimuth
resolution obtaining better results than in ScanSAR the other hand, other issues will
appear and they must be studied to determine yf @ine really problematic for the correct
radar performance.

TOPSAR moves the antenna main beam back to forimatte along track direction using
the PAZ active antenna steering possibilities. Whik steering, it is possible to illuminate
all the points in the scene with the main beamhef antenna radar avoiding that some
points are illuminated by edges of the beam.

The purpose of this report will be to study anded®ine the advantages and drawbacks of
this mode. Parameters from TerraSAR-X will be usedhake the analysis. TerraSAR-X
parameters are used since it has similar configurdhan PAZ satellite. Problems due to
guantization of steering angle and ambiguities viié computed. Furthermore, an
optimization of TOPSAR mode in terms of resolutigii be done. Finally, a simple tool
to compute basic TOPSAR parameters will be predente
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1.3 Structure of the document

This report is structured in 8 chapters. FirstiyChapter 2, the basic fundamentals of SAR
technology are presented in order to clarify soraecepts of SAR performance. The
concepts defined in this section are fundamentalinderstand the next sections. SAR
geometry, operation modes and other SAR featuresdascribed in this introductory

section.

Once the key parameters has been defined, in GHagite TOPSAR mode is described in
detail and its parameters are computed for PAZesysb get the first results that will be
useful to compute other parameters in next chapters

Chapter 4 studies one of the first problems thaeap when TOPSAR mode is used to
scan the scene. In fact due to the quantizatidgheoteering angle, it is not possible to do a
continuous sweep because of the limited storagacigpin the active antenna phased
array programming. It will cause some ambiguityippems that must be discussed.

Continuing with TOPSAR analysis, in Chapter 5 azimand range ambiguities are
computed. In this section a progressive study awsh starting with basic modes such as
Stripmap or ScanSAR and finally TOPSAR ambiguitiemputation. There is an analysis
of sub-array antenna diagram and grating lobes lwhigve most relevance when the
antenna diagram is pointing laterally in squinedirons.

Chapter 6 presents the optimization of TOPSAR im$eof resolution, and the parameters
analysed in Chapters 4 and 5 are re-calculatedeaf shey are more critical with this new
configuration.

Finally, in Chapter 7, a simple tool to compute pgaameters exposed at this report is
presented. It consists on a MATLAB program thatvptes a useful way to obtain
TOPSAR parameters with no need to know this topepdly.

Chapter 8 exposes the conclusions and future éihstidy in TOPSAR mode.
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Chapter 2 SAR fundamentals

In this section the basics of Synthetic Aperturel®gSAR) are defined. The first part of

this chapter reviews radar principles. After tf®AR scanning modes are briefly exposed
and finally the chapter is centred to SAR basidqvarance: Doppler history vs. azimuth

location of the targets, azimuth antenna pattechadher important parameters.
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2.1 The radar equation

To understand the SAR system operation, it is rsaecgg0 explain the basic principles of
radar. Initially, radar was created to detect thespnce of voluminous targets such as
aircraft and define their positions. The radar sraitter generates a high power pulse of
radio electromagnetic energy which is radiatecheogpace with a directional antenna. Any
perturbation along the propagation path due tgtkeence of dielectric or metallic objects
originates an echo that will be backscattered ¢ortdar antenna and detected by the radar
receiver.

The reflected echoes arrive to the receiver inedéifit times. The relative time delay
between reception and pulse transmission is uselktermine the range distance, which
will be one of the coordinates to localize the ¢&sg(in the next section the basic SAR
parameters are defined). The range distance caa&iey computed aR=a /2 [22],
wherec is the speed of light.

The power of the received echo relative to the powansmitted in free space is

proportional to 1/R* [22] and, consequently, the received power willcrdase
considerably when the targets are far from therradéenna. At range of interest, 100 to
1000 km in SAR systems, the received power carf ltieecorder of microwatts, which can
be problematic with in reception since the interredeiver noise can mask the signal
reception.

The standard configuration of a radar system carsdsn in Fig. 2.1. The transmitter
generates the pulse and the antenna emits it tepthee. The electromagnetic waves travel
across the air and they are reflected by the tarJéte echoes are captured by the antenna
which sends these returns to the receptor. Datardec and processor take these echoes
and process them in order to show the target locstin the display.

Transmitter N
A
Switch Target
Receiver T
Antenna
\ 4
Data Recorder > Processor

Display

Fig. 2.1 Radar system basic modules

The probability of target detection will be detened by the relation between the power

27



Analysis and evaluation of TOPSAR mode in SAR ETSETB

received and the average noise power in recepfiois. ratio, called SNR (signal to noise

ratio), has to reach a minimum level to achievearaghtisfactory performance. SNR will

be determined by the target distance, target tedlecharacteristics, receiver parameters,
etc. The SNR can be computed as [23]:

RGOA, _ RGN

SNR= . =2
(47R?)" FkT B (47) R'FKT,B

(2.1)

wherePt is the transmitted pulse power, G is the anterama, @ is the radar cross section,
Aeff is the targets effective area. The receiver nyanameters are the processed
bandwidth B) and the factor noisé). T, is the reference temperature of 290 Kelvinis
the radar wavelength operation, while SN&the minimum signal to noise ratio to detect
the targets correctly (radar sensibility). Definitlge minimum value of the SNR for
reliable detection as SNRt is possible to determine the maximum range:

R, = PG’oA® -
" {/(an)’ SNR FkT E (22)

2.2 SAR principles and theory

SAR technique is a technology based on radar sgsiatended to obtain the highest
possible target spatial resolution. In this secttbe antenna properties and SAR geometry
and parameters will be presented to introduce SARtmelevant information.

2.2.1 Antenna beam properties

The antenna is one of the most important parte@fadar systems. It is the responsible to
emit the pulses and receive the echoes from tigetarThe antenna pattern determines the
lateral resolution of the radar. For these reasdnis, important to introduce the basic
antenna principles to understand SAR operation.

Let us consider a one-dimensional line antennaidgthD with a field distributiona(x)
(Fig. 2.2), the far field at poir® produced by an elementary sectwbnof this antenna is
proportional to [24]:

dE ~ a( X " dy (2.3)

The termkxsiné represents the phase of the field due to elemherdituated at a generic
point x relative to the centre of the antenna. Integratiigthe dx elements along the
antenna, the total far field at point P is propmrél to:

D/2

E -~ J‘ a(x) ghxsing 4y (2.4)

-D/2
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x Vv

-D/2

Fig. 2.2 One-dimensional antenna of length D

If a linear distributiora(x)=a, across the antenna aperture is considered, theéi@y2.4)
can be re-written as:

bz sin(kD sing /2
E~ kxsing — D
% I e 3 (kDsing /2)

-D/2

(2.5)

This is the typicasinc pattern of a uniform aperture antenna represanted. 2.3.

A B AN
MAS R Y

Fig. 2.3 Sinc behaviour of a one-dimensional antemmgormly illuminated
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The nulls of this function occur at:
kDsin@ / 2= nvr (2.6)
Which corresponds té's:
@=sin™( 2w /kD) = sin*(m /D 2.7)

wherem is an integer andl =2/7/k is the operating radar wavelength. The first null
(m=1) occurs at:

g, =sin*(A/D)=A/D A<D (2.8)
The distance between first nulls can be calculagd
6,=2A1D (2.9)

Another angle of interest i8' which can be observed in Fig. 2.8. corresponds to the
angle between half power points of the main beanis @ngle can be obtained solving the
next equation:

|sin(kD sing /2)|2

_ =0.5 (2.10)
| kDsing/2 |
This equation provides a value fér:
@'=1.767 /kD= 0.88 D (2.11)

The most powerful sidelobe has a relative peak pdwnmn the main beam 13.2 dB
weaker. The power of these peaks can be reducethjfeaing in the antenna illumination
is applied [25]. Some examples of these techniquedlustrated in Table 2.1.

N Half power Level of first

Weighting a(x) beame’ )
Uniform 1 0.881 /D -13.2
Linear 1-2|x /D 1.281 /D -26.4
Square cosine cos (71x /D) 1.451 /D -32.0

Table 2.1 Antenna characteristics depending on ttterana illumination

Generally, the approximatiod / D is used for the value of the half-power beam width
These results obtained for a one dimensional liaeéenna can be extrapolated to a 2D
rectangular antenna considering the product of $img functions for the two antenna

directions. In this document this approximatiomsed to compute the results for TOPSAR
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mode. For SAR systems, the antenna is used bdffansmission and reception. So, the
sidelobe level is squared (doubled in dB) and tiglead' is computed at 1/4 of the main
beam maximum.

2.2.2 Antenna Array

The concept of array antenna consists of obseraimmpint P with a large number of
antennas which combine the returns to enhanceadvenreceived from this target. Taking
a linear array of equally spaced antennas obsewrvitagget P, as in Fig. 2.4, the received
signal from each element is carried via transmissiloe of electrical length, to central
receiver. The receiver combines all these sigmals fantenna array elements.

P

2

Fig. 2.4 Array of antennas

If the array transmission lines are selected shah the signal returns arrives at the same
time to the receiver (2.12), the signals will addphase and, then, the array is said to be
focused at the target point P.

R+l =r+H,=..=r H (2.12)

If this array is used in a radar system, the trattechsignal is generated at the same point
where the transmission lines are combined. If ta@smission lines fulfil the equation
(2.12), the echoes will still arrive in phase.

On the other hand, if the transmission lines hdviha same length {=1,=...9,), the array

is called unfocused, except for a target situatadfenity. Another possibility is that each
element has its own receiver, and the summaticalldhe returns is done later time in a
processor. Then the array focusing can be carned all the receivers have a common
reference signal and echoes are combined aftep@o@riate phase shift is added to them.
The signalV, from the elemen#, is shifted by a phasge = 2kr., so the total output signal

is given by (2.13). This alternative configuratisrshown in Fig. 2.5.
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V=) ven

(2.13)

2

Fig. 2.5 Array focused at point P by using apprapeiphase shifters

This scheme can be used to introduce the SAR sgstemsynthetic aperture radar, a
single antenna is moved along the array line aowh feach location a signal is transmitted
and the echo received and coherently recorded tadoed with other echoes. So, the

antenna array is formed synthetically in a so-dal®AR processor to generate the
equivalent of a focused or unfocused array. These is shown in Fig. 2.6.

P

Ve

Fig. 2.6 A single antenna which is moved to synitkesn array
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In the case of a linear array with a large nunitbef radiators and total lengthfocused at
infinity, the contribution of theth radiator in a directio® can be written as [24] [26]:

E, ~ a g% glnn? (2.14)
And the total field radiated is proportional to:

E(6)~ > a,e" e’ (2.15)

where a, and ¢, are the relative amplitude and phase of the radratlf all the radiators
are identical and equally spacel), quation (2.15) can be re-written as:

E(H) _ aeiw; e—jkndsim‘} (216)

This corresponds to a sum of N equal vectors shifiea phase equal t6 = kdsind. This
sum is strongly dependant of the valuegof in particular, wherny is such thatNy = 277
the sum is equal to zero. This corresponds to:

Nkdsing = kLsin@ = 21 (2.17)
@=sin (27 /KL) = sin*(A IL)=A IL (2.18)

Which is equivalent to a single antenna of lerigth..

2.3 SAR basic operation

For imaging purposes, it is necessary to achiefieearesolution to obtain images from
Earth surface. The main objective of Synthetic Ayrer Radar is to obtain high spatial
resolution using a conventional antenna. Rangelutso is dependant of the pulse
bandwidth and it can be improved using spread sp@cpulses such ahirp [44]. On the
other hand, azimuth resolution depends on the aatgeometry. In order to achieve an
azimuth resolution of meters, in spaceborne stsllian antenna of kilometres will be
necessary, which is not feasible. The solutionoisuse a synthetic antenna array that
combines the echoes received with a smaller antenget the desired azimuth resolution.

The main objective of SAR system is to improve #rmuth resolution, which in real
aperture radar (RAR) is given by [28]:

X, =Ah/ L, cos, (2.19)

For spaceborne SAR, the azimuth resolution is glgianany hundreds of metres to many
kilometres, because it is not possible to achiavamrtenna length comparable with the
platform altitude.
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For a range distance of 800 Km which could be #®ecof space platforms and a ratio
L, /A= 200, an azimuth resolution of 4 Km is obtainetijoh is totally unacceptable for

imaging applications. To obtain a value of azimumolution of 1 Km, which is still
insufficient, working at 800 km of slant range,adi@ L, /A of 800 will be required. This

ratio is impractical for space platforms since il wequire an antenna length of 25 meters
working in X-band (wavelength of 0.031m).

To obtain a better azimuth resolution, a synthagierture technique is used. This method
is based on the fact that the targets are in tthar naain beam during a significant amount
of time while the platform is moving across the .sKiis provides information about the
surface points from numerous locations along thellga path.

The Synthetic Aperture Radar technique can be eqdain two different ways: the
synthetic array approach or Doppler synthesis aubro

2.3.1 Synthetic array approach

An array of antennas is equivalent to a single ravdemoving along the array line if the
received signals are coherently recorded and psedet® perform the synthetic array. Let
us consider a system with a sensor velogignd antenna length, the footprint of the
antenna main beam in azimuth direction, consideaiptanar Earth model, is [22]:

£=2Ah/Lcos (2.20)

As it can be seen in Fig. 2.7, while the sensonasing, successive echoes are received at
points %, Xz, X3... XN along the flight line. All these echoes are recdrdad coherently
processed in order to synthesize the linear afreym Fig. 2.7, we can determine that the
maximum length for the synthetic aperture is eqaaf, while the point P is in the main

beam of the antenna.

= e
XY X X Xa X '
“ AV 4 N N AW4 AW 4 AW4
h
cosq
\4 P
&

Fig. 2.7 Geometry of synthetic aperture array
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From (2.18), the synthesized array beamwidth carobguted as:

6.=A1&=Lcosf I'h (2.21)
And the resulting array footprint on the ground is:

X,=hg,/cosb, =L /2 (2.22)

This corresponds to the finest resolution thatlmaobtained with the synthetic array. As it
can be observed, the azimuth resolution is not riigd of the distance to the targets and
the area being imaged. Besides, the azimuth résolgan be improved with a smaller

antenna. Although it could seem incoherent, itloamexplained in the following way:

» If the sensor is farther, then the footprint on ¢gineund is larger, thus the synthetic
array length increases. This leads to a finer ®tithbeam which exactly
counteracts the increase in distance.

* If the antenna length is smaller, the antenna fadtpand, consequently, the
synthetic array will be larger. This lead to a firgynthetic beam and a finer
azimuth resolution.

2.3.2 Doppler Synthesis Approach

While the radar is moving across the sky, pointm@ stationary target P (Fig. 2.8), the
evolution of Doppler shift of the echoes receivashf this target will first have a positive
shift while the platform is moving to the targehid3 shift will decrease until the platform
will be above the target, where the received echiohave no Doppler shift. Then it will
become negative by the time P exits the beam. péetrmim of the echo from P covers the

regionf, + f,, where f; is the operation radar frequency, and the Dopghédt f, can be
obtained as [29]:

f, =%sinﬁa 2=v0, 1A =v/L (2.23)

where g, is the angle between the position of the sensdrtha target in the azimuth

direction. The evolution of the Doppler shift caa bbserved in Fig. 2.8. If the Doppler
history of a point P’ separateth from P is analysed, the same evolution will beepbsd

with a time delay oft = X, /v. The shortest time displacement that can be medsfter
processing the signal with a spectrum bandwilfl+ 2 f, is equal to [29]:
t =1/B,=1/2f,=L /2% (2.24)
which provides a finest possible resolution:
X,=vt =L/2 (2.25)

Thus, it is demonstrated that this coincides withfinest azimuth resolution achieved with
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synthetic array approach (2.22).

f, &

Fig. 2.8 Doppler shift history of the echoes reedifrom point P

For an extended explanation about azimuth reseoldansultAnnex B Azimuth resolution
in SAR,where a geometric analysis of the situation issg@méd to derive the azimuth
resolution in SAR systems. Azimuth resolution hasrbconsidered as the key element of
the SAR operation, hence the presence of this Annex

2.3.3 SAR imaging coordinate system

Each positioning system has its own coordinateegydb locate the targets in the scene.
So, while the real aperture radars have an angle-tlelay format, in Synthetic Aperture

Radar, a Doppler-time delay format is used to ldhe targets. The Doppler shift is

produced by the relative movement between radartildddargets. So, a unique Doppler
shift corresponds to each pointing direction whigh make the target location possible.

This can be observed in Fig. 2.9

If the configuration of Fig. 2.9 is considered, msiwhich are located on a sphere centred
at the radar location have their echoes receivaetulsaneously. If these spheres are
intersected with the surface plane where the target located, the result is a family of

concentric circles, centred at the nadir pointirde§ lines of equidistance range to the

sensor.

On the other hand, points located on coaxial conéh, the flight line as the axis and the
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radar location as the apex [2Wijll produce echoes affected by the same Doppldtssht
the echoes received from them. Once again, if theses are intersected with the surface
plane, a collection of hyperbolas with the same epshift is obtained.

Points with sameg.» -
time delay /Q/V /

1

Fig. 2.9 SAR image coordinate system

As it is shown in Fig. 2.9, for a given time delapd Doppler frequency, there is a
potential ambiguous point which the same Dopplel tame delay than the desired target.
It can be easily discriminated pointing the antetanidone desired target.

The brightness that is assigned to a specific greimaging radar is proportional to the
echo energy contained in the time delay bin andplwpbin which correspond to the
equivalent point on the surface scanned.

2.3.4 SAR parameters

Until now, SAR basics have been presented. Ingbdion, the most relevant parameters
of SAR geometry will be presented and defined. €hemrameters will be used along this
document, so it is necessary to understand thehmave a clear vision of SAR system

operation.

From Fig. 2.10, Fig. 2.11 and Fig. 2.12, the me&s¢vant parameters can be obtained.
These figures show the geometry corresponding sml@ looking imaging radar and the
range and the azimuth plane cuts, respectively.

In Fig. 2.10, the basic SAR geometry can be obser¥ée orbital parameters such as
altitude @) and platform velocity\) will define other geometric parameters of thetesys
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that will be explained next. The radar antennagdoot illuminates a surface strip to one
side of the nadir track. As the platform movestsarbit, a continuous strip is mapped
along the flight track.

Along-track direction
(azimuth)

Cross-track direction
(range)

Fig. 2.10 SAR orbital and geometric parameters

Two perpendicular directions can be defined in Sfg@metry. The along-track direction
is parallel to the flight path of the satellite aimds usually called azimuth. On the other
hand, the direction perpendicular to this one, £ttosck direction, is called range.

The first parameter defined while the sensor isimpis the ground swath width. The strip
width can be obtained from the parameters in EitQ 2s:

S=hg /cosgd =Ah/Wcosq (2.26)

where 8 is the elevation beamwidth of the antenna, whieh e approximated as
6 =A/W, as it was explained in the previous section.

On the other hand, another important parameteAlR §eometry that appears in (2.26) is
the look angle ). This corresponds to the angle between nadirtle@dlirections where
the antenna is pointing. Changing this angle, idssible to switch between different sub-
swaths illuminating in several range distances. @dmbination of some sub-swaths will
provide high range coverage for some scanning modes

The width in azimuth of the antenna footprint, defi asX, in Fig. 2.10, will determine

the observation time of the targets, and it wilpeleds on the azimuth beamwidth of the
antenna main beam.
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In the range plane, the look angle and elevati@mvadth can be observed clearly. In this
figure is possible to see the pulse durat@nand how it affects to the range resolution

(Xr). The range resolution, as it will be demonstrate®.4 Range resolutigncan be
computed as:

X, =cr, /2sing (2.27)

L
«—> Ve
—
6,
R= h/cosg
X

a

Fig. 2.12 Azimuth plane geometry for SAR systems
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An important parameter that can be observed inZIgl and which will be used along this
document is the incidence angle, which correspdondthe angle between the pointing
direction to the surface and the normal vector @edpcular to the incidence plane. Most of
the results of this document are given in functbthis angle.

Other important concepts in SAR geometry are thddfai slant range, which is the
distance between the platform and the middle of 9wath. The ground range is the
distance between the nadir point and the targaighire surface.

In Spaceborne Imaging Radar, a spherical Earth lmedesed since the planar model is
not precise enough. In our case, a planet radilg338.15 Km and a platform height of
510 Km are used. A simple diagram of the model gagoms presented in Fig. 2.13. All
the parameters in this figure are coherent with gheviously explained. The distance
between the target and the platforiR), the height of the platfornh) and the planet radius
(Re) are necessary parameters to know the locatitmeaiargets.

The distance between the platform and targets brisibtained using the cosine theorem.
From parameters to the Fig. 2.13, (2.28) is obthifiéne incidence angled(), and it can

be found from look angle with (2.29). Finally, tlistance to the target can be expressed as
a function of the incidence angle (2.30).

S
g

h= 510 Km

Re= 6379.15 Km

Fig. 2.13 Spherical Earth Model applied to SAR &ad
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RZ=(R, +Hy’+R*-2R( R+ H) co§ (2.28)
8 :sin‘l[(H +R°jsin0,j (2.29)
Ry
R =(R)+H)2+R2-2RF3\/(HF:)R)j -sin’ g (2.30)

Solving 2nd degree equation two solutions are abthior target distanc&®). The higher
one must be dismissed since it does not represesal dolution in this case. In Table 2.2,
there are some results applying (2.28) or (2.3@h wifferent incident angle and the error
resulting using planar Earth model instead of theedpal model.

Incident  Look Spherical model distance Planar model  Planar model Relative
angle Angle (Km) distance (Km)  Error (Km) error

20,00 18,45 X1 = 12531 ;X2 =544 542 2 0.37%
25,00 23,02 X1 =12124 ;X2 =563 558 5 0.89%
30,00 27,56 X1 =11634 ;X2 =586 580 6 1.02%
35,00 32,06 X1 =11066 ;X2 =616 606 10 1.62%
40,00 36,50 X1 = 10426 ;X2 =654 639 15 2.29%
45,00 40,87 X1=9722 ;X2 =702 680 22 3.13%

Table 2.2 Distance to the targets depending tartbiglent angle

2.4 Range resolution

The range resolution corresponds to the minimumrgtalistance between two points on
the surface which can be discriminated and analgsesivo point targets independently in
range direction. If we take two points separdepthe returns will be received at the radar
with a time separatio/t which can be obtained as:

2
At :—Rgsind (2.31)
c

where @ is the incident angle which radar is pointing lte target. This equation can be
easily demonstrated with Fig. 2.14.
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Fig. 2.14 Range resolution analysis for SAR

If we consider that the distance to the radar i€hmlarger than the separation between
targets, the antenna illumination beams can beideresl parallel for both points. So, the

distance R can be expressed as the sum ofaRd R, sing . The relative range distance
between both targets can be expressed as:

AR=|R - B|=| R~ R~ Rsing|= Rsing (2.32)

Substituted in (2.33), the relationship betweenugdbdistance between targets and time
difference in the receiver is obtained:

At=——=—2=sinf (2.33)

To get the range resolution for SAR system, itdeassary to determine the minimum time
difference that receiver can discriminate two ddfa targets. In SAR systems, two
received echoes will be analysed separately iftithe difference between them is larger
than the pulse duration,, which in general is defined as:

B=1/1, (2.34)

Equation (2.34) corresponds to a rectangular pulkere the pulse bandwidth is the
inverse of pulse duration. It is possible to usearsmphisticate pulses, such as chirp, with
pulse duration much larger than the inverse of ghise bandwidth, but they can be
compressed [30] to this value. So, the range résalgan be expressed for any pulse as:

c At c

= = = 2.35
R 2sing 2sind B (2.35)
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2.5 PRF selection

The choice of the Pulse Repetition Frequency or BRenstrained by a number of other
factors. As we will see in ambiguity analysis, aatmand range ambiguities are highly
dependent of the PRF but, unfortunately, it hagmthstrictions that do not allow us to
choose an arbitrary PRF.

A low value of PRF increase the azimuth ambigudyels since spectral replicas that
appear at multiples of PRF, will increase the aligf azimuth spectra. On the other
hand, a high PRF will reduce the interpulse pedad, as a result, the range ambiguities
will be degraded since pulses are sent closelyymiad an overlap between consecutive
received pulses in time. Ambiguities are widelylexged in Chapter 5.

Besides, in SAR system the PRF selection has fib dtiher restrictions. SAR techniques
use the same antenna for both transmit and recetvéime must be divided between
transmission and reception. The transmit event nhestinterspersed between data
reception. Furthermore, the values of the PRF rhastelected such that the strong nadir
returns from succeeding pulses do not arrive duheglata reception window.

The first restriction, which we call the transmmtarference, can be modelled with the next
equations:

Frac(2RPRF/ / PRP>T, + T4, (2.36)

Frac(2R, PRF/ ¢/ PRP P;

= Top (2.37)

and
Int(2R, PRF/ 9= In(2 RPRA } (2.38)

In these equationsy, is the slant range to the first data samplg,is the slant range to the
last data sample in the recording windowy, is the duration of the pulse in transmission,
and 1, is the protection time used in reception to avbiat emitted and received pulses

present interferences. This value is, in most systeaboutt, . Finally, the functiorFrac

extracts the fractional portion of its argument,ilertthe functionint takes the integer
portion of the value. In order to illustrate thesguations, Fig. 2.15 a) shows the timing
diagram of the radar emission-reception.

The data window, as we can see in the figure, basetbetween two consecutive pulse
transmissions. This is imposed by equation (2.38re the first and last data in one data
reception are in the same inter-pulse time. Funtioee, equation (2.36) guarantees that the
first data arrives after the protection time, wHie37) adjusts the PRF such the last data
taken arrives before the protection time of nexitte pulse.

43



Analysis and evaluation of TOPSAR mode in SAR ETSETB

a)
T T, +21
<E> /\\‘ P RP
2R 2Ry
Cc c
Frac(2R PRF/ ¢
PRE — Data window

—— Nadir interference

2T

P

b)

Fig. 2.15 Timing diagram for PRF constraints: aamismit interference and b) nadir
interference

On the other hand, we must be sure that the natlirrr does not interfere to reception
windows. For this reason, as it can be observe&ign 2.15 b), PRFs have to fulfil
equations (2.39) and (2.40).

2h/c+ j/ PRF>2R / ¢ 0,1+ 2 .+ p (2.39)

2h/c+2t,+ jIPRF< 2R/ c E0,+1+ 2, .% (2.40)

whereh is the platform altitude above the surface nadinp In this equation, the duration
of nadir return is considereit,. Actually, the duration of nadir return dependstba
terrain and its characteristics, but it is a gopdraximation for the case studied. Equation
(2.39) adjusts the PRF such all the nadir retufrioceeding and preceding pulses (index
j) arrive after the last data of recording wind@n the other hand, and considerig, as
the duration of nadir echo, we must assure thatheturns do not extend further than the
next data reception window. This constraint is gibg equation (2.40).

Rang of selectable PRFs will be established byrtagimum acceptable range and azimuth
ambiguity to signal ratios, as well as transmit aadir interference explained previously.
So, for a swath configuration of a SAR system, éh&ill be some no acceptable PRFs
depending on the incidence angle, which will resthie PRF selection of each sub-swath.

For this purpose, the excluded zones are reprasentediamond diagram. In case of PAZ

system, the diagrams of Fig. 2.16 and Fig. 2.17oatained, showing transmit and nadir
interference constrictions and the range of saidetBRFs for each sub-swath in Stripmap
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and ScanSAR modes respectively.

Angle /*

idence

Fig. 2.16 Diamond diagram for Stripmap. In red gletted the transmission interference
while in green the nadir return problematic PRFg[34
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Fig. 2.17 Diamond diagram for Stripmap. In red gletted the transmission interference

while in green the nadir return problematic PRFg[34
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In diamond diagrams presented, red lines indidageproblematic zones due to transmit
interference while green zones indicate problents nadir interference. In design of SAR
system, the PRF of each sub-swath must be choséntisat they will be in grey zones of
the diagrams. So, for example, in sub-swath 1 rip@gap mode, we could select a PRF
from 3.75 KHz to 3.85 KHz. On the other hand, iimgosub-swaths, such as SS3 in
Stripmap, it is no possible to select a PRF th#tl fall the requirements and, in these
cases, the most undesirable effect is the tranateiference, so we will select a PRF that
will not satisfy nadir interference constraints quetely.

2.6 System design consideration

When a SAR imaging system is designed, a large pumibparameters have to be chosen
in order to fulfil the desired requirements. Thed¢o-end design involves tradeoffs

between these parameters which are interrelated. fillal design is the result of the

system designers, the hardware engineers, theoplraténgineers and scientific users’

interactions. Consequently, it is necessary to thrge number of iterations to obtain the
final configuration for the SAR system.

There is not a fixed way to proceed when a SAResysis designed. The process of
defining and choosing all the parameters dependtherinput parameters given. These
input parameters are fixed by platform orbital ecéeristics ¥ andh) or radar operation
values (1). In this example, swath width will be taken asirgout parameter too. Azimuth
resolution is another key design parameter that sets in the system definition. With
these first parameters we can obtain some of thigni@arameters of the antenna:

S=Ah/ Weog g (2.41)

whereSis the swath width) the platform altitude,A the radar wavelengthy the antenna
width and g is the look angle. This relationship can be defifrem Fig. 2.18 where all

these parameters are shown.

With the equation (2.41) is easy to obtain the ramaewidth that provides the desired swath
width:

Ah
W =
5024 (2.42)

On the other hand, the antenna length will be datexd by the desired azimuth resolution
(Xa)- In SAR system, as it has been demonstrated apteh 2, the azimuth resolution is
computed a&./2. With this equation we obtain the antenna length:

L=2X, (2.43)
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Fig. 2.18 Swath width definition

Similarly as swath width, the azimuth footprint cée determined. Considering the
azimuth beamwidthg,, =A/L, and the distance to the target= h/cos§, the azimuth

footprint length can be computed:

Ah
X, =6 _R=
b az LCOS&l (244)
this provides an integration time equal to:
T=%1v (2.45)

The backscatter cross section which provides a SNRalled thermal noise equivalent
backscatter ¢, ), now can be already determined [32]:

8KTB*A R sing
g = 2.46
" PGW Lc cos'g (2.46)

From thermal noise equivalent backscat®NR thermgl= o/ o, is defined. A value of 5
or more is usually desired in system design.

Until now, only antenna parameters and qualityosatiave been obtained. Besides, radar
basic parameters must be defined to assure a toperation. One of the most important
parameters is the PRF which will be really impartamambiguity analysis and echoes
reception. On one hand, a PRF that fulfils Nyqorserion has to be chosen (2.47) but,
moreover, the PRF has to avoid the overlap of sstee echoes (2.489]:

PRF>2v/ L (2.47)
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_CWcosg __ ¢
2Ahsing  2Ssing

PRF (2.48)

These two equations give another constraint imatitenna physical parameters. To satisfy
the above two inequalities, next one must be fatfil

S 4Ahvsing

WL
ccos §

(2.49)

Furthermore, the PRF has to be chosen in ordevdwl @ahe coincidence between the data
reception and the return from nadir and transmmssiime. From Fig. 2.15 in sectidh5
PRF selectionthe time while we are receiving is:

2h 2h S .
tot= +2—sing +1'
ccost) ccogd ¢ (2.50)

t=

To avoid the nadir returns, this time has not tocide with:

(=20, N o= o,

c PRF ¢ PRF

(2.51)

The transmission time has not to coincide with eshim order not to lose signal returns.
This imposes that the reception temporal windowtheeshould coincide with:

t=—"_tot=
PRF PRF

+7' (2.52)

These are the most relevant parameters that we toeeshsider when a SAR system is
designed. However, once these parameters are ¢hasemuth and range ambiguities,
antenna integrated noise, total system noise... mristomputed. If one of them is under
the minimum values to assure the right operatiorthef radar, some of the computed
parameters should be modified and recalculatechagai

In Fig. 2.19, the flow diagram of the process pnésg above is shown. As we can see the

input parametersA, &, h, S, v, andXa) are in boxes. From these parameters, the otlyer ke
values of the system are defined.
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Fig. 2.19 SAR parameters flow diagram

2.7 SAR scanning modes

As SAR technologies have been developing, diffeseainning modes have been defined
in order to fulfil the requirements of each missidihe main operating mode is Stripmap,
but nowadays other modes can be programmed in atiar.r So, the most common

alternative modes are Spotlight and ScanSAR, whititbe described next.

On the other hand, another mode has been propesedtly. The study and evaluation of
this mode, called TOPSAR mode, is the main topith project and it will be explained

and analysed in Chapter 3. In this section, Strpnfapotlight and ScanSAR mode
characteristics will be presented in order to hawe approximation to the Synthetic
Aperture Radar scanning options.

2.7.1 Stripmap mode

Stripmap mode is the basic SAR imaging mode. Therara points to a fixed direction in

range and azimuth. The points in the surface dwenihated by the main-beam of the
antenna while the satellite flies over the scer platform movement makes possible to
illuminate all the points with the complete scamnlveam which provides an image with
constant quality in azimuth. The main geometry wipghap mode can be observed in Fig.
2.20.
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Fig. 2.20 Stripmap mode geometry

As we can see, the pointing direction of the armdemn fixed, and it is the satellite
movement that allows us to scan all the pointszimath. Furthermore, each point in
azimuth is seen by the antenna in different retapeositions which is equivalent to a
antenna array if the returns are processed aettever. This mode provides high azimuth
resolution with low range coverage. The particparameters for TerraSAR-X working in
Stripmap mode can be observed in Table 2.3 [33].

Parameter Value

. , 50 Km. Standard
Scene Extension (azimuth Max. 1650 Km

) 30 Km (single polarization)
15 Km (double polarization)

Swath width (ground range

Data access incidence angle

15° - 60°
range
Full performance incidence 200 - 450
angle range
Number of elevation beams 27
Azimuth resolution 3 meters at 150 and 300 MHz

1.55 — 3.21 meters @ 45° - 2(°
incidence angle
Singe pol. (HH, VV)
Polarization Dual pol. (HH/VV, HH/HV,
VV/VH)
Table 2.3 Characteristics for Stripmap mode in a8&AR-X

Ground range resolution
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2.7.2 Spotlight mode

Spotlight mode uses an azimuth steering of thenaatemain beam to increase the
illumination time of the targets or, equivalentthe size of synthetic aperture. With this
feature, it is possible to improve the azimuth hason but, on the other hand, we will lose
azimuth scene size. If we consider that the stgeraunteracts the platform movement, the

antenna footprint will remain on the scene and,seguently, the azimuth scene size will
correspond to the azimuth footprint size.

[0 LW

Fig. 2.21 Spotlight and High Resolution Spotliglud®s geometries

Parameter Value
: : 5 Km. SL
Scene Extension (azimuth 10 Km. HS
Swath width (ground range) 10 Km
Data access incidence angle 150 - 60°
range

Full performance incidence 200 - 550

angle range
Number of elevation beams 249

1 mand 2 m (single pol)
2 m and 4 m (dual pol)
Ground range resolution 1.34 — 3.21 meters
Singe pol (HH, VV)
Dual pol (HH/VV)

Azimuth resolution

Polarization

Table 2.4 Characteristics for Spotlight modes inrd8AR-X
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We have two variants of Spotlight mode which wilbyide different azimuth resolutions
and scene size. The Spotlight Mode (SL) steersatitenna beam in a way that the
platform movement is compensated. As a result,fologprint is illuminating the same
surface zone while the antenna crosses the skyoffiee variation, called High Resolution
Spotlight (HS), presents an azimuth steering thmsdnot compensate completely the
along-track movement, providing worse azimuth nesoh but higher azimuth scene size.
A simple diagram to understand both alternativepressented in Fig. 2.21. The main
characteristics for these modes in TerraSAR-X asedbed in Table 2.4 [33].

2.7.3 ScanSAR mode

In ScanSAR mode the antenna beam steering is gerdimection. This elevation steering
is used to divide the scanning time to differemidence angle corresponding to different
sub-swaths. Thus, it is possible to obtain a swatth of more than 100 Km, higher than
in Stripmap or Spotlight modes (25 Km.). On theeothand, due to the alternation
between beams, only bursts of SAR echoes are egtdéom each swath, resulting in a
reduced azimuth resolution. There is no azimutéerstg in this mode.

Along-track direction

Scan swath
width

Fig. 2.22 ScanSAR mode geometry
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Standard scene extension 150 Km (azimuth) x 100 Km
(ground range)
Number of sub-swaths 4
Swath width (ground range) 100 Km
Max. acquisition length Ca. 1650 Km
Data access incidence angle 150 - 60°
range
Full performance incidence 209 - 550
angle range
Number of elevation beams 27
Azimuth resolution 16 m
. 1.55 — 3.21 meters @ 45° - 2(°
Ground range resolution o
incidence angle

Table 2.5 Characteristics for ScanSAR mode in T®hR-X

The number of looks of each target is equal tddieer integer of the ratiodTg, being
the footprint time and d the time between two consecutive explorationshef same
swath.

Fig. 2.23 shows the number of looks of differemyéds considering a footprint time more
than four times longer than inter-burst time. Etariget along the track is illuminated four
times before the footprint crosses the space. igwd shows the azimuth movement of
the footprint in one sub-swath and how many tintesees the targets located in azimuth
positions 1 and 2.

Azimuth Target1l Target 2
. >
i 1
e MK E—
L] ¢ L I—
¢ i ——
v . Footprint fength

Fig. 2.23 Footprint movement along-track direction

ScanSAR system provides a wide-coverage with onby pass of the satellite making it
really interesting for imaging applications. HoweveScanSAR mode has some
disadvantages due to its acquisition scheme. InZ&#, these drawbacks can be observed
when the radar is illuminating three targets infedé#nt azimuth location. Each target
presents different response to the radar illumimabecause of the non-uniform antenna
gain. That's why not all the points in the imagedéhe same received power.
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ScanSAR mode will be really interesting to analyse new scanning mode called
TOPSAR since it combines the azimuth and elevasiteering to solve some of the
ScanSAR problems. The most important drawback ahSAR that can be avoided with
TOPSAR is the azimuth non-uniformity of receivedh@es. Some targets in the scene can
be seen only by the edge of the main beam, proguoimer returns than other points that
can be illuminated by the centre of the antennanbéihis undesired effect will cause a
problem in reception that is called scalloping, ethive try to solve with the TOPSAR
mode. This unavoidable effect is presented in Eig5. The geometry and parameters of
TerraSAR-X working with ScanSAR mode are presentedrig. 2.22 and Table 2.5
respectively [33].

v
Tpb
B
Target 1 Target 2 Target 3
) T g

Fig. 2.24 Azimuth dependant problems in ScanSARisiion mode

Fig. 2.25 Scalloping effect in ScanSAR mode
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2.8 Doppler history and azimuth dependency

In SAR systems the Doppler frequency of receiveldoes is connected to the satellite
platform relative movement to ground targets. Tlopler frequency can be expressed in
terms of the azimuth displacement or slow tines:

fo (7) =Ker (2.53)

where the burst centre has been chosen as theotigie, so the zero-Doppler correspond
to the azimuth direction where the antenna beamtpgierpendicularly to the swath;

andKis the Doppler rate which in the rectilinear geametn be calculated as [35]:

0°R 2
k= (f) e (2.54)
2 or AR,

where R is the closest approach distance (slant middigerand v is the effective
antenna spot velocity on the ground. From (2.54fh &an observation time per target T
(dwell time), the Doppler Bandwidth of each targat be compute as follows:

B, =|kq| To (2.55)

Assuming the parameters of the TerraSAR-X systemjlai to PAZ parameters, the
values of Table 2.6 are obtained. For this examplg af 0.08 seconds has been used.
Twelve sub-swath parameters have been computed asimdfective velocity of 7043.08
m/s and a satellite height of 510 Km.

2.9 The azimuth antenna pattern (AAP)

The Azimuth Antenna Pattern (AAP) corresponds to @h&enna main beam pointing
evolution of the targets while the platform is muyiacross the sky. The AAP shape has
more importance in ScanSAR mode, where not altdhgets in the image are illuminated
by the same part of the antenna beam. Consequémlypower of the echoes will not be
uniform although the surface presents constaneéai¥ity. To study TOPSAR mode, the
AAP will be modelled as a sifAdunction as in (2.56). The shape depends on thenaat
length, the radar operation wavelength and findhg angle ¢ between the target

illumination direction and the perpendicular direntto the ground.
. L
G, (¢(1)) = G,siné (qu(r)j (2.56)

The variation of the angle is produced by the sensor movement, target dispiant is
considered zero because the surface usually rergtdtis in the few seconds elapsed for
each point in Synthetic Aperture acquisition. Ig.F2.26, the variation of the angle is
shown while the platform is moving across the spddee azimuth relative position
between the target and the radar changes duetforptanovement and the distance to the
ground is given by slant middle range)R
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Slant middle range  kgr (Hz/s) Ba(Hz) Max. Fd (Hz)

SM-S_1 530.654 -6032.2 482.5790+241.2875
SM-S_1 535.591 -5976.6 478.126A239.0633
SM-S_3 545.367 -5869.4 469.5560+234.7780
SM-S_4 556.535 -5751.7 460.1334+230.0667
SM-S_5 569.041 -5625.3 450.0209t225.0104
SM-S_6 582.777 -5492.7 439.4139%219.7070
SM-S_7 597.665 -5355.9 428.4680:214.2340
SM-S_8 613.620 -5216.6 417.32712+208.6636
SM-S_9 630.549 -5076.5 406.1228 +203.0614
SM-S_10 648.385 -4936.9 | 394.9511 | £197.4755
SM-S_11 667.109 -4798.3 383.8698:191.9329
SM-S_12 686.570 -4662.3 372.985(3186.4925
SM-S_13 706.747 -4529.2 362.3366:181.1683
SM-S_14 727.518 -4399.9 351.9918175.9959
SM-S_15 748.938 -4152.7 341.9246:170.9623
SM-S_16 770.825 -4274.1 332.2159%166.1080
SM-S_17 793.259 -4035.3 322.8206:161.4103
SM-S_18 816.207 -3921.8 313.7444 +156.8722
SM-S_19 839.471 -3813.1 305.0494152.5248
SM-S_20 863.089 -3708.8 296.7021%148.3511
SM-S_21 887.235 -3607.8 288.6274144.3137
SM-S_22 911.614 -3511.4 280.9087 +140.4544

Table 2.6 Doppler characteristics of each sub-swath

Fig. 2.26 Variation of the antenna azimuth pointargyle due to his own movement
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The ground distance between the azimuth targettitocaand the azimuth point
perpendicular to the platform is dependant to tbe $ime and the platform velocity. If we
take r = 0 when the platform pass over the target (moh &lue square in Fig. 2.26), then
the azimuth ground distance can be expressedrasThe product 7, usually, is much
lower than R, so it is possible to approximate angle tangentit® argument (2.57).
Finally, using (2.57) in (2.58), we get a usefupagximation of the AAP in function of the
slow timer which is clearly related to the relative azimutsipion between the target and
the radar sensor.

tan(g(7)) = Fi)o = ¢(7) (R > 1) (2.57)
G, (¢(1)) = Gysiné (;‘%j (2.58)

With TerraSAR-X parameters, and taking as an exantipé sub-swath SS6 &600.9
Km) the results in Table 2.7 are obtained. Fig7ZxBows the azimuth antenna pattern in
dB in function of the slow time or displacementltod platform, with a platform velocity of
7605.92 m/s and fof the SS1, SS6 and SS12. The main lobe of thenaathas a -3 dB
bandwidth of approximatelyAr = 0.406, which corresponds oy of 0.33 degrees. With
these results, a target will be seen by the mde laf the antenna with an amplitude loss
lower than 3 dB while the azimuth displacement leetavthe pointing direction and the
target azimuth position would be lower than 1.718.K

Sub-Swath 1
Sub-Swath 6

Fig. 2.27 Azimuth antenna pattern in SS1, SS6 &1@ S
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r Ga (sinc) |Gaf |Gaf (dB)

-0,5 0,1020 0.0104 -39,63
-0,45 0,2135 0.0456 -26,82
-0,4 0,3338 0.1114 -19,06
-0,35 0,4576 0,2094 -13,58
-0,3 0,5794 0,3357 -9,47
-0,25 0,6951 0,4831 -6,32
-0,2 0,7976 0,6361 -3,93
-0,15 0,8826 0,7789 -2,17
-0,1 0,9468 0,8964 -0,95
-0,05 0,9862 0,9727 -0,24
0 1 1

0,05 0,9862 0,9727 -0,24
0,1 0,9468 0,8964 -0,95
0,15 0,8826 0,7789 -2,17
0,2 0,7976 0,6361 -3,93
0,25 0,6951 0,4831 -6,32
0,3 0,5794 0,3357 -9,47
0,35 0,4576 0,2094 -13,58
0,4 0,3338 0,1114 -19,06
0,45 0,2135 0,0456 -26,82
0,5 0,1020 0,0104 -39,63

Table 2.7 Gain parameters of the antenna in SS6
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Chapter 3 Terrain Observation by Progressive
Scans (TOPSAR) mode

In this section the basic operation of this regeptbposed mode, called TOPSAR, will be

explained. Firstly, the basic parameters of andlysgstem and swath definition are

introduced since they will be the input values dmpute TOPSAR parameters at the end
of this chapter. Before the computation of TOPSA®Rameters, they will be defined and

explained, and the TOPSAR requirements and equatidih be introduced to understand

its basic operation.

This section reports the necessary modification®AZ ScanSAR Mode parameters in

order to operate in TOPSAR acquisition mode. TOPSétiike the ScanSAR Mode, uses

an azimuth steering of the antenna providing widlats coverage with a uniform signal to

noise ratio. Differently from SpotLight Mode, thetanna beam is steered back to forward
in the along-track direction. Thus, all targets dheminated by whole antenna beam

avoiding image distortions like scalloping.
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3.1 PAZ system parameters. Sub-swath characterization

In order to compute the necessary parameters f&SIKR, first of all we need to know the
basic parameters of PAZ system. Since PAZ operatingmeters are still under discussion
and subject to confidentiality restrictions, Terd&SX parameters will be used because
they are similar to PAZ. With these parameters megaing to obtain some representative
results for PAZ system.

In Table 3.1, Table 3.2 and Table 3.3, the flightgmeters, operating frequency and
antenna configuration of the system are preseritbd. most interesting parameters that
will be used in further analysis are the platforeigiht of 510 Km and the velocity, which
will be key parameters in all calculations. Terr&SX, such as PAZ, works in X-band
with a radar frequency of 9.65 GHz, which providewavelength of 31 mm. The antenna

length is 4.794 m and the antenna width 0.7 m.

Flight Parameters

Planet Radius 6378.15 Km
Planet Mass 5.9742 xi1Kg
Satellite Altitude 510 Km
Platform Velocity 7605.92 m/s
Orbital Period 94.82 minutes

Table 3.1 Flight Parameters

Antenna Configuration

Number of Azimuth Phase Centres 12

Radiators per Azimuth Phase Centre 16

Number of radiators (Azimuth) 192

Radiating Element Spacing (Azimuth) 0.8022 wavelesg
Antenna Length 4.794 m

Number of Elevation Phase Centres 32

Radiators per Elevation Phase Centre 1

Number of radiators (Elevation) 32

Radiating Element Spacing (Elevation) 0.7077 wavgtles
Antenna Width 0.700 m

Total number of phase centres 384

Antenna Boresight Look Angle 33.8°

Table 3.2 Antenna Configuration
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Operating Frequency

Radar Centre Frequency 9.650 GHz
Radar Operating Band X-Band
Radar Wavelength 0.031m
Max Tx Pulse Bandwidth 300.0 MHz

Guard Time before and after pulse transmissi

on dsoweconds

Table 3.3 Operating Frequency

The basic structure of the PAZ antenna is showhRign 3.1. The antenna consists of a
Radio Front End (RFE) which divides the signal tlgio the hybrid and signal splitter.
These electromagnetic pulses arrives to the trafieceive modules (TRMs). The antenna
consists of 12 panels in azimuth direction each with 32 elevation TRMs. The
transmission-reception scheme is shown in Fig. Ait can be seen, the signal crosses
each sub-system two times in the transmission-texefine.

I

\

=
===
FE S =
e ra— gg%
R
e 2
RN = = = = = =
13'///////
===
= 3
= <4
==
= /
TI UVIXSZ

Fig. 3.1 Antenna configuration scheme [45]

As it was commented previously, TOPSAR mode hadlairfeatures to ScanSAR. Both
modes divide their scanning times in different swaths to achieve higher range
coverage. For this reason, it is interesting ts@né the ScanSAR parameters in order to
adapt them to TOPSAR operation.

ScanSAR mode in PAZ works with a swath width of K@D(an alternative configuration
using 3 sub-swaths with range coverage of 75 Knh vél proposed in this section for
TOPSAR operation). In order to get such width, éinéenna switches the elevation beam
pointing to several directions. In PAZ, thiswvation steering enables four sub-swaths in
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PDN +TRM + PCN

LAA

Power
Splitter + TR

LAA
Hybrid

Fig. 3.2 Transmission-reception antenna sub-sys{]

one pass of the antenna. Each sub-swath has a wwddithof 30 Km with, approximately,
1.5 Km of overlap, providing a total swath widtindar than 100 Km.

Table 3.4 shows the basic parameters of ScanSAReNId® most relevant parameter is
the azimuth resolution, which is 18 meters. It vid# used as a goal in the TOPSAR
analysis at the end of this section. Ambiguitiedled Distributed Target Ambiguity Ratio
(DTAR), it will be another key parameters to thereot performance of our system and
they will be accurately studied in Chapter 5.

Parameter Requirement

Polarization HH, VV

Full performance angle range 200 - 45°

Data collection angle range 15° - 60°

Azimuth resolution <18 m (@ 1 along look)
Range resolution <6 m (@ a across looks)
Swath >100 Km

Minimum swath overlap > 5%

Pixel Localization =85md

PSLR <-20dB

ISLR <-13dB

DTAR <-17 dB (goal< -20 dB)
Nominal NESZ <-21dB

Worst Case NESZ <-19dB

Dynamic Range (distributed targets) NESZ-3 dB t&S¥E39 dB
Dynamic Range (point targets) =54 dB

Radiometric stability =0.5dB §)

Absolute Radiometric Accuracy = 1.5 dBsj1

Relative Radiometric Accuracy = 0.5 dBsj1

Table 3.4 ScanSAR Parameters for PAZ system
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Finally, the sub-swaths must be defined in ordexaimpute the parameters for all of them.
From incident angles of sub-swaths it is possibledmpute other important geometric
parameters of the system, which will beeful for TOPSAR analysis. In Table 3.5,
Table 3.6 and Table 3.7, the parameters for 22sswdihs are computed.

Look angles can be obtained from the incidenceesngith (2.29). Elevation beamwidths,
in degrees, are computed directly from look anfl@sk angle far — look angle near). Slant
ranges are computed with (2.30), using the incidemrgles. Ground range can be obtained
with the next equation:

R, =4/IF+ R -2 hReog(8)) (3.1)

where R; is the ground rangd is the satellite altitudeR is the slant range an| is the

look angle. Once we get the ground ranges, thehswadth can be computed as the

difference between the far ground range and neamgr range. Similarly, swath overlap is

calculated as the difference between the far graande of one sub-swath and the near
ground range of the next one. Slant middle rangegrameter that will be used in most of

computations in this document, is computed wit@gPusing the middle look angle.

Swath PRF Incident Incident Look angle Look Angle
NEIE (Hz) angle (near) angle (far) (near) (far)
SM-S_1 | 3781,00 15.000 18.370 13.866 16.967
SM-S_2 | 3741,40 16.850 20.160 15.569 18.610
SM-S_3 | 3675,00 20.000 23.200 18.463 21.394
SM-S_4 | 4440,20 23.040 26.120 21.247 24.058
SM-S_5 | 3796,30 25.970 28.920 23.921 26.602
SM-S_6 | 3732,10 28.780 31.590 26.475 29.016
SM-S_7 | 4377,00 31.460 34.140 28.899 31.310
SM-S_8 | 3782,00 34.010 36.570 31.193 33.483
SM-S_9 | 4400,70 36.440 38.870 33.367 35.527
SM-S_10| 3805,00 38.750 41.050 35.421 37.452
SM-S_11| 4388,20 40.940 43.130 37.355 39.275
SM-S_12| 3816,00 43.020 45.090 39.179 40.979
SM-S_13| 3496,80 44.990 46.950 40.892 42.583
SM-S_14| 3187,70 46.850 48.710 42.497 44.087
SM-S_15| 3504,10 48.620 50.380 44.010 45.501
SM-S_16 | 3200,90 50.290 51.960 45.425 46.825
SM-S_17| 3504,10 51.880 53.460 46.758 48.069
SM-S_18| 3214,00 53.390 54.890 48.012 49.243
SM-S_19| 3484,30 54.820 56.240 49.185 50.338
SM-S_20 | 3214,00 56.170 57.530 50.281 51.371
SM-S_21| 3471,10 57.470 58.760 51.323 52.344
SM-S_22 | 3207,00 58.700 59.930 52.297 53.258

Table 3.5 Sub-swath definition and features (a)
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Swath Elevation  Slant Range Slant Ground Ground
Name  Beamwidth (near) Range (far) Range (near) Range
SM-S_1 | 3.101 526.595 535.208 126.208 6..L95
SM-S_2 | 3.041 531.080 540.600 142.554 172.535
SM-S_3 | 2.930 540.094 551.145 171.062 201.069
SM-S_4 | 2.810 550.545 563.039 199.540 229.564
SM-S_5 | 2.680 562.384 576.218 228.071 258.074
SM-S_6 | 2.541 575.516 590.560 256.617 286.525
SM-S_7 | 2411 589.819 606.037 285.108 315.032
SM-S_8 | 2.290 605.203 622.571 313.544 343.592
SM-S_9 | 2.160 621.640 639.994 342.026 372.053
SM-S_10| 2.031 639.039 658.264 370.531 400.484
SM-S_ 11| 1.920 657.299 677.458 399.013 429.099
SM-S_ 12| 1.800 676.397 697.279 427.547 457.556
SM-S_13| 1.690 696.224 717.804 456.067 486.057
SM-S_14| 1.590 716.655 738.915 484.485 514.516
SM-S_15]| 1.490 737.793 760.613 513.023 543.005
SM-S_16| 1.400 759.399 782.776 541.431 571.427
SM-S_17| 1.311 781.614 805.423 569.952 599.862
SM-S_18| 1.231 804.330 828.599 598.502 628.411
SM-S_19| 1.152 827.427 852.022 626.979 656.772
SM-S_20| 1.090 850.768 875.920 655.266 685.264
SM-S 21| 1.021 874.773 900.197 683.907 713.803
SM-S_22| 0.961 898.978 924.748 712.378 742.294

Table 3.6 Sub-swath definition and features (b)
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Swath Swath Swath Middle Look Slant Middle

Name Wilelig Overlap Angle range
SM-S_1 | 29.987 13.641 15.417 530.654
SM-S_2 | 29.981 1.474 17.090 535.591
SM-S_3 | 30.007 1.529 19.928 545.367
SM-S_4 | 30.024 1.493 22.653 556.535
SM-S_5 | 30.003 1.456 25.261 569.041
SM-S_6 | 29.907 1.417 27.745 582.777
SM-S_7 | 29.924 1.488 30.104 597.665
SM-S_8 | 30.048 1.565 32.338 613.620
SM-S_9 | 30.027 1.522 34.447 630.549
SM-S_10| 29.953 1.471 36.436 648.385
SM-S_11| 30.087 1.553 38.315 667.109
SM-S_12| 30.009 1.490 40.079 686.570
SM-S_13| 29.990 1.572 41.737 706.747
SM-S_14| 30.032 1.493 43.292 727.518
SM-S_15| 29.982 1.575 44.755 748.938
SM-S_16| 29.997 1.476 46.125 770.825
SM-S_17| 29.910 1.360 47.414 793.259
SM-S_18| 29.910 1.432 48.627 816.207
SM-S_19| 29.793 1.506 49.762 839.471
SM-S_20| 29.998 1.357 50.826 863.089
SM-S_21| 29.896 1.425 51.834 887.235
SM-S_22 | 29.916 - 52.778 911.614

Table 3.7 Sub-swath definition and parameters (c)

3.2 TOPSAR mode

In TOPSAR mode, the scanning time is divided infffecent sub-swath and the antenna
points to different strips periodically. The majdifference between ScanSAR and
TOPSAR modes is the azimuth steering that the skame introduces. In this new
operation mode the antenna rotates during the sitigui time from back to forward in
along-track direction. This mode is called Terr@bservation with Progressive Scans
(TOPSAR). It is important to note that the azimatfitenna rotation is in the opposite
direction of the SPOT (SAR) and, therefore, in T@GRSmode worse azimuth resolution
will be obtained. This resolution loss, due to #menna steering in azimuth direction in
movement way, is compensated by a longer bursthwbén cover all the azimuth land
without any holes.

In TOPSAR, the antenna rotation is added to therabangle variation due to the platform
movement. In Fig. 3.3, we can see how the evolutbrthe azimuth pointing angle
changes in comparison with StripMap or ScanSAR modlbe resulting pointing angle is
the addition of the angle variation due to thefpfadh movement and the azimuth antenna
rotation. The steering angle in along-track dimttican be expressed in terms of the
steering angle ratk, (rad/s) as:
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Brops = K,T k,<0 (3.2)
qo(r):@e.(r)+%ps(r)=%+\k¢,\r (3.3)

k, has been taken negative, anti-SPOT. With (8.32.56), expression (3.4) is obtained
for the azimuth antenna pattern in TOPSAR operd86i

G, rors(¢/(7)) = Gosiné(f(v%’ﬂ k| rD

=G,sinc {LE(H—R}‘K"U
ARy v

(3.4)

v

7

-

Fig. 3.3 Azimuth pointing angle evolution in TOPSKode

The resulting azimuth antenna pattern (AAP) is eglent to the antenna in ScanSAR
mode but shrunk by a factar(3.5). The AAP is equivalent to a Stripmap modekivag
with an antenna length of La-Lsyip. This feature causes antimes worse azimuth
resolution than Stripmap case since the azimutbluten is proportional to the antenna
length in SAR acquisition systemg,(=al/2).
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a :1+w (3.5)
V,

e

Fig. 3.4 exemplifies the azimuth beamwidth reductio function of the slow time or
platform movement and, consequently, the resolulims. A k,of 0.05 rad/s has been

taken. The AAP in TOPSAR mode has got narrower @etwith the original StripMap
or ScanSAR azimuth antenna pattern. However, therisg azimuth rotation permits to
illuminate all the targets in the sub-swath wite game AAP weighting. Thus, ambiguities
become stationary in azimuth as well signal-to-eoatio (SNR), avoiding the scalloping
effects observed in ScanSAR.

ScanSAR AAP
TOPS AAP

Fig. 3.4 AAP in TOPSAR mode compared with the APFcanSAR

3.3 TOPSAR acquisition

It is important to see the differences between Sé&hand TOPSAR acquisition modes.
In Fig. 3.5, the time/frequency domain (TFD) is gmeted for both modes. Four targets
(P1-P4) are located in their zero-Doppler time.tTrhaans the location in azimuth where
they would be perpendicular to the platform withudl Doppler displacement.

The Doppler evolution of each target is drawn Hyna with negative slope. This slope is
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equal to the Doppler rategkcalculated in (2.54). Naturally, the Doppler frequy
increases in module when sensor moves away frorpetteeDoppler position.

(a)

| = useless data

Ty=Burst time

B=Footprint bandwidth

B;=Spanned Doppler
bandwidth

(b)

Fig. 3.5 Time frequency domain (TFD) representationase of ScanSAR acquisition. (a)
ScanSAR and TOPSAR acquisition (b) [35]

In the figure, the grey zones represent the Dopipdgruencies supported by the azimuth
antenna pattern during the scan time of one sulthswae antenna weigthing is shown at
the left side of the picture as well as a colouatigg in the shaded region (white for
maximum response and black to worse response). AARR evolution is the main
difference between both modes. In ScanSAR modé&A&#eis fixed and, as a result, there
is a rectangular TFD support for collected dataT®PSAR mode, the antenna pointing
sweeps along time and, consequently, target witferdnt Doppler frequency can be
illuminated with whole antenna beam (for examplegea P3). The displacement of the
pointing angle is known as Doppler centroid ratg] @hd it can be obtained as:

2,
) _5(_ iy S'n(%"S(T))j~ 2vs (3.6)
- =22
or A

With this new feature, it is possible to point #ttargets in the azimuth direction with

whole antenna beam, avoiding the dependant aziBN& in ScanSAR. As we can see in
the figure, in ScanSAR mode the target number 8esn by one of the edges of the
antenna beam, hence target 3 will present a lowko @ower although it has a similar
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RCS that target number 2 or 4, which are illumidatg the centre of the antenna beam
producing a powerful echo in reception. On the ottend, the TOPSAR mode solves this
problem with the antenna steering in azimuth. Tlalisthe targets can be illuminated by
whole antenna beam during the scanning. It sollkesateighting AAP problem and the
different targets keep having different Dopplemptasement in reception to determine their
azimuth position.

Another important difference is the burst time diara which is longer in TOPSAR mode
and it does not coincide with the dwell time asSeanSAR mode. The dwell time)T
time while a point target is in the antenna foatpris chosen according to the desired

azimuth resolution f,,). Considering the azimuth time band product (TEF) is large,
we obtain:

2

TBP=BT, = B, (3.7)
kel
_o ke, Ky
Paz =Ver- = V¢ 3.8
B, ‘|kTo (3.8)

Where k, is a correction factor that depends on the sugrs®ad window [35] and usually
it is close to one.

One problem that appears in TOPSAR mode, which wél exposed later, is the

guantization of the steering angle of the antefih&s quantization is caused by the limited
memory in radar, hence only some antenna direc@mnbe stored. This fact could cause
some problems but they will be discussed accurateGhapter 4.

Finally, we must determine the steering rate ineor get a complete coverage of all
azimuth points without any holes. For this purpose,need that a target situated in the
middle of the inter-burst interval is seen by thevwous and posterior burst antenna
scanning. This is the case of target 4 in Fig.(B)5SIn order to scan completely this target,
the restriction showed at (3.9) must be fulfilled.

B = k(T ~ o) 2| kf( e~ o+ Tp) (3.9)

3.4 TOPSAR parameters

When a TOPSAR system is being designed, first we lh@ compute the parameters that
achieve the requirements of that mode. Egg,burst time of each sub-swath and the total

cycle time have to be chosen to assure the dessadution of the system and cover all the
azimuth terrain with no holes. The process of selecis, basically, divided in three
phases. Firstly, we have to set the part of therera beam that will be used for focusing
the targets in the scanning sub-swaths. After thatl knowing the required azimuth
resolution, the steering angle rate of each sulilksmaist be chosen. Finally, we must set
the basic scan timeline for the whole system tohedl the points in the scene.

1. The choice of the azimuth angle to be exploitedfdousing is a trade-off between
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the desired resolution, which means a large amglenprove the azimuth viewing
of the targets in the image; and the necessityrdfiguity suppression. A different
beamwidth for each sub-swath can be chosen demendm the desired
requirements.

2. When the azimuth resolution is already fixed, itinse to select the appropriakg
for each sub-swath. According to (3.4),

Ro(n) (n) 1
P, =| 1+ K’] G (3.10)
V, 2%
And then:
(n)
&@:-[&%ﬁ —@é@ (3.11)

3. To cover all the points in along-track direction fat the sub-swath, the follow
eguations must be accomplished:

“Qm

Rm_%m)@¢+%g®=%g (3.12)

It is simple to understand why the linear systemiZB must be fulfilled
observing Fig. 3.6. Initially, the satellite is pting to the azimuth pointyx
in the time §. The antenna is scanning this sub-swath durindptingt time
(Tg), so at the end of this period the antenna istgjrio the position xin
azimuth. Considering a distance to the taRyednd taking ¥ the reference
azimuth position, xcan be obtained as:

=%+ T+ kTR (3.13)

The azimuth direction where the antenna points ditedlepends on two
factors. The first one is the displacement of the&fgrm along the sky,
which directly corresponds to a ground displacenoént: Tz. The second
factor that affects the azimuth pointing at the eridthe burst is the
steering angle rate. During the timig the antenna sweeps the main beam
in along-track direction. The resulting angle vaoatin the burst is equal
to k, T, which corresponds to an azimuth ground displacéwiek T, R, .

However, the interesting azimuth point is, actually which is the last
point illuminated by the whole antenna main beampl@ted for focusing
(the part of main beam contained betwdem /2, ¢ /2]). The azimuth

location of % is calculated as:

71



Analysis and evaluation of TOPSAR mode in SAR ETSETB

%=x-2R= 4ty T+ TR § (3.14)

In order to scan all the points with no holes i #iong-track direction, the

time line must be set so that the antenna illuresm#te next point that had
not been processed in the previous burst wheraitssagain the same sub-
swath.

The satellite will scan the sub-swath again affgr consequently the
azimuth point x must be illuminated again aft€x:

% =%t 2 R (3.15)

o Y__

X2 X1

Fig. 3.6 Timeline in TOPSAR Mode to cover all pgint

Finally, taking the results from (3.14) and (3.1B¢ equation (3.18) is
obtained for each sub-swath:

% T+ TR-L B= yr v+ g (3.16)
Ttk TR-@ B= VT (3.17)
(kTo-#)R+YE= T, (3.18)

72



Analysis and evaluation of TOPSAR mode in SAR ETSETB

3.5 Results and parameters for TOPSAR mode in PAZ satite

In order to decide the most appropriate configorator PAZ working in TOPSAR mode,
in this section two alternatives have been analy8adh of them work with the PAZ
system parameters defined in section 3.1 for flggrtameters, antenna configuration and
operating frequency. Moreover, both configuratiase the parameters of ScanSAR Mode
in order to adapt them to TOPSAR operation. Thenmdifference between these
alternatives is the number of sub-swaths usedvercscanned region.

First configuration uses three sub-swaths providarge coverage of 75 km and it was a
new proposal for PAZ system in TOPSAR mode. Thersgalternative for TOPSAR
mode uses four sub-swath, as in ScanSAR configuraso this mode provides wider
range coverage (100 Km approximately).

First of all, and following the steps defined ircsen 3.4, the part of the antenna main
beam used in the scanning must be chosen. Althgughis section a constant angular
interval (@) has been chosen for all sub-swaths, it is passdbkelect a different angular

interval for each sub-swath in order to assuresarel® suppression of the ambiguities in
reception. For this analysis the angular intervsgdiin scanning has been set to 0.33
degrees.

Slant middle range Steering angle rate

Steering angle rate (rad/s)

(Km) (deg/s)
SM-S_1 | 530.654 7.821e-002 4.4810
SM-S 2 | 535.591 7.749e-002 4.4397
SM-S_3 | 545.367 7.610e-002 4.3601
SM-S_4 | 556.535 7.457e-002 4.2726
SM-S 5 | 569.041 7.293e-002 4.1787
SM-S 6 | 582.777 7.121e-002 4.0802
SM-S_7 | 597.665 6.944e-002 3.9786
SM-S_ 8 | 613.620 6.763e-002 3.8751
SM-S 9 | 630.549 6.582e-002 3.7711
SM-S_10 | 648.385 6.401e-002 3.6673
SM-S_11 | 667.109 6.221e-002 3.5644
SM-S_12 | 686.570 6.045e-002 3.4634
SM-S_13 | 706.747 5.872e-002 3.3645
SM-S_14 | 727.518 5.705e-002 3.2684
SM-S_15 | 748.938 5.541e-002 3.1750
SM-S_16 | 770.825 5.384e-002 3.0848
SM-S_17 | 793.259 5.232e-002 2.9976
SM-S_18 | 816.207 5.085e-002 2.9133
SM-S_19 | 839.471 4.944e-002 2.8326
SM-S_20 | 863.089 4.808e-002 2.7550
SM-S_21 | 887.235 4.678e-002 2.6801
SM-S_22 | 911.614 4.553e-002 2.6084

Table 3.8 Steering angle rates for each sub-swatPAZ
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Once the angular interval is chosen, the steermglearate of each sub-swath can be
determined in order to assure the desired azimegblution (18 m in PAZ system for
ScanSAR Mode). The steering angle rate of eachsaabh is not dependant of the number
of sub-swath used in scanning and neither of wkiditswaths are chosen. So, using the
geometric parameters defined for ScanSAR, the tregusteering angle rates obtained
from (3.11) are shown in Table 3.8.

When the steering angle rates are known, it isntbenent to select the number of sub-
swaths that will be used for scanning. That choaseit is shown in the next section, is a
trade-off between range coverage and the error ¢ttethdue to limited storage capacity
and the ambiguity levels. Once the number of suéitissvare chosen, it must be decided
which ones are used depending on the desired st@mea. From now on, as an example,
sub-swaths 5-6-7 will be taken when 3 sub-swatles umed for lower range coverage
alternative, and sub-swaths 5-6-7-8 in the caseiddr range coverage. Solving the linear
system (3.18) the timelines of both alternativess@ven in Table 3.9 and Table 3.10.

Sub- | Steering  Steering  Doppler

Burst Dwell Doppler Max

swath angle rate angle rate rate : : steering
name (rad/s) (deg/s) (Hz/s) time time BW angle
SS5 0.07292 4.1781 -6056.027 0.12337 0.07600 460| 0.2578
SS6 0.07120 4.0796 -5913.292 0.12500 0.077484 460| 0.2550
SS7 0.06943 3.9780 -5765.993 0.12675 0.07983 460| 0.2%21

Table 3.9 Timeline for PAZ system using 3 sub-ssfathrange coverage

Sub- Steering  Steering  Doppler

Burst Dwell Doppler Max

swath angle rate angle rate rate : . S EE

name (rgad/s) (geg/s) (Hz/s) time time BW angleg
SS5 0.07292 4.1781 -6056.027 0.171%8 0.07600 460| 0.3584
SS6 0.07120 4.0796 -5913.292 0.17320 0.07784 460| 0.3533
SS7 0.06943 3.9780 -5765.993 0.17496 0.07983 460| 0.3480
SS8 0.06762 3.8746 -5616.065 0.17684 0.08196 460 | 0.3426

Table 3.10 Timeline for PAZ system using 4 subfssvair range coverage

As it was explained before, some parameters of TKBP&ode do not depend on the
number of sub-swaths used for scanning the surfasteering angle rates remain constant
as well as the Doppler rates for both alternatividsese parameters are obtained from
equations (3.11) and (2.54) respectively, calcdldtem flight parameters of the sensor
(velocity, range, frequency...) and ScanSAR requir@s)esuch as azimuth resolution.

On the other hand, burst time and, consequentlxjrman steering angle change in both

situations. The burst time is the period while #menna is illuminating each sub-swath

and the cycle time @) can be obtained as the sum of the burst timél sia-swaths, and

it corresponds with the time that sensor takefluminate each sub-swath from one burst
to the next one. In the example analysegd the interburst periods, are equal to 0.37512
seconds in the first case and 0.69568 secondg iseitond one.

The main disadvantage using 4 sub-swaths is thgetdourst time that the system needs to
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cover all the points in the scene. A longer bursetmeans a higher maximum steering
angle and, consequently, the antenna needs toteeenain beam in a higher number of
azimuth direction. As it is explained in the negttson, the limited storage capacity will
result in a higher steering angle quantization steg a worse response of the TOPSAR
mode.

In conclusion, the results obtained for TOPSAR mageng both alternatives are
achievable with the PAZ antenna characteristicsenEgo, more specific analysis of
ambiguities must be done in order to assure theecboperation of the radar using this
mode. Next chapters introduce the concept of anitiegun this kind of applications and
compute them for the system analysed.
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Chapter 4 Steering angle quantization analysis
for TOPSAR mode

As it was commented in previous section, the semapacity of the PAZ system is not

unlimited. In the particular case of the TOPSARraien mode, it is essential to store the
different azimuth antenna angles where the antem®als to point in order to set the

necessary azimuth steering to cover all points afhesub-swath. Due to the limited

capacity, it is not possible to have a continuotgering in along track direction so a

guantization of the steering angle will appearhe azimuth antenna pattern, causing a
guantization error that will be studied to analgsempact to the received data.

In this chapter, the error due to quantizationhef steering angle will be evaluated and its
influence in Doppler reception will be discussed A will be exposed, this error will
produce azimuth ambiguities which must be evalutddiave a correct imaging of targets
in the scene.
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4.1 Limited storage capacity in radar

PAZ, like other radar systems, has a limited cdpatd store the positions where the
antenna will point. This feature will cause thae teteering in azimuth will not be
continuous and, therefore, there will be a quatibmaof azimuth angle variation. This
steering angle quantization can be described &.1). The angle quantization stefog)

will be directly related to the storage system ciétgaand the azimuth swept necessary to
reach all the points. The resulting angle has bape showing in Fig. 4.1, where one can
see the step evolution of the quantized angle.

JAY
9 =0~ mod(qo,Aw>+7‘” (4.1)

Such quantization of the steering angle causes smmerfections in the AAP response in
TOPSAR mode. When quantized angle (4.1) is insdriethie AAP equation (2.56) the
resulting quantized AAP in Fig. 4.2 is obtainedeThst observable problems can be seen
in Fig. 4.2. These graphics correspond to the AAEh® sub-swaths 5-6-7-8 when 4 sub-
swaths are used to scan the scene. Fig. 4.3 shewsAP for sub-swath 5 scaled to see the
quantized problems with more detail. In the graphtbe blue AAP represents the ideal
response of the antenna using a continuous steamgie, while the red one is the
quantized AAP.

Angle quantization, Ag=0.03 degree

——quantized steering angle
—ideal steering angle

0.25F 8

0.21 4

@ quantized (deg)
o
G

0.1f 4

1 1 1
0 0.05 01 0.15 0.2 025 03
@ (deg)

Fig. 4.1 Steering angle quantization
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AAP for sub-swath 5 AAP for sub-swath 6
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Fig. 4.2 Ideal AAP and AAP with quantized steeangle
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Fig. 4.3 AAP in sub-swath 5 and quantization effect
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As it is shown in Fig. 4.3, the angle quantizaticauses that the antenna diagram in
TOPSAR mode suffers some anomalies. So, a fixedtipgi angle stored in the radar
memory is set to the antenna, and therefore the Agdlution is slower because the
azimuth pointing angle only changes due to thefgliat movement. Taking equation (3.3),
it means that only the first term evolves while #rgenna keeps the same pointing angle.
After some time, the radar switches to the nextestgointing angle, and then a step is
observed in the AAP evolution.

4.2 Angle quantization step

Once the first approximation to the AAP quantizatjoroblems is shown, it is time to
determine the effects of the quantization in tamgtection. As it was done in previous
section, the same two alternatives are analysedcantpared. First of all, the angle
guantization step of both alternatives must beutatled. Certainly, the best results will be
obtained using three sub-swaths because a smaill@uth steering sweep is needed.
However, the main purpose of this study is to campthe TOPSAR acquisition
performance using three or four sub-swaths in da@rsing. To calculate the quantization
step, the maximum steering angle in Table 3.9 aalolel3.10 are needed. Furthermore,
PAZ system memory allows 126 storing slots. Assalltethe equation (4.2) will determine
the angle quantization step:

D KTy
_4ae (4.2)
Ap=—"——
126
0.2 ‘
0.181 ‘ — 4 sub-swaths
‘ — 3 sub-swaths
0.16[
0.141
0.12f ‘
3 |
g IS ‘
E3 o1}
g~ \
= § ‘
2]
0.08 \\
‘\
0.06
\\
|
0.04F \ Min. step= 0.02218°
\
Min. step= 0.01212°
0.02- N
0 L L | L L L | L
5 10 15 20 25 30 35 40 45 50

Azimuth resolution (m)

Fig. 4.4 Angle quantization step vs. Azimuth resmhuusing 3 or 4 sub-swaths
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K4 Tg IS the total steering swept of the sub-swatind the summation represents the sub-

swaths used during the scanning process. In thicylar cases studied, equation (4.2)
provides an angle quantization step of 0.01212a#egusing three sub-swaths and 0.02218
degrees using for sub-swaths. Fig. 4.4 shows tlmduten of angle quantization step
depending on the desired azimuth resolution anedmeber of sub-swaths used. The more
sub-swaths we use, less fine quantization step Weet. Also, if the desired resolution is
too demanding, the quantization step will increzemesing a worse response.

These are the minimum steps to get the desiredudiziresolution, but it is not possible to
choose an arbitrary step. In the radar memory theresave some positions for Spotlight
mode, and we have to take them for TOPSAR. Thellpessteps that we can use to do the
steering in azimuth are multiples of the minimuraps0.008°. This provides an azimuth
guantization steep d.016°for the first case an@.024°when we work with four sub-
swaths.

4.3 Analysis of error due to azimuth steering angle quatization

Now that the angle quantization steps are knowrb@ith cases, it is time to analyse the
error due to such quantization. In a first appration to characterize this error, the
difference between the ideal and quantized AAP plaied in Fig. 4.5. Fig. 4.5 a) shows
the quantization error in the sub-swath 7 usingdtsub-swaths while b) shows the error in
the same sub-swaths but using 4 sub-swaths. Thess are calculated using the linear
antenna response, not the logarithmic. How it waslipted before, case a) presents better
response in terms of error.

Error in SM-S7 using 3 sub-swaths
T T T

0.1 T T

a)
0.08 i
0.06 -
0.04 -
0.02- i

1= A e

-0.02- B

Quantification error

-0.04 :

-0.06 - B

-0.08 - B

-0. 1 1 1 1 1 1 1 1 1
-%).l -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
Azimuth time (1)
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Error in SM-S7 using 4 sub-swaths

b) 0.1 T T T T T
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0.02- 1

M \/ /M
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Azimuth time (1)

Fig. 4.5 Error due to quantization using a) 3 swiaghs b) 4 sub-swaths

In order to do an analytical study of the errotsjsi necessary to model them. The
guantization of the AAP will generate a periodicphitnde modulation in the azimuth
response. This modulation of the amplitude respamiiegenerate undesirable spurious
peaks, producing spatial azimuth ambiguities. Thereplotted in Fig. 4.5 can be
approximated as a sawtooth signal [36]:

-nT,
X, (T) = A%Zn: rec{r _I_n “J(r— n'g) (4.3)

q

To have a complete model of the error, the paraméieand T, must be defined and
calculated A. will be taken as the maximum amplitude of the duzation error. As it is
plotted in Fig. 4.5, this error has a shape simitara sawtooth signal, but the signal
amplitude is not constant. However, to do the aig)ya worst case has been taken and a
sawtooth signal with constant amplitude equal ®rttaximum error has been chosen.

This maximum value of the error can be calculatgur@pmately in the point of theind
with maximum slope and where the quantization ewir be the highest [36]. As it is
shown in Fig. 4.6, the sifdunction has a maximum slope approximately ingime?(1/2)
point. So the valué. can be approximated as [36]:

A =sin¢ (%)— siné (—;— 2?;’ j (4.4)
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) — — /3t (sinc?)
150 . —sinc? b

Fig. 4.6 Maximum slope of a sinc function

On the other hand, the peridg is the time while the radar does not change thenaat
pointing angle, and corresponds with the periodhef sawtooth error signal. The radar
scans a total angle df T, in each sub-swath. This swept must be equal tharangle
guantization step multiplied by the number of st@ysin the sub-swath. At the same time,

the burst timelg has to be equal than the number of steps in tlaghsmultiplied by the
period of each stef,. These condition lead to the equation (4.6):

AN = KT, = K,NT, (4.5)
A
1= (4.6)

¢

Once the error is characterized, we are going topaoe this approximation with the real
error. Fig. 4.7 shows the error in blue and thetsath approximation defined in (4.3) with

the parameters obtained in (4.4) and (4.6) in Asdit can be seen, the error is higher in
sinc(1/2)while the approximated error is a pessimist pieaticthat matches up with the

real error in that point.
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Fig. 4.7 Error due to quantization vs. error appimation
4.4 Fourier transform of quantization error. Azimuth am biguity

problems
Using the error approximation, it is easy to catellthe Fourier transform in order to
determine the frequency response of the quantizaticors. The Fourier transform can be
solved from the Fourier series. In the case ofvat@ath periodic signal with amplitude

[-Ae, Al and periodTy, the Fourier series is defined in (4.7) [37] [38]:
4.7)

oA < sin(%k#rj
Xer (1) == ; ”

Once the Fourier series is defined, it is easyrno the Fourier transform to determine the
frequency components of the error and the powedhefresulting spurious peaks. These
peaks will be interpreted as false targets situaakdpositions which provide the

(4.8)

correspondent Doppler shift. The Fourier transfofrthe error signal is:
q

sin{an1 Tj
T

12Ay
k

T k=1

Xer (1) =FT{x, (r)} = F.T
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_2A &L . 1 )| _2Ae1y [ k| . k
Xen(f)—7éiF.T.{&n{%kfr]}-?;ia[é(f Tq] S[HED (4.10)

In the case studied, the most interesting parhefRourier Transform is its amplitude in
order to find the power and frequency location iirfous peaks that will appear due to
guantization. Thus, taking the module of the Faur@nsform calculated in (4.10):

JZAS L[ k) A K
SR e+ L (IR (| (]

Finally, it is possible to chanﬁe}for‘ qu‘ since the delta function is only different to zero
for values k/T,. So, the equation (4.12) can be rewritten as:

26( f- ] (4.12)

k#0

|xerr(f)| n_‘f

Equation (4.12) reveals the presence of harmomcmultiples of 1/F. However, the
amplitude of spurious peaks decreases as the fieguacreases. The resulting Fourier
transform module and the analytical bound presenhe first part of equation (4.12) are
plotted in Fig. 4.8.

This figure shows the evolution of the Fourier gfamm relative to the azimuth position.
This means that the receiver will interpret the repus peaks in frequency as targets
displaced in azimuth that provide a Doppler frequyeaqual to the error harmonics. False
target detections in azimuth will be placed at in

fd=—1=—0¢"=— 4.13
AR AR Y T (4-13)

_ kAR
Xk_Tq 2Ve (4.14)
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Fig. 4.8 Fourier transform of the approximated are) 3 sub-swaths b) 4 sub-swaths
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Working with 3 sub-swaths, as shows Fig. 4.8 ajtebaesults are obtained. Spurious
peaks appear further from the zero azimuth dispiecg and, consequently, the power of
the higher harmonic is lower than the first spusiqaeak using four sub-swaths for the
scanning. Furthermore, using a higher quantizatiep means to have the spurious peaks
closer and worse results.

However, as it can see in Fig. 4.8, the powersirsef purious peak are 38 and 34 dB
below the response of a target centred in the agnmuth displacement. To obtain the
level of the first spurious peak, we must evaluhteequation (4.12) ih=1/T,. The power
of the first spurious peak &J/z and its evolution with angle quantization step barseen
in Fig. 4.9.

The conclusion about the steering angle quantzapooblems is that, although a
frequency modulation appears in the response ofatiar, the level of the spurious peaks
are more than 30 dB below the main response foleamgantization step used. Using
smaller quantization steps, better results wouldob&ined. However, using four sub-
swaths, the modulation effects due to quantizatwdhbe negligible too, getting a wider

coverage with a similar image quality.
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Fig. 4.9 Max. Spurious peak using three or four-sulaths
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Chapter 5 Ambiguity analysis for SAR systems

In this section the ambiguities are studied andlyaed for Stripmap, ScanSAR and
TOPSAR operation modes. Ambiguities are one of kkg elements to the correct
performance of the radar system and they are egtyeralated to the antenna shape and
dimensions, the processed Doppler bandwidth andrathsign parameters of the radar
such as the PRF.

It is considered ambiguous signal the power rettinas do not correspond to the echoes
from the illuminated area by the antenna footpfTite ambiguous echoes can cause image
artefacts and misplaced replicas of bright targétese ambiguities are classified in two
categories depending on their origin. On one hazimuth ambiguities arise from the
finite sampling of the Doppler spectrum at intesvaf the PRF [39]. On the other hand,
range ambiguities appear when the echoes from gireg@and succeeding pulses arrive at
he same time that the return of the desired pud9¢ [The level of these ambiguities will
determine the azimuth ambiguity to signal ratio @) and the range ambiguity to signal
ratio (RASR) of our system.

At the end of this chapter, a more accurate arafgsiambiguities in TOPSAR are done
considering sub-array diagram and grating lobeschviiiave more influence when the
antenna is not pointing perpendicularly to the $wdihis analysis will be done with the
help of AMOR (Antenna MOdelleR), a MATLAB tool cresl by UPC professor José
Maria Gonzélez Arbesu, which provides the realrardediagram for the cases studied.
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5.1 Ambiguities in SAR systems

In order to improve the ambiguity to desired sigraio, the antenna pattern as well as the
PRF must be chosen to fulfil the system requiremedo, for a given range and azimuth
antenna pattern, it is necessary to select the R&ts such that the power of the desired
signal will be higher than the total ambiguous pov@n the other hand, for a given range
of PRFs, it will be necessary to determine the disiens and weighting of the antenna in
order to get an antenna pattern cuts that minimareiguity to signal ratio for all sub-
swaths.

In a first approximation the ambiguous power reedigan be computed as [22]:

- 5 n A0 _n
Pa’”b_m,mz_we (f0+ mPRFT, + PRF) o ( f+ mPRET,+ PRF} (5.1)
0

From above, the dependency of the ambiguous povtertiie PRF can be observed. The
power received from one point, determined by itpler frequency §,) and the time

delay of the received echa(), is calculated multiplying the two way power amta

pattern G®) by the surface reflectivityd®) [5] [6] of the analysed point. So, the total
ambiguous power received for a given Doppler fregyeand a time delay point will be
calculated as the summation of the echoes fromepdmeg and succeeding pulses,

represented in (5.1) with threindex (PLRF); and the power of the replicas of the Doppler

spectrum, which correspond to titeindex of the summationng-PRF), that disguise the
desired part of the spectrum. Obviously, the sunonandexesm,n=0 must be ignored
because they correspond to the desired signal power

So, using (5.1), the integrated ambiguity to sigratio (ASR) for a given processed
Doppler bandwidthBp) can be computed with (5.2):

w  Bp/2

G?| f,+ mPRE7,+ " |.0° PREr,+ j d
|aDm == B (5.2)
" [ &*(f.1)o°(f.r)df

-Bp/2

ASR(1) =

Unfortunately, the equation (5.2) is not useful &paceborne SAR imaging since it
requires the knowledge of the azimuth-range antgratirn while most specifications of

the antenna are given by their azimuth or range separately. For this reason, to facilitate
the computation of the ASR, it is possible to safmthe ambiguities in azimuth and range,
calculating them independently. In the followingtsens the effects of azimuth and range
ambiguities will be analysed to see their impadhieradar operation.
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5.2 Azimuth ambiguities

As it has been briefly explained in previous setctazimuth ambiguities appear due to the
finite sampling of the azimuth antenna pattern gveseconds. That is easy to understand
if the problem is defined in time domain. Every dcends the radar sends a pulse to the
scanned area (being T the inverse of the PRF) whiokflected by the ground surface and
returns to the radar antenna. This fact causesetit point in the illuminated surface is
seen by the antenna as a collection of discretggas in Fig. 5.1.

In this figure, the radar is flying left to righiuminating a point target. The satellite
movement is continuous, but in the figure therecary drawn the positions every 1/PRF.
In each of these points, the radar sends a finiteepthat illuminates the point with the
correspondent weighting of the antenna diagram. tkisr reason, in the bottom of the
picture, we can see the azimuth antenna diagranplednin time since the radar only
receives information about the target every 1/PRF.

Once the origin of the azimuth ambiguities has begplained, now it is time to study

them analytically and determine how these ambiggiiiffect to the radar operation. To
calculate the contamination of the ambiguous sigmalhe desired return, it will be useful

to work in frequency domain. In order to obtain gpectrum of the received signal, it is
necessary to compute the Fourier transform of émepéed azimuth antenna pattern. First
of all, the power received from a point targetundtion of time can be expressed as:

P(r)=RY. <32(r)-o°(f)6(fi p;Fj (5.3)

where P, is the maximum power received in the centre ofdiienna main bean®’ (7)is

the two way azimuth antenna pattern a@é(ri PgFj is an impulse train that
n

simulates the sampling of the AAP. It is possildeapproximate the returns &srac’s
delta function since the duration of the pulses, in trder of microseconds, is much

shorter than the interpulse period, in the ordernofiiseconds. oo(r) is the target
reflectivity. From now, in this analysis we willasme a uniform backscattering model for
the targets in azimuth and range cuts,cé)oér) becomes constant and it will not have

interest in the ratios computation. To calculate Fourier Transform of equation (5.3) it is
necessary to know the Fourier Transform of the isgtrain [41]:

F.T.{ZES(Ti P;Fj}=25( f +k-PRF) (5.4)
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A discrete
AAP

1/PRF

v

Fig. 5.1 AAP quantization due to discrete pulséssion

Then, from (5.4) the spectrum of the discrete AAR be obtained (5.5):

FT{P(r)} = F.T.{ R G(r)é[ri P;F)}: By F.T.{ é(r) é(ri P;Fj}:
= %Zn: FT{c ()} DF.T.{é[ri P;Fj} =R'G( ) Dznlé( f+ nPRE= (5.5)

=R'Y.G’(f+nPRA
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Finally, to get the spectrum of the received sighal AAP must be defined in function of
the Doppler frequency. From equations (2.53) an&4(2 the one-to-one relationship
between azimuth time and Doppler frequency is abtii

V.21
f, = € .
d AR, (5.6)

The shape of the azimuth spectrum will be the s#me the two-way power antenna
pattern in time since the one-to-one lineal refetlop between azimuth slow time and
Doppler frequency. It is important to remember thatiniform backscattering model is
used. If not, the spectrum could be calculatedhascbnvolution between the two-way
azimuth antenna pattern and the backscattering Intakien [42]. So, the azimuth antenna
pattern can be written in terms of the Doppler ity (using a uniform aperture
approximation) as [22]:

: Lf
G*(f,)=G,-sin¢| =< 7
(1.)=6G (Zvej (5.7)
Once we have defined how the spectrum of the redesignal is; now it is possible to
compute the azimuth ambiguities. As it was defimedorevious section, the azimuth
ambiguity to signal ratio (AASR) is the relationtween the desired power divided by the

ambiguous one in the processed Doppler bandwidth.

The desired power in the receiver can be expreased (5.8), wher®, is the processed
Doppler bandwidthy(f) is the processing window in the receiver &g, is the azimuth
two-way antenna pattern.

Bp/2 G f
= | wey (1) Setle) o 59
-Bp/2 2az MAX

On the other hand, the ambiguous signal that iertesfin the processed bandwidth can be
obtained as:

s G,.. ( f;+ mMPR
F)amb:Z j W2,i( o) zu fy * MPRF) df, (5.9)
mz0 -Bp/ 2 GZazMAX

Finally, using (5.8) and (5.9) the AASR is calcathts the ratio between them:

o Gy ( f4+ MPRP)
W2 (f) = df
AASR=10log,| Fm | = 101 mz*;’—i/z (%) ez A ‘
0% T |7 0% B‘j’z Gyoo ( fo) (5.10)
‘ we, (f,) 2t a) g
al G

-Bp/2 2az MAX

This is the theoretical way to compute the AASRrtimately, the number of critical

ambiguities, represented by index is not infinite because the AAP decays to nebleyi
values when the Doppler frequency increases seffilyi. In practise, we will analyse the
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ambiguities for a finite number of ambiguities, wahiis a reasonable approximation to the
real result for azimuth ambiguities. In the nexttgm we are going to compute the AASR

for different SAR operation modes. Stripmap andnS&R are analysed previously to get
some basics results that will be useful to compligeambiguities of this new operation

mode, TOPSAR.

5.2.1 AASR for Stripmap

Stripmap mode is the basic operation mode for SARems. In this mode the radar
overflies the observed surface with the antennatpg to the ground with neither azimuth
nor elevation steering. In order to get the azinartibiguities for Stripmap, the parameters
of equation (5.10) are necessary.

One of the most critical parameters is the PRF. FRE is chosen to avoid the returns in
nadir direction and receive the desired pulses &etwtwo consecutive pulses avoiding
they will be masked. AASR and RASR are extremelgethelant on the PRF, so this will
be an important parameter in the ambiguity analysis the case studied, the values of
PRF for 22 sub-swaths defined for PAZ are in Téable

Sub-swath PRF (Hz) Sub-swath name PRE (Hz)
name
SM-S_1 3781,00 SM-S_12 3816,00
SM-S 2 3741,40 SM-S_13 3496,80
SM-S_3 3411,80 SM-S 14 3187,70
SM-S 4 4440,20 SM-S_15 3504,10
SM-S 5 3524,00 SM-S 16 3200,90
SM-S_6 3458,00 SM-S_17 3504,10
SM-S 7 4377,00 SM-S 18 3214,00
SM-S 8 3556,80 SM-S 19 3484,30
SM-S_9 4400,70 SM-S_20 3214,00
SM-S 10 3805,00 SM-S 21 3471,10
SM-S 11 3477,70 SM-S 22 3207,00

Table 5.1 PRFs in Stripmap

The two-way azimuth antenna pattern has been nemtle asinc' function (5.7) Wx;, the
processing window in reception, has been taken adamming window with the
expression:

(5.11)

Expression (5.11) shows the general expressionafétamming window. In the case
analysed a value of 0.75 is takendqspecified by EADS-CASA Espacio), and the values
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f' and f' has been set tgzi and —%. The Hamming window is centred to the zero

Doppler frequency in Stripmap mode.

Finally the Doppler processed bandwidth must berdahed. As it has been explained, the
Doppler processed bandwidth is related to the animesolution desired. With equation
(3.8) the necessary Doppler bandwidth to get tls&reld resolution can be written as:

B, =0.886v, - (5.12)

Paz

where v, is the effective velocity andk, is a correction factor due to the bandwidth

reduction caused by the window. Using the equafioh?), the values of Table 5.2 are
obtained for an azimuth resolution of 3 meterstip&ap and a correction factor of 1.132,
considering another factor of 0.886 for calculatingBp in the -3dB. Fig. 5.2 justifies this
value for asiné antenna pattern computing the processed bandvedti8dB point
(equivalent to the half-power point in the lineaAR). As it is shown, the Doppler
processed bandwidth at -3dB point is shrunk byB8®factor.

0.9r - Bp=2000 Hz J
- Bp-3dB=1772 Hz
- Bandwidth
0.8 Correction factor=0.886 i
0.7+ J
0.6 J
0.5r 0.886-Bp 4
0.4r J
0.3r J
0.2r 4
0.1r 4
| |
—8%00 -6000 -4000 -2000 0 2000 4000 6000 8000

Fig. 5.2 Bandwidth correction using -3dB criteriar forocessed bandwidth
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Sub-swath
name Bp (Hz) Sub-swath name Bp (Hz)
SM-S 1 2446,71 SM-S 12 244420
SM-S 2 2446,65 SM-S 13 2443,82
SM-S_3 2446,51 SM-S_14 2443,42
SM-S 4 2446,35 SM-S 15 2442 .99
SM-S 5 2446,17 SM-S 16 2442 .54
SM-S 6 2445,96 SM-S 17 2442 .06
SM-S 7 2445,73 SM-S 18 2441,56
SM-S 8 2445,47 SM-S 19 2441,03
SM-S 9 2445,19 SM-S 20 2440,48
SM-S 10 2444 .88 SM-S 21 2439,91
SM-S 11 2444 55 SM-S 22 2439,31

With these values and using the equation (5.10) ihumber of ambiguities of 12 (m=-6,

Table 5.2 Doppler processed bandwidth

6), Fig. 5.3 and Table 5.3 show the AASR valuesSisipmap mode.
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Fig. 5.3 AASR vs. Incident angle in Stripmap Mode
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Sub-swath AASR(dB) Sub-swath AASR (dB)
name name
SM-S 1 -25.333 SM-S 12 -25.237
SM-S 2 -25.443 SM-S 13 -25.780
SM-S 3 -25.484 SM-S 14 -23.086
SM-S 4 -24.569 SM-S 15 -25.792
SM-S 5 -25.798 SM-S 16 -23.294
SM-S 6 -25.681 SM-S 17 -25.794
SM-S 7 -24.533 SM-S 18 -23.498
SM-S 8 -25.804 SM-S 19 -25.767
SM-S 9 -24.544 SM-S 20 -23.510
SM-S 10 -25.267 SM-S 21 -25.744
SM-S 11 -25.739 SM-S 22 -23.414

Table 5.3 AASR for Stripmap

The values of the AASR for Stripmap are around2¥ eB, and therefore they do not
cause problems to the radar operation. Even sgetsakvith high reflectivity could cause
some azimuth anomalies masking other targets, tbwilli not be significant while the
undesired return is less than 25 dB higher thamés&red target.

5.2.2 AASR for ScanSAR

The way to compute the azimuth ambiguities for ®@mnSAR mode is similar to the
Stripmap with some extra considerations. As it waplained, in ScanSAR the radar
divides its scanning time to different sub-swathgider to cover a wider total swath. For
this reason, azimuth point targets will be illunteth by different portions of the antenna
main beam. The swath switching causes that parteeoterrain will have less powerful
returns than others that will be illuminated by teatre of the beam.

Target 1 Target 2 Target 3
Fig. 5.4 Non-uniformity of received desired echoes
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The displacement of the processed Doppler frequaffegts to the equations (5.8)-(5.10).
To consider the shift introduced in the Doppler cdpen, an extra variable must be
inserted in the azimuth antenna pattern.

The new factor, called intermediate frequernigy ¢an take values from —Bp/2 to Bp/2. In
order to calculate the AASR for each sub-swath,diéfierentf;’s will be taken (from -35
Hz to 1065 with 100 Hz step). The new function enpute the AASR will be:

z BTZWZ ( f )Gzaz(fd+mPRF+ f) df
P m#0 -Bp/2 e Gaazmax ’
AASR=10log,, b 10log, 572 G, 1) (5.13)
d w2 (f) 2t df
—B'[;/z ( d) GzazMAx ’

The processing window is, as in Stripmap case, mrhiag window with coefficient 0.75
defined in equation (5.11). The two-way azimuthean& pattern is still ain¢® function
(5.7).

Finally, the processed Doppler bandwidth changesomparison with Stripmap. In this
case, using the equation (5.12), with the samerfd:886, and 18 meters for the azimuth
resolution, the Doppler bandwidths in Table 5.4ab&ained:

Sub-swath Sub-swath
name name
SM-S 1 407,79 SM-S 12 407,37
SM-S 2 407,77 SM-S 13 407,30
SM-S 3 407,75 SM-S 14 407,24
SM-S 4 407,73 SM-S 15 407,17
SM-S 5 407,70 SM-S 16 407,09
SM-S 6 407,66 SM-S 17 407,01
SM-S 7 407,62 SM-S 18 406,93
SM-S 8 407,58 SM-S 19 406,84
SM-S 9 407,53 SM-S 20 406,75
SM-S 10 407,48 SM-S 21 406,65
SM-S 11 407,43 SM-S 22 406,55

Table 5.4 Doppler bandwidth processed in 22 subtssvior ScanSAR with azimuth
resolution of 18 meters

ScanSAR PRFs in PAZ are similar to the Stripmap 2RFnly some of the sub-swaths
change their PRFs. In order to compute the AASR SoanSAR the same PRFs as
Stripmap have been used, changing the values ofwia¢hs 3, 5, 6, 8 and 11. The new
values are:
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Sub-swath PRF (Hz) Sub-swath name
name
SM-S 1 3781,00 SM-S 12 3816,00
SM-S 2 3741,40 SM-S 13 3496,80
SM-S 3 3675,00 SM-S 14 3187,70
SM-S 4 4440,20 SM-S 15 3504,10
SM-S 5 3796,30 SM-S_16 3200,90
SM-S 6 3732,10 SM-S 17 3504,10
SM-S 7 4377,00 SM-S 18 3214,00
SM-S 8 3782,00 SM-S 19 3484,30
SM-S 9 4400,70 SM-S_20 3214,00
SM-S 10 3805,00 SM-S 21 3471,10
SM-S 11 4388,20 SM-S 22 3207,00

Table 5.5 PRFs for ScanSAR mode

With these input parameters, the results of AASRScanSAR are shown in Fig. 5.5. As

we can see, 10 results are obtained for each sathtsivo make the results clearer, Fig. 5.6
shows the worst AASR case for each sub-swath wiich considered the appropriate

value for AASR assessment. Table 5.6 presentsdiues of AASR in ScanSAR mode.
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Fig. 5.5 AASR vs. Incident angle in ScanSAR Mode
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AASR vs. incidence angle for ScanSAR
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Fig. 5.6 AASR vs. Incident angle in ScanSAR Modes{wase)

Sub-swath

Sub-swath

65

AASR(dB) AASR (dB)
name name
SM-S_1 -24.472 SM-S_12 -24.640
SM-S 2 -24.279 SM-S_13 -22.580
SM-S_3 -23.931 SM-S_14 -17.858
SM-S_4 -23.570 SM-S_15 -22.654
SM-S_5 -24.546 SM-S_16 -18.105
SM-S_6 -24.233 SM-S_17 -22.654
SM-S_7 -23.527 SM-S_18 -18.348
SM-S_8 24477 SM-S_19 -22.449
SM-S_9 -23.536 SM-S_20 -18.348
SM-S_10 -24.588 SM-S_21 -22.305
SM-S_11 -23.530 SM-S_22 -18.219

Table 5.6 AASR for ScanSAR

As in Stripmap, the azimuth ambiguities in ScanSi®Rnot be critical to radar operation.
For higher incidence angle, the AASR is worst hilitremains below -18 dB (-17 dB was
considered the worst acceptable ambiguity ratio Teble 3.4). Once the azimuth
ambiguities are studied for Stripmap and ScanSARespit is time to consider TOPSAR
mode which has an operation similar to the Scan8&Rvith some modifications.
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5.2.3 AASR for TOPSAR

To compute the azimuth ambiguities in TOPSAR madhle, steering in azimuth must be
taken into account because it will change the Depbistory of desired targets as well as
the Doppler reception of the ambiguous zones.

The way used to calculate the AASR is the sameith&tripmap and ScanSAR, but the
parameters in equations (5.8), (5.9) and (5.10) e@hbhnge. In particular, the azimuth
antenna pattern in function of Doppler frequencyt wot be the same due to the squint
angle introduced by the antenna steering in azinid@. So, while in Stripmap and
ScanSAR the evolution of the azimuth angle betvikerradar and the target only changed
due to the platform velocity; in TOPSAR, the stegrin azimuth must be added to the
natural movement of the satellite. This new featar® it was explained in section 3.2,
causes that the temporal AAP shrinks as well agdafaction of the Doppler bandwidth
received from each target.

In Fig. 5.7 we can see the evolution of the reakiehoes from both modes, Stripmap and
TOPSAR. As we can see in the scanning, the stepeleet two consecutives echoes in
Stripmap is smaller than in TOPSAR since the evatubf the AAP only varies due to
platform movement and, consequently, more pulséswireceived from one target using
the Stripmap mode.

Fig. 5.8 shows the temporal evolution of the reediechoes in both modes. Assuming that
the same PRF is used for Strip and TOPSAR, thepulge period will be the same, so the
returns from the target are equally spaced. Comsdlyy the antenna is illuminating a
single target during less time in TOPSAR than inp8tap, producing a reduction of
processed Doppler bandwidth for each point.

One-way AAP=sinc?
T

T Stripmap acquisition

0.9 ? TOPS acquisition

0.8
0.7
0.6~

0.5

Normalized one-way power

0.3r-

0.1

‘1 0.8 0.6 0.4 0.2 0.2 0.4 0.6 0.8 1

0
¢ (degree)

Fig. 5.7 AAP sampling for Strip and TOPSAR
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1 o’&‘o T Stripmap
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Fig. 5.8 Target echoes evolution due to antenmanihation. Samples are spaced
T=1/PRF

The equivalent antenna diagram in function of Depfilequency will shrink too. Fig. 5.9
shows the antenna pattern versus Doppler frequiamdyoth modes. The equivalent AAP
used to represent the Doppler history of a targ@i@PSAR mode is described by equation
(5.14), where the steering in azimuth causes timraction of the AAP. This will be the
antenna diagram used to compute de desired poaeree from one target, but it will be
necessary to study how the azimuth steering affedtse ambiguous returns in azimuth.

Gua (0 f4)) = Gysinc® (% fd(1+ ROVK<°D (5.14)

e

To understand how to compute the ambiguous powaived in TOPSAR mode, it is
interesting to get back to Stripmap case. In Stapnthe antenna illuminates the surface
with no steering in azimuth. Consequently, all thegets in azimuth will have the same
Doppler history, but not at the same time. In Bid.0, the Doppler response of the antenna
to a point target is shown. The spectrum processedeaired power is shaded in blue,
while the ambiguous power will be computed from thd zones, which are situated at
multiples of the PRF (considered around the 350Gdfzhis example). These zones will
be indistinguishable from the desired returns.
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Equivalent G(fd) for Stripmap and TOPS
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Fig. 5.9 AAP vs. Doppler frequency for Stripmap a@PSAR
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Fig. 5.10 Desired power and ambiguous zones fopiaap
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The ambiguous power for Stripmap mode can be ckedlintegrating all the ambiguous
zones of the spectrum situated at multiples oRR&. However, to make the computation
easier, the AAP can be shifted to multiples of R to centre the ambiguous zones to the
processing bandwidth (fromBp/2 to Bp/2). The resulting diagrams are plotted in
Fig. 5.11. As we can see, the Doppler shift ofAlAd®> produces that the ambiguous zones
are in the processing window while, at the mulspdé the PRF, will appear the main beam
of the AAP, but with no physical meaning.

One-way azimuth antenna pattern and ambiguities vs. Doppler frequency
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Fig. 5.11 Ambiguous zones shifted to the processindgows at [Bp/2, Bp/2]

To obtain the ambiguous power for TOPSAR modejralai study than in Stripmap will
be done, but considering the changes introducethdteering in azimuth. In Fig. 5.12,
we can see the temporal evolution of desired arfligarous signals.

In the top of the figure, the azimuth antenna diagrs plotted in blue, and we can see that
the ambiguous zones are illuminated by one of dkeradl lobes at this moment. So, in t
the antenna is pointing directly to the target with centre of the main beam, while at the
same time, the ambiguous zone is illuminated byséend lateral lobe. The steering in
azimuth causes the compression of the temporalugenl for all the points and,
consequently, desired and ambiguous zones will hashorter observation time.

The steering in azimuth will affect the Dopplertbry of all the points in the scene. Now,
unlike the Stripmap mode, not all the points imazih will have the same Doppler history.
Firstly, the azimuth steering will cause that thesiced target does not always have the
maximum response at zero Doppler. Moreover, ambigumnes will have a different
Doppler history than in Stripmap, where all therp®ihad maximum of the AAP in zero
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Doppler when the antenna crossed over the target.
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Fig. 5.12 Temporal responses of desired and amligazones

Fig. 5.13 shows the Doppler history of the targed ambiguous zones analysed in the
previous picture. The desired target is pointedhgyantenna main beam when the radar
has already crossed azimuth position of the ta@ehsequently, a maximum of the AAP
is obtained at negative Doppler frequency. On therchand, the evolution of Doppler for

the ambiguous zone, situated at 3500 Hz from thdrman of the desired target, is not the
same.

Considering the first ambiguity, that was pointgdtie secondary lobe of the antenna, the
frequency response will shrink. In the figure, vevé marked the azimuth antenna diagram

in grey (this is not function of the frequency liuts useful to see where the antenna is
pointing in ).

Thus, the Doppler response of the desired targé&trsuthe contraction around the -500
Hz, where the antenna points. On the other hamadh@&ambiguous zone situated at 3000
Hz (-500 Hz + PRF), the Doppler response will suttee contraction from this point
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(approximately at the beginning of the secondabe)oAs a result, we obtain the same
contraction for all of azimuth points but not a¢ ttame position and, therefore, not all the
points will have the same response in Doppler hysto

AAP and ambiguity permorfance in TOPSAR vs. Doppler frequency
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Fig. 5.13 Desired and ambiguous return Doppler drigts

Continuing with the azimuth ambiguities analysi®wnit is time to integrate all the
ambiguous parts of the spectrum that will not biéetBntiated by the receiver. These
ambiguous frequencies, as in Stripmap, will coroespto the frequencies separated at
multiples of the PRF from the desired frequenciescompute the ambiguous power, the
parts of the spectrum which correspond to the anddg zones must be integrated
considering the shift at multiples of the PRF ane $hrunk of the AAP characteristic of
TOPSAR mode.

Alternatively, it is possible to follow the sameopedure used in Stripmap in order to
simplify the computation. This will consist on maoyi the frequency diagrams of
ambiguous returns at multiples to the PRF. Doing, it will be possible to integrate the
ambiguities inside the processing window.

Fig. 5.14 shows what it is happening in the azimartibiguity analysis for TOPSAR. The

lateral lobe processed to compute the ambiguiiethe same that in Stripmap since the
Doppler shift of ambiguous zones will depend on BRRF. On the other hand, in the
TOPSAR case these lobules will shrink due to thenath steering.
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AAP and ambiguity permorfance in TOPSAR vs. Doppler frequency
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Fig. 5.14 Desired power and ambiguous zones for SAR

The equations to compute the AASR in TOPSAR modechange significantly due to
the modifications that we have explained previouSlyese equations have to include the
steering rates in azimuth as well as the Doppléit sthere the ambiguous zones are
located. The new equations will be:

e G fo+ f,+d
R= | {V\éf(fwﬁ) 2“((‘)((5‘1 ' ))}dfd (5.15)
-Bp/2 2az MAX

ZaZ((p(f + f. +d)) Ggsinc® [2\/

e

(f,+ £+ d)( R‘)K“’D (5.16)

0= 2 Bﬂ (f,+ fi Gpar (0( f4+ MPRF+ f+ d)

GZaz MAX

}dfd (5.17)

Gya (0 f4)) = Gysinc® (%{( fo+ f+ d)(1+ R K“’J+ mPRFD (5.18)
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The way to compute the desired and ambiguous p@amire same considering that now
the processing window will present a Doppler stiépending on the Doppler centroid of
processed target.

The AAP used to compute the ambiguities in TOPSARtnaonsider the azimuth steering,
which involves a Doppler response contraction, #twedPRF shift of each ambiguous zone.
The processed Doppler bandwidth will be smallentimaStripmap. Specifically, to obtain

an azimuth resolution of 18 meters as in ScanSAR,Doppler bandwidth using (5.12)

will be 400 Hz approximately. With equations fro® 1(5) to (5.18) and the PRF from

ScanSAR Mode (Table 5.5) the results of the nelaletare obtained for the AASR in

TOPSAR:

Sub-swath AASR(dB) Sub-swath AASR (dB)
name name
SM-S 1 -25.202 SM-S 12 -25.146
SM-S 2 -25.256 SM-S 13 -24.925
SM-S 3 -25.306 SM-S 14 -21.466
SM-S 4 -24.647 SM-S 15 -24.961
SM-S 5 -25.179 SM-S 16 -21.674
SM-S 6 -25.267 SM-S_17 -24.963
SM-S 7 -24.611 SM-S 18 -21.875
SM-S 8 -25.201 SM-S 19 -24.856
SM-S 9 -24.622 SM-S_20 -21.875
SM-S 10 -25.165 SM-S_21 -24.779
SM-S 11 -24.616 SM-S 22 -21.767

Table 5.7 AASR for TOPSAR

AASR vs. incidence angle for TOPSAR
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Fig. 5.15 AASR vs. incidence angle for TOPSAR

109



Analysis and evaluation of TOPSAR mode in SAR ETSETB

Once again, the results of the AASR for TOPSARmtter than -20 dB, goal defined in
Table 3.4 for ScanSAR, so the results are in tmeisgible limits. The results of the AASR
are plotted in Fig. 5.15 in function of the incidenangle. Finally, Fig. 5.16 shows the
differences in AASR of Stripmap, ScanSAR and TOPSARIt was expected, ScanSAR
has a worst performance since the target canumiilated by the edge of the main beam.
Besides, the results from Stripmap and TOPSAR iaras except from those swaths with
different PRFs. These results state the betteropednce of the TOPSAR mode vs.
ScanSAR. Once again, TOPSAR shows better resuitsi snust be consider as an
interesting alternative in imaging radar for widge coverage purposes. Furthermore,
with TOPSAR, the AASR azimuth dependency of Scan®aARbeen solved.

AASR for Stripmap, ScanSAR and TOPS compared
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Fig. 5.16 AASR in Stripmap, ScanSAR and TOPSAR

5.3 Range ambiguities

As it was explained, range ambiguities are the lrestu echoes from preceding and

succeeding pulses that arrive at the same timedisited return at the antenna. Range
ambiguities to signal ratio (RASR) will be computad the quotient between the total
power received from preceding and succeeding puasdsthe power of the desired pulse
[22].

In Fig. 5.17, a simple diagram illustrates the iorigf range ambiguities. In the figure,
swath is identified as a yellow strip on the groulmte antenna illuminates the swath but
the sidelobes can receive echoes from further aremerange distances. The antenna
pattern in range is plotted in blue in the figuks.it can be seen, the main beam points to
the centre of the swath, but the side lobes armilating undesired range distances.
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/

R1l-c:Tpn/2

Fig. 5.17 Origin of range ambiguities in SAR system

In Fig. 5.17, the desired pulse is sendtatso the echo will arrive to the antenna at
t :t0+2—R1, where R is the distance to the middle of the swath. Thisgsuthat will

C
cause higher ambiguous returns are sent at titpe3, and t,+T,, where T, is the

2R

inverse of the PRF. The desired returns of thedgepuwill arrive att,+—-T_ and
C

2 .
to+—R1+Tp, so these returns would not affect to the desgedo. However, radar
c
illuminates more than the desired swath. So, ferglevious emitted pulse, the receiver

. . : cT
will receive the return of a target situatedRyt= F{+7‘° at:

%)
2 . 2R (5.19)

t=t,-T.+ 2 =t T, +
Cc Cc

o 'P o 'p
C

Consequently, the echo of this point will arrivela same time that the desired pulse since
t,=t, and it will be considered as an ambiguous retMvith a similar reasoning, the

ambiguous distances for succeeding pulses can tenmdeed. Considering a target
cT
situated at distanc®, = F{—7” and knowing that the pulse has been serf &t ), in

(5.20) is demonstrated that it will be an ambigupoise:
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Z(R_CTJ

2 5.20

t3=to+TP+2R2=tO+TP+ _ 4+ 2R (5.20)
Cc C C

However, not only the adjacent pulses will causédigoous returns. It is necessary to
consider further pulses to do a complete analy$isange ambiguities. In order to

generalise the ambiguous ranges of a general pibiratted atR , the ambiguous distances
will be obtained as:

Romp= R+ n— n=+1,+2..0n (5.21)

Wheren is an integer that represents the pulse numbéor(@esired pulse, negative for
succeeding pulses and positive for previous onashds the number of pulses considered
in RASR computation. Theoretically the number ofspa is infinite, but in practise when
n increases the distance increases and the illummatf these points by the antenna
pattern decreases, so the receive power will bgniigant for grean’s.

Once the ambiguous distances are determined, tf&RRxan be calculated from the radar
equation (5.22), where the constant values will mte interest when we compute the
RASR because they will be in the numerator and aemator of the ratio. So, finally, the
required parameters to compute the range ambiguitik be the incidence angle and the
backscattering coefficient of the illuminated sadaas well the ambiguous distances of
these pulses determined by (5.21). Also, the wiighdf the antenna diagram in range will
be necessary to compute the total RASR.

p:R&xGRx&S«Z{ PG, %POAZJ(R)G )[ 5 j_ G &
H R® sind

O.O
r 2= K 5.22
(4m)’R'L (4m)°’ R'L 2sing, } (5:22)

Then, the RASR for each point can be determinetbkiyng the power of all ambiguous
returns, which include the previous and succeeduoiwes, and the desired power. Taking
the ratio between these powers the RASR will be:

RASR=10 Iogm( P;mbj (5.23)

d

The desired powerP{) received at the radar is obtained from (5.22)n@khe variable
parameters, which will not be cancelled at theor#f.23). The total ambiguous power
(Pamp will be obtained as the summation of the powerseived from preceding and
succeeding pulses. Equations (5.24) and (5.25)uaesl to compute the desired and
ambiguous powers respectively.

— GO(Q)GFXGRX
i R’sin(4) (5.24)
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i 00 (Bian ) G;XnG:{Xn i OO (e ian) C-:'_TXnG'_RXr

+
7 Rump siN(6.)  (5.25)

M M
Pb:ZP+bzP_b= 3
o n=-n, o =-n, o r?;(—)m Ramb1 Sln(3ian) ;

nz0 0

Where ¢° (4

.») is the backscattering coefficient for each pof@f,, G, are the antenna
pattern in transmission and reception adis the incidence angle of the desired return
while @, is the incidence angle for tmth ambiguous pulse. Finally, the terg,, and

P, mean the total ambiguous power in look directind the opposite direction from the
desired target.

As with azimuth ambiguities, the range ambiguitrg be computed for Stripmap and
ScanSAR to get some preliminary results in orderatmpute the range ambiguities for the
TOPSAR mode.

5.3.1 RASR for Stripmap

In order to determine the range ambiguities foip&tap mode, the values of equations
(5.24) and (5.25) are needed to get the desiredhenedmbiguous powers. First of all, the
antenna pattern in range must be defined. Fosthidy asin¢ pattern (5.26) will be use.

G,y = Gry = GsINC (\;—quj (5.26)

@ is the difference between the look angle whereathienna is pointing with the main

beam centre and the look angle of the point thatmeeanalysing. To calculate this angle,
the next expression is used:

coS_l((R*Jrh)2+ R azj_ Cogl(( R

pimal= 2R+1 R 2R+ R

J‘ (5.27)

In equation (5.27),R, is the distance to the middle of the swath whéee antenna is
pointing, Ris the slant range to the point that is being as®lyR, is the earth radius and
h is the platform height.

Another necessary parameter is the PRF of eaclswath in order to know where the
ambiguous points are. Using the PRFs of Tablethelyalues of ambiguous distances ca
be obtained. The backscattering model used to ctartpe ambiguities, as in AASR, is a
uniform model. Finally, the number of ambiguoussas! considereahy) has been set to 6.

With these parameters the results of Fig. 5.18cétained. As it can be observed, the

range ambiguities are below -20 dB except for #st four sub-swaths where we get a
worse performance. Then, a correct operation ofddar can be guaranteed for incidence
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angle from 15 to 50 degrees. For higher incidenogles, some problems due to
ambiguous signals could appear for points witleliteflectivity and situated at the edges
of these sub-swaths.

RASR for Stripmap

RASR (dB)
8

Incidence angle (degree)

Fig. 5.18 RASR vs. Incident angle in Stripmap Mode

5.3.2 RASR for ScanSAR

Since the Doppler processed bandwidth and the wathscommutation do not affect to
the computation of the range ambiguities, the ckfiees between the results obtained in
Stripmap mode and ScanSAR will be caused by thagdson the PRFs of some sub-
swaths.

Using the same equations (5.24) and (5.25) tolgedesired and ambiguous powers and
taking the PRFs from Table 5.5, the results obthiioe range ambiguities are plot in Fig.
5.19.

Once again, the results for range ambiguities atemorrying except those corresponding
to the furthest sub-swaths, where the RASR raisesea-20 dB as in Stripmap mode. The
most critical zones are in the edges of last sultfssvwhere the ambiguity ratio can
deteriorate the radar image reception.

As it was commented, these results are an appraximaf real values of RASR since we
are using ainc shape to calculate the ambiguities. This approtonas good enough for
far distances, but in section 5.4, the RASR will dmmputed with real antenna range
patterns. There will be checked that the approXxondbr near range is not precise enough
and the results will vary slightly.
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RASR for ScanSAR

RASR (dB)

Incidence angle (degree)

Fig. 5.19 RASR vs. Incident angle in ScanSAR Mode

5.3.3 RASR for TOPSAR

TOPSAR mode introduces an azimuth steering of tiienma that can affect to the range
ambiguities. For each slant range, the antenngaen perpendicularly to the fly direction
or with a little squint due to the azimuth steeriddne azimuth change in the antenna
pointing direction can cause variations to the RABR. 5.20 shows this new feature and
explains how it affects the ambiguous distancesravlibe RASR is computed. In the
picture two different pointing directions are péattin the same sub-swath scanning. In
point P1, the antenna is perpendicularly pointmghe swath at a general distarige On

the other hand, in point P2, the antenna modifeszimuth pointing, due to the azimuth
steering of the antenna, changing the distandeetpointed target for the same slant range.

R

Now, the target which was situated at slant raRgevill be at——, being ¢ the azimuth
cosy

steering angle.

To understand better what is happening, in Figl 32 same situation as in Fig. 5.20 is
plotted but in a top view, considering only azimaifd range directions. As we can see,
the distance to the middle of the sub-swath hagase, and now the distance to the targets

R

is——. Furthermore, the distance that can cause ambsgwburns has also changed.
cosy
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Azimuth

P1

&

Fig. 5.20 RASR variation due to azimuth pointingatson in TOPSAR
R cT .
+ n—= as it is demonstrated

cosy

The ambiguous returns will come from distanégs, =
2R /cosp
—

in following equations. The desired echo will aerigt the receiver d =t, +
On the other hand, the returns from preceding alededing pulses send gt-T  and

t, +T, respectively, will arrive, considering the distasof the Fig. 5.21, at:

R . CT,
2lcosp” 2 (5.28)
t,=t -T, + 22 = T, + O _ +2R/cop_ '
Cc Cc Cc
Z(RI_CTPJ
5.29
t3=t0+TP+@:tO+TP+ cosyp :to+2F§/cos;o: (5.29)
Cc Cc Cc
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Fig. 5.21 2D top view of RASR ambiguities in TOP &kide

RASR ambiguities for TOPS with @=0° and @=0.75°
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Fig. 5.22 RASR vs. incidence angle in TOPSAR
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Considering the azimuth steering angle characie$tTOPSAR mode the RASR results
will change slightly. The steering angle in azimuilli not be larger than 0.4°, when an
azimuth resolution of 18 meters is required, butwileconsider an extreme case using the
maximum deviation in azimuth allowed in PAZ syst@hv5°).

With this parameter, the new results for RASR inPBAR are plotted in Fig. 5.22. The

differences introduced due to the steering in a#timare negligible since the azimuth

steering angle is small. If we zoom in the ambigsitn one sub-swath, it is possible to
distinguish the differences between both azimudlerstg angles, but they are tenths of a
dB and, consequently, they can be considered rnielglig

Once again, it is an approximated result. We neezbhsider other factors that can affect
to the RASR when the antenna is steered in azigsuth-array diagram, grating lobes...).
For this reason, next section presents the re$ottsambiguities computed with real
antenna diagrams obtained with Antenna MOdelleRPPfar (AMOR).

5.4 Ambiguity computation with non-approximated antennapatterns

Until now, a theoretical model for antenna patteas been used to compute the range and
azimuth ambiguities. It was a good approximation &ripmap or ScanSAR, but in
TOPSAR, grating lobes rise significantly and sutaaidiagram has more influence due to
the steering in azimuth. In this section, real angepattern computed using AMOR will be
used to obtain more exact results for RASR and AASR

First of all, we are going to introduce the concepsub-array diagram and grating lobes.
After that, a brief introduction to AMOR interfaceill be exposed. However, this
document does not pretend to be a user guide foDRIVso it will only be an explanation
of how we have obtained the antenna pattern cinallf, range and azimuth ambiguities
will be computed again to see how the new anteattanns affect to the RASR and AASR

5.4.1 Sub-array diagram and grating lobes influence

The antenna in our system consists of 3 leaveh, 4yianels each in the azimuth direction.
Each panel has 32 sub-arrays of 16 slotted ringthenelevation direction. Separation
between sub-arrays is 0.8 lambda in x-axis andabnbda in y-axis. The sub-array of the
antenna can be modelled as follows [43]:

(kI .
I sm( sin@ cospj : .
E, = ke 2 cos(E sind cospj S|n(8kdx sing COSP)) sip  (5.30)

2 Hsineco&p sin( 0.%d, sir® cog
2

(kI .
ke Sln( sin@ cospj : .
E - jke 2 cos(ﬂ sitg co ) sin(&d, sind cog)

, , co8 ca
*2m l;sineco&p sin( 0.%d, sir@ cog) (5.31)
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wherek is the wave number, (g, @) are the spherical coordinates of the point ircepa

where the fields are to be computéds the square element size ads the separation
between elements.

The sub-array diagram will affect to the receptiminechoes since the pattern of the
antenna is the combination of array factor mukiglby sub-array diagram. For this reason,
when the antenna is steered in azimuth, the pogesived from desired target can suffer
some degradation and, at the same time, some aousgreturn can be seen more
powerful. In Fig. 5.23, the sub-array diagraméncut can be observed. If an azimuth
steering of 1 degree is set to the antenna, theedesignal could suffer a degradation of 2
dB due to sub-array diagram. Using the patterns coinputed with AMOR, the effect of
sub-array diagram will be considered and we musdystiow it will degrade the signal
reception.

Patiern o cot

-10f

LT S S L (-
dB

dB

-30f- 20| 4 I¥E & P & LJE L |

Angle (deg)

Fig. 5.23 Sub-array diagram i cut. The sub-array attenuation can be significantl
when a higher steering angle in azimuth is set

On the other hand, the influence of grating lobesinbe considered. When an azimuth
steering is applied to the antenna diagram, gratings can increase significantly. In order
to determine the origin of grating lobes, a shotplanation about array antennas is
presented next.

Let us to consider a 1-dimensional array withladl €lements with same separation for this
study. Although the antenna in SAR consists ofdin2ensional sub-array, this explanation
will be really useful to understand why the gratiolges appear at the antenna diagram.

Considering the linear array of Fig. 5.24, the &ieal field radiated by the sub-array can
be obtained from [26]:

E (F) — EO (r) N_lanejn(kdcosem) (532)

n=0
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Fig. 5.24 Radiated fields from an antenna array

In equation (5.32), ternkdcosg+a is called ¢ and it represents the phase difference
between contributions in far field of two consevas elements of the array. This
difference is equal to the change of phase dukdalifference of the waysk@cosf) and
the progressive phase of each elementa, represents the excitation current mh
element anoE0 Is the radiated field by the basic element witltarg excitation. From this
equation we can obtain the array factor (AF) whectiefined as:

AF(g)=> a€™ (5.33)

The AF for one-dimensional array presents the ¥alg properties:

* It is a periodic function ofy angle, with 27 period, whose Fourier coefficients
correspond to excitation coefficients,. The AF is a Fourier transform of the

discreet sequence of these coefficients.
« If a, coefficients are real and positive, the arraydats maximum at the origin

(Y =0).
* @ angle, which shows the radiation direction, omligets real values from 0 ta,
which correspond to an interval @f compressed between:

WO[-kd +a, kd+a] (5.34)
This interval is called visible margin. The lengthvisible margin i2kd and it is
centred to =a .

* With a, real and positives, if the visible margin includé® origin ¢ =0, the
maximum in the real radiation diagram will be in:
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O, = arco{—%j , |a|<kd (5.35)

As we can see, the maximum direction can be eakdyged modifying the value
of progressive phase between elements. It is wealse in radar to do the steering
in azimuth for TOPSAR mode (in SAR the antenna t&@dimensional array but
the operation is similar).

* If the maximum is iny,.,, periodical maximums will appear at integer muéigp

of 277 due to the periodicity of array factor, @t=2mz+y . If these maximums

are in the visible margin, that meansl+a =27 or —-kd+a < 2w, multiple
radiation maxima will appear in the real space Wlape called grating lobes. These
grating lobes, deserve particular attention in ®AR ambiguities assessment since
can alter significantly azimuth ambiguity valuestasbed previously using an
approximated antenna pattern. The grating lobeéseo&ntenna will be weighted by
the sub-array (array element) diagram and beconpamicular relevance when the
steering in azimuth increases.

The last characteristic in the list is the mosgiasting for the case studied. In Fig. 5.25, it
is shown how we can pass from AJF) in Cartesian coordinates to array factor in real
space, as a function @& angle. As we can see, the visible margin detersnihe grating
lobes. In this example, the visible margin is mmid enough to include the first grating
lobes, but on our system it is not true. Workinghwan element spacing of O\7 when

az2m-kd=27-20N 0320 (1089 or as2mrkd=27+ 270N 1 7.9

(252°), grating lobes will appear in the visiblangin. These values af correspond to a
steering in@ between 115° and 180° (the same that consideedrsjy between 0 and 65°).
Considering that the steering in TOPSAR will be aj® between 0 and 1°, the grating
lobes will be present on this mode and can nogbered.

! Visible Margin :

o-kd . _otkd

tAF(vy)

21

| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
1/ I
1/ |
I |
I |

o-kd --(x kdcdse- o+kd
Fig. 5.25 Array factor in real space
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This introduction has been a useful way to undedstahy grating lobes appear in our
system. Next figures which have been computed usiFM@R, show the situation and

relative power of the grating lobes when the stepm azimuth increases.
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Fig. 5.26 Grating lobes in PAZ antenna with stegramgles of 0°, 0.5° and 1° in SS2. The

right side is a zoom of the pattern within the bex in the left side.
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As we can see in Fig. 5.26, grating lobes levetseiase when the azimuth steering
increases. In this example, antenna diagram ofsawtth 2 has been chosen for the
analysis. When the steering in azimuth is null, thi@&o between main beam and highest
grating lobes is approximately of 40 dB. When ttezsng is about 0.5 degrees, a steering
angle that fulfil the requirements for TOPSAR watldlesired resolution equal to ScanSAR,
the grating lobes are 30 dB below the main beamally if we repeat the calculation for a
steering angle of 1 degree, the results are wordg,18 dB of difference. Fortunately, as
we can see in next section, when we optimize thewgh resolution for TOPSAR, a
steering angle of 1 degree will be not necessary.

5.4.2 Using AMOR to compute the antenna patterns

In this section we are going to explain how theeana patterns cuts in azimuth and range
can be obtained using AMOR. AMOR is a useful toeveloped by UPC which provides
antenna information for SAR missions. So, it isgiole to synthesize an antenna diagram
from user requirements or analyse antenna radigtatterns from the weightings of the
sub-array elements. In Fig. 5.27, AMOR interfacprissented.

B AMOR : Antenna MOdelleR  (v3) =nEch ==
Array Description | Synthesiz | Analysis | Errars | Help | About |
Array Description
Select Basic Element: T [IEEERTS . X PH_09650_RFF_ASC bt
Spacing [xy,Z] [m]: Mechanical accuracy [m]: m
Excitation Definition
(+ Boresight " Stripmap ("~ ScanSAR " Spotlight " User Defined

Select Boresight File:

Boresight txt

Refresh list Array Description File Mame - Load &rray Description
Array Description File Mame : _ Save Array Descrigtion

Fig. 5.27 Antenna MOdelleR (AMOR) interface

The option that we will use to get the azimuth &mge cuts of the antenna will Beray
Description Synthesisand Analysis The first one is used to define the weightingshef
antenna that will be analysed. The weightings efgsbb-array elements are read from an
excitation file which can be selected by user & plop-up menselect Filein Excitation
Definition. Here we can choose which mode we want to anaBeessight, Stripmap,
ScanSAR, Spotlight or User Defined. TOPSAR modw®isan option, but it can be studied
from Spotlight since both modes use the steerirazimuth as a main feature.
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In order to obtain the antenna pattern cuts, tix¢ m®cedure will be followed. First of all,
we are going to enter iBynthesioptions. In this section, we can generate the bieam
that we desire. In our case, we want to generatediefficients for a Spotlight since it will
be useful for TOPSAR analysis. Fig. 5.28 showspidueel that allows us to select the sub-
swath and the azimuth steering for our analysis.itAsan be seen, we can choose the
reference Stripmap file, which correspond to thie-swaths where the steering in azimuth
will be done. The steering angle in azimuth casdlected in the second text-box. Finally,
the antenna weightings will be stored at the outiprithat user provides.

Spotlight Beatm Generation

Chooze Stripmap reference: file:

Stripmap_2 txt
AF Steering [?):

Output filename:

Compute Coeffs |

Fig. 5.28 Synthesis of antenna beam-form with AMOR

When theCompute Coeffoutton is clicked the routine starts the sub-amagfficients
computation. After some iterations searching thegpessive phase that must be applied to
obtain the desired steering in azimuth, the progsaows the results in antenna diagrams.
One of them, shown in Fig. 5.29, gives informatadrout footprint location. In the right
figure in red, the main footprint before the stegns plotted, while in blue, we can see the
footprint steered in azimuth.

2W Copolar Pattern 2W Copaolar Pattern Contour
-0.24 024
-0.26 -0.26
028 028
= =
0.3 | 0.3
-0.32 -0.32
-0.01 0 0.01 0.02 -0.01 0 0.01 0.02
u u

Fig. 5.29 Antenna footprint steered in azimuth
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Besides, the program will generatetsd file with the necessary weightings to obtain the
desired beam-form with the steering in azimuthcelk This file contains the module and
phase of 32x12 sub-array elements in transmisgionreception. The file format can be
seen in Fig. 5.30.

| TOPS_SM2_05 - Bloc de notas E=aicH
Archive Edicion  Formato Ver Ayuda
fs Excitation magnitude [dB] and Phase [®] for each TRM b
% 32 rows and 12 panels
% TX
1 0. 000 11.250 0.000 331.875 0.000 292.500 0.000 253.125 0.000 213.750 0.000 174.375 0.000

2 0.000 112.500 0.000 73.125 0.000 33.750 0.000 354,375 0.000 315.000 0.000 275.625 0.000

3 0. 000 168.750 0.000 129,375 0.000 90.000 0.000 50.625 0.000 11.250 0.000 331.875 0.000
4 0. 000 241.875 0.000 202.500 0.000 163.125 0.000 123.750 0.000 84,375 0.000 45.000 0.000

5 0. 000 309.375 0.000 270.000 0.000 230.625 0.000 191.250 0.000 151.875 0.000 112.500 0.000
3] 0. 000 16.875 0.000 337.500 0.000 298.125 0.000 258.750 0.000 219.375 0.000 180.000 0.000
Fi 0. 000 118.125 0.000 78.750 0.000 39.375 0.000 360. 000 0.000 320.625 0.000 281.250 0.000

8 0. 000 213.750 0.000 174.375 0.000 135.000 0.000 95.625 0.000 56.250 0.000 16.875 0.000

9 0. 000 84.375 0.000 45.000 0.000 5.625 0.000 326.250 0.000 286.875 0.000 247.500 0.000
10 0. 000 157.500 0.000 118.125 0.000 78.750 0.000 39.375 0.000 360. 000 0.000 320.625 0.000
11 0. 000 230.625 0.000 191. 250 0.000 151.875 0.000 112.500 0.000 73.125 0.000 33.750 0.000
12 0. 000 303.750 0.000 264.375 0.000 225.000 0.000 185.625 0.000 146.250 0.000 106.875 0.000
13 0. 000 16.875 0.000 337.500 0.000 298.125 0.000 258.750 0.000 219.375 0.000 180.000 0.000 E
14 0. 000 90.000 0.000 50.625 0.000 11.250 0.000 331.875 0.000 292,500 0.000 253.125 0.000
15 0. 000 163.125 0.000 123.750 0.000 84,375 0.000 45.000 0.000 5.625 0. 000 326.250 0.000
16 0. 000 236.250 0.000 196. 875 0.000 157.500 0.000 118.125 0.000 78.750 0.000 39.375 0.000

7 0.000 303.750 0.000 264.375 0.000 225.000 0.000 185.625 0.000 146.250 0.000 106.875 0.000
18 0. 000 22.500 0.000 343.125 0.000 303.750 0.000 264,375 0.000 225.000 0.000 185.625 0.000
19 0. 000 95.625 0.000 56.250 0.000 16.875 0.000 337.500 0.000 298.125 0.000 258.750 0.000
20 0. 000 168.750 0.000 129.375 0.000 90.000 0.000 50.625 0.000 11.250 0.000 331.875 0.000
21 0. 000 241,875 0.000 202.500 0.000 163.125 0.000 123.750 0.000 84.375 0.000 45,000 0.000
22 0. 000 315.000 0.000 275.625 0.000 236,250 0,000 196.875 0.000 157.500 0.000 118.125 0.000
23 0. 000 28.125 0.000 348.750 0.000 309. 375 0.000 270.000 0.000 230.625 0.000 191.250 0.000
24 0. 000 101.250 0.000 61.875 0.000 22.500 0.000 343.125 0.000 303.750 0.000 264,375 0.000
25 0.000 168.750 0.000 129.375 0.000 90.000 0.000 50.625 0.000 11.250 0.000 331.875 0.000
26 0. 000 236.250 0.000 196. 875 0.000 157.500 0.000 118.125 0.000 78.750 0.000 39. 375 0.000

7 0. 000 320.625 0.000 281.250 0.000 241.875 0.000 202,500 0.000 163.125 0.000 123.750 0.000
28 0. 000 33.750 0.000 354.375 0.000 315.000 0.000 275.625 0.000 236.250 0.000 196.875 0.000
29 0. 000 106.875 0.000 67.500 0.000 28.125 0.000 348.750 0.000 309. 375 0.000 270.000 0.000
30 0. 000 180.000 0.000 140.625 0.000 101.250 0.000 61.875 0.000 22,500 0.000 343.125 0.000
31 0. 000 253.125 0.000 213.750 0.000 174,375 0.000 135.000 0.000 95.625 0.000 56.250 0.000
32 0. 000 326.250 0.000 286.875 0.000 247.500 0.000 208.125 0.000 168.750 0.000 129.375 0.000
% RX
1 -30. 500 309.375 -30.500 270.000 -30.500 230.625 -30.500 191.250 -30.500 151.875 -30.500 112.500 -30.500
2 -29.000 241.875 -29.000 202.500 -29.000 163.125 -29.000 123,750 -29.000 B4.375 -29.000 45.000 -29.000
3 -25.000 112.500 -25.000 73.125 -25.000 33.750 -25.000 354.375 -25.000 315.000 -25.000 275.625 -25.000
4 -8.000 33.750 -8.000 354.375 -B.000 315.000 -8.000 275.625 -8.000 236.250 -8.000 196.875 -B.000
5 -20.000 123.750 -20.000 84.375 -20.000 45.000 -20.000 5.625 -20.000 326.250 -20.000 286.875 -20.000
6 -9.000 225.000 -9.000 185.625 -9.000 146.250 -9.000 106.875 -9.000 67.500 -9.000 28.125 -9.000
7 -5.500 298.125 -5.500 258.750 -5.500 219.375 -5.500 180.000 -5.500 140.625 -5.500 101.250 -5.500
& -4.500 11.250 -4.500 331.875 -4.500 292.500 -4.500 253.125 -4.500 213.750 -4.500 174.375 -4.500
9 -3.000 84.375 -3.000 45.000 -3.000 5.625 -3.000 326.250 -3.000 2B6.875 -3.000 247.500 -3.000 =~
£ " 3

Fig. 5.30 TOPS_SM2_05.txt format with sub-arrayredat weightings

Once the coefficients are computed, it is time t tg Array Description menu. In
Excitation Definition we are going to sele@potlightbutton and we have to select the
Spotlight Filethat we want to analyse. Following with the exaanptig. 5.31 shows the
necessary parameters to analyse the pattern cuts.

Excitation Definition

" Boresight " Stripmap " SranSAR " Spotlight " U=zer Defined

Select Spatlight File:

Fig. 5.31 Array Description to analysis TOPSAR mode
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Directivity [dBi]

Finally, when the array description is loaded, we going to obtain the pattern cuts that
will be useful to do the ambiguity analysis. If we#ick in Analysis button, menu of
Fig. 5.32 will appear. To compute the ambiguitigs,will need the azimuth and range cuts
and they can be obtained frddirectivity Pattern Cuts Computation

Array Description | Synthesis | Analysis | Errors | Help | About |

Directivity Pattern Cuts Computation

Span [deg] - EL Cut: a0 Re=zolution [deg] - EL Cut: _
Span [deg] - AL Cut: a0 Re=zolution [deg] - AZ Cut: _

Cutput file narme: Compute Cuts |

Fig. 5.32 Analysis menu to compute pattern cuts

When we click orCompute Cutsve are going to obtain the pattern cuts diagramaks tat
files with directivity patterns in azimuth and range.e$a files will be used in the AASR
and RASR computation in the next sections. Fig358Bow the azimuth and range
directivity diagram obtained with pattern cuts cagtion.

2W ELEVATION Pattern 2W AZIMUTH Pattern
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Fig. 5.33 Pattern cuts in SM2 with azimuth steeh@.5°

5.4.3 Azimuth ambiguities for TOPSAR considering non-agptimated antenna
patterns

Until now, azimuth ambiguity analysis has been doseng an approximated azimuth
antenna pattern, modelled asiac’ function. This model, as we will see, it was a @joo
approximation for Stripmap mode, where the leveg@ting lobes is negligible since we
do not use any azimuth steering. In TOPSAR casth, the azimuth steering, the grating
lobes will increase, and the results obtained Zomath ambiguities will be worse.

First of all, following a procedure similar thangection 5.2, we are going to compute the
AASR for Stripmap mode. To compute these ambigiitiestly we need to get the
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azimuth antenna pattern cut of all the sub-swatlgsin, using AMOR to compute the
pattern cuts, we obtain the antenna diagram thatameuse instead sinc' shape. To get
the values of the radiation diagram, we will use tlutput file provided by AMOR which
has a structure as is shown in Fig. 5.34. Fromfilleisve are going to use the last column,
which containsg@ angle which is related with Doppler target shi@esides, third column
corresponds to the directivity in dBs of the antemm the direction defined by the last
column.

| test_az_SM1_AZ2W - Bloc de notas (=N

Archive Edicién  Formato  Ver Ayuda

| 1.8000000e+002 1.0000000e+001 -3.8405689e+001 3.4986725e+002 -7.2917211e+001 2.1528014e+002 -1.0000000e+001 .
1.8000000e+002 9.9900000e+000 -3.7038407e+001 3.4959691e+002 -7.1493332e+001 2.1501734e+002 -9.9900000e+000
1.8000000e+002 9.98000002+000 -3.5872344e+001 3.4932466e+002 -7.027017Be+001 2.1475315e+002 -9.9800000e+000
1.8000000e+002 9.9700000e+000 -3.4883433e+001 3.4905048e+4002 -6.9223673e+001 2.1448756e+002 -9.9700000e+000
1.8000000e+002 9.9600000e+000 -3.4053747e+001 3.4877431e+002 -6.8335884e+001 2.1422057e+002 -9.9600000e+000
1.8000000e+002 9.9500000e+000 -3.3369869e+001 3.4849612e+002 -6.7593382e+001 2.1395215e+002 -9, 9500000e+000
1. 8000000e+002 9.9400000e+000 -3.2821808e+001 3.4821587e+002 -6.6986171e+001 2.1368230e+002 -9.9400000e+000
1.8000000e+002 9.9300000e+000 -3.2402295e+001 3.4793352e+4002 -6.6506970e+001 2.1341102e+002 -9.9300000e+000
1.8000000e+002 9.9200000e+000 -3.2106298e+001 3.4764903e+002 -6.6150740e+001 2.1313829e+002 -9.9200000e+000
1.8000000e+002 9.9100000e+000 -3.1930722e+001 3.4736234e+002 -6.5914378e+001 2.1286410e+002 -9.9100000e+000
1.8000000e+002 9.9000000e+000 -3.1874230e+001 3.4707342e4002 -6.5796536e+001 2.1258844e+002 -9.9000000e+000
1.8000000e+002 9.8900000e+000 -3.1937165e+001 3.4678223e+002 -6.5797547e+001 2.1231131e+002 -9. 8900000e+000
1.8000000e+002 9.8800000e+000 -3.2121573e+001 3.4648870e+002 -6.5919451e+001 2.1203268e+002 -9, 8800000e+000
1. 8000000e+002 9.8700000e+000 -3.2431325e+001 3.4619279e+002 -6.6166106e+001 2.1175256e+002 -9, 8700000e+000
1.8000000e+002 9.8600000e+000 -3.2872344e+001 3.4589446e+002 -6.6543425e+001 2.1147093e+002 -9. 8600000e+000
1.8000000e+002 9.8500000e+000 -3.3452981e+001 3.4559365e+002 -6.7059751e+001 2.1118777e+002 -9.8500000e+000
1.8000000e+002 9. 8400000e+000 -3.4184589e+001 3.4529031e+002 -6.7726426e+001 2.1090309e+002 -9, 8400000e+000
1. 8000000e+002 9.8300000e+000 -3.5082375e+001 3.4498438e+002 -6.8558646e+001 2.1061685e+002 -9. 8300000e+000
1.8000000e+002 9.8200000e+000 -3.6166696e+001 3.4467581e+002 -6.9576758e+001 2.1032907e+002 -9.8200000e+000
1.8000000e+002 9.8100000e+000 -3.7465053e+001 3.4436454e+002 -7.0808253e+001 2.1003971e+002 -9.8100000e+000
1.8000000e+002 9. 8000000e+000 -3.9015269e+001 3.4405051e+002 -7.2290942e+001 2.0974878e+002 -9, 8000000e+000
1. 8000000e+002 9.7900000e+000 -4.0870784e+001 3.4373366e+002 -7.4078252e+001 2.0945625e+002 -9.7900000e+000
1.8000000e+002 9.7800000e+000 -4.3109965e+001 3.4341393e+4002 -7.6248542e+001 2.0916213e+002 -9.7800000e+000
1.8000000e+002 9.7700000e+000 -4,5853785e+001 3.4309125e+002 -7.8922771e+001 2.0886638e+002 -9.7700000e+000
1. 8000000e+002 9.7600000e+000 -4.9302771e+001 3.4276556e+002 -8.2301456e+001 2.0856900e+002 -9.7600000e+000
1.8000000e+002 9.7500000e+000 -5.3825733e+001 3.4243679e+002 -8.6753392e+001 2.0826999e+002 -9.7500000e+000
1.8000000e+002 9.7400000e+000 -6.0222494e+001 3.4210486e+002 -9,3078393e+001 2.0796932e+002 -9.7400000e+000
1.8000000e+002 9.7300000e+000 -7.0855498e+001 3.4176972e+002 -1.0363889%e+002 2.0766697e+002 -9.7300000e+000
1.8000000e+002 9.72000002+000 -1.0528844e+002 3.4143127e+002 -1.3799856e+002 2.0736295e+002 -9.72000002+000
1.8000000e+002 9.7100000e+000 -7.6158797e+001 3.4108945e+002 -1.0879487e+002 2.0705723e+002 -9.7100000e+000
1.8000000e+002 9.7000000e+000 -6.2491507e+001 3.4074418e+002 -9,5052754e+001 2.0674980e+002 -9.7000000e+000
1.8000000e+002 9.6900000e+000 -5.4930265e+001 3.4039537e+002 -8.7415881e+001 2.0644065e+002 -9.6900000e+000
1. 8000000e+002 9.68000002+000 -4.9703736e+001 3.4004294e+002 -8.2112905e+001 2.0612976e+002 -9.6800000e+000 -~

4 [

Fig. 5.34 SM1 directivity values to compute AASR

Using these values for the AAP, the values froml@ &8 are obtained. As we can see, the
values computed with the real antenna diagram lamdpproximated diagram are similar,
a few tenth of dB different. So, we can affirm thiae sinc shape is a good approximation
for Stripmap. Now, a similar study is done for TQ¥S

Real  Aprox.
Surk])asr,r\:veath Sur:)asr,r\:veath AASR  AASR

1) (dB)
SM-S_1 -25.551 -25.333| 0.218 | SM-S_12 -25.465-25.237 0.228
SM-S_2 -25.642 -25.443| 0.199 | SM-S_13 -25.728-25.780 0.052
SM-S_3 -25.578 -25.484| 0.094 | SM-S_14 -22.993-23.086 0.093
SM-S 4 -24.673 -24.569| 0.104 | SM-S_15 -25.906-25.792 0.114
SM-S_5 -25.891 -25.798| 0.093 | SM-S_16 -23.197-23.294 0.097
SM-S_6 -25.784 -25.681| 0.103 | SM-S_17 -25.907-25.794 0.113
SM-S 7 -24.681 -24.533| 0.148 | SM-S_18 -23.40R-23.498 0.096
SM-S_8 -25.889 -25.804| 0.085 | SM-S_19 -25.900-25.767 0.133
SM-S_9 -24.6795 -24.544| 0.131 | SM-S_20 -23.410-23.510 0.100
SM-S_10 | -25.493-25.267| 0.226 | SM-S_21 -25.77D-25.744 0.035
SM-S_11 | -25.862-25.739| 0.123 | SM-S_22 -23.31P-23.414 0.102

Table 5.8 AASR for Stripmap with real antenna daagvs. approximation
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To compute the ambiguities for TOPSAR mode, we prticeed in a similar way. First of
all, we need to compute previously all the azimatbenna pattern. These patterns have
been synthesized with an azimuth steering of Grs®st is an azimuth steering that allows
us to scan the scene using TOPSAR with an azinasiblution of 18 meters, the nominal
resolution for ScanSAR. Due to computation problewta AMOR, it will be possible to

compute the azimuth cuts for SM1 to SM5 only, huwill be enough to establish some
general conclusions.

First of all, it is interesting to see where th@razh ambiguous zones are located in order
to check if they coincide with grating lobes antdjtiwould be the case, if it will be
possible to modify the PRF to try to avoid thismmdence. In Fig. 5.35, the AAP of sub-
swaths 1, 2, 3 and 4 are plotted with an azimwérstg of 0.5°. Vertical red lines show the
situation of ambiguous zones at multiples of théRRm the desired target.

Azimuth ambiguity locations vs. azimuth antenna pattern in SS1

Azimuth ambiguity locations vs. azimuth antenna pattern in SM2
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Fig. 5.35 Azimuth ambiguity locations vs. azimutkeana patterns

As it can be observed in the figure, the densityamibiguous zones makes it difficult to
avoid the coincidence of grating lobes with azimathbiguous frequencies. So, try to
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change PRFs to avoid this coincidence is a contplicgask that will not offer great
results. For this reason we must compute ambiguégsuming this unavoidable effect to
see if the lost of AASR is significant.

As it was explained previously, the final versidlAOR has not been delivered so it has
not been possible to obtain all the azimuth patteits for all the sub-swaths. On the other
hand, Fig. 5.35 shows that in SS3 and SS4, themeaigmum coincidence between the
azimuth ambiguity location and grating lobes, sis iteasonable to conclude that we will
not have so much higher deteriorations in the AAS ke other sub-swaths.

The procedure to obtain the azimuth ambiguitiesSTlOPSAR using AMOR pattern cuts is
similar to Stripmap one. Computing the AASR for #ie available pattern cuts with an
azimuth steering of 0.5° we obtain the resultheffig. 5.36. As it is confirmed, the higher
deterioration is in SS3, where the loss is abodB2If we take the values from all sub-
swaths computed with approximated antenna patigsie section 5.2.3, where the worst
values was around -21.5 dB, we can conclude tlatvibrst AASR that we will obtain for
TOPSAR mode will not exceed from -19 dB, which iseasonable results to assure a
correct acquisition in the radar system.

AASR vs. Incidence angle with steering angle of 0.5°
-10 T T T T T

15+ _
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,25,
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Fig. 5.36 AASR using AMOR patter cuts in SS1(16%(38°) vs. siffapproximation
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5.4.4 Range ambiguities for TOPSAR considering non-appnmated antenna
patterns

In this section we are going to recalculate thegeammbiguities using a real elevation cuts.
Once again, to compute the range ambiguities yfisge have to use AMOR to get the
non-approximated range patterns. For range amigguithe steering in azimuth will not
be really critical as in azimuth ambiguities, sinicdoes not affect to the range pattern of
the antenna. But, on the other hand, it is necgdsacalculate the RASR again since the
sin¢* approximation is only valid for far range and ittt provide wrong results when we
work at near range, with low incidence angles.

To compute the RASR the elevation cuts are neces#dthough the steering angle

introduce by TOPSAR mode, in Fig. 5.37 we can $e¢ the elevation pattern of sub-
swath 1 with no azimuth steering and the elevapattern in the same sub-swath with an
azimuth steering of 0.5° do not present significdifferences. So, for range ambiguity
analysis, we can use no steered elevation patt€éhesmain reason for using no-steered
elevation cuts is to avoid the computation problénas AMOR presents when an azimuth
steering is applied. With non-steered elevations cwe can compute the RASR for
TOPSAR in the 22 available sub-swaths.
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Fig. 5.37 Elevation pattern cut of SS1 with no-aghrsteering (left) vs. 0.5° azimuth
steering (right)

Computing the RASR using these antenna cuts thdtsesf Fig. 5.38 are obtained for
TOPSAR mode. If we compare these values with th&RAesults from Fig. 5.22, which
correspond to the RASR values obtained withime' approximation; for near range or
low incidence angles which correspond to the Brgi-swaths, the behaviour of the RASR
is quite different. As we have previously explaingee reason for these variations is that it
is not possible to usenc approximation for near range.

On the other hand, for far range which correspondttie last sub-swaths, the

approximation is valid, and the results using boditterns are similar. It is coherent with
the previous considerations absirtc¢® approximation.
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RASR vs. incidence angle for TOPSAR using AMOR

RASR (dB)

Incidence Angle (degree)

Fig. 5.38 RASR for TOPSAR using AMOR pattern cuts

The values of the RASR obtained for TOPSAR modeimrexpected range. For near
range, although the variations in comparison wipipraximated patterns analysis, the
results are below the -25dB, which means the radanot have any operation problems
for these sub-swaths. On the other hand, for fageathe values of RASR get worse,
increasing until -5dB for the last sub-swaths. Ehealues of RASR are not good enough
to assure the correct operation of the system.

So, we can conclude that the radar will operatd wit ambiguity interference problems
for incidence angle from 15 to 50 degrees (SS1-yahd the image reception could
present some problems to higher incidence angléshvdorrespond to the last sub-swaths
(SS15-SS22).
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Chapter 6 Azimuth resolution optimization for
TOPSAR

Until now, the azimuth resolution for TOPSAR modssbeen considered as an input and
TOPSAR parameters have been chosen in order tbthdfproposed azimuth resolution of
ScanSAR mode, which is 18 meters. In this secti@ntiwy to optimize the azimuth
resolution selecting the steering rates and thstlitnes to improve this parameter. On the
other hand, we must consider the unavoidable ardksired effects, such as higher
guantization step or azimuth ambiguities deteriorat
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6.1 Angle quantization problems. Grating lobes limitaton

As it was explained in section 4, the quantizatstep is related to the desired azimuth
resolution. If a better resolution is desired, wit meed a slower steering in azimuth with
more scanning time for each sub-swath. This meansge ndirections to point and,
consequently, a higher angle quantization step [36]
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_557 m
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Quantization step (degree)

Fig. 6.1 Higher spurious peak vs. quantization st&glectable steps, at multiples of 0.008°
are marked with slashed lines

A higher quantization step means worst responsleet@purious peaks of the radar. So, as
the quantization step increases, the power ofiteedpurious peak raises too. In Fig. 6.1,
the evolution of the most powerful spurious spaaKuinction of the angle quantization
step is plotted. As it can be seen, when the qeatntn step increases the system will have
worst performance.

Besides, the stored pointing directions in the radamory for Spotlight determine the
available steps for TOPSAR, which will be multipleé 0.008° and are marked with
slashed lines in the figure.

Taking the values obtained from Fig. 6.1, whengbantization step is higher than 0.064°,
the normalized power of the spurious peak exce28dB, degrading the ambiguity levels
in azimuth due to the replicas in the spectrumthi@smore, as it will be exposed next,
taking 0.064° or 0.056° instead of 0.048° will pwovide a high azimuth resolution

improving.
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In Fig. 6.2 we can see how the minimum angle gaatitin step evolves as a function of
the desired azimuth resolution. Choosing a quandizestep of 0.048°, the best azimuth
resolutions obtained for 3 and 4 sub-swaths areaBd® 13 meters respectively. As it is
shown in the figure, if a coarser quantization stepsed, the improvement in azimuth
resolution is not significant, but the quantizateyror increases significantly.
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Fig. 6.2 Minimum angle quantization step vs. azinresolution. An step of 0.048° is
chosen to calculate the parameters of TOPSAR snsiaition.

From now to the end, using the results obtainenh ffag. 6.2, the assessment of TOPSAR
mode using three and four sub-swaths will be dakegy an azimuth resolution of 9.5
meters for first case and 13.5 meters in the seoardn order to fulfil the requirements in
all the sub-swaths. In the example, we analysessudihs 5, 6 and 7 when we are working
with 3 sub-swaths; and swaths 5, 6, 7 and 8 irother case. The results using these new
features can be seen in Table 6.1 and Table 6.2:

Sub- Steering  Steering  Doppler Burst Dwell Doppler Ma>§.
swath angle rate angle rate rate time time BW steering
name (rad/s) (deg/s) (Hz/s) angle
SS5 0.03241 1.8571 -6056.027 0.87926 0.14401 872 | +0.8164
SS6 0.03165 1.8133 -5913.292 0.88233 0.14748 872 | + 0.8000
SS7 0.03086 1.7682 -5765.993 0.88566 0.15125 872 | +0.7830

Table 6.1 Optimum parameters to get an azimuthluésa of 9.5 meters using 3 sub-
swaths
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Sub- Steering  Steering  Doppler Burst Dwell Doppler Ma>§.
swath angle rate angle rate rate time time BW steering
name (rad/s) (deg/s) (Hz/s) angle
SS5 0.05148 2.9493 -6056.027 0.46047 0.10134 614| 0.6490
SS6 0.05026 2.8798 -5913.292 0.46263 0.10378 614| 0.6661
SS7 0.04901 2.8081 -5765.993 0.46497 0.10644 614| 0.6528
SS8 0.04774 2.7351 -5616.065 0.46748 0.10928 614| 0.6393
Table 6.2 Optimum parameters to get an azimuthluéisa of 13.5 meters using 4 sub-
swaths

The results coincide with what we expected. If wenpare these values with results from
Table 3.9 and Table 3.10 obtained with an azima#wolution of 18 meters, the steering
angle rates are slower since they are directlyteéléo the azimuth requirements. On the
other hand, the burst time dedicated to scan eabkswath increases because a larger
scanning of each sub-swath is necessary. This mmeans azimuth directions where the
antenna needs to point to get the desired resolulibis new parameters mean higher
maximum steering angles in both cases for eachsaualth. Using four sub-swaths, there
are no problems in the scanning. However, takirgy ghrameters of three sub-swaths
scanning, the maximum steering angle exceeds fr@sf Qvhich is the maximum azimuth
steering angle considered to avoid an unacceplixé of grating lobes.

The limitation of the maximum steering angle corfresn the grating lobes that increase
when the steering in azimuth is higher. As we @min Fig. 6.3, when an azimuth steering
of 0.75° is set, the grating lobes are only 20 é®Ww the main signal, which could cause a
noticeable deterioration in signal reception dueazanuth ambiguities. For this reason,
higher steering angles in azimuth will not be akalwfor scanning the scene in TOPSAR,
and 0.75 will be set as the maximum steering arigée system provides a correct
performance.
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Fig. 6.3 Grating lobes of the antenna with steerafd.75°
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For this reason, we shall consider to relax shightir azimuth resolution requirements for
the 3 sub-swaths case. Therefore, an additionalysimabased on a target azimuth
resolution of 10 meters will be done. With thisuggment the results obtained can be seen
in the next table:

Sub- Steering  Steering Doppler Burst Dwell Doppler Max_.
swath angle rate angle rate . : steering
rate (Hz/s) time time BW
name (rad/s) (deg/s) angle
SS5 0.03480 1.9936 -6056.027 0.64764 0.13681 829| 0.6456
SS6 0.03398 1.9467 -5913.292 0.650%5 0.14011 829| 0.6332
SS7 0.03313 1.8982 -5765.993 0.65371 0.14369 829| 0.6204
Table 6.3 Optimum parameters to get an azimuthluésa of 10 meters using 3 sub-
swaths

With the new azimuth resolution of 10 meters thePBAR parameters satisfy the PAZ
specifications. Moreover, a quantization step 68@.can be used, as it can be seen in Fig.
6.2. Once we get the new parameters, it is timse® how the quantization error and
ambiguities have changed.

Fig. 6.4 shows the Fourier transform of the erroe do quantization with the azimuth
resolution improvements expressed in terms of atindistance to the target. In case a),
where we use three sub-swaths to do the scanmiagnost powerful peak appears at 75
meters with a normalized power of -31.85 dB. Ondtteer hand, in case b), the spurious
peak at 74 meters has a power 28.27 dB below #felugturn.
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b)

Single-Sided Amplitude Spectrum of quantized response
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Fig. 6.4 Fourier transform of the approximated amta azimuth sweep error a) 3 sub-
swaths b) 4 sub-swaths
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6.2 Azimuth ambiguities degradation

Now we are going to study how these modificatioffech to the azimuth and range
ambiguities. Since the azimuth resolution is impngy the Doppler bandwidth processed
will change and, consequently, the azimuth amhiggiin TOPSAR mode will change too.
Fig. 6.5 shows the azimuth ambiguities responsagusiis new configuration.

Once again, due to problems with AMOR pattern catsputation, only the analysis for
the four first sub-swaths can be obtained. To cdmpASR for TOPSAR with improved
azimuth resolution, we need to get the azimuthepattuts with an azimuth steering of
0.68° approximately. This steering angle makes iplessto fulfii the TOPSAR
requirements with an azimuth resolution of 10 nmeefer 3 sub-swath case and 13.5 meters
for 4 sub-swaths configuration.

Although it is only possible to compute the AASR four first sub-swaths due to AMOR
computation problems, we can obtain general regxiiapolating the values obtained in
these four sub-swaths to the others. As we caimdeig. 6.5, the worst loss will be in sub-
swath 3, since the azimuth ambiguity locations cidi@ with grating lobes of the antenna.
This degradation with respect to the approximatgdutation usingsinc' pattern shape is
about 4dB and we can conclude that it will be tteximum degradation that we will find
in any sub-swath. For this reason, the poorest AANSHOPSAR mode with azimuth
resolution improved will be better than -15dB ire tlast sub-swaths, which present the
most critical AASR levels. These results are reabtsnfor AASR to assure the correct
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operation of the system in terms of azimuth amltygunterferences, but the image quality
can be reduced slightly.

AASR for TOPS mode

AASR (dB)

AASR sinc* pattern

] I i = AASR AMOR pattern ||

N | | | |
15 20 25 30 35 40 45 50 55 60 65
Incidence angle (degree)

Fig. 6.5 AASR vs. Incidence angle for TOPSAR wékimmum steering angle of 0.68°

On the other hand, range ambiguities do not chaige they are not Doppler bandwidth
or azimuth steering dependant. The only featuré wmauld affect the range ambiguities

would be the maximum steering angle, but in sechi@3 we saw that the differences are
negligible. The range antenna cut does not chaiggefisantly when the antenna main

beam is steered. Hence, the range ambiguitiesnailvary due to the azimuth resolution
improvement.

This analysis shows another advantage of TOPSARsfcompared with ScanSAR. The
increasing in rage coverage of ScanSAR mode prodo@zimuth resolution loss that can
not be controlled and, consequently, the imageityuaill be worst. On the other hand,
TOPSAR provides the same range coverage but itossiple to select the azimuth
resolution changing the steering angle rates imathi. Obviously, the azimuth resolution
will not be better than resolution in Stripmap,cg&rthe swath switching will reduce the
observation time of the targets, but it will betbethan in ScanSAR.
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Chapter 7 TOPS AnalyseR (TOPSAR)

In order to make the computation of TOPSAR pararsetasier and more comfortable, we
design the TOPS AnalyserR (TOPSAR) interface. tststs on a simple MATLAB tool
that provides to the user an interface to compatcbl OPSAR parameters with the input
parameters of SAR system studied. The program cteaphe basic parameters for the
analysed sub-swaths and carries out the analysiguahtization error and resulting
ambiguities.
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7.1 Introducing TOPSAR Interface

In this section, we are going to introduce the dakiaracteristics of this program and the
computation options that the program offers.

When the program is executed, the interface of Fiyis presented. This can be divided in
three parts: input parameters, computation optiand results text-box. In the input
parameters section, user must define the paramitarcharacterize the system. These
parameters will be the sub-swaths analysed; thebeurof swaths chosen to scan the
scene; velocity, height and frequency of the ramstem; the azimuth resolution desired
and the number of ambiguities that we want to @®rsin the ambiguity analysis.

The computation options panel allows to the usechimose what it wants to compute. It
includes TOPSAR parameters to fulfil system requests, error due to steering angle
guantization analysis, range and azimuth ambigaitglysis using theoretical antenna
pattern or with real patterns computed with AMOR.

B TOPS interface == ==
TOPSAR parameters for: Input parameters panel
Initial Sub-swath: [Intial sub-svrath | Number of subswraths: % 3 Sub-swahts " 4 Sub-swaths
Velocity W mis Height W Km
Frequency W GHz Azimuth resolution: W m
Mumber of Ambiguities: ’17 SamplesiSub-swath in ’17 samples
Ambiguity analysis (max.1000)

[ Save TOPS analysis resutts in path: |
[ Compute Error due to steering angle quantization
CO m p utat| on ™ Compute Range Ambiguities (RASR) using sinc antenna behaviour
1 [ Compute Azimuth Ambigutties (A285R) using sinc antenna behaviour
options panel
[ Compute Range Ambiguities (RASR) using AMOR antenna pattern

[ Compute Azimuth Ambigutties (A45R) using AMOR antenna pattern

Compute TOPS parameters

TOPS Analysis Results: ———————— ReSUltS teXt-bOX
=

Fig. 7.1 TOPSAR front-end interface
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Finally, results tool-box will provide the most sificant results of the computation
options that the user has chosen.

7.2 TOPSAR interface utilities

TOPSAR interface provides to the user several céenpption to analyse the TOPSAR
mode in any radar system. Once the input paramatergrovided, when th€Eompute
TOPS parameterbutton is pressed the basic configuration paramébe TOPSAR mode
are shown in the results text-box. If the user dusschoose any option, the program will
provide default parameters as steering angle ratesl|ine of the sub-swaths, maximum
steering angles to fulfil the requirements of TORRSAWode selected, Doppler bandwidth
processed to get the desired azimuth resolution...

Fig. 7.2 shows the default parameters provided ®?FAR interface. For this example we
take as initial sub-swath the SM1 and 4 sub-swatmdiguration. As system operation
parameters we use PAZ flying values: a platforntuale of 510 Km, platform velocity of
7605.92 m/s, a radar operation frequency of 9.6% @htl 18 meters of azimuth resolution.
With these values we obtain the TOPSAR paramet@rs$S$1, SS2, SS3 and SS4. The
program provides antenna configuration informaasrwell.

B ToPs interface = x|

TOPSAR parameters for:

Initial Sub-swath: 0 ] Mumber of subswaths: ‘ 3 Sub-swahts i+ 4 Sub-swaths
Yelocity | 160502 mis Height 510 K
Frequency | 965 GHz Azimuth resolution: 18 m
Mumber of Ambiguities: 1 Samples/Sub-swath in | 1 samples

Ambiguity analysis (max. 1000)

[T Save TOPS analysiz results in path: |
[~ Compute Error due to steeting angle guantization

[~ Compute Range Ambiguities (RASR) using sinc antenna behaviour
[~ Compute Azimuth Ambiguties (A&3R) using sinc antenna behaviour

Compute Range Ambiguities (RASR) using AMOR antenna pattern .
B B 2 g ( ) | B Az steering [degree] 0
[ Compute Azimuth Ambiguities (A45R) using AMOR antenna pattern

Compute TOPS parameters

TOPS Analysis Results:
Antenna Yiidth: 0.700 m ﬂ

Total number of phasze certres: 3584

Mecessary parameters to operate ih TOPS Mode:

Subsweath Steeting angle Steering angle Doppler Rate Burst Time Drwvell Tirme Doppler BiY Mz, steering

name rate (racis) rateldegreeals) [Hzis) angle
551 0.078197 44803 -6494 1217 0.15844 0.070876 4602736 0.35493
552 0077476 4439 -E434 2584 0.1:5902 0.071536 A60.2796 0.35295
£53 0.076087 43595 -6318.9247 016017 0.072841 460 2736 0.34914
554 007456 4272 -E192.1143 016149 0.074333 460.2796 0.34495 ﬂ

Fig. 7.2 TOPSAR front-end interface
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Now we are going to explain briefly which the optithat program provides to the user
are. We will expose the features of each optiontheiresults that the interface provides to
the user will be explained in the next section. tBe,main options of the program are the
following:

» Default results: if any check box option is selected, the progranh s@mpute the
basic parameters for TOPSAR (steering angle rétasline, etc.) and they will be
shown in theTOPS Analysis Resultsxt-box.

* Save TOPS analysis resultswhen this option is selected, the program shows the
same results in the results text-box but, additipnthese parameters are stored in
the path that user writes on the text-box.

» Compute error due to steering angle quantizationthis option gives to the user a
complete analysis of azimuth ambiguities that applkee to quantization of the
steering angle. The results are shown with appapgraphics showing the most
interesting results including a text-box wherenhast significant values.

« Ambiguity analysis with sinc* approximation: an ambiguity analysis using the
approximated antenna pattern is done when thi®psi chosen. This analysis is
useful when we have not previously calculated #a pattern cuts.

* Ambiguity analysis with real antenna cuts: if the pattern cuts have been
previously computed and stored, it is possible alzidate the ambiguities using
them to obtain more accurate results for the AABRRASR.

7.3 Output results provided by TOPSAR Interface

Once the basic functions of TOPSAR interface haenlpresented, in this section we are
going to explain in detail the results obtained wiwe select each one. So, for each
section, we are going to see which information ghegram gives to the user and how it
can be obtained.

7.3.1 Save TOPS analysis results

This option provides to the user the possibilitysave the results obtained for TOPSAR
mode according to the parameters selected in & values panel. The file is stored in
the user-provided path. Furthermore, the file IS orest as
TOPS_mode_heightA_azresB_numswathsC_swathinituibdre A is the altitude of the
platform inserted previously by the user, B is #laenuth resolution desired, C the number
of sub-swaths taken to do the TOPSAR scanning and the first sub-swath of the
TOPSAR configuration.

Following the last example, in Fig. 7.3 the pathevehthe file will be stored I<:/PFC/ .
With this configuration the file name where the ules will be stored will be:
TOPS_mode_height510_azres18 numswaths4 swathiniartd the information that
provides this file can be seen in Fig. 7.4.
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B TOPS_interface o= =
TOPSAR parameters for:

Initial Sub-swath: EX - Mumber of subswaths: 3 Sub-swahts (% 4 Sub-swaths

Yelocity 7605 92 m/s Height 510 Km
Frequency 965 GHz Azimuth resolution: 18 m
Number of Ambiguities: 1 Samples/Sub-swath in 1 samples

Ambiguity analysis (masx. 1000}

[ Save TOPS analysis results in path: k::IPFC

Fig. 7.3 Saving results to C:/PFC/

] TOPS_mode_height510_azresl8_numswaths4_swathinil - Bloc de notas = r=a
Archivo  Edicién  Formate Ver Ayuda
TOPSAR acquisition mode parameters in pAz for sub-swaths: 1 2 3 and 4.

Input and_orbital parameters:

Planet Radius: 6378.15 Km
satellite altitude: 510 Km
platform velocity: 7605.92 m/s
effective velocity: 7318.93 m/s
Radar centre Frequency: 9.650 Ghz
Radar wavelength: 0.031 m

Aantenna configuration:

Number of azimuth phase centres: 12

Radiators per azimuth phase centre: 16

Number of radiators (azimuth): a2

radiating element sapcing (az): 0. 8038 wavelengths
Antenna Length: 4.794 m

Number of elevation Phase Centre: 32

Radiators per Elevation Phase Centre: 1

Number of radiators(elevation): 32

Radiating elemet spacing (elevation): 0.7 wavelengths
Antenna width: 0.700 m

Total number of phase centres: 384

sub-swath parameters for ScansArR Mode:

swath name PRF Incident angle near Incident angle far Azimuth beamwidth Look angle near Look angle far Elevation beamwidt|
551 3781.0 15.000 18.370 0.330 13.866 16.967 3.101
552 3741.4 16.850 20.160 0.330 15.569 18.610 3.041
553 3675.0 20.000 23.200 0.330 18.463 21.394 2.930
554 4440.2 23.040 26.120 0.330 21.247 24,058 2.810
555 3796.3 25, 971 2B8.920 0.330 23.921 26.602 2.680
556 3732.1 28.780 31.590 0.330 26.47 29.016 2.541
557 4377.0 31.460 34.140 0.330 28.899 31.310 2.411
558 3782.0 34.010 36.570 0.330 31.193 33.483 2.290
559 4400.7 36.440 38. 871 0.330 33.367 35.527 2.160
5510 3805.0 38.750 41.050 0.330 35.421 7.452 2.031
5511 4388.2 40.940 43.130 0.330 7.355 39.275 1.920
5512 3816.0 43,020 45.090 0.330 39.17 40.979 1.800
5513 3496.8 44,990 46.950 0.330 40.892 42,583 1.690
5514 3187.7 46.830 48.710 0.330 42.497 44,087 1.590
5515 3504.1 48.620 50.380 0.230 44.010 45.501 1.490
5516 3200.9 50.290 51.960 0.330 45.425 46.825 1.400
5517 3504.1 51.880 53.460 0.330 46.758 48.069 1.311
5518 3214.0 53.390 54.890 0.330 48.012 49,243 1.231
5519 3484.3 54.820 56.240 0.330 49.185 50.338 1.152
5520 3214.0 56.17 7.530 0.330 50.281 51.371 1.090
5521 3471.1 57.470 38.760 0.330 51.323 52.344 1.021
5522 3207.0 58.700 59.930 0.330 52.297 53.258 0.961
swath name Range near Range far Ground range near Ground range far swath width swath overlap middle Jook angle slant middle range
s51 526.595 535.208 126.208 156.195 29.987 13.641 15.417 530.654
552 531.080 540.600 142.554 172.535 29.981 1.47 7.090 535.591
S53 540.094 551.145 171.062 201.069 30. 007 1.529 19.928 545.367
554 550. 545 563.039 199. 540 229.564 30.024 1.493 22.653 556.535
555 562.384 576.218 228.07 258.07 30.003 1.456 25.261 569.041
556 575.516 590. 560 256. 617 2B86.525 29.907 1.417 7.745 582.777
557 589.819 ©806.037 283.108 315.032 29.924 1.488 30.104 597.663
SS8 ©805.203 622.571 313.544 343.592 30.048 1.563 32.338 613.620
559 621.640 639.904 342.026 372.053 30.027 1.522 34.447 630. 549
5510 639.039 658.264 370.531 400.484 29.953 1.47 36.436 648. 385
5511 657.299 77.458 399.013 429.099 30. 087 1.553 38.315 667.109
5512 676.397 697.27 427,547 457.556 30. 009 1.490 40.07 686. 57
5513 696.224 717.804 456,067 486.057 29.990 1.57 41.737 706.747
5514 716.655 738.915 484,485 514.516 30.032 1.493 43.292 727.518
5515 737.793 760.613 513.023 343.005 29.982 1.57 44.755 748.938
5516 739.399 782.77 341.431 371.427 29.997 1.476 46.125 770.825
5517 781.614 805.423 369.952 399.862 29.910 1.300 7.414 793.259
5518 804.3230 828.599 598. 502 628.411 29.910 1.432 48.627 816.207
5519 827.427 852.022 626.97 656.77 29.793 1.506 49.762 839,47
5520 850.768 875.920 655. 266 685.264 29.998 1.357 50.826 863.089
5521 874.77 900.197 683. 907 713.803 29. 896 1.425 51.834 B87.235
5522 898.978 924.748 712.37 742.294 29.916 0.000 52.77 911.614

Necessary parameters To operate in TOPS Mode in sub-swaths: 1 2 3 4. azimuth resolution: 18

Ssubswath steering angle steer'\‘ng angle Doppler Rate Burst time pwell time Doppler Bw Max. steering
name rate (rad/s) rate (deg/s) (Hz/s) angle
551 0.07820 4.4802 -6494,122 0.15844 0.07088 480 0. 3549
552 0.07748 4.4390 -6434.258 0.15902 0.07154 480 0.3530
553 0.07609 4.3593 -6318.925 0.16017 0.07284 480 0.3491
554 0.07450 4.2720 -6192.114 0.16149 0.07433 460 0.3449

Fig. 7.4 Results stored at TOPS_mode_height510sa2reaumswaths4 _swathinil.txt.
Information about antenna and sub-swaths parametetsTOPSAR results are presented
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As we can see, the saved file shows the basic matearameters and the radar flight and
operation features. Furthermore, it provides thedyparameters of the TOPSAR operation
mode and the characterization of all the sub-swaths

7.3.2 Compute error due to angle quantization

As it was explained in Chapter 4, one of the pnolsi¢hat we find with TOPSAR is the

impossibility of doing a continuous steering inragth due to limited storage capacity of
the system. The quantization of the steering aogieintroduce some azimuth replicas in
the spectrum that have to be considered as aziamitiguities.

When this option is selected, the system calculdesrror produced by this quantization
and gives numerical and graphical information te tiser. Fig. 7.5 to Fig. 7.9 are the
results obtained when this command is active. Wkercan see, they correspond to the
angle quantization analysis done in Chapter 4. 8teptep, Fig. 7.5 shows the azimuth
antenna pattern of the analysed sub-swathssifttéapproximation has been used for this
analysis, since the grating lobes influence isretdvant for this error computation. In the
figure, the AAP with continuous azimuth steeringplstted in blue, while in red we can

see the quantized azimuth cut.

AAP for sub-swath 1 AAP for sub-swath 2
0 0
-20 ] -20 ]
) ‘ ﬂ ﬂ | ) ﬂ |
60 S I 60 A
-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2
AAP for sub-swath 3 AAP for sub-swath 4
0 0
-20 ] -20 ]
) \ ﬂ ﬂ | ) /\ m m )/H
-60 ] : — -60 — ‘ o
-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2

Fig. 7.5 Angle quantization error analysis for TOMS a) quantized AAP versus ideal
AAP

Continuing with this analysis, in Fig. 7.6, theagrmade due to quantization of the steering

angle is plotted in function of platform movemefs we can see, it can be approximated
with a sawtooth signal, Fig. 7.7 (for more predigermation consult Chapter 4).
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Fig. 7.6 Angle quantization error analysis for TOMS b) error due to quantization

0.08

0.06 | | o
/ \" )f“ / I JJ f
004 r ",‘ ‘ “ j

0.02f | / j, u / / /

-0.02} / / g f , / /

0.04} / | f (. / / j | f" ‘ |

-0.06

-0.08 - .

0 0.01 0.02 0.03 0.04 0.05

Fig. 7.7 Angle quantization error analysis for TOMS c) error approximation vs.
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Once we get the azimuth error, its Fourier tramafoan be calculated to see how this error
will affect to azimuth ambiguities in reception. & Rourier transform is shown in Fig. 7.8,
notice presence of azimuth periodic ambiguous $sgtiaat will interfere to signal
reception.

Single-Sided Amplitude Spectrum of quantized response
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Fig. 7.8 Angle quantization error analysis for TOMS d) Fourier transform of the
guantization error
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Fig. 7.9 Angle quantization error analysis for TOMS e) most powerful ambiguous peak
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The power of the strongest spurious peak can ba&irmat from Fig. 7.9. This shows the
evolution of the power of this peak in function thie azimuth angle quantization step
required to perform TOPSAR scanning.

Furthermore, at the same time the program givetedouser numerical information. So,
when the angle quantization error analysis optsoadtive, the results text-box shows the
most relevant information of the analysis. Thisomfation will include the angle
guantization step necessary for the proposed amafign, the azimuth location of
spurious peaks and the power of first of these guthis returns. Fig. 7.10 shows the
results obtained for the example used in this secti

Compute TOPS parameters

TOPS Analysis Results:

Mecessary parameters to operate in TOPS Mode: ﬂ
Subswwath Steering angle Steering angle Doppler Rate: Burst Time Drwvell Tirme: Dappler B Maix. steering
RErme rate (racdis) rateldegresrs) (Hz!z) ahigle
551 0.073197 44803 -6494 1217 015844 0.070576 4602796 0.35493
552 0077476 4.439 -G4354 2554 015902 0.071536 4602796 0.35295
553 0.076087 43595 -6318.9247 04607 0.072841 4602796 0.34914
554 0.07436 4272 -6192.1143 016149 0.074333 4602796 0.34495

Guantization Errar Analysis:
Angle guartizetion step= 0.024%
Azitnuth location of first spurious pesk: 2103913 m
Spurious peak max. level= -34 3883 dB -

Fig. 7.10 Results from angle quantization error

7.3.3 AASR and RASR using sinc approximation

We have two options to compute the ambiguitiegherradar system. The first one, which
is explained in this section, computes the amhiggliising the approximated pattern cuts
of the antenna. Although the results will not bepascise as we would like, it is an

interesting way to get a first approximation to tbal values of the AASR and RASR. It is

also important when the user has not previouslyprdged the antenna pattern cuts. With
these options the user can obtain a preliminaryiguitl analysis without precise antenna
information.

In ambiguity analysis two input parameters, whi@vé not outlined until now, are very

important. The first one, number of ambiguitieglicates the total ambiguous returns that
the system will take into account when computing éimbiguities. In addition, the input

parameter Samples/sub-swath permits to selectuimder of points that will be computed

for each of the sub-swath analysed. The total tomeompute the ambiguities will depend

on these parameters. Obviously increasing the nuoftembiguous zones in the analysis,
the computation process will take more time. Thmeséhappens with the total points

desired for each sub-swath.

In Fig. 7.11, the program is configured to compoib¢h, azimuth and range ambiguities,

using an approximated model for the antenna pattets and computing 40 ambiguities
giving 10 values for each sub-swath.
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B TOPS_interface [E=N =R
TOPSAR parameters for:

Initial Sub-swath: X | MNumber of subswaths: 3 Sub-swahts (+ 4 Sub-swaths

Yelocity 7605 02 mis Height 510 Km
Frequency 965 GHz Azimuth resolution: 18 m
MNumber of Ambiguities: 40 Samples/Sub-swath in 10 samples

Ambiguity analysis (max. 1000)

[ Save TOPS analysis results in path: |

[ Conoute. Boror due.t0 sleSring Gndle QuaKHZaton

[ Compute Range Ambiguities (RASR) using sinc antenna behaviour

[¥ Compute &zimuth Ambiguities (AASR) using sinc antenna behaviour

[~ Compute Range Ambiguities (RASR) using AMOR antenna pattern

[ Compute Azimuth Ambiguities (A255R) using AMOR antenna pattern

Compute TOPS parameters

Fig. 7.11 Ambiguity analysis input parameters

With RASR and AASR check-box marked, the prograrh gwe the graphic of range and
azimuth ambiguities for the studied sub-swaths.yThan be seen in Fig. 7.12 and
Fig. 7.13.

-30 ‘ ‘
Steering angle = Q°
Steering angle=0.75°
351 g
40 - ,

RASR (dB)
A
(6)]

_60 | | | | | |
14 16 18 20 22 24 26 28

Incidence angle (degrees)

Fig. 7.12 RASR results computed with TOPSAR aterf
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Fig. 7.13 AASR results computed with TOPSAR axterf

Once again, values of the RASR and AASR of eachsswdih are shown in results text-

box. The values of this example can be observéagn7.14.

Cornpute TOPS parameters ‘

TOPE Analysis Results:

=53 0.076057 4.3595 -6315.9247 0167 0072541 4602796 0.54914 ﬂ
554 0.07456 4272 -6192.1143 016149 0.074333 460.2796 0.34495
Range Ambiguity Analysis:

551 worst RASR: -36.0244dB

552 worst RASR: -35.9747dB

553 worst RASR: -33.7511dB

554 worst RASR: -33.5897dB

Azimuth Ambiguity Analysis:

S5 AASR: -25122dB

S52 AMSE: -25.1474dB

553 AASR: -25.1362d6

S54 ALSR: -24 B/ dB -

Fig. 7.14 Results for RASR and AASR in TOPSARan&e
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7.3.4 AASR and RASR using real antenna patterns

It is possible to compute the AASR and RASR usiagl rantenna pattern cuts with
TOPSAR interface. To execute these options, pattets has to be previously computed
and saved. More precise results will be obtainedh wihese methods since no
approximation is used.

To compute range ambiguities it is not necessargpecify the azimuth steering angle
since it does not affect significantly to antenihevation cut. To calculate RASR we will
need the files with antenna directivities for thalgsed sub-swaths. These files must be
stored agest_el SMA EL2W.txtwhere AA is the sub-swath number. Elevation cilgs f
have to follow the structure shown in Fig. 7.15,enh@ and @ coordinates are stored in

the two first columns while the antenna directivgystored in third column.

| test_el SM1_EL2W - Bloc de notas (==
Archive Edicion  Formato  Ver Ayuda
2.7000000e+002 1.4000000e-001 3.9157353e+001 2.0665313e+002 -2.2948357e+001 2.0895433e+002 -1.4000000e-001 .
2.7000000e+002 1.3000000e-001 3.9132609e+001 2.0730261e+002 -2.2979361e+001 2.0960933e+002 -1.3000000e-001
2.7000000e+002 1.2000000e-001 3.9107253e+001 2.0795079e+002 -2.3011006e+001 2.1026302e+002 -1.2000000e-001
2.7000000e+002 1.1000000e-001 3.9081287e+001 2.0859766e+002 -2.3043291e+001 2.1091536e+002 -1.1000000e-001
2.7000000e+002 1.0000000e-001 3.9054713e+001 2.0924318e+002 -2.3076213e+001 2.1156632e+002 -1.0000000e-001
2.7000000e+002 9.0000000e-002 3.9027532e+001 2.0988732e+002 -2.3109770e+001 2.122158B8e+002 -9.0000000e-002
2.7000000e+002 8.0000000e-002 3.8999746e+001 2.1053005e+002 -2.3143962e+001 2.1286400e+002 -8.0000000e-002
2.7000000e+002 7.0000000e-002 3.8971356e+001 2.1117133e+002 -2.3178787e+001 2.1351065e+002 -7.0000000e-002
2.7000000e+002 6.0000000e-002 3.8942363e+001 2.1181114e+002 -2.3214245e+001 2.1415580e+002 -6.0000000e-002
2.7000000e+002 5.0000000e-002 3.8912765e+001 2.1244944e+002 -2.3250335e+001 2.1479941e+002 -5.0000000e-002
2.7000000e+002 4.0000000e-002 3.8882565e+001 2.1308618e+002 -2.3287059e+001 2.1544144e+002 -4.0000000e-002
2.7000000e+002 3.0000000e-002 3.8851759e+001 2.1372134e+002 -2.3324417e+001 2.1608185e+002 -3.0000000e-002
2.7000000e+002 2.0000000e-002 3.8820349e+001 2.1435487e+002 -2.3362410e+001 2.1672062e+002 -2.0000000e-002
2.7000000e+002 1.0000000e-002 3.8788332e+001 2.1498674e+002 -2.340103%9e+001 2.1735769e+002 -1.0000000e-002
0.0000000e+000 0.0000000e+000 3.8755706e+001 2.1561685e+002 -2.3440244e+001 2.1799114e+002 0.0000000e+000
9.0000000e+001 1.0000000e-002 3.8720939e+001 2.1625199e+002 -2.3479983e+001 2.1862128e+002 1.0000000e-002
9.0000000e+001 2.0000000e-002 3.8685560e+001 2.1688532e+002 -2.3520355e+001 2.192493Be+002 2.0000000e-002
9.0000000e+001  3.0000000e-002 3.8649564e+001 2.1751682e+002 -2.3561351e+001 2.1987552e+002 3.0000000e-002
9.0000000e+001 4.0000000e-002 3.8612949e+001 2.1814644e+002 -2.3602974e+001 2.2049963e+002 4.0000000e-002
9.0000000e+001 5.0000000e-002 3.8575710e+001 2.1877414e+002 -2.3645226e+001 2.2112168e+002 5.0000000e-002
9.0000000e+001 6&.0000000e-002 3.8537842e+001 2.1939988e+002 -2.3688113e+001 2.2174163e+002 6.0000000e-002
9.0000000e+001 7.0000000e-002 3.8499342e+001 2.2002361e+002 -2.3731640e+001 2.2235943e+002 7.0000000e-002
9.0000000e+001 8.0000000e-002 3.8460204e+001 2.2064529e+002 -2.3775811e+001 2.2297504e+002 8.0000000e-002
9.0000000e+001 9.0000000e-002 3.8420423e+001 2.2126487e+002 -2.3820632e+001 2.2358842e+002 9.0000000e-002
9.0000000e+001 1.0000000e-001 3.8379991e+001 2.2188232e+002 -2.3866110e+001 2.2419952e+002 1.0000000e-001
9.0000000e+001 1.1000000e-001 3.8338904e+001 2.2249759e+002 -2.3912249e+001 2.2480829e+002 1.1000000e-001
9.0000000e+001 1.2000000e-001 3.8297155e+001 2.2311063e+002 -2.3959058e+001 2.2541470e+002 1.2000000e-001
9.0000000e+001 1.3000000e-001 3.8254735e+001 2.2372141e+002 -2.4006542e+001 2.2601871e+002 1.3000000e-001
9.0000000e+001 1.4000000e-001 3.8211638e+001 2.2432987e+002 -2.4054711e+001 2.2662026e+002 1.4000000e-001
9.0000000e+001 1.5000000e-001 3.8167856e+001 2.2493599e+002 -2.4103572e+001 2.2721933e+002 1.5000000e-001

Fig. 7.15 test_el_SM1_EL2W.txt . Two first colurmmstain the theta and phi angles
respectively. The directivity of the antenna diagra stored in the third column

With these files, the range ambiguities can be iobth with our program. TOPSAR
interface will provide the correspondent graphieaults of RASR for the analysed sub-
swaths and, once again, numerical information érésults text-box.

On the other hand, azimuth ambiguity calculationamts the AASR for the azimuth
steering angle chosen by the user. To get thetsesué need to compute the azimuth
antenna cut for this steering angle, and it must bsored as
TOPS_SMAA BBB HH_AZ2W,txthere AA is the sub-swath number and BBB is the
steering angle with two decimals in degrees. Irsghdocumentsfg angle is stored in
column 7, while the antenna directivity values iaréhird column.

Taking into account all these considerations antticoing with the same example, Fig.
7.16, Fig. 7.17 and Fig. 7.18 show the resultsinbthwith AASR and RASR analysis

using TOPSAR interface. Azimuth ambiguities haverbeomputed for a steering angle of
0.5 degrees in this example.
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Fig. 7.16 RASR computation with TOPSAR interface
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Fig. 7.17 AASR computation with TOPSAR interface
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Compute TOPS parameters

TOPS Analysis Results:

SE3 ALTR: -25.1382dB ﬂ
554 AATR: -24 G671 dBE

Range Ambiguity Analysis with AMOR pattern cuts:

551 worst RASR: -43 4661 dB
552 worst RASR: -36.6694dB
SE3 weorst RASR: -35.1075dB
554 worst RASR: -231776dE

AZimuth Ambiguity Analysis with AMOR pattern cuts (a2, steering: 0.5 degrees);

SE1 AASR: -24 0537 dB
SE2 AATR: -23.5521dB
SE3 ALSR: -23.1972dB
554 AATR: -23.1845dE T

Fig. 7.18 Numerical results for RASR and AASRinbthwith TOPSAR interface
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Chapter 8 Conclusions and future work
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In this project a new scanning mode for SAR systeteaoted as Terrain Observation by
Progressive Scans (TOPSAR), has been proposed \aldatd to demonstrate its
feasibility in radar imaging. TOPSAR introduceseain steering back to forward in along-
track movement of the platform. Besides, the sagaptime is divided into different sub-

swaths in order to get higher range coverage.

One of the new contributions of this new scanningdenis the uniform power received

from all targets in azimuth direction, avoiding esdable effects such as scalloping that
appear in other high range coverage like ScanSAR. Steering in azimuth makes the
uniform illumination of all targets possible.

To achieve this goal, some of the parameters ofatitenna have to be modified and
adapted to TOPSAR scanning. ScanSAR parameterdofsigstem have been chosen as
input parameters for TOPSAR mode since their ofmratare similar. From them (PRFs,
sub-swaths characterization, orbital parameterghe)necessary steering rates to achieve
the nominal ScanSAR azimuth resolution of 18 meerge been computed for TOPSAR.
Once the steering angle rates in azimuth has bbtamned, the scanning time line for
different sub-swaths has been calculated in omléave a uniform scanning without holes
in along-track direction.

The results obtained for the nominal configuratfd®@PSAR with 18 meters of azimuth
resolution) are in the range of possible valuegddar system. Steering angle rates around
3 or 4 degrees per second, depending on the subs;sava necessary. These beam steering
rates can be carried out by the antenna systenctsagt its pointing direction stored in
radar memory. For TOPSAR mode, two scanning alteeshave been proposed on this
project. The first one uses 3 sub-swaths commutatoscan the scene, providing range
coverage of 75 Km approximately. On the other hdhd, second proposal divides the
scanning time in four sub-swaths which means highege coverage (around 100 Km.)
but with worst performance against ambiguities.

The burst times for each sub-swath computed in €nh&pto guarantee the total coverage
in azimuth direction vary depending on the confagiom. So, while in 3 sub-swaths
alternative a burst time of 0.12 seconds is obthimethe 4 sub-swaths case the burst time
is longer, around the 0.17 seconds. Higher bunsé tmeans higher maximum steering
angle in azimuth and, consequently, more directihsre the antenna has to point to
cover all points. This affects again to the amhigtesponse of TOPSAR mode.

Once the feasibility of the TOPSAR scanning paransehas been studied for our system,
the response to ambiguities and other undesiredtefhas been analysed to assure a right
performance in the radar acquisition. First stuasried out in this project is about steering
angle quantization problems. Due to the limitedaie capacity, it is not possible to do a
continuous steering in azimuth and some positi@ve lto be previously stored in the radar
memory.

The switching between memory positions producesuantigation behaviour of the
azimuth steering producing some errors comparel thé ideal azimuth antenna pattern.
Azimuth ambiguities will appear due to these errditse study in Chapter 4 demonstrates
that this ambiguity can be considered negligibiesithe most powerful spurious peak in
azimuth has a power more than 30 dB below of tis&reid signal.
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However, the angle quantization is not the onlyreewf ambiguities. The finite sampling
of the azimuth antenna pattern each T secdsd/PRF) produces replicas of the received
spectrum at multiples of the PRF which can not iserstminated from the useful signals.
These undesirable parts of the spectrum are knewazimnuth ambiguities. Furthermore,
the returns of preceding and succeeding pulsesithaes at the same time that the desired
return deteriorate the echo reception (range anti@gy

The ambiguities study carried out in Chapter 5 mles a complete analysis of the
ambiguity computation for Stripmap and ScanSAR Wwhere useful to obtain the
ambiguity response in TOPSAR mode. After the calooihs, the right performance of
TOPSAR can be guaranteed for low incidence andlé8 € 45°). For higher incidence
angles, the range ambiguities are not rejectedgmtuassure the reception of the echoes
and, consequently, ambiguity problems can appeianage reception.

In ScanSAR and TOPSAR scanning modes, the azinegblution is compromised in
order to get higher range coverage. However, in S&R, it is possible to improve the
azimuth resolution taking slower azimuth steerimgla rates. As it was exposed, it is
impossible to reach the Stripmap resolution simeetime is divided in different swaths
and the observation time for each target is lower.

Thus, in Chapter 6, a study of the azimuth resmfutbptimization has been presented.
Improving the azimuth resolution means lower step@angle rates and higher maximum
azimuth steering angles. When the antenna is higfielgred in azimuth, the grating lobes
increase considerably which affects to the azinastibiguities. For this reason, it is not
possible to achieve any azimuth resolution sine ambiguity performance gets worse
rapidly.

After the study, an azimuth resolution of 10 meteas been determined as the optimum
resolution when 3 sub-swaths are used. On the b#uedl, in 4 sub-swaths scanning, the
achievable azimuth resolution that provides an @tedde response of the system is
approximately 13.5 meters. It is a trade-off betwesnge coverage and azimuth resolution
for both alternatives. The most suitable configoratvill depend on the user requirements
for each exploration. If a high range coveragaesired the 4 sub-swath alternative will be
chosen. On the other hand, if a finer azimuth rdgwi is required, the 3 sub-swath

configuration will be better for our interests.

As it has been demonstrated in this project, the seanning mode TOPSAR is an
interesting alternative for high range coverage genacquisition. It avoids ScanSAR
inherent problems, providing better acquisitionutess As it was explained in Chapter 5,
the ambiguity analysis demonstrates the betteropaence of the radar against azimuth
ambiguities working with TOPSAR, since ScanSAR en¢s lower ratios due to non-
uniformity power of the received echoes. This naifarmity produced due to the sub-
swath switching is avoided in TOPSAR thanks to steering in azimuth of the antenna
main beam. Furthermore, in TOPSAR mode, it is fids4D select the azimuth resolution
modifying the azimuth steering angle rates of th&tesm which is impossible to achieve
with ScanSAR mode.

In this document, the numerical analysis has besre do demonstrate the feasibility of

TOPSAR mode in SAR satellites. A TOPSAR processartbh be designed to process the
returns from the targets. This processor must hmhla to compensate the azimuth
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steering and locate correctly the targets in tlecSimulations with this new system are
the next step in TOPSAR mode analysis for radaginta

For a future work, once the TOPSAR mode will bewdated and their operation accepted,
the mode has to be programmed in a real situatoa space-borne system to try its right
performance in a real situation.

In this first approximation, it can be conclude ttHRR-OPSAR mode is an interesting
proposal to be adopted as wide swath operationdempooviding SAR imaging with wide

range coverage with less azimuth resolution loss tBcanSAR and with better image
quality.
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Annex A History of SAR missions
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A.1 History and principal SAR space missions

Since the SEASAT, the first civilian SAR satelliteas launched in June 1978, many other
missions were sent to the space to obtain infoonatibout the Earth surface and sea.
Canada, Europe, Japan and Russia have placedwhesatellites in orbit for investigation
in 1980s and 90s, but the origin of SAR started1850s. ERS-2, RADARSAT-1,
ENVISAT or TerraSAR-X are some examples of SAR missEach mission has their
own configuration in terms of frequency, polaripati orbital parameters, resolution, swath
width... but the operation is similar for all of them

In 1951, Carl A. Wiley published the basic prineiplof radar with synthetic aperture. C.A.
Wiley, of the Goodyear Aircraft Corporation, obssuivthat a one-to-one correspondence
exists between the along-track relative positiothefantenna radar and the target, and the
Doppler frequency shift of the signal reflectedtbg targets. With this new feature, Wiley
established that a frequency analysis of the eclemsved, permitted by the along-track
movement of the platform, could enable a finer h&smn in this direction.

The Wiley's theory was used by Goodyear and Unityers lllinois to follow the studies

in Synthetic Aperture Radar. Their major problenmswaplementation of a practical data
processor that could analyse the Doppler histomgogived echoes, stored in a device, and
reproduce the results for each point in the sc&he.lllinois group finally carried out an
experimental demonstration of Wiley’'s postulatesmgis coherent X-Band pulsed radar, a
tape recorder and a frequency analyser.

Since then, other industrial and military developitsewith airborne platforms was carried
out by Goodyear, Hughes and Westinghouse. Thisteelwnology began to be explored by
the Jet Propulsion Laboratory (JPL), University Michigan, Environmental Research
Institute of Michigan (ERIM), Sandia Laboratoriesd other research groups.

First SAR experiments were carried in aero-trarnsgoradar, but it was not until 1978
when the first space mission was sent by the NAB#s SAR space mission, called
SEASAT, was followed by multiples missions whosemfaatures can be seen in Table
Al

A.2 SAR space missions

Until now, a general vision of SAR history has begposed. In this section, the principal
missions carried out in the last years are desdrémel some results of them are presented.
It is not the purpose of this thesis to have a detemnalysis of other SAR systems, but it
can be useful to have a first approximation toSA& imaging.

A.2.1 SEASAT, 1978

SEASAT was the first remote sensing orbiting radsed to take pictures of Earth sea with
synthetic aperture radar technique. The mission desgned to get information and
monitoring oceanographic phenomena. SEASAT coliedi#ta about surface winds, sea-
surface temperatures, wave heights, internal waatespspheric water, sea ice and ocean
topography.
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. Pulse .
_ | Wavelength . p Azimuth

Satdlite Country Year Band Frequency Incid. angle Pol e resolution

(GHz) (cm) (deg) (MH2) /Range | O
resolution (n1)

SEASAT USA 1978 | L-band 1.275 235 23 HH 19/7.9 6/1
SIR-A USA 1981 | L-band 1.275 235 50 HH 6/24.9 6.5/1
SIR-B USA 1084 | L-band 1.275 23.5 15-65 HH 12/12.5 6/1

ERS-172 Ewope | 1991/95 C-band 5.25 5.7 23 vV 15.5/9.7 2513

ALMAZ USSR | 1991 | S-band 3.0 10 30-60 HH 15 15/2
JERS-1 Japan 1902 | L-band 1.275 235 30 HH 15/10 30/4

T-band 125 735 HEHAV, 751
L2 15-55 | VHWV 10/15
SIR-CX-SAR 1004 | C-band 5.3 5.7
Germany X-band 0.6 3 54 'A% 20/7.5 6/1
11.612.9 28/4
RADARSAT-1 | Canada = 1995 | C-band 5.3 5.7 20-50 HH 17.3/8.6 50/(2-4)
30/5 100/(4-8)
USA C-band 5.25 5.7 54 - 20/7.5 15/1
SRTM 2000 Eﬁa
Germany X-band 9.6 3 54 8/18.7 8-121
6/1
T £h1D
ENVISAT | Ewope = 2002 | Cband | 525 5.7 1545 | \ERN 0/16.6 001e
. 21)
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Table A.1 Earth Orbital SAR systems parameters
inclination of 108°. It was only operative durin@5lLdays due to a short circuit that
166

SEASAT was launched at 26 June in 1978 and it fléth Earth orbit of 800 Km with an
interrupted its operation.
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Fig. A.1 SEASAT satellite orbiting around the Earth

SEASAT was equipped with five instruments desigtwedbtain the maximum information
about sea surface. The system was composed byaa aHluineter to measure spacecraft
height above the ocean surface; a system to measudestrength and direction; scanning
radiometer to measure the ocean surface temperatisiele and infrared radiometer to
identify cloud, land and water features; and tfdarantenna to get high resolution images
from the sea with the SAR technique. Fig. A.2 shawsmage captured with SEASAT of
the Los Angeles metropolitan area.

Fig. A.2 SEASAT image of Los Angeles
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A.2.2 SIR-A, 1978

SIR-A was the first mission of JPL launched fromnKedy Space Center, Florida, on
November 12 in 1981. It was carried into space ©6-3, the second mission carried by
NASA using the Space Shuttle Columbia.

SIR-A had a orbit altitude of 259 Km with a radeeduency of 1.275 GHz, working in L-
band. The antenna systems pointed with a look aofgd@ degrees and had a swath width
of 50 km.

A.2.3 SIR-B, 1984

On October 5, 1984, the second Shuttle Imaging REI&R-B) was launched into orbit
aboard the space shuttle Challenger. A new capaliiiat SIR-B incorporated was the
possibility of working at different incidence andgégm 15 to 60 degrees.

SIR-B worked with the similar basic parameters tB#R-A. That means a radar frequency
of 1.275 GHz with a wavelength of 23.5 cm.

The Shuttle Imaging Radar-B experiment consisted séveral number of investigations
in the earth ocean. Some of them were the studjeonération and propagation of surface
waves, the dynamics of internal waves, oil slickedgon and properties of southern polar
ice.

Fig. A.3 SIR-B image of Mt. Shasta Volcano

A.2.4 ERS-1/2, 1991 and 1995

The First and Second European Remote-Sensing igse{ERS-1 and ERS-2) were
developed by the European Space Agency as an Baghrvation Satellites mission. On
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17 July 1991, was launched the first European omistd the space ERS-1. The orbit of
this mission has a 800 Km altitude and 98.5 degreleation orbit. The second satellite
(ERS-2) was sent to the space on 21 April in 199Grrently, ERS-1 has finished
operations while ERS-2 is still operating with aydeled attitude control.

Fig. A.4 ERS-1 and ERS-2 imaging systems

The satellites incorporate a Synthetic AperturedRaldat provides cloud-free radar images
of Earth’s surface. Other systems that they inc@fgoare wind scatterometer (SCAT) to
map the wind speed and direction over the ocealacjra radar altimeter (RA), along-

track Scanning Radiometer (ATSR), Microwave Soumdédslobal Ozon Monitoring

Experiment (GOME), precise range and range-ratgetent (PRARE) and a laser retro-
reflector (LRR).

A.2.5 ALMAZ, 1991

ALMAZ mission consisted on a series of military spatation launched by Soviet Union

to get surface information. First missions wereigged with high resolution cameras and
infrared sensors.

It was in 31 March 1991, when Almaz-1 was launclhfedaz-1 was the third satellite sent
in Almaz-T mission and it was the first to incorpta high resolution radar facilities with
SAR techniques. It was operative during eighteentims

A.2.6 JERS-1, 1992

The Japan Earth Resources Satellite (JERS-1 aka Fustarted its operation in February
1992. His orbit was sun-synchronous with an algtofi570 Km. The system consists of a
net rectangular bus (0.9 m by 1.8 m by 3.2 m) witsingle 2-kW solar array (3.5 m by 7
m) and an eight-segmented SAR antenna (2.4 m & ). The spacecraft carries two
Earth observation sensors: the SAR and the OPS$-gspdttral imager.
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Fig. A.5 Image took by JERS-1 in 1998

The SAR sub-system operates at a frequency of XGH5bwith a peak power of 1.3 kW, a
75 Km swath width and 18 m of azimuth resolutioheantenna works with an incidence
angle of 39 degrees.

A.2.7 SIR-C/X-SAR, 1994

Spaceborne Imaging Radar-C/X-band Synthetic ApefRadar is an imaging radar system
launched by NASA Space Shuttle in 1994. The systensists of a radar antenna structure
and associated radar system hardware.

SIR-C/X-SAR is a project carried out by the Nationaeronautics and Space

Administration (NASA), the German Space Agency (D¥Rind the Italian Space Agency

(ASI) together. SIR-C/X-SAR has unique contribusdo Earth observation and the radar
is used to make measurements about vegetation gyiend and deforestation; soil

moisture content; ocean dynamics, wave and surfagel speeds and directions;

volcanism and tectonic activity; and soil erosiowl @esertification.

SIR-C/X-SAR has an orbital altitude of 225 Km wighresolution of 30x30 m on the

surface. Look angle is variable and it goes fromtd 53 degrees from nadir. The radar
instruments can work at different frequencies,t$e possible to work at L, C and X-band.
Swath width change with system configuration and possible to select a width from 15
to 90 km.
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Fig. A.6 Two pictures captured with SIR-C/X-SAResgs

A.2.8 RADARSAT-1, 1995

RADARSAT-1 was launched on November 4, 1995 fromif@aia. It has a sun-
synchronous orbit with an altitude of 798 km anctlimation of 98.6 degrees.
RADARSAT-1 was developed under the management ef Ganadian Space Agency
(CSA) in cooperation with Canadian provincial goveents and private sector. It provides
images of the Earth for scientific and commercigplecations. These images have been
used in many fields as agriculture, cartographydrolpgy, forestry, oceanography,
geology, ice and ocean monitoring, artic surved@rdetecting ocean olil slicks...

RADARSAT-1 worked at C-band (5.3 GHz) and providesages with a resolution of 8-
100 meters. The system can operate with an incel@mgle depends on the operation
mode use and it varies between 10 to 60 degreeswath width is also commutable and it
can changes from 45 Km in fine mode to 500 Km @tanSAR wide mode.
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Standard

Fine

0

Fig. A.7 Images of RADARSAT-1 with different modes

A.2.9 ENVISAT, 2002

Envisat (Environmental Satellite) was built by tBaropean Space Agency. This Earth-
observing satellite was launched on the 1st Ma@®22aboard an Ariane 5. ENVISAT
orbited around the Earth with a sun-synchronouarpmibit with a height of 790 km.

AATSR

SCIAMACHY
MWR

Ka-band
s, Antenna

DORIS

RA-2 Antenna _f

X-band
Antenna

R — I Jj; : ot
L8 “‘dll < | Antenna
Service Module —-I]]] I]]] "
oy, Solar Array
E __m (not shown)
(i b

Fig. A.8 ENVISAT diagram with all equipped systems
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ENVISAT flows with several instrumentation to geagitm resolution information of the
Earth’s surface. So, it was equipped with an Adedn8AR (ASAR) operating in C-band
that can detect changes in surface heights withnsllimmetre precision. A Medium
Resolution Imaging Spectrometer (MERIS) measuresréflectance of the surface. The
temperature of the sea surface can be measurecawiidvanced Along Track Scanning
Radiometer (AATSR). It also carried a radar altengt microwave radiometer, Doppler
Orbitography and Radiopositioning Integrated byefiite... In Fig. A.8 these and other
equipped systems in ENVISAT can be seen.

A.2.10 TerraSAR-X, 2007

TerraSAR-X is a observation satellite that usesXamand SAR to provide high-quality
topographic information for commercial and scieatifapplication. TerraSAR was
launched 15 June 2007 by German Aerospace CerddfADS Astrium.

The satellite works with a frequency of 9.6 GHz lfxird) and a wavelength of 31 mm.
The orbit has an altitude of 514 km. Other paramedé this satellite will be used along
this document to make TOPSAR analysis since it qiaslar configuration than PAZ
system, first Spanish Imaging satellite missionclihive have been studying for the last
months.
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Annex B Azimuth resolution in SAR
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The azimuth resolution is the shortest azimuthadist between targets that can be
separated by the radar and processed separately, comstant delay line (same range
distance). If we take an antenna length in aleagkt direction ofL,, the radar beam has

an angular spread in azimuth&f=A/L,, whereA is the radar operation wavelength.

Two targets on the ground separateddyin the along track direction (azimuth), and at
the same slant randg®e can be detected as a two different targets i #re not both in the
radar beam at the same time. From Fig. B.1, waletarmine:

5x=Rf, = R/ | (B.1)

To get the desired resolution with this systens itecessary to increase the antenna length
in along-track direction which is impossible whemefresolution is required. In a practical
situation, it is difficult to obtain values df, / A greater than a few hundreds.

Azimuth
(x)

Fig. B.1 Azimuth resolution analysis for SAR

The key element of SAR is the azimuth resolutiopriovement that makes spaceborne
imaging radars possible. It was Wiley in 1965 wHiserved that two point targets, at
slightly different angles with respect to the traxtkhe moving radar, have different speeds
at any instant relative to the platform. The difiece in relative velocity will produce
distinct Doppler frequency shifts in pulses refdgtfrom two targets that will arrive at the
receiver.

For a general point target at slant rafjand along-track coordinate azimuth relative

position to the side-looking radar the Doppler tshélative to the transmitted frequency
will be:
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f, =——==-V_singd=—3— B.2
d " R (B.2)

where V,, is the relative velocity between target and siéelld is the angle from the

azimuth broadside direction and the factor 2 appéae to two-way travel in an active
system. Therefore, if the received signal is arayis frequency, any energy observed in
the return corresponding to rangeand at Doppler frequendg;, can be associated with a
target at:

¥ =AR%, 12V, (B.3)

The same analysis can be done in priwhich will have a Doppler frequency associated
return atfyo. So, although both targets are at the same raistgnde and illuminated by the
footprint at the same time, they can be detectel@pgandently thanks to the different
Doppler shift of their returns.

The Doppler frequency shift provides a second doatd to distinguishing the targets. The
two coordinates used will be the ground raRgeand the along track distangeelative to
a point directly beneath the satellite. This geaynean be seen in Fig. B.2.

Fig. B.2 Ground range and along-track coordinates

The range distance between the target and theptatfan be expressed as:

R =(x-\1)"+ R*+ H (B.4)
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wherer is the time along the flight path. The range rate

R'=%=—Vst( x- Vst)/ | (B.5)

The time delay of received echoesAt= 2R(O) / ¢ and Doppler shift {f) at 7 =0 can be
related by [31]:

R?(0)= X+ R+ H (B.6)
__2R(0) _ VX

f =
4 A AR(0)
Combining both equations we get:

2 2\/st 2_ _R2=H2
X[(Mdo] 1} R2=H (B.8)

which corresponds to the equation of a conic in(BRgx) plane. From (B.7) we can write:

(B.7)

Z\/St
Afy

R(0)

>1 (B.9)

Resulting in a hyperbola as shown in Fig. B.3. feemetric location of all the returns

with same delay is represented as a ellipse, whédepoints that cause a generic Doppler
shit are represented with the hyperbolas. As wesesm only four points have the time

delay and Doppler shift coincidence. The left/rightbiguity is solved by our knowledge

about where the antenna beam is pointing, whildthach of the hyperbola is selected by
the sign of Doppler shift received.

Fig. B.3 Ground range and along-track coordinates
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Taking the Doppler shift of the return, the azimuo#isolution is extremely related to the
Doppler resolution of the receiver. So, it is pbksito eliminate the antenna horizontal
beamwidth dependency since it does not affect tyréc the azimuth resolution. Thus,
from (B.3), we can obtain:

5x:(§J5fd (B.10)

st

Moreover, the frequency resolution is nominally theerse of the time spa®[22]. This
time can be defined as the time during which anyetais in view of the radar. This can be
approximated as:

S=R, /= R/I(LY) (B.11)

Which substituted in (B.10) provides an equatianammuth resolution in SAR systems:

[ AR LVa |- La
JX—(ZV j( 2 J > (B.12)

st

So, the azimuth resolution of SAR systems is dyertlated to the azimuth antenna

length. Apparently, it could seem that it is pobsito achieve any resolution using an
antenna length as small as desired. Actually, mosspossible since the length of antenna
will affect to the azimuth ambiguities so it is nebssible to choose an arbitrary small
antenna. Even so, an azimuth resolution of metarde achieved working with a platform

flying at altitudes of hundreds of kilometres, GsBAR technology.
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