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PARFAIT: GNSS-R 
oastal altimetryM. Caparrini, L. RuÆni, G. RuÆniStarlab, C. de l'Observatori Fabra s/n, 08035 Bar
elona, Spain, http://starlab.es.Abstra
tGNSS-R signals 
ontain a 
oherent and an in
oherent 
omponent. A new algorithm for
oherent phase altimetry over rough o
ean surfa
es, 
alled PARFAIT, has been developed andimplemented in Starlab's STARLIGHT1 GNSS-R software pa
kage. In this paper we reportour extra
tion and analysis of the 
oherent 
omponent of L1 GPS-R signals 
olle
ted duringthe ESTEC Bridge 2 experimental 
ampaign using this te
hnique. The altimetri
 results havebeen 
ompared with a GPS-buoy 
alibrated tide model with a resulting pre
ision of the order1 
m.Keywords: Passive radar, GNSS, GPS, Galileo, GNSS-R, GPS-R, altimetry, PARIS, PIP,PARFAIT, 
oastal appli
ations.1. Introdu
tionSpe
ular re
e
tions dominate medium toshort wavelength ele
tromagneti
 forwards
attering on the o
ean, examples of whi
h in-
lude GNSS and solar re
e
tions. As reportedin [23℄, during the last de
ade many GPS-R (Global Positioning System Re
e
tions) ex-perimental 
ampaigns have now been su

ess-fully 
arried out. A partial and surely in
om-plete list is provided in Table 1. In this paperwe fo
us on the potential of GNSS-R (GlobalNavigation Satellite SystemRe
e
tions) for al-timetri
 
oastal appli
ations. The te
hniquesdeveloped, however, 
an also be implementedin other s
enarios (airborne, spa
eborne).The spe
ularly s
attered �eld is 
omposedof a 
oherent 
omponent and a random, Hoyt-distributed 
omponent [2℄. When the surfa
eis very rough, the latter be
omes in
oherentand the former be
omes very small. In fa
t, ifthe surfa
e height distribution is normal withdeviation �� , thenhr2i � n2e�(4��� 
os �=�)2+ (1)n(1� e�(4��� 
os �=�)2);where hr2i is the power average, n is the num-ber of s
atterers, � the EM wavelenght and �the lo
al in
iden
e angle [23, 24℄.GNSS-R signals thus 
ontain a 
oherentand an in
oherent 
omponent. In 
ompanionpapers we dis
uss the analysis of the in
oher-ent 
omponent for sea state monitoring [15, 25℄

and for 
ode altimetry [27℄. Here we present anew approa
h for the extra
tion and analysisof the 
oherent 
omponent of GNSS re
e
tedsignals to perform phase altimetry.The data dis
ussed here was 
olle
ted byESA/ESTEC during the Bridge-2 experiment.The experiment aimed at gathering dire
t andre
e
ted GPS signals from antennas lo
atedabout 18 m above the mean sea level of anEstuary in the North sea of Holland. Formore information on the experimental setup,the reader is dire
ted to [21℄.This paper is stru
tured as follows:� Dis
ussion on 
oheren
e properties of re-
e
ted signals and their use for phase al-timetry.� Analysis of the dire
t and re
e
ted sig-nals and EM �eld extra
tion.� Implementation of PARFAIT altimetry.� Comparison with other data and dis
us-sion of the altimetri
 results.2. The 
omplex �eldThe importan
e of retrieving the 
oher-ent part of the EM �eld ba
ks
attered by thesea surfa
e stems from its altimetri
 
ontent.Measuring the phase of the 
oherent 
ompo-nent allows for a

urately estimating the delayof the re
e
ted signal with respe
t to the thedire
t one, i.e., for estimation of the temporal
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2003 Workshop on O
eanography with GNSS Re
e
tions 2MainAuthor Inst. Date NotesGarrison [11℄ JPL 1996 A normal GPS re
eiver was used. Demon-strated re
eption/tra
king of re
e
ted signalsover relatively 
alm waters. Con
luded thatmore 
omplex re
eiver is needed.Martin-NeiraCaparrini [18, 3℄ ESA 1997 GNSS-R PARIS altimetri
 experiment from aZeeland bridge. C/A 
ode used for 
orrela-tion leading to an altimetri
 a

ura
y in theorder of 3 meters after 1 se
ond (1% of the
hip length).Garrison [13℄ JPL 1997 Widening of 
orrelation fun
tion in rough seasdemonstrated. Appli
ation for sea state fromair.Komjathy [16℄ CCAR 1998 Air
raft experiments, 3-5 km altitude.LaBre
que [17℄ NASA 1998 The �rst spa
eborne observation of GPS sig-nals re
e
ted from the o
ean surfa
e.Cardella
hRuÆniGarrison [9, 12℄ IEEC 1999 Balloon experiment. Su

essful dete
tion ofre
e
ted signals at 38 km of height with lowgain antenna. Sea surfa
e winds retrievedwith �2 m/s error.Cardella
hRuÆni [5℄ IEEC 1999 First ESA air
raft experiment. Some sig-nals dete
ted, DDM produ
ed, but experi-ment failed due to hardware problems.Armatys [1℄ CCAR 2000 Wind speed and dire
tions obtained from re-
e
ted GPS signals are 
ompared to the Sea-Winds s
atterometer on-board QuikSCAT.Garrison [10℄ JPL 2000 With GPS-R airborne data, retrieval of thewind speed with a bias of less than 0.1 m/sand with a standard deviation of 1.3 m/s.Zavorotny [28℄ CCAR 2000 Fundamental theoreti
al work. Comparison ofexperimental and theoreti
al waveforms.Zu�ada [29℄ JPL 2000 Lakeside experiment, with an almost 
at sur-fa
e (no roughness). Centimetri
 phase al-timetry.Martin-Neira,RuÆni,Serra,Col-menarejo [26℄ ESA 2000 The pond experiment was designed to testsome key issues in the PARIS Interferomet-ri
 Pro
essor (PIP) 
on
ept. The PIP 
on-
ept is based on the use of dual-frequen
y 
ar-rier measurements to exploit the 
orrelationsin the s
attered signals at similar frequen
ies.RuÆniCaparrini [4℄ Star-labIEEC 2001 GPS-R L1 data 
olle
ted from the Casablan
adrilling platform by IEEC has been analysedat Starlab.Martin-Neira [20℄ ESA 2001 The experimental 
ampaign whi
h is the ob-je
t of this work.Cardella
hStarlabTeam [8, 7, 6, 14℄ IEEC/Star-lab 2001 GPS-R data 
olle
tion from airborne plat-form. Campaign performed within theESA/ESTEC proje
t \PARIS Alpha". Datapro
essed under ESA/ESTEC proje
ts\PARIS Alpha" and \OPPSCAT 2".StarlabTeam [15, 27℄ Starlab 2002 GPS-R data 
olle
tion from airborne plat-form. Retrieval of altimetri
 pro�le mat
hingJason-1. (ESA/ESTEC \PARIS Gamma")StarlabTeam [25℄ Starlab 2003 GPS-R data 
olle
tion from Bar
elona Har-bour (HOPE 
ampaign, Starlab O
eanpalproje
t).Table 1: Representative GNSS-R experiments and milestones (1996-2003).
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eanography with GNSS Re
e
tions 3lapse. This is the essential measurement foraltimetry [26℄.In order to 
olle
t the 
omplex EM �eld,the 
omplex signal is generated from thereal one. Although this operation is oftenperformed by the re
eiver front-end, in theBridge-2 experiment only the in-phase 
om-ponent of the signal was sampled at highfrequen
y and stored on digital tape. Thequadrature 
omponent was generated after-wards. The pro
ess is illustrated in Figure (1).We 
an then represent the dire
t signal re-
eived at the antenna input2 asSd(t) = Ad �C(t) �D(t) � ei(!L1+!d)t + �d; (2)where Ad is the dire
t signal amplitude, C(t)represents the C/A 
ode, D(t) the naviga-tion 
ode, !L1 the L1 
arrier frequen
y, !dthe Doppler frequen
y o�set, and �d (thermal)noise. The re
e
ted signal at low altitudes 
anbe modelled bySr(t) = C(t) �D(t) � ei(!L1+!d)t� (3)�Ar � e2�iL=� + O(t)�+ �r;where Ar is the re
e
ted signal mean ampli-tude, O(t) represents the perturbation due too
ean motion and L the re
e
ted signal extrapath length. In 
oastal appli
ations O(t) isa relatively slowly varying quantity with zeromean, while L, whi
h 
ontains the geophysi
altide signal, 
an be 
onsidered e�e
tively frozenduring 
orrelation pro
essing.After modulation with a lo
al os
illator offrequen
y !L1�!IF and low-pass �ltering, thesignal will have a residual 
arrier at !d+ !IF .This signal is mixed with a phasor at fre-quen
y !IF + ~!d, where ~!d is an estimate ofthe Doppler frequen
y for the satellite underinvestigation, and �nally low-pass �ltered.With the assumption that the navigationbit is 
onstant during the integration time(whi
h is 
orre
t if the 
orrelation is bit-aligned and the 
oherent integration time TEis less than 20 ms), and 
onsidering that dur-ing an integration time interval the value of�!d is 
onstant, the 
omplex p-th sample ofthe 
orrelation 
oeÆ
ient for the dire
t signal

writesCp � 12AdDk Rp e�i�!dpTE(p�1) �� e�i�!dp Ts2 sin��!dp2 TE�sin��!dp2 Ts� ; (4)where Ts is the sampling interval and Rp the
orresponding 
orrelation 
oeÆ
ient fun
tion.For the re
e
ted signal we 
an write an equiva-lent expression, modulated by the slowly vary-ing phasor Ar �exp(2�iL=�)+O(t). For 
oastalappli
ations we 
an assume there will be little�ltering of this quantity by the 
oherent in-tegration pro
ess, as the o
ean moves slowly
ompared to 
oherent integration times (a fewms).In the 
ase of the dire
t signal, we 
an eas-ily tra
k the 
arrier phase. To this end, thedelta-phases obtainable from equation (4) 
anbe a

umulated using�p+1 � �p == Im�log Cp+1Cp � = ��!dpTE : (5)This equation holds while �!dp+1 � �!dp .This is a good approximation, sin
e the timeduring whi
h this variation is measured is the
oherent integration time.The main advantage of using this algo-rithm for phase tra
king is that, due to its dif-feren
ing nature, it allows for easy dete
tionof the navigation bit � radians phase 
hange.Figures 2 to 8, whi
h illustrate these 
on-
epts, refer to the pro
essing of another set ofGPS-R data|
olle
ted during the Casablan
aoil platform Experiment. This Repsol owneddrilling platform is about 40 km o� the 
oastof Tarragona, Spain (40o430400N , 1o2103400E).The measurement 
ampaign took pla
e onMar
h 14th, 2000.In Figure 2, the histogram of the delta-phases is shown. The x-axis represents 
y
lesand the y-axis is in arbitrary units. Most Æ-phase values are 
learly 
on
entrated aroundzero. Other values gather just before ��.These values represent in fa
t small values towhi
h �� radians have been added on o

ur-ren
e of a navigation bit transition.In Figure 3, the dire
t signal phase withand without navigation bit 
orre
tion is plot-ted. In Figure 4, the phase for the (navi-2This 
ontains only the C/A 
ode part. The P 
ode 
omponent 
an be negle
ted thanks to the subsequent
orrelation of the signal with repli
as of the C/A 
ode|the two 
odes are orthogonal.
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e
tions 4gation bit 
orre
ted) dire
t and re
e
ted sig-nals is shown. The e�e
t of the re
e
tion onthe sea surfa
e is 
learly visible in the largevariations present in Figure 4(b) with respe
tto Figure 4(a). In Figure 5 and 6, the am-plitude magnitude and the 
omplex ve
tor ofthe dire
t and re
e
ted �elds, respe
tively, areshown. In Figure 8, a simulation of the L1GPS 
omplex �eld phasor dustball after re
e
-tion, akin to the one in Figure 6(b), is shown.The simulation parameters have been 
hosento mat
h the Casablan
a experiment sea state.Those were reported as a \quite 
alm sea witha gentle breeze", with SWH of about 0.7 m asmeasured by a nearby buoy.3. The PARFAIT approa
hIn general, the altimetri
 information 
on-tent in the PARIS interferometri
 �eld phasewill be very diÆ
ult to use. This is due tothe impa
t of the in
oherent 
omponent in there
e
ted signals. The in
oherent 
omponent
auses fading and winding.On the one hand, at a pra
ti
al level, fad-ing events will prevent stable phase tra
king ofthe 
omplex �eld. Even if as in in the Bridge-2experiment the sea surfa
e is relatively smoothand fading events are not so frequent, a singleevent 
an severly 
ompli
ate the use of phaseinformation if 
ountermeasures are not taken.In general, however, the re
e
ted �eld will fadevery often. As dis
ussed in [21℄, it is possibleto inje
t in the system (during a fading event)a model-based phase to \glue" the phase his-tory, but this approa
h will in general ne
essi-tate the input of too mu
h model informationinto the data in rough sea 
onditions.More importantly, as explained in the pre-vious se
tion, the re
e
ted �eld in
oherent
omponent will 
ause arbitrary winding of the�eld phasor. This means that the re
e
tedunwrapped phase, unlike the dire
t one, 
an-not be dire
tly used for ranging. Indeed, as wehave shown in previous work [26℄, the re
e
ted�eld a

umulated phase will generally wanderaround the 
omplex plane, travelling to dif-ferent winding number kingdoms, even in theabsen
e of fadings (see Figure 7). That is tosay, even if a very high SNR system is devisedto get around the problem of �eld fadings, theinterferometri
 unwrapped phase will not bedire
tly usable for ranging. Unlike the prob-

lem of fadings, this is a fundamental issue, nota pra
ti
al one.An approa
h dis
ussed in [26, 19℄, PIP3,involves the use of multiple frequen
ies for thesynthesis of a longer wavelength whi
h will bemore immune to fadings. Here we dis
uss an-other approa
h, PARFAIT4, whi
h is in fa
t
omplementary to PIP.In the PARFAIT approa
h, we begin bynoting that although the re
e
ted �eld un-wrapped phase 
arries no ranging informa-tion, this need not be a fundamental prob-lem. What is needed is the 
oherent geophys-i
al �eld 
omponent in the signals, whi
h isnear zero frequen
y in 
omparison with theothers|a sort of average �eld. This average�eld is just the 
oherent 
omponent in there
e
ted signals after down
onversion. Withthis in mind, PARFAIT 
onsists of the threesteps des
ribed next.The �rst pra
ti
al step to extra
t the 
o-herent part is to work with the interferometri
�eld, the ratio for re
e
ted versus dire
t 
om-plex �eld. This has the advantadge of error
an
ellation, e.g., in Doppler mat
hing of thein
oming signals, and of depending only on thelapse.The se
ond step is to \
ounter-rotate" theinterferometri
 �eld using an a-priori model ofthe re
e
tion pro
ess.The third step is �ltering the resulting
ounter-rotated interometri
 
omplex �eld to�nally extra
t the 
oherent phase for esti-mation of the 
arrier lapse phase. Counter-rotation allows for longer �ltering times.These are fundamental to extra
t the 
oherent
omponent, whi
h de
ays exponentially withthe square of sea surfa
e standard deviation(sea state) over e�e
tive wavelenght (the wave-length divided by the sine of satellite eleva-tion).Finally, the phase lapse information ob-tained from the 
outer-rotated, averaged, 
om-plex interfereometri
 �eld is used for altimetry.This new approa
h to PARIS altimetry isdes
ribed in more detail in the following se
-tions. As we dis
uss, it has proven to be avery robust and pre
ise pro
essing method.3PARIS Interferometri
 Pro
essor.4PARFAIT stands for PARis Filtered-�eld AltImetri
 Tra
king.
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eanography with GNSS Re
e
tions 54. PARFAIT pro
essing of theBridge 2 datasetAt low altitudes, simple geometri
al 
on-siderations lead to the following equation re-lating the height of the re
eiver over the re-
e
ting surfa
e (
onsidering the same heightfor the upward looking antenna and for thedownward looking antenna) with the lapse|the measured delay measured between the di-re
t and re
e
ted GNSS signals:LP (t) = 
��P (t) = 2h(t) �sin (�P (t))+b; (6)where LP (t) is the lapse in meters at time t,
 is the speed of light, ��P (t) is the tempo-ral lapse in se
onds, h(t) is the height of thebridge, �P (t) is the elevation of the GPS satel-lite with a spe
i�
 PRN number P , and b isthe hardware-indu
ed delay bias, 
onsideredto be a 
ommon 
onstant in time. A �rst esti-mation of the height of the re
eiver 
an easilybe performed through a linear �t of the lapsewith respe
t to the sine of the elevation angleof ea
h satellite.In phase pro
essing, the lapse is measuredonly up to an integer number of 
y
les N .Equation (6) must be rewritten as followsL
P (t) = 2h(t) � sin (�p (t)) + b+Np�; (7)with L
p (t) is the 
arrier lapse in meters and �is the 
arrier (L1) wavelength. In other words,the equation for ea
h satellite 
ontains an ad-ditional unknown parameter, NP . In order touse all the satellites for one height estimation,it be
omes ne
essary to estimate also NP , i.e.to solve the ambiguity problem.In order to solve the estimation problem, aminimization sear
h is 
arried out for all theseparemeters: h and b (as real 
onstants) andNP (as integers).However, as dis
ussed, the interferometri
�eld should be �rst �ltered to extra
t its 
o-herent 
omponent. Filtering should be longenough to extra
t the 
oherent 
omponent butshort enough to keep the geophysi
al signals ofinterest pass through.This means that the geophysi
al 
oherent
omponent we are after should not 
hange formore than a small fra
tion of a 
y
le duringthe time duration of the �lter. The maxi-mal allowable time thus depends on the ele-vation angle and rate of 
hange of elevationof the satellite and, just slightly, on the tidemotion. In the 
ase of interest, it turns outthe maximum �ltering time should be around

10 se
onds. In other words, in 10 se
onds, atleast for one satellite, the 
oherent interfero-metri
 phase 
hanges by more than �2 radians.With this �lter length it is not possible to sep-arate 
oherent and in
oherent 
omponents ofthe �eld, and fading events are not 
ompletelyeliminated. However, a realisti
 estimation ofthe bridge height (and bias) does be
ome pos-sible.As mentioned, to extra
t the 
oherent 
om-ponent a longer averaging period should beused. To this end, we �rst 
ounter-rotate theinterferometri
 �eld using a �rst guess of thebridge height, as we now explain in more de-tail.After down
onversion and despreading, we
an express the re
e
ted 
omplex �eld as asum of the 
oherent and in
oherent 
ompo-nents, E(t) = Ar eiL(t)=� + O(t): (8)Now 
onsider that we have a �rst guess for theheight and bias parameters, i.e., a model forthe lapse Lm. This model is used to 
ounter-rotate the �eld:E

(t) = E(t)=Em(t) (9)= Ar e2 i Æh(t) sin(�p(t))+iÆb +O0(t):Clearly, the phase of the 
oherent �eld inequation (9) will now vary mu
h slower thanthe phase of the original re
e
ted �eld as afun
tion of the elevation (and therefore time).This allows for a longer �ltering time, and theexra
tion of the 
oherent 
omponent of the sig-nal (re
all that O(t) has zero mean).The equation whi
h relates the 
ountero-tated phase lapse between dire
t and re
e
tedsignal, the satellite elevations and the Æh (i.e.the error between the �rst guess of the bridgeheight and the real value) isL
P (t) = 2 Æh (t)�sin (�P (t))+ÆNP �+Æb: (10)This is the new equation to be used to �t thelapse versus sine of elevation straight line andinfer the height o�set of the bridge and bias(with respe
t to the �rst guess used to 
ounter-rotate the �eld).In order to solve the ambiguity problem,a sear
h is performed in the spa
e of the in-teger n-tuples and the one that produ
es thelinear �t with smallest residue is sele
ted. Itis important to point out that the n-tuplesear
h spa
e is drasti
ally redu
ed by the prior
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e
tions 6�eld 
ounter-rotation. For example, if theguess is within � half meter, the n-tuple sub-spa
e to be s
anned 
an be limited to thosen-tuples whose 
omponents belong to the in-terval [�3; 3℄, 
entered on the �rst guess of then-tuple, as obtained from a real (as opposed tointeger) ambiguity resolution.Another way to redu
e the 
ardinality ofthe subspa
e of the n-tuples to 
he
k is to 
on-sider that satellites with similar elevation an-gles 
annot have very di�erent integer ambi-guities.5. Results and 
omparisonThe PARFAIT algorithm des
ribed in theprevious se
tion, has been used to analyze the�rst 10 minutes of the Bridge-2 data, Part A1and to the �rst 10 minutes of Part A2. The fol-lowing steps have been performed a

ordinglyin bat
hes of 2 minutes:� The EM �elds, dire
t and re
e
ted, havebeen 
omputed through the usual 
orre-lation pro
ess.� The 
omplex interferometri
 �eld hasbeen 
ounter-rotated (Equation (9)).� The 
ounter-rotated �eld has been �l-tered using a 30 s window.� The phase of the interferometri
,
ounter-rotated and �ltered �eld hasbeen unwrapped.� For every possible set of values of theambiguities NP , a straight line has beeninterpolated to the phase histories (onefor ea
h visible satellite) against the el-evation angle (Equation (10)). The best�t has been identi�ed.The analysis has been 
arried out for al-most5 all visible satellites (see Table 2 and Fig-ure 10). The phase histories are shown in Fig-ure 11(a). A straight line has been �t throughthese phase histories, against the sine of thesatellite elevation angle (Figure 11(b)).This �tted line gives an estimation of thebridge height of 18.61 m, a hardware bias of-0.81 m and, as �rst guess for the n-tuplethat solves the ambiguity problem, the val-ues [0 0 1 1 2 3℄. Now, a sear
h in a subset ofI6 is 
arried out to minimise the residuals ofthe �t in the spa
e of the n-tuples of integers.

The subspa
e 
onsidered is the one spannedby all the 
ombination of integers between �3around the �rst guess. The result is the n-tuple [0 0 2 2 4 5℄ whi
h gives a bridge heightestimation of 18:82m and an instrumental biasof �0:45 m.This pro
edure has been implemented withdata from the �rst 10 minutes of Part A1 andA2 of the Bridge-2 experiment. The resultsare reported in Table 3 and in Figure 12 forPart A1 and in Table 4 and in Figure 13 forPart A2.Fitting both parts to the tide 
urve, i.e.
hoosing the bias that minimizes the stan-dard deviation of the data to the availabletide \ground truth", leads to an altimetrybias of 40 
m and a standard deviation of lessthan 1 
m. This bias 
ould have an origin inthe ground \truth", due either to an error inthe determination of the absolute value of theheight of the bridge performed using the GPSbuoy available data (only a few se
onds, whi
hmay have 
aused ambiguity resolution prob-lems) or, partially, to some anomalies in thewater mass 
ow in the vi
inity of the bridgestru
tures.Moreover, 
onsidering also that the tidedynami
s measured below the bridge may bedelayed with respe
t to the pla
e were the tidewas measured, the best �t (over both bias anddelay) is obtained with a delay of 1 minutesand 37 se
onds with respe
t to the time of thetide data 
olle
tion and with a bias of 40 
m.The standard deviation of the �tted data withrespe
t to the tide 
urve is in this 
ase of 0.3
m.To summarize, the proposed approa
hto PARIS altimetry, the parfait te
hnique,leads a very pre
ise estimation of the tide,� without the need to insert any kind ofmodel for the phase of the re
e
ted sig-nal during fadings,� without reje
ting too many visible satel-lites be
ause of their poor SNR and/orfrequent fadings.Finally, we note that this te
hnique is di-re
tly appli
able for PARIS phase pro
essingfrom air and spa
eborne appli
ations, as longas a suitable model for the lapse phase 
an be
onstru
ted. This will be the subje
t of futurework.5Satellites outside the Zeeland Mask [20, 21℄ are not 
onsidered (see also the 
aption in Figure 10).
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eanography with GNSS Re
e
tions 7PRN elevation mean SNR(dire
t) mean SNR(re
e
ted)14 17o 29.4 dB 25.0 dB25 17o 32.0 dB 25.8 dB1 30o 31.2 dB 24.6 dB7 38o 33.2 dB 29.4 dB11 62o 34.0 dB 29.4 dB20 78o 30.4 dB 26.6 dBTable 2: Visible satellites, their elevation in degrees, the 10 ms 
oherent integration mean SNRdBw(20 log10[peak-grass/grass 
orrelation 
oeÆ
ient℄) for the dire
t and the re
e
ted signal.time(minutesfrom start) instrumentalbias [
m℄ bridge heightestimation [m℄ assumedground truth[m℄ di�eren
e[
m℄1 -0.45 18.83 18.44 39.713 -0.45 18.82 18.42 39.635 -0.46 18.81 18.41 40.197 -0.45 18.79 18.39 40.219 -0.26 18.78 18.38 39.83Table 3: Results of the bridge height estimation during the �rst 10 minutes of the Part A1 data.A
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Figure 10: Ea
h 
olored ar
 represents the position of a GPS satellite from the start of the Part A1 of theexperiment to the beginning of Part A2 plus 10 minutes. The green mask represent the area where the GPSsignal re
e
tions are supposed to be free of shadowing phenomena due to the bridge stru
ture, and thereforeonly the satellite within this mask 
an be taken into 
onsideration for PARIS pro
essing. The bold parts of thelines represent the �rst and the se
ond 10 minutes periods.
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