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Abstract—A direct consequence of the TOPS acquisition ge- under different squint angles, i.e., Doppler centroidse Tact
ometry and the steering in azimuth of the antenna is the of having an azimuth-varying Doppler has a major impact

time-varying Doppler centro.id Within.bursts. If thi; fact is not 5y the efficient implementation of the range-variant SAR
properly accommodated during SAR image formation, undesired . f tion k | h in 161 171, 181, [91. 110
distortions both in the azimuth and range dimensions of the image formation kernel, as shown in [6], [7], [8], [9], [10]

focused SAR images may appear. Azimuth distortions are caused Since the early days of SAR, squinted observations have been
by the local mismatch of both squint and topography. Range recognized as challenging due to the increased sensithaty

diStOI’tiOl’]S. arise from the inaccurate accommodation of the intra- show to deviations from the actual geometry of the acquoisiti
pulse motion of the platform, usually known as the stop-and-go [11], [12], [13], [14]. Due to the large variation of the Ddpp

approximation. Conventional spaceborne SAR image formation . " " .
schemes will be, in general, unable to provide accurate TOPS within the burst, TOPS SAR acquisitions are particularly

SAR images, . These distortions are discussed and evaluated forS€nsitive to geometrical aspects like time-varying salint
exemplary low Earth orbit (LEO) SAR scenarios. Compensations topographic changes, and the motion of the satellite during

strategies are presented and validated with TerraSAR-X TOPS the transmission of the pulse. Usually, these aspects e b

data. A discussion of the potential impact on the Sentinel-1 ,qqy related to other research areas such as airborne SAR

Interferometric Wide Swath and Extra Wide Swath modes (i.e., . . :

TOPS) is also given. [15], [16], [17], bistatic SAR [18], [19]_, very-high resdion
spaceborne SAR [20], [21], and continuous-wave SAR [22].

If not accounted for, as it is usually the case in conventiona

spaceborne SAR image formation schemes, these deviations

from the reference geometry introduce undesired distastio

|. INTRODUCTION both in the azimuth and range dimensions of the focused SAR

. . : images. On the one hand, the distortions resulting from the
ERrrl?lﬁtIi'-\lsv?:t?]ersV:;f:inWIﬂtluPr;(t)gr:]eost(IaVZifnciznSt(()Torzsi) d,ésacal mismatch of squint and topography may generate phase
. 9 9 Rrovi an?l azimuth positioning errors in the TOPS SAR images and
enhanced image performance when compared to convenuolrr\] erferometric pairs. On the other hand, range distostiarnise
ScanSAR [1], [2]. In the TOPS mode, the antenna azimuﬁh ' i

. m the intra-pulse motion of the platform, causing a range
beam is steered (aft to fore) at a constant rate, so that Sq(ﬁ W of the focused TOPS burst image.

targets on ground are observed using the entire useful par. he paper is divided as follows. Section Il presents the

of the azimuth antenna patter [1], dramatically reducmpops observation geometry and some relevant aspects of the

the_ .scalloplng effect an_d achl.evmg constant az|.muth amt}leS SAR image formation process. Section Ill discusses the
guities and signal-to-noise ratio (SNR) along azimuth.sThi

: : . distortions in the azimuth dimension of TOPS SAR images
azimuth steering of the antenna can be regarded as an inverse

spotlight, which originates the TOPS name. The TOPS SAchlused by the dependence of the matched filter on both squint

X : . . .._and topographic height. An exemplary performance evalnati
mode was experimentally implemented and for the first tm}gr TerraSAR-X images and interferograms is presented, as
demonstrated in orbit with TerraSAR-X [3]. On the Sentinel- 9 9 P :

1 mission, the Interferometric Wide Swath mode (IW) an istortions. Section IV analyzes the impact of the intréspu

the Extra Wide Swath mode (EW) will be operated as TO motion of the satellite, and the distortions caused in the

modes [4]. As an attempt o simulate Sentinel-1 data, tr?é\enge dimension of the TOPS SAR images if this motion is
TOPS mode at C band was demonstrated for the Europen%r% compensated. Both effects and compensation algorithms
Space Agency (ESA) using Radarsat-2 during 2013 [5]. The P i b 9

TOPS SAR mode has been selected as an operative S R validated using TerraSAR-X TOPS SAR data. S_ect|on v
: . o evaluates the impact of the analyzed effects on Sentin@1 |
imaging mode for the ESA-European Commission (EC) coO- ; : .

. - and EW modes. The paper concludes in Section VI with a
funded Sentinel 1 mission [4].

As a result of the scanning of the antenna in azimuth, targe geussion.

at different azimuth positions within the burst are obsdrve

Index Terms—Synthetic Aperture Radar, TOPS, wide-swath
SAR modes, burst-mode acquisitions, TerraSAR-X, Sentinel-1,
spaceborne SAR missions.

ell as an efficient algorithm to compensate the resulting

Il. THE TOPSMODE AS AN EPITOME OF SQUINTED
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oycle lines with thet,-axis [9]. Typically, spaceborne SAR image
T - SN, T formation kernels (e.g., range-Doppler, omega-K) opeiate
o the Fourier domain and are capable of efficiently accounting
_ep ™ e .. ey, fortherange-variance of the survey (e.g., range delaypldop
) . \ rate). The efficiency of these kernels is compromised if any
azimuth-variance needs be accommodated, i.e., a common
matched filter is used for targets placed on the same range
coordinate for large blocks in azimuth (e.g., a whole burst)
It is, however, well-known that squint, topography and the
curvature of the orbits introduce a slight azimuth-var@att
the spaceborne SAR survey, which may cause filter mismatch
P, Py [23], [20]. In Section IlI, it will be shown that the assummti

T of azimuth-invariance yields phase and positioning eriors
TOPS SAR images as a consequence of the change of the
fa targets range history along azimuth as a function of squint

tTlo and topographic height.

7 Although the subsequent analysis has been particularized
R | for TOPS observations, we want to stress that similar effect
SRR ', SRR can be expected for any other SAR squinted (both constant

- L IL . . T~ N

SR - to ,y and time-varying) acquisitions. The results presentedhis t
o k’rﬂ?‘)s\\ be - S ; *  paper could be easily extended to other SAR acquisition siode
T j|_\ I, with constant or varying Doppler centroids, e.g., spotligh
: | A L scanSAR, squinted stripmap, and even non-stationarytibista

Thewe [1l. AZIMUTH DISTORTIONS DUE TO SQUINT AND

TOPOGRAPHY MISMATCH
Fig. 1. Schematic diagram of an exemplary TOPS SAR acquisitiop). : : : - g
Time-frequency diagram of a TOPS burst (bottom). For compastnenly A. Dependence of the effective velocity with squint and topo

one subswath is depicted in the figure. graphy
As sufficiently discussed in the literature, conventional

spaceborne SAR processing applies a local approximation
azimuth resolution, which is somewhat linked to the findlf the satellite orbit by a range-dependent straight ttajgc
swath width of the images [1]. The acquisition usually has[84], [25], [26]* The range history of a given target can be
mean zero Doppler centroid and the final squint angle eqnalgipproximately described by its slant range and the effectiv
magnitude the initial one. At the end of scanning (in azimutlvelocity of the target, denoted as, computed to match the
the first burst in the first subswath, having a duratiorT'gf ,, hyperbolical model to the actual geometry of the acquisjtio
all other subswaths are scanned using a similar steerirtgeof thus, v. depends on the satellite ephemerides and the target
azimuth pattern, until the whole swath is covered; the domat position. Fig. 2 shows the typical scenario for the comjoitat
of the scanning of all other subswaths is denoted in tl¢é the effective velocity both considering topography tfleind
figure asy Y, T . After the completion of one burst cyclesquint (right). In the left plot, the gray line shows the lecaf
covering all subswaths, the next burst in the first subswatht@rgets having the same radar coordinates and differegintsei
transmitted, starting at, ....2 = tu.u1 + Thyeo. The time-  in the right plot, the gray line shows the locus of targetsifig
frequency diagram of the acquisition is shown at the bottofie same slant range coordinate and different positivenggjui
of Fig. 1, where the color points on the gray band correspohtypical LEO cases, the variation of the effective velpaf
to the targets P P,, and R of the top figure, respectively. As the targets with the topographic height is roughly linea,, i
depicted in the bottom figure,;HAs imaged with a negative o,
Doppler centroid, Pwith zero Doppler, and Pwith a positive oy~ foPsaclnl,ro) @
Doppler centroid. For a constahf?"*, the Doppler centroid

rot

M . . . . with f, being the constant proportionality factor (i.e., the
varies linearly with the azimuth position (cf. bottom diagr slope{ deper?ding on the orbliat e?ohemeri yé in] a(round

of Fig. 1). In order to avoid azimuth gaps in the final image . .
the target R is imaged by burst 1 and burst 2 with roughlyﬁﬁe azimuth coordinate of the target and on the slant range,

opposed Doppler centroids (cf. top diagram of Fig. 1), i.e.,1This is the usual approach in spaceborne SAR processingpbessential
there exists some overlap between consecutive bursts [1]. for the validity of the presented results. However, it aiothe derivation of
. analytical expressions as a function of the effective vigloaf the radar. In
Since the beam-center geometry of the targets changes algﬂﬂ r cases where the processing kernel must be able to acc@tamozh-
azimuth, the preferred focusing geometry of TOPS obserugperbolical range histories (e.g., bistatic surveysg, asic idea presented

tions will be zero-DoppIer. The bottom plOt of Fig. 1 showd&ere still applies, only the expressions need to be deriged &unction of
other parameters (e.g., polynomial coefficients) or the distts be computed

the position of the targ_ets after SAR w_nage formation in ﬁhmerically. The local straight trajectory model is howevecuaate for state-
zero-Doppler geometry, i.e., at the crossing of the dasha&ygl gof-the-art TOPS SAR systems (e.g., TerraSAR-X, RADARSAB&ntinel-1).
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KEPLERIAN ELEMENTS OF THETERRASAR-X ORBIT . . . . o
Fig. 4. Values off, in mHz for a TerraSAR-X orbit as a function of incident

angle and latitude.

Eccentricity 0.001
Inclination 97.44 deg
Argument of perigee 90 deg 7372.8 ]
Ascending node 88.617 deg
Semimajor axis  6883.513 km - 372:6
E 73724
Pl
g 7372.2

ro. Fig. 3 shows the variation of the effective velocity as
a function of the topographic height for a TerraSAR-X-likeg 7372.0
survey over a scene located at 48 deg latitude, 35 deg irtcid%w
angle. The Keplerian elements of the TerraSAR-X orbit useH 7371.8
for the computations are listed in Table I. A total excursiont 7371.6
of about 2 m/s over a range of 4 km in topographic height
is observed. The value of, increases with increasing orbit
eccentricities, and increasing orbit heights. Fig. 4 shtves
value of f, in mHz for the TerraSAR-X case for different
latitudes and incident angles. As expected, the sengitieit Fig. 5. Change of the effective velocity as a function of sgéor a TerraSAR-
topography relaxes for higher incident angles. Concertieg e Sy ot e oaisd .10 teg et semirs o
variation along latitude, a factor six between the smabest deg. For illustrative purposes, the observation rarfigleeoplot has been
highest values can be observed. Note that the valug, d6r extended tat-10 deg.

the case shown in Fig. 3 is of about 0.5 mHz.

For typical LEO cases, the dependence of the effective ve- .
locity on the squint angle of the acquisition shows a quagiraP€ehaviour, i.e.,

737140 . .
-10 -5 0 5
Squint angle [deg]

0%v, .
W ~ ko (pSAT [n]a 7"0) ) 2
73745 7 a
_ I 1 where 6., is the squint angle andy is the curvature of a
g 7374.0 - | parabola. For a TerraSAR-X-like survey over a scene located
= [ 1 at 48 deg latitude with 35 deg incident angle, the variatibn o
’§ i 1 . for a squint angle range betweetl0 deg is shown in Fig.
© 7373.51 - 5. The total variation range is kept below 1.5 m/s.
2 : ]
3 i |
= 7373.0 7 B. SAR image formation mismatch due to squint and topog-
I 1 raphy
7372.5¢ ] A typical assumption of Fourier-based SAR focusing ker-

0 1000 2000 3000 nels is the use of a constant effective velocity for a common

Topographic height [m] range bin (cf. Section Il). This translates into the use @ th
Fig. 3. Change of the effective velocity as a function of tgqaphy for same effective velocity Wlt.hm a Iarge_ azimuth .b|0Ck of de}ta
TerraSAR-X-like survey over a scene located at 48 deg wit85 deg typically a whole burst. Since, as discussed in the previous
incident angle. subsection, this effective velocity is depending on toppby



and squint, only a specific isolifés perfectly matched, i.e., Target phase errors in deg [TSX case]
deviations of the real scene topography with respect to the

processing isoline result in focusing errors. Assuming the 0.6
local hyperbolical range history model is valid, a reasé@ab

assumption in the TOPS case, the phase of the matched fi@ér'
in the wavenumber domain applied to a single range bin withig 0.4
the processing block (e.g., burst) can be expressed as [27]S

2 2
btr o= J(E)(3E) o

where/, is the range frequency, is the azimuth frequency,
is the carrier wavelengthy is the slant range of the target, and 0.0

. . ) . e 0 1000 2000 3000
fo is the carrier frequency; in general,is averaged within the Target height error [m]
processing block using the available geometrical inforomat

The impact of the mismatch of the effective velocity on thEi9: 6. Target phase error as a function of squint angle apdgrphic
height difference with respect to the reference (proce3devel. A Keplerian

range cell migration and secondary range compression terfgasar-x (TSX) like orbit has been used in the computations
of (3) is negligible for typical SAR cases. Considering the

azimuth compression filter, the phase error along the band ca Azimuth shifts in resolution cells [TSX case]
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where the subscript AC stands for azimuth compressign, 0.0 0027
is the Doppler centroid under which the target is se®n, ' 0 1000 2000 3000 '
is the deviation of the effective velocity of the actual tirg Target height error [m]

with respect to to the one used during azimuth compression. _ _ ) _

The first t f (4 h th dt F|gé‘ 7. Azimuth shifts of the focused target as a function dfiisgangle
e. .II‘S' erm o ( ) causes _a phase error, the sepon ermy, topographic height difference with respect to the egfee (processing)

positioning error, and the third term both defocusing and @svel. Processed bandwidth of 450 Hz. A TerraSAR-X (TSX)echas been

additional phase error. For typical TOPS cases, the defagusassumed.

due to the mismatch of the effective velocity is negligible,

and therefore only the phase error and the positioning @mror

azimuth will be relevant; the phase error can be approxicnat@here K. is the Doppler rate of the target. Note that the

by dependence of the induced shift dncancels out after the
multiplication with the Doppler centroid. Fig. 6 shows the
(A. ch>2 o phase error of the focused targets for a typical TerraSAR-X
S ~ _Arm - 5L 2" ve _AT-B] . (5) acquisition, with up to 0.7 deg squint angle. The error is dis
A Ve A foo )2 4-k-v? played as a function of the squint and the topographic hegight
1- (W) assuming the reference height for the computation of the

rocessing, is 625 m. Significant errors in the phase of the

hows the corresponding azimuth shifts (in resolutionsgell
for the same TerraSAR-X case assuming a processed azimuth
bandwidth of 450 Hz. As in the previous case, significant
0K, ov, azimuth shifts of up to 0.14 resolution cells (about 2.3 n® ar
2~ —A70 foe- e 6 expected in TerraSAR-X TOPS SAR images if topography is

' ’ not locally accommodated. If not compensated, these errors

2Due to the orbit's and Earth's curvature and the steeringimath of the may reduce the geolocation accuracy of TOPS (in general,
antenna, this line of constant effective velocity showgtglideviations with squinted) SAR images.
respect to the constant height contour line. . . .
3In the TerraSAR-X case, the quadratic phase error at the efdigre band In order to validate the model of the aforementioned dis-

is smaller than 0.5 deg. tortions due to squint and topography mismatch, the overlap

weighting [26]. Analogously, the azimuth shift of the impel
response takes the value [25], [28]

0t, = foc-
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Interferometric phase errors in deg [TSX case/250 m tube]
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Fig. 8. Interpolated azimuth responses of two corner refisciocated in ‘g 0.3
subswaths 1 (left) and 2 (right). The corner reflectors acatled in the overlap &
region between two consecutive bursts. An ellipsoidal eadf by 2 km has 0.2
been used during processing. In red, the responses of thédirst; in blue,
the responses of the second burst. An azimuth shift of 0.1€pix observed.
0.1
.0 -0.7

0

area between two consecutive bursts of a TerraSAR-X TOPS 0 1000 2000 3000
s Target height error [m]

acquisition has been analyzed. In the burst overlap areas of
mean zero-squinted acquisitions, the Doppler centroichef trig. 9. Typical interferometric phase errors caused by lotiamatch of squint
targets has about the same magnitude and opposite sign;aiwgopography for the TerraSAR-X (TSX) case. Orbital tulzeneter of 250
inter-burst phase error cancels out, whereas the intet-bul
azimuth coregistration error takes the form

5t _ A o, 7 are approximately equélThe resulting interferometric phase
aurst = ~A 10 Bfour- v (™ error can be approximated as
where Af,,, is the spectral separation between the Doppler §¢i.. & JA(r0.m; Ve, Wem) — 0P(70,5s Vs, OVes) ,  (8)

centroids with which the target is seen in the two conseeutiv
bursts, about 6 kHz for TerraSAR-X. An acquisition over DL
in Oberpfaffenhofen with corner reflectors deployed in th
burst overlap area was carried out for calibration purpos
The images were first processed using an erroneous effec

here the subscripten and s stand for master and slave
iénages, respectively. For typical moderate baselinesjghes

v, anddv, for master and slave are similar and (8) can be
Wéher approximated as

velocity resulting from averaging over an ellipsoidal hwig (,\«fDC>2

with an offset of 2 km and no local accommodation of the s ~ _4j. 2 e ,5% ) _ 9
. . . . (bint ~ (To,m ro,s) . ( )

Doppler centroid; Fig. 8 shows the result of the main lobe in A 1 A foo )2 Ve

azimuth of the responses of the two corner reflectors for the - ( 2 vo )

preceding (red) and following bursts (blue); the azimuttitsh o ¢oherence loss caused by misregistration can be approx-
of about 0.16 pixels and conform with (7) is clearly ViSible'imated under the previous assumptions as [29]

C. Interferometric error budget e )
. . ) . . v,

In this subsection, we discuss the impact of the phase and ~ sinc {A ‘B, focr— - (T0,m — To,s)] ; (10)
azimuth positioning errors resulting from the mismatch of ve
the effective velocity on the interferometric performarmfe in typical TOPS cases, though, this coherence loss is negli-
TOPS image pairs. Two different cases can be identified: @iple, since the shifts are very similar due to the moderate
two similar TOPS acquisitions with a baseline (e.g., repedtaselines. It might be relevant in other acquisition modes
or single-pass TOPS acquisitions with full- or half-basesi) With time-varying Doppler centroids such as sliding sptti
where a common squint scan can be assumed and b) imghe TerraSAR-X TOPS case, and considering an orbital
combination of a TOPS SAR image with another sourdebe with a diameter of about 250 m, the differences of
(stripmap, spotlight, scanSAR, or a different TOPS) aaglir the positioning errors are insignificant and the interfeztio
with a different squint scah.In the latter cases, errors arePhase errors remain small. Fig. 9 shows a typical case of
expected to be considerably different for master and slade dnterferometric phase errors assuming the same squint and
the interferometric phase error reduces to the expressi(B)i topographic height range used in Figs. 5 and 6; it can be
and the typical values for TerraSAR-X given in Fig. 6. seen that the interferometric phase errors are kept below 4

In the case where two similar acquisitions are combinedled, even for large topographic variations. In the case of
things improve due to the similarity of the observed phaderger baslines, interferometric phase errors due to squid
and positioning errors for both master and slaves imagéapography mismatch may become relevant. As an example,

The Doppler centroids with which the targets are observédd. 10 shows an analogous plot for an orbital tube of 3 km;
as predicted by (9), the variation range of the interferoimet
4Note that in this case, the combination of two different msitiath
acquisitions is of reduced importance since a very small comrandwidth is 5Note that there might be slight changes in the effective Deppéntroids
expected. However, in applications involving the use of rmthde coherent due to the slight lack of parallelism between the orbits of teraand slave.
stacks as PS/CS interferometry the single image distortiensrbe relevant. This effect can be neglected in typical cases.
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Fig. 10. Typical interferometric phase errors caused byllotamatch of NO

squint and topography mismatch for the TerraSAR-X (TSX) c&hital

tube diameter of 3000 m. Yes
Reramping

phase error is increased beyond 40 deg. Note that in such a |

case, reasonable for future interferometric SAR missitims, Corrected SLC

interferometric phase errors become relevant even in sce

. . L. ln—% 11. Block diagram of the post-processing algorithm $guint and
with normal topographlc variations. topography accommodation (PASTA). The acronym STFT standsHort-
time Fourier transform.

D. Post-processing algorithm for squint and topography ac-
commodation (PASTA) £

The post-processing algorithm for squint and topography
accommodation (acronym PASTA) is a precise yet efficiers”'
manner to compensate for an azimuth-variant mismatch nvithf °
range bins. Inspired in existing motion compensation ap-°° TR p = P ‘6 - pn
proaches for airborne SAR data [16], PASTA is capable of haimuth samples haimuth samples
achieving excellent results even if the data have been &Cusig 12, Interpolated azimuth responses of two comer refisdocated in
neglecting the dependence of the effective velocity witlgea subswaths 1 (left) and 2 (right). The corner reflectors aratkd in the overlap

(e g., a classical assumption of the canonical omega-K fr@gion between two consecutive bursts. An ellipsoidal teddf by 2 km was
o used during processing and PASTA was applied as a postgsiogestep.

cusing kernel). PASTA is applied afte'j azimuth compressigR req, the responses of the first burst; in blue, the respoosehe second
and can be straightforwardly parallelized. The flow of thieurst. The azimuth shift of 0.16 pixels shown in Fig. 8 has baercessfully

algorithm is shown in Fig. 11. In the diagram, the effectiv&°rected:
velocity used in the processing,, is range-dependent. The
real effective velocities of the scene, represented in ta&im

. ... This residual correction is performed in the range-Doppler
v, are computed using the actual geometry of the acqu's't'ocpcjmain. After this, the whole azimuth bin is corrected. Once

l.e., satellite orbit and DEM of the scene. PASTA works asi pixels are corrected, the data are reramped to theiinalig

a post-processing approach, i.e., on the focused single IcfPequency reference. The algorithm is easily parallelizab

complex data (SLC). The first step is a deramping to Sgﬁd runs in comparable times as the focusing of the burst

the data on a common frequency reference. The algor'tq@elf using [9]. For the validation of the algorithm, the

works with short blocks in azimuth centered on the pixel t9_ - Ta/raSAR-X TOPS data over Oberpfaffenhofen have

bi'ccr)]rrt(:]cted. An azirr;yth DE-;E) cor_nputecli. O(T tr,\]let:?;k’ af'[Sreen used; the images have been processed using a wrong
which he compensation phadse,.c 1S applied. No AC llipsoidal height off by 2 km with respect to the true one.
is accurately computed by using the actual geometry of t

o . . S ce PASTA is applied on the wrongly processed data, the
_acqwsmon and not necessarily using the approximatiofd)n shifted responses of the corner reflectors appear at the same
ie.,

azimuth position in the two consecutive bursts as it is shown
in Fig. 12.

E. Experimental results with TerraSAR-X data

2
_ 4l o[l — <>‘ i fa) . (11) Experimental TOPS data acquired by TerraSAR-X over the
Atacama desert, in Chile, have been used to put forward the
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Fig. 13. TerraSAR-X TOPS reflectivity image (3 bursts and 4ssuths)
acquired over the Atacama desert, Chile and corresponding [6ttom).

Fig. 14. Phase difference (top) between the reference Sb€epsed on the
ellipsoid before and after PASTA. Corresponding azimutlitst{bottom).

relevance of the presented analysis. Fig. 13 shows the reflec 20 ‘ 2.00

tivity image (top) of the first 4 bursts and the corresponding
DEM (bottom); note the topographic variations within the 44
scene are over 3500 m. To better illustrate the results, 3
processing over an average height (ellipsoidal height)7603 %

m is used as a reference; PASTA is then applied on thebdata.z
Fig. 14 shows the comparison between the reference SLG
image processed on the average ellipsoid and the corrected -0
SLC after applying PASTA. The top image shows the phase
errors and the bottom image shows the estimated azimuth _x
shifts. Both agree with the values obtained in Figs. 6 and

7. Fig. 15 shows the interferometric errors by using a repeat
pass interferometric pair. The figure shows the phase diifer
between the interferogram computed with the reference SLEg. 15. Interferometric phase errors between the referpaieprocessed on
processed on the average ellipsoid, and the interferogréi ellipsoid before and after PASTA.

computed with the reference SLCs corrected with PASTA.

Values are comparable with those of Fig. 9.
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known as stop-and-go [26]. This approximation has two ef-
fects: a) one in slow-time due to the motion of the satellite
between transmission and reception of the transmittecepuls
[30]; and b) another in fast-time due to the motion of the
satellite during the transmission and reception of thepchir

. N . L .
In conventional spaceborne SAR processing, the <:ontinuo%'|gnal |tself_. F_or typical cases, the slow-time ef_fect is roughly
motion of the platform is usually neglected, an approxiomati constant within the range bin and can be easily compensated

with a range-dependent azimuth shift after range cell ntigma
6A more realistic processing takes into account the real DENhefscene COrrection [30]. In a linear approximation, the motion oéth

capable of a range-dependent, azimuth-averaged topograptdmmodation
which might result in smaller errors than the ones presented. hEhis
however does not affect the illustratory purpose of thissegtion.

IV. RANGE DISTORTIONS CAUSED BY THE INTRAPULSE
MOTION OF THE PLATFORM

A. The stop-and-go approximation

7As an example, during the transmission of a pulse of(sQ TerraSAR-X
moves about 38 cm in the azimuth direction.
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of the motion of the platform is roughly space-invariant,
which means it can be easily corrected in the wavenumber
domain without additional burden (i.e., together with thuikb
2-D compression) using the complex conjugate of the phase
function of (13) as suggested in [20].

Like in Section lll, this effect can be observed using the
overlap area between consecutive bursts. The corner mfiect
placed in the overlap region show each an opposite displace-
platform during the transmission of the pulse changes tigent in range equal to (14). Therefore, the relative rangfe sh

instantaneous range frequency of the chirp signal, which datween the responses of the two consecutive bursts taes th
offset by an amount form
Afovl

Ot et = ;

r

-6 -4

Fig. 16. Phase error due to the motion of the platform duriegttansmission
of the chirp (instantaneous Doppler shift) for a range/atimitequency
band of 150 MHz/12 kHz, corresponding to the typical spécitgport of
TerraSAR-X TOPS data. The duration of the transmitted pasgOius.

1 or(t,
5fi%fD:_X' (9(25) s

where the Subscrim refers to instantaneou@ to Dopp|er, For the T.erra.SAR'X case, typ|CaI Val.lues for th|S differahti
t. is the fast-time, and-(t,) is the two-way range history fange shift are of about 0.3 resolution cells. Fig. 17 shows

r

for a given target. One intuitive way to visualize this ighis effect using the TerraSAR-X TOPS data over the DLR

by considering different azimuth-frequency phase ramps fe@berpfaffenhofen test site, where the range response of one
different wavelengths. In the context of pulsed radars, ti§@rner reflector located in the overlap area is shown for the
effect was already discussed in [25], where the analysis w4 bursts involved, without (left) and with the proposed
done in terms of a range compression mismatch, and in grection (right). Without the correction the shift is diaut
context of high-resolution SAR imaging in [20]. Eq. (12) ca®-3 resolution cells. Fig. 18 shows the deformation between

be approximated by a phase perturbation in the wavenumb¥p TOPS images of the same area, one processed with
domain of the form and the other without the proposed correction for the intra-
I (13)

pulse motion of the platform. At the bottom of Fig. 18, the
(bSG(fa7 fx) ~ =2 .-
’ corrected one is evident and in agreement with (14). Thegrang

skew of the image lacking the correction as compared to the
where the subscrif#G stands for stop-and-go, arfd, is the djstortions caused by the intra-pulse motion of the platfor

12) (15)

i3

chirp rate of the transmitted signal.

B. SAR image formation mismatch due to the intra-pulse
motion of the satellite and experimental results with TerraSAR-
X data

mostly cancel out in interferometric pafts.

V. COROLLARY: THE CASE OFSENTINEL-1

The Sentinel-1 mission is a constellation of two satell{#es

For illustrative purposes, Fig. 16 shows the values of (1?;CI B units) each_carrying an imagir.‘g C-band SAR instrument
over the support frequency band of a typical TerraSAR- 405 GH_Z) prowdm_g data_ contmL_u_ty of ERS. and ENVBAT
TOPS acquisition. Within the usually small Doppler band o AR MISSIONS. Sentmel—.l IS speqﬁcally deS|gneq to aenuir
TOPS images, the effect basically results in a shift in tiheea systematically and provide routlr_1ely data and information
dimension caused by the range-frequency ramp. Neglectfﬁr ducts for the European Copernicus program for ocead, lan

this effect has no impact on the phase of the targets, buesau d emergency services as well as national user services. In

e . ; ; : ticular, the Sentinel-1 Interferometric Wide Swath mod
a shift in the range dimension approximately proportiomal par ' _ .
P : : . (IW) and the Extra Wide Swath mode (EW) operate in
the Doppler centroid with which the target is observed, |.e.( . :
PP g TOPS to provide large swath widths of 250 km and 400
5t, =~ Joe (14)

K, ' 8Small residual radargrammetric shifts may still be present dube lack

The d d f thi hift the D | t of parallelism between the orbits of master and slave; théséssin the
€ dependence 0 IS range shiit on the Doppler centriiffimetric range for TanDEM-X, disappear once the correttiaf (13) is

skews the focused bursts (cf. Fig. 18). In practice, theceffeapplied.



TABLE Il
TOPSSIMULATION PARAMETERS FORTERRASAR-X AND SENTINEL-1

Radar satellite TerraSAR-X  Sentinel-1
Central frequency [GHz] 9.65 5.405
_ Wavelength [cm] 3.1 5.55
13 Transmitted chirp bandwidth [MHz] 100 56.59
£ Azimuth processed bandwidth [Hz] 450 325
£ Doppler shift overlap region [kHz] 6 4.7
< Orbital tube diameter [m] 250 100

G and topography is similar to the TerraSAR-X case, which
760 780 Slant-range [Er%? 820 yields in average smaller phase errors (about 80%) in thesSLC
due to the lower carrier frequency (combined with a higher
; ; 016 orbit height) of Sentinel-1. The azimuth positioning esrare
_~ in average similar, whereas in range they are slightly small
due to the smaller transmitted bandwidth and the similar
duration of the radar pulses; this leads to range positgpnin
errors at the edge of the bursts of about 0.13 resolutios,cell
and between consecutive bursts of about 0.25 resolutids cel
Phase errors in interferometric TOPS pairs are expected to
be, on average, 2.5 times smaller than those obtained with
TerraSAR-X, due to both the smaller carrier frequency and
‘ | | o6 the smaller orbital tube for Sentinel-1. As a consequern, t
760 780 800 820 ' described effects have a negligible impact on the qualitphef
Slant-range km] Sentinel-1 interferometric TOPS pairs acquired in both vl a
EW modes.

10

E
=
€ o
£
<

o

o

o
[pixels]

Fig. 18. Image deformation due to the stop-and-go approximafierraSAR-
X TOPS reflectivity image (top) over the test area in Oberpfatibfen, VI. DISCUSSION

Munich. Estimated misregistration error in range (bottom)Meein the same bl ; ;
images processed with and without the start-stop assumpgspgectively. The paper has presented the intrinsic distortions of TOPS

With the start-stop approximation, the image is clearly skewe predicted SAR images due to the azimuth variation of the Doppler
by (14). Note that there is a large jump in the range coregistreerror at  centroid within a burst. In particular, distortions in azith are
the burst and the subswath edges. caused by the local mismatch of the effective velocity of the

TABLE Il radar due to squint and topography; distortions in ranggeari

KEPLERIAN ELEMENTS OF THESENTINEL-1 ORBIT from the stop-and-go approximation. Compensation stiegeg
for both effects have been discussed and validated using
Eccentricity 0.001181 real TerraSAR-X TOPS data. The accommodation of squint
Argu'mnzlr':a;}o;erigee %%i)%gzgeg and topography can be precisely achieved using the PASTA
Ascending node 250.409 deg algorithm, which roughly reproduces the burden of an addi-
Semimajor axis 7070.978 km tional azimuth refocusing step. The correction of the stog-

go approximation usually used in the SAR focusing kernel
can be cheaply implemented after bulk 2-D compression. If
km? respectively, with enhanced image performance (i.410t compensated, range and azimuth distortions reduce the
significantly reduced scalloping) as compared to trad#tionachievable geolocation accuracy of TOPS SAR images. For
ScanSAR. The IW TOPS mode, the main mode of operatiofterferometric applications, the analyzed effects migtin-
enables a continuous data acquisition with global coveragePromise the usability of TOPS SAR images for large baseline
In order to evaluate the impact of the potential distortior@cquisitions or multi-mode coherent stack processing with
on Sentinel-1 TOPS images, analogous simulations as th&&R data acquired with very different observation georestri
described above for TerraSAR-X have been conducted. Kk state-of-the-art missions like TerraSAR-X and Sentihel
in Section IlI, the results values have been computed usiitgse distortions have been found to have no significantdmpa
a numerical spaceborne SAR acquisition simulator; Table Q0 the TOPS interferometric image quality due to the usually
lists the Keplerian parameters used for the simulation ef tgmall baselines.
Sentinel-1 orbit. Table Il provides the values of the key
acquisition parameters used in the simulation for Sentinel REFERENCES
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