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Geometric Calibration of ERS Satellite SAR Images

Johan Jacob Mohr and Sgren Ngrvang Madbtamber, IEEE

Abstract—Geometric calibration of the European Remote Il. SAR GEOCODING

Sensing (ERS) Satellite synthetic aperture radar (SAR) slant . L L o
range images is important in relation to mapping areas without A multitude of scientific applications of satellite interfero-

ground reference points and also in relation to automated pro- metric SAR data has evolved over the last few years. One of the
cessing. The relevant SAR system parameters are discussed andthallenges in the coming years is to bring the techniques to a
calibrated by using the European Space Agency (ESA) transpon- |eve| where, for example, regional or continental scale digital
ders at Flevoland. The resultlng accuracy of the slant range images elevation models and displacement maps can be generated on
corresponds to 10 m horizontally on the ground. The results are . . N .
verified by using runway intersections and corner reflectors an operational basis. This is important not only for commercial
surveyed with differential GPS techniques. Based on a seven-year €xploitation of satellite interferometric SAR data but also for
ERS-1 and a four-year ERS-2 time series, the long term stability many government and scientific applications.

is found to be sufficient to allow a single calibration covering Today, one of the key limitations in many processing systems

the entire mission period. A descending and an ascending orbit . : e :
tandem pair of the ESA calibration site on Flevoland, suitable for is the need for manual identification of ground control points

calibration of ERS SAR processors, is described to allow other (GCPS). For large area mapping, automatic use of GCPs is ob-
researchers to geometrically calibrate their processing systems. ~ viously an advantage, but also in many areas, GCPs are very
Index Terms—European Remote Sensing (ERS) satellite, ge- difficult or |mpc.JSS|bI.e to .|dent|fy in the SAR images. .
olocation, geometric calibration, synthetic aperture radar (SAR),  FOr geometric calibration, we use the fact that the SAR image
SAR interferometry. in the slant range projection can be characterized by the slant
range and the processing squint angle (Doppler) [9]. Provided
that the acquisition geometry (the state-vectors) is known with
sufficient accuracy, the mapping into the slant-range geometry
MAJOR achievement of European Remote Sensing (ER&)any given point with known geographical coordinates can be
Satellite ERS-1/2 has been the accurate radiometricatlglculated.
calibrated SAR imagery, e.g., [1], [2]. However, the most spec- This mapping from the three-dimensional (3-D) Earth-sur-
tacular success of ERS-1/2 is interferometry, which is geometfare to two-dimensional (2-D) radar coordinates depends on
in character, [3]-[6]. radar system parameters only and is not image dependent. In
In this paper, we describe our attempts to calibrate ERS-1f following, we show that a dead-reckoning approach supports
geometrically. Specifically, we discuss the following: mapping with a 10 m ground accuracy with ERS-1/2 data. This
1) relevant ERS system parameters and how they are #fethe subject of the present paper.
rived; The opposite mapping from radar coordinates to 3-D map
2) our approach to calibrate a satellite SAR sensor geomeﬁﬂordinates requires a third coordinate, which can be obtained
cally by using ground control points of limited horizontaby using interferometric SAR. The accuracy of the third coor-

. INTRODUCTION

accuracy; dinate, the cross-range component, depends on the unwrapped
3) calibration of the key parameters; (absolute) interferometric phase, which depends strongly on the
4) verification of the derived parameters; scene and on the acquisition conditions (baseline, atmosphere,
5) stability of the derived parameters over the ERS-1/2 lif&tc.). Therefore, itis much more difficult to quantify the final ge-
time; olocation accuracy for interferometric SAR products. This map-
6) a standard calibration data set for ERS-1/2. ping is not the subject of the present paper.
The information provided in the paper relates to the ERS-1/2
system. We used a Range-Doppler SAR processor designed for 1. REQUIRED PARAMETERS

airborne as well as satellite data [7], but the results would alsoywhen interferograms are processed directly from raw data,
apply to SAR imagery focused with proper implementations efnly a few parameters are required. Determination of the ge-
other algorithms, e.g., the wave-number or the chirp scaling @metry of the focused single look complex (SLC) SAR images
gorithms, [8]. requires knowledge of

* platform state vectors;
« time of reception for each pulse;
« slant range offset (corrected for internal delay in the

radar);

Manuscript received April 17, 2000; revised October 17, 2000. « reference squint angle
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* carrier frequencyf,; cleaned IFC values, common in the overlap region, can directly
» sampling frequencys; be used as line identifiers.
» knowledge of pulse encoding, e.g., chirp lendth, and
bandwidthB.. B. SWST Cleaning
The integer sampling window start time (SWST) number de-
IV. ERS RRECISIONORBIT DATA termines the time offset between pulse transmission and sam-

For most ERS-1 and ERS-2 SAR acquisitions, precisi
orbit (PRC) data are available from the German Processing

Archiving Facility (D-PAF), Oberpfaffenhofen, Germany. The . : :
data format is excellently documented in [10]. The definitioﬁable [15]. The SWST values are available in each line of the

of different time scales and coordinate systems and conversi{)%\él dat?.zlzt IS qtur t:—:I_);]perlelnfe thbattthe SV:/hSTslichh_?ngedbonly |r(1j
between the different datums is given in [11]. In particular, €ps o units. The refation between the number an

should be noted that a transformation is given such that t slant range offset in seconds is given in Section V.

orbit data provided in ITRF94 can be converted to WGS-84 It is convenient to align data according to the SWST and

The accuracy of the data are on the order of 10 cm to 30 cm an the SWST values after correction for missing lines and
the satellite positions [12] after merging of adjacent frames. It is noted that an uncorrected

In cases where no PRC data are available, the D-PAF proviose\Q/ST bit error in ane Iipe only causes one line to he shifted .by
preliminary orbit (PRL) data. Finally, the leader file include nerroneous amount, in effect replacing good data with noise.

state-vectors with an accuracy better than 10 m, [13], [14]. T ?utf] tq the SAR ﬁcu_?;]ng, IT'S tcadusles O.R:y a}mlgs\;g_?grladajuon
is sufficient for geolocation of data. ortheimage quaiity. ' he selected algorithm for cleaning

is detailed in Appendix A.

ing interval. To accommodate satellite altitude variations, the

é ing of radar echoes in units af’;, whereT is the A/D sam-
ST is changed every 400 km along track, based on a look-up

V. RAw ERS DATA PREPARATION C. ICU Estimation

The raw data file(s) needs preprocessing before SAR focusingrhe satellite binary master clock is located in the On-Board
in order to Computer (OBC), [16]. It is used for datation of all events in
« correct for missing lines, by use of the image formahe satellite including datation of raw radar data managed by the
counter (IFC); instrument control unit (ICU). The ICU binary clock values are
« align data to correct for sampling window start timeavailable in each line of the raw data. A step by one corresponds
(SWST) changes, i.e., changes in slant range offset duriteg1/256 second. The value is updated every fourth raw data

the image acquisition; line. A method for ERS-1/2 users to convert an ICU value to
« estimate the time of first line, i.e., the ICU (Instrumentoordinated universal time (UTC) is given in Section IV.
Control Unit) binary time of first line. The relative accuracy of the ICU clock has been assessed
using a mixture of ERS-1 and ERS-2 data. For eight data sets
A. Missing Line Cleaning we extrapolated corresponding values of the ICU counter and

. UTC by 35 days and compared with the values provided in data

M|ssmg Im_es inthe raw data causean azimuth shift of_the Irfra]\bquired 35 days later. We find a relative accuracy on the order
ages, which in turn causes an easily observed degradation o051 -7 which demonstrates the importance of frequent cor-
terferograms. Furthermore, uncompensated missing lines cause: ' .

. . . relation of the ICU clock and UTC as performed by ESA via the
along track shifts degrading the absolute geolocation accurgey. - station [17]

Missing lines can b.e correqted by adding dummy Ilnes_ to theOne unit of the ICU corresponds to approximately 6.6 radar
raw data. We use lines having an average of the nhominal D(l.‘jlses Thus. the third pulse after an ICU update mav have a
value,(I, @) = (15.5, 15.5), but that choice is not critical. b ) i P P y

Typically, a standard ERS frame with nominally 28 000 ra\}\}mmg uncertalnt|es_of up to 9._6_pu|ses. Th|s_ c_orresponds t_o 40
. . . m along track and is not sufficient for precision geolocation.
lines has from zero and up to a few missing lines. Howev

near the borders of station coverage, the number of missing “?]I';hserefore, alinear rglatlon bgtween raw Qata line ”9”"‘?@‘5
. ) ) o and the ICU values is established. The linear relation is used to
can increase dramatically. This suggests that missing lines are . . : .
. . . ; . et an equivalent ICU (a floating point number) of the first raw
introduced by the data down-link chain. Our confidence in th ta line. see Appendix A
assumption is strengthened by the fact that we have not observed. M PP '
missing line effects in data corrected by use of the IFC. The IFC
is a part of the auxiliary information, attached to the raw data
lines in the radar [15]. The IFC increments by one for each raw|n this section, we summarize the extraction of SAR param-
data line. eters from the leader file and the raw data file of the standard
The correction for missing lines is not straightforward sincERS.SAR.RAW product. The parameters used must support a
the IFC is subject to bit errors. It is our experience that robugjeometric calibration scheme that is globally valid. The method
ness of the algorithm is important. The selected algorithm is de-based on documentation from ESA, [15], [18], [19], pro-
scribed in Appendix A cessing experiments, and assumptions on implementation and
Merging of adjacent frames become very simple, if pestability of the ERS radar system. Details are found in Ap-

formed in a separate step after the cleaning. In this case, gendix B.

VI. RADAR PARAMETER SUMMARY
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TABLE |
THE FOUR UPPERPARAMETERS CONSTITUTE THE CORE OFGEOMETRIC CALIBRATION. THE KEY PARAMETER IS THE VALUE OF THE SAMPLING INTERVAL
T, =1/f,. THE BINARY SWSTAND PRI ARE A PART OF THE HEADER DATA FOR EACH RADAR PULSE. THE SATELLITE BINARY TIME ICU, AND SATELLITE
CLock TIME ICU, ARE PROVIDED BY ESAIN AN AUXILIARY DATA FILE. WE USE THE CONSTANT VALUE 1/256 SFORICU ». THE CONSTANTSt,, s = 0 SFOR
ERS-1AND ¢4, ; = — 0.025us for ERS-2 KPRESS ADELAY DIFFERENCEESTIMATED BY USING TANDEM DATA (SEESECTION VII). THE CALIBRATION
CONSTANTS DERIVED FROM OUR FLEVOLAND DATA ARE tq,;, = 6.622uSAND t; ;, = 1.25 ms;SEESECTION IX

ERS-1/2 Radar Parameter Summary

Parameter Expression Unit  Calibration
Range offset to = 9T, 4+ SWST - 4T, —top + tos s to,b, to,s
Sampling frequence  f, = 18.962 468 MHz

Time of first line t = (tl,O — ICUb) -ICUA +ICU, + tiy s trp

Pulse interval T, = 4T,(PRI+2) s

Carrier frequency fe = 5.300 GHz

Chirp length T, =37.12 us

Chirp bandwidth B. = 15.508 29 MHz

The slant range offset, the range sampling spacing, the puilsation. We used the nominal valtg, = 6.265us for the slant
repetition interval, and the carrier frequency are all based cemge offsetbias; , = 0 s for the along track bias, and assumed
a temperature controlled ultrastable oscillator that producesidentical delayst, , = 0s)inthe ERS-1and ERS-2radars. The
output at nominally 61.6279 MHz (personal communicatiomccuracy is a lower limit on the absolute accuracy of the map-
R. Gelsthorpe, ESA/ESTEC). This frequency is doubled to tidng between geographical and radar coordinates, as common
IF frequency of 123.2558 MHz, which is further multiplied bymode errors both static and varying with time add additional un-
42 to 5176.7436 MHz for use in the up/down-converters. Thertainties. Sections IX—XI demonstrate that the common mode
123.2558 MHz signal is also divided by 13 and multiplied bgrrors can be calibrated out, and Section XII shows that drift is
2 to yield the A/D sampling frequency, and this is in turn dinsignificant.
vided by 4 to provide a signal for the adjustable counters whichit js our experience that even 2000 km long strips can be
controls the sampling window offset and the pulse repetition igtigned sufficiently well for generation of interferograms by the
terval. use of a constant shift in range and azimuth. For optimal coher-

The parameters are summarized in Table I, where the Ace, a nonlinear resampling could additionally be applied to ac-
sampling frequency, is used as the basic parameter. We us@$mmodate (and estimate) excessive differences in surface mo-
the value off, provided by the D-PAF, which is insignificantly jon, e.g., near-earthquake faults or fast moving ice, or to com-
different from the value that can be derived from the refereng@nsate for image distortions caused by ionospheric or possibly
oscillator frequency given above, see Appendix B. Our Ca"brﬁtmospheric distortions.
tion experiments confirm the value of the sampling frequency e alignment of ERS-1 and ERS-2 data in range and az-
and that it can be considered constant over time. imuth is investigated by using a mixture of ascending and de-

The SWST in units ofi7, determines the slant range offSélgcending orbit tandem pairs from Greenland (ten pairs), Aal-
for the pulse echoes which are received slightly more than nlggrg, Denmark, (three pairs), and Flevoland, the Netherlands,
pulse repetitions intervals after transmission. The calibrati?gight pairs). In each pair, the shifts are estimated by cross cor-
constants are provided in Table I. However, it is recommendpgating 512 patches of 128 sample<28 samples.

t(_) cahb_rate each SAR processor individually f.@r” andto, , . The estimated shifts in meters are shown in Fig. 1. Since both
since d'ﬁeref’F approaches for pulse compression may resulwé uncertainty of the ERS-1 image and the ERS-2 image con-
different posmons.qf th_e comprgssed peak. . tribute to the observed shift, the root mean square (rms) uncer-

The pulse repetition intervdl, is calculated from the integer tainty of the individual images is #/2 of the rms of the com-

PRI value, which is in units ofZ,. . . ; ) .
The time of first line is based on the estimated (floating poinsl:ed shifts. In range, the mean difference-8.8 m with an

binary time of first linet; o, which we derive from the integerr s _uncerte}lnty of 1.1 m. We interpret that aﬁ)’a’. ~ —0.025
L . L s differential delay for the ERS-2 radar. Excluding the two out-
ICU values of many lines. The binary time is converted to UT

by using information provided by ESA in the leader file. iers (which are easily detectable in the processing), the azimuth

Exact knowledge of the pulse parametéssT,,, and B, are uncertainty is 4.9 m, whereas 10.8 m is found if all data are in-

not critical as long as they are kept constant in the processiﬁ ded. Ignoring the two outliers, the results are in good agree-

Changing the values may change the position of the compres ?Jn with experiences at the German Aerospace Center (DLR),
radar echoes. erpfaffenhofen, Germany [20].

VII. RELATIVE ACCURACY OF TANDEM PHASE DATA VIIl. T RANSPONDERS

In this section, we assess how well ERS-1 and ERS-2 TandentESA has three transponders permanently deployed in
data align when processed with the above parameters before Evoland primarily for radiometric calibration of ERS images,

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on February 9, 2010 at 07:22 from IEEE Xplore. Restrictions apply.
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0.0 TABLE I
WGS-84 TRANSPONDERPOSITIONS (¢, Ag) (IN DECIMAL DEGREEY AND
10 - - TRANSPONDERDELAYS A, (IN 1S)AS PROVIDED BY ESA. BE.LIPSOIDAL
HEIGHTS h s (IN METERS AS FOUND FROM A MAP CORRECTED WITH A
20 - 3 X i GEOID HEIGHT OF43.6M, AND AN ANTENNA HEIGHT OF0.85M. (¢, Ag)
' % ARE THE POSITIONS ESTIMATED FROM ERS DATA, AND (A,,, A.) THE
x X DIFFERENCES(IN METERS IN THE NORTH AND EAST DIRECTIONS
z -3.0 - X% X % X o E
;.:0 40 - x& ] Flevoland transponders
=
& T1 T2 T3
5.0 F < 4
¢o  52.3664458 52.4579114  52.554 9572
6.0 X Xy x g o 51522219 55275536  5.668 9317
x hat 41.4 40.2 40.4
70 L i Ay 1.536 1.552 1.545
20 ‘ ‘ ‘ ‘ ép 523664799 524579151  52.554 9575
50000 22000 24000 26000 23000 AE 5.1520943 55275521  5.668 9498
ERS-1 orbit number A, 38 0.4 —0.0
400 N ‘ A. 87 0.1 ~1.2
20.0 + J
IX. CALIBRATION (FLEVOLAND)
T oot % X XX x | Four ascending and four descending orbit tandem pairs cov-
= x X ox X % ering Flevoland were used for calibrating our processing chain
g < for a constant slant range bi&s; and a constant azimuth bias
2 200t N x . i, b
Due to the uncertainties in the GPS measurements, it was
decided to estimate the horizontal transponder positions from
-40.0 - 7 the ERS data. This is possible because both ascending and
descending orbit acquisitions are available. The transponder
% ‘ ; ‘ heights and the transponder delays, though, cannot be separated
) 0‘30000 22000 24000 26000 28000 from a slant range bias. Therefor®; andh y; are used directly
ERS-1 orbit number from Table II.

The ascending and descending orbit tracks are assumed
Fig.1. Estimated (a) d (b) azimuth shifts (in meters) required I_having directions—% and 180 + v, respectively, where is
9. 1. stimated (a) range an azimutn snitts (In meters) requirea to ali . . . - . .
21 Tandem pairs. The two azimuth outliers are from pairs with ERS-1 orb e dlr_ectlon rel_atlve to n(_)rth' defined in a C.|0CkWIS€ sense
21181 and 21 596 from the initial part of the Tandem period. (meaning east ist90°). With an angle of incidencé, the
projections of the ascending and descending line-of-sight unit

vectorsn,, ng 0N theé, andn unit vectors in a Cartesian east,
[21], [22]. The transponders are controlled by lookup tables T Tbd c "

such that they are powered up and positioned to point to the E%OSrth’ and up system become
satellites on each overpass, both ascending and descending.
However, during some overpasses, some or all transponders are
not operated. In [1], an extensive investigation of radiometric
f:allbratlon I.S given. In Ol.” study, those dat"_" have been used.l.t.[?e corresponding projections of the along track unit vedtprs
identify orbit numbers with transponder activity. and%, become
A straightforward approach to geometric calibration requires

knowledge of the transponder delays and the transponder po-

sitions, see Table Il. The position measurements were carried

out in 1991 using GPS and may be erroneous by tens of meters

(personal communication, ERS Helpdesk). Therefore, the hqrﬁe method is as follows. For each Tandem pair, two SLCs are
izontal positions(¢o, Ao) are used as nominal positions ONlymeq the relative shifts in range and azimuth are found, the
and refined during the calibration. The horizontal position Qf;or in the alignment is distributed equally between the ERS-1
the transponders estimated from ERS data, though, differs Jiyj the ERS-2 images, the SLCs are reprocessed, and an inter-
less than 10 m from the GPS measurements. The vertical pggtogram is formed. Now a linear estimation problem can be
tions’, are found from a map [23]. A geoid correction of 43.6&et up. The observables are the difference between the observed
m with an estimated accuracy #0.5 m and an antenna heightand the predicted slant range, and azimuth positions of each of
of 0.85 m above terrain were used [personal communication,tRe transponders. The unknown parameters are the slant range
Forsberg and H. Jackson]. bias and the azimuth timing bias (both assumed common for

>

flg - € =—Tyq- € =cos 1 sin 6

=3

o N ="y -7 =sin sin 6.

>
|

tq-é= —sin o

p
Il

te -
ta - —tq -7 = cos 1.
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the ascending and the descending orbit images) and an east and TABLE I

a north position error for each of the transponders. To improvﬁ AND A, (IN METERS ARE THE ESTIMATED RANGE AND AZIMUTH BIASES
OUND USING OUR PROCESSORA . AND A,,, ARE ESTIMATED POSITION

the precision, the transponder positions are found in the SLE&rors in THEEAST AND NORTH DIRECTION OF THETRANSPONDERS &, AND
not in the interferograms, 0, ARE STANDARD DEVIATIONS (IN METERS OF ESTIMATION RESIDUALS IN
~ The estimation results are shown in Table Il for three es- RANGE AND Ai;M;’JS ’EQ‘II'\I/I:IID;IIDO:\INL%E'SﬁNSD(ﬁZT:S’:’;BIOSE(INDK:ES
timations. In iteration 0¢g , = 6.265us and¢; , = 0 s and

the nominal (ESA) transponder positions rounded to three deci-
mals are used. The rounding potentially introduces up to a 56 m
error. The estimated slant range bias using our SAR processor iter. 0 iter. 1  ESA
is found to beA, = 53.67 m, corresponding t# , = 6.622 " 53.67 53.67 46.93
u#S. The estimated along track bias is found toke = —9.9 s -994 -9.91 -9.25

Flevoland calibration results

m, corresponding t¢, , = 1.25 ms. lteration 1 serves as verifi- es 11 6.39  —0.28
’ T, 5337 —0.09
, ) ) . o Th —3032 023

from iteration 0. In the last column in Table Ill, the nominal >
s To 944  0.03

transponder positions have been used, and only the slant range
and the azimuth biases estimated. The standard deviations of

Ty =340 0.02

A
A
A
cation. Here, the predicted positions are based on those derived 2’“
A
A
A, T35 —473 003

the residuals have been divided into two components. The vari- - 04 04 11
. . . T . . .
ations from interferogram to interferogram, ,, ando,, ,, rep- Trm 0.4 0.4 9.1
resent the uncertainties in range offset and azimuth timing. The Cap 5.7 5.7 6.1
estimation noiser,. , ando,_,,, assumed common for all in- Oan 0.3 0.3 1.9

terferograms, describes the consistency of the transponder mea-
surements in one SLC image.
Table Il shows a 0.4 m rms error in the slant range direction,

> - [Im g o mif i i pmion e o |
corresponding to 1 m on ground, and a 5.7 m rms error in az- i |6 6| 2 # 1 E| =] £ 5]k AR 0
imuth. This demonstrates an excellent stability of the ERS radar | {SsEies % ;
system.

The selected approach has the drawback that a scaling error
in the slant range direction cannot be identified. This implies
that a possible slant range stretch or shrink will be interpreted
as position errors in the east-west direction. A validation using
passive targets with known positions, distributed in range, does
not have this drawback (see Section XI). A closer look at the po-
sitions and errors in Table Il shows that the deviations between
the positions provided by ESA and the estimated ones could be
interpreted as a stretch in slant range. However, the sign is dif-
ferent from what is expected if the commonly cited vafye=
18.96 MHz of the sampling frequency is correct rather than the
one used.

gt
oLy e

Fig. 2. ERS image of Aalborg Airport, Denmark. The white lines are drawn

X. VALIDATION (AALBORG) on the runways

Three descending tandem pairs covering Aalborg Airport,

Denmark, have been used for validation. It is difficult to iden- TABLE IV
MEAN AND STANDARD DEVIATIONS OF PREDICTION ERRORS(IN METER$ FOR

tify points _With known geographical Coordinates_in ERSimages. THE THREE INTERFEROGRAMSOVER THE VALIDATION SITE (AALBORG).
Here, the intersections of runways at Aalborg Airport have be@frerreroGRAMSIL, 12, AND 13 ARE FORMED FROM THETANDEM PAIRS WITH

used. The geographical coordinates and the heights are found  ERS-1 (RBITS 21596, 23 099AND 24 602, RESPECTIVELY
from a map [24]. The SAR image coordinates are found as

the intersection of the center lines drawn on the runways (see Validation on 5 runway crossings
Fig. 2). n 12 13 All 12413
The results for the five points used are shown in Table IV. 4 08 33 02 1.4 17
The mean slant range error for the three pairs is 1.4 m, corre- 6, 19 20 4.0 3.0 34
sponding to 3.5 m on the ground. The mean azimuth error is fo 574 05 -84 -218 —40
—21.8 m. However, it is also seen that a major part of this az- 6o 29 62 103 271 9.3

imuth error originates from the pair 11, comprising ERS-1 orbit
21596, from the initial phase of the tandem period, where also
ERS-1 to ERS-2 consistency for some reason is degraded (sek7 m corresponding to 4.3 m on the ground, and the mean az-
Fig. 1). Excluding that interferogram, the mean slant range eriiaruth error is—4 m.

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on February 9, 2010 at 07:22 from IEEE Xplore. Restrictions apply.



MOHR AND MADSEN: GEOMETRIC CALIBRATION OF ERS SATELLITE SAR IMAGES 847

XI. VALIDATION (GREECE 2.0 — ‘

O Corinth, e2_22313

Corner reflectors with known 3-D positions are ideal for % Corinth. ¢2_ 23816

verification of the A/D sampling frequencj;, as compared to 1.0k O Crete, el 42945 -

transponders, as they exhibit no potentially erroneous intern O Crete, €2_23272

delay. By comparing the predicted pixel positions of theE ®

reflectors in near and far range of the slant range images, = 90 x B

shrink or stretch can be estimated. Such a shrink or stretch g &W

directly proportional to A/D sampling frequency errors. & ok Xo © I o
As part of the Framework 1V Seismic Network Administra- £ >

tion Program (SNAP) Project coordinated by the NPA Group, ¢ o <o -

large reflectors have been deployed in Corinth, Greece,anda ~ ,, | ©

other six reflectors in Crete, Greece, [25]. The reflectors wer

surveyed with an accuracy on the order of 1 cm by using dif o

ferential GPS [personal communication, Mark Haynes, NP/  -3.0 ‘

Group, Edenbridge, Kent, U.K.]. 0.0 1000.0 20(:;).0 b3000.0 40000  5000.0
Here, we use ERS-1 images and ERS-2 images to assess uie ange bins]

slant range difference between the expected and the obserg. siant range offsets (in meters) for SNAP comer reflectors in Corinth

positions (see Fig. 3). The figure shows no significant trendsdnd Crete, Greece. The thin lines are trend lines for each of the four frames.

the slant range errors. This confirms the validity of the D-PAF

value for f,. Also note that the slant range offset errors are 60 ‘
L . C—OERS-1
within 3 m corresponding to 7 m on ground. » % X ERS.2
0 - 9 i
XII. L ONG-TERM STABILITY 20 o X ;
To assess the long term stability of the range offset and the E © o) : XX X
along track timing calibration two time series of ERS images “_‘E 00 - ‘ /? ‘d X " -
covering Death Valley, CA, were processed. The eleven-image gn | P f“% %
ERS-1 time series was acquired between April 24, 1992 and = ] 7 ikl *
November 7, 1999. The 15 image ERS-2 time series was ac- ) © %y
quired between September 25, 1995 and June, 21, 1999. For _ xé\\ E
both series, a reference frame was selected and the remaininc i Ty
data aligned interferometrically with respect to that. The refer- 0 o ;
ence frames were acquired on September 24, 1995, and Octobe! 1992 1994 1996 1998 2000
14, 1996 respectively. This approach is possible since many re- Year
gions in the Death Valley area exhibit exceptionally good in- @
terferometric coherence (better than 0.8) even over a four year 300 ‘
period. o G—©OERS-1
The slant range and azimuth timing offsets are shown in 200 | f XTXERS2
Fig. 4. The figure indicates &3 m slant range offset drift }\
for ERS-1. Although, this corresponds #7 m on ground, — 100 1
our approach has been to use data sets from 1995 to 1996 fof f \ y ]
slant range calibration and ignore the drift. No drift is seen for = 4| SD\C/? Lox o x i
ERS-2. E /o Dl PO T
With respect to azimuth timing drift, no clear evidence is § 100 L / \ ! ' x " |
seen in Fig. 4 for ERS-1 or ERS-2. One outlier is observed for S ool X %
the ERS-1 orbit 21 429 data acquired on August 20, 1995. The 200 - by '*ﬁ
timewise coincidence with the two problematic frames (from o
Flevoland and Aalborg) in Fig. 1 strengthens our confidence that
ERS-1 azimuth timing was somewhat degraded during the ini- %0 100 1096 1998 2000
tial part of the Tandem phase. Year
(b)
XIll. STANDARD CALIBRATION DATA SET Fig. 4. (a) Slant range and (b) azimuth offsets (in meters) required to align

ERS images from Death Valley interferometrically. All data from track 399,
For generation of SAR products with a good geometric fframe 2878. Reference frames from ERS-1 orbit 21 930 and ERS-2 orbit 7768.

delity, a SAR processor has to be calibrated (or verified) at least

for slant range offset and azimuth timing errors. data from track 151, frame 2457. Good calibration pairs include
We suggest to use the Flevoland site, covered by ascendihg ascending orbit Tandem data set 25 067/05 394 and the de-

orbit data from track 29, frame 1053, and by descending orlsitending orbit Tandem set 23 185/03 512. All three transponders
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are operating in all four images and in our calibration experi- TABLE V

ment. the along—track errors are closest to the mean value l.M)DrORTANT PARAMETERS FOREACH RAW DATA LINE. PARENTHESESINDICATE
’ THAT THE ACTUAL VALUE OF THAT PARAMETER IS NoT USED BY Us

those pairs. BUT IS FIXED IN OUR PROCESSINGSCHEME
At present, we believe that the most accurate estimate of
the transponder positions are those estimated from ERS data Signal Data Record (data set file)

[see Table Il, $ ¢, Ag)]- However, ESA plans to resurvey the

h . Bytes Symbol  Description
transponders in preparation for the ENVISAT ASAR.

205-208 ICU on board time

211-214 IFC image format counter
XIV. CONCLUSIONS 215-216 SWST  sampling window start time
217-218 (PRI) pulse repetition interval

A simple algorithm for extraction of SAR parameters and a
method for raw data preparation is provided. It is demonstrated

that by using the outlined dead-reckoning method, a relatiOnThis algorithm also handles bit errors in the beginning and

between the SAR geometry (slant range, squint angle) an%ﬁfi of the file in a robust manner. In that case, faulty lines will

geographical system can be established with a 10 m horizorgg queued but never output, because they are not enclosed by

accuracy. . _ blocks ofk consecutive IFC values.
The accuracy of the results has been verified by using ERS

imagery from one American and three European sites. Both p@s-g\wsT Cleaning Algorithm
sive and active reference targets were used. Also, the long term

drift of the ERS system, including both hardware and data anng-//é have chosen a simple algorithm. First, we select a desired

tation procedures, has been assessed and no significant drift @%ST value for thIT ctl)eaned dr?ta. ]:I'hehde?irethWST can eit_her
found, although a minor range drift was observed for ERS-1. € set automatically by searching for the first three consecutive

The results demonstrate the high stability of the ERS satgnii Wgwg(_erntifcal SQ’YST_V"’EFJGT or szt manuall)ll. onlv SWST
lites, the systems for controlling the satellites, the estimation of esSWsloleachlinels | Itcleane separate_ Y- Oy SW
orbit state-vectors, and the on-ground processing chain, values differing from the desired SWST by a multiple of 22 units

The excellent geometric properties of ERS data are are considered valid. If a nonvalid SWST is encountered it is set
gl the value of the previous line.

' If the SWST of the first line is not a valid SWST, it is not

%B?Inged. This nonvalid SWST value can thus ripple from the

great value for exploitation of ERS data. On the one han
simplifies SAR processing, interferometric SAR processin
and geocoding, as dead-reckoning methods can be used. ) O ! s
the other hand, it broadens the application field, since accurSt@'t iné to the firstline encountered with a valid SWST.

geocoding is crucial for many applications but difficult or even .Following _the bit cleaning, each line is sh_ifted in acgordance
impossible due to lack of ground control points. with the desired SWST. The length of the lines can simultane-

ously be changed to avoid any loss of data.

APPENDIX | C. ICU Estimation Algorithm

RAW SAR IMAGE DATA PROCECESSING The ICU values are provided in each raw data line header

The ERS.SAR.RAW data used, provided in CEOS format l{gee Table V). Since one ICU step corresponds to 1/256 s and
ESA, will be denoted the RAW product, [18]. The RAW productipdated every fourth pulse, the accuracy is too coarse for high
consists of four files but only the Leader File and the Data Sptecision geocoding. In this section, a method for calculating a
File with the actual SAR data are relevant here. Table V sumnfépating point ICU using many radar lines is devised. In the se-
rizes the important parameters which are provided in the auxiicted estimation scheme, a new., —2, ICU) pair is stored in

iary information of each raw data line. a buffer each time the ICU increases by exactly one. The logic is
that every time the ICU is updated the transition took place be-
A. Missing Line Cleaning Algorithm tween zero and four pulses earlier. When 1000 points are stored,

. . . line is fitted. Since only ICU steps by exactly one are consid-
The developed algorithm relies on the assumptions that tgfed, ICU values with bit errors are in effect discarded.

order of lines is always correct, and bit-errors in the IFC are no
systematic.

The overall algorithm works as follows. The lines are read one
line at a time. As long as the IFC is correétl{nes with con-
secutive IFC values), the lines are output to the file. If the IFC Tables V and VI summarize the parameters used from the
values are not consecutive, the lines are read and queued wigihal data record (SDR) of the raw data file and the data set
k lines with consecutive IFC values are found. If the number siimmary record (DSS) of the leader file. The following sections
lines in the queue matches the number expected, the IFC valdescribe how the required parameters are derived.
are corrected and all lines in the queue output. If the number of
lines in the queue does not match the expected, aktinesin A. Sampling Frequency;
the queue are discarded and an appropriate number of dummyhe sampling frequency used is
lines added. We have us&d= 3 successfully until now. Anim-
plementation of the algorithm is outlined in [26]. fs = 18.962468 MHz.

APPENDIX Il
AUXILIARY DATA PROCESSING
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TABLE VI It is also noted that the alternative valfle = 18.962431
IMPORTANT PARAMETERS FROM THEL EADER FILE. PARENTHESESINDICATES MHz discussed above, represents a 2 m along track stretch over
THAT THE ACTUAL VALUE OF THE PARAMETER IS FIXED IN OUR PROPOSED . L . . .
PARAMETER EXTRACTION SCHEME a 1000 km strip. This is 1/15 of a pixel assuming an 8 pixel

azimuth averaging, which is typically used in ERS imagery.

Data Set Summary Record (leader file)

C. Slant Range Offseg
The slant range offset is derived from

Field Symbol Description

41 (fe) carrier frequency
52 (c2) chirp phase coef. (quadratic) _ . _
57 (fs) sampling frequency fo = 91p + SWST- 4T —fo. +o,s

59 (Tp) pulse length . . . .
77 IcU, satellite binary time wheret, , is a common slant range bias afyd, the bias dif-

78 Icu, satellite clock time (UTC) ference between ERS-1 and ERS-2. The selected valugs of
79 (ICU4)  satellite clock step (1/256 s) and47; are provided above. We have determined the common
bias to befy , = 6.622us from calibration experiments using
Flevoland data, see Section IX. It includes both the actual bias,
The value has not been consistent in the leader files processhitts relating to our specific implementation of the range com-
by us. The value presented above is the one provided by fhession using a nominal linear FM chirp, and an atmospheric
D-PAF. Compared to the commonly cited value of 18.96 MHaias. Interferometric processing of many data sets also shows a
it represents shrinking the ground swath width by 15 m. Corgystematic difference between the ERS-1 and ERS-2 slant range
pared to the value of 18.962 431 MHz derived by doubling of gtfsets, see Section VII. We defing , = 0's for ERS-1 and find
reference oscillator frequency of 61.6279 MHz, followed by & 5 ~ —0.025us, corresponding te-3.75 m, for ERS-2, see
division by 13 and a multiplication by 2, it represents shrinkingection VII.
the ground swath width by 20 cm, (i.e., 7 cm in slant range).
The analysis of pixel positions of corner reflectors in nedd. Time Of First Linef,
and far range of the images does not have sufficient accuracy e time of first line is derived from
distinguish a 7 cm slant swath shrink, corresponding to less than
1/100 of the range pixel spacing, see Section XI. For most, if t1 = (ti,0 — ICUyp) - ICUA + ICU; + 8y,
not all, applications, it is also insignificant. The corner reflector
analysis, though, does confirm that the selected valug, @ Wheret, ¢ is the estimated ICU of first line (see Appendix A),
sufficiently accurate. ICUA = 1/256 s, ICY and ICU extracted from the leader file
From the selected value df, a value fordZ, = 4/f, = (see Table V), and the along track biag, = 1.25 ms found
210.943 006 ns is found, whe¥e is the sampling interval. The from our Flevoland calibration experiment (see Section IX.
values of other parameters e.g., the pulse repetition interval, are )
based oni 7. E. Carrier Frequencyyf.
It is also noted that the above mentioned choicé,ahakes  The carrier frequency used is
the ICU timer (which time-tags the radar lines) consistent with
A/D sampling timing. It is not evident that it should be so, since Je = 5.300 GHz.
the two clocks are independent. It adds to our confidence
the above quoted value fgf, that the pulse repetition period
derived in the next section using this value fofis consistent
with long time averages derived from UTC and the ICU count
From 37 ERS-1/2 frames we estimated the slope of the ICU
be ICU,jpe = 0.152392 052, which combined with the IGU .
value of 1/256 s from the leader file givés = 0.595 281456 F. Chirp I._engtth _
ms. This is in good agreement with the valueldfcalculated ~ The chirp length used is
below by using the A/D sampling frequengy.

'IUF\ough consistent in all leader files processed by us until now,
we have chosen to fix it. The value is consistent with a carrier
Jf_equency of 5.300 010 GHz derived by frequency division and
%ultiplication of f.

T, = 37.12 pus.
B. Pulse Repetition Interval,
The pulse repetition interval is derived from G. Chirp BandwidthB,
T, = 4T, (PRI + 2) The chirp bandwidth used is
The integer PRI value is fixed for every phase of ERS-1 and B, =15.508 29 MHz.
ERS-2, (personal communication, ERS Helpdesk). For ERS-1
phase G and ERS-2 phase A, i.e., the entire ERS-2 mission
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