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Zusammenfassung

Fernerkundung mittels Radar mit synthetischer Apertur (SAR) ermdglicht hochauflésende
Aufnahmen, unabhangig von Wetter oder Sonneinstrghiumdist somit ideal fur die systemat
sche Beobachtung von dynamischen Prozessen auf der Erdobegiégaimet Allerdings sind
konventionelle SARSysteme dahingehend limitiert, dass eine groRef&tiweite nur durch
eine Verschlechterunger AzimutAuflésung realisiert werden kann. Diese Einschrankung kann
durch Systeme mitmehrerenEmpfangsSubaperturendie in Flugrichtungversetzt sind tbe-
wunden werden. In diesem Fall wird jedoch eine sehr lange Antenne flr gro3e Streifenbreiten
berdtigt. Falls ene relativ kurze Antenne mit nur einer Apertur in Flugrichtung vorhanden ist, ist
es trotzdem moglich groR3e Flachen abzubilden: Mehrere Streifen kbnnen simultan duaesh digit
les Beamforming in Elevation abgebildet werden. Nachteil dieser Methode dich gblinde
Entfernungen zwischen benachbarten Streifen, da das Radar wahrend dem Sendevorgang keine
Signale emfangen kann. Stagger&AR |ost das Problem der blinden Entfargen indem das
PulsWiederhotinterval (pulse repetition intervalPRI) kontinuierlich variiert wird. Eine ps
sende Wahl dePRIs in Verbinding mit Uberabtastung in Azimuermdglicht eine akkurate
Interpolation der unregelmaflig abgetasteten Rohdaten in ein regelméRiges Raster, wodurch die
neu abgetasteten Datenit einem konventionlen SARProzessor fokusert werden kénnen.
Daher wird durch dieses Konzept die hactilbsende Aufnahme von breiten kontinuierlichen
Streifen ohne eine lange Antenne miehrerenEmpfangsSubaperturen maoglich. Ein zuséiz|
cher Vorteil ist die Verteilungeat Energie von Azimutund Entfernungsrehrdeutigkeiten Gber
grof3e Gebiete: Dadurch beeintrachtigen Mehrdeutigkeiten die Aufnahme eher wieisthdRa
und nicht wie klar abgrenzbare Artefakte. Im Rahmen dieser Arbeit wird der Einfluss der ausg
wahten PRISequenz, der angepassten Interpolationsmethode und der Prozessierungsstrategie
auf dieeizielbare Abbildungsleistungargestellt. Entwirfe fir moroduat und vollpolarimetr
sche Stagged SAR-Systeme werden, sowohl fBfanar als auch Reflektorantenngayveils im
L- und GBand, gezeigt. Zusatzlictvird der Einfluss des Stagger8dR-Konzepes auf die
Bildqualitat durch Experimente mit realen Daten evaluiert. Zun&chst wurden stark Uberabgetast
te flugzeuggestite FSAR-Aufnahmen verendet, um &aquivaleat Staggere®AR-Daten zu
erzeugen und diBildqualitatfir verschiedene Uberabtastungsraten auszuwerten. In einem we
teren Schritt wurde der deutsche Satellit TerraSARahingehend gesteuert, dasDatenim
Staggeed SAR-Modus Uber dem Bodensaafgenonmenhat. Die Ergebnisse mit diesddaten
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zeigten eine sehr gute Ubereinstimmung mit simulierten Werten. Darimrshivurde eine
Strategie zur Reduzierung des Datenvolumens, basierend auf eidemardrDopler-Filter und
einerDatendezimierung, éwickelt, um die erhdhte Azimiiberabtastung des StamgdSAR zu
kompensierenAbschlieRend wird eine pateéstte Erweiterung des Stagger8AR-Konzepes
prasentiert, in der durch eine kontinuierliche Variation der Phasenzentren erreicht wird, dass
gleichmiig agetastete Daten ohne die Notwendigkeit eines Interpolationsschrittes unter der
Verwendung einer veranderten Reihenfolge ¥tls aufgenommen werden kdnnen. FimTa
demL, ein Vorschlagfur eine polarimetrische und interferometrische sateligstiitzte SAR
Mission zur Beobachtung dynamischerozesse der Erdoberflache roisher unerreichteGe-
nauigkeit und Aufl8ung, wird das Stagger&AR-Konzept derzeit als deéStandardaufahne-

modus in Btracht gezogen.



Abstract

Synthetic aperture radar (SAR) remotesieg allows higkresolution imaging independien
ly of weather conditions and sunlight illumination and is therefore very attractive for theasyste
atic observadn of dynamic processes tineEar t hds sur f a otonal SAR sge v e r
tems are limitedn that a wide swath can only liagedat the expense of a degraded azimuth
resoltion. This limitation can be overcome by using systems with multiple resalepertures
displaced in alongrack, but a very long antenna is required to map a wide swatlrelatively
short atenna with a single aperture in aletrgck is available, it is still possible to map a wide
area: Multiplesubswaths can be, in fact, simultaneously imaged using digital beamforming in
elevat i on, but Abl i nd r adagentsswaths, methepada saanottrecdive t w
while it is trarsmitting. Staggered SAR overcomes the problem of blind ranges by continuously
varying the pulse repetition interv&RI). A proper selection of thBRIs together with an ave
age oversamplingniazmuth, allows an accurate interpolation of the agmformly sampled raw
data on a uniform grid, so thasampled datean be then focused with a conventional SA& pr
cessor.This concept therefore allows higlsolution imaging of a wide continuousagtv with-
out the need for a long antenna with multipléaperturesAs an additional benefithe energy
of range and amuth ambiguities is spread over large areas: Ambiguities therefore appear in the
image as a noiskke disturbance ither than localize artifacts. In this thesishé impact on pe
formance of the selected sequenc®RBis the adopted interpolation method and the processing
strategyareaddressedDesign examplefor single, duat, andfully-polarimetricstaggere (AR
systens are preseted, based orboth planar andeflectorantenng, in L-band and and The
impact of stageredSAR operation on image quality isrflermore assessed with experiments
usingreal data. As a first step, highly oversample8AR airborne data have been usede-
erate equivalent staggered SAR data sets and evaluate the performance for diffarent ove
sampling ratesMoreover the German satellite TerraSARhas been commanded to acquire
data over the Lake Constance in staggered SAR mode. Measurements drowavary good
agreement with predictions from simulatiomairthermore a data volumeeduction strategy,
based on oiboard Doppler filtering and decimatiohas been developgd cope with lhe in-
creasedazimuth oversamplingf staggered SARFinally, apaentedextension of thetaggered
SAR caceptis provided where the phase centers are continuously varied asseeihatit is
possible to transmjtulses according ta sequence of differemRIsand acquire uniformlgam-
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pled datawithout the need ofrey interpolation The staggered SAR conceptasrrently being
consideredas the baselineacquisitionmode for TanderaL, a proposal for a polarimetric and
interferometricspaceborne SARnissionto monitor dynamic processes bnhe Ear t hds s
with unpreedented accuracy and ragan.
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In this work identical notation is used for real and complex quantities.

List of Constants

Co speed of light irfree space 2.99792458\1.0° m/s
ks Boltzmannconstant 1.3806482 AL0%2 JK
’ ratio d a circle's circumference to its diamete 3.141592

e Eul erds number 2.71828

Re mean Earthoés radius 6371A °m0

Mathematical Notations, Symbols and Functions

j imaginary unit( j =+/- 1)

cos) cosine function

exp(x) natural exponentiglinction

rect((t-to)/0 rectangular window function of widtbicentered ir
sin(x) sine function

sincx) cardinal sine function (sing) = sin(" X)/(" X))
sign) sign of x

a(-) Kronecker delta

E{A expected valu®f a random variable or process
2 sum

@ approximately equal

I relatessingle elementvith corresponding set of values
x elementwise multiplication of matrices
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* complex conjugate ad scalar or vectaquantity
|A absolute value od quantity
&0 ceiling function
20 floor function
T denotes transposd vector quantity
£ estimatel valueof a quantity
Acronyms
Italic letters indicate that the acronym is also used as a variable.
1-D onedimensional
2-D two-dimensional
AASR Azimuth Ambiguity-to-Signal Ratio
APC Azimuth Phase Coding
ASI Italian Space Agency
ASR Ambiguity-to-Signal Ratio
AWGN Additive White Gaussian Noise
A/D Analogto-Digital (Converter)
BAQ Block Adaptive Quantization
BLU Best LineatUnbiased
CEBRAS CrossElevationBeamRangeAmbiguity Suppression
CSA Canadian Space Agency
DBF Digital Beamforming
DEM Digital Elevation Model
DLR German Aerospace Center
DoA Direction of Arrival
ESA European Space Agency
FIR Finite Impulse Respors
FFT Fast Fourier Transform
HH horizontal transmit and horizontal recep@arization
HV verticaltransmit andhorizontalreceive polarization
HRWS High-ResolutionWide-Swath
IRE Institute of Radio Engineering



Acronyms and Symbols

IRF Impulse Response Function

ISLR Integrated Sidelobe Ratio

JAXA Japan Aerospace Exploration Agency

JPL Jet Propulsion Laboratory

LCMV LinearConstrainedinimum Variance

LEO Low Earth Orbit

LFM LinearFrequencyModulated

MVDR Minimum Variance Distortionless Response
NASA National Aepnautics and Space Administration
NRL Naval Research Laboratory

NESZ Noise Equivalent Sigma Zero

PBW Processed Doppler Bandwidth

PoISAR Polarimetric SAR

PRF Pulse Repetition Frequency

PRI Pulse Repetition Interval

PSD Power Spectral Density

PSF Point Spread Function

PSLR Peak Sidelobe Ratio

radar Radio Detection and Ranging

RASR RangeAmbiguity-to-Signal Ratio

RCM Range Cell Migration

RX Receive

SAR Synthetic Aperture Radar

SCORE Scan On Receive

SNR Signalto-NoiseRatio

SRTM Shuttle Radafmopography Mission

TAXI TanDEMX Interferometric Processor

T/R transmit/receive module

TOPS Terrain Observation with Progressive Scan
TX Transmit

USA United States of America

VH horizontaltransmit andrerticalreceive polarization

vV verticaltransnit and vertical receive polarization
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Lower Case Letters

Unit

Pmk with reference tanulti-channel reconstruction of staggered SAR datm-
plex coefficient associated to the transferction Hy(f)

c(x) azimuth raw signaleceived froma pointlike scatterer

dc duty cycle

f Hz frequency

fo Hz radar carriefrequency

fom Hz with reference to mukchannel reconstruction, center frequency of k-
band

fo Hz Dopplerfrequency

foc Hz Dopplercentroidfrequency

fs Hz range samplinfrequency

Ogs with reference to BLU interpolatiomutual correlation betweetwo aval-
able sampleat times t; andts

h(t) impulse response of the matched filter

hovr vector containing the coefficief the filterfor data volume reduction

hi(t) impulse respnse ofthei-th linear system, used in the representatioma
SAR system with multipleeceive subapertures

hs m sensor (orbit) height above ground

n(t) signal representing theise contribution added at the receiver

px(t) impulse response dhe k-th postfilter (reconstruction filterjn a SAR sg-
tem with mutiple receive subapertures

r with reference to BLU interpolatiorgctor containing the correlationg

r(t) received echdrom a pointlike scatterenfter coherent demodulation

rq with reference to BLU interpolation, correlation betweenaaailablesan-
ple at timety and the sample to be estimated

lus correlation vector of the useful signal, used to compute the coefficient
Wiener filterfor data volume reduction

S(t) basebandvaveform radiated after modulation by the radar antenna

t S time coordinate

tint S with reference to BLU interpolation, time at which tteev azimuthsignal
has to beestimated

tq S with refelence to BLU interpolation, timat whicha sampleof theraw az-
muthsignal, correlated with the sample to be estimatedyailable

u vector containing thavailable samples of the raw azimuth signal to be

in BLU interpolation
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u(t)
u(tint)

u(ty)

u(x, R)
ufa, p]

Uden{Q, P]

V(x)
Vg
Vi
Vs

Wkm

X[p]

y(t)

m/s
m/s
m/s

3

raw azimuth signal, characterized as z&@an complex random process

with reference to BLU interpolation, true value of the raw azimuth sigr
the timet;,; at which it has to be estimated

with reference to BLU interpolation, value of an available sample of th
azimuth sgnal correlated with the sampie be estimated

2-D IRF (or PSF) of the SAR

with reference to the -BAR experimentyaw data before removal of tt
Doppler centroid

with reference to the-BAR experiment, raw datterremoval of the Dp-
pler centroiddemodulated raw data)

output of the matched filter

speed of the radar beam on ground
effective speed
platform speed

with reference to mukchannel reconstruction of staggered SAR daim-
plex coefficients, used tweight thedifferent subbands
azimuthcoordinate

with reference to the -BAR experimentazimuth coordinatefor the p-th
transmitted pulséused for emoval of the Doppler centroid)
outputof the matched filter

with reference to the nfii-channel reconstruction of staggered SAR c
ratio of the coefficientsvyx andbm

Capital Letters

Unit

Hz
Hz
Hz

multiplicative factor accouirtg for attenuation
matrix containing the coefficients,k

chirp bandwidth

Doppler bandwidth

processed Doppler bandwidth

amplitude weighting of the Doppler spectrum applied in the processi
compensate for the distortion of the data volume reduction filter
noise figure

with reference to BLU interpolatiomatrix of the mutal correlationg,s
transmit antenna gain
receive antenna gain
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G?(d) two-way antenna power patteas a function of thelevationangle

G4(f) two-way antenna power pattern as a function of the Doppler frequenc

G(df) two-way antenna poer pattern as a function of the elevation angle an
Doppler frequency

H(f) matrix, which collects the transfer functioki(f) in a SAR system witt
multiple receive subapertures

Hpvr(f) transfer function of the filter used for data volume reduction

Hi(f) transfer functiorof the i-th linear system, used in the representatioa
SAR system with multipleeceive subapertures

Hmn(f) element of the matri¥ ()

l1 Hz  with reference to mukchannel reconstruction, frequency interval wr
delimitsa subband

L m length of the radar antenna

Ls m extent of the antenna footprint in azimuth, extent of the synthetic ap
length on ground

Lot total losses

M number ofPRIsof a sequence ¢tRIs

Mmin minimum number oPRIsin a sequence with $a4PRI change necessary
ensure that two consecutive azimuth samples are never missed

Naz number of azimuth samples of a data set

Np number of bursts in a ScanSAR system

NL number of looks

Nsub number of subapertures in a SAR system with multipleeive subape
tures

P number of coefficientgor taps)of the FIR filter for data volume reductior

P(f) matrix containing the reconstruction filter functidpgf)

Pu(f) transfer functiorof the k-th postfilter (reconstruction filterjn a SAR s)s-
tem with multiple receive subapertures

Prr() element of the matri¥(f)

Prx W radiated power

Pu(f) PSDof u(t)

PRFEnean eff mean effectivd®PRF of a staggered SAR system

PRFneantx Hz  meanPRFon transmit of a staggered SAR system

PRInax S maximumPRI of a sequence ¢1RIs

PRImin S minimum PRI of a sequence ¢1RIs

Q number of samples used to estimate a sample in BLU interpolation
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Q(f)
R
R(X)
Ro

Ro max
Ro min
Rd

Raln]

Ry
Rs

R{N]

Ru(3)
Run(3)
Rudn]

3 3 3 3 3

3

amplitude weighting of the Doppler spectrum applied in the processin
slant rangeoordinate

slart range as a function of the azimuth position

minimum slant range distan¢elosest approach)

maximumslant rangef the imaged swath

minimum slant rangef the imaged swath

correlation matrix of the disturbance signal, useccompute the coaif
cient of the MVDR filterfor data volume reduction

with reference to data volume reduction, correlatbthe disturbance gt
nal at lagn

ground range coordinate

correlation matrix of the overallgial, used to copute the coefficient ¢
the Wiener filterfor data volume reduction

with reference to data volume reduction, correlatbthe overall signal ¢
lagn

autocorrelation function of the azimuth raw sigoé)

autocorrelation function of the azimuth raw sigoé) in presence of nois

with reference to data volume reduction, correlatdbthe useful signal ¢
lagn

number of segences with fastPRI change used to form a more elabor:
sequence

time during which a scatterer is in the radar beam (synthetic aperture

receiver temperature

period of a sequence BRIs(i.e., sum of thé/ PRIsof the sequence)
spectrum of the raw azimuth signat)

matrix containing theoefficientswim

height of the radar antenna

swath widthon ground

with reference to mukchannel reconstruction of staggered SAR dita
ter which provides complexeighting of the subbands
swath widthin the slant range direction

matrix containing the coefficientgn



XVi Acronyms and Symbc

Greek Symbols
Unit
U coefficient of the generalized Hamming window
V] rad look angle
b estimation bias in the intermbion of F--SAR raw data
5 rad angle formed by the line segmentscent i ng t he E a rata
and the point scatterer
ufp Hz  Doppler frequencyesolution
aR m slant range resolution
uR m groundrange resolution
Ux m azimuthresolution
U relative estimation error (energy) in th@erpolation ofF-SAR raw data
d rad incidence angle
d rad elevationangle
with reference to the design of more elaborated sequences, difféabam:
) S lute value)of the maximumPRIs of two subsequent sequenceshwias
PRIchange
& m radar wavelength
8°(d) backscatters a function of the incidence angle
U S pulse length
rad azimuth angle
lsq rad squintangle
difference between two consecutiP&Isin a sequence with line&@RI var-
(04] S .
iation
Riz,m m relaive displacement in azimuth of theth order azimuth ambiguity
minimum difference between two consecutRRIsin a sequence with fz
Pnin S PRI change necessary to ensure that two consecutive azimuth sam
never missed
Qg,m m relative displacenent inslant rangef them-th order azimuth ambiguity
Roviind m width in slant range of each blind range area
m distance between two adjacent subaperturesSAR system with muiple
R receive sbapertures
o m distance between the transmittedahe phase center of thh subapgure

in aSAR system with multiple receive lspertures
a SNRscaling factor



1 Introduction

Nearly 130 years have passed sindeinrich Hertz demonstrated the basic principleasf r
dar detection, showing that radioawes could be reflected by metallic and dielectric bodiss
suggested in James Maxwell's seminal work on electromagnetighp, [2]. The German eng
neerChristian Hilsmeyeforesaw the applicain of this principle for obstacle detection in ship
navigation and obtainedgatentin 1904[3], [4]. Experiments with detection of ships were also
conductedat that timein Italy by Guglidmo Maroni, who pointed outthe potentialsof radar
tedhnologyin aspeechbefore the Institute of RBo Engineering (IRE) in 1922 andby Albert H.
Taylor, Leo C. YoungandLawrence A. Hylandtthe Naval Research Laboratory (NRDnit-
ed State®f America(USA) [5], [6]. In none of these casdsoweverthe relevance of the work
was properly recognize®adarmainly developedust prior to World War lin several contries,
among whichthe USA, GermanyFrance the Soviet UnionJapanNetherlandsltaly, and Great
Britain, wherethe valuable contribution ddir Robert WatsoiWatt deserves a nmion. While
the early developments were mainly concerned with military applicatithres measw@ment of
the heidpt of the ionosphere b@regory Breit and Merle A. Tuvim 1925 canprobablybe re-
garded ashefirst remote sensingpplication of radaf7].

A major milestondor radar remote sensingas the conception of the synthetic daper a-
dar (SAR)principleby Carl A. Wileyin 1951 whichallows high-resolution radar imaging ired
penderiy of the rangaistance, as explained in Chap2dB8]-[10]. Furtherdevelopmentsf this
conceptled the Jet Propulsion LaboratordPL) of the National Aeronauticsral Space Adnm-
istration (NASA) tothelaunch of thdirst civilian SAR satellite, Seasat, in 19[BL]. A number
of SAR stellites were launched in the 90samelyERS1/2 by the European Space Agency
(ESA), JERSL by the JapaAerospaceexploration Agency (JAXA), Radarsatby the Canad
an Space Agency (CSARnd SIRC/X-SAR, the firstspaceborneSAR systemwith fully-
polaimetric and multifrequency capabilityrealizedin a cooperation between the NASRL,
the German Aerospace Center (DL&)d the Italian Space Agency (AJD2]-[15]. Other
spaceborne SAR sensolainched in the 2000s and no longer in operaaoethe Shuttle Radar
Topography Mssion(SRTM), ENVISAT/ASAR and ALOSPALSAR[16]-[18].

'Radar is an acronym for Aradio detection and

I
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In the meanwhilenewtechniques were developed, which itweal the joint exploitationof
multiple SAR images, acquired in different polarization&f. polarimetric SAR or PolSAR,
from slightly differentobservation angle&f. SAR interferometry polarimetric SAR interfenm-
etry, and SAR tomography, and/orat different times (cf. differentiahnd permanent sttarer
interferometry [19]-[26]. In that respectairborne SAR systemplayed asignificant roleby d-
lowing early demonstratios of thesetechniqus, which havelater been implemented in spac
borne missionsTheD L R 6-SAREensor, predecessor of RSAR sensor, is arxample[27],
[28].

1.1 Stateof the Art: Spaceborne SAR Sensors

Table 1lprovides an overview of the civilian spaceborne SAR sensors currently in operation
[29]. As is apparent, they were all launched within the last decade and their frequensy band
range from kband to Xbard. While the frequency basdhaveremained the same &x the pre-
vious sensors of the same institutigeg., kb and f or J AGRaddsforCSAM s o0 ras d
ES A0 s swhere data sontinuity waadeedthe main goal of th&entinell missior), cu-
rentsensors are characterized bgpatialresolutionor level of detailt leasbne order of magn
tude higherthan the sensors of the previous generation. Mamre most of them offer enuch
higher flexibility in that several acquisition modesn be seleet for different tradeoffs be-
tween reslution and coveragi30]-[35].

A prominent example is TerraSAR, whose main acquisition modes are summarizethin
ble 2togetherwith their characteristics in terms of resolution, swath width, and polarization: A
resoltion of 1 m is achieved in (sliding) spotlight mode, while a 100 km swath width can be
imaged in ScanSAR mod8a0], [36], [37]. Moreover, experimental modes allow an even higher
resolution (0.2 m in staring spotlight mode), a wider swath (up to 260 km in wide ScanSAR
mode), as well as duadnd fully-polarimetric acquisitiong38]-[41].

Sensor Launch Frequency Institution, Country
band

TerraSARX/TanDEM-X 2007,2010 | X DLR/Airbus, Germany
RadarsaP 2007 C CSA, Canada
CosmeSkyMed 1/4 2007¢é 71X ASI, ltaly
RISAT-1 2012 C ISRO, India
HJ1C 2012 S CRESDA/CAST/NRSCC, Chin:
Kompsat5 2013 X KARI, Korea
Sentinella 2014 C ESA, Europe
ALOS-2 2014 L JAXA, Japan

Table 1. Civilian spaceborne SAR sensors currently in operatiof29].
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Mode Resolution Swath width Polarization
ScanSAR 16 m 100 km Single
Stripmap 3m 30 km Single
(Sliding) spotlight 1m 10 km Single

Table 2. Main acquisition modes of Terr&SAR-X and their characteristics in terms of resolution,
swath width, and polarization.

TerraSARX datg acquiredin different acquisition modes$iave been used to demonstrate
seveal applications of SAR to environmental monitorifigg. 1 shows a SAR image acquired
over the Drygalski glacier on the Antarctic Peninsulairty imageswere acquiredby Ter-
raSARX over the same ardsetween ©@tober 2007 and October 2008 show how the glacier
waspushed out into the area formerly aped byan iceshelfat a speed of up to 2 km/yet
time-lapse video isavailableonline) [42]. Fig. 2 shows aScarBAR image acquired ovéWato
Grosso,Brazil, where logging has been particularly extensive in recent yBarause of their
different reflection characteristics, clearings appear in tharnasage as rectangular, relatively
dark zones within the otherwise homogeneous surface of the floresintrast, overing large
areas with optical cameras mountea satellites is problematic itropical regions due to the
dense cloud layefg3]. Fig. 3shows a further example of application concerningrnbhgpingof
a flood of the Mississippi River, USA, whikg. 4 showshow the groundn Mexico City, Me&-
ico, hassunk in someareasby as much as 10 cm in four monts a result of the water extra
tion [44], [45].

Fig. 1. TerraSAR-X image acquired over the Drygalski Glacier on the Antarctic Peninsul§4?2].
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Fig. 2. TerraSAR-X image acquired overMato Grosso, Brazil, where logginghas been particularly
extensive[43].

Fig. 3. Example of application of TerraSAR-X to map a flood of the Mississippi River, USA44].



1.2 Motivation, Objectives, and Structure of the Thesis 5

Fig. 4. Ground sinking in Mexico City, Mexico. The red areas correspond to a sinking of 10 crr
in 4 months[45].

While very powerful and flexibleTerraSARX can mapin stripmap modenly 2% of the
Eat hés | andmass during its 11 days rglpghat cvy
satellite can only operate 3 minutes per orbit) and its 30 km swath [8@lthThis limitation
also posed a challenge in the desof the TanDEMX mission, which requirgone year foone
gl obal interferometric d46lqui sition of the Ea
More recently launched sensors, such as Seritmeind ALOS2, are still characterizedyb
comparablemappingcapabilitiesat that resolutio34], [35]. As it will be clarified in Section
3.1, this limitationis notdue totechnology development, but is inherent to &R acquisition
principle [47], [48]. A brute force solution to this problem consists of flying a constellation of
satdlites on the same orbit, as done for CosskyMed and planned for Sentirkl[33], [34].
This solution allows increasing tmeappingcapability by a factor equal to the number of kate
lites of the constellation, but becomes costly or even unfeasible, nidbpingcapabiliy has to
be boosted by one or even two orders of magnitude.

1.2 Motivation, Objectives, and Structure of the Thesis

In recent years there has been increased intartst scientific community imnderstading
and quantifing dynamic processes within the Hasdystem occurring in fferent spatial and
temporal scales as well as their interdependency and interaction. Many of these processes are
currently inadequately researched and understood. An important reason for this is the lack of
suitable observation dafor analyzing these int&ctions[49]-[52].

The imaging performance and/or measurement resolution and accuracy of existing remote
sensing configurations are often inadequate to draw reliableustored on the dynamics of
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largescale processes. The measurement of dynamic processes requires a continuous, extended
and systematically planned observation strategy in order to detect changes and quantify them
with sufficient accuracy. Depending on thegesses to be observed, changes have to b& mea

ured on variable spatial and temporal scales and then related to one another. The combination of
short revisit times and extended acquisitions over several years is required when it comes to
monitor fast develping, highlydynamic processes, such as the relaxation following ah-eart
guake, as welhs slowly developing process@sg.,the interannual vamtion of forest biomass),

with the necessary accuracy and resolution.

SAR representshe ideal candidate tprovide answers tadhese questiondut spaceborne
SAR sensorsurrently in operation do not have tresolution and mappingapabilityneededo
meet these scientific requiremenits.particular, a SAR sensor is required, capable of mapping
the wholeEatt 6 s sur f ace t wi-polarimetre mode and with a spatial fegol | y
tion below 10 m (this corresponds to a mapping capability two orders of magnitude better than
that of TerraSARX) [49]. In response to these needgroposal for a highly inna@tive L-band
SAR mission TandemL, wasstartedat DLR with a prephase A study in 2013 and isrcently
undergoing a phasg study[50]-[52].

While increasing the orbduty cycle contributes to some degree to extend the mapaing ¢
pability, this is still not enough to reach the desired requiremblaw. radar techniques have
thereforeto be employegdwhich allowboosting thanapping capability at a given resolutioe-b
yond the aforementioned inherent limitatidese techniques are mainly based on digitainbea
forming (DBF) and multiplesutaperture signal recordini$3]-[63]. As presentedn detail in
Section3, two distinct SAR architecturesin be idstified:

- A system with multiplesubaperturesdisplacedn the flight direction, which uses add-

tion DBF on receiven elevationto increase the sensitivity;

- A system where DBF allow forming multiple elevationbeams which simultaneously

map multiple subswaths

The two architectures hawaportantimplications on the required size of the radar antenna:
For the same resolution and swath width, in fact, the former architecture requiteh donger
antenna, while the latter architectuasks fora much shorter, but higher antenna. The system
with multiple azimuthsubapertures is preferable, @ resolutionof the order ofl m has to be
achieved oveia swath of the order of80 km, while he architecture with multipleslevation
beamss better suitedor aresolution of the order of 5 to 10 m oareven wider swath (350 to
400 km),as equiredfor the aforementionethission aiming at monitoring dynamic processaes
Ear t h 6§ The pablénaot the architectureiith multiple elevation beams is thtite wide
mappedswath is not continuous, biitb | nanyeb are present betwedhe different subswaths

Staggered SARillowsgettingr i d o f rarges infa lsylstermvdth multiple eletion
beamsand imaginga wide continuous swatiThe core idea is theontinuous variation of the

% As discussed in Sectidh3.1, a system with multiple subapertures can also ackiegsolutionin
the order of 5 to 10 m ovex swathin the order of350 to 400 knmwith an antenna of reasonable
length, if used in combination with ScanSAR, but this has other drawbeleksd to interferometric
applictions.
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pulse repetition intervaRRYI), the time distance between consecutive transmitted ptdgph-
er with an average oversampling of the signal in azingdf[74]. If the PRI is continuously
varied, the ranges, from which the echoes are not received, because the radar is transmitting, will
be different for each transmitted pulse. A proper selectiomePRIS i.e., imposing that two
consecutive samples in azimuth are never missed, together with an average oversdrtiping
signalin azimuth allows an accurate interpolation of the-ooiormly sampled raw data on a
uniform grid, so that they can bken focused with a conventional SAR procesStaggered
SAR is currently being considered as the baseline acquisition wiothee TanderlL mission,
but representan appealingption for thenextgeneration of Sentinedensorsas well[50].
This thesis defines an establishéalygered SAR concept, based on the following mam co
tributions:
- Optimized design othe sequence dPRIsto be employedh relation tothe othersystem
parameters;
- Definition of an optimal interpolation ethod anca novelprocessing strategypr the a-
quired data, which are particularly effective in combination with the optimieseesces
of PRIs;
- Thorough performance analysis with special attention to range and azimuth ambiguities,
including several degn examplegmainly for the Tanderl mission, but also fothe
next generation of Sentinel sengand experimestwith real data;
- Onboarddata volume reductiostrategy able to cope with the increased amount of data,
due to the required oversampliafgthe signal in azimuth
The thesis is structured as follows. SecBagrovides ashortreview of SAR remote sesing:
The basicSAR principle ispresentedogether with a higtevel description of the required signal
processig and a overview of the main performance parameters of a SAR sysgsution3
highlights the contradicting requirements imposed by swath width and resolution in conventional
SAR systems and describes the novel SAR archiesfor highresolution wideswath(HRWS)
imaging.
The staggered SAR concept is then presented in Seégtiohowed by a detailedadcription
of the procedurefor the design obptimizedsequences dPRIsand the interpolatio methods.
Section5 explains how the relevant performance measurements can be evaluated and-are infl
enced bythe different input parameters. It alstiows through several design examples the ou
standing performance achievalblg a staggered SAR system for different frequency bands and
antenna typeseven in fullypolarimetric mode Section6 describes the experiments with real
data: Staggered SAR data have been simulated from higilgrsampled=-SAR airborne data
and theTerraSARX satellitehas been operatead staggered SAR mode.
Section0 considers a strategy for reducing the volume of data to be downloaded, wiich re
resents an integral part of the staggered SAReamn whileSectionl introducesan extension of
the staggered SAR concept, where the phastersecontinuously change as well, for which a
patent is pending-inally, conclusions are drawn Bection9, wherean outlook for furthere-
search isalsoprovided
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2 SAR Remote Sensing

SARis anactive microwave remote sensing technique that can providerésghution m-
ages independdmgtof sunlight illumination. Moreover, because clouds, fogl precipitation do
not have a significant effect on microwaves;vedlather imaging is possible. Because of the ¢
herent reception of the radar echoes, an ef
signal processing and exploited to achievenhigsolution. These peculiarities make Sy
atractive for the systematic obsef8y[&}lB8lpn of

2.1 Geometryand Acquisition Process

Fig. 5shows a simplified geometry of a SAR. A platform moving veitimstantspeedvs in
a straight lineat consant heighths carries a sidéooking radarantenna Thelength and heighdf
the antennareL andW, respectively.The direction of travel of the platform isnaown as the
azmuth (or alongtrack) direction distance from the radar track is measured insthatrange
(or crosstrack) direction while distance from the nadir track is measured in the groamge
direction.

The radar transmits pulses of electromagnetic radiatimmwards to the surfade be m-
agedat a constant pulse repetition frequenBRE. The radiated pulsespread out as growing
shelk of thicknesscoU wherec, is the speed of light in free space dbig the pulse lengthA
pointlike scatteretP whose slant range R, will thereforereturn echoes of duratiddthat will
arrive back at the radar with a time deld/2, after transmission.

Thepowe per unit area received at each point on the surface dependsraditiedpower,
the antenna patterme., the angular dribution of the power from the antennand the slant
range, according to an inversguare lawMost of the power is directed the fodprint, i.e., the
area illuminated by theadar beam, whose extent in ground range and azimuth is given by

_ IR,
° Wcosh

1)

and
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LS = /;RO
L
respectivelywhered is the incidence angle ards the radar wavelength, which is related to the
radar carrier frequendy by

()

I, =¢, (3)

The strip on ground covered by the footprint as the platform moves is knownsagathe

The electromagnetic radiatianteracts with the surfacevhich affectsthe characteristics of
the scatteredwave (power, phase, polarizatiprgnd propagates back to the radHne radar
sampleghe returningechoes coherently, i.gt,retainsbothamplitude and phasand storeshe
datafor future processing

radar
v
S/ " P track
//
> i
antenna z 1 w diated nadir
I radiate 4 tyack
azimuth ]
: slant
! range swath
: footprint

ground\ /4 /7\
. <l 4 -7
range

///// \ LS

Fig. 5. Simplified geometry of a SAR.
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Fully-polarimetric SAR systems employ two orthogonal wave polarizations (e.g., htatizo
and vertical) on both transmit and receive. On transmit the antenna alternatelys naulsse
with horizontal and vertical polarizations, while on receive echoes are simultaneously recorded
usingtwo separatehannelswith horizontal and vertical polarizations, respectively. Four data
sets are therefore obtained for each acquisitormesponding to far polarimetric channel\
polarimetric channel and the corresponding data set is usually identified by two letters, e.g. HV,
where the first letter indicates the polarization reneiveand the second the polarization on
transmitand where Hand Vstandfor horizontal and verticarespectivelyThe four data setsre
independently processed and then jointly exploited to retrieve additional information ontthe sca
terers of themaged are§l9], [20].

A sphericalEarth model rather than a flearth one isisuallyused for the design of sp&ac
borne SAR system The relationships between thaim parameters of the spheriéarth model
are summarized in Appdix A.

2.2 Signal Processing

Theechoes corresponding to each radiated phlseceforth alsoeferred to as the raw data)
are arranged de-by-side in a twedimensional matrix with coordinates time delay and pulse
number, corresponding to slant range and azimuth, resplgctivhe raw datahat look like
noisearethenprocessed to obtain a focused SAR imageyo-dimensional map of the surface
backscatterwhere the features of the imagszknecan be recognizedrig. 6 shows the raw data
andthe corresponding focused SAR image acquire®hy R 6-SARRirbornesensor over the
calibration test site of Kaufbeuren, Germ4a8].

SAR processingconsists essentially of two separditeear filtering operations along the
range and azimuth dimensions.

2.2.1 The RangeDimension

Let s(t) be the baseband waveforadiatedafter modulatiorby the radar antenrend letus
assumethatthereceivedechor(t) from apointlike scattereiat slant rang&y, after coherent &
modulationis the sum of adelayed attenuatedand phasehiftedversion ofs(t) and an addtive
white Gaussiamoise(AWGN) contributionn(t), added at theeceiver

r(t)= As% 2R°§expé91 LR 8+ n) @

where the factoA accounts for the attenuatiandj is the imaginary unit

Under theseassumption, it can be shown that the linear, time invariant filé), which
maximizes the output signatto-noise ratio ENR, i.e, theratio of the signapower to thenoise
power, while locating thescatteremt the correct slant rang®, is t matchedifit e with im-
pulse responsi(t) given by

h(t)=s'(- 1) (5)
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where * denotes complex conjugatigit].
A main concern is the resolution of the radar system, i.e., the minimum distance by which

two scateress canstill be distinguisked The outputy(t) of the matched filter ir§5) for a recta-
gularinputwaveform

__Atg_ 6L [tjer/2
s(t)—rectg?g—:,q {>/2 (6)

is given by
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Fig.6. SARdataac qui r ed by -SAR sns@® bvBrdhe cakbration test site of
Kaufbeuren, Germany. (a) Raw datalog-intensity). (b) Focused SAR imagélog-intensity).
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andthe attainable resolution the slant range directial Rs approximatelygiven bythe width
of ly(t)F (of the order of the@ulse length) times half the speed of light in free spage

t
R @% (8)

i.e., the shorter the pulse, thagherthe resolutionHowever, a theradiatedenergyand hene
the SNRafter matched filtering iproportional to the pulse lengththe higherthe resaltion, the
lower theSNR
To overcome this problenmany radar systenedopta linear frequencymodulated (LFM)
waveformm al so kngefthefarsm fichi r po
2 t

)= exr@th Fech ¢

r 9GS (9)

|- OOt

i.e,, characterized by constant amplitude aphdratic phaseariation across the pulsedfite,

whereB is the chirp bandwidthThe outputy(t) of the matched filtem (5) for the LFM input

waveformof (9) andfor a largetime-bandwidth producBUcan be written to a good approxm
tion as

y(t) @ sindBt) (10
wheresinc) denotes the cardinal sindefined as
sindt) = m(pt) (11)

and the attainable slant range resolutiBris approxmatelygiven by the reciprocal of the chirp
bandwidthB times half the speed of light in free spage

R @;‘—é (12)
The ground range resolutianRis related to the slant range resolutipfy
_ R
—ﬁ (13)

and therefore varies across the swath.

As illustrated inFig. 7, a relatively long waveform isdiatedthatconveys a large amat of
energy while a waveform characterized by a sharp pbak leads tdigh resolutionand high
SNRis obtained after the matched filtering operatioence alsi&nown & pulse compressiar
range compression
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Fig. 7. Linear frequency-modulated (LFM) waveform (chirp). (a) Real part. (b) Imaginary part.
(c) Amplitude after compression. (d) Amplitude after compression in dB.

In practice, the receivedchoes are sampled at a range sampling frequerand conva-
iently quantizedthereforethe filtering operationis inherentlyperformed on digital signalksnd
oftenin the frequency domaim orderto reduce the computational burddime data after range
compression areften referred to as the rangempressed data.

2.2.2 The Azimuth Dimension

Each sample of the range compressed data contains a contribution from scatterers in an
azimuthally extended strip of widths given by (2). If no further processing is performed, the
resolution of the system in the azimuth directidnis also given by the extent of the radar beam
in azimuthLs, leading toa rather poor resolution at microwave wavelengtls. an example,
TerraSARX with anantena lengthL = 4.8 m and a wavelengte-= 003 m at a slant range
Ry = 650km would attainan azimuthrelution of onlyl x 4 km.

The basic principleof SAR, which leads ta drastically improved azimuth resolution, dates
back to 1951 and is due to C&l Wiley [9], [10], [76]. He noticed that scatterers at different
azimuthanglesl (seeFig. 8) with respect to the radarackreturn echogwith distinctinstana-
neousDopplerfrequencyshiftsfp relative to thetransmittedrequerty, given by

_ 2vgsin/ @ZVSX

P / /R,

(14)
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wherex is the azimuth coordinate of the scatteaed where the small angle assumption{fos

made The analysis of the @pder frequency spectrum of the return echoes therefore allmws

catonofthescat terer in the azimuth direatngh., hen
The best attainable azimuth resolutibncan be obtained frorthe Dopplerfrequency res-

lution U § using(14), wherel d is equal tothe reciprocal of the tim& during which the scatterer

is in theradar beamAs is apparent from the sketchFag. 8 it holds

L, /R
T =_S=_1Y
Vs Vsl (15)
and theefore
akiR"af /IRy 1 _ /R vsL L 6

°T N T 2v /R 2

i.e., thebestattainable azimuth resolutian xs half the antenna length

From a different point of viewthe signalc(x) received from a poirike scatterer as the fa
form moves along the azimuth coordinateinderthe simplified assumption of a rectangular
antenna patterim azimuthand after coherent demodulatiisrgiven by

c(x)= expge j AR demﬁg (17)

where(seeFig. 8

2

R(x)= /RS +x° @Ro+—R0 (18)

i.e.,c(x) has a nearly quadratic phasgiation. The normalizedoutputv(x) of amatched filter in
the azimuth direction can be writtésr large values off /L to a good pproximaion as

@;m%x —smcai xg (19)

and theattained resolution in the azimuth directigiven by the widthof v(x)[, is approximag-
ly 0 xL/2,i.e, the same as obtainau(16).

In analogy with thechirp bandwidth in theange direction a Doppler bandwidBy can be
defined as

2v
Bo=

(20)
so that the azimuth resolutidnxan be expressed as a function of the Doppler bandwidth as

V.
K@ > (21)
D
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The matched filtering in the azimuth direction coherentlysdddechoes received at diffe
ent locatios over a very lag aperturd_s, the synthetic aperture, as in a phased akayery
sharpequivalentazimuth beanms therefore generated by signal processing meamsh kads to
high azimuthresolution.

As therange to the scatterer changdsng the synthetic apertuaccording tq18), there-
sponse from a fixed scatternierthe rangecompressed data curved and spreadver different
range cells (seEig. 8. Moreover, the curvature of the response changgsrange.This is the
phenomenon of range cell migration (RCNeveral algorithms have been developed fouacc

azimuth
range-
, slant /—\ compressed
range data
synthetic
L aperture
. S5
azimuth
radar
> track

slant
range

Fig. 8. Synthetic aperture and range cell migration.
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rate and efficient correction of RCM, among which the most commonly usellose based on
the rangeDoppler, the chirpsta n g, a-kapprdatcheB1l}y

2.3 System Performance

This section reviews the mainssym performance parametdéos a SAR, most of which can
be derived fromthe two-dimensional(2-D) impulse response function (IRF) or pointrespd
function (PSF)f the SAR i.e., the response obtainedpifly a pointlike scatterer is present in
the sene

The 2D IRF u(x, R) can be written to a first approximation as the normalized product of the
matched filter outputg(t) andv(x), given ly (10) and(19), respectively, where the slant range
variableR has been distituted to the time variabte

a C.,0 . 2B 0. 42 §
uax, R=—=to@sin R&sInce- X0 (22)
C 2 = (%% = ¢L =

2.3.1 Resolution and Sidelobes

The 2D IRF u(x, R) presents a mainlebcentered in{ R) = (0, 0), whose halpower widtts
in slant range and azimuth defithee slant range and azimuth resolution, respectively.

The 2D IRF u(x, R) also presents sidelobes, which impair the image quality and may mask
weak scatterers. Two mlant parameters are the peak sidelobe rB%t.B, defined as the ratio
of the peak intensity of the most prominent sidelobe to the mainlobe peak intensity, ane-the int
grated sidelobe ratidLR), defined as the ratio of the energy of all sidelobethéomainlobe
energy. A range/azimutiPSLRandISLRcan besimilarly defined forthe rangéazimuthmain cut
of the mpulse response.

The PSLRand thelSLRcan be reducelly applying @ amplitudeweighting to the transfer
function of the matched filtexin range and azimutm the processingThis however degrades
the reslution [82].

2.3.2 Distributed Scatterersand Speckle

In focused SAR imagea large variability of théntensitycan be observed over neighboring
resolution cellsof the same region (e.g.field). This phenomenon is known as speckle and can
be explaned byassuming that a large number of scatterers are preseatinresaltion cell
i.e., that thescatereris distributed The complex value recorded by the radardach resolution
cell is the coherent sum of the contribusdrom all scatterers and can be characterasdred-
ization of a statistical procesA. simple but convenient model leads to a negative exp@he
distribution for the observeskcattereiintensity (or backscattenyvith standard deviation equal to
the mean value of the intsity itself[79].

The standard deviation of theckscattemeasurement can be reduced by a fa\é@ , If
the intensitie®f N independent resolution cell of the same redi@nd therefore characteed
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by the same statistical procésare averaged (multiloakg). This however degrades the resol
tion by a facto\., whichis also known ashe number of looksSeveral daptve despekling
algorithmshave been developgedble topreserve resolution at the edges of the regions or in
presence of poidike scattererswhile removing the speckle in uniform regidi9].

2.3.3 Noise Equivalent Sigma Zero

As already noted, the matched filtering maximizes the ou§NR which is a relevantg
rameter. As th&NRdepends on the backscatter and changes spatially within the scene, while the
noise level of the system is constant, the negeivalent sigma zerdNESJ, defined as the
badscatter that leads 8NR= 1, is usually adopted to characterize seasitivity of a SARsys-
tem TheNESZof a SAR is given by

256p°R° vsinhk, T, BF L,

NESZ= ;
PTX GTX GRX / CO t PRF

(23)

wherekg is the Boltzmann constanks is the receiver temperaturé,is thenoise figure Lo ac-
counts for the total losses (e.g. atmosphere, system, procd3sol,the radiated power, and
Grx andGgy are the transmifTX) and receivéRX) antenna gain, respectivglo], [76].

2.3.4 Azimuth Ambiguities

The azimuth patterof a real antenné and therefore the Doppler spectriins not recta-
gular, as assumed for simplicity iff17), but has sidelobesDue to the finite sampling of the
Doppler spetrum at thePRF, the signal components outsides finequency interval-PRFH2,
PRHFH2] fold back into the main part of the spectrum, giving rise to azimuth ambiguiéesan-
biguous gjnals displaced from the true location of the scat{@@; [83]-[88].

Therelativedisplacement in azimuth and slant range ofrthid orderazimuthambiguityfor
a scatterer at slant ranBgis approxmately given by

5 o/ PRFR,

azm ZVS (24)

and

Drg,m ° \ Rg + Dzaz,m - R (25)

respectivelyFig. 9shows the 2D IRF of a SAR withazimuthambiguities up to théourth order.
As is apparent, azimuth ambiguities are not just disglaeplicas of the main response) the
contrary, they spread over several range cells, because RCM is wrongly compensated for in the
processing.

Azimuth ambiguities are mainly observed in images that have high backscatter regiens adj
cent to low backscatter regions (ewghan area naxo a lake). The ratio of the azimuth amiig
ous signal power to the main signal power for a uniform backscatter scene is referred to as the
azmuth ambiguityto-signal ratio AASR and carbeestimated as
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o Bp/2

a i(f +mPRAQA(f)df
m=- 9f=. B, /2

AASR@™° 5.7z (26)

ppe(f)Q2(f)df

f=-B,/2

whereG?(f) is the tweway antenna power pattern as a functid the Doppler frequenc®(f)
accounts for the amplitude weighting of the Doppler spectrum applied in the processiBg, and
(< PRPA is the processed Doppler bandwid#BW), i.e., an azimuth lowpass filter of widthB,

can be applied to the focused SA&a to meet thAASRrequirement, but this also degrades the
azimuth resolution, whichdsomes

\"/
K@ (27)
P

If the normalized azimuth pattern remains unchanged with the elevation anghé 3iRes
constant across the swath.

As most of the @enes are not characterized by uniform backsc¢attecal AASRcan be @-

Fig. 9. Two-dimensionalimpulse response of a SARo0g-intensity) with azimuth ambiguities up to
the fourth order. The horizontal and vertical axes represent slant range (0.7 km) and azimuth (3!
km), respectively.
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fined as theratio of theambiguous signél $ocal powerto the main signab $ocal power A
methodfor the estimation of the localASRfrom SAR images is described [B6]. Fig. 10
shows a SAR image, acquired by the German satellta3AR X over the Franz Josef Land,
Russia, and the casponding estimated locAIASRin dB.

4.0 i

0.0 Y
—4.0 B8

—-8.0F

—12.0

—1&.0

Fig. 10. (a) TerraSAR-X image acquired over the Franz Josef Land, Russid& he horizontal and
vertical axes represent slant range2.8km) and azimuth (9.2km), respectively.(b) Estimated local
AASRIn dB using the mettod proposed in[86].

2.3.5 RangeAmbiguities and Nadir Returns

Range ambiguities arise from preceding and succeeding eahogsg back at the radar
simultaneously with the desired reti®6]. This phenomenon is mainly relevant for spaceborne
SAR, where several pulses are transmittier a given pulsbefore receivingts echo.

A range ambiguitysto-signal ratio RASR is defined as the ratio of the range ambiguogs si
nal power to thenain signal power and can be estimated as
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5% )e?lg,)
RASR@- R’sin/,
S ° (hmain) GZ (qmain)

Rr?]ainSinhmain
where((d) is the backscatters a function of the incidence angledG?(d) is herethe twoway
antenna power pattarin elevaton The subscr i ptdesiredaatumahlerthef er s
subscripty, ] = 1.Na, to theNa ambiguous (preceding and succeeding) retutgsiation(28)
assumes that for eacteehtion angle the azimuth patternlsit for a multiplicative constajthe
same. While this assytion holds for planar antennas, where thP pattern can be written as
the product of an azimuth patteamd an elevation pattern(28) may lead to inaccurateASR
evaluation for eflector antennas. In the latter case, forrealevation angle of interest the energy
of the return is obtained by ggrating the tweway azimuth power pattern over tR8W B, and
accounting for the amplitude weighting of the Doppler spectrum applied in the prod@&3ing

(28)

By /2

. 50(/71) fpz(qj, f)Qz(f)df
o f=-B,/2
J-a;l R’sinA,
RASRQ@ B, /2 ! J (29)
S o(hmain) ﬁaz(qmain’ f )Qz(f )df
f=-B,/2
® sinA

A model for the backscattelecayas a function of incidence angle is needed along with ¢he g
ometry, for which a spherical Earth is usually assurf&@]. Unlike the AASR the RASRmay
significantly vary across thewathand ha therefore to be evaluatetleachslant range witim
the swath.

In fully-polarimetric SAR systemghe ambiguous eckefrom some ofthe preceding and
succeeding pulsecorrespond to radiated pulses with different polarizations. This has to be taken
into account, when evaluating tRASRIn (28) or (29), by using the proper value &f for each
contribution. TheRASRwill be different for each polarimetric channel and in particular could be
critical for thecrosspolarized channels, i.e., those characterized by a different @tiamizon
transmit and receiveggssome of the ambiguowschoes are characterized by the same palariz
tion on transmit and receive and therefore by higher battkssa

Among the ambiguous returns the echo arriving back at the radar from the nadir has to be
carefully considered. Due to the shorter slant rdRgad the null incidence angtg this conti-
bution can be significant and is difficult to quantify. The SAR system desaan €lect the
PRF of the system, so that the nadir return arrives back while the radar is transmitting, and/or
control the antenna pattern in the elevation dioe¢ so that the nadir return is strongly attdnua
ed.
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3 High-Resolution WideSwath Imaging

Azimuth resolution and swath width impose conflicting requirements oRR#eof a SAR
SAR systems are therefore limit@dthat a wide swath can only lmagedat the expense of a
degraded azimuth resolution. This limitation can be overcome by using systems with multiple
receivesubapertures, displaced in alotrgck, which simultaneously acquire multiple samples
for each transmitted pulse, in combination withFo@ receive. Howeer, a very long antenna is
required to map a wide swath. If a relatively shateana with a single aperture in aletrgck is
available, it is still possible to map a wide arB&F in elevation in fact,allows simultaneous
imaging ofmultiple sutswaths througimultiple elevation beams but Abl i nd r ange
between djacentsulswaths.

3.1 Azimuth Resolution and Swath Width

In a SAR he swath width constrains tHRRF To control range ambiguitiesge., to avoid
that ambiguous ecesarrive backat the radafrom within the swaththereciprocal of thePRF,
i.e., thePRI, must be larger than the time it takes to collect returns fronenhtiee illuminated
swath

1 W,

PRI=——— >
PRF ™ ¢, (30)

whereWs is the swath with in the slant rargdirectiongiven by
W, =W, sin/ (31)

Moreover, as the radar cannot receive, while it is transmitting, oncBRhes fixed, the
echoes coming back at the radar from some ranges cannot be retbmemntinuous timenk
terval, where the radarcko can be received is upper bounded by the time distance between the
end of a transmitted pulse and the beginning of the next one, thaPRIby. Neglecting guard
intervals, we have therefore intervals of duraffii - £, where the radar eche reeived sea-
rated by intervals of duratiofy where the radar echo cannot be received, because the radar is
transmiting.
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In order to image acatteremwith full range resolution, however, the echo of the full ¢ran
mitted pulse of duratiod has to be receed for thatscattererand convolved with a conjugated
replica of the transmitted signal. This means that eoatterersncluded within intervals of a+
ration PRI- 2¢, centered in thaforanentioned intervals of duratid?RI- ¢, can be imaged with
full range resolution. After range compression, there will therefore be intervals of duration
PRI- ¢, wherescatterergan be imaged with full range resolution, separated by intervals af dur
tion 2¢, wherescatterercan be only imaged with degraded range Itggm, as only part of the
echo of the transmitted pulse is received for thexsgterersThe maximum value of the slant
range swath width\; is therefore obtained by multiplying the intal durationPRI - 27 by c¢/2

W, ¢ c,(PRI- 2¢) )
2
The blind areas, where targets can be only imaged with degraded range resolution, also
known as fdAblind rangeso, Reonpeisectbetagemct eri zed by
Sdpri- L8¢ R ¢ S dkPrI+ XS k=12. (33)
2¢ 2= 2¢ 2 -

while the width in slant rang Rying Of €ach blind range area is given by
DRopiing = Cof (34)

Blind rangescan be represented as a function of R in a timing diagramwhich shows
for eachPRF the available swaths, whose widtatisl the inequality in(32). Fig. 11shows a
timing diagram, where blind ranges are marked in blacktarekof the available swathfor
PRF= 1600 Hzare highlighted in green
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Fig. 11. Timing diagram for a pulse lengthU= 20 ps. Three of theavailable swaths forPRF = 1600
Hz are highlighted in green.
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If, on the one hand, a IoWRF allows te imaging ofa wide swath, 0 the other hand, to
avoid significant azimuth ambiguity levels|av PRF, or equivalently darge PRI, alsoimplies
the adption of a smalPBW By, which limits the attainableazimuth resolutionNeglecting the
pulse length, e conditionthat thePRF has to be greater than tRBW B, whose expression
can be derived froni27), together with (30), leads to a upper bound tdhe ratio between the
swath width in slant rangé&; and the azimuth readion U x

W G
U X 2vg (35)

where the right side f35) is nearly constant at 2000 for typical satellites in low Earth orbit
(LEO), i.e., once fixed the azimuth resolution (€ige 3 m), the swathwidth in slant range o&
not be larger than 20,000 times the azimuth resolution, thef s60 kn [76]. A smaller swath
is usually selected,n order to account for the pulse lengih welland to impose that given
AASRandRASRrequirements are met

If the highest azimuth resolution is to be attainbdantenna length has to be selected so
that thePRFis greater or equdhan the Doppler bandwid®y, given by(20), leading to

2V
L2 —3
PRF (38)
or even, substituting0) in (36), to
4v,
L> —SWS (37)
CO

i.e., the wider the swath, tHenger the requiredantennaln practice, a further margin factor
(greater than 1js usuallyintroduced by the SAR system desigoarthe rght side of(37) to
meet theambiguityrequirement

The SAR acquisition mode so far described is known as strippegause atrip on ground
is imaged as the platform moves along the radar fffaick 12 (a)). Additional SAR aquisition
modesallow for wider swati{ScanSARr higher resolutiofspotlight)[90], [91].

In the ScanSARacquisition modé¢he timeT during which he scatterer is in the radar beam
is divided intoNy + 1 intervalsor bursts where the radar observdp different subswaths by
cyclically steering the radar beam to different elevation direct{bitgs 12 (b)) [90]. The swath
width therefore increases by a facMy; but as the observation time is ndly+ 1 times smaller,
the azimuth resolution degrades by a fabipt 1. A variant of ScanSAR is Terrain Observation
by Piogressive Scans (TOP2].

In the spotlight observation moden contrast, the beam is steered in the azimuth direction to
a fixed point toincrease the time during which the scatterer is in the radar f&gml2 (c))
[91]. This leads to higher azimuth resolution, but the imaged area is no longer a strip, but only a
patch.

An inherent limitation therefore exists, for which widening the swath results in degradation
of the azimuth resolution andice versa, increased azimuth resolution results in a smaller i
aged area.
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For duatpolarimetric SAR systemsyhere the two polarizations are characterized by the
same polarization on transmithe same swath width andzimuth resolution as single
polarimetric systemgan be achievegrovided that two separathannelsare employed oner
ceive to recordhe two distinct polarizationsFully-polarimetric SAR systemisteadimply a
further redution of the swath width, ithe same azimuth resolutitras tobe achieved93]. As
explained in Sectio@.1, fully-polarimetric SAR systems employ two orthogonal wave pdaariz
tions (e.g., horizontal and vertical) on both transmit and receive. On transmaittdrena alte
nately radiates pulses with horizontal and vertical polarizations, while on receive echoss are si
ultaneously recorded by two separate antennas with horizontal and vertical polarizatioss, respe
tively. In this case, in order to keep the sarnenath resolution of the singlgolarimetric sg-
tem, the same time span between two carisecpulses transmitted in the same polarization has
to be kept. This means that the effectRiRF of the system becomesue, as the pulses from
the other orthogual polarization have to be transmitted as well, and the imaged swatheis ther
fore halved.In addition, following the considerations in Sect@3.5 a demandingequirement
on theRASRof the crosgpolarized channels may fher limit the imaged swath

NS
- A S

(@) (b) (©

Fig. 12. SAR acquisition modes. (a) Stripmap. (b) ScanSAR. (c) Spotlight.

3.2 Digital Beamforming and Multiple ReceiveSubgpertures

To overcome tis limitation, new radar techniques have been developed, which &dlotlve
acquisition of spaceborne highsolution SAR images without the classical swath &imaih
imposed by range and azimuth ambiguities. These techniques are mainly bBdfelard mu-
tiple sukaperture signal recordif§3]-[59].

In conventional radar systems with phasedy technology thecattered waves received
by severalsulapertures; the received signals are individually amplified, pslaieed and then
superimposed in an analog b#arming network;only the sum of the received sigea thee-
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fore digitized and stored for future processing. In modern radar systémDBF capability in
contrast the signal received by each recestdaperture is individually amplifiedral digitized,;
the beanforming is therefore performed using the digital values in software, hémcaame
fAdigital beamfomingd. This architecture enable®t onlythe steering of the radar beam in real
time, but also the formation of multiple beams, which simultaskgoint in differenelevation
directions.

In sidelooking radar geometryHg. 5, the echo corresponding to a given radiated puise a
rives back at the radar with increasing delays from increasing elevation dbnBlescan be
therefore exploitedn receive to steer in reiime a narrow beam towards the direction of arrival
(DoA) of the radar echo from the grouriderebyexploiting the oneto-one relationship diween
the radar pulse travel time and @A (this is also refrred to as scaon-receive (SCORE[58]
or SweepSAR [59]). A large receiving antenna can hence be used to improve the senettivity
the systenmwithout narrowing the swath width. Ake unambiguosl swath width is limited by
the antenna length according {87), a long antennhas to beleployed to map a wide swath.

Moreover, to improvehte azimuth redation, the receive antenna candieided into muli-
ple sulapertures, mutually displaced in the aldrark direction and connected to individual
receive channels. By this, multiple samples of the synthetic aperture can be acquired for each
transmitted pulsdf Ngypis the number of subapertures, gwivalentPRFis equal toNgy, times
the employed®RF. The coherent combination of all signals in a dedicated fobd#thnel proce
sor enables the generation oHRWS SAR image[94]-[96]. The described architecture is-d
picted inFig. 13

antenna with multiple
sub-apertures

: scan on
i receive .-’

wide
swath

Fig. 13. SAR system with scaron-receive and multiple receive sudperturesin azimuth.
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A prominent examplef such a systens the HRWS SAR, currently under development at
Airbus with support fronthe DLR [55]. This system will provide a stripmap resolutionlom
for a70 kmwide swath, by this increasing the stripmap resolution of Terra®AR a factor of
three and the swath width by a factor of more than two.

The need for a verlpng antenna represents the main limitation of the mentioned system: A
40 m antenna is, in factequired to map a 350 km swath width on ground in stripmap imaging
mode.

3.2.1 Multi -Channel Processing

Let us consider a systenvhich for each transmitted pulsellects samples ads,, uniformly
displaced sudperturs, and letgp ¥, be the dstance between two adjacent aperturesin order
to obtain a uniformly sapled signal in the azimuth direction, a specRiRFis required, given
by

2VS
N Dy (38)
NsutJ:)xsub

whereNs,p O X IS also the totahntenndength, i.e., the raat has to movéalf the total atenna
length between subsequent transmitted pulsesdifferentPRFis selected, e.gto image rag-
es which would otherwise be blind or to improve #%SR the signal is not anymore idormly
sampledn the azimuth diretion.

A uniformly sampledsignalcan be however recoverémm the recurrent neaniform one
usinga technique, known as mutthannel reconstructiofiystly suggested ifi94] andbased on
the generalized sampling expans|6id].

The generalized sampling theorem states that a-lraitdd signal is uniquely determined in
terms of the samples of the responsesl éhear systems(t), i = 1.. N, with input the signal
itself, sampled at Nthe Nyquist rate[]97]. Moreover the bandimited signal can beldained by
means ol postfilters py(t), k = 1.. N, whose transfer functiaPy(f), k= 1..N, arerelated tathe
transfer functions$di(f), i = 1.. N, of the linear sy'emsh;(t) [98]. In particular, be transfer fuc-
tions Py(f) are gven by

PRF =

N 2 _ ~ o ~
R(1)=a Po(f)recil o8 r AN o 18pei-1n .
m=1 C PRF = ~ C 2 2+

wherePy(f), k=1..N, m=1..N, are the elements of the matR{), given by

) P.(f+PRF) 3 B (f+(N-1)PRF)g
) Po(f+PRF) 3 By (f +(N- 1)PRF); .
4 4 6 4 N (40)

e

é
P(1) =N o1 ()= €72

SPu(f) Pu(f+PRF) 3 Py (f +(N- )PRF)]

andH(f) is the matx, which collects the transfer functiori(f), given by
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& H,(f) H,(f) 3 Hy(f) o

€ H,(f +PRF H,(f +PRF) 3 H,(f +PRF) U
T e I U I R G B R

ng(f +(N-2)PRF) H,(f +(N-1PRF) 3 H,(f +(N- 1)PRF)H

As is apparent fronG39), the posffilters P(f), k = 1..N, can benterpreted as a composition
of N passband filters. A block diagram dhe multi-channel reconstruction is sketchedFig.
14.

In the special e of systems with multiple sapertures on receive, where a common
transmitter is employed and adopting the quadratic phase approximatib®),ahe linear sg-

temsh;(t) only consist of a time delay and a phase shift and the transfer fuhipfiipoan be -
pressed af6]

QOO

i=1.N (42)

L8 o pDx 8 & . pDx
Hi(f)—expésJZIRogexp?J vl

w h e rxes thepdistance between the transmitter and the phase center-ti Swdaperture.
As the received azimuth sigl is not strictly bandimited, a reconstruction error will be
present, as the signal components outside the above mentioned frequency band fold back to the

main part of the spectrum and disturb the reconstruction of the signal IspHrticular, the
AASRcan be evaluateals described if96], [99].

Fig. 14. Block diagram of multi-channel reconstruction with interpretation of the postfilters as a
composition of bangass filters.
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Moreover, the reconstruction filters may amplify the noise. Depending on the distribution of
the samples and tiRBW B,,, aSNRscaling factor canéevaluate96].

Additional algorithmsfor multi-channel processingave been recently proposed, based on
different criteria, such as thminimization of the ambiguous signal power coming from some
frequency bands, thmaximization of the signabower after reconstruction, the maxitinn of
the signalto ambiguity plus noise ratiand the minimization of the mean square error in the
reconstructio100]-[101].

3.3 New Architectures andConcepts

In order to keep the antenna length down, several new instrument archiéestdrenodes
have been propos¢@0]-[62].

3.3.1 Multi -Channel ScanSAR

One example is the combination ofultiple sukapertures inazimuth with ScanSAR or
TOPS modegFig. 15 (a)). As in classical ScanSAR, azimuth bursts are used to map several
swaths. The associated resolution loss from sharing the synthetic aperture amongt differe
swaths is compensated by collecting radar echoes withpheuttisplaced azimutbukapertures
[60]-[61]. The pecukhrities of the multichannel ScanSAR processing and their impact on system
perfaomance have been dpaed in[102], [103]. A possible drawback of multhannel Saa
SAR or TOPS pproaches is the rather high Doppler centroid for some of the imaged targets, in
case high resation is desired. Moreover, high squint angles may also challengegtstration
in interferometric appliaions[104].

3.3.2 Multiple Elevation Beams

Besides multchannel ScanSAR, of great interest are concepts based on simultageous r
cording of echoes of different pulses, transmitted by a wide beam illuminator and coming from
different directions. This enables an increase of the coverage area without the necessity to either
lengthen the antenna or to employ burst mdée$-[62]. Fig. 15 (b) provides an illustration,
where three rmaow receive beams follow the echoes from three simultaneously mapped image
swaths that are illuminated by a broad tramndmeam.With reference to the timing diagram of
Fig. 11, the three swaths highlighted in green can be simultaneously imagediciently high
antenna is needed topseate the echoes from the different swaths by digitanbsaning on
receive, while a wide beam can either be accomplished by a separate small transmit antenna or a
combined transmiteceive antenna together with tapering, spectral diversity on transmission or
sequences of bpulseq105], [106].

An interesting alternative to a planar antenna is a reflector, fed by aahaitnel array, as
illustratedin Fig. 15(c). A parabolic reflector focuses an arriving plane wave onaoreesmall
subset of feed elements. As the swath echoes arrive as plane waves froanmtse& angles,
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one needs hence to only read out one feed element after the other to steegaanhimam in

concert with the arriving echoes.
A drawback of thenulti-oeam mode is the presence of blind ranges across the swath, as the

radar cannot receive while it is transmitting.

Multiple
Rx-Beams
in Elevation

Instantaneous
Rx Beam
(2 feed elements)

Bursts
(4 azimuth
channels)

- Eaghe | ,.
<’-¥3&"‘\A % / AR
)Bi blind ranges for given PRF —
(a) (b) (c)

Fig. 15. Advanced concepts for HRWS imaging(a) Multi -channel ScanSAR. (b) SAR with multiple
elewation beams (planar anenna). (c) SAR with multiple elevation beams (reflector antenna).
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4 Staggered SAR

Staggered SARvercomes the problem of blind ranges by continuously varying®ielf
the PRI is continuously varied, there will stillbranges, from which the echoes are not received,
because the radar is transmitting, but they will be different for each transmittedAppisger
selectionof the PRIs i.e., imposing that two consecutive sampteszimuthare never missed
together wih an average oversampling in azimatihows an accurate interdation of the non
uniformly sampledaw data on a uniform gridso that they can be théocusedwith a conven-
tional SAR processofThis concept therefore allows higlsolution imaging of a ide continu-
ous swath without the need for a lomgeanna with multiple sudperture$61]-[74].

4.1 Concept

DBF in elevation allowsghe simultaneous mapping of multipkutswaths, but blind ranges
are present between adjacesutswaths[60]-[62]. If the PRI is uniform, blind ranges remain
unchanged along azimufRkig. 16(a)). After compression in azimuth, the imagel iherefore
contain blind strips of widthgp Rping, given by(34).

If, in place of a constarRRI, a sequence df distinctPRI§ which then repeat periodically,
is employed, there will still be blind ranges. The width of the blind range areas will be still given
by (34), but the locations dheblind ranges will no longer be given K33). In general, the laz
tions of the blind ranges will be different for each transmitted pulse, as they are related to the
time distances to the preceding transmitted puléeg. 16 (b)). If the overall synthetic aperture
is considered, it turns out that at each slant range only some of the transmitted pulses-are mis
ing.

In particular, if a sequeecof PRIsis chosen sucthat the blind range areas are almost un
formly distributed across the swath, it can be shown that the percentage of missing gamples
the raw data igpproximately equal to the mean duty cycle, tlee ratio of the uncompressed
pulse lengthJto the mearPRI. Following thediscussiorof Section3.1, the percentage of sa
ples in the rangeompressed dataherescatterers@re only imaged with degraded range resol
tion, is insteadappraximately equal to twice the raa duty cycle.

If a relatively small percentage of pulgesnissing, it is still possible to focus the data and
obtain a SAR image over a wide continuous swath: The presence of large gaps in thie raw az
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Fig. 16. Location of blind ranges. (a) ConstanPRI SAR. (b) Staggered SAR.

muth signal, however, will determine the presenceattier high sidelobes in the azimuth-i
pulse esponsg107], [108].

Another possibility is to design the sequenéd’RIssuch that two consecutive sampies
azimuthare never misseth the raw dataln this case, if the mean pulse repetition interval is
decreased, i.gif the signal is averagely oversampled, it is posdiblaccurately interpolate the
data on a miform grid, so avoiding the high sidelobes in the azimuth impulse response. As a
lower meanPR is used, it will be necessary to increase the antenna height in order to keep the
sameRASR

The use of a variableRI to image a large continuous swath hasrifirst suggested ifi64]
and later independently discovered by D[6R]. Further workon the subject can be found in
[65]. This thesispresents a rolst and optimized concept of staggered SARreover, itintro-
duces novel sequencesPRIs interpolation methodsnd processing strategiewhich allow a
staggered SAR system to meettstandingambiguity requirements with staté-the-art antenna
techndogy. A detailed analysis of range and azimuth ambiguities is furthermore presented,
which allows an understanding of the impact of the different system parametbes 8SAR m-
agingperformancg66]-[74], [93].

4.1.1 Processing Strategies

As sequences ¢fRIsare employed and the lost pulses aféedent for each slant range, the
raw data recorded by a stpgedSAR system are inherently namiformly sampled. In prine
ple, mon-uniformly sampled raw data can be processed focusing each pixel independently, i.e.
time domain. For efficient implementation, however, the data can be at some point resampled to
a uniformly spaced grid and then further processed with a conven8éwalprocessortig. 17
shows the block diagrams for two different processing strategies: The processing str&iggy of
17 (a), alluded i{66], consists of performingange conpression on the raw staggel®AR data,
then resampling the rangempressed stagger8&\R data on a uniformly spaced grid and fina
ly performing azimuth compression, while the strateg¥igf 17 (b), proposed iff67], consists
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of resampling the raw data on a uniformsiyaced grid and then performing range and azimuth
compression. The advantages & thtterapproachn combination with some sequence$ils
will become tear in the fdlowing.

Raw staggered-SAR data Raw staggered-SAR data
| Range compression | Resamplingto a
uniformly spaced grid
Range-compressed l
staggered-SAR data Uniformly spaced
raw data
Resamplingtoa \L
uniformly spaced grid | Range compression |
Uniformly spaced Uniformly spaced
range-compressed data range-compressed data
| Azimuth compression | | Azimuth compression |
Focused data Focused data
(@) (b)

Fig. 17. Block diagrams for different processing strategies for staggered SAR data. (a) Strategy
based on the resampling of rangeompressed data. (b) Strategy based on the resampling of raw
data.

4.2 Design of Sequences ®&fRIs

Let us assume that a sequenceéMotlistinct PRIs which then repeat periodically, isne
ployed. Let us indicate thd PRIsasPRIl, m=0.M 1 1 and let us definBRIi, andPRmaxas
the minimum and the maximum of the PRIS respectivelyPRIy» has to be&kept large enough
to control range ambiguities, whiRRIyaxhas to be kept small enough to ensure proper sampling
in the azimuth direction: Moreover, in case the sequenB&Rifis designed such that in the raw
azimuth signal two consecutive samplesrageer missed?Rlnhaximposes an upper bound to the
maximum gap width, which is always smaller thaPRyayx

In principle, theM PRIscan be arbitrarily (or even randomly) chosen in the inteR8&l i,
PRInad. However, as it will be clear in the follomg, a linearPRI trend has the advantage of
letting the system designer optimize the choice oPtRésin relation to other system parameters
(slant ranges of interest, uncompressed transmitted pulse length) and control in a straightforward
way the locabn and/or the width of the resulting gaps. A sequence, whereRhkas a linear
trend, is defined as

PRI =PRI_,- D=PRIl,- mD, m=1.M-1 (43)
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where @ is the diff erRRksanedM ib thd nweberroPRisofthe ®-ons e c u
quenceWi t hout | oss of general it vy, decrgasing®RI ltdoesc onsi
without saying that sequences with increas®iRj( o < O dsedcaawell. b e

4.2.1 SlowPRI Change

It has been already noted that, for a conde&it blind range areas are located at fixed slant
range along azimuth. If a long sequenceP&tls with a linear slowlychanging trend isre-
ployed, it can be observed that blinchga areas are no longer strips parallel to the ati@uds
axis, but they are instead tilted, where the tilt angle increases, BRIlspan increases. Mare
ver, for a giverPRI span, it can be observed that the tilt slightly increas#s range Fig. 18
shows the location of blind ranges for differ@®RI spans. In all four cases the maximéRl is
set to 072 ms, while the minimun®PRI spans from 0.2 ms (constanPRI) to 066 ms The pulse
length is set tdJ=30 ans thenumber ofPRIsof the sequence td = 250 Two cycles ofPRI
variationare shown in the diagramahile an orbit heighths = 745 kmhas been condgred for
the plots, i.e., to qwert slant range into ground range according to the sph&actt model of
AppendixA.

As a limitedPRI span has the advantage to ensure proper sampling in the azimuth direction,
without significantly impacting range and azimuth ambiguities, a reasonable criterion to design
sequences d?RIsis to chamse the minimunPRIspan such that blind ranges are almost umfor
ly distributed over the slant range of interddtis means that the blind areas are tilted such that
at far range they span over a slant range equal to the distance of two consecutinagdesch
a uriform PRI case, i.e.PRItimes half the speed of light in free spagl. As the tilt is slightly
smaller at closer ranges, the other blind areas will span over a slightly smaller slant range and
there will be some ranges, where all sarsales eceived.

With reference to the timing diagram Big. 19 where the blind ranges are displayed as a
function of 1PRI, the above mentioned minimum span d?Rlis given by the horizontal sl
tance letween two adjacent iold ranges at the maximum slant range of intdRgsix

1 1 c

- 2
PRI, PRl 2R

It has to be noted th&RlI,, and PRIhax can be arbitrarily chosen, as long as the difference
of their reciprocals is given bi@4). The recipraals of PRI,n and PRIhax must not necessarily
correspond to blind ranges &nmax If the span oPRIis selected according {@4), as thePRI
spans betweeRRIyinandPRInay it can be observed that a large gap, i.e., angage of several
conseutive missing samples, and a very short gap occur at each slanf6ahge

Assuming a lineaPRI trend, a sequence BRIsis defined, if the number &?RIsof the ®-
guenceM is given in addition t&®Rl, andPRIyax In order to avoid that the resulting azimuth
impulse response is strongly dependent on target podifitias to be chosen such that tha-per
od T, of the #quence ofPRIs i.e., the sum of th&1 PRIS is much smaller than the shortest
illumination timeT, i.e., the illumination time at near ran§é€Ro min), given by(15). In [65] it is
shown that aegjuence withls, = T (Romin) IS still characterized by an azimuthpoise response

(44)
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strongly dependent on target position, while for a sequence Wit T(Romin)/5 the dependence
is no longer significant. On the other hand Maslecreases, the distribution of blind ranges b
comes less and less uniform.

Fig. 20shows, for a sample sequence with sPRi change, thé’RI trend, the location of
missing samples in the raw data, the percentage of missing samples and the maximum, mean and
minimum pulse separatiqi?Rlnax= 0.38 ms, PRIy, has been@amputed using44) with Romax=
103L.9km, M=250,t = 1 4 ., &% 745 len). FromFig. 20(b) it is also apparent that, even
though tilted, blind ranges divide the swath of interest into mulséipbswaths. Theechoes from
these different sidwaths are simultaneously colled using multiple beams by employiBdgF
in elewetion.

400; * 400;
BOOE* * BOOE*
ZOOé * ZOOé
WOO% * WOO%

350 400 450 500 550 600 650 350 400 450 500 550 600 650

pulse index
pulse index

ground range [km] ground range [km]
(@) (b)
400 ¢ 400
y g .
o 300F -5 300
R= £ =
) D
0 n
5 200} S 200
(ol £ O
100 | 100
OE\ L L O 1 I 1 1 1 1 1
350 400 450 500 550 600 650 350 400 450 500 550 600 650
ground range [km] ground range [km]
(©) (d)

Fig. 18. Location of blind ranges for increasingPRI span for a maximumPRI = 0.72 ms. (a)
Minimum PRI = 0.72 ms (constanPRI). (b) Minimum PRI = 0.70ms. (9 Minimum PRI = 0.68 ms.
(d) Minimum PRI = 0.66 ms.
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Fig. 19. Timing diagram as a function of 1PRI and minimum span of 1PRI.

If on the one hand sequencesRiRIs characterized by a slowbhangingPRI trend, have
the advantage of relatively large valuéP®In, their main drawback is that large gaps aes pr
sent in the raw azimuth signal. As a consequence, after azimuth focusing, high sidelobes are pr
sent in the azimuth impulse response in the vicinity of the mainlobe, as sh&eation5.

As already noticed if60], the different azimuth bursts, separated by the large gaps, can be
processed independently, so avoiding the high sidelobes associated to the gapsiamd) o
several independentvoresolutionimages, which can then be mdtioked and used to either
enhance the radiometric resolution or to reduce interferometric phase errors.

4.2.2 FastPRI Change

An alternative criterion to design sequence®RBisis to require that two consecutivensa
ples in azimuth are never missedhe raw datdor all slant ranges of intereSthe idea of opt
mizing the sequence #fRIsby imposing that two consecutive samples in azinfatlfhough in
the rangecompressed datgre never missetlas been suggested [61]. In case lineaPRI
trends are considered, this criterion leads to shorter sequences with a mucRRastenge,
compared to the premisly described cwetion [66], [67], [70].

With reference tq43), assuming thaPRb = PRIhaxi S g i1 v eNi havedn ba dete
mi ned. I f the above mentioned r e N,ubem@amun t
val ues M havegio be chidsen to maximiBRl,, and therefore achieve better peffo
mance in terms of range ambiguities. Itsstaned that the minimum and maximum slant ranges,
Romin @NdRomax @s well as the unogpressed transmitted pulse lengttare known.
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Fig. 20. Example of sequence dPRIswith slow PRI change PRI, = 0.38 ms PRI, has been
computed using(44) with Romax= 1031.9 kmM = 250,t = 14.81¢ s ) .PRI(rend. (b) Location of
missing samples in the raw data. (c) Percentage of missing samples in the raw data versus grot
range. (d) Maximum, mean and minimum pulse separation versus ground range. The minimum
and mean pulse separations are natell visible, as they are very small compared to the maximun

pulse separation

Fig. 21(a) shows the sequence of transmitted pulses and the sequence of received pulses for
slant rangdry. The received pulses afgereforeshifted byty = 2 Ry/cy with respect to the traa
mitted pulses. The pulse marked by bige arrow cannot be fully received, as another pulse is
being transmitted at the same time.
In order to avoid that two consecuti@gimuth sampleare lostin the raw datathe time sp-
aration of the first two pulses of the sequence, fire largesPRI of the sequence, denoted as
PRb) must be at leagtlarger than the separati®?Rl~ of the pulses transmitted while the two
first pulses are received from a rari@gin. This first condition is depicted iRig. 21(b) and can
be formally expressed as
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PRI, 2 PRI + (45)

wherek* is themaximum value such that

k 2
q PRI, ¢ —2mn 2Romn _ D (46)
m=0 0
The separation of the pulses transmitted while ttst fivo pulses are received from farther
ranges, in fact, will be even smaller. Moreover, it is enough to impose this condition on the first
two pulses, because the lind2Rl trend guarantees a constant difference between consecutive
PRIs
Substituting(43) in (45) one obtains

t
%

Expanding46)and substituting in placegnpgeehin@r),i ts mi
the maximum value df, which satisfies

D2 D = (47)

K-2
a PRI, ¢ 2R°m'" -DU

m=0
(k' - PRI, - (k l)z(k e Ziomm - DU
0
(k - PRI, - - l)z(k - 2)ki ¢ Ziom'n . ki U (48)
0
(k - PRI, - —k + ¥ ¢ 2o
2 ¢
.a 2R)in X
PRI 'E 8¢ “omn 25+ PRl -
is obtained, where
é2|:\)Omin 3t U
S *PRlo- 24
¢ pr,-L U )
8 i i

and &0 denotes the floor function,e., the largest integer not greater than the argument of the
function. This value ok can then be substituted 47)t o o byt Slightly laper values of

@ could be used to buil d uiedinnsectiogd.28 indhbtcaseat ed s
it is anyway necessary to compukeagain, as it is needed in the following to obtsinThis can

be done by substitut i(M6yand fiming tHeensakimuendialue eéfl ue o f
which satsfies it. One obtains
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Fig. 21. Diagram of transmitted and received pulses. (a) Relative delay between transmitted an
received pulses. The pulse highlighted by a blue arrow cannot be fully received. B)aphical
representation of the first condition to avoid that two consecutive azimuth samples are missing i
the raw data, i.e.,the time separation of the first two pulses of the sequence must be at leakdrger
than the separation of the pulses transitted while the two first pulses are received from a range
Romin- (C) Graphical representation of the second condition to avoid that two consecutive azimut
samples are missing in the raw data.e.,when the pulses, whose separation BRI, are received
from a range Romax all the pulses of the periodnust havehave been already transmitted
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B 5U
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Once @ has b &dastodbedetermined asenéll, In this case, in order to avoid
that two consecutive samples are missmthe raw dataM must be large enough that, when the
pulses whose separation BRI+, are received from a rand®max all the pulses of the period
have been already transmitted,,itee radar is transmitting the first two pulses of the next per
od. This second condition iggicted inFig. 21(c) and can be formally expressed as

M-1 2
q PRI +PRI,-t2 % (51)
0

mek”
From (45), in fact, PRk~ is & leastt smaller than the separation of the first two pulses. If a
smallerM wereused, two consecutive pulses would be lost, when the two first pulses are tran

mitted.
The minimum pssible valuéM,i,, which satisfie¢51), is obtained

M-1
a4 PRI, 2 2Romey PRI, +¢ U

m=k" Co
2 *2_ Lt .
(M- kPRI, - M-k M- K)o 2R PRI, +¢ U
2 G

CIVER 08 +D8v| + ZPomas (1 )apR1, - Pk 8+r ¢ 00

2 C C, C 2 = (52)
3 D§ |& D . 42R ) D,.g. 0%
&pRI, + 28~ [9pRI, + 0F - 2pgf e 4 (k- 1)3pRI, - Dk G+ s o
éc 2+ \c¢ 2+ G Co C 2 + U

M 2 Mmin :é U
é u
¢ u
e u

whereé@denotes the ceiling function, i,¢he smallest integer not less than the argument of the
function.

As it will be shown in SectioB, if two consecutive samples are never missed in the raw data
and the meaRRIis decreased, i.e., if the signal is averagely oversampled in azimuth, itiis poss
ble to accurately interpolate the data on a uniform,galavoidinghe high sidelobes in thea
imuth impulse response. Additional advantages derive from the use of sequences WARI fast
change in combination with the processing strategy based on the resampling of the raw data, as
discussed in the following.

In the lefthand part oFig. 22some range lines ofraw staggere®AR dataset where two
consecutive samples in azimuth are never missedsketched. Blind areas, where data are-mis
ing, as the radar is transmitting, are markedlahk The width in slant range of each blind area
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is given by the pulse lengtikimes half the speed of light in free spageln the righthand part
of Fig. 22the correspondingangecompressed stagger8AR data, obtainely correlating each
range line with a replica of the transmitted wavefoangsketched. The shaded areas esent
data where targets are not imaged with full range resolution, as only part of the echo of the
transmited pulse is received. The width irast range of each of the latter areas is given by the
pulse lengtiJtimes the speed of light in free spaggi.e., twice the width of the blind area in
the raw data. If LFM waveforms are employed, the shaded areas correspond to data for which
only a portion of the range spectrum is available. As these data canndidetfetrwardly used
to recover the samples on a uniformly spaced grid, they were discarf], ialthough poit
ing out that this information could have been exploited. In the following, it is shown that this
information carbe exploited, if the strategy basedtba resampling of the raw dataused67].

As apparent frontig. 22 the first advantage of thetrategy based on the resampling of the
raw datais that the percentage of missing gd@s in the raw data is equal to the mean dyty c
cle, while for the strategy, based on the resampling of the H@ngpressed data, the percentage
of discarded samples was equal to twice the mean duty cycle.

Furthermore, the processing strategy impactsléseggn of the sequence BRIs The values
of gM a@btaided, requiring that in the rangempressed data there are never two catisec
azimuth samplesvhere targetare imaged with degradedngeresolution, are gien by

2t
D2 D_ =
min k* (53)
Raw Range-Compressed
Data Data
| || | . |
| | I B
[ | e |
2 m | — .
slant range

Fig. 22. Raw (left) and rangecompressed (right) staggered SAR data. Blind areas, where data a
missing, are marked in black. The shaded areas regsent data, where targets are not imaged witt
full range resolution.

ard
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Qo ~ ° ~ =@
&PRI, + 28 [3PRI, + 2 o : 2D§2ROmax +(k - 1)8pR1, - 2k G+rgu
éc 2+ \¢ o 2 + U
M 2 Ivlmin = é D U (54)
é u
¢ u
é u
respectivelywhere
¢2Romn 1 pRY, - 21§
K =é_% 0 55
& PRL-f & (55)
2 H

Let us assume th&Rl, U Rymin andRomax are fixed.Fig. 23shows thePRI trends of the &-
guences obtained for the two different strategies,using (47), (52), and(49) for the strategy
based on the resampling of the raw data @3}, (54), and(55) for the strategy based on the
resampling of the rangeompressed datéor PRl = 0386 ms, U= 14.81¢ SRymin = 820.7km,
Romax= 1031.9 km, while inTable 3some parameters of the two sequences are summarized. The
meanPRF on transmitPRFqean TxiS defined as the reciprocal of the md2Rl of the sequence,
while the mean effectivd®RF PRFyean oIS defined as the reciprocal of the mdaRl of the
available data, i.edata where missing or discarded samples are not considéredollowing
relation betweePRFnean Tx@aNdPRFyean ef0lds

PRE (1 |CMC)PR meanTX (56)

meaneff

wherei is equal to 1 and 2 for the strategy based on the resampling of raw andoapgessed
data, respectivel\As apparent, for the same maxim@R|, the processing strategy based on the
resampling of the raw data leads to a sequence with appteynegual meanféective PRF,
but with a larger mirmum PRI and a lower meaRRF on transmit. If the same antenna pattern
in elevation is used, thefore, the strateghased on the resampling of the raw daiialead to a
betterRASR

From a different pimt of view, if the minimumPRI of the sequence is fixed and sequences
are designed so that two consecutive azimuth samples are never missed, the processing strategy
based on the resampling of the raw data allows the use of a much longer transmittdeopulse.
this example, fixing a minimurRRI equal to B15ms, the strategy based on the resampling of
the rangecompressed data allows a maximum pulse letigth= 14.81¢ s |, correspondi
mean duty cycle of.226, while the strategy based on the resamgpbf the raw data allows a
maximum pulse lengtbhx=29.62e s, correspondi ng 844, ie,itmsan du
doubled with respect to the former strategy. AsNESZof the SAR system is inversely prapo
tional to the length of the transnatt pulse, the latter strategy can be also exploited to improve
the NESZof the system by 3 dB with respect to a system wherealdie are resampled after
rangecompression, keepirgpproximatelyconstant th&RASR
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The processing strategy based on the refiaghof the raw data therefore allows much more
flexibility in designing the staggered SAR system in compliance with ambiguitieNBSX
requirements. Note that in a conventional SAR with DBF in elevation using a coRBtband
multiple elevation beamshe increase of the transmitted pulse length would also implynthe e
largement of the gapstwveen the multiple swaths.

Fig. 24 shows for a sample sequence with la&l change theéPRI trend, the location of
missing samples ithe raw data, the percentage of missing samples and the maximum, mean and
minimum pulse separatio®Rlnax = 0.386 ms, Romin = 820.7km, Rymax= 103L.9km, ¢ = 14.81
€ shs= 745 kn).

0.4L
0.3 -
0’ L ]
£ T ]
o B ]
(ol = _
0.2~ o
i Resampling of range—compressed data ]
= Resampling of raw data -
Ot o v e
0 5 10 15 20 25 30

pulse index

Fig. 23. PRI trends of the sequences obtained for the two different strategies, fBRl = 0.386ms,
U=14.81¢ SRymin = 820.7km, Romax = 103L.9km.

Parameter Resampling of Resampling of raw
range-compressed data data
Minimum PRI 0.318 ms 0.354ms
MeanPRFon transmit 2837Hz 2701 Hz
Mean effectivePRF 2598 Hz 2593Hz

Table 3. Parameters of the two sequences &RIs.
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Fig. 24. Example of sequence dPRIswith fast PRI change PRIy = 0.386 MSRomin = 820.7 km,
Romax=103L.9km, ¢ = 14.81¢ ¥ (a) PRI trend. (b) Location of missing samples in the raw data(c)
Percentage ofmissing samples in the raw data versuground range. (d) Maximum, mean ad
minimum pulse separation versugyround range.

4.2.3 More Elaborated Sequertes

Sequences dPRIswith fastPRI change have the advantage of the limited maximum pulse
separation, which allows the recovery of missing samples by interpolation. In contrast to s
guences with slowRI change, no high sidelobes are present in the azimuth impulse response in
the vicinity of the mainlobe. However, due to the periodicity of the gaps, maiamtdsidelobes
are anyway present in the azimuth impulse response. The energy of such sidelobes can be spread
along azimuth introducing some irregularity in the sequen&Ridt
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One possibility is to concatengBsequences d?RIswith fastPRIchange. Let us denote the
Ssequences with the index 0.S-1 and let us assume that ti&1)-th sequence has beemto
puted, as explained iBection4.22. In particular, for that sequencBRb, K, ®, M ae d
known andwill beindicatel asPRI(S 1), k(S1), Sep), andM(S-1), respectively. For all the
otherS1 sequence®RIo(s), k(s)', sgpandM(s), s= 0.S-2, can be computed as follew

D(s)=D(S- 1)=D
. PRI,(S- 1)- PRI, (S-1)+D

S-1
PRI,(s)= PRI, (S- 1)- (S- 1- s}k

é° ~ o 2 o ,.,l:l
é%‘@R|0(s)+3D8- S‘@Rlo(s)+@8 - ZD%M+PRIO(S)§L‘J
* é(; 2+ ¢ 2+ ¢ Co k)|
K'(s)=¢ N
é b u
é O (57)
é u
M(s)=
% Do & D& . .42R, & D . \§ .02
priy(9)+ 08 Bpri,(e)+ OF - 2037 + (¢ (9)- YpRuy(o)- i (98¢ o
€C = C 2= ¢ G c 2 = +l\,l
(S D lij
e u
¢ u
e u

The S sequences dPRIsrepeat then periodically. If the described procedure is used, two co
secutiveazimuthsamples are nevenissingin the raw azimutidata Fig. 25shows for sucla
more elaborated sequence BRI trend,the location of missing sastes in the raw data, the pe
centage of missing samples and the maximum, mean and minimum pulse se8ration
PR max(S1) = 0405 ms, Romin = 820.7 km, Romax= 10B1.9 km,t =14.81¢ shs= 745 kn). In this
case the percentage of Iesstmples in the raw data minimized and kept below% over the
swath width.

The same considerations on the processing stratefj@=ctiors 4.1.1and4.2.2also apply
to the more elorated sequences BRIs.

4.2.4 Sequertes for Fully Polarimetric SAR Systems

Several applications of SAR require or at least benefit from full polarimetry. The staggered
SAR concept can be also used to design fpdiaimetric SAR systems, which image a wide
continuous swath with high resolution.

As on transmit the antenna alternately radigigses with horizontal and vertical polaiz
tions, while on receive echoes are simultaneously recorded using two sebamabes with
horizontal and vertical polarizations, the sequendeRIiEhas tobe designed sudhat two cm-
secutive azimuth samples are never missed in the raw data for each of the four dataesets, corr
sponding to the fourgbarimetric channels.
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A straightforvard way to obtain such a sequence is to design a sequeRiRipfas -
plained in Sectiong.2.2and 4.2.3 and then repeat eadtRI of the sequence twicéig. 26

shows for a sample sequenceRIsthe PRI trend, the location of missing samples in the raw
data for each polarimetric channel, and the percentage of missing samples for eactepimar

channel. A 175 km continuous ground swath is considered in this eeampl
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Fig. 25. Example of a more elaborated sequence BRIs. (a) PRI trend. (b) Location of missing
samples in the raw data. (c) Percentage of missing samples in the raw data versus ground range
Maximum, mean and minimum pulse separation versus ground range.
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Fig. 26. Example ofa sequence oPRIsfor fully polarimetric staggered SAR. (a)PRI trend. (b)
Percentage of missingamples versus ground range for the different polarimetric channels. (c)
Location of missing samples in the raw data for th polarimetric channels HH andVH. (d) Location
of missing samples in the raw data for the polarimetric channelslV and VV.

4.3 Interpol ation Methods

In this fction ®me resampling methods are discussekich allow recoveringiniformly
sampled data from staggered SAR raw data, which are inherentlynifonmly sampled The

recovered uniformlgampled ravdataarethen focused using aeentional SAR progsor.

The effects of RCM and their implications on th® Zignal reconstruction are also aneo
cern. Thisproblem has been dealt with [@5] with reference to mulple subaperture (separation
between recgersof the order of 10 m) and multipf@atform (separationdbween receivers of
the order of 250 m) systems. In particular, it has been shown that, while the differential range
curvaturecan be neglected in both multigelaperture and multiplplatform systems, the ral
tive range offsets negligible only in the multiplsubaperture case, while it has to be compe
sated for inhe mutiple platform case. In thetaggered SAR case, all samples received from the
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same range have the same range curvatutbegsare acquired in monostatic geometry. As far

as the range offset is concerned, the time difference between the samples iruhgamonand
uniform grids is of the order of tenths of a millisecond (equivalent spatial difference of the order
of few meters). The range offset is therefore comparable or even smaller than in the multiple
sulapeture case and can hence be neglected.

4.3.1 Two-Point Linear Interp olation

The simplest way to resample a aamformly sampled signal to a uniform grid is to use a
two-point linear interpolator. Each complex sample of the uniform grid is obtained by a weighted
average of the closest preceding and succeeding complex samples. The computational cost is
small.

4.3.2 Multi -Channel Reconstriction

As the raw azimuth signal is namiformly sampled, but at the same time the 4umiform
sampling is recurrent, an alternative approach to the resamplihg isse of multchannel e-
construction, described in Secti8r2.1for systems with multiple receive sapertures.

If for a given rangel out of theM samples of the sequenceRRIsare available, i.eM-N
samples arenissing, the samples of the naniformly sampled azimuth signal can be divided
into N streams, where thieth stream contains thieth reeived (noamissing) sample of each
sequence. ThéN streams are therefore uniformggmpled signals, characterized bRl equal
to the period of the sequendg,, and can be interpreted addiled versions of the uniformly
sampled azimuth signal, subsdetpby a factor oN. For thei-th stream, the linear filter osists
of ameretime shift and its transfer function is given by

Hi(f):exp(jZ/xif),i:l.N (58)

wheret;, i=1.N, is the time at which thieth (nonmissing) pulses begun to be receivetnlike
the linear filter for the multiple subaperture case, give@®), the phase term coming from the
bistatic geometrpf the system with multiple sapertures is missing in the staggered SAR case.
In the special case, where afidar filters consist ofmeretime shifts, the expression of the
postfilters can be further simplified. In particular, theh postfilter Py(f) is given by the &
cade of a filteH,* (), that is the complex conjugate Ig§(f), and a second filter, whicconsists
of acomplex weighting of theN sutbands.
The elementsin(f), m= 1.N, k = 1.N, of the matrixH(f), defined in(41) and here condk
ered using the reciprocal @t,, in place of thePRF of the multiple subperture gstem in fact,
become

Hu( ) =exp(j 22t (f +(m- D/T,,)) = exp(j2ax, f )exp(j2at, (m- D/T,,) =
b..exp(j2et f),m=1.N,k =1.N

i.e., Hn(f) can bedecomposed into the product of a frequemagiant component and a complex
coefficientbny, defined as

(59)
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b, =exp(j2at, (m- 1)/T,,),m=1.N,k =1..N (60)
As H(f) andP(f) are related by40), for the matrix multiplication rule, it has to hold

N
T8 Hy(F)Ro(f +(m- D/T,)=N,m=1.N
I k=
1y (61)
IIa Hue(F)RG(F + (- 9/T,,)=0,m=1.N,q=1.N,m, q

k=1

In particular, the two equations (61) have to hold for all frequenciesin the intervall;, defined
as

=& N N, 18
' g 2-I-SW ’ 2-I_SW TSW 8 (62)

therefoe Py(f+(mi 1)/Tsy) in the first equation of61) has to contain a frequenggriant comp-
nent, which cacels out the ona Hy(f). Pxm(f+(mi 1)/Tsy) can be therefore writtess

Po(f +(m- I/T,,) = wnexol- j2et (f +(m- I/T,,)),m=1.N,k=1.N (63)

Recalling the definitiorof the posffilter P(f), given in(39), and considering the expression of
the functionsPy.(f) given in(63), it is apparent that, in tretaggered SAR casBy(f) consists of
acascade of &lter H*(f), complex conjugate dfii(f), and a second filter, whigbrovides com-
plex weighting of théN subbands by the coefficientgm,, m=1.N.

The coefficientsmvy, k=1.N, m=1.N, can be computed by solving the set of equatidns o
tained by substitutings9) and(63) in (61)

8N
TA W, =N,m=1.N
ikrjl (64)
'[a w,, exp(j 20t (m- ¢)f)=0,m=1.N,q=1.N,m, q
k=1

The set of equati@tan be solved by introducing the coefficients k=1.N, m=1.N
Zn = Wen (- 1208, (M- D/T,,,) = W /By, M=L.N,k =1.N (65)
and substuting them in(64)

3 bz, =N,m=1.N

1

=~
!

(66)

=4

— =) === (D:
Q: >

x~
!

ab,.z,=0m=1N,q=1.N,m, q

1

The coefficientz, k=1.N, m=1.N, are therefore the elements of the ma#jxvhich is elated
to the elementbym, k=1.N, m=1.N, of the matrixB by

Z=N®B"* (67)
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The coefficientsmm k=1.N, m=1.N, are finally obtained fron{65). They can also bseenas
elements of a matri¥v, which can be written in a compact form as

W=Z*B"=N@B'*B’ (68)

where the symbol .* stands for elemevise multiplication of matrices and the apegenotes
matrix transposition (without conjugation).

In the special case of namiformly sampled signals, therefore, the following expression for
Py(f) holds

R(f)=H(f)W(f),k=1.N (69)

whereW(f) is a filter,which provides complex weighting of the subbands

01

k=1..N
Ty, (70)

N o
\/Vk(f):énwkmrect((f - fO.m SW)’.I:O,I'TIZ?.e +m- l
m=1 C 2
Fig. 27shows the equivalent bloackagram of multichannel reconstruction for the special case
of staggered SAR. It is also highlighted hdhe filter Wi(f) weights theN subbands.

Even in the staggered SAR case, as the received azimuth signal is not strictiynitead a
reconstruction error will be present, as the signal components outside the above mergioned fr
guency band fold back to the main tpaf the spectrum and disturb the reconstruction of tipe si
nal itself[96], [99]. As it will be shown in SectioB, for very largeN, such signal components

may be sigrficantly amplified, making the reconstruction of the signal no longer possible.

PRF
)
Uu(s) " ol
— H 1(1) ( )
PRE
u(y) NEAGRRAT
H,(f)
PRI
Ue(f) | 7.(f)
— H,(/f)

Fig. 27. Block diagram for multi -channel reconstruction for the staggered SAR case, where the
postfilters consist of a cascade of a filteH,* (f), complex conjugate oH(f), and asecond filter,
which provides complex weighting of theN subbands.
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Moreover, the reconstruction filters may amplify the noise. Depending on the distribution of
the samples and tHeBW, a SNRscalng factor can be evaluat¢@6]. The SNRscaling fator is
here defined as the ratio of the noise power in the focused staggered SAR image to the noise
power in the focused image of a reference system with a coddnequal to the mean effe
tive PRI of the consideredtaggered SARystem.

Some investigations concerning the use of makiannel reconstruction in systems witmeo
tinuously varied®RI have been reported |id3].

4.3.3 Best Linear Unbiased (BLU) Interpolation

The best way to account for the stitial properties of the raw azimuth signal is to make use
of the knowledge of its power spectral density (PSD) to obtain the best linear unbiasedesst
of the signal itself at the desired locati¢h@9].

Letu(t) be the raw azimuth signal, which can be characterized as-aneam complex ra
dom process. If a uniformijluminated rectangularazimuth aperture of length is used in
transmission as well as in reception, neglecting the range variation, thefRf), denoted as
Py(f), is poportional to the antenna power pattern and given (but for a real constabiOby

o ~ o ~4
IDU(f):U(f)U*(f):sin“%zl\‘/fg ?@;thg (71)
¢ “s 7 ¢ “'s =~
whereU(f) is the spectrum ai(t).

The normalized autocorrelation functiBxx) of the complex random proces) is propa-
tional to the inverse Fourier transformRy{f) and can be expressed in clo$aan as

R () = E{u () ult + X}/ E{ | u(t) ] =

%’iggxssign(xﬁég- Lg)sign;%'- Lg+ 4% X+L§SSIQI’I%’- Lg-

cL+g ¢ Vst ¢ Vsr ¢ sr T s (72)
4oLl Lhohe ok

¢ Mz ¢ M= ¢ VsT G Vs

The expression df71) can be written as the product of two squazadiinal sine fudions,
whose Fourier transforms are given by triangular functions. The Fourier transform of the expre
sion of(71) can be therefore obtained by taking the convolution of two triangular functions.

It can be nated that

R.(x)=0,/x2 L (73)

Vs

In the presence of AWGN, the autocorrelation function of the contaminated commdexra
processi,(t), now denoted ak,x(x), is given by
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Ruli)= o)+ S IR () (72

whered(Qis the Kronecker delta.

The interpolatiorproblem can be formalized as follows: We would like to estimiéig),
using Q valuesu(ty), g = 1.Q. As far asQ is concernedQ is the number of available samples,
whose distance from, is less tharL/vs. Samples that are more distant than thafiaah, are -
correlated withu(ti), as apparent from the property given(#8), which was directly erived
from the expression of the autocorrelation itself.

Let u be a column vector collectinpe samplesi(ty), q = 1.Q, letr be a column vector,
whose elements are given by

o =Ruoltw - t,).9=1.Q 75
and letG be a matrix, whose elements are given by
Jos= Rufty- t.).0=1.Q.5=1.Q (76)
The best linear estimate oftin;) is given by[109]
it ) =u"Gr (77)

Moreover, the relative variance is givien[109]
{|ﬂtlnt |nt }/ E{ |nt }:1_ r'Gr (78)

In order to avoid th&NRestimation, a suboptimal approach for hgNRis to useR,(x) in
place ofR,n(X) in (75) and(76) and then evaluate the resultiBfjlRscaling.

In case the rectangular aperture is not uniformly illuminated or a different kind of aperture is
used, e.g. a reflector, the PSD of the mzimuth signal is no longer given B¥1) and it is not
always possible to express the autocorrelation function in closed form. In this case, the autoco
relation function has to be evaluated numerically. Moreover, as for @éatite samples to be
estimated the distances to (sclosest samples change, a fitting of the numerically evaluated
autocorrelation function to an adequate clek®th expression would allow a much faster-i
plementation.

Compared to twgpoint linear inerpolation, the computational cost of best lineabiased
interpolation is significantly increased. A clever implementation is therefore required, especially
if the processing has to be performedbmard. As better discussed$ectionO, performing the
interpolation onboard allows a considerable reduction of the data volume to be transferred to the
ground sgment.



5 Performance Analysis and Design Examples

The performance of staggered SAR is discusseticomparetb that ofa SAR system with
constantPRI and multiple elevation beams througih L-band design example based on a cefle
tor antennavith multiple feeds Theattainedrange and azimuth resolut®are the samasfor a
system with constanPRI, while a wide continuasi swath isimaged rather than several
subswaths divided by blind area®utstandingambiguity performances obtained provided that
a highmeanPRF on transmitis employed i.e., datahaveto beoversampled in azimutiAs an
additional benefit, the energf range and azimuth ambiguities is spread over large areas: A
biguities therefore appear in the image as a Aldisedisturbance rather than localized artifacts.
Theimpacton peformanceof the selected sequenceRRIs the adopted interpolation metho
and the pocessing strateggrealso addressedhe implications of full polarimetry are discussed
and aC-band asign example based on a planar antenna is presanted||

5.1 Input Parameters and Performance Measurements

The performance of a system bads® thestaggered SAR concept depends on sevesal sy
tem and processing parameters. Some of them are typical of a conventionals&hR sych as
the orbit height, the wavelength, the antenna characteristics, the transmitted chirp bandwidth and
duration,the processed bandwidth, the employed processing windows and so on. Othex param
ters are instead peculiar ofseggered SAR system, namely the selected sequerieRlgfthe
adopted resampling methodnd the processing strategy,.,i.@hetherthe resamphg is pe-
formed on raw datar rangecompressed data.

An exemplary set of system and processing parameters is providedlm 4 Among the
system parameters theameethe radarwavelength, related to thedarcarrier flequency through
(3), thewave polarization (or polarizationgndthe parameters related to the gesry, i.e., the
orbit height and theninimum and maximunmcidence anglesvhichi for this exenplary set of
parameter$ correspad to a swath width on ground of approximately 350 keopeding to the
sphericalEarth model of AppendiA. Then the main characteristics of the antenna are listed,
including the tilt angle, i.e., the angle between the nad#ction and the pointing direction of
the antenna. In this example reflector antenna, whose diameter, focal length and offset are
specified, is consideredhe antenna hatirty-two feeds in elevatioandsix feeds in azimuth
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where thesix feeds in aimuth are pairwise combined to fotfreeazimuth channeld-or each
group of six azimuttieedsa transmit/receive (T/R) module is used, whose power is divided b
tween the threazimuth channelaccording to fixed weight©n transmit, all feedareactivated

to illuminatethe full swath A set of phasenly weighs is appliedo thethirty-two groupsof six
azmuth feedgo optimizethe shape of theelevationpatternon transmit On receive different
groups offive adjacent elevation feeds aral six azmuth feedsare activated to steenultiple
high-gain beara in concert with the arriving echoes, as already described in S&8dh For
each groupf six azimuth feedghe signad received by the thregzinuth channelsre canbined
according to fixed weights, whiléor each elevation beam the five signals received by five
groups of six azimuth feeds are combineeboard through redime beamforming, as described
in [111]. In partiaular, theweights are selected accordinglie minimum variance distortionless
response (MVDR) or &pon beamformerassuming an AWGN disturban¢gl12]. It has to be
stressed that this is natsystem with multiple azimuth subapertures, as only a linear cambin
tion of the received signals is digitized and storeddturé processing.

Parameter Value
Radar vavelength 0.2384 m(L-band)
Wave mlarization HH

Orbit height 745km
Minimum incidence angle 26.3°
Maximum incidence angle 46.9

Tilt angle 32.8
Antenna type Reflector
Antennadiameter 15m
Focal Length 13.5m
Offset 9m

Feed elements in azimuth 6

Feed elements in elevation 32

Mean dity cycle 4%
Chirp bandwidth 80 MHz
Rangesampling frequency 88 MHz
MeanPRFon TX 2700 Hz

Sequence dPRIs

More elaborated sequence

Number of concatenated sequence

7

Resampling method

BLU on raw data(before range
compression)

Processed Doppler bandwidth

780 Hz

Azimuth processing window

GeneralizedHa mmi ng wi

Compensation of the azimuth patte

Yes

Range processing window

Generalized Han

Backscatter model

Do A fli4h

Table 4. Exemplary set of system and processing parameters of a staggerSAR system
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Fig. 28 shows the normalized transmit and receive antenna patterns in elevation (at near
range) as a function of the elevation angle, whilg 29shows thenormalized transmit ance¥
ceive antenna pattesin azimuth at near range (worst case, i.e., wider pattasa)fution of
theazimuth angle The antenna patterns have been computed using the GRASP s¢iti®ire

Further parameters present in the table are the mean duty cycle, i.e., the ratio of tthe unco
pressed pulse length to the md2Rl, the chirp bandwidth, anthe range sampling frequency,
which is usually selected to be slighttygherthan the chirp éndwidth. Furthermore, thees
guence oPRIsis specified; in this example the sequenc€&igf 25is adopted, characized by
a mearPRFon transmit equal to 2700 Hz and a mean effed¥R€ equal to 2588 Hz.

amplitude [dB]

Fig. 28. Normalized transmit and receive antenna pattersin elevation at near range vs. elevatior
angle for the reflector antenna with multiple feeds

amplitude [dB]

—-20 10 0

azimuth angle [deg]

Fig. 29. Normalized transmit and receive antenna pattersin azimuth at near range vs. elevation
angle for the reflector antenna with multiple feeds
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HH

HV & VH

backscatter coefficient [dB]

300

0 10 20 30 40 50
incidence angle [deg]

Fig. 30. Backscatter coefficient as a function of the incidence angle for different polarizations at
L-band according to[lldhe model of

Among the processing parameters, in addition to the interpolation method, used to resample
the nonuniformly sampled signal to a uniform grid, tR8W has to be specified, together with
the amplitude weighting (or processing windows) used in rangezamdth to reduce th®SLR
and thelSLR An additional azimuth processing window, which compensates for theutiz
antenna pattern within tHeBW, is sonetimes applied to obtain similar shapes of the PSDs of
the SAR signal in range and azimuth. Finally, a eiddr the backscatter decay as a function of
the incidence angle has to be assumed to evaluaRABR The backscatter decay as adtion
of the incidence angle used for théo&nd design examples is taken frfii4] and dapicted in
Fig. 30for the different polarization channels.

The main advantage afstaggered SAR over a SAR system with congeiitand multiple
elevation beams is the possibility to image a wide contimuswath rather than several
sutswaths divided by blind area8s already pointed out in Sectigh2, the design of thees
guences oPRIsmay require information concerning the swath as an irfpat:sequence of
PRIswith slow PRI change, the minimum span oPRIin facthas to be selectezh the basis of
the maximum slant rang&max according tq44), for sequenceof PRIswith fast PRI change
and more elaborated sequescéhe sequence has to be designed taking into account tire min
mum and maximum slant rangBsmin and Romax SO that two conseadue azimuth samples are
never missed in the raw data for all slant ranges of interest

As for a SAR system with constaPRI, the attained slant range, ground range, and azimuth
resolutions are roughly given %2), (13), and(27), respectivelyMore accurate express®n
should includea factor 0.886 el at ed t o t he fasdiamesaution br@ageringo f t |
factor (greater than 1) due the amplitude weightinfpr sidelobe suppression. As far as the
range and azimutRSLRare concerned, as for a constBRI SAR, they are equal td4.3.3 dB, if
no ampitude weighting is applied in the processing, while they become bettei3haiB, after
a weighting with a genealized Hamming windowwith U = 0.6. This is also the amplitude
weighting applied in the operational TerraSXRranDEM-X processor.
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The NESZis the same as for a const&RI SAR with multiple elevation beamsame input
parametersand PRF equal to the meaRRF on transmitof the saggered SAR systerbut for a
possibleNESZdegradation, due to the amplification of the noise within the resampling-oper
tion, already mentioned in Secti®B.2.1 and4.3.2with regard to multchannel reconstretion
and denoted a&SNRscaling

256p°R® vgsinhk, T, BF L F
Prx Grx Gex /? Cof PRF

meanTX

NESZ= (79)
wher e 0 dS8NMRstaleng factohi.e., the SNR (or NESZ degradation due to the
resamplingwhich can beassesselly simulation as &plained in the following, and is expected
to vary across the swath, as different samples are missinffertedit anges.

Staggered SAR operation has significant effectsamge and azimuth ambiguitjeshich
deserve a dedicated analydis a SAR system with constaRRI, during the acquisition of the
raw data, the range ambiguous echoes of a scatterer are latdtedsame ranges along the
whole synthetic aperture. This is due to the constant time distance to preceding and succeeding
pulses and causes, after azimuth focusing, the presence oftgigest in the SAR image, &3
cause the ambiguous energy is integgladlong azimuth, even though ttaexge migrations not
fully matched as for the scatterer. In a staggered SAR system, the range diebaye located
at different ranges for different range lines, as the time distance toettezlimg and succeeding
pulses continuously varies. The ambiguous energy is therefore incoherently integrated and
spread almost uniformly across the Doppler spectrum. If the PR&on transmiof the system
PRFneanis much larger than theBW B, a significant amount of the angious energy is ther
fore filtered out during the SAR processitdoreover, the residual ambiguous energy of @& sca
tereris spatially almost uniformly distributed over the whole synthetictapeand over a range
equal to thePRI span times half the speed light. The same applies to nadir echoes, whesh r
sult from the same phenomenon.

These peculiarities, as well as the specific sequen&Rktf have to be taken into account
for the evaluation of th®ASR In particular, for a givenesjuence ofPRIs the RASRhas to be
evaluated for each of thd transmitted pulses of themuence. Due to the uniform distribution
of the anbiguous energy, thRASRSs then obtained for each slant range by averagin@R &R
obtained for theM transmitted pulsedMoreover,the amplitude weighting of the Doppler spe
trum applied in the processii@(f) has to be accounted fartheRASRcan be then expressed as
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Bp/2
2
0 fz_gaz (F)df e -
l M-lNAm ° (hjm) I:)F\)Fmean f=- PRIT ,/(qum’ f )df
sad 3 -
RASR@M m=0 j=1 R sinf,, (80)

By/2
S 0(/"main) ﬁsz(qmain’ f )Qz(f )df
f=-B,/2
RriainSinhmain
where the subscriptey, m = 0.M-1, refers to the transmitted pulse of the sequencej,and
] =1.Nam to theNayn ambiguous (preceding and succeeding) retantswhere the azimuthra
biguities of the range ambiguities have been negldé@d The same formulaanbe alsoused
for the fully polarimetric case, takinipto account that the ambiguous echoes from some of the
preceding and succeeding pulses correspond to radiated pulses with different polarizations and
using the proper value df(d) for each contributionFig. 31 showsthe RASRin dB for a stg-
gered SAR with the parametersTadble 4 evduated usind80), and a constarRRI SAR with a
PRF equal to the meaPRF on transmit of the staggered SA&aluated using?9). As appa-
ent, theRASRis up t05.7 dB betterin the staggered SAR case, due to the aforementioned inc
herent integration of the range ambiguousoes.

It should be also mentioned that AR systems with multiple elevation bearegherwith
constantPRI or staggered SARhe wide antennaelevation pattern on transmit represents a
drawback for range ambiguiguppression. While aonventionalSAR with a single elevation
beam typically benefits from both transmit and receive antelevationpatterns for rangena
biguity suppression, a SARith multiple elevation beambas to rely on the receive beams
alone.The most prominent ranganbiguous returns, ifact, are typically illuminated by almost
the sameantenneaelevationpatternon transmitas the desired returifo improve the range amb
guity supprssion, one has therefore to decrease the beam width in elevation, which corresponds
to an increase of thantenna height. Another option could be the employment -toand nult
steering techniques like thmear constrained minimum varianeCMV') beamforming115],
analyzed irf111].

As far as azimuit ambiguities are concerned, for a staggered SAR system it is not always
straightforward to evaluate th®ASRusing the azimuth antenna pattern asdmonstantPRI
SAR, i.e., using26), because the resampling operation magnge the shape of the azimuth
spectrum of the signal. In order to assess the impact of azimuth ambiguities, however,ithe acqu
sition process and the signal processing can be simulated, assuming that onhjikepscatte-
er is pesentin the scene. Théocused data obtained from the simulation correspond to-the 2
IRF of the system, from which several performance petensi and in particular théSLRi can
be then evaluated.
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A good estimate of thAASRcan be obtained as the difference of d@ft@ainedlISLRand the
ISLRof a constanPRI SAR with PRF equal to the meaBRRF on transmit of the staggered SAR
systemPRFean Tx Same values for the othgystem angrocessingparameterss the stggered
SAR, and an azimuth antenna patteegual to zer outside the interval {PRFyeantx/2,
PRFeantx/2] [69]. Fig. 32showsfor a constanPRI SAR with the parameters dfable 4and a
PRFequal to the meaRRF of the $aggered SARhe estimatedASRusing the azimuth antenna
pattern i.e. (26), and the difference of tH&LRs As is apparent, the method based on therdiffe
ence of thdSLRsprovides avery accurate estimate of thASReven brvery low AASRevels

Fig. 33shows for theparameters ofable 4and a slant rang&, = 820.7km (nearrange)the
raw dda with gaps anthe raw data after resamplirfgi)g. 34showsthe focused data, whileg.
35 shows the focused data for a system withstantPRI with a PRF equal to the meaBRRFon
transmit of the staggered SAR systéihe comparison of theR IRFs ofFig. 34(a) andFig. 35
(a) highlights a peculiarity of staggered SA®t only range ambiguities, but alspimuth an-
biguities appeasmeared inhestaggered SAR-D IRF, where somadditional ambiguous ene
gy is howeverpresent within 2&km distance from the mainlobAs discussed in Sectidn3, in
order to limit this additional ambiguous energy and meeAh8Rrequirement, the meaRRF
on transmit of the staggered SAR system bdset higher than thEeRF of a canstantPRI SAR
with the same antenna characteristics.

From the 2D IRF the slant range and azimuth resolutions, the range and aZz8ufRs
and thelSLR can be evaluated. The ground range resolution is computed fromatheaaige
resoltion, using(13), while theAASRis estimated from the difference of t#18L.Rs as explained
above. TheSNRscaling factor is instead evaluated dignulations as described in the fallimg.
Noiseonly raw dataij.e., the AWGN contributionare generated for both the ggared SAR raw
data and the reference raw data with conseRIE equal to the meaRRF on transmit of the
staggered SAR. Noisenly raw data are themprocessd as the noisdéree raw data (i.e.,
reampling to a uniform grid, conventional SAR processifidgle SNRscaling factotu is thee-
fore evaluated as the ratio of thaios of the ouput and inputSNRsof the staggered SAR data
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Fig. 31. RASRIn dB. (a) Staggered SAR with the parameters ofable 4. (b) ConstantPRI SAR with
PRF equal to the meanPRF on transmit of the staggered SAR system.
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Fig. 32. Estimated AASRfor a constantPRI SAR. (a) Using the azimuth antenna pattern an@26).
(b) Using themethod based on the difference of thESLRs.

and the reference data with const®RF. In agreement witl{79), the SNRscaling factor d-
scribes the degradation otNESZfor a stggered SAR system with reference to a condedrit
system with the same me&iRF on transmit. All these performance measurements for g-sta
gered SAR with the parametersTable 4are displayed as a function gfound range ifrig. 36

There are two main reasons whyD2simulations have been preferred td 1(azimuth)
simulations: First, 1D simulations do not provide the correct absolute levels of azimuth ambig
ities for a pointlike scatterer, as the defocusing of azimuth ambiguities is not accounted for
[83]-[85]; furthermore, possible effects related to the-timensional spatial distribution of the
missing senples within the pulse extension would be neglected. However, it can be observed that
a 1D (azamuth) simulation still provides a good estimate forA#&SRfrom the difference of the
1-D (azmuth) ISLRs while requiring a considerably smaller camgtional time.

Fig. 37shows for the parameters Béble 4and a slant rang&, = 820.7 km (near range) the
raw azimuth signal data with gaps and the raw azimuth signal after resarkmirg8shows the
focused azimuth signal, whileig. 39shows the focused azimuth signal for a system with co
stantPRI with a PRF equal to the meaRRF on transmit of the staggered SARsteyn. Fig. 40
(a) shows theédASRestimated by a-D simulation, which slightly differs from thAASRest-
mated by a 2D simulation, displayed ifrig. 36(g). The difference of thAASRsesimated by
1-D and 2D simulatons, which can be interpreted as the estimation error feD aifnulation, is
displayed inFig. 40(b) and is smaller tham5 dB 1-D simulation can be therefore very useful
to quickly assess the impact of one or more iatameters on thAASR

® The part of the raw data responsible for the azimuth ambiguities, i.e., the area illuminatedzby the a
imuth sidelobes of the antenna pattern, spreads over several range cells. RCM is not pnoperly co
pensated forhiose data, nor is the azimuth filter matched to the phase variation of thosAsdata.
consequence, ambiguous echoes of pidiatscatterers appe#tiereforedefocused in range andiaz
muth. This phenomenon is more significant at longer elengths.
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Fig. 33. Two-dimensional simulation for a staggered SAR systenThe horizontal and vertical axes
represent slant range andazimuth, respectively. The sizes (slant range x azimuth) are specified 1
each plot.(a) Amplitude of the raw data with gaps in dB (7 km x81.3 km). (b) Amplitude of the
raw data after resampling in dB (7 km x81.3 km).
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Fig. 34. Two-dimensional simulation for a staggered SAR systenThe horizontal and vertical axes

represent slant range and azimuth, respectively. The sizes (slant range x azimuare specified for

each plot. (a) Amplitude of the focused data in dB3(5 km x 81.3 kn). (b) Amplitude of the focused
data in dB (zoom in the vichity of the mainlobe,218 m x 635 nj.
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Fig. 35. Two-dimensional simulation for a SAR system with constanPRI. The horizontal and ve-
tical axes represent slant range and azimuth, respectively. The sizes (slant range x azimuth) a
specified for each pbt. (a) Amplitude of the focused data in dB (3.5 km x 81.3 km). (b) Amplitude
of the focused data in dB (zoom in the vicinity of the mainlobe, 218 m x 635 m).

5.2 Impact on Performance of the Features Peculiar of a
Staggered SAR System

In the following the inpact on performance of the features peculiar of a staggered $AR sy
tem, namely the selected sequenc®RBts the adopted resampling method, and the processing
straegy, is considered.

5.2.1 Impact of the Sequence oPRIson Performance

Different options for theselection of the sequence BRIshave been presented in Section
4.2, among which sequences with sI®RI change, sequences with f&RI change, and more
elaborated sequences. Furthermore, three sample sequences, one dbtleathree aforenme
tioned design options, have been showikion 2Q Fig. 24 andFig. 25, respectively. All three
sequences are characterized by the same RRRRion transmit and have been designed to map a
350 km ground swath, defined by the minimum and maximum slant Ryge= 820.7 km and

max= 1031.9 km.
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Fig. 36. Performance measurements obtained by simulation for a staggered SAR with the
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Fig. 38. One-dimensional simulation for a staggered SAR system. (a) Amplitude of the focusec
azimuth signal in dB. (b) Amplitude of the focused azimuth signal in dB (zoom in the vigity of the
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focused azimuth signal in dB. (b Amplitude of the focused azinuth signal in dB (zoom in the

vicinity of the mainlobe).
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Fig. 40. (a) AASRof the staggered SAR system with the parameters @fable 4, as estimated with ¢
1-D simulation. (b) Difference of theAASRsestimated by 1D (Fig. 40(a)) and 2D (Fig. 36(9))
simulations.

The performance for the more elaborateduseges ofig. 25has been already considered
in Section5.1for the system parameters Déble 4 In the following the impact of theeguence
of PRIson performance ishown, evaluating and comparing the performance obtained for the
sample sequences bBig. 20(slow PRI change) andrig. 24 (fast PRI change). The same system
parameters as ifable 4are assumed.

Fig. 41andFig. 42show the 2D IRFs (including a zoom in the vicinity of the mainlolie)
a slant rang®&®, = 820.7 km (near range) atite sample sequenceskg. 20(slow PRI change)
andFig. 24(fastPRIchange), espectivelywhich can be compared to the2IRF of Fig. 34

As already anticipated in Sectidr2.1and apparent ifig. 41(b), high sidelobes are ggent
in the vicinity of the mainlobe of the 2 IRF for the sequence with sld®RIchange. This is due
to the fact that the raw signal cannot be recovered whetartieeazimuth gaps are present (see
also the diagram with the location of missing samples in the raw d&ig.i20 (b)). The 2D
IRF for the sequence with faBRI change is instead very similar to the one obtained for the
more elalorated sequence, but, while in the former distinct sidelobes are viBigled@ (a)), in
the latter the sidobes are smeared.

Fig. 43shows the performance in terms of azimuth resoluRARSR AASR andSNRscd-
ing factor for the three sample sequences as a function of ground range. As is appagedBin
(a), the achieved azimuth resolution is the same for the three sequences. The &hARRed
shown inFig. 43 (b), is similar for the three sequences, as expected from sequences with the
same mearPRF on transmit. TheAASRobtained using the sequence with slBWRI change
reaches13 dB and is therefore not compliant wittpisal requirements. Th&ASRis instead
better thar33 dB for the sequence with faBRIchange and the more elaborated sequence.
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Fig. 41. 2-D IRF in dB for a staggered SAR, where the sequence®RIs of Fig. 20(slow PRI
change) is usedThe horizontal and vertical axes represent slant range and azimuth, resgievely.
The sizes (slant range x azimuth) arspecified for each plot(a) 2-D IRF with first order azimuth
ambiguities visible (3.5 km x 81.3 km). (b) Zoom in the vicinity of the mainlobe (218 m x 635 m,
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Fig. 42. 2-D IRF in dB for a staggered SAR, where the sequence BRIs of Fig. 24 (fast PRI
change) is used. The horizontal and vertical axes represent slant range and azimuth, respective
The sizes (slant rang x azimuth) are specified for each plot. (a)-B IRF with first order azimuth
ambiguities visible (3.5 km x 81.3 km). (b) Zoom in the vicinity of the mainlobe (218 m x 635 m



5.2 Impact on Performance of the Features Peculiar of a Staggered SAR System 69

It can be also noticed that very good valuef®\AERare achieved for theequences with
slow PRI change and faftRI change in correspondence of the ground ranges, where no samples
aremissed. TheSNRscaling factor, displayed iRig. 43(d), is slightly better and more uniform
for the more elaboratl sequence, but also for the other two sample sequences is smallet than 1
dB. The abrupt changes WASRand SNRscalingfactor for the sequensavith slow and fast
PRIchange couldbe visually seen in the image. Tisshowever not the case for the rm@lalo-
rated sequences.

On the basis of thAASRperformance, sequences with fBRI change and more elaborated
sequences have to be preferred to sequences wittP&behange, if highresolution singldook
SAR images are required. If the images haveedhen multiooked to either enhance the irad
ometric resolution or to reduce interferometric phase errors, sequences witPRdlolaange can
be used by independently processing the different azimuth bursts, as already pointed out in Se
tion 4.2.1 More elaborated sequences might be preferred to sequences wRiRfastange, as
they are characterized tsmeared sidelobezsnd a better worst value ocBNRscaling factor.
However, if the staggered SAR system has to be useahibination with an ooard filter for
data volume reduction (see Sect@®nthe use of sequence with f&RIchange allows a drastic
reduction ofthe coefficients to be stored
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Fig. 43. Performance comparison for different sequences &RIs obtained by smulation for a
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5.2.2 Impact of the Interpolation Method on Performance

Different resamiing methods have been discussed in Secti@nwhich allow therecove-
ing of a uniformlysampled data set from the staggered SAR raw data, which are inherently non
uniformly sampled. It has been observed that BLU interpalatazounts for the statistical jpro
erties of the signal to be interpolated and is therefore expected to lead to better performance than
two-point linear interpolation. This is visible by comparing thB ZRF in Fig. 44 obtaired s-
ing the parameters dfable 4and a slant rang&, = 820.7 km (near range) for the two aforeme
tioned interpolation methods. As is apparent, the energy of the sidelobes is much lower, if BLU
interpolation is used.

Fig. 45shows the azimuth resolution, tAASR and theSNRscaling factor for differentn-
terpolation methods as a function of ground range, for the paramefeablef4 using the more
elaborate sequercof Fig. 25(plots on the left side) and the sequence with P&ltchange of
Fig. 24 (plots on the right side). THRASRis not shown, as it is not influenced by the inteapol
tion method, i.e., iis the same for all interpolation methods and is given for the diffeeent s
guences irFig. 43(b). In the case of the more elaborate sequenéagof25 multi-channel e-
construction is not able teecover theuniformly sampled signal, due tthe high number of
equivalent chanels (.e., number ofPRIs of the sequence), while in the case of the sequence
with fastPRI change the performance for medtiannel reconstructiois provided as well, &
houdh the signiicant level ofSNRscaling factor, due to the distribution of the available-non
uniform samples, suggests that thishteque is not well suited for staggered SAR.

For both sequences BRI§ BLU interpolation leads to much beti#&ASRIevels(better than
-33dB) compared to twpoint linear interpolation (better thaP6 dB), slightly better resation
and slightly worseSNRscaling factor, therefore it has to be preferred to the other interpolation
methods.
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Fig. 44. 2-D IRF in dB for a staggered SAR, where the more elaborated sequenceRRIs of Fig. 25

is used. The horizontal and vertical axes representast range and azimuth, respectively. The siz

(slant range x azimuth) is0.9km x 20.3 km. (a) Using twapaint linear interpolation. (b) Using best
linear unbiased (BLU) interpolation.

5.2.3 Impact of the Processing Strategy on Performance

Two different procssing strategies have been described in Seetitrl and illustrated
through block diagrams iRig. 17. In Section4.2.2 it has been pointed out that the processing
strategy based on the resampling of raw data leads to better performance than the one based on
the resampling of the rang@mpressed data, if used in combination with sequences, where two
consecutive azimuth samples are never missed, i.e., sequences wRRlfagange or more
elaborated sequencésdg. 46compares the-BP IRF obtainediusing the parameters dable 4in
combination with the sequence BRIsof Fig. 24for a slant rang&, = 820.7 km (near range)
and the two aforementioned processing strategies. The aclhé&&® are equal te22 dB and
-33dB for the strategypased on the resampling of rargmampressed and raw data, respetbiv
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Fig. 46. 2-D IRF in dB for a staggered SAR, wherdéhe sequence with fasPRI change ofFig. 24is
used. The horizontal and vertical axes represent slant range and azimuth, respectively. The si.
(slant range x azimuth) is 0.9 km x 20.3 km. (a) Using theqressing strategy based on resamplin
of range-compressed data. (b) Using the processing strategy based on resampling of raw date

5.3 System Design Considerations

In the following the impact on performance of some system and processing parameters, i.e.,
the meanPRF on transmit, the®BW, and the duty cycle, ianalyzed The reference case of a
SAR system with constafmRI and multiple elevation beams is cafesied as wellThe aim of
this sction is to show how a staggered SAR system can meet differeneraquts, in terms of
azimuth resolution, ambiguity, alNESZ by properly selecting some system parameters.

5.3.1 Mean PRF on Transmit

The mearPRFon transmitPRFyean Tx0Of @ staggered SAR systdmasto be selectetb can-
ply with RASRand AASRrequirementsAs the PRF or the mearPRF on transmitincreases, the
AASRimproves, while th&R ASRdegradesFig. 47shows theAASR the RASRand theSNRscd-
ing factorfor the system and processing paesers of Table 4as a function ofjround range for
different values of theneanPRFon transmitPRFyean Tx The SNRscaling factor is slightly deer
for the higher meaPRF on transmit, as the gaps are smaller. The comparison &AB&and
RASRtrends offig. 47(a) and (b) with the trends &ig. 48 which shows the performance of a
SAR with constanPRI and multiple elevation beamievealsthat the effect on amduities of
the mearPRF on transmit in a siggered SAR system is similar to the effect on ambeguof
thePRFin a SAR with constarf®RI. In both caseAASRrends can be observed, where ARe&SR
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degradesat near range and far range, due to the worse azimuth patterns of the reflecta-in corr
sponeence of those elevation angles. Warst values of th&®ASRoccur at far rangeas the m-
biguous returns from near range are characterized by shorter range and higheitbatkaoa

the main return at far range. In order to meet the ambiguity requitemth the worst value
within the swath, a careful design of the antenna is theredquered.

Fig. 49 shows the worst values of tHeASR the RASR and theambiguityto-signal ratio
(ASR, defined aghe sum ofAASRandRASRfor a staggered SAR system an8A&R with con-
stantPRI as a function of the (meaPRF. These plots allow theslection of the mea®RF on
transmit or thé®RFon the basis ahe ambiguityrequirements, which depend on the application.
As is apparent ifrig. 49(a), an optimal selection of the me@RFon transmit, i.e.around2600
Hz, allows keeping thsum of AASRand RASR i.e. theASR under-29 dB. In a SAR sgtem
with constantPRI and multiple elevation beams, with teame antenna, an optimal s#ien of
thePRF(i.e., around 1600 Has apparent iRig. 49(b)) leads taworst value of thSRbetter
than-31.5 dB Although the staggered SAR system cannot reach the same levelsssrangth
constantPRIland multiple elevation beams, it allows imaging of a wide continuous swath instead
of multiple disconnectedultswaths. Moreover, as range and azimuth ambiguities are smeared,
i.e., their energy is spread over a large area, in most aicgrearios and in partiar for strong
localized scatterers, anguities are likely to be less visible in the staggered SAR case, even if
the ASRis worse by2.5dB.

Moreover, although the requirements are often to be met by the worst value within the
swah, as apparent from most of the previous plots, the ambiguity performances are likely to be
much better in average. The plotsFag. 50show the mean values of tA&SR the RASR and
the ASRacross the swathis a function othe mearPRFon transmit and thERF, for a staggered
SAR system and a system with constaRi, respectively.
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transmit for the staggered SAR system with the parameters dfable 4. (b) Worst value of theAASR
the RASR and the ASRwithin the swath vs.PRF for a constantPRI SAR with the parameters of
Table 4.
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Fig. 50. (a) Mean value of theAASR the RASR and the ASRacross the swath vs. mean PRF on
transmit for the staggered SAR system with the parameters dfable 4. (b) Mean value of theAASR
the RASR andthe ASRacross the swath vsPRF for a constant PRI SAR with the parameters of
Table 4.

The selection of the optimal me®&RF on transmit in the staggered SAR case, i.e., the one
which allows keeping thASRunder a given threshold, leads to much higreéues than in the
constantPRI case, where the optimBRFis dready much higher than tiRBW B,,. This has an
implication for the volume of data to be downlinked, which lbaanyway sgnificantly reduce
by anon-board Doppler filter, as describedSection0.

5.3.2 Processed Doppler Bandwidth

In Section2.3.4the relation betwee®PBW, azimuth resolution andASRIin a SAR with
constantPRI has been discussed: tRBW can be reduced to improve tAAR, but this dete
mines a degradation of the azimuth resolution, accordif@aand(27), respectively. In a ao
stantPRI SAR the change of theBW has only a very slight (in most of the casesligége)
impact on theRASRand onlyif the RASRis computed using the twway azimuth power pa
terns, i.e., the expression(29).

While the relation betweeRBW and resolution still holds in the staggered SAR case, the
impad of the PBW on theAASRcan beonly assessed by simulation, evaluating ARSRas
difference ofISLRs as explained in Sectidhl Fig. 51shows theAASRand theRASRfor two
differentPBWs, i.e, 780 Hz and 1110 Hz, which correspond to 10 m aBan7azimuth resai-
tion, respectivelyA meanPRFon transmit of 2700 Hz has been selected for the staggered SAR
system Fig. 51(a)) and &PRFequal to 1800 Hz for the SAR thicanstantPRI (Fig. 51(b)). As
apparentjmproving the azimuth resolution from 10 m td Tn results in a acceptableAASR
degrad#on for both theconstantPRI caseand thestaggered SAR case (less than 1 dB the
worst vdue), where also a very sligitRASRdegradation (aproximately 0.51B) occus.
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Fig. 51. AASR(left) and RASR(rig ht) for two different PBWSs and the parameters offable 4. (a)
Staggered SAR system wWitlPRFyean x= 2700 Hz (b) SAR system with constarRRI and multiple
elevation beams withPRF = 1800 Hz.

5.3.3 Duty Cycle

Another important performance parameter isNIESZ given for a stagged SAR system by
(79). The NESZis significantly influenced by the radiated poweyy, which depends on the
number and power of T/R modules, which are chosen to mebiEB&requirement for a given
orbit. The system designdrpwever, can alsmfluence theNESZthrough an appropriate sele
tion of the dutycycle i.e., the pulse length for a given meéRRF on trarsmit. The longer is the
pulse length, the better will be the achieWddSZ

While in a SAR with constarRRI and mdtiple elevation beams, once tR&RFis fixed, an
increase of the pulse length leadslarger gaps between the hple subswathsaccording to
(34), but has no impact on range and azimuth ambiguities, in the staggered SARheas
crease of the pulse length influeatke design of the sequenceRRIs(see Sectiod.2) with a
consequent degradation of tAASR the RASR and theSNRscaling factorAn example is -
videdin Fig. 52 where the duty cycle of a staggered SAR system with the paramelaisiei
is gradually increased from 4% to 12%.
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Fig. 52. Impact of the mean duty cycleon the performance for a staggered SAR with the
parameters of Table 4. (a) AASR (b) RASR (c) SNRscaling factor.

0.0

With reference to the design example based on the paramefablef4 the ambiguity pe
formance fora duty cycle equal to 4% wutstanding. It is therefore possible to remain within
acceptable ambiguity requirements even by increasing the duty cycle. It has to be noted that i
creaing the duty cycle by a factdr(k > 1) daesnot lead to anmprovementof the NESZby a
factork, becausean increased duty cycle leads to an increéSi&scaling factoras more sa-
ples are migng. In the considered example the aver&jéRscaling fator increases from 0.5
dBto 1.5 dB, if the duty cycle imcreased from 4% to 12% (sEay. 52(c)). If we also acount
for the noise scaling, increasing the duty cycle from 4% to 12% (i.&,fagtor of 3 0.8 dB)
impliesan mprovement of th&dESZb y f &8dBy 0

5.3.4 Fully Polarimetric SAR Systems

As already mentioned, the staggd SAR concept can be also adopted in combination with
polarimetry.As far as duapolarimetric SAR systems are concerned, it is still possible to keep
the same performance asinglepolarimetric system, i.ethe one provided for the desigr-e
amplesin Section$.3.1, 5.3.2 and5.3.3 provided that two separathannelsare employed on
receive to record two distinct polarizatioasthe same time

The design of fuy polarimetric staggered SAR systems, for whegecific sequences of
PRIshave been proposed in Sect®R.4 is instead much more challengifigthe sameantenna
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designed for the singland dualpolarimetric case is usethuch worse ambiguity prmance

is expected and typical ambiguity requirements are likely to be met only over a smaller swath. In
order to keep the sanASRfor each of the four polarimetric channels, in fact, the niRRFRon

transmit has to be doubledgith aconsequent degradation of tRASR As already pointed out in
Section2.3.5with reference to a SAR with constaPRI, the RASRIs usually critical for the
crosspolarized channels, i.e., those characterized by a eliffgrolarization on transmit and-r

ceive, assome of the ambiguous echoes are characterized by the same polarization on transmit
and receive and therefore by higher baclsca

Fig. 53shows the performance in termsAASR RASR andSNRscaling factor, for dully-
polarimetric staggered SARwhich images a 175 km continuous ground swath, usingethe s
guence ofPRIsof Fig. 26 The same reflector antenna described in Se@&ians considered,
where onlysixteenout of thethirty-two groupsof six azimuthfeeds are activated on transmi
set of phasenly weights is applied to th&ixteengroups of six azimuth feeds to optimize the
shape of the elevation pattern oartsmit.On receivefor each elevation beafive adjacent «-
vation feeds and all six azimuth feeds are activatedl combined as described Section5.1
The minimum and maximum incidence angle are given hg°3and 418°, respectively, the
meanPRF on transmit is equal to 2 X9Q0 Hz,the duty cycle is equal to 8%uhile the other
system and @cessing parameters are the same as givéralie 4 The idea is that the same
system can be used withihe same mission for different acquisition modes, i.e., siagk di-
al-polarimetric modes with 350 km contiows ground swath and a fulbplarimetric mode with
175 km continuous ground swaifhe ambiguity performance is worsengmared to the sirlg-
and dualpolarimetric case: AAASRand aRASRbetter than22 dB can be achieved, which can
be casidered satisfactory for many applications, considering that range and azimuth ambiguities
are smearedAs is apparent irFig. 53 (b), the RASRof the cposspolarized channslis much
worse than th&RASRof the cepolarized channelsasfor the crosgpolarized channelsome of
the anbiguousreturnsare characterized by backscattehigherthanthat of the desired return
(cf. Fig. 30.

The design of fully polarimetric HRWS SAR system is challenging for a system with co
stantPRI and multiple elevation beams as well, as even in that case the considerations on the
doubling of thePRFand the criticaRASR for the crossgolarized channels hold. However,the
constantPRI caseazimuth phase coding (AP@pan contribute to asignificant improvenent of
the RASR[116]-[117]. APC is unfortunately not straightforwdty applicable to the staggered
SAR case, because the range ambiguous echoes are located at different ranges for diferent az
muth samples

* For fully polarimetric operation tw@/R module are used foeach group of six azimuth feeds
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Fig. 53. Performance ofa fully polarimetric staggered SAR, which images a 175 km continuous
ground swath. (a)AASR (b) RASR (c) SNRscaing factor.
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5.4 C-Band Design Example Based on aPlanar Antenna

In the following further staggered SAR design examples are provided, where the radar carr
er frequencyiesin the Gband portion of the electromagnetic spectrum, i.e., it is approximately
4 times largethan forthe previous kband examples.

A prominent GbandSAR mission, Sentinel, consisting of a constellation of two satellites,
is currently operated by the ESAs part of the Copernicpsogranme, to provide continuity of
data from the faner Gband ERS and Envisatissiors [34]. The operational modes of Sent
nekl include a stripmap mode, able to map a 8Qgkoundswath with a 5 m azimuth resolution,
an interferometric widswath mode, able to map a 250 lgmound swath with 20 m azimuth
resolution, and an extra wide swath mode, able to map a 4affdumdswath with 40 m az
muth resolution, where TOPS is used in the latter two modes to achieve a widatsthatle-
penses of a degraded azimuth resolutidne b the inherent limitation described in Secti®aq,
however, Sentinel is not able to map a widgoundswath, e.g.400 km, with a high azimuth
resoldion, e.g, 5 m. Moreover, its polarimetric capability isnited, as onlysingle and dual
polarimetric data can be acquired in the aforementioned modes.
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In 2008 ESA hascommissioned DLRo undertake a study far HRWS Gband SARinstru-
ment, able to map a 400 km ground swath with a 5 m azimuth resolution in- sindlelual
polarimetric modes and a 280 km ground swath with a 5 m azimuth resolution in fully
polarimetric modg118]. The sum ofAASRandRASRI.e., theASR isrequiredto be better than
-22 dB.The outcome of the studyasthattheserequirements could be fulfilled using a 12.8 m x
1.18 m planar antenna in combination watmulti-channel ScanSAR concept, described io-Se
tion 3.3.1, where 4 subswathare mapped using 8 azimuth channfl48]. As already pointed
out, apossible drawback dhis approaclis the rather high Doppler centroid for some of tine i
aged targets, in case high resolution is desired. Moreover, high squint angles may also challenge
co-registration in interferomat appliations[104].

The aforementioned requirements, however, caaléemet using a staggered SAR with a
planar antenna of comparable size and without the need of 8 azimuth chaablel$shows a
possible set of system and processing parameters for a 400 km ground swath, 5 m azmuth res
lution, single and dualpolarimetric staggered SAR system.

Parameter Value

Radar wavelength 0.0555m (C-band)

Orbit height 700km

Minimum incidence angl 17°

Maximum incidence angle 44.3°

Tilt angle 27°

Antenna type Planar

Antenna size 10 m (length x 1.5 m (height)

Antennaelements in elevation 22

Mean duty cycle 6%

MeanPRFon TX 2800 Hz

Sequence dPRIs More elaborated sequence

Number of conatenated sequences 7

Resampling method BLU on raw data(before range
compression

Processed Doppler bandwidth 1200Hz

Azimuth processing window Uniform

Compensation of the azimuth patter Yes

Range processing window Uniform

Backscatter model Fig. 55

Table 5. System and processing parameterfr a single and dual-polarimetric C-band staggered
SAR with a planar antenna, able to map a 400 km swath with 5 m azimuth resolutian

In particular, a 10 nx 1.5 m planar antenna with 22 elents in elevation has been cahsi
ered for the singleand dualdpolarimetric caseFig. 54 shows the normalized transmit aret r
ceive antenna pattesim elevation (at near range) as a function of the elevation angle, iwhile
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the azi mut h d#Hriecetoi opnatttheer nii soibntcai ned fom- a uni
tenna has been consider&wr the purpose of this analysigia e ct d n kweloa rt ttemn s mi t
in elevationhas been assumdxy amplitudetaperingof the 22elements with a sinc functign
while the receive pattesrin elevation are ltainedby Hammi ng tapering (U
elements anghase shifting in the desired direction. Unlike for the previously presenriechd
design exmples, patterns have nbeen optimized and further performance improvemeats
be achieveds a consequence oftfgn optimization.
The saméackscatter decay as a function of the incidence angle used tdRiWS Gband
study, depicted ifrig. 55for the different polarizatis) has been used.
Fig. 56shows theAASR theRASR and theASRfor the single and dual polarimetric asign
example. As is apparent Fig. 56(c), an ASRbette than-22 dB is achieved. In comparison with
the design examples, where a reflector is used, a much lower variabilityAA8fis dbserved,

[dE]

amplitude

elevation angle [deg]

Fig. 54. Normalized transmit and receive antenna pattersin elevation at near range vs. elevatior
angle for the planar antenna with multiple elevation elements

coefficient [dB]

scatter

back

20 40 60 80

incidence angle ﬂ:v:‘gj]

Fig. 55. Backscatter coefficient as a function of the icidence angle for different polarizations at
C-band.
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as the azimuth antenna pattern of a planar antenna is the same for all elevation angles and the
AASRvariation 5 only due to the different number and location of missing samples atdtffe
ranges, i.e., it would be constant for a SAR with con$&it
Table 6shows the system parameters for the fptyarimetric design example, wieea 280
km ground swath is mapped with 5 m azimuth resolutimly the parameters which differ from
the ons in Table 5are specified. In this case, a higher antefth@ m)with a 36 elementsn
elevation has to be ugsk Theambiguity performance isummarized for this design example in
Fig. 57, wheae it can be observdatiat anASRbetter than22 dB is achieved in this case as well.
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Paramete Value
Minimum incidence angle 17
Maximum incidence angle 37.5
Tilt angle 24°
Antenna type Planar

Antenna size

10 m (length)x 2.6 m (height)

Antennaelements in elevation

36

Mean duty cycle

12%

MeanPRFon TX

5400 Hz

able to map a280 km swath with 5 m azimuth resolution.

Table 6. System parametersfor a fully polarimetric C-band staggered SARwith a planar antenna,
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The latter system, designed to map a 280gkoundswath in fullypolarimetric mode, can
be also used to map a 400 lgroundswathin single and dualpolarimetric modes with du
standing ambiguity performancés shown inFig. 58 anASRbetter than30.5dB is achieved.
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6 Experiments with Real Data

The impact of staggereé®iAR operatioron image quality is furthermore assessed with expe
imentsusingreal data. As a first step, highly oversample8AR airborne data have been used
to generate equivalent staggered SAR data sets and evaluate the performance for s#ifferent
guences oPRIsand interpolation methodsThen, the German satellite TerraSXRhas been
commanded to acquire data over the Lake Constance in staggered SAR mode. Measurements on
thesedata show very good agreement with predictions fronulsitions.

6.1 F-SAR Experiment

In order to better understand the implications of staggered SAR operation on image quality,
airborne data with RF much larger than tleDoppler bandwidth, i..highly oversampled in
azimuth, are firstly used. From the higldyersampledaw data, it is podisle to extract raw data
astheywould have been received by a stagge3@dR system with arbitrary sequencesPtls
These data can be then resampled to a uniform grid, trerdifferentalgorithmsdescribed in
Section4.3, such as twepoint linear interpolation or BLU interpolation, allowing an assesnt
of the reconstruction error on raw data. Furthermore, conventional SAR processing can be pe
formed and the image quality can be assessed for different sequerRRis ahd resampling
algorithms, especially if several corner reflectors are present in the scene. For that reason, ai
bornedat a have been AR sensorewkr the galibbatioR fest sitéKaiuf-
beuren Germany28].

6.1.1 Generation of Equivalent StaggeredSAR Data

The raw data used for this analysis, uniformly sampled in time, are displalfegl B2 The
scene includes twelve trihedral corner reflectors near the center of the azimuth trajedibry a
ferent slant range distances. Simulated data for a scene with the same acquisition geometry,
where only the corner reflectors are present, have been generated and are disptaye6Qin
The relevant system parameterstfee considered-SAR data set are summarizedTiable 7

Due to the notvanishingsquint angldis, the data are characterized by a Doppler centroid
frequencyfpc, which can be evaluated using the welbwn relationship between Doppleedr
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Fig. 59. Raw data (log-intensity) acquired by the FSAR airborne sensor over the calibration test
site of Kaufbeuren, Germany.
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Fig. 60. Simulated raw data (logintensity), assuming that only the twelve corner reflectors are @-
sent in the scene.

quency fp and azimuth anglé, given in(14). For this data set, the Doppler ceidrfrequency is
equal tofpc = 137.45 Hz.As the spatial coordinate in the flight directigip], p = 0.Ng, i 1 is
known for each pulse transmission time, the Doppler centroid can be removed by demodulating

the orpinal datau[qg,p] as follows

& 4psin/ 0
Usenl® P] = ula, p]emf - J%X[p]g (81)
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Parameter Value
Carrier frequency 1.275 GHz (kband)
Polarization HH
Sensor velocity 90.897780 m/s
PRF 3048.7805 Hz
Chirp bandwidth 50 MHz
Range sampling frequency 125 MHz
Minimum dant range 2118.3346 m
Maximum slant range 4572.3417 m
Transmittel pulse duration Sns
Squint angle -2.7757023
Number of range lines 208896
Number of azimuth lines 3136

Table 7. System parameters for the considered4SAR data set

Fig. 61shows the twewvay azimuth antenna pattern as a functoébmthe Doppler frequency,
which is related to the azimuth angle throyd#). In particular, the Doppler frequency cexr
sponding to targets coming from an angle ° 90 can be evaluated usirf$j4) and for this a-
quisition is equal tdp = °© 773 Hz. As thePRFis equal to 3048.7805 Hz, thesethereforeno
signal component characterized by a Doppler frequency outside the frequency infeRER [
PRHFH2], whichwould fold back into the main partf the spectrum, leading to azimuth ambigu
ties. The absence of these types of artifacts implies that the value of the complex signal can be
recovered at arbitrary azimuth locations with very good accuracy, as the estimation isenly li
ited by thermal noiseSincethe NESZfor this data set is better tha®8 dB, this allowsa highly
accurategeneration of an equivalent staggered SAR data set

Before generating the staggered SAR data set, it is nevertheless of interest to evalprate an u
per bound for the eor in the estimation of a complex sample at an arbitrary azimuth location. In
particular, with reference to an azimuth line of the data set, it is possible to estimate the value of
each sample using neighboring samples by means gbdwb linear interpation or BLU inte-
polation. As the true value of the samplg.{q,p] is known, a relative measurement of the error
can be obtained by the ratio of the energy of the error to the energy of the true value

NiélltEeJq, Pl- Ugenldh P]|°

No,-1 ) (82)
a [Usenlt, P |
p=0

> As fully polarimetric data are available for this acquisition, XiESZcan be estimated from tlie-
cuseddata of the two croggolarized channels as explainedid9].
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Fig. 61. Two-way azimuth antenra pattern as a function of Doppler frequency.

where llf‘;,en[q, p] is the estimated value of the sample. This error has to be clearly considered as

an upper bound, as in this case, the time difference between the closest previousegue subs
sanples is 2PRF, while, when genetmg the staggere®AR data set, the corresponding time
difference is 1PRF. The relative errog as defined ir{82), is displayed in logarithmic scale in
Fig. 62for each valif azimuth line of the data set and for different interpolation methods, while
the aitocorrelation function used within BLU interpolation and estimated from the whole data
set is displayed ifrig. 63

Fig. 62shows that BLU interpolation generally performs better thanpgaiat linear inte-
polation, even when only tweamples are used. Thigs beerexpected, as BLU interpolation
makes use of the spectral characteristics of the. Hawever even in the worst case of two
point linear interpolation, the significant oversampling of the data leads to errors small@6than
dB. For the present purposes, these can be considered negligible, as satelliteaften dra-
acterized by #éhermal noise variance much larger than the variance of this estimation error.

In order to generate the equivalent staggered SAR data set, some reference sequences of
PRIs have to be considered. As shown in Sectf.], betier ambiguity performanceis
achieved, ifsequences oPRIs are usedn which two consecutive azimuth samples are never
missed. For our analysis we considered two sample sequeneBdspfaken from a typical $a
ellite design examplenamely the sequencetiv fast PRI change ofFig. 24 from now on e-
ferred to as sequencednd the more elapated sequence &fig. 25 from now on referred to as

® As is apparentrom Table 7the numbewof azimuth lines is equal to 3136, although azimuth lines
comprised between 0 and 410 and between 2759 and 3135 are considered invalid nagsréssico
in range is partial. Invalid azimuth lines are not displayedign59andFig. 60
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Fig. 63. Autocorrelation function used within BLU interpolation and estimated from the whole
data set.

sagquence 2For each slant range some of the pulses rjbuer two consecutive ones) are lost
depending on the duration of the uncompressedrrsied pulse.

In order to account for the differentdB Doppler bandwidthof the actual FSAR system
and the satellite design exampé Section5, the PRIs of the two aforementioned sequences
have to be scaled: As thedB Doppler bandwidth in the satellite desigrample (855 Hz at
nearrange where the worsAASRperformance is achievgd 4.5timeslargerthan in he FSAR
data se{190 Hz) the sampling timefr the FSAR dataneeds to bd.5times larger tharfor the
design exampleA meanPRF on transmit of2700 Hz in the satellite design exampherefore
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corresponds to a me&RF on transmit of 2700/% = 600Hz in the FSAR example. This case

will be from now on referred to as high azimuth oversampling. In order to observe the impact of
lower mearPRFs on transmiton image qualityscaling factors equal to 6 aficb are considered

as well Sequenes ofPRIsare therefore obtained witmeanPRFs on transmitequal to 450 Hz

and 30 Hz, corresponding to meaPRFson transmit equal to 2025 Hz and 620 Hz in the
satellite design example at near raraged referred to as medium and low azimuth oversampling,
respetively. For the sake of simplicity, the equivalent stagde3&R data set has been gertera

ed using twepoint linear interplation.

Once the nowuniformly sampled data have been generated, missing samples carpbe intr
duced by blanking portions of some rarges corresponding to the length of the transmitted
pulse of the FSAR system, i.e5 us. In order to obtain a raw stagge®A&R data set as it would
have been received by a wideath satellite system, the same patternissimg samples of 20
km slant range portion of a wide swats mapped to the 3.7 km slaahge swath of ISAR. Fig.

64 shows for the two aforementionsdquences a portion (namely J#hge lines) of the raw
staggered SAR data, where the periodic pattef missing samples is visible.

Finally, in order to compare the results with a reference, unifosanypled data set with an
oversampling rate peesentative of a typical staggered SAR system, mech lower than the
oversampling rate of theeEAR daa set, for which azimuth ambiguities are no longer negligible,
a further data set has been created, where data have been downsampled (decimated) in the az
muth direction by a fator of sevenand then upsampled by a factorsefivenby means of zero
paddingof the fast Fouer transform (FFT)With reference to the SAR system with constant
PRI and multiple elevation beams of Sectm@rthis correspond to BRFof 3048 Hz / 7 x 4.5 =
1960 Hz in the satelliteedign example at neamnge.Equivalent staggered SAR data sets, as
well a reference uniformlgampled data set, have been generated for the simulated stata di
played inFig. 60as well.

6.1.2 Performance Assessment on Raw Data

Once the equivalent staggdreSAR data sets have been generated, the latter can be
resampled to a uniform grid. The relative erepas defined ir{82), is displayed in logatimic
scale inFig. 65for each valid azimuth linef the data set, for the two sequenceRfs the two
interpolation methods (twoint linear interpolation and BLU) and the three considered mean
PRFson transmit. As expected, the error becomes smaller, as the oversaraf@imgreases.
Moreover, fo the same oversamplingite BLU interpolation performs better than tyoint
linear interpolation and the more elaborated sequemrcedace 2) leads to smaller errors than
the one with fasPRI change (sequence, Bxcept for the ranges where no samplesmissing in
the sequence with faBRIchange

Further comparisons between the reconstructed and original complex data show tlat the pr
posed interpolations terid reduce the amplitude of theysal. This is apparent iRig. 66 where
the ratiob of the energy of the reconstructed signal to the energy of the original sighaddas
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Fig. 64. Portions (375range lines) of raw staggered SAR data sets. The periodic pattern of missi
samples is visible. (a) Sequence 1. (b) Sequence 2.
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is displayed in logarithmic scale for each valid azimuth line of the data set, for the twocesquen
of PRIs the two interpolation methods and the three considered scaling factors. Asrengppa
however, he twopoint linear interpolation is seen to introduce a higher bias than the BLJ inte
polation. Moreover, the achieved relative radiometric accuracy foptit linear interplation
could not meet the typical requirements.
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Fig. 65. Relative error e, as defined in(82), in logarithmic scale for each valid azimuth line of the
data set, for the two sequences &RlIs, the two interpolation methods and the threeconsidered
meanPRFson transmit. (a) MeanPRF on transmit = 360Hz (low azimuth oversampling). (b) Meai
PRF on transmit = 450 Hz (medium azimuth oversampling). (c) MearPRF on transmit = 600Hz
(high azimuth oversampling).
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6.1.3 Data Focusing and Impulse Rgsonse Analysis

The reference decimated data set and all data sets, obtained by resampling the staggered
SAR data to a uniform grid, have been processed using the operatiSA& Brocessor toln
tain focused data with an azimuth resolution o76.& [28]. In order to obtain this azimuthge
olution aPBW equal to 175 Hz, i.e., by a factor of &fnallerthan that of the satellite design
example, has been processEde same processing was carried out for thelsited data sets.

Focused data are displayedFiy. 67, Fig. 68 Fig. 69 andFig. 7Q after an amplitude pr
summing in azimuth by a factor of &d using &0 dB-log-intensity scale, to highlight thefdi
ferences in the low backscatter areas, such as part of the Barensee lake in-ttendgdrt of
the imageFor each staggered SAR image, the difference between the image itsilé esfer-
ence image ishown as well. This allows a first quantitative assessment of the impaet of s
guence, interpolation methpahd oversampling rate on image quality.
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Fig. 66. Ratio of the energy of the recostructed signal to the energy of the original signal, define

as in(83), in logarithmic scale for each valid azimuth line of the data set, for the two sequences
PRIs, the two interpolation methods and the iree considered mearPRFson transmit. (a) Mean

PRF on transmit = 360 Hz (low azimuth oversampling).(b) Mean PRF on transmit = 450 Hz (med-
um azimuth oversampling). (c) MeanPRF on transmit = 600 Hz (high azimuth oversampling).
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Fig. 67. Focused image (logntensity) for the reference (decimated and upsamplédiata.
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Fig. 68. Focusedimages(log-intensity) for a meanPRF on transmit of 360Hz (low azimuth ove-

sampling) (left) and differences with the referenceimagewith uniform PRI (right). (a) Sequence 1

two-point linear interpolation. (b) Sequence 1, BLU interpolation. (c) Sequence 2, twmint linear
interpolation. (d) Sequence 2, BLU interpadtion.






































































































































































































