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Zusammenfassung 

Fernerkundung mittels Radar mit synthetischer Apertur (SAR) ermöglicht hochauflösende 

Aufnahmen, unabhängig von Wetter oder Sonneinstrahlung und ist somit ideal für die systemati-

sche Beobachtung von dynamischen Prozessen auf der Erdoberfläche geeignet. Allerdings sind 

konventionelle SAR-Systeme dahingehend limitiert, dass eine große Streifenbreite nur durch 

eine Verschlechterung der Azimut-Auflösung realisiert werden kann. Diese Einschränkung kann 

durch Systeme mit mehreren Empfangs-Subaperturen, die in Flugrichtung versetzt sind, über-

wunden werden. In diesem Fall wird jedoch eine sehr lange Antenne für große Streifenbreiten 

benötigt. Falls eine relativ kurze Antenne mit nur einer Apertur in Flugrichtung vorhanden ist, ist 

es trotzdem möglich große Flächen abzubilden: Mehrere Streifen können simultan durch digita-

les Beamforming in Elevation abgebildet werden. Nachteil dieser Methode sind jedoch Ăblinde 

Entfernungen  zwischen benachbarten Streifen, da das Radar während dem Sendevorgang keine 

Signale empfangen kann. Staggered-SAR löst das Problem der blinden Entfernungen, indem das 

Puls-Wiederhol-Intervall (pulse repetition interval, PRI) kontinuierlich variiert wird. Eine pas-

sende Wahl der PRIs, in Verbindung mit Überabtastung in Azimut, ermöglicht eine akkurate 

Interpolation der unregelmäßig abgetasteten Rohdaten in ein regelmäßiges Raster, wodurch die 

neu abgetasteten Daten mit einem konventionellen SAR-Prozessor fokussiert werden können. 

Daher wird durch dieses Konzept die hochauflösende Aufnahme von breiten kontinuierlichen 

Streifen ohne eine lange Antenne mit mehreren Empfangs-Subaperturen möglich. Ein zusätzli-

cher Vorteil ist die Verteilung der Energie von Azimut- und Entfernungsmehrdeutigkeiten über 

große Gebiete: Dadurch beeinträchtigen Mehrdeutigkeiten die Aufnahme eher wie ein Rauschen 

und nicht wie klar abgrenzbare Artefakte. Im Rahmen dieser Arbeit wird der Einfluss der ausge-

wählten PRI-Sequenz, der angepassten Interpolationsmethode und der Prozessierungsstrategie 

auf die eizielbare Abbildungsleistung dargestellt. Entwürfe für mono-, dual- und vollpolarimetri-

sche Staggered-SAR-Systeme werden, sowohl für Planar- als auch Reflektorantennen, jeweils im 

L- und C-Band, gezeigt. Zusätzlich wird der Einfluss des Staggered-SAR-Konzeptes auf die 

Bildqualität durch Experimente mit realen Daten evaluiert. Zunächst wurden stark überabgetaste-

te flugzeuggestützte F-SAR-Aufnahmen verwendet, um äquivalente Staggered-SAR-Daten zu 

erzeugen und die Bildqualität für verschiedene Überabtastungsraten auszuwerten. In einem wei-

teren Schritt wurde der deutsche Satellit TerraSAR-X dahingehend gesteuert, dass er Daten im 

Staggered-SAR-Modus über dem Bodensee aufgenommen hat. Die Ergebnisse mit diesen Daten 
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zeigten eine sehr gute Übereinstimmung mit simulierten Werten. Darüber hinaus wurde eine 

Strategie zur Reduzierung des Datenvolumens, basierend auf einem on-board Doppler-Filter und 

einer Datendezimierung, entwickelt, um die erhöhte Azimutüberabtastung des Staggered-SAR zu 

kompensieren. Abschließend wird eine patentierte Erweiterung des Staggered-SAR-Konzeptes 

präsentiert, in der durch eine kontinuierliche Variation der Phasenzentren erreicht wird, dass 

gleichmäßig abgetastete Daten ohne die Notwendigkeit eines Interpolationsschrittes unter der 

Verwendung einer veränderten Reihenfolge von PRIs aufgenommen werden können. Für Tan-

dem-L, ein Vorschlag für eine polarimetrische und interferometrische satellitengestützte SAR-

Mission zur Beobachtung dynamischer Prozesse der Erdoberfläche mit bisher unerreichter Ge-

nauigkeit und Auflösung, wird das Staggered-SAR-Konzept derzeit als der Standardaufnahme-

modus in Betracht gezogen. 



 

Abstract 

Synthetic aperture radar (SAR) remote sensing allows high-resolution imaging independent-

ly of weather conditions and sunlight illumination and is therefore very attractive for the system-

atic observation of dynamic processes on the Earthôs surface. However, conventional SAR sys-

tems are limited in that a wide swath can only be imaged at the expense of a degraded azimuth 

resolution. This limitation can be overcome by using systems with multiple receive subapertures 

displaced in along-track, but a very long antenna is required to map a wide swath. If a relatively 

short antenna with a single aperture in along-track is available, it is still possible to map a wide 

area: Multiple subswaths can be, in fact, simultaneously imaged using digital beamforming in 

elevation, but ñblind rangesò are present between adjacent swaths, as the radar cannot receive 

while it is transmitting. Staggered SAR overcomes the problem of blind ranges by continuously 

varying the pulse repetition interval (PRI). A proper selection of the PRIs, together with an aver-

age oversampling in azimuth, allows an accurate interpolation of the non-uniformly sampled raw 

data on a uniform grid, so that resampled data can be then focused with a conventional SAR pro-

cessor. This concept therefore allows high-resolution imaging of a wide continuous swath with-

out the need for a long antenna with multiple subapertures. As an additional benefit, the energy 

of range and azimuth ambiguities is spread over large areas: Ambiguities therefore appear in the 

image as a noise-like disturbance rather than localized artifacts. In this thesis, the impact on per-

formance of the selected sequence of PRIs, the adopted interpolation method and the processing 

strategy are addressed. Design examples for single-, dual-, and fully-polarimetric staggered SAR 

systems are presented, based on both planar and reflector antennas, in L-band and C-band. The 

impact of staggered SAR operation on image quality is furthermore assessed with experiments 

using real data. As a first step, highly oversampled F-SAR airborne data have been used to gen-

erate equivalent staggered SAR data sets and evaluate the performance for different over-

sampling rates. Moreover, the German satellite TerraSAR-X has been commanded to acquire 

data over the Lake Constance in staggered SAR mode. Measurements on data show very good 

agreement with predictions from simulations. Furthermore, a data volume reduction strategy, 

based on on-board Doppler filtering and decimation, has been developed to cope with the in-

creased azimuth oversampling of staggered SAR. Finally, a patented extension of the staggered 

SAR concept is provided, where the phase centers are continuously varied as well, so that it is 

possible to transmit pulses according to a sequence of different PRIs and acquire uniformly sam-
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pled data without the need of any interpolation. The staggered SAR concept is currently being 

considered as the baseline acquisition mode for Tandem-L, a proposal for a polarimetric and 

interferometric spaceborne SAR mission to monitor dynamic processes on the Earthôs surface 

with unprecedented accuracy and resolution. 
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DLR German Aerospace Center 
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ESA European Space Agency 

FIR Finite Impulse Response 
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PSF Point Spread Function 
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SNR Signal-to-Noise Ratio 
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TAXI  TanDEM-X Interferometric Processor 

T/R transmit/receive module 
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TX Transmit 

USA United States of America 
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Lower Case Letters 

 Unit  

bmk  with reference to multi-channel reconstruction of staggered SAR data, com-

plex coefficient associated to the transfer function Hmk(f) 

c(x)  azimuth raw signal received from a point-like scatterer 

dc  duty cycle 

f Hz frequency 

f0 Hz radar carrier frequency 

f0,m Hz with reference to multi-channel reconstruction, center frequency of a sub-

band 

fD Hz Doppler frequency 

fDC Hz Doppler centroid frequency 

fS Hz range sampling frequency 

gqs  with reference to BLU interpolation, mutual correlation between two avail-
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h(t)  impulse response of the matched filter 

hDVR  vector containing the coefficients of the filter for data volume reduction 

hi(t)  impulse response of the i-th linear system, used in the representation of a 
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r   with reference to BLU interpolation, vector containing the correlations rq 
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rus  correlation vector of the useful signal, used to compute the coefficient of the 

Wiener filter for data volume reduction 

s(t)  baseband waveform radiated after modulation by the radar antenna 
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tint s with reference to BLU interpolation, time at which the raw azimuth signal 
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tq s with reference to BLU interpolation, time at which a sample of the raw azi-

muth signal, correlated with the sample to be estimated, is available 

u  vector containing the available samples of the raw azimuth signal to be used 

in BLU interpolation 
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u(t)  raw azimuth signal, characterized as zero-mean complex random process 

u(tint)  with reference to BLU interpolation, true value of the raw azimuth signal at 

the time tint at which it has to be estimated 

u(tq)  with reference to BLU interpolation, value of an available sample of the raw 

azimuth signal correlated with the sample to be estimated 

u(x, R)  2-D IRF (or PSF) of the SAR 

u[q, p]  with reference to the F-SAR experiment, raw data before removal of the 

Doppler centroid 

udem[q, p]  with reference to the F-SAR experiment, raw data after removal of the Dop-

pler centroid (demodulated raw data) 

v(x)  output of the matched filter 

vg m/s speed of the radar beam on ground 

vr m/s effective speed 

vS m/s platform speed 

wkm  with reference to multi-channel reconstruction of staggered SAR data, com-

plex coefficients, used to weight the different subbands 

x m azimuth coordinate 

x[p] m with reference to the F-SAR experiment, azimuth coordinate for the p-th 

transmitted pulse (used for removal of the Doppler centroid) 

y(t)  output of the matched filter 

zmk  with reference to the multi -channel reconstruction of staggered SAR data, 

ratio of the coefficients wmk and bmk 

Capital Letters 

 Unit  

A  multiplicative factor accounting for attenuation 

B  matrix containing the coefficients bmk 

B Hz chirp bandwidth 

BD Hz Doppler bandwidth 

Bp Hz processed Doppler bandwidth 

C(f)  amplitude weighting of the Doppler spectrum applied in the processing to 

compensate for the distortion of the data volume reduction filter 

F  noise figure 

G  with reference to BLU interpolation, matrix of the mutual correlations gqs 

GTX  transmit antenna gain 

GRX  receive antenna gain 
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G
2
(ɗ)  two-way antenna power pattern as a function of the elevation angle 

G
2
(f)  two-way antenna power pattern as a function of the Doppler frequency 

G
2
(ɗ,f)  two-way antenna power pattern as a function of the elevation angle and the 

Doppler frequency 

H(f)  matrix, which collects the transfer functions Hi(f) in a SAR system with 

multiple receive subapertures 

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

Hi(f)  transfer function of the i-th linear system, used in the representation of a 

SAR system with multiple receive subapertures 

Hmk(f)  element of the matrix H(f) 

I1 Hz with reference to multi-channel reconstruction, frequency interval which 

delimits a subband 

L m length of the radar antenna 

Ls m extent of the antenna footprint in azimuth, extent of the synthetic aperture 

length on ground 

Ltot  total losses 

M  number of PRIs of a sequence of PRIs 

Mmin  minimum number of PRIs in a sequence with fast PRI change necessary to 

ensure that two consecutive azimuth samples are never missed 

Naz  number of azimuth samples of a data set 

Nb  number of bursts in a ScanSAR system 

NL  number of looks 

Nsub  number of subapertures in a SAR system with multiple receive subaper-

tures 

P  number of coefficients (or taps) of the FIR filter for data volume reduction 

P(f)  matrix containing the reconstruction filter functions Pk(f) 

Pk(f)  transfer function of the k-th post-filter (reconstruction filter) in a SAR sys-

tem with multiple receive subapertures 

Pkm(f)  element of the matrix P(f) 

PTX W radiated power 

Pu(f)  PSD of u(t) 

PRFmean eff  mean effective PRF of a staggered SAR system 

PRFmean TX Hz mean PRF on transmit of a staggered SAR system 

PRImax s maximum PRI of a sequence of PRIs 

PRImin s minimum PRI of a sequence of PRIs 

Q  number of samples used to estimate a sample in BLU interpolation 
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Q(f)  amplitude weighting of the Doppler spectrum applied in the processing 

R m slant range coordinate 

R(x) m slant range as a function of the azimuth position 

R0 m minimum slant range distance (closest approach) 

R0 max m maximum slant range of the imaged swath 

R0 min m minimum slant range of the imaged swath 

Rd  correlation matrix of the disturbance signal, used to compute the coeffi-

cient of the MVDR filter for data volume reduction 

Rd[n]  with reference to data volume reduction, correlation of the disturbance sig-

nal at lag n 

Rg m ground range coordinate 

Rs  correlation matrix of the overall signal, used to compute the coefficient of 

the Wiener filter for data volume reduction 

Rs[n]  with reference to data volume reduction, correlation of the overall signal at 

lag n 

Ru(ɝ)  autocorrelation function of the azimuth raw signal u(t) 

Run(ɝ)  autocorrelation function of the azimuth raw signal u(t) in presence of noise 

Rus[n]  with reference to data volume reduction, correlation of the useful signal at 

lag n 

S  number of sequences with fast PRI change used to form a more elaborated 

sequence 

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

TS K receiver temperature 

Tsw s period of a sequence of PRIs (i.e., sum of the M PRIs of the sequence) 

U(f)  spectrum of the raw azimuth signal u(t) 

W  matrix containing the coefficients wkm 

W m height of the radar antenna 

Wg m swath width on ground 

Wk(f)  with reference to multi-channel reconstruction of staggered SAR data, fil-

ter which provides complex weighting of the subbands 

Ws m swath width in the slant range direction 

Z  matrix containing the coefficients zkm 
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Greek Symbols 

 Unit  

Ŭ  coefficient of the generalized Hamming window 

ŬL rad look angle 

ɓ  estimation bias in the interpolation of F-SAR raw data 

ɔ rad 
angle formed by the line segments connecting the Earthôs center to the radar 

and the point scatterer 

ŭfD Hz Doppler frequency resolution 

ŭR m slant range resolution 

ŭRg m ground range resolution 

ŭx m azimuth resolution 

Ů  relative estimation error (energy) in the interpolation of F-SAR raw data 

ɖ rad incidence angle 

ɗ rad elevation angle 

ə s 

with reference to the design of more elaborated sequences, difference (abso-

lute value) of the maximum PRIs of two subsequent sequences with fast 

PRI change 

ɚ m radar wavelength 

ů
0
(ɖ)  backscatter as a function of the incidence angle 

Ű s pulse length 

ű rad azimuth angle 

űsq rad squint angle 

ȹ s 
difference between two consecutive PRIs in a sequence with linear PRI var-

iation 

ȹaz,m m relative displacement in azimuth of the m-th order azimuth ambiguity 

ȹmin s 

minimum difference between two consecutive PRIs in a sequence with fast 

PRI change necessary to ensure that two consecutive azimuth samples are 

never missed 

ȹrg,m m relative displacement in slant range of the m-th order azimuth ambiguity 

ȹR0blind m width in slant range of each blind range area 

ȹx m 
distance between two adjacent subapertures in a SAR system with multiple 

receive subapertures 

ȹxi m 
distance between the transmitter and the phase center of the i-th subaperture 

in a SAR system with multiple receive subapertures 

ū  SNR scaling factor 



 

 

1 Introduction 

Nearly 130 years have passed since Heinrich Hertz demonstrated the basic principle of ra-

dar
1
 detection, showing that radio waves could be reflected by metallic and dielectric bodies, as 

suggested in James C. Maxwell's seminal work on electromagnetism [1], [2]. The German engi-

neer Christian Hülsmeyer foresaw the application of this principle for obstacle detection in ship 

navigation and obtained a patent in 1904 [3], [4]. Experiments with detection of ships were also 

conducted at that time in Italy by Guglielmo Marconi, who pointed out the potentials of radar 

technology in a speech before the Institute of Radio Engineering (IRE) in 1922, and by Albert H. 

Taylor, Leo C. Young, and Lawrence A. Hyland at the Naval Research Laboratory (NRL), Unit-

ed States of America (USA) [5], [6]. In none of these cases, however, the relevance of the work 

was properly recognized. Radar mainly developed just prior to World War II in several countries, 

among which the USA, Germany, France, the Soviet Union, Japan, Netherlands, Italy, and Great 

Britain, where the valuable contribution of Sir Robert Watson-Watt deserves a mention. While 

the early developments were mainly concerned with military applications, the measurement of 

the height of the ionosphere by Gregory Breit and Merle A. Tuve in 1925 can probably be re-

garded as the first remote sensing application of radar [7].  

A major milestone for radar remote sensing was the conception of the synthetic aperture ra-

dar (SAR) principle by Carl A. Wiley in 1951, which allows high-resolution radar imaging inde-

pendently of the range distance, as explained in Chapter 2 [8]-[10]. Further developments of this 

concept led the Jet Propulsion Laboratory (JPL) of the National Aeronautics and Space Admin-

istration (NASA) to the launch of the first civilian SAR satellite, Seasat, in 1978 [11]. A number 

of SAR satellites were launched in the 90s, namely ERS-1/2 by the European Space Agency 

(ESA), JERS-1 by the Japan Aerospace Exploration Agency (JAXA), Radarsat-1 by the Canadi-

an Space Agency (CSA), and SIR-C/X-SAR, the first spaceborne SAR system with fully-

polarimetric and multi-frequency capability, realized in a cooperation between the NASA/JPL, 

the German Aerospace Center (DLR) and the Italian Space Agency (ASI) [12]-[15]. Other 

spaceborne SAR sensors, launched in the 2000s and no longer in operation, are the Shuttle Radar 

Topography Mission (SRTM), ENVISAT/ASAR and ALOS-PALSAR [16]-[18]. 

                                                                 
1
 Radar is an acronym for ñradio detection and ranging.ò 
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In the meanwhile, new techniques were developed, which involved the joint exploitation of 

multiple SAR images, acquired in different polarizations (cf. polarimetric SAR or PolSAR), 

from slightly different observation angles (cf. SAR interferometry, polarimetric SAR interferom-

etry, and SAR tomography), and/or at different times (cf. differential and permanent scatterer 

interferometry) [19]-[26]. In that respect, airborne SAR systems played a significant role by al-

lowing early demonstrations of these techniques, which have later been implemented in space-

borne missions. The DLRôs E-SAR sensor, predecessor of the F-SAR sensor, is an example [27], 

[28]. 

1.1 State of the Art : Spaceborne SAR Sensors 

Table 1 provides 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 frequency bands 

range from L-band to X-band. While the frequency bands have remained the same as for the pre-

vious sensors of the same institution (e.g., L-band for JAXAôs sensors, C-band for CSAôs and 

ESAôs sensors, where data continuity was indeed the main goal of the Sentinel-1 mission), cur-

rent sensors are characterized by a spatial resolution or level of detail at least one order of magni-

tude higher than the sensors of the previous generation. Moreover, most of them offer a much 

higher flexibility in that several acquisition modes can be selected for different trade-offs be-

tween resolution and coverage [30]-[35]. 

A prominent example is TerraSAR-X, whose main acquisition modes are summarized in Ta-

ble 2 together with their characteristics in terms of resolution, swath width, and polarization: A 

resolution of 1 m is achieved in (sliding) spotlight mode, while a 100 km swath width can be 

imaged in ScanSAR mode [30], [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 dual- and fully-polarimetric acquisitions [38]-[41].  

Sensor Launch 
Frequency 

band 
Institution, Country  

TerraSAR-X/TanDEM-X 2007, 2010 X DLR/Airbus, Germany 

Radarsat-2 2007 C CSA, Canada 

Cosmo-SkyMed-1/4 2007é 2010 X ASI, Italy 

RISAT-1 2012 C ISRO, India 

HJ-1C 2012 S CRESDA/CAST/NRSCC, China 

Kompsat-5 2013 X KARI, Korea 

Sentinel-1a 2014 C ESA, Europe 

ALOS-2 2014 L JAXA, Japan 

Table 1. Civilian spaceborne SAR sensors currently in operation [29]. 

 

 



1.1  State of the Art: Spaceborne SAR Sensors 3 

 

Mode Resolution Swath width Polarization 

ScanSAR 16 m 100 km Single 

Stripmap 3 m 30 km Single 

(Sliding) spotlight 1 m 10 km Single 

Table 2. Main acquisition modes of TerraSAR-X and their characteristics in terms of resolution, 

swath width, and polarization. 

TerraSAR-X data, acquired in different acquisition modes, have been used to demonstrate 

several applications of SAR to environmental monitoring. Fig. 1 shows a SAR image acquired 

over the Drygalski glacier on the Antarctic Peninsula. Thirty images were acquired by Ter-

raSAR-X over the same area between October 2007 and October 2008 to show how the glacier 

was pushed out into the area formerly occupied by an ice shelf at a speed of up to 2 km/year (a 

time-lapse video is available online) [42]. Fig. 2 shows a ScanSAR image acquired over Mato 

Grosso, Brazil, where logging has been particularly extensive in recent years. Because of their 

different reflection characteristics, clearings appear in the radar image as rectangular, relatively 

dark zones within the otherwise homogeneous surface of the forest. In contrast, covering large 

areas with optical cameras mounted on satellites is problematic in tropical regions due to the 

dense cloud layers [43]. Fig. 3 shows a further example of application concerning the mapping of 

a flood of the Mississippi River, USA, while Fig. 4 shows how the ground in Mexico City, Mex-

ico, has sunk in some areas by as much as 10 cm in four months as a result of the water extrac-

tion [44], [45]. 

 

 

Fig. 1. TerraSAR-X image acquired over the Drygalski Glacier on the Antarctic Peninsula [42]. 
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Fig. 2. TerraSAR-X image acquired over Mato Grosso, Brazil, where logging has been particularly 

extensive [43]. 

 

 

 

 

Fig. 3. Example of application of TerraSAR-X to map a flood of the Mississippi River, USA [44]. 
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While very powerful and flexible, TerraSAR-X can map in stripmap mode only 2% of the 

Earthôs landmass during its 11 days repeat cycle, due to its relatively small orbit duty cycle (the 

satellite can only operate 3 minutes per orbit) and its 30 km swath width [36]. This limitation 

also posed a challenge in the design of the TanDEM-X mission, which required one year for one 

global interferometric acquisition of the Earthôs landmass [46].  

More recently launched sensors, such as Sentinel-1a and ALOS-2, are still characterized by 

comparable mapping capabilities at that resolution [34], [35]. As it will be clarified in Section 

3.1, this limitation is not due to technology development, but is inherent to the SAR acquisition 

principle [47], [48]. A brute force solution to this problem consists of flying a constellation of 

satellites on the same orbit, as done for Cosmo-SkyMed and planned for Sentinel-1 [33], [34]. 

This solution allows increasing the mapping capability by a factor equal to the number of satel-

lites of the constellation, but becomes costly or even unfeasible, if the mapping capability 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 interest in the scientific community in understanding 

and quantifying dynamic processes within the Earth system occurring in different 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 data for analyzing these interactions [49]-[52]. 

The imaging performance and/or measurement resolution and accuracy of existing remote 

sensing configurations are often inadequate to draw reliable conclusions on the dynamics of 

 

Fig. 4. Ground sinking in Mexico City, Mexico. The red areas correspond to a sinking of 10 cm 

in 4 months [45]. 
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large-scale 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 the processes to be observed, changes have to be meas-

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 developing, highly-dynamic processes, such as the relaxation following an earth-

quake, as well as slowly developing processes (e.g., the inter-annual variation of forest biomass), 

with the necessary accuracy and resolution. 

SAR represents the ideal candidate to provide answers to these questions, but spaceborne 

SAR sensors currently in operation do not have the resolution and mapping capability needed to 

meet these scientific requirements. In particular, a SAR sensor is required, capable of mapping 

the whole Earthôs surface twice per week, in fully-polarimetric mode and with a spatial resolu-

tion below 10 m (this corresponds to a mapping capability two orders of magnitude better than 

that of TerraSAR-X) [49]. In response to these needs, a proposal for a highly innovative L-band 

SAR mission, Tandem-L, was started at DLR with a pre-phase A study in 2013 and is currently 

undergoing a phase-A study [50]-[52]. 

While increasing the orbit duty cycle contributes to some degree to extend the mapping ca-

pability, this is still not enough to reach the desired requirements. New radar techniques have 

therefore to be employed, which allow boosting the mapping capability at a given resolution be-

yond the aforementioned inherent limitation. These techniques are mainly based on digital beam-

forming (DBF) and multiple subaperture signal recording [53]-[63]. As presented in detail in 

Section 3, two distinct SAR architectures can be identified: 

- A system with multiple subapertures, displaced in the flight direction, which uses in addi-

tion DBF on receive in elevation to increase the sensitivity; 

- A system, where DBF allows forming multiple elevation beams, which simultaneously 

map multiple subswaths. 

The two architectures have important implications on the required size of the radar antenna: 

For the same resolution and swath width, in fact, the former architecture requires a much longer 

antenna, while the latter architecture asks for a much shorter, but higher antenna. The system 

with multiple azimuth subapertures is preferable, if a resolution of the order of 1 m has to be 

achieved over a swath of the order of 80 km, while the architecture with multiple elevation 

beams is better suited for a resolution of the order of 5 to 10 m over an even wider swath (350 to 

400 km), as required for the aforementioned mission aiming at monitoring dynamic processes on 

Earthôs surface
2
. The problem of the architecture with multiple elevation beams is that the wide 

mapped swath is not continuous, but ñblind rangesò are present between the different subswaths.  

Staggered SAR allows getting rid of the ñblind rangesò in a system with multiple elevation 

beams and imaging a wide continuous swath. The core idea is the continuous variation of the 

                                                                 
2
 As discussed in Section 3.3.1, a system with multiple subapertures can also achieve a resolution in 

the order of 5 to 10 m over a swath in the order of 350 to 400 km with an antenna of reasonable 

length, if used in combination with ScanSAR, but this has other drawbacks related to interferometric 

applications. 



1.2  Motivation, Objectives, and Structure of the Thesis 7 

 

pulse repetition interval (PRI), the time distance between consecutive transmitted pulses, togeth-

er with an average oversampling of the signal in azimuth [61]-[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 selection of the PRIs, i.e., imposing that two 

consecutive samples in azimuth are never missed, together with an average oversampling of the 

signal in azimuth allows an accurate interpolation of the non-uniformly sampled raw data on a 

uniform grid, so that they can be then focused with a conventional SAR processor. Staggered 

SAR is currently being considered as the baseline acquisition mode of the Tandem-L mission, 

but represents an appealing option for the next generation of Sentinel sensors as well [50]. 

This thesis defines an established staggered SAR concept, based on the following main con-

tributions: 

- Optimized design of the sequence of PRIs to be employed in relation to the other system 

parameters; 

- Definition of an optimal interpolation method and a novel processing strategy for the ac-

quired data, which are particularly effective in combination with the optimized sequences 

of PRIs; 

- Thorough performance analysis with special attention to range and azimuth ambiguities, 

including several design examples (mainly for the Tandem-L mission, but also for the 

next generation of Sentinel sensors) and experiments with real data;   

- On-board data volume reduction strategy able to cope with the increased amount of data, 

due to the required oversampling of the signal in azimuth. 

The thesis is structured as follows. Section 2 provides a short review of SAR remote sensing: 

The basic SAR principle is presented together with a high-level description of the required signal 

processing and an overview of the main performance parameters of a SAR system. Section 3 

highlights the contradicting requirements imposed by swath width and resolution in conventional 

SAR systems and describes the novel SAR architectures for high-resolution wide-swath (HRWS) 

imaging.  

The staggered SAR concept is then presented in Section 4, followed by a detailed description 

of the procedure for the design of optimized sequences of PRIs and the interpolation methods. 

Section 5 explains how the relevant performance measurements can be evaluated and are influ-

enced by the different input parameters. It also shows through several design examples the out-

standing performance achievable by a staggered SAR system for different frequency bands and 

antenna types, even in fully-polarimetric mode. Section 6 describes the experiments with real 

data: Staggered SAR data have been simulated from highly-oversampled F-SAR airborne data 

and the TerraSAR-X satellite has been operated in staggered SAR mode.  

Section 0 considers a strategy for reducing the volume of data to be downloaded, which rep-

resents an integral part of the staggered SAR concept, while Section 1 introduces an extension of 

the staggered SAR concept, where the phase centers continuously change as well, for which a 

patent is pending. Finally, conclusions are drawn in Section 9, where an outlook for further re-

search is also provided. 
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2 SAR Remote Sensing 

SAR is an active microwave remote sensing technique that can provide high-resolution im-

ages independently of sunlight illumination. Moreover, because clouds, fog, and precipitation do 

not have a significant effect on microwaves, all-weather imaging is possible. Because of the co-

herent reception of the radar echoes, an effective long ñsyntheticò antenna can be generated by 

signal processing and exploited to achieve high resolution. These peculiarities make SAR very 

attractive for the systematic observation of dynamic processes on Earthôs surface [8], [75]-[81]. 

2.1 Geometry and Acquisition Process 

 Fig. 5 shows a simplified geometry of a SAR. A platform moving with constant speed vS in 

a straight line at constant height hS carries a side-looking radar antenna. The length and height of 

the antenna are L and W, respectively. The direction of travel of the platform is known as the 

azimuth (or along-track) direction; distance from the radar track is measured in the slant range 

(or cross-track) direction, while distance from the nadir track is measured in the ground range 

direction. 

The radar transmits pulses of electromagnetic radiation downwards to the surface to be im-

aged at a constant pulse repetition frequency (PRF). The radiated pulses spread out as growing 

shells of thickness c0Ű, where c0 is the speed of light in free space and Ű is the pulse length. A 

point-like scatterer P whose slant range is R0 will therefore return echoes of duration Ű that will 

arrive back at the radar with a time delay 2R0/c0 after transmission.  

The power per unit area received at each point on the surface depends on the radiated power, 

the antenna pattern, i.e., the angular distribution of the power from the antenna, and the slant 

range, according to an inverse-square law. Most of the power is directed to the footprint, i.e., the 

area illuminated by the radar beam, whose extent in ground range and azimuth is given by 

h

l

cos

0

W

R
Wg =  (1)  

and 
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L

R
Ls

0l=  (2)  

respectively, where ɖ is the incidence angle and ɚ is the radar wavelength, which is related to the 

radar carrier frequency f0 by  

00 cf =l  (3)  

The strip on ground covered by the footprint as the platform moves is known as the swath. 

The electromagnetic radiation interacts with the surface, which affects the characteristics of 

the scattered wave (power, phase, polarization), and propagates back to the radar. The radar 

samples the returning echoes coherently, i.e., it retains both amplitude and phase, and stores the 

data for future processing. 

 

Fig. 5. Simplified geometry of a SAR. 
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Fully-polarimetric SAR systems employ two orthogonal wave polarizations (e.g., horizontal 

and vertical) on both transmit and receive. On transmit the antenna alternately radiates pulses 

with horizontal and vertical polarizations, while on receive echoes are simultaneously recorded 

using two separate channels with horizontal and vertical polarizations, respectively. Four data 

sets are therefore obtained for each acquisition, corresponding to four polarimetric channels. A 

polarimetric channel and the corresponding data set is usually identified by two letters, e.g. HV, 

where the first letter indicates the polarization on receive and the second the polarization on 

transmit and where H and V stand for horizontal and vertical, respectively. The four data sets are 

independently processed and then jointly exploited to retrieve additional information on the scat-

terers of the imaged area [19], [20].  

A spherical Earth model rather than a flat Earth one is usually used for the design of space-

borne SAR systems. The relationships between the main parameters of the spherical Earth model 

are summarized in Appendix A. 

2.2 Signal Processing 

The echoes corresponding to each radiated pulse (henceforth also referred to as the raw data) 

are arranged side-by-side in a two-dimensional matrix with coordinates time delay and pulse 

number, corresponding to slant range and azimuth, respectively. The raw data that look like 

noise are then processed to obtain a focused SAR image, a two-dimensional map of the surface 

backscatter, where the features of the imaged scene can be recognized. Fig. 6 shows the raw data 

and the corresponding focused SAR image acquired by DLRôs F-SAR airborne sensor over the 

calibration test site of Kaufbeuren, Germany [28]. 

SAR processing consists essentially of two separate linear filtering operations along the 

range and azimuth dimensions. 

2.2.1 The Range Dimension 

Let s(t) be the baseband waveform radiated after modulation by the radar antenna and let us 

assume that the received echo r(t) from a point-like scatterer at slant range R0 after coherent de-

modulation is the sum of a delayed, attenuated, and phase-shifted version of s(t) and an additive 

white Gaussian noise (AWGN) contribution n(t), added at the receiver 
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 (4)  

where the factor A accounts for the attenuation and j is the imaginary unit. 

Under these assumptions, it can be shown that the linear, time invariant filter h(t), which 

maximizes the output signal-to-noise ratio (SNR), i.e., the ratio of the signal power to the noise 

power, while locating the scatterer at the correct slant range R0, is the ñmatched filterò with im-

pulse response h(t) given by 

() ( )tsth -= *
 (5)  
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where * denotes complex conjugation [76]. 

A main concern is the resolution of the radar system, i.e., the minimum distance by which 

two scatterers can still be distinguished. The output y(t) of the matched filter in (5) for a rectan-

gular input waveform 
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 is given by 

 
(a) 

 

 
                                                                (b) 

Fig. 6. SAR data acquired by the DLRôs F-SAR sensor over the calibration test site of 

Kaufbeuren, Germany. (a) Raw data (log-intensity). (b) Focused SAR image (log-intensity). 
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and the attainable resolution in the slant range direction ŭR is approximately given by the width 

of |y(t)|
2
 (of the order of the pulse length Ű) times half the speed of light in free space c0 

2

0td
c

R@  (8)  

i.e., the shorter the pulse, the higher the resolution. However, as the radiated energy and hence 

the SNR after matched filtering is proportional to the pulse length Ű, the higher the resolution, the 

lower the SNR. 

To overcome this problem, many radar systems adopt a linear frequency-modulated (LFM) 

waveform, also known as ñchirpò, of the form  
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 (9)  

i.e., characterized by constant amplitude and quadratic phase variation across the pulse profile, 

where B is the chirp bandwidth. The output y(t) of the matched filter in (5) for the LFM input 

waveform of (9) and for a large time-bandwidth product BŰ can be written to a good approxima-

tion as 

() ()Btty sinc t@  (10)  

where sinc(t) denotes the cardinal sine, defined as 

()
t

t
t

p

p)sin(
sinc =  (11)  

and the attainable slant range resolution ŭR is approximately given by the reciprocal of the chirp 

bandwidth B times half the speed of light in free space c0 

B

c
R

2

0@d  (12)  

The ground range resolution ŭRg is related to the slant range resolution ŭR by 

h

d
d

sin

R
Rg =  (13)  

and therefore varies across the swath. 

As illustrated in Fig. 7, a relatively long waveform is radiated that conveys a large amount of 

energy, while a waveform characterized by a sharp peak that leads to high resolution and high 

SNR is obtained after the matched filtering operation, hence also known as pulse compression or 

range compression.  
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In practice, the received echoes are sampled at a range sampling frequency fS and conven-

iently quantized, therefore the filtering operation is inherently performed on digital signals and 

often in the frequency domain in order to reduce the computational burden. The data after range 

compression are often referred to as the range-compressed 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 width Ls given by (2). If no further processing is performed, the 

resolution of the system in the azimuth direction ŭx is also given by the extent of the radar beam 

in azimuth Ls, leading to a rather poor resolution at microwave wavelength. As an example, 

TerraSAR-X with an antenna length L = 4.8 m and a wavelength ɚ = 0.03 m at a slant range 

R0 = 650 km would attain an azimuth resolution of only ŭx = 4 km. 

The basic principle of SAR, which leads to a drastically improved azimuth resolution, dates 

back to 1951 and is due to Carl A. Wiley [9], [10], [76]. He noticed that scatterers at different 

azimuth angles ű (see Fig. 8) with respect to the radar track return echoes with distinct instanta-

neous Doppler frequency shifts fD relative to the transmitted frequency, given by 

0

2sin2
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xvv
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D
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j
@=  (14)  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Fig. 7. Linear frequency-modulated (LFM) waveform (chirp). (a) Real part. (b) Imaginary part. 

(c) Amplitude after compression. (d) Amplitude after compression in dB. 
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where x is the azimuth coordinate of the scatterer and where the small angle assumption for ű is 

made. The analysis of the Doppler frequency spectrum of the return echoes therefore allows lo-

cation of the scatterer in the azimuth direction, hence the name ñDoppler beam sharpeningò. 

The best attainable azimuth resolution ŭx can be obtained from the Doppler frequency reso-

lution ŭfD using (14), where ŭfD is equal to the reciprocal of the time T during which the scatterer 

is in the radar beam. As is apparent from the sketch of Fig. 8, it holds 
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i.e., the best attainable azimuth resolution ŭx is half the antenna length L.  

From a different point of view, the signal c(x) received from a point-like scatterer as the plat-

form moves along the azimuth coordinate x under the simplified assumption of a rectangular 

antenna pattern in azimuth and after coherent demodulation is given by 
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where (see Fig. 8) 
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i.e., c(x) has a nearly quadratic phase variation. The normalized output v(x) of a matched filter in 

the azimuth direction can be written for large values of Ls/L to a good approximation as 

() ö
÷

õ
æ
ç

å
=öö
÷

õ
ææ
ç

å
@ x

L
x

R

L
xv s 2

sinc
2

sinc 
0l

 (19)  

and the attained resolution in the azimuth direction, given by the width of |v(x)|
2
, is approximate-

ly ŭx = L/2, i.e., the same as obtained in (16).  

In analogy with the chirp bandwidth in the range direction a Doppler bandwidth BD can be 

defined as 

L

v
B S

D

2
=  (20)  

so that the azimuth resolution ŭx can be expressed as a function of the Doppler bandwidth as 
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The matched filtering in the azimuth direction coherently adds the echoes received at differ-

ent locations over a very long aperture Ls, the synthetic aperture, as in a phased array. A very 

sharp equivalent azimuth beam is therefore generated by signal processing means, which leads to 

high azimuth resolution.  

As the range to the scatterer changes along the synthetic aperture according to (18), the re-

sponse from a fixed scatterer in the range-compressed data is curved and spreads over different 

range cells (see Fig. 8). Moreover, the curvature of the response changes with range. This is the 

phenomenon of range cell migration (RCM). Several algorithms have been developed for accu-

 

Fig. 8. Synthetic aperture and range cell migration. 
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rate and efficient correction of RCM, among which the most commonly used are those based on 

the range-Doppler, the chirp scaling, and the ɤ-k approaches [81]. 

2.3 System Performance 

This section reviews the main system performance parameters for a SAR, most of which can 

be derived from the two-dimensional (2-D) impulse response function (IRF) or point spread 

function (PSF) of the SAR, i.e., the response obtained, if only a point-like scatterer is present in 

the scene.  

The 2-D IRF u(x, R) can be written to a first approximation as the normalized product of the 

matched filter outputs y(t) and v(x), given by (10) and (19), respectively, where the slant range 

variable R has been substituted to the time variable t: 
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2.3.1 Resolution and Sidelobes 

The 2-D IRF u(x, R) presents a mainlobe centered in (x, R) = (0, 0), whose half-power widths 

in slant range and azimuth define the slant range and azimuth resolution, respectively. 

The 2-D IRF u(x, R) also presents sidelobes, which impair the image quality and may mask 

weak scatterers. Two relevant parameters are the peak sidelobe ratio (PSLR), defined as the ratio 

of the peak intensity of the most prominent sidelobe to the mainlobe peak intensity, and the inte-

grated sidelobe ratio (ISLR), defined as the ratio of the energy of all sidelobes to the mainlobe 

energy. A range/azimuth PSLR and ISLR can be similarly defined for the range/azimuth main cut 

of the impulse response. 

 The PSLR and the ISLR can be reduced by applying an amplitude weighting to the transfer 

function of the matched filters in range and azimuth in the processing. This however degrades 

the resolution [82]. 

2.3.2 Distributed Scatterers and Speckle 

In focused SAR images a large variability of the intensity can be observed over neighboring 

resolution cells of the same region (e.g. a field). This phenomenon is known as speckle and can 

be explained by assuming that a large number of scatterers are present in each resolution cell, 

i.e., that the scatterer is distributed.  The complex value recorded by the radar for each resolution 

cell is the coherent sum of the contributions from all scatterers and can be characterized as a real-

ization of a statistical process. A simple but convenient model leads to a negative exponential 

distribution for the observed scatterer intensity (or backscatter) with standard deviation equal to 

the mean value of the intensity itself [79].  

The standard deviation of the backscatter measurement can be reduced by a factorLN , if 

the intensities of NL independent resolution cell of the same region ï and therefore characterized 
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by the same statistical process ï are averaged (multilooking). This however degrades the resolu-

tion by a factor NL, which is also known as the number of looks. Several adaptive despeckling 

algorithms have been developed, able to preserve resolution at the edges of the regions or in 

presence of point-like scatterers, while removing the speckle in uniform regions [79]. 

2.3.3 Noise Equivalent Sigma Zero 

As already noted, the matched filtering maximizes the output SNR, which is a relevant pa-

rameter. As the SNR depends on the backscatter and changes spatially within the scene, while the 

noise level of the system is constant, the noise equivalent sigma zero (NESZ), defined as the 

backscatter that leads to SNR = 1, is usually adopted to characterize the sensitivity of a SAR sys-

tem. The NESZ of a SAR is given by 
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where kB is the Boltzmann constant, Ts is the receiver temperature, F is the noise figure, Ltot ac-

counts for the total losses (e.g. atmosphere, system, processor), PTX is the radiated power, and 

GTX and GRX are the transmit (TX) and receive (RX) antenna gain, respectively [46], [76]. 

2.3.4 Azimuth Ambiguities 

The azimuth pattern of a real antenna ï and therefore the Doppler spectrum ï is not rectan-

gular, as assumed for simplicity in (17), but has sidelobes. Due to the finite sampling of the 

Doppler spectrum at the PRF, the signal components outside the frequency interval [-PRF/2, 

PRF/2] fold back into the main part of the spectrum, giving rise to azimuth ambiguities, i.e., am-

biguous signals displaced from the true location of the scatterer [76], [83]-[88]. 

The relative displacement in azimuth and slant range of the m-th order azimuth ambiguity for 

a scatterer at slant range R0 is approximately given by  
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respectively. Fig. 9 shows the 2-D IRF of a SAR with azimuth ambiguities up to the fourth order. 

As is apparent, azimuth ambiguities are not just displaced replicas of the main response; on 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 regions adja-

cent to low backscatter regions (e.g., urban area next to a lake). The ratio of the azimuth ambigu-

ous signal power to the main signal power for a uniform backscatter scene is referred to as the 

azimuth ambiguity-to-signal ratio (AASR) and can be estimated as 
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where G
2
(f) is the two-way antenna power pattern as a function of the Doppler frequency, Q(f) 

accounts for the amplitude weighting of the Doppler spectrum applied in the processing, and Bp 

(< PRF) is the processed Doppler bandwidth (PBW), i.e., an azimuth low-pass filter of width Bp 

can be applied to the focused SAR data to meet the AASR requirement, but this also degrades the 

azimuth resolution, which becomes 

p

S

B

v
x@d  (27)  

If the normalized azimuth pattern remains unchanged with the elevation angle, the AASR is 

constant across the swath. 

As most of the scenes are not characterized by uniform backscatter, a local AASR can be de-

 
 

Fig. 9. Two-dimensional impulse response of a SAR (log-intensity) with azimuth ambiguities up to 

the fourth order.  The horizontal and vertical axes represent slant range (0.7 km) and azimuth (36.9 

km), respectively. 
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fined as the ratio of the ambiguous signalôs local power to the main signalôs local power. A 

method for the estimation of the local AASR from SAR images is described in [86]. Fig. 10 

shows a SAR image, acquired by the German satellite TerraSAR-X over the Franz Josef Land, 

Russia, and the corresponding estimated local AASR in dB. 

 

2.3.5 Range Ambiguities and Nadir Returns 

Range ambiguities arise from preceding and succeeding echoes arriving back at the radar 

simultaneously with the desired return [76]. This phenomenon is mainly relevant for spaceborne 

SAR, where several pulses are transmitted after a given pulse before receiving its echo.  

A range ambiguity-to-signal ratio (RASR) is defined as the ratio of the range ambiguous sig-

nal power to the main signal power and can be estimated as 

     
                (a)                                                              (b) 

 

Fig. 10. (a) TerraSAR-X image acquired over the Franz Josef Land, Russia. The horizontal and 

vertical axes represent slant range (2.8 km) and azimuth (9.2 km), respectively. (b) Estimated local 

AASR in dB using the method proposed in [86]. 
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where ů
0
(ɖ) is the backscatter as a function of the incidence angle and G

2
(ɗ) is here the two-way 

antenna power pattern in elevation. The subscript ñmainò refers to the desired return, while the 

subscripts j, j = 1..NA, to the NA ambiguous (preceding and succeeding) returns. Equation (28) 

assumes that for each elevation angle the azimuth pattern is, but for a multiplicative constant, the 

same. While this assumption holds for planar antennas, where the 2-D pattern can be written as 

the product of an azimuth pattern and an elevation pattern, (28) may lead to inaccurate RASR 

evaluation for reflector antennas. In the latter case, for each elevation angle of interest the energy 

of the return is obtained by integrating the two-way azimuth power pattern over the PBW Bp and 

accounting for the amplitude weighting of the Doppler spectrum applied in the processing Q(f) 
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A model for the backscatter decay as a function of incidence angle is needed along with the ge-

ometry, for which a spherical Earth is usually assumed [89]. Unlike the AASR, the RASR may 

significantly vary across the swath and has therefore to be evaluated at each slant range within 

the swath. 

In fully-polarimetric SAR systems, the ambiguous echoes from some of the preceding and 

succeeding pulses correspond to radiated pulses with different polarizations. This has to be taken 

into account, when evaluating the RASR in (28) or (29), by using the proper value of ů
0
 for each 

contribution. The RASR will be different for each polarimetric channel and in particular could be 

critical for the cross-polarized channels, i.e., those characterized by a different polarization on 

transmit and receive, as some of the ambiguous echoes are characterized by the same polariza-

tion on transmit and receive and therefore by higher backscatters. 

Among the ambiguous returns the echo arriving back at the radar from the nadir has to be 

carefully considered. Due to the shorter slant range R and the null incidence angle ɖ, this contri-

bution can be significant and is difficult to quantify. The SAR system designer can select 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 direction, so that the nadir return is strongly attenuat-

ed. 
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3 High-Resolution Wide-Swath Imaging 

Azimuth resolution and swath width impose conflicting requirements on the PRF of a SAR. 

SAR systems are therefore limited in that a wide swath can only be imaged at the expense of a 

degraded azimuth resolution. This limitation can be overcome by using systems with multiple 

receive subapertures, displaced in along-track, which simultaneously acquire multiple samples 

for each transmitted pulse, in combination with DBF on receive. However, a very long antenna is 

required to map a wide swath. If a relatively short antenna with a single aperture in along-track is 

available, it is still possible to map a wide area: DBF in elevation, in fact, allows simultaneous 

imaging of multiple subswaths through multiple elevation beams, but ñblind rangesò are present 

between adjacent subswaths. 

3.1 Azimuth Resolution and Swath Width 

In a SAR the swath width constrains the PRF: To control range ambiguities, i.e., to avoid 

that ambiguous echoes arrive back at the radar from within the swath, the reciprocal of the PRF, 

i.e., the PRI, must be larger than the time it takes to collect returns from the entire illuminated 

swath 

0

21

c

W

PRF
PRI s>=  (30)  

where Ws is the swath width in the slant range direction, given by 

hsings WW =  (31)  

Moreover, as the radar cannot receive, while it is transmitting, once the PRI is fixed, the 

echoes coming back at the radar from some ranges cannot be received. The continuous time in-

terval, where the radar echo can be received is upper bounded by the time distance between the 

end of a transmitted pulse and the beginning of the next one, that is by PRI - t. Neglecting guard 

intervals, we have therefore intervals of duration PRI - t, where the radar echo is received, sepa-

rated by intervals of duration t, where the radar echo cannot be received, because the radar is 

transmitting. 
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In order to image a scatterer with full range resolution, however, the echo of the full trans-

mitted pulse of duration t has to be received for that scatterer and convolved with a conjugated 

replica of the transmitted signal. This means that only scatterers included within intervals of du-

ration PRI - 2t, centered in the aforementioned intervals of duration PRI - t, can be imaged with 

full range resolution. After range compression, there will therefore be intervals of duration 

PRI - t, where scatterers can be imaged with full range resolution, separated by intervals of dura-

tion 2t, where scatterers can be only imaged with degraded range resolution, as only part of the 

echo of the transmitted pulse is received for those scatterers. The maximum value of the slant 

range swath width Ws is therefore obtained by multiplying the interval duration PRI - 2t by c0/2 

( )
2

20 t-
¢

PRIc
Ws  (32)  

The blind areas, where targets can be only imaged with degraded range resolution, also 

known as ñblind rangesò, are characterized by slant ranges R0 comprised between 
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while the width in slant range ȹR0 blind of each blind range area is given by 

t00 cR blind=D  (34)  

Blind ranges can be represented as a function of the PRF in a timing diagram, which shows 

for each PRF the available swaths, whose widths satisfy the inequality in (32). Fig. 11 shows a 

timing diagram, where blind ranges are marked in black and three of the available swaths for 

PRF = 1600 Hz are highlighted in green. 

 

 

Fig. 11. Timing diagram for a pulse length Ű = 20 µs. Three of the available swaths for PRF = 1600 

Hz are highlighted in green. 
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If, on the one hand, a low PRF allows the imaging of a wide swath, on the other hand, to 

avoid significant azimuth ambiguity levels, a low PRF, or equivalently a large PRI, also implies 

the adoption of a small PBW Bp, which limits the attainable azimuth resolution. Neglecting the 

pulse length, the condition that the PRF has to be greater than the PBW Bp, whose expression 

can be derived from (27), together with (30), leads to an upper bound to the ratio between the 

swath width in slant range Ws and the azimuth resolution ŭx 
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where the right side of (35) is nearly constant at 20,000 for typical satellites in low Earth orbit 

(LEO), i.e., once fixed the azimuth resolution (e.g. ŭx = 3 m), the swath width in slant range can-

not be larger than 20,000 times the azimuth resolution, that is Ws < 60 km [76]. A smaller swath 

is usually selected, in order to account for the pulse length as well and to impose that given 

AASR and RASR requirements are met.  

If the highest azimuth resolution is to be attained, the antenna length L has to be selected so 

that the PRF is greater or equal than the Doppler bandwidth BD, given by (20), leading to 

PRF

v
L S2
²  (36)  

or even, substituting (30) in (36), to 
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i.e., the wider the swath, the longer the required antenna. In practice, a further margin factor 

(greater than 1) is usually introduced by the SAR system designer on the right side of (37) to 

meet the ambiguity requirement. 

The SAR acquisition mode so far described is known as stripmap, because a strip on ground 

is imaged as the platform moves along the radar track (Fig. 12 (a)). Additional SAR acquisition 

modes allow for wider swath (ScanSAR) or higher resolution (spotlight) [90], [91].  

In the ScanSAR acquisition mode the time T during which the scatterer is in the radar beam 

is divided into Nb + 1 intervals or bursts, where the radar observes Nb different subswaths by 

cyclically steering the radar beam to different elevation directions (Fig. 12 (b)) [90]. The swath 

width therefore increases by a factor Nb, but as the observation time is now Nb + 1 times smaller, 

the azimuth resolution degrades by a factor Nb + 1. A variant of ScanSAR is Terrain Observation 

by Progressive Scans (TOPS) [92]. 

In the spotlight observation mode, in contrast, the beam is steered in the azimuth direction to 

a fixed point to increase the time during which the scatterer is in the radar beam (Fig. 12 (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 and, vice versa, increased azimuth resolution results in a smaller im-

aged area. 
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For dual-polarimetric SAR systems, where the two polarizations are characterized by the 

same polarization on transmit, the same swath width and azimuth resolution as single-

polarimetric systems can be achieved, provided that two separate channels are employed on re-

ceive to record the two distinct polarizations. Fully-polarimetric SAR systems instead imply a 

further reduction of the swath width, if the same azimuth resolution has to be achieved [93]. As 

explained in Section 2.1, fully-polarimetric SAR systems employ two orthogonal wave polariza-

tions (e.g., horizontal and vertical) on both transmit and receive. On transmit the antenna alter-

nately radiates pulses with horizontal and vertical polarizations, while on receive echoes are sim-

ultaneously recorded by two separate antennas with horizontal and vertical polarizations, respec-

tively. In this case, in order to keep the same azimuth resolution of the single-polarimetric sys-

tem, the same time span between two consecutive pulses transmitted in the same polarization has 

to be kept. This means that the effective PRF of the system becomes double, as the pulses from 

the other orthogonal polarization have to be transmitted as well, and the imaged swath is there-

fore halved. In addition, following the considerations in Section 2.3.5, a demanding requirement 

on the RASR of the cross-polarized channels may further limit the imaged swath. 

 

 

3.2 Digital Beamforming and Multiple Receive Subapertures 

To overcome this limitation, new radar techniques have been developed, which allow for the 

acquisition of spaceborne high-resolution SAR images without the classical swath limitation 

imposed by range and azimuth ambiguities. These techniques are mainly based on DBF and mul-

tiple subaperture signal recording [53]-[59].  

In conventional radar systems with phased-array technology the scattered wave is received 

by several subapertures; the received signals are individually amplified, phase-shifted and then 

superimposed in an analog beamforming network; only the sum of the received signals is there-

 
 

 
 

(a) (b) (c) 

  

Fig. 12. SAR acquisition modes. (a) Stripmap. (b) ScanSAR. (c) Spotlight. 
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fore digitized and stored for future processing. In modern radar systems with DBF capability, in 

contrast, the signal received by each receive subaperture is individually amplified and digitized; 

the beamforming is therefore performed using the digital values in software, hence the name 

ñdigital beamformingò. This architecture enables not only the steering of the radar beam in real 

time, but also the formation of multiple beams, which simultaneously point in different elevation 

directions. 

In side-looking radar geometry (Fig. 5), the echo corresponding to a given radiated pulse ar-

rives back at the radar with increasing delays from increasing elevation angles. DBF can be 

therefore exploited on receive to steer in real-time a narrow beam towards the direction of arrival 

(DoA) of the radar echo from the ground, thereby exploiting the one-to-one relationship between 

the radar pulse travel time and its DoA (this is also referred to as scan-on-receive (SCORE) [58] 

or Sweep-SAR [59]). A large receiving antenna can hence be used to improve the sensitivity of 

the system without narrowing the swath width. As the unambiguous swath width is limited by 

the antenna length according to (37), a long antenna has to be deployed to map a wide swath.  

 Moreover, to improve the azimuth resolution, the receive antenna can be divided into multi-

ple subapertures, mutually displaced in the along-track direction and connected to individual 

receive channels. By this, multiple samples of the synthetic aperture can be acquired for each 

transmitted pulse. If Nsub is the number of subapertures, the equivalent PRF is equal to Nsub times 

the employed PRF. The coherent combination of all signals in a dedicated multi-channel proces-

sor enables the generation of a HRWS SAR image [94]-[96]. The described architecture is de-

picted in Fig. 13. 

 

Fig. 13. SAR system with scan-on-receive and multiple receive subapertures in azimuth. 
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A prominent example of such a system is the HRWS SAR, currently under development at 

Airbus with support from the DLR [55]. This system will provide a stripmap resolution of 1 m 

for a 70 km wide swath, by this increasing the stripmap resolution of TerraSAR-X by a factor of 

three and the swath width by a factor of more than two. 

The need for a very long antenna represents the main limitation of the mentioned system: A 

40 m antenna is, in fact, required to map a 350 km swath width on ground in stripmap imaging 

mode. 

3.2.1 Multi -Channel Processing 

Let us consider a system, which for each transmitted pulse collects samples at Nsub uniformly 

displaced subapertures, and let ȹxsub be the distance between two adjacent subapertures. In order 

to obtain a uniformly sampled signal in the azimuth direction, a specific PRF is required, given 

by 

subsub

S

xN

v
PRF

D
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2
 (38)  

where Nsub ȹxsub is also the total antenna length, i.e., the radar has to move half the total antenna 

length between subsequent transmitted pulses. If a different PRF is selected, e.g., to image rang-

es which would otherwise be blind or to improve the AASR, the signal is not anymore uniformly 

sampled in the azimuth direction. 

A uniformly sampled signal can be however recovered from the recurrent non-uniform one 

using a technique, known as multi-channel reconstruction, firstly suggested in [94] and based on 

the generalized sampling expansion [97].  

The generalized sampling theorem states that a band-limited signal is uniquely determined in 

terms of the samples of the responses of N linear systems hi(t), i = 1.. N, with input the signal 

itself, sampled at 1/N the Nyquist rate [97]. Moreover, the band-limited signal can be obtained by 

means of N post-filters pk(t), k = 1.. N, whose transfer functions Pk(f), k = 1.. N, are related to the 

transfer functions Hi(f), i = 1.. N, of the linear systems hi(t) [98]. In particular, the transfer func-

tions Pk(f) are given by 
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where Pkm(f), k = 1.. N, m = 1.. N, are the elements of the matrix P(f), given by 
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and H(f) is the matrix, which collects the transfer functions Hi(f), given by 
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As is apparent from (39), the post-filters Pk(f), k = 1.. N, can be interpreted as a composition 

of N pass-band filters. A block diagram of the multi-channel reconstruction is sketched in Fig. 

14. 

In the special case of systems with multiple subapertures on receive, where a common 

transmitter is employed and adopting the quadratic phase approximation of (18), the linear sys-

tems hi(t) only consist of a time delay and a phase shift and the transfer function Hi(f) can be ex-

pressed as [96] 
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where ȹxi is the distance between the transmitter and the phase center of the i-th subaperture.  

 As the received azimuth signal is not strictly band-limited, 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 itself. In particular, the 

AASR can be evaluated as described in [96], [99]. 

 

 
 

Fig. 14. Block diagram of multi -channel reconstruction with interpretation of the post-filters  as a 

composition of bandpass filters. 
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Moreover, the reconstruction filters may amplify the noise. Depending on the distribution of 

the samples and the PBW Bp, a SNR scaling factor can be evaluated [96]. 

Additional algorithms for multi-channel processing have been recently proposed, based on 

different criteria, such as the minimization of the ambiguous signal power coming from some 

frequency bands, the maximization of the signal power after reconstruction, the maximization of 

the signal to ambiguity plus noise ratio, and the minimization of the mean square error in the 

reconstruction [100]-[101]. 

3.3 New Architectures and Concepts 

In order to keep the antenna length down, several new instrument architectures and modes 

have been proposed [60]-[62]. 

3.3.1 Multi -Channel ScanSAR 

One example is the combination of multiple subapertures in azimuth with ScanSAR or 

TOPS mode (Fig. 15 (a)). As in classical ScanSAR, azimuth bursts are used to map several 

swaths. The associated resolution loss from sharing the synthetic aperture among different 

swaths is compensated by collecting radar echoes with multiple displaced azimuth subapertures 

[60]-[61]. The peculiarities of the multi-channel ScanSAR processing and their impact on system 

performance have been analyzed in [102], [103]. A possible drawback of multi-channel Scan-

SAR or TOPS approaches is the rather high Doppler centroid for some of the imaged targets, in 

case high resolution is desired. Moreover, high squint angles may also challenge co-registration 

in interferometric applications [104].  

3.3.2 Multiple Elevation Beams 

Besides multi-channel ScanSAR, of great interest are concepts based on simultaneous re-

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 modes [60]-[62]. Fig. 15 (b) provides an illustration, 

where three narrow receive beams follow the echoes from three simultaneously mapped image 

swaths that are illuminated by a broad transmit beam. With reference to the timing diagram of 

Fig. 11, the three swaths highlighted in green can be simultaneously imaged. A sufficiently high 

antenna is needed to separate the echoes from the different swaths by digital beamforming on 

receive, while a wide beam can either be accomplished by a separate small transmit antenna or a 

combined transmit-receive antenna together with tapering, spectral diversity on transmission or 

sequences of subpulses [105], [106].  

An interesting alternative to a planar antenna is a reflector, fed by a multi-channel array, as 

illustrated in Fig. 15 (c). A parabolic reflector focuses an arriving plane wave on one or a small 

subset of feed elements. As the swath echoes arrive as plane waves from increasing look angles, 
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one needs hence to only read out one feed element after the other to steer a high-gain beam in 

concert with the arriving echoes.  

A drawback of the multi-beam mode is the presence of blind ranges across the swath, as the 

radar cannot receive while it is transmitting. 

 

 

   
(a) (b) (c) 

 

Fig. 15. Advanced concepts for HRWS imaging. (a) Multi -channel ScanSAR. (b) SAR with multiple 

elevation beams (planar antenna). (c) SAR with multiple elevation beams (reflector antenna).  
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4 Staggered SAR 

Staggered SAR overcomes the problem of blind ranges by continuously varying the PRI. If 

the PRI is continuously varied, there will still be ranges, from which the echoes are not received, 

because the radar is transmitting, but they will be different for each transmitted pulse. A proper 

selection of the PRIs, i.e., imposing that two consecutive samples in azimuth are never missed, 

together with an average oversampling in azimuth allows an accurate interpolation of the non-

uniformly sampled raw data on a uniform grid, so that they can be then focused with a conven-

tional SAR processor. This concept therefore allows high-resolution imaging of a wide continu-

ous swath without the need for a long antenna with multiple subapertures [61]-[74].  

4.1 Concept 
 

DBF in elevation allows the simultaneous mapping of multiple subswaths, but blind ranges 

are present between adjacent subswaths [60]-[62]. If the PRI is uniform, blind ranges remain 

unchanged along azimuth (Fig. 16 (a)). After compression in azimuth, the image will therefore 

contain blind strips of width ȹR0 blind, given by (34). 

If, in place of a constant PRI, a sequence of M distinct PRIs, 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 of the blind ranges will no longer be given by (33). In general, the loca-

tions of the blind ranges will be different for each transmitted pulse, as they are related to the 

time distances to the preceding transmitted pulses (Fig. 16 (b)). If the overall synthetic aperture 

is considered, it turns out that at each slant range only some of the transmitted pulses are miss-

ing.  

In particular, if a sequence of PRIs is chosen such that the blind range areas are almost uni-

formly distributed across the swath, it can be shown that the percentage of missing samples in 

the raw data is approximately equal to the mean duty cycle, i.e., the ratio of the uncompressed 

pulse length Ű to the mean PRI. Following the discussion of Section 3.1, the percentage of sam-

ples in the range-compressed data, where scatterers are only imaged with degraded range resolu-

tion, is instead approximately equal to twice the mean duty cycle. 

If a relatively small percentage of pulses is missing, it is still possible to focus the data and 

obtain a SAR image over a wide continuous swath: The presence of large gaps in the raw azi-
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muth signal, however, will determine the presence of rather high sidelobes in the azimuth im-

pulse response [107], [108].  

Another possibility is to design the sequence of PRIs such that two consecutive samples in 

azimuth are never missed in the raw data. In this case, if the mean pulse repetition interval is 

decreased, i.e., if the signal is averagely oversampled, it is possible to accurately interpolate the 

data on a uniform grid, so avoiding the high sidelobes in the azimuth impulse response. As a 

lower mean PRI is used, it will be necessary to increase the antenna height in order to keep the 

same RASR.  

The use of a variable PRI to image a large continuous swath has been first suggested in [64] 

and later independently discovered by DLR [61]. Further work on the subject can be found in 

[65]. This thesis presents a robust and optimized concept of staggered SAR; moreover, it intro-

duces novel sequences of PRIs, interpolation methods, and processing strategies, which allow a 

staggered SAR system to meet outstanding ambiguity requirements with state-of-the-art antenna 

technology. A detailed analysis of range and azimuth ambiguities is furthermore presented, 

which allows an understanding of the impact of the different system parameters on the SAR im-

aging performance [66]-[74], [93]. 

4.1.1 Processing Strategies 

As sequences of PRIs are employed and the lost pulses are different for each slant range, the 

raw data recorded by a staggered SAR system are inherently non-uniformly sampled. In princi-

ple, non-uniformly sampled raw data can be processed focusing each pixel independently, i.e., in 

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 conventional SAR processor. Fig. 17 

shows the block diagrams for two different processing strategies: The processing strategy of Fig. 

17 (a), alluded in [66], consists of performing range compression on the raw staggered SAR data, 

then resampling the range-compressed staggered SAR data on a uniformly spaced grid and final-

ly performing azimuth compression, while the strategy of Fig. 17 (b), proposed in [67], consists 

  
(a) (b) 

 

Fig. 16. Location of blind ranges. (a) Constant PRI SAR. (b) Staggered SAR. 
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of resampling the raw data on a uniformly-spaced grid and then performing range and azimuth 

compression. The advantages of the latter approach in combination with some sequences of PRIs 

will become clear in the following. 

 

  
(a) (b) 

Fig. 17. Block diagrams for different processing strategies for staggered SAR data. (a) Strategy 

based on the resampling of range-compressed data. (b) Strategy based on the resampling of raw 

data. 

4.2 Design of Sequences of PRIs 

Let us assume that a sequence of M distinct PRIs, which then repeat periodically, is em-

ployed. Let us indicate the M PRIs as PRIm, m = 0..M ï 1 and let us define PRImin  and PRImax as 

the minimum and the maximum of the M PRIs, respectively. PRImin has to be kept large enough 

to control range ambiguities, while PRImax has to be kept small enough to ensure proper sampling 

in the azimuth direction: Moreover, in case the sequence of PRIs is designed such that in the raw 

azimuth signal two consecutive samples are never missed, PRImax imposes an upper bound to the 

maximum gap width, which is always smaller than 2 PRImax. 

In principle, the M PRIs can be arbitrarily (or even randomly) chosen in the interval [PRImin, 

PRImax]. However, as it will be clear in the following, a linear PRI trend has the advantage of 

letting the system designer optimize the choice of the PRIs in relation to other system parameters 

(slant ranges of interest, uncompressed transmitted pulse length) and control in a straightforward 

way the location and/or the width of the resulting gaps. A sequence, where the PRI has a linear 

trend, is defined as 

1..1   ,01 -=D-=D-= - MmmPRIPRIPRI mm  (43)  
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where ȹ is the difference between two consecutive PRIs and M is the number of PRIs of the se-

quence. Without loss of generality, we will consider the case ȹ > 0, i.e., decreasing PRI. It goes 

without saying that sequences with increasing PRI (ȹ < 0) can be used as well. 

4.2.1 Slow PRI Change 

It has been already noted that, for a constant PRI, blind range areas are located at fixed slant 

range along azimuth. If a long sequence of PRIs with a linear slowly-changing trend is em-

ployed, it can be observed that blind range areas are no longer strips parallel to the along-track 

axis, but they are instead tilted, where the tilt angle increases, as the PRI span increases. Moreo-

ver, for a given PRI span, it can be observed that the tilt slightly increases with range. Fig. 18 

shows the location of blind ranges for different PRI spans. In all four cases the maximum PRI is 

set to 0.72 ms, while the minimum PRI spans from 0.72 ms (constant PRI) to 0.66 ms. The pulse 

length is set to Ű = 30 ɛs and the number of PRIs of the sequence to M = 250. Two cycles of PRI 

variation are shown in the diagrams, while an orbit height hS = 745 km has been considered for 

the plots, i.e., to convert slant range into ground range according to the spherical Earth model of 

Appendix A. 

As a limited PRI 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 of PRIs is to choose the minimum PRI span such that blind ranges are almost uniform-

ly distributed over the slant range of interest. This means that the blind areas are tilted such that 

at far range they span over a slant range equal to the distance of two consecutive blind ranges in 

a uniform PRI case, i.e., PRI times half the speed of light in free space c0/2. 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 samples are received. 

With reference to the timing diagram of Fig. 19, where the blind ranges are displayed as a 

function of 1/PRI, the above mentioned minimum span of 1/PRI is given by the horizontal dis-

tance between two adjacent blind ranges at the maximum slant range of interest R0max 

max0

0

maxmin 2

11

R

c

PRIPRI
²-  (44)  

It has to be noted that PRImin and PRImax can be arbitrarily chosen, as long as the difference 

of their reciprocals is given by (44): The reciprocals of PRImin and PRImax must not necessarily 

correspond to blind ranges at R0max. If the span of PRI is selected according to (44), as the PRI 

spans between PRImin and PRImax, it can be observed that a large gap, i.e., a gap made of several 

consecutive missing samples, and a very short gap occur at each slant range [65].  

Assuming a linear PRI trend, a sequence of PRIs is defined, if the number of PRIs of the se-

quence M is given in addition to PRImin and PRImax. In order to avoid that the resulting azimuth 

impulse response is strongly dependent on target position, M has to be chosen such that the peri-

od Tsw of the sequence of PRIs, i.e., the sum of the M PRIs, is much smaller than the shortest 

illumination time T, i.e., the illumination time at near range T (R0 min), given by (15). In [65] it is 

shown that a sequence with Tsw = T (R0 min) is still characterized by an azimuth impulse response 
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strongly dependent on target position, while for a sequence with Tsw = T(R0 min)/5 the dependence 

is no longer significant. On the other hand, as M decreases, the distribution of blind ranges be-

comes less and less uniform. 

 Fig. 20 shows, for a sample sequence with slow PRI change, the PRI trend, the location of 

missing samples in the raw data, the percentage of missing samples and the maximum, mean and 

minimum pulse separation (PRImax = 0.38 ms, PRImin has been computed using (44) with R0max = 

1031.9 km, M = 250, t = 14.81 ɛs, hS = 745 km). From Fig. 20 (b) it is also apparent that, even 

though tilted, blind ranges divide the swath of interest into multiple subswaths. The echoes from 

these different subswaths are simultaneously collected using multiple beams by employing DBF 

in elevation. 

  

  
                                   (a)                                                                   (b) 

  
                                  (c)                                                                     (d) 

Fig. 18. Location of blind ranges for increasing PRI span for a maximum PRI = 0.72 ms. (a) 

Minimum PRI = 0.72 ms (constant PRI). (b) Minimum PRI = 0.70 ms. (c) Minimum PRI = 0.68 ms. 

(d) Minimum PRI = 0.66 ms. 
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If on the one hand sequences of PRIs, characterized by a slowly-changing PRI trend, have 

the advantage of relatively large values of PRImin, their main drawback is that large gaps are pre-

sent in the raw azimuth signal. As a consequence, after azimuth focusing, high sidelobes are pre-

sent in the azimuth impulse response in the vicinity of the mainlobe, as shown in Section 5. 

As already noticed in [60], the different azimuth bursts, separated by the large gaps, can be 

processed independently, so avoiding the high sidelobes associated to the gaps and obtaining 

several independent low resolution images, which can then be multi-looked and used to either 

enhance the radiometric resolution or to reduce interferometric phase errors. 

4.2.2 Fast PRI Change 

An alternative criterion to design sequences of PRIs is to require that two consecutive sam-

ples in azimuth are never missed in the raw data for all slant ranges of interest. The idea of opti-

mizing the sequence of PRIs by imposing that two consecutive samples in azimuth (although in 

the range-compressed data) are never missed has been suggested in [61]. In case linear PRI 

trends are considered, this criterion leads to shorter sequences with a much faster PRI change, 

compared to the previously described criterion [66], [67], [70].  

With reference to (43), assuming that PRI0 = PRImax is given, ȹ and M have to be deter-

mined. If the above mentioned requirement is satisfied over intervals of ȹ and M, the minimum 

values of ȹ and M have to be chosen to maximize PRImin and therefore achieve better perfor-

mance in terms of range ambiguities. It is assumed that the minimum and maximum slant ranges, 

R0min and R0max, as well as the uncompressed transmitted pulse length t, are known. 

 

 
 

Fig. 19. Timing diagram as a function of 1/PRI and minimum span of 1/PRI. 
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Fig. 21 (a) shows the sequence of transmitted pulses and the sequence of received pulses for 

slant range R0. The received pulses are therefore shifted by t0 = 2 R0/c0 with respect to the trans-

mitted pulses. The pulse marked by the blue arrow cannot be fully received, as another pulse is 

being transmitted at the same time. 

In order to avoid that two consecutive azimuth samples are lost in the raw data, the time sep-

aration of the first two pulses of the sequence (i.e., the largest PRI of the sequence, denoted as 

PRI0) must be at least t larger than the separation PRIk* of the pulses transmitted while the two 

first pulses are received from a range R0min. This first condition is depicted in Fig. 21 (b) and can 

be formally expressed as 

  
                                       (a)                                                                  (b) 

  
                                             (c)                                                                   (d) 

 

Fig. 20. Example of sequence of PRIs with slow PRI change (PRImax = 0.38 ms, PRImin has been 

computed using (44) with R0max = 1031.9 km, M = 250, t = 14.81 ɛs). (a) PRI trend. (b) Location of 

missing samples in the raw data. (c) Percentage of missing samples in the raw data versus ground 

range. (d) Maximum, mean and minimum pulse separation versus ground range. The minimum 

and mean pulse separations are not well visible, as they are very small compared to the maximum 

pulse separation. 
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where k* is the maximum value such that 
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The separation of the pulses transmitted while the first two 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 linear PRI trend guarantees a constant difference between consecutive 

PRIs. 

Substituting (43) in (45) one obtains 

*min
k

t
=D²D  (47)  

Expanding (46) and substituting in place of ȹ its minimum possible value ȹmin given in (47), 

the maximum value of k
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is obtained, where 
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and êÖú denotes the floor function, i.e., the largest integer not greater than the argument of the 

function. This value of k
*
 can then be substituted in (47) to obtain ȹmin. Slightly larger values of 

ȹ could be used to build up more elaborated sequences, as justified in Section 4.2.3. In that case, 

it is anyway necessary to compute k
*
 again, as it is needed in the following to obtain M. This can 

be done by substituting the desired value of ȹ in (46) and finding the maximum value of k
*
 

which satisfies it. One obtains 
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(a) 

  

 
(b) 

 

 
(c) 

 

Fig. 21. Diagram of transmitted and received pulses. (a) Relative delay between transmitted and 

received pulses. The pulse highlighted by a blue arrow cannot be fully received. (b) Graphical 

representation of the first condition to avoid that two consecutive azimuth samples are missing in 

the raw data, i.e., the time separation of the first two pulses of the sequence must be at least t larger 

than the separation of the pulses transmitted while the two first pulses are received from a range 

R0min. (c) Graphical representation of the second condition to avoid that two consecutive azimuth 

samples are missing in the raw data, i.e., when the pulses, whose separation is PRIk*, are received 

from a range R0max, all the pulses of the period must have have been already transmitted. 
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Once ȹ has been determined, M has to be determined as well. In this case, in order to avoid 

that two consecutive samples are missing in the raw data, M must be large enough that, when the 

pulses, whose separation is PRIk*, are received from a range R0max, all the pulses of the period 

have been already transmitted, i.e., the radar is transmitting the first two pulses of the next peri-

od. This second condition is depicted in Fig. 21 (c) and can be formally expressed as 
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From (45), in fact, PRIk* is at least t smaller than the separation of the first two pulses. If a 

smaller M were used, two consecutive pulses would be lost, when the two first pulses are trans-

mitted. 

The minimum possible value Mmin, which satisfies (51), is obtained 
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where èÖø denotes the ceiling function, i.e., the smallest integer not less than the argument of the 

function. 

As it will be shown in Section 5, if two consecutive samples are never missed in the raw data 

and the mean PRI is decreased, i.e., if the signal is averagely oversampled in azimuth, it is possi-

ble to accurately interpolate the data on a uniform grid, so avoiding the high sidelobes in the az-

imuth impulse response. Additional advantages derive from the use of sequences with fast PRI 

change in combination with the processing strategy based on the resampling of the raw data, as 

discussed in the following.  

In the left-hand part of Fig. 22 some range lines of a raw staggered SAR data set, where two 

consecutive samples in azimuth are never missed, are sketched. Blind areas, where data are miss-

ing, as the radar is transmitting, are marked in black. The width in slant range of each blind area 
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is given by the pulse length Ű times half the speed of light in free space c0. In the right-hand part 

of Fig. 22 the corresponding range-compressed staggered SAR data, obtained by correlating each 

range line with a replica of the transmitted waveform, are sketched. The shaded areas represent 

data where targets are not imaged with full range resolution, as only part of the echo of the 

transmitted pulse is received. The width in slant range of each of the latter areas is given by the 

pulse length Ű times the speed of light in free space c0, i.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 cannot be straightforwardly used 

to recover the samples on a uniformly spaced grid, they were discarded in [66], although point-

ing out that this information could have been exploited. In the following, it is shown that this 

information can be exploited, if the strategy based on the resampling of the raw data is used [67]. 

As apparent from Fig. 22, the first advantage of the strategy based on the resampling of the 

raw data is that the percentage of missing samples in the raw data is equal to the mean duty cy-

cle, while for the strategy, based on the resampling of the range-compressed data, the percentage 

of discarded samples was equal to twice the mean duty cycle. 

Furthermore, the processing strategy impacts the design of the sequence of PRIs. The values 

of ȹ and M obtained, requiring that in the range-compressed data there are never two consecutive 

azimuth samples, where targets are imaged with degraded range resolution, are given by 

*min

2

k

t
=D²D  (53)  

and 

 
 

Fig. 22. Raw (left) and range-compressed (right) staggered SAR data. Blind areas, where data are 

missing, are marked in black. The shaded areas represent data, where targets are not imaged with 

full range resolution. 
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respectively, where 
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Let us assume that PRI0, Ű, R0min and R0max are fixed. Fig. 23 shows the PRI trends of the se-

quences obtained for the two different strategies, i.e., using (47), (52), and (49) for the strategy 

based on the resampling of the raw data and (53), (54), and (55) for the strategy based on the 

resampling of the range-compressed data, for PRI0 = 0.386 ms, Ű = 14.81 ɛs, R0min = 820.7 km, 

R0max = 1031.9 km, while in Table 3 some parameters of the two sequences are summarized. The 

mean PRF on transmit PRFmean TX is defined as the reciprocal of the mean PRI of the sequence, 

while the mean effective PRF PRFmean eff is defined as the reciprocal of the mean PRI of the 

available data, i.e., data where missing or discarded samples are not considered. The following 

relation between PRFmean TX and PRFmean eff holds  

TXmeaneffmean PRFdciPRF     )1( Ö-=  (56)  

where i is equal to 1 and 2 for the strategy based on the resampling of raw and range-compressed 

data, respectively. As apparent, for the same maximum PRI, the processing strategy based on the 

resampling of the raw data leads to a sequence with approximately equal mean effective PRF, 

but with a larger minimum PRI and a lower mean PRF on transmit. If the same antenna pattern 

in elevation is used, therefore, the strategy based on the resampling of the raw data will lead to a 

better RASR. 

From a different point of view, if the minimum PRI 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 transmitted pulse. For 

this example, fixing a minimum PRI equal to 0.315 ms, the strategy based on the resampling of 

the range-compressed data allows a maximum pulse length Űmax = 14.81 ɛs, corresponding to a 

mean duty cycle of 4.22%, while the strategy based on the resampling of the raw data allows a 

maximum pulse length Űmax = 29.62 ɛs, corresponding to a mean duty cycle of 8.44%, i.e., it has 

doubled with respect to the former strategy. As the NESZ of the SAR system is inversely propor-

tional to the length of the transmitted pulse, the latter strategy can be also exploited to improve 

the NESZ of the system by 3 dB with respect to a system where the data are resampled after 

range compression, keeping approximately constant the RASR. 
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The processing strategy based on the resampling of the raw data therefore allows much more 

flexibility in designing the staggered SAR system in compliance with ambiguities and NESZ 

requirements. Note that in a conventional SAR with DBF in elevation using a constant PRI and 

multiple elevation beams, the increase of the transmitted pulse length would also imply the en-

largement of the gaps between the multiple swaths. 

Fig. 24 shows for a sample sequence with fast PRI change the PRI trend, the location of 

missing samples in the raw data, the percentage of missing samples and the maximum, mean and 

minimum pulse separation (PRImax = 0.386 ms, R0min = 820.7 km, R0max = 1031.9 km, t = 14.81 

ɛs, hS = 745 km). 

 

 

Fig. 23. PRI trends of the sequences obtained for the two different strategies, for PRI0 = 0.386 ms, 

Ű = 14.81 ɛs, R0min = 820.7 km, R0max = 1031.9 km. 

 

 

Parameter Resampling of  

range-compressed data 

Resampling of raw  

data 

Minimum PRI 0.318 ms 0.354 ms 

Mean PRF on transmit 2837 Hz 2701 Hz 

Mean effective PRF 2598 Hz 2593 Hz 

Table 3. Parameters of the two sequences of PRIs. 
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         (a)                                                                  (b) 

  
         (c)                                                                   (d) 

 

Fig. 24. Example of sequence of PRIs with fast PRI change (PRImax = 0.386 ms, R0min = 820.7 km, 

R0max = 1031.9 km, t = 14.81 ɛs). (a) PRI trend. (b) Location of missing samples in the raw data. (c) 

Percentage of missing samples in the raw data versus ground range. (d) Maximum, mean and 

minimum pulse separation versus ground range.  

4.2.3 More Elaborated Sequences 

Sequences of PRIs with fast PRI change have the advantage of the limited maximum pulse 

separation, which allows the recovery of missing samples by interpolation. In contrast to se-

quences with slow PRI 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, more distant sidelobes 

are anyway present in the azimuth impulse response. The energy of such sidelobes can be spread 

along azimuth introducing some irregularity in the sequence of PRIs. 
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One possibility is to concatenate S sequences of PRIs with fast PRI change. Let us denote the 

S sequences with the index s = 0..S-1 and let us assume that the (S-1)-th sequence has been com-

puted, as explained in Section 4.2.2. In particular, for that sequence, PRI0, k
*
, ȹ, and M are 

known and will be indicated as PRI0(S-1), k(S-1)
*
, ȹ(S-1), and M(S-1), respectively. For all the 

other S-1 sequences, PRI0(s), k(s)
*
, ȹ(s), and M(s), s = 0..S-2, can be computed as follows 
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The S sequences of PRIs repeat then periodically. If the described procedure is used, two con-

secutive azimuth samples are never missing in the raw azimuth data. Fig. 25 shows for such a 

more elaborated sequence the PRI trend, the location of missing samples in the raw data, the per-

centage of missing samples and the maximum, mean and minimum pulse separation (S = 7, 

PRI  max(S-1) = 0.405 ms, R0min = 820.7 km, R0max = 1031.9 km, t = 14.81 ɛs, hS = 745 km). In this 

case the percentage of lost samples in the raw data is minimized and kept below 6% over the 

swath width. 

The same considerations on the processing strategies of Sections 4.1.1 and 4.2.2 also apply 

to the more elaborated sequences of PRIs. 

4.2.4 Sequences 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 fully polarimetric SAR systems, which image a wide 

continuous swath with high resolution. 

As on transmit the antenna alternately radiates pulses with horizontal and vertical polariza-

tions, while on receive echoes are simultaneously recorded using two separate channels with 

horizontal and vertical polarizations, the sequence of PRIs has to be designed such that two con-

secutive azimuth samples are never missed in the raw data for each of the four data sets, corre-

sponding to the four polarimetric channels. 
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A straightforward way to obtain such a sequence is to design a sequence of PRIs, as ex-

plained in Sections 4.2.2 and 4.2.3, and then repeat each PRI of the sequence twice. Fig. 26 

shows for a sample sequence of PRIs the PRI trend, the location of missing samples in the raw 

data for each polarimetric channel, and the percentage of missing samples for each polarimetric 

channel. A 175 km continuous ground swath is considered in this example. 

 

 

  
         (a)                                                                  (b) 

  
         (c)                                                                   (d) 

 

Fig. 25. Example of a more elaborated sequence of PRIs. (a) PRI trend. (b) Location of missing 

samples in the raw data. (c) Percentage of missing samples in the raw data versus ground range. (d) 

Maximum, mean and minimum pulse separation versus ground range. 
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4.3 Interpol ation Methods 

In this section some resampling methods are discussed, which allow recovering uniformly 

sampled data from staggered SAR raw data, which are inherently non-uniformly sampled. The 

recovered uniformly sampled raw data are then focused using a conventional SAR processor.  

The effects of RCM and their implications on the 2-D signal reconstruction are also a con-

cern. This problem has been dealt with in [95] with reference to multiple subaperture (separation 

between receivers of the order of 10 m) and multiple platform (separation between receivers of 

the order of 250 m) systems. In particular, it has been shown that, while the differential range 

curvature can be neglected in both multiple subaperture and multiple platform systems, the rela-

tive range offset is negligible only in the multiple subaperture case, while it has to be compen-

sated for in the multiple platform case. In the staggered SAR case, all samples received from the 

 
                                        (a)                                                                (b) 

 
                                       (c)                                                                 (d) 

Fig. 26. Example of a sequence of PRIs for fully  polarimetric staggered SAR. (a) PRI trend. (b) 

Percentage of missing samples versus ground range for the different polarimetric channels. (c) 

Location of missing samples in the raw data for the polarimetric channels HH and VH. (d) Location 

of missing samples in the raw data for the polarimetric channels HV and VV. 
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same range have the same range curvature, as they are acquired in monostatic geometry. As far 

as the range offset is concerned, the time difference between the samples in the non-uniform and 

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 

subaperture case and can hence be neglected.  

4.3.1 Two-Point Linear Interp olation 

The simplest way to resample a non-uniformly 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 Reconstruction 

As the raw azimuth signal is non-uniformly sampled, but at the same time the non-uniform 

sampling is recurrent, an alternative approach to the resampling is the use of multi-channel re-

construction, described in Section 3.2.1 for systems with multiple receive subapertures. 

If for a given range, N out of the M samples of the sequence of PRIs are available, i.e., M-N 

samples are missing, the samples of the non-uniformly sampled azimuth signal can be divided 

into N streams, where the i-th stream contains the i-th received (non-missing) sample of each 

sequence. The N streams are therefore uniformly sampled signals, characterized by a PRI equal 

to the period of the sequence Tsw, and can be interpreted as filtered versions of the uniformly 

sampled azimuth signal, subsampled by a factor of N. For the i-th stream, the linear filter consists 

of a mere time shift and its transfer function is given by 

() ( ) NiftjfH ii ..1, 2exp == p  (58)  

where ti, i=1..N, is the time at which the i-th (non-missing) pulse is begun to be received. Unlike 

the linear filter for the multiple subaperture case, given in (42), the phase term coming from the 

bistatic geometry of the system with multiple subapertures is missing in the staggered SAR case. 

In the special case, where all linear filters consist of mere time shifts, the expression of the 

post-filters can be further simplified. In particular, the k-th post-filter Pk(f) is given by the cas-

cade of a filter Hk* (f), that is the complex conjugate of Hk(f), and a second filter, which consists 

of a complex weighting of the N subbands. 

The elements Hmk(f), m = 1..N, k = 1..N, of the matrix H(f), defined in (41) and here consid-

ered using the reciprocal of Tsw in place of the PRF of the multiple subaperture system, in fact, 

become 
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i.e., Hmk(f) can be decomposed into the product of a frequency variant component and a complex 

coefficient bmk, defined as 
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( ) NkNmTmtjb swkmk ..1,..1, )1(2exp ==-= p  (60)  

As H(f) and P(f) are related by (40), for the matrix multiplication rule, it has to hold 
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In particular, the two equations in (61) have to hold for all frequencies f in the interval I1, defined 

as 
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therefore Pkm(f+(mï1)/Tsw) in the first equation of (61) has to contain a frequency variant compo-

nent, which cancels out the one in Hmk(f). Pkm(f+(mï1)/Tsw) can be therefore written as 

( )( ) ( )( )( ) NkNmTmftjwTmfP swkkmswkm ..1,..1, 12exp1 ==-+-=-+ p  (63)  

Recalling the definition of the post-filter Pk(f), given in (39), and considering the expression of 

the functions Pkm(f) given in (63), it is apparent that, in the staggered SAR case, Pk(f) consists of 

a cascade of a filter Hk* (f), complex conjugate of Hk(f), and a second filter, which provides com-

plex weighting of the N subbands by the coefficients wkm, m=1..N. 

The coefficients wkm, k=1..N, m=1..N, can be computed by solving the set of equations ob-

tained by substituting (59) and (63) in (61) 
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The set of equations can be solved by introducing the coefficients zkm, k=1..N, m=1..N  

( ) NkNmbwTmtjwz mkkmswkkmkm ..1,..1,)1(2exp ===--= p  (65)  

and substituting them in (64) 
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The coefficients zkm, k=1..N, m=1..N, are therefore the elements of the matrix Z, which is related 

to the elements bkm, k=1..N, m=1..N, of the matrix B by 

1
BZ
-Ö=N  (67)  
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The coefficients wkm, k=1..N, m=1..N, are finally obtained from (65). They can also be seen as 

elements of a matrix W, which can be written in a compact form as 

T1T
BBBZW *.*. -Ö== N  (68)  

where the symbol .* stands for element-wise multiplication of matrices and the apex 
T
 denotes 

matrix transposition (without conjugation). 

In the special case of non-uniformly sampled signals, therefore, the following expression for 

Pk(f) holds 

() () NkfWfHfP kkk ..1),( * ==  (69)  

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

Fig. 27 shows the equivalent block diagram of multi-channel reconstruction for the special case 

of staggered SAR. It is also highlighted how the filter Wk(f) weights the N subbands. 

Even in the staggered SAR case, as the received azimuth signal is not strictly band-limited, a 

reconstruction error will be present, as the signal components outside the above mentioned fre-

quency band fold back to the main part of the spectrum and disturb the reconstruction of the sig-

nal itself [96], [99]. As it will be shown in Section 5, for very large N, such signal components 

may be significantly amplified, making the reconstruction of the signal no longer possible.  
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Fig. 27. Block diagram for multi -channel reconstruction for the staggered SAR case, where the 

post-filters consist of a cascade of a filter Hk* (f), complex conjugate of Hk(f), and a second filter, 

which provides complex weighting of the N subbands. 
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Moreover, the reconstruction filters may amplify the noise. Depending on the distribution of 

the samples and the PBW, a SNR scaling factor can be evaluated [96]. The SNR scaling factor 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 constant PRI, equal to the mean effec-

tive PRI of the considered staggered SAR system. 

Some investigations concerning the use of multi-channel reconstruction in systems with con-

tinuously varied PRI have been reported in [73]. 

4.3.3 Best Linear Unbiased (BLU) Interpolation 

The best way to account for the statistical properties of the raw azimuth signal is to make use 

of the knowledge of its power spectral density (PSD) to obtain the best linear unbiased estimates 

of the signal itself at the desired locations [109].  

Let u(t) be the raw azimuth signal, which can be characterized as a zero-mean complex ran-

dom process. If a uniformly illuminated rectangular azimuth aperture of length L is used in 

transmission as well as in reception, neglecting the range variation, the PSD of u(t), denoted as 

Pu(f), is proportional to the antenna power pattern and given (but for a real constant) by [110]  
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where U(f) is the spectrum of u(t). 

The normalized autocorrelation function Ru(x) of the complex random process u(t) is propor-

tional to the inverse Fourier transform of Pu(f) and can be expressed in closed form as 
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(72)  

The expression of (71) can be written as the product of two squared cardinal sine functions, 

whose Fourier transforms are given by triangular functions. The Fourier transform of the expres-

sion of (71) can be therefore obtained by taking the convolution of two triangular functions. 

It can be noticed that  

()
S

u
v

L
R ²= xx ,0  (73)  

In the presence of AWGN, the autocorrelation function of the contaminated complex random 

process un(t), now denoted as Run(x), is given by 
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where d(Ö) is the Kronecker delta.  

The interpolation problem can be formalized as follows: We would like to estimate u(tint), 

using Q values u(tq), q = 1..Q. As far as Q is concerned, Q is the number of available samples, 

whose distance from tint is less than L/vS. Samples that are more distant than that, in fact, are un-

correlated with u(tint), as apparent from the property given in (73), which was directly derived 

from the expression of the autocorrelation itself. 

Let u be a column vector collecting the samples u(tq), q = 1..Q, let r be a column vector, 

whose elements are given by 

( ) QqttRr qunq ..1 , int =-=  (75)  

and let G be a matrix, whose elements are given by 

( ) QsQqttRg squnqs ..1 ,..1 , ==-=  (76)  

The best linear estimate of u(tint) is given by [109] 
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Moreover, the relative variance is given by [109] 
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In order to avoid the SNR estimation, a suboptimal approach for high SNR is to use Ru(x) in 

place of Run(x) in (75) and (76) and then evaluate the resulting SNR scaling. 

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 raw azimuth signal is no longer given by (71) and it is not 

always possible to express the autocorrelation function in closed form. In this case, the autocor-

relation function has to be evaluated numerically. Moreover, as for each of the samples to be 

estimated the distances to its Q closest samples change, a fitting of the numerically evaluated 

autocorrelation function to an adequate closed-form expression would allow a much faster im-

plementation.  

Compared to two-point linear interpolation, the computational cost of best linear unbiased 

interpolation is significantly increased. A clever implementation is therefore required, especially 

if the processing has to be performed on-board. As better discussed in Section 0, performing the 

interpolation on-board allows a considerable reduction of the data volume to be transferred to the 

ground segment. 



 

 

5 Performance Analysis and Design Examples 

The performance of staggered SAR is discussed and compared to that of a SAR system with 

constant PRI and multiple elevation beams through an L-band design example based on a reflec-

tor antenna with multiple feeds. The attained range and azimuth resolutions are the same as for a 

system with constant PRI, while a wide continuous swath is imaged rather than several 

subswaths divided by blind areas. Outstanding ambiguity performance is obtained, provided that 

a high mean PRF on transmit is employed, i.e., data have to be oversampled in azimuth. As an 

additional benefit, the energy of range and azimuth ambiguities is spread over large areas: Am-

biguities therefore appear in the image as a noise-like disturbance rather than localized artifacts. 

The impact on performance of the selected sequence of PRIs, the adopted interpolation method 

and the processing strategy are also addressed. The implications of full polarimetry are discussed 

and a C-band design example based on a planar antenna is presented as well.  

5.1 Input Parameters and Performance Measurements 

The performance of a system based on the staggered SAR concept depends on several sys-

tem and processing parameters. Some of them are typical of a conventional SAR system, such 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. Other parame-

ters are instead peculiar of a staggered SAR system, namely the selected sequence of PRIs, the 

adopted resampling method, and the processing strategy, i.e., whether the resampling is per-

formed on raw data or range-compressed data. 

An exemplary set of system and processing parameters is provided in Table 4. Among the 

system parameters there are the radar wavelength, related to the radar carrier frequency through 

(3), the wave polarization (or polarizations), and the parameters related to the geometry, i.e., the 

orbit height and the minimum and maximum incidence angles, which ï for this exemplary set of 

parameters ï correspond to a swath width on ground of approximately 350 km, according to the 

spherical-Earth model of Appendix A. Then the main characteristics of the antenna are listed, 

including the tilt angle, i.e., the angle between the nadir direction and the pointing direction of 

the antenna. In this example, a reflector antenna, whose diameter, focal length and offset are 

specified, is considered. The antenna has thirty-two feeds in elevation and six feeds in azimuth, 
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where the six feeds in azimuth are pairwise combined to form three azimuth channels. For each 

group of six azimuth feeds a transmit/receive (T/R) module is used, whose power is divided be-

tween the three azimuth channels according to fixed weights. On transmit, all feeds are activated 

to illuminate the full swath. A set of phase-only weights is applied to the thirty-two groups of six 

azimuth feeds to optimize the shape of the elevation pattern on transmit. On receive, different 

groups of five adjacent elevation feeds and all six azimuth feeds are activated to steer multiple 

high-gain beams in concert with the arriving echoes, as already described in Section 3.3.2. For 

each group of six azimuth feeds, the signals received by the three azimuth channels are combined 

according to fixed weights, while for each elevation beam the five signals received by five 

groups of six azimuth feeds are combined on-board through real-time beamforming, as described 

in [111]. In particular, the weights are selected according to the minimum variance distortionless 

response (MVDR) or Capon beamformer, assuming an AWGN disturbance [112]. It has to be 

stressed that this is not a system with multiple azimuth subapertures, as only a linear combina-

tion of the received signals is digitized and stored for future processing. 

Parameter Value 

Radar wavelength 0.2384 m (L-band) 

Wave polarization  HH 

Orbit height 745 km 

Minimum incidence angle 26.3° 

Maximum incidence angle 46.9° 

Tilt  angle 32.4° 

Antenna type Reflector 

Antenna diameter 15 m  

Focal Length 13.5 m 

Offset 9 m 

Feed elements in azimuth 6 

Feed elements in elevation 32 

Mean duty cycle 4% 

Chirp bandwidth 80 MHz 

Range sampling frequency 88 MHz 

Mean PRF on TX 2700 Hz 

Sequence of PRIs More elaborated sequence  

Number of concatenated sequences 7 

Resampling method BLU on raw data (before range 

compression) 

Processed Doppler bandwidth 780 Hz 

Azimuth processing window Generalized Hamming with Ŭ = 0.6 

Compensation of the azimuth pattern Yes 

Range processing window Generalized Hamming with Ŭ = 0.6 

Backscatter model DôAria [114] 

Table 4. Exemplary set of system and processing parameters of a staggered SAR 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, while Fig. 29 shows the normalized transmit and re-

ceive antenna patterns in azimuth at near range (worst case, i.e., wider patterns) as a function of 

the azimuth angle. The antenna patterns have been computed using the GRASP software [113]. 

Further parameters present in the table are the mean duty cycle, i.e., the ratio of the uncom-

pressed pulse length to the mean PRI, the chirp bandwidth, and the range sampling frequency, 

which is usually selected to be slightly higher than the chirp bandwidth. Furthermore, the se-

quence of PRIs is specified; in this example the sequence of Fig. 25 is adopted, characterized by 

a mean PRF on transmit equal to 2700 Hz and a mean effective PRF equal to 2588 Hz.  

 
 

Fig. 28. Normalized transmit and receive antenna patterns in elevation at near range vs. elevation 

angle for the reflector antenna with multiple feeds. 

 
 

Fig. 29. Normalized transmit and receive antenna patterns in azimuth at near range vs. elevation 

angle for the reflector antenna with multiple feeds. 
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Among the processing parameters, in addition to the interpolation method, used to resample 

the non-uniformly sampled signal to a uniform grid, the PBW has to be specified, together with 

the amplitude weighting (or processing windows) used in range and azimuth to reduce the PSLR 

and the ISLR. An additional azimuth processing window, which compensates for the azimuth 

antenna pattern within the PBW, is sometimes applied to obtain similar shapes of the PSDs of 

the SAR signal in range and azimuth. Finally, a model for the backscatter decay as a function of 

the incidence angle has to be assumed to evaluate the RASR. The backscatter decay as a function 

of the incidence angle used for the L-band design examples is taken from [114] and depicted in 

Fig. 30 for the different polarization channels. 

The main advantage of a staggered SAR over a SAR system with constant PRI and multiple 

elevation beams is the possibility to image a wide continuous swath rather than several 

subswaths divided by blind areas. As already pointed out in Section 4.2, the design of the se-

quences of PRIs may require information concerning the swath as an input: For sequences of 

PRIs with slow PRI change, the minimum span of 1/PRI in fact has to be selected on the basis of 

the maximum slant range R0max, according to (44); for sequences of PRIs with fast PRI change 

and more elaborated sequences, the sequence has to be designed taking into account the mini-

mum and maximum slant ranges R0min and R0max, so that two consecutive azimuth samples are 

never missed in the raw data for all slant ranges of interest. 

As for a SAR system with constant PRI, the attained slant range, ground range, and azimuth 

resolutions are roughly given by (12), (13), and (27), respectively. More accurate expressions 

should include a factor 0.886 related to the ñsincò shape of the IRF and a resolution broadening 

factor (greater than 1) due to the amplitude weighting for sidelobe suppression. As far as the 

range and azimuth PSLR are concerned, as for a constant PRI SAR, they are equal to -13.3 dB, if 

no amplitude weighting is applied in the processing, while they become better than -30 dB, after 

a weighting with a generalized Hamming window with Ŭ = 0.6. This is also the amplitude 

weighting applied in the operational TerraSAR-X/TanDEM-X processor. 

 
 

Fig. 30. Backscatter coefficient as a function of the incidence angle for different polarizations at 

L-band according to the model of DôAria [114]. 
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The NESZ is the same as for a constant PRI SAR with multiple elevation beams, same input 

parameters, and PRF equal to the mean PRF on transmit of the staggered SAR system, but for a 

possible NESZ degradation, due to the amplification of the noise within the resampling opera-

tion, already mentioned in Sections 3.2.1 and 4.3.2 with regard to multi-channel reconstruction 

and denoted as SNR scaling 

where ū denotes the SNR scaling factor, i.e., the SNR (or NESZ) degradation due to the 

resampling, which can be assessed by simulation, as explained in the following, and is expected 

to vary across the swath, as different samples are missing at different ranges.  

Staggered SAR operation has significant effects on range and azimuth ambiguities, which 

deserve a dedicated analysis. In a SAR system with constant PRI, during the acquisition of the 

raw data, the range ambiguous echoes of a scatterer are located at the same 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 of ghost targets in the SAR image, be-

cause the ambiguous energy is integrated along azimuth, even though the range migration is not 

fully matched, as for the scatterer. In a staggered SAR system, the range ambiguities are located 

at different ranges for different range lines, as the time distance to the preceding and succeeding 

pulses continuously varies. The ambiguous energy is therefore incoherently integrated and 

spread almost uniformly across the Doppler spectrum. If the mean PRF on transmit of the system 

PRFmean is much larger than the PBW Bp, a significant amount of the ambiguous energy is there-

fore filtered out during the SAR processing. Moreover, the residual ambiguous energy of a scat-

terer is spatially almost uniformly distributed over the whole synthetic aperture and over a range 

equal to the PRI span times half the speed of light. The same applies to nadir echoes, which re-

sult from the same phenomenon. 

These peculiarities, as well as the specific sequence of PRIs, have to be taken into account 

for the evaluation of the RASR. In particular, for a given sequence of PRIs, the RASR has to be 

evaluated for each of the M transmitted pulses of the sequence. Due to the uniform distribution 

of the ambiguous energy, the RASR is then obtained for each slant range by averaging the RASR 

obtained for the M transmitted pulses. Moreover, the amplitude weighting of the Doppler spec-

trum applied in the processing Q(f) has to be accounted for. The RASR can be then expressed as 

 

X  0

3

33

      

     sin  256

TmeanRXTXTX

totsBS

PRFcGGP

LFBTkvR
NESZ

tl

hp F
=  (79)  



60 5  Performance Analysis and Design Examples   

 

 

( )
()

( )

( ) ( ) ()

mainmain

B

Bf

mainmain

M

m

N

j jmjm

PRF

PRFf

jm

mean

B

Bf

jm

R

dffQfG

R

dffG
PRF

dffQ

M
RASR

p

p

mA

mean

mean

p

p

h

qhs

h

qhs

sin

  ,

sin

 ,
1

3

2

2

220

1

0 1
3

2

2

2

2

2

2

0

ñ

ää
ñ

ñ

-=

-

= =

-=

-=

@  
(80)  

where the subscripts m, m = 0..M-1, refers to the transmitted pulse of the sequence and j, 

j = 1..NAm, to the NAm ambiguous (preceding and succeeding) returns and where the azimuth am-

biguities of the range ambiguities have been neglected [69]. The same formula can be also used 

for the fully polarimetric case, taking into 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 of ů
0
(ɖ) for each contribution. Fig. 31 shows the RASR in dB for a stag-

gered SAR with the parameters of Table 4, evaluated using (80), and a constant PRI SAR with a 

PRF equal to the mean PRF on transmit of the staggered SAR, evaluated using (29). As appar-

ent, the RASR is up to 5.7 dB better in the staggered SAR case, due to the aforementioned inco-

herent integration of the range ambiguous echoes.  

It should be also mentioned that for SAR systems with multiple elevation beams, either with 

constant PRI or staggered SAR, the wide antenna elevation pattern on transmit represents a 

drawback for range ambiguity suppression. While a conventional SAR with a single elevation 

beam typically benefits from both transmit and receive antenna elevation patterns for range am-

biguity suppression, a SAR with multiple elevation beams has to rely on the receive beams 

alone. The most prominent range ambiguous returns, in fact, are typically illuminated by almost 

the same antenna elevation pattern on transmit as the desired return. To improve the range ambi-

guity suppression, one has therefore to decrease the beam width in elevation, which corresponds 

to an increase of the antenna height. Another option could be the employment of on-board null-

steering techniques like the linear constrained minimum variance (LCMV) beamforming [115], 

analyzed in [111]. 

As far as azimuth ambiguities are concerned, for a staggered SAR system it is not always 

straightforward to evaluate the AASR using the azimuth antenna pattern as for a constant PRI 

SAR, i.e., using (26), because the resampling operation may change the shape of the azimuth 

spectrum of the signal. In order to assess the impact of azimuth ambiguities, however, the acqui-

sition process and the signal processing can be simulated, assuming that only a point-like scatter-

er is present in the scene. The focused data obtained from the simulation correspond to the 2-D 

IRF of the system, from which several performance parameters ï and in particular the ISLR ï can 

be then evaluated. 
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A good estimate of the AASR can be obtained as the difference of the attained ISLR and the 

ISLR of a constant PRI SAR with PRF equal to the mean PRF on transmit of the staggered SAR 

system PRFmean TX, same values for the other system and processing parameters as the staggered 

SAR, and an azimuth antenna pattern equal to zero outside the interval [-PRF mean TX/2, 

PRF mean TX/2] [69]. Fig. 32 shows for a constant PRI SAR with the parameters of Table 4 and a 

PRF equal to the mean PRF of the staggered SAR the estimated AASR using the azimuth antenna 

pattern, i.e. (26), and the difference of the ISLRs. As is apparent, the method based on the differ-

ence of the ISLRs provides a very accurate estimate of the AASR even for very low AASR levels. 

Fig. 33 shows for the parameters of Table 4 and a slant range R0 = 820.7 km (near range) the 

raw data with gaps and the raw data after resampling, Fig. 34 shows the focused data, while Fig. 

35 shows the focused data for a system with constant PRI with a PRF equal to the mean PRF on 

transmit of the staggered SAR system. The comparison of the 2-D IRFs of Fig. 34 (a) and Fig. 35 

(a) highlights a peculiarity of staggered SAR: Not only range ambiguities, but also azimuth am-

biguities appear smeared in the staggered SAR 2-D IRF, where some additional ambiguous ener-

gy is however present within 20 km distance from the mainlobe. As discussed in Section 5.3, in 

order to limit this additional ambiguous energy and meet the AASR requirement, the mean PRF 

on transmit of the staggered SAR system has to be higher than the PRF of a constant PRI SAR 

with the same antenna characteristics.  

From the 2-D IRF the slant range and azimuth resolutions, the range and azimuth PSLRs, 

and the ISLR can be evaluated. The ground range resolution is computed from the slant range 

resolution, using (13), while the AASR is estimated from the difference of the ISLRs, as explained 

above. The SNR scaling factor is instead evaluated by simulations as described in the following. 

Noise-only raw data, i.e., the AWGN contribution, are generated for both the staggered SAR raw 

data and the reference raw data with constant PRF equal to the mean PRF on transmit of the 

staggered SAR. Noise-only raw data are then processed as the noise-free raw data (i.e., 

resampling to a uniform grid, conventional SAR processing). The SNR scaling factor ū is there-

fore evaluated as the ratio of the ratios of the output and input SNRs of the staggered SAR data 

 
(a)                                                                       (b) 

Fig. 31. RASR in dB. (a) Staggered SAR with the parameters of Table 4. (b) Constant PRI SAR with 

PRF equal to the mean PRF on transmit of the staggered SAR system. 
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and the reference data with constant PRF. In agreement with (79), the SNR scaling factor de-

scribes the degradation of the NESZ for a staggered SAR system with reference to a constant PRI 

system with the same mean PRF on transmit.  All these performance measurements for a stag-

gered SAR with the parameters of Table 4 are displayed as a function of ground range in Fig. 36.  

There are two main reasons why 2-D simulations have been preferred to 1-D (azimuth) 

simulations: First, 1-D simulations do not provide the correct absolute levels of azimuth ambigu-

ities for a point-like scatterer, as the defocusing of azimuth ambiguities is not accounted for
3
 

[83]-[85]; furthermore, possible effects related to the two-dimensional spatial distribution of the 

missing samples within the pulse extension would be neglected. However, it can be observed that 

a 1-D (azimuth) simulation still provides a good estimate for the AASR from the difference of the 

1-D (azimuth) ISLRs, while requiring a considerably smaller computational time. 

Fig. 37 shows for the parameters of Table 4 and a slant range R0 = 820.7 km (near range) the 

raw azimuth signal data with gaps and the raw azimuth signal after resampling, Fig. 38 shows the 

focused azimuth signal, while Fig. 39 shows the focused azimuth signal for a system with con-

stant PRI with a PRF equal to the mean PRF on transmit of the staggered SAR system. Fig. 40 

(a) shows the AASR estimated by a 1-D simulation, which slightly differs from the AASR esti-

mated by a 2-D simulation, displayed in Fig. 36 (g). The difference of the AASRs estimated by 

1-D and 2-D simulations, which can be interpreted as the estimation error for a 1-D simulation, is 

displayed in Fig. 40 (b) and is smaller than -45 dB. 1-D simulation can be therefore very useful 

to quickly assess the impact of one or more input parameters on the AASR. 

                                                                 
3
 The part of the raw data responsible for the azimuth ambiguities, i.e., the area illuminated by the az-

imuth sidelobes of the antenna pattern, spreads over several range cells. RCM is not properly com-

pensated for those data, nor is the azimuth filter matched to the phase variation of those data. As a 

consequence, ambiguous echoes of point-like scatterers appear therefore defocused in range and azi-

muth. This phenomenon is more significant at longer wavelengths. 

    
(a)                                                                        (b) 

Fig. 32. Estimated AASR for a constant PRI SAR. (a) Using the azimuth antenna pattern and (26). 

(b) Using the method based on the difference of the ISLRs. 
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                                      (a)                                                                  (b) 

Fig. 33. Two-dimensional simulation for a staggered SAR system. The horizontal and vertical axes 

represent slant range and azimuth, respectively. The sizes (slant range × azimuth) are specified for 

each plot. (a) Amplitude of the raw data with gaps in dB (7 km × 81.3 km). (b)  Amplitude of the 

raw data after resampling in dB (7 km × 81.3 km).  

 

    
                                      (a)                                                                  (b) 

Fig. 34. Two-dimensional simulation for a staggered SAR system. The horizontal and vertical axes 

represent slant range and azimuth, respectively. The sizes (slant range × azimuth) are specified for 

each plot. (a) Amplitude of the focused data in dB (3.5 km × 81.3 km). (b) Amplitude of the focused 

data in dB (zoom in the vicinity of the mainlobe, 218 m × 635 m). 
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5.2 Impact on Performance of the Features Peculiar of a 

Staggered SAR System 

In the following the impact on performance of the features peculiar of a staggered SAR sys-

tem, namely the selected sequence of PRIs, the adopted resampling method, and the processing 

strategy, is considered. 

5.2.1 Impact of the Sequence of PRIs on Performance 

Different options for the selection of the sequence of PRIs have been presented in Section 

4.2, among which sequences with slow PRI change, sequences with fast PRI change, and more 

elaborated sequences. Furthermore, three sample sequences, one for each of the three aforemen-

tioned design options, have been shown in Fig. 20, Fig. 24, and Fig. 25, respectively. All three 

sequences are characterized by the same mean PRF on transmit and have been designed to map a 

350 km ground swath, defined by the minimum and maximum slant range R0min = 820.7 km and 

R0max = 1031.9 km.  

 

    
                                      (a)                                                                  (b) 

Fig. 35. Two-dimensional simulation for a SAR system with constant PRI. The horizontal and ver-

tical axes represent slant range and azimuth, respectively. The sizes (slant range × azimuth) are 

specified for each plot. (a) Amplitude of the focused data in dB (3.5 km × 81.3 km). (b) Amplitude 

of the focused data in dB (zoom in the vicinity of the mainlobe, 218 m × 635 m). 
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                                              (a)                                                             (b) 

 
                                              (c)                                                             (d) 

 
                                               (e)                                                            (f) 

 
                                               (g)                                                            (h) 

Fig. 36. Performance measurements obtained by simulation for a staggered SAR with the 

parameters of Table 4 as a function of ground range. (a) Slant range resolution. (b) Ground range 

resolution. (c) Azimuth resolution. (d) Range PSLR. (e) Azimuth PSLR. (f) ISLR. (g) AASR. (h) 

SNR scaling factor. 
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                                          (a)                                                                 (b) 

 

Fig. 37. One-dimensional simulation for a staggered SAR system. (a) Amplitude of the raw azimuth 

signal with gaps in dB. (b)  Amplitude of the raw azimuth signal after resampling in dB. 

 

 
                                           (a)                                                                   (b) 

Fig. 38. One-dimensional simulation for a staggered SAR system. (a) Amplitude of the focused 

azimuth signal in dB. (b) Amplitude of the focused azimuth signal in dB (zoom in the vicinity of the 

mainlobe). 

     
(a)                                                                     (b) 

Fig. 39. One-dimensional simulation for a SAR system with constant PRI. (a) Amplitude of the 

focused azimuth signal in dB. (b) Amplitude of the focused azimuth signal in dB (zoom in the 

vicinity of the mainlobe). 
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The performance for the more elaborated sequences of Fig. 25 has been already considered 

in Section 5.1 for the system parameters of Table 4. In the following the impact of the sequence 

of PRIs on performance is shown, evaluating and comparing the performance obtained for the 

sample sequences of Fig. 20 (slow PRI change) and Fig. 24 (fast PRI change). The same system 

parameters as in Table 4 are assumed. 

Fig. 41 and Fig. 42 show the 2-D IRFs (including a zoom in the vicinity of the mainlobe) for 

a slant range R0 = 820.7 km (near range) and the sample sequences of Fig. 20 (slow PRI change) 

and Fig. 24 (fast PRI change), respectively, which can be compared to the 2-D IRF of Fig. 34.  

As already anticipated in Section 4.2.1 and apparent in Fig. 41 (b), high sidelobes are present 

in the vicinity of the mainlobe of the 2-D IRF for the sequence with slow PRI change. This is due 

to the fact that the raw signal cannot be recovered where the large azimuth gaps are present (see 

also the diagram with the location of missing samples in the raw data in Fig. 20 (b)). The 2-D 

IRF for the sequence with fast PRI change is instead very similar to the one obtained for the 

more elaborated sequence, but, while in the former distinct sidelobes are visible (Fig. 42 (a)), in 

the latter the sidelobes are smeared. 

Fig. 43 shows the performance in terms of azimuth resolution, RASR, AASR, and SNR scal-

ing factor for the three sample sequences as a function of ground range. As is apparent in Fig. 43 

(a), the achieved azimuth resolution is the same for the three sequences. The achieved RASR, 

shown in Fig. 43 (b), is similar for the three sequences, as expected from sequences with the 

same mean PRF on transmit. The AASR obtained using the sequence with slow PRI change 

reaches -13 dB and is therefore not compliant with typical requirements. The AASR is instead 

better than -33 dB for the sequence with fast PRI change and the more elaborated sequence.  

 
                                          (a)                                                                     (b) 

Fig. 40. (a) AASR of the staggered SAR system with the parameters of Table 4, as estimated with a 

1-D simulation. (b) Difference of the AASRs estimated by 1-D (Fig. 40 (a)) and 2-D (Fig. 36 (g)) 

simulations. 
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                                      (a)                                                                  (b) 

Fig. 41. 2-D IRF in  dB for a staggered SAR, where the sequence of PRIs of Fig. 20 (slow PRI 

change) is used. The horizontal and vertical axes represent slant range and azimuth, respectively.  
The sizes (slant range × azimuth) are specified for each plot. (a) 2-D IRF with first order azimuth 

ambiguities visible (3.5 km × 81.3 km). (b) Zoom in the vicinity of the mainlobe (218 m × 635 m). 

 

    
                                      (a)                                                                  (b) 

Fig. 42. 2-D IRF in dB for a staggered SAR, where the sequence of PRIs of Fig. 24 (fast PRI 

change) is used. The horizontal and vertical axes represent slant range and azimuth, respectively.  

The sizes (slant range × azimuth) are specified for each plot. (a) 2-D IRF with first order azimuth 

ambiguities visible (3.5 km × 81.3 km). (b) Zoom in the vicinity of the mainlobe (218 m × 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 values of AASR are achieved for the sequences with 

slow PRI change and fast PRI change in correspondence of the ground ranges, where no samples 

are missed. The SNR scaling factor, displayed in Fig. 43 (d), is slightly better and more uniform 

for the more elaborated sequence, but also for the other two sample sequences is smaller than 1.1 

dB. The abrupt changes in AASR and SNR scaling factor for the sequences with slow and fast 

PRI change could be visually seen in the image. This is however not the case for the more elabo-

rated sequences. 

On the basis of the AASR performance, sequences with fast PRI change and more elaborated 

sequences have to be preferred to sequences with slow PRI change, if high-resolution single-look 

SAR images are required. If the images have to be then multi-looked to either enhance the radi-

ometric resolution or to reduce interferometric phase errors, sequences with slow PRI change can 

be used by independently processing the different azimuth bursts, as already pointed out in Sec-

tion 4.2.1. More elaborated sequences might be preferred to sequences with fast PRI change, as 

they are characterized by smeared sidelobes and a better worst value of SNR scaling factor. 

However, if the staggered SAR system has to be used in combination with an on-board filter for 

data volume reduction (see Section 0), the use of sequence with fast PRI change allows a drastic 

reduction of the coefficients to be stored. 

 
                                              (a)                                                             (b) 

 
                                              (c)                                                             (d) 

Fig. 43. Performance comparison for different sequences of PRIs obtained by simulation for a 

staggered SAR with the parameters of Table 4 as a function of ground range. (a) Azimuth resolu-

tion. (b) RASR. (c) AASR. (d) SNR scaling factor. 
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5.2.2 Impact of the Interpolation Method on Performance 

Different resampling methods have been discussed in Section 4.3, which allow the recover-

ing of a uniformly sampled data set from the staggered SAR raw data, which are inherently non-

uniformly sampled. It has been observed that BLU interpolation accounts for the statistical prop-

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 the 2-D IRF in Fig. 44, obtained us-

ing the parameters of Table 4 and a slant range R0 = 820.7 km (near range) for the two aforemen-

tioned interpolation methods. As is apparent, the energy of the sidelobes is much lower, if BLU 

interpolation is used.  

Fig. 45 shows the azimuth resolution, the AASR, and the SNR scaling factor for different in-

terpolation methods as a function of ground range, for the parameters of Table 4, using the more 

elaborate sequence of Fig. 25 (plots on the left side) and the sequence with fast PRI change of 

Fig. 24 (plots on the right side). The RASR is not shown, as it is not influenced by the interpola-

tion method, i.e., it is the same for all interpolation methods and is given for the different se-

quences in Fig. 43 (b). In the case of the more elaborate sequence of Fig. 25 multi-channel re-

construction is not able to recover the uniformly sampled signal, due to the high number of 

equivalent channels (i.e., number of PRIs of the sequence), while in the case of the sequence 

with fast PRI change the performance for multi-channel reconstruction is provided as well, alt-

hough the significant level of SNR scaling factor, due to the distribution of the available non-

uniform samples, suggests that this technique is not well suited for staggered SAR.  

For both sequences of PRIs, BLU interpolation leads to much better AASR levels (better than 

-33 dB) compared to two-point linear interpolation (better than -26 dB), slightly better resolution 

and slightly worse SNR scaling factor, therefore it has to be preferred to the other interpolation 

methods. 
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5.2.3 Impact of the Processing Strategy on Performance 

Two different processing strategies have been described in Section 4.1.1 and illustrated 

through block diagrams in Fig. 17. In Section 4.2.2 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 range-compressed data, if used in combination with sequences, where two 

consecutive azimuth samples are never missed, i.e., sequences with fast PRI change or more 

elaborated sequences. Fig. 46 compares the 2-D IRF obtained using the parameters of Table 4 in 

combination with the sequence of PRIs of Fig. 24 for a slant range R0 = 820.7 km (near range) 

and the two aforementioned processing strategies. The achieved AASRs are equal to -22 dB and 

-33 dB for the strategy based on the resampling of range-compressed and raw data, respectively.  

 

  

 

 

 

 

 

    
                                      (a)                                                                  (b) 

Fig. 44. 2-D IRF in dB for a staggered SAR, where the more elaborated sequence of PRIs of Fig. 25 

is used. The horizontal and vertical axes represent slant range and azimuth, respectively.  The size 

(slant range × azimuth) is 0.9 km × 20.3 km. (a) Using two-point linear interpolation. (b) Using best 

linear unbiased (BLU) interpolation. 
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(a) 

 
(b) 

 
(c) 

 

Fig. 45. Performance comparison for different interpolation methods obtained by simulation for a 

staggered SAR with the parameters of Table 4 as a function of ground range for the sequences of 

Fig. 25 (left) and Fig. 24 (right) . (a) Azimuth resolution. (b) AASR. (c) SNR scaling factor. 
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5.3 System Design Considerations 

In the following the impact on performance of some system and processing parameters, i.e., 

the mean PRF on transmit, the PBW, and the duty cycle, is analyzed. The reference case of a 

SAR system with constant PRI and multiple elevation beams is considered as well. The aim of 

this section is to show how a staggered SAR system can meet different requirements, in terms of 

azimuth resolution, ambiguity, and NESZ, by properly selecting some system parameters. 

5.3.1 Mean PRF on Transmit 

The mean PRF on transmit PRFmean TX of a staggered SAR system has to be selected to com-

ply with RASR and AASR requirements. As the PRF or the mean PRF on transmit increases, the 

AASR improves, while the RASR degrades. Fig. 47 shows the AASR, the RASR, and the SNR scal-

ing factor for the system and processing parameters of Table 4 as a function of ground range for 

different values of the mean PRF on transmit PRFmean TX. The SNR scaling factor is slightly better 

for the higher mean PRF on transmit, as the gaps are smaller. The comparison of the AASR and 

RASR trends of Fig. 47 (a) and (b) with the trends of Fig. 48, which shows the performance of a 

SAR with constant PRI and multiple elevation beams, reveals that the effect on ambiguities of 

the mean PRF on transmit in a staggered SAR system is similar to the effect on ambiguities of 

the PRF in a SAR with constant PRI. In both cases AASR trends can be observed, where the AASR 

    
                                      (a)                                                                  (b) 

Fig. 46. 2-D IRF in dB for a staggered SAR, where the sequence with fast PRI change of Fig. 24 is 

used. The horizontal and vertical axes represent slant range and azimuth, respectively.  The size 

(slant range × azimuth) is 0.9 km × 20.3 km. (a) Using the processing strategy based on resampling 

of range-compressed data. (b) Using the processing strategy based on resampling of raw data. 
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                                         (a)                                                                           (b) 

 
                                                                                (c) 

 

Fig. 47. Performance vs. ground range for the staggered SAR system with the parameters of Table 

4 for diff erent values of the mean PRF on transmit. (a) AASR. (b) RASR. (c) SNR scaling factor. 

 

 
 

                                         (a)                                                                           (b) 

Fig. 48. Ambiguity performance vs. ground range for a constant PRI SAR with the parameters of 

Table 4 and different values of the PRF. (a) AASR. (b) RASR. 
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degrades at near range and far range, due to the worse azimuth patterns of the reflector in corre-

spondence of those elevation angles. The worst values of the RASR occur at far range, as the am-

biguous returns from near range are characterized by shorter range and higher backscatter than 

the main return at far range. In order to meet the ambiguity requirements with the worst value 

within the swath, a careful design of the antenna is therefore required. 

Fig. 49 shows the worst values of the AASR, the RASR, and the ambiguity-to-signal ratio 

(ASR), defined as the sum of AASR and RASR, for a staggered SAR system and a SAR with con-

stant PRI as a function of the (mean) PRF. These plots allow the selection of the mean PRF on 

transmit or the PRF on the basis of the ambiguity requirements, which depend on the application. 

As is apparent in Fig. 49 (a), an optimal selection of the mean PRF on transmit, i.e., around 2600 

Hz, allows keeping the sum of AASR and RASR, i.e. the ASR, under -29 dB. In a SAR system 

with constant PRI and multiple elevation beams, with the same antenna, an optimal selection of 

the PRF (i.e., around 1600 Hz, as apparent in Fig. 49 (b)) leads to a worst value of the ASR better 

than -31.5 dB. Although the staggered SAR system cannot reach the same level as a system with 

constant PRI and multiple elevation beams, it allows imaging of a wide continuous swath instead 

of multiple disconnected subswaths. Moreover, as range and azimuth ambiguities are smeared, 

i.e., their energy is spread over a large area, in most of the scenarios and in particular for strong 

localized scatterers, ambiguities are likely to be less visible in the staggered SAR case, even if 

the ASR is worse by 2.5 dB. 

Moreover, although the requirements are often to be met by the worst value within the 

swath, as apparent from most of the previous plots, the ambiguity performances are likely to be 

much better in average. The plots of Fig. 50 show the mean values of the AASR, the RASR, and 

the ASR across the swath as a function of the mean PRF on transmit and the PRF, for a staggered 

SAR system and a system with constant PRI, respectively. 

 

 
                                          (a)                                                                           (b) 

Fig. 49. (a) Worst value of the AASR, the RASR, and the ASR within the swath vs. mean PRF on 

transmit for the staggered SAR system with the parameters of Table 4. (b) Worst value of the AASR, 

the RASR, and the ASR within the swath vs. PRF for a constant PRI SAR with the parameters of 

Table 4. 
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The selection of the optimal mean PRF on transmit in the staggered SAR case, i.e., the one 

which allows keeping the ASR under a given threshold, leads to much higher values than in the 

constant PRI case, where the optimal PRF is already much higher than the PBW Bp. This has an 

implication for the volume of data to be downlinked, which can be anyway significantly reduced 

by an on-board Doppler filter, as described in Section 0. 

5.3.2 Processed Doppler Bandwidth 

In Section 2.3.4 the relation between PBW, azimuth resolution and AASR in a SAR with 

constant PRI has been discussed: the PBW can be reduced to improve the AASR, but this deter-

mines a degradation of the azimuth resolution, according to (26) and (27), respectively. In a con-

stant PRI SAR the change of the PBW has only a very slight (in most of the cases negligible) 

impact on the RASR and only if the RASR is computed using the two-way azimuth power pat-

terns, i.e., the expression in (29). 

While the relation between PBW and resolution still holds in the staggered SAR case, the 

impact of the PBW on the AASR can be only assessed by simulation, evaluating the AASR as 

difference of ISLRs, as explained in Section 5.1. Fig. 51 shows the AASR and the RASR for two 

different PBWs, i.e., 780 Hz and 1110 Hz, which correspond to 10 m and 7.5 m azimuth resolu-

tion, respectively. A mean PRF on transmit of 2700 Hz has been selected for the staggered SAR 

system (Fig. 51 (a)) and a PRF equal to 1800 Hz for the SAR with constant PRI (Fig. 51 (b)). As 

apparent, improving the azimuth resolution from 10 m to 7.5 m results in an acceptable AASR 

degradation for both the constant PRI case and the staggered SAR case (less than 1 dB on the 

worst value), where also a very slight RASR degradation (approximately 0.5 dB) occurs. 

 
                                         (a)                                                                           (b) 

Fig. 50. (a) Mean value of the AASR, the RASR, and the ASR across the swath vs. mean PRF on 

transmit for the staggered SAR system with the parameters of Table 4. (b) Mean value of the AASR, 

the RASR, and the ASR across the swath vs. PRF for a constant PRI SAR with the parameters of 

Table 4. 
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5.3.3 Duty Cycle 

Another important performance parameter is the NESZ, given for a staggered SAR system by 

(79). The NESZ is significantly influenced by the radiated power PTX, which depends on the 

number and power of T/R modules, which are chosen to meet the NESZ requirement for a given 

orbit. The system designer, however, can also influence the NESZ through an appropriate selec-

tion of the duty cycle, i.e., the pulse length for a given mean PRF on transmit. The longer is the 

pulse length, the better will be the achieved NESZ.  

While in a SAR with constant PRI and multiple elevation beams, once the PRF is fixed, an 

increase of the pulse length leads to larger gaps between the multiple subswaths, according to 

(34), but has no impact on range and azimuth ambiguities, in the staggered SAR case, the in-

crease of the pulse length influences the design of the sequence of PRIs (see Section 4.2) with a 

consequent degradation of the AASR, the RASR, and the SNR scaling factor. An example is pro-

vided in Fig. 52, where the duty cycle of a staggered SAR system with the parameters of Table 4 

is gradually increased from 4% to 12%. 

 

 
(a)                                                                         

 
(b) 

Fig. 51. AASR (left) and RASR (right) for two different  PBWs and the  parameters of Table 4. (a) 

Staggered SAR system with PRFmean TX = 2700 Hz (b) SAR system with constant PRI and multiple 

elevation beams with PRF = 1800 Hz. 
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With reference to the design example based on the parameters of Table 4, the ambiguity per-

formance for a duty cycle equal to 4% is outstanding. It is therefore possible to remain within 

acceptable ambiguity requirements even by increasing the duty cycle. It has to be noted that in-

creasing the duty cycle by a factor k (k > 1) does not lead to an improvement of the NESZ by a 

factor k, because an increased duty cycle leads to an increased SNR scaling factor, as more sam-

ples are missing. In the considered example the average SNR scaling factor increases from 0.5 

dB to 1.5 dB, if the duty cycle is increased from 4% to 12% (see Fig. 52 (c)). If we also account 

for the noise scaling, increasing the duty cycle from 4% to 12% (i.e., by a factor of 3 or 4.8 dB) 

implies an improvement of the NESZ by ñonlyò 3.8 dB. 

5.3.4 Fully Polarimetric SAR Systems 

As already mentioned, the staggered SAR concept can be also adopted in combination with 

polarimetry. As far as dual-polarimetric SAR systems are concerned, it is still possible to keep 

the same performance as a single-polarimetric system, i.e., the one provided for the design ex-

amples in Sections 5.3.1, 5.3.2, and 5.3.3, provided that two separate channels are employed on 

receive to record two distinct polarizations at the same time.  

The design of fully polarimetric staggered SAR systems, for which specific sequences of 

PRIs have been proposed in Section 4.2.4, is instead much more challenging. If the same antenna 

 
                                         (a)                                                                           (b) 

 
                                                                                (c) 

Fig. 52. Impact of the mean duty cycle on the performance for a staggered SAR with the 

parameters of Table 4. (a) AASR. (b) RASR. (c) SNR scaling factor. 
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designed for the single- and dual-polarimetric case is used, much worse ambiguity performance 

is expected and typical ambiguity requirements are likely to be met only over a smaller swath. In 

order to keep the same AASR for each of the four polarimetric channels, in fact, the mean PRF on 

transmit has to be doubled, with a consequent degradation of the RASR. As already pointed out in 

Section 2.3.5 with reference to a SAR with constant PRI, the RASR is usually critical for the 

cross-polarized channels, i.e., those characterized by a different polarization on transmit and re-

ceive, as some of the ambiguous echoes are characterized by the same polarization on transmit 

and receive and therefore by higher backscatters. 

Fig. 53 shows the performance in terms of AASR, RASR, and SNR scaling factor, for a fully-

polarimetric staggered SAR, which images a 175 km continuous ground swath, using the se-

quence of PRIs of Fig. 26. The same reflector antenna described in Section 5.1 is considered, 

where only sixteen out of the thirty-two groups of six azimuth feeds are activated on transmit
4
. A 

set of phase-only weights is applied to the sixteen groups of six azimuth feeds to optimize the 

shape of the elevation pattern on transmit. On receive, for each elevation beam five adjacent ele-

vation feeds and all six azimuth feeds are activated and combined as described in Section 5.1. 

The minimum and maximum incidence angle are given by 31.2° and 41.8°, respectively, the 

mean PRF on transmit is equal to 2 × 1900 Hz, the duty cycle is equal to 8%, while the other 

system and processing parameters are the same as given in Table 4. The idea is that the same 

system can be used within the same mission for different acquisition modes, i.e., single- and du-

al-polarimetric modes with 350 km continuous ground swath and a fully polarimetric mode with 

175 km continuous ground swath. The ambiguity performance is worse compared to the single- 

and dual-polarimetric case: An AASR and a RASR better than -22 dB can be achieved, which can 

be considered satisfactory for many applications, considering that range and azimuth ambiguities 

are smeared. As is apparent in Fig. 53 (b), the RASR of the cross-polarized channels is much 

worse than the RASR of the co-polarized channels, as for the cross-polarized channels some of 

the ambiguous returns are characterized by a backscatter higher than that of the desired return 

(cf. Fig. 30). 

The design of a fully polarimetric HRWS SAR system is challenging for a system with con-

stant PRI and multiple elevation beams as well, as even in that case the considerations on the 

doubling of the PRF and the critical RASR for the cross-polarized channels hold. However, in the 

constant PRI case azimuth phase coding (APC) can contribute to a significant improvement of 

the RASR [116]-[117]. APC is unfortunately not straightforwardly applicable to the staggered 

SAR case, because the range ambiguous echoes are located at different ranges for different azi-

muth samples.  

                                                                 
4
 For fully polarimetric operation two T/R modules are used for each group of six azimuth feeds. 
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5.4 C-Band Design Examples Based on a Planar Antenna 

In the following further staggered SAR design examples are provided, where the radar carri-

er frequency lies in the C-band portion of the electromagnetic spectrum, i.e., it is approximately 

4 times larger than for the previous L-band examples.  

A prominent C-band SAR mission, Sentinel-1, consisting of a constellation of two satellites, 

is currently operated by the ESA, as part of the Copernicus programme, to provide continuity of 

data from the former C-band ERS and Envisat missions [34]. The operational modes of Senti-

nel-1 include a stripmap mode, able to map a 80 km ground swath with a 5 m azimuth resolution, 

an interferometric wide-swath mode, able to map a 250 km ground swath with 20 m azimuth 

resolution, and an extra wide swath mode, able to map a 400 km ground swath with 40 m azi-

muth resolution, where TOPS is used in the latter two modes to achieve a wide swath at the ex-

penses of a degraded azimuth resolution. Due to the inherent limitation described in Section 3.1, 

however, Sentinel-1 is not able to map a wide ground swath, e.g., 400 km, with a high azimuth 

resolution, e.g., 5 m. Moreover, its polarimetric capability is limited, as only single- and dual-

polarimetric data can be acquired in the aforementioned modes. 

 
                                         (a)                                                                           (b) 

 
                                                                                (c) 

Fig. 53. Performance of a fully polarimetric staggered SAR, which images a 175 km continuous 

ground swath. (a) AASR. (b) RASR. (c) SNR scaling factor. 
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In 2008 ESA has commissioned DLR to undertake a study for a HRWS C-band SAR instru-

ment, able to map a 400 km ground swath with a 5 m azimuth resolution in single- and dual-

polarimetric modes and a 280 km ground swath with a 5 m azimuth resolution in fully-

polarimetric mode [118]. The sum of AASR and RASR, i.e., the ASR, is required to be better than 

-22 dB. The outcome of the study was that these requirements could be fulfilled using a 12.8 m × 

1.18 m planar antenna in combination with a multi-channel ScanSAR concept, described in Sec-

tion 3.3.1, where 4 subswaths are mapped using 8 azimuth channels [118]. As already pointed 

out, a possible drawback of this approach is the rather high Doppler centroid for some of the im-

aged targets, in case high resolution is desired. Moreover, high squint angles may also challenge 

co-registration in interferometric applications [104]. 

The aforementioned requirements, however, can be also met using a staggered SAR with a 

planar antenna of comparable size and without the need of 8 azimuth channels. Table 5 shows a 

possible set of system and processing parameters for a 400 km ground swath, 5 m azimuth reso-

lution, single- and dual-polarimetric staggered SAR system. 

 

Parameter Value 

Radar wavelength 0.0555 m (C-band) 

Orbit height 700 km 

Minimum incidence angle 17° 

Maximum incidence angle 44.3° 

Tilt angle 27° 

Antenna type Planar 

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

Antenna elements in elevation 22 

Mean duty cycle 6% 

Mean PRF on TX 2800 Hz 

Sequence of PRIs More elaborated sequence  

Number of concatenated sequences 7 

Resampling method BLU on raw data (before range 

compression) 

Processed Doppler bandwidth 1200 Hz 

Azimuth processing window Uniform 

Compensation of the azimuth pattern Yes 

Range processing window Uniform 

Backscatter model Fig. 55 

Table 5. System and processing parameters for a single- and dual-polarimetric  C-band staggered 

SAR with  a planar antenna, able to map a 400 km swath with 5 m azimuth resolution. 

 

In particular, a 10 m × 1.5 m planar antenna with 22 elements in elevation has been consid-

ered for the single- and dual-polarimetric case. Fig. 54 shows the normalized transmit and re-

ceive antenna patterns in elevation (at near range) as a function of the elevation angle, while in 
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the azimuth direction the ñsinc-likeò pattern obtained for a uniform illumination of the 10 m an-

tenna has been considered. For the purpose of this analysis a ñrectangular-likeò transmit pattern 

in elevation has been assumed by amplitude tapering of the 22 elements with a sinc function, 

while the receive patterns in elevation are obtained by Hamming tapering (Ŭ = 0.54) of the 22 

elements and phase shifting in the desired direction. Unlike for the previously presented L-band 

design examples, patterns have not been optimized and further performance improvements can 

be achieved as a consequence of pattern optimization. 

The same backscatter decay as a function of the incidence angle used for the HRWS C-band 

study, depicted in Fig. 55 for the different polarizations, has been used. 

Fig. 56 shows the AASR, the RASR, and the ASR for the single- and dual- polarimetric design 

example. As is apparent in Fig. 56 (c), an ASR better than -22 dB is achieved. In comparison with 

the design examples, where a reflector is used, a much lower variability of the AASR is observed, 

 

Fig. 54. Normalized transmit and receive antenna patterns in elevation at near range vs. elevation 

angle for the planar antenna with multiple elevation elements. 

 

 

Fig. 55. Backscatter coefficient as a function of the incidence 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 

AASR variation is only due to the different number and location of missing samples at different 

ranges, i.e., it would be constant for a SAR with constant PRI. 

Table 6 shows the system parameters for the fully polarimetric design example, where a 280 

km ground swath is mapped with 5 m azimuth resolution. Only the parameters which differ from 

the ones in Table 5 are specified. In this case, a higher antenna (2.6 m) with a 36 elements in 

elevation has to be used. The ambiguity performance is summarized for this design example in 

Fig. 57, where it can be observed that an ASR better than -22 dB is achieved in this case as well. 

 

 

 

 

 

 

 

 

 
                                   (a)                                                             (b) 

 
(c) 

Fig. 56. Ambiguity performance for a single- and dual-polarimetric C-band staggered SAR with a 

planar antenna, able to map a 400 km ground swath with 5 m azimuth resolution. (a) AASR. (b) 

RASR. (c) ASR. 
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Parameter  Value 

Minimum incidence angle 17° 

Maximum incidence angle 37.5° 

Tilt angle 24° 

Antenna type Planar 

Antenna size 10 m (length) × 2.6 m (height) 

Antenna elements in elevation 36 

Mean duty cycle 12% 

Mean PRF on TX 5400 Hz 

Table 6. System parameters for a fully  polarimetric  C-band staggered SAR with  a planar antenna, 

able to map a 280 km swath with 5 m azimuth resolution. 

 

 

 

 

 
(a)                                                             (b) 

 
(c) 

Fig. 57. Ambiguity performance for a fully  polarimetric  C-band staggered SAR with a planar 

antenna, able to map a 280 km ground swath with 5 m azimuth resolution. (a) AASR. (b) RASR.      

(c) ASR. 
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The latter system, designed to map a 280 km ground swath in fully polarimetric mode, can 

be also used to map a 400 km ground swath in single- and dual-polarimetric modes with out-

standing ambiguity performance. As shown in Fig. 58, an ASR better than -30.5 dB is achieved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(a)                                                             (b) 

 
(c) 

Fig. 58. Ambiguity performance for single- and dual-polarimetric  modes of the system designed to 

map a 280 km ground swath in fully polarimetric mode. (a) AASR. (b) RASR. (c) ASR. 
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6 Experiments with Real Data 

The impact of staggered SAR operation on image quality is furthermore assessed with exper-

iments using real data. As a first step, highly oversampled F-SAR airborne data have been used 

to generate equivalent staggered SAR data sets and evaluate the performance for different se-

quences of PRIs and interpolation methods. Then, the German satellite TerraSAR-X has been 

commanded to acquire data over the Lake Constance in staggered SAR mode. Measurements on 

these data show very good agreement with predictions from simulations. 

6.1 F-SAR Experiment 

In order to better understand the implications of staggered SAR operation on image quality, 

airborne data with a PRF much larger than their Doppler bandwidth, i.e., highly oversampled in 

azimuth, are firstly used. From the highly oversampled raw data, it is possible to extract raw data 

as they would have been received by a staggered SAR system with arbitrary sequences of PRIs. 

These data can be then resampled to a uniform grid, using the different algorithms described in 

Section 4.3, such as two-point linear interpolation or BLU interpolation, allowing an assessment 

of the reconstruction error on raw data. Furthermore, conventional SAR processing can be per-

formed and the image quality can be assessed for different sequences of PRIs and resampling 

algorithms, especially if several corner reflectors are present in the scene. For that reason, air-

borne data have been acquired by DLRôs F-SAR sensor over the calibration test site of Kauf-

beuren, Germany [28].  

6.1.1 Generation of Equivalent Staggered SAR Data 

The raw data used for this analysis, uniformly sampled in time, are displayed in Fig. 59. The 

scene includes twelve trihedral corner reflectors near the center of the azimuth trajectory at dif-

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 displayed in Fig. 60. 

The relevant system parameters for the considered F-SAR data set are summarized in Table 7. 

Due to the non-vanishing squint angle űsq, the data are characterized by a Doppler centroid 

frequency fDC, which can be evaluated using the well-known relationship between Doppler fre-
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quency fD and azimuth angle ű, given in (14). For this data set, the Doppler centroid frequency is 

equal to fDC = ï37.45 Hz. As the spatial coordinate in the flight direction x[p], p = 0..Naz ï 1 is 

known for each pulse transmission time, the Doppler centroid can be removed by demodulating 

the original data u[q,p] as follows 

 

 

 

Fig. 59. Raw data (log-intensity) acquired by the F-SAR airborne sensor over the calibration test 

site of Kaufbeuren, Germany. 

 

Fig. 60. Simulated raw data (log-intensity), assuming that only the twelve corner reflectors are pre-

sent in the scene. 
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Parameter Value 

Carrier frequency 1.275 GHz (L-band) 

Polarization  HH 

Sensor velocity 90.897780 m/s 

PRF 3048.7805 Hz 

Chirp bandwidth 50 MHz 

Range sampling frequency 125 MHz 

Minimum slant range 2118.3346 m  

Maximum slant range 4572.3417 m 

Transmitted pulse duration 5 ms 

Squint angle -2.7757023̄ 

Number of range lines 208896 

Number of azimuth lines 3136 

 

Table 7. System parameters for the considered F-SAR data set. 

Fig. 61 shows the two-way azimuth antenna pattern as a function of the Doppler frequency, 

which is related to the azimuth angle through (14). In particular, the Doppler frequency corre-

sponding to targets coming from an angle ű = ° 90̄  can be evaluated using (14) and for this ac-

quisition is equal to fD = ° 773 Hz. As the PRF is equal to 3048.7805 Hz, there is therefore no 

signal component characterized by a Doppler frequency outside the frequency interval [-PRF/2, 

PRF/2], which would fold back into the main part of the spectrum, leading to azimuth ambigui-

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 is only lim-

ited by thermal noise. Since the NESZ for this data set is better than -38 dB, this allows a highly 

accurate generation of an equivalent staggered SAR data set
5
. 

Before generating the staggered SAR data set, it is nevertheless of interest to evaluate an up-

per bound for the error 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 of two-point linear interpolation or BLU inter-

polation. As the true value of the sample udem[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 
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5
 As fully polarimetric data are available for this acquisition, the NESZ can be estimated from the fo-

cused data of the two cross-polarized channels as explained in [119]. 
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where [ ]pqudem ,Ĕ  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 previous and subsequent 

samples is 2/PRF, while, when generating the staggered SAR data set, the corresponding time 

difference is 1/PRF. The relative error e, as defined in (82), is displayed in logarithmic scale in      

Fig. 62 for each valid
6
 azimuth line of the data set and for different interpolation methods, while 

the autocorrelation function used within BLU interpolation and estimated from the whole data 

set is displayed in Fig. 63.  

Fig. 62 shows that BLU interpolation generally performs better than two-point linear inter-

polation, even when only two samples are used. This has been expected, as BLU interpolation 

makes use of the spectral characteristics of the data. However, even in the worst case of two-

point linear interpolation, the significant oversampling of the data leads to errors smaller than -26 

dB. For the present purposes, these can be considered negligible, as satellite data are often char-

acterized by a thermal 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 Section 5.2.1, better ambiguity performance is 

achieved, if sequences of PRIs are used in which two consecutive azimuth samples are never 

missed. For our analysis we considered two sample sequences of PRIs, taken from a typical sat-

ellite design example, namely the sequence with fast PRI change of Fig. 24, from now on re-

ferred to as sequence 1, and the more elaborated sequence of Fig. 25, from now on referred to as 

                                                                 
6
 As is apparent from Table 7 the number of azimuth lines is equal to 3136, although azimuth lines 

comprised between 0 and 410 and between 2759 and 3135 are considered invalid, as the compression 

in range is partial. Invalid azimuth lines are not displayed in Fig. 59 and Fig. 60. 

 

 

Fig. 61. Two-way azimuth antenna pattern as a function of Doppler frequency. 
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sequence 2. For each slant range some of the pulses (but never two consecutive ones) are lost 

depending on the duration of the uncompressed transmitted pulse. 

In order to account for the different 3-dB Doppler bandwidths of the actual F-SAR system 

and the satellite design example of Section 5, the PRIs of the two aforementioned sequences 

have to be scaled: As the 3-dB Doppler bandwidth in the satellite design example (855 Hz at 

near range, where the worst AASR performance is achieved) is 4.5 times larger than in the F-SAR 

data set (190 Hz), the sampling times for the F-SAR data needs to be 4.5 times larger than for the 

design example. A mean PRF on transmit of 2700 Hz in the satellite design example therefore 

 

Fig. 62. Relative error e, as defined in (82), in logarithmic scale for each valid azimuth line of the 

data set and for different interpolation methods. 

 

Fig. 63. Autocorrelation function used within BLU interpolation and estimated from the whole 

data set. 
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corresponds to a mean PRF on transmit of 2700/4.5 = 600 Hz in the F-SAR example. This case 

will be from now on referred to as high azimuth oversampling. In order to observe the impact of 

lower mean PRFs on transmit on image quality, scaling factors equal to 6 and 7.5 are considered 

as well. Sequences of PRIs are therefore obtained with mean PRFs on transmit equal to 450 Hz 

and 360 Hz, corresponding to mean PRFs on transmit equal to 2025 Hz and to 1620 Hz in the 

satellite design example at near range, and referred to as medium and low azimuth oversampling, 

respectively. For the sake of simplicity, the equivalent staggered SAR data set has been generat-

ed using two-point linear interpolation. 

Once the non-uniformly sampled data have been generated, missing samples can be intro-

duced by blanking portions of some range lines corresponding to the length of the transmitted 

pulse of the F-SAR system, i.e., 5 µs. In order to obtain a raw staggered SAR data set as it would 

have been received by a wide-swath satellite system, the same pattern of missing samples of a 50 

km slant range portion of a wide swath is mapped to the 3.7 km slant range swath of F-SAR. Fig. 

64 shows for the two aforementioned sequences a portion (namely 375 range lines) of the raw 

staggered SAR data, where the periodic pattern of missing samples is visible.  

Finally, in order to compare the results with a reference, uniformly sampled data set with an 

oversampling rate representative of a typical staggered SAR system, i.e., much lower than the 

oversampling rate of the F-SAR data set, for which azimuth ambiguities are no longer negligible, 

a further data set has been created, where data have been downsampled (decimated) in the azi-

muth direction by a factor of seven and then upsampled by a factor of seven by means of zero-

padding of the fast Fourier transform (FFT). With reference to the SAR system with constant 

PRI and multiple elevation beams of Section 5, this correspond to a PRF of 3048 Hz / 7 × 4.5 = 

1960 Hz in the satellite design example at near range. Equivalent staggered SAR data sets, as 

well a reference uniformly sampled data set, have been generated for the simulated data dis-

played in Fig. 60 as well. 

6.1.2 Performance Assessment on Raw Data 

Once the equivalent staggered SAR data sets have been generated, the latter can be 

resampled to a uniform grid. The relative error e, as defined in (82), is displayed in logarithmic 

scale in Fig. 65 for each valid azimuth line of the data set, for the two sequences of PRIs, the two 

interpolation methods (two-point linear interpolation and BLU) and the three considered mean 

PRFs on transmit. As expected, the error becomes smaller, as the oversampling rate increases. 

Moreover, for the same oversampling rate, BLU interpolation performs better than two-point 

linear interpolation and the more elaborated sequence (sequence 2) leads to smaller errors than 

the one with fast PRI change (sequence 1), except for the ranges where no samples are missing in 

the sequence with fast PRI change.  

Further comparisons between the reconstructed and original complex data show that the pro-

posed interpolations tend to reduce the amplitude of the signal. This is apparent in Fig. 66, where 

the ratio ɓ of the energy of the reconstructed signal to the energy of the original signal, defined as 
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is displayed in logarithmic scale for each valid azimuth line of the data set, for the two sequences 

of PRIs, the two interpolation methods and the three considered scaling factors. As is apparent, 

however, the two-point linear interpolation is seen to introduce a higher bias than the BLU inter-

polation. Moreover, the achieved relative radiometric accuracy for two-point linear interpolation 

could not meet the typical requirements. 

 

 
(a) 

 
(b) 

Fig. 64. Portions (375 range lines) of raw staggered SAR data sets. The periodic pattern of missing 

samples is visible. (a) Sequence 1. (b) Sequence 2. 
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6.1.3  Data Focusing and Impulse Response 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 operational F-SAR processor to ob-

tain focused data with an azimuth resolution of 0.675 m [28]. In order to obtain this azimuth res-

olution a PBW equal to 175 Hz, i.e., by a factor of 4.5 smaller than that of the satellite design 

example, has been processed. The same processing was carried out for the simulated data sets. 

Focused data are displayed in Fig. 67, Fig. 68, Fig. 69, and Fig. 70, after an amplitude pre-

summing in azimuth by a factor of 8 and using a 50 dB-log-intensity scale, to highlight the dif-

ferences in the low backscatter areas, such as part of the Bärensee lake in the right-hand part of 

the image. For each staggered SAR image, the difference between the image itself and the refer-

ence image is shown as well. This allows a first quantitative assessment of the impact of se-

quence, interpolation method, and oversampling rate on image quality. 

 

    
(a)                                                             (b) 

 
(c) 

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 of PRIs, the two interpolation methods, and the three considered 

mean PRFs on transmit. (a) Mean PRF on transmit = 360 Hz (low azimuth oversampling). (b) Mean 

PRF on transmit = 450 Hz (medium azimuth oversampling). (c) Mean PRF on transmit = 600 Hz 

(high azimuth oversampling). 
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(a)                                                             (b) 

 
(c) 

Fig. 66. Ratio of the energy of the reconstructed signal to the energy of the original signal, defined 

as in (83), in logarithmic scale for each valid azimuth line of the data set, for the two sequences of 

PRIs, the two interpolation methods and the three considered mean PRFs on transmit. (a) Mean 

PRF on transmit = 360 Hz (low azimuth oversampling). (b) Mean PRF on transmit = 450 Hz (medi-

um azimuth oversampling). (c) Mean PRF on transmit = 600 Hz (high azimuth oversampling). 

 

 

Fig. 67. Focused image (log-intensity) for the reference (decimated and upsampled) data. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Fig. 68. Focused images (log-intensity) for a mean PRF on transmit of 360 Hz (low azimuth over-

sampling) (left) and differences with the reference image with uniform PRI (ri ght). (a) Sequence 1, 

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

interpolation. (d) Sequence 2, BLU interpolation. 




































































































































