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Simulating GPSradio occultation events

Georg Beyerle
GFZPotsdam,Germany, gbeyerle@gfz-potsdam.de

Preface
This reportdescribestheGPSradiooccultationsimulationtool SIMEND2END, its MATLAB

implementationandusage,aswell asthemainprocessingalgorithmsandresultsfrom simulation
studies.SIMEND2END's implementationhasbeen�nalized andasigni�cant numberof simulation
runshavebeenperformedwhentheauthorwasGRASSAFvisiting scientistat theDanish
MeteorologicalInstitutein latespring2005.A paperaddressingthesimulationstudy's principal
resultsaswell asastatisticalanalysisof radiosondedataconcerningtheoccurrenceof critical
refractionwaspreparedandsubmittedfor publicationto theJournalof GeophysicalResearch
(Beyerleetal., 2005).Thepresentreportservesasacomplementto thispaper;thereport's main
focusis on thediscussionof implementationdetailsof thesimulationtool. Theanalysisof critical
refractionphenomenaderivedfrom theradiosondeobservationsandthecorrespondingsimulation
resultsis presentedin thepaperandonly asummaryis givenhere.As aconsequenceof theoverlap
betweenthefocalpointsof thesubmittedpaperandthis reportseveral�gures andtext sections
foundin thepaperarereproducedhere.A preprintof thepaperandSIMEND2END's sourcesare
availableathttp://www.gfz-potsdam.de/pb1/staff/gbeyerle/ .

Abstract
Validationstudiesof atmosphericrefractivity observedby theGPSradiooccultationexperiment
aboardtheCHAMP satelliteidentify signi�cant biasesandenhancedstandarddeviationsin the
lower troposphereat low latitudes.In orderto separatebiascontributionscausedby critical
refractionfrom contributionsinducedby theoccultationreceiver's signaltrackingloopsan
end-to-endsimulationtool wasdevelopedandimplementedwithin theMATLAB programming
environment.With adatasetof 1992refractivity pro�les derivedfrom high-resolutionlow-latitude
radiosondeobservationssimulationstudiesincludingseveralclosed-loopandopen-loopsignal
trackingtechniqueswereperformed.Theindividual stepsof thesimulationprocessingchainand
theirunderlyingalgorithmsaredescribed.Theresultsfrom thesimulationstudyshow thata receiver
modelcapableof �y-wheeling qualitatively reproducestheCHAMP observations,whichare
characterizedby negativebiasesin theplanetaryboundarylayer, enhancedstandarddeviationsand
frequentoccurrencesof lossof signaltrackinglock in thelower troposphere.Closedloop tracking
with reducedlooporderis foundto beaviablealternative to �y-wheeling andopen-looptechniques.
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Abbre viations

AWI Alfred WegenerInstitutefor PolarandMarineResearch,Bremerhaven
C/A code coarseacquisitioncode
CHAMP CHAllengingMinisatellitePayload(Germangeo-researchsatellite)
DMI DanishMeteorologicalInstitute,Copenhagen
ECMWF EuropeanCentrefor Medium-RangeWeatherForecasts,Reading
FSI full spectruminversion
GFZ GeoForschungsZentrumPotsdam,Germany
GPS GlobalPositioningSystem
GPS/MET GPS/Meteorology(proof-of-conceptsatellitemission)
LEO low-Earthorbiting
MPS multiplephasescreen
NCO numerically-controlledoscillator
Pcode precisecode
PBL planetaryboundarylayer
PLL phase-lockedloop
RO radiooccultation
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1. Intr oduction
SinceMarch2001aGlobalPositioningSystem(GPS)radiooccultation(RO) experimentaboardthe
CHAMP (CHAllengingMinisatellitePayload)geo-researchsatellite(Reigberetal., 2002,2005)
recordssignalsfrom GPSsatellitessettingbehindEarth'shorizon.Sinceactivationof theRO
experimenton11February2001aboutthreehundredthousandoccultationeventshavebeen
observed,about64%of whichcouldbesuccessfullyprocessedandconvertedto pro�les of
atmospherictemperature(Wickert etal., 2001,2004;Hajj et al., 2004).As thesignalpropagates
throughtheionosphereandtheneutralatmosphereits amplitudechangesandits groupandphase
velocitydeviatesfrom thevacuumspeedof light. Fromthesecharacteristiccarrierphaseand
amplitudechangestheraybendinganglepro�le ®(p) and,subsequently, theatmosphericrefractivity
pro�le N (z) = (n(z) ¡ 1) ¢106 arederived(seee.g.,Melbourneetal., 1994;Kursinskietal., 1997;
Yunck etal., 2000;Hajj et al., 2002).Here,n(z) denotestherealpartof theatmosphericrefractive
index, p andz aretheray impactparameterandthealtitude,respectively.

In theuppertroposphereandlowerstratosphere,ataltitudesbetweenabout7–8km and35km, good
agreementbetweenCHAMP RO measurementsandmeteorologicalanalysesis found. In thelower
troposphere,however, validationstudiesof theCHAMP, aswell astheearlierproof-of-concept
GPS/METmissionreportonsigni�cant negative refractivity biaseson theorderof severalpercent
(Rockenetal., 1997;Wickert etal., 2004;Marquardt etal., 2003;Aoetal., 2003;Hajj et al., 2004).

TheN -biasmaybeattributedto two factors.First, for verticalrefractivity gradientsbelow a
thresholdvalueof dNc=dz ´ 106=rE ¼ ¡ 157km¡ 1 thelocal curvatureof therayexceedsthe
curvatureof therefractive index �eld andtheray is eitherabsorbedby thegroundor refracted
outsideof theorbit sectorin which thereceiver recordssignals(Aoetal., 2003;Sokolovskiy, 2003).
In occultationeventsaffectedby critical refractiontheretrievedbendinganglesand,subsequently,
theretrievedrefractivitiesaresystematicallysmallerthanthetruevalues(Sokolovskiy, 2003).
Second,thesignaltrackingprocessperformedby theoccultationreceivermayinducecarrierphase
errorswhichalsocontributeto therefractivity bias(seee.g.,Gorbunov, 2002;Aoetal., 2003;
Beyerleetal., 2003).It is well establishedthattheimplementationof open-loopsignaltracking
techniquesin futureRO instrumentswill preventthereceiver from prematurelylosingtrackinglock
andwill provideaccessto carrierphaseandamplitudedatain theplanetaryboundarylayerat low
latitudes(Sokolovskiy, 2001b).

Negativebiasesin thelower tropospherearewell-known from CHAMP andothersatelliteRO
missions(seee.g.Rockenetal., 1997;Aoetal., 2003;Hajj et al., 2004).Within anensembleof
retrievedrefractivity pro�les theexactshapeof thefractionalrefractivity errordependsalsoon the
numberof datapointsretrievedatagivenaltitudez, in thefollowing denotedby m(z); the
loss-of-lockaltitudez50% refersto thealtitudeatwhich thenumberof successfullyretrieveddata
pointsis reducedto 50%.If, e.g.,morerestrictivequalitycontrolcriteriaareemployedremoving
outlierobservations,z50% increasescorrespondingly. If thefractionis above50%within thefull
altituderange,z50% is unde�ned.A plot of m(z) is attachedto the�gures showing thefractional
refractivity error¢ N=N tr ue ´ (N ¡ N tr ue)=N tr ue in orderto emphasizethemutualdependence
betweenfractionalrefractivity errorandm(z).

Thesimulationtool SIMEND2END attemptsto modelGPSradiooccultationeventstakinginto
accountthereceiver trackingprocess.Startingfrom arefractivity pro�le N (z) theatmospheric
propagationof aGPSsignalis simulatedwith theinverseFull SpectrumInversion(FSI) technique
(Gorbunov, 2003;Gorbunov andLauritsen, 2004).With theFSImethodthesimulatedamplitude
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Figure1.1: Schematicoverview of theend-to-endsimulationprocedure.

andphasedataareconvertedto bendinganglepro�les (Jensenetal., 2003).Finally, refractivity
pro�les areretrievedby Abel-transformingthebendinganglepro�les therebyclosingthesimulation
loop (Aoetal., 2003).Optionally, asimpli�ed signalreceivermodelcanbeinsertedin the
end-to-endsimulationchain.Its schematicis shown in Figure1.1.

Sincetheemphasisliesonstatisticalanalysisof a largenumberof simulatedretrieval results,weaim
ata fastandef�cient implementation.To achieve thisobjectiveanumberof simplifying assumptions
aremade:

1. Theorbitsof theLEO andtheoccultingGPSaretakento becircularandcoplanar.

2. Thefocusof thesimulationtool is on thetroposphere.Signalpropagationthroughthe
ionosphereis not takeninto accountandonly thesignalsat theL1 frequency (1.57542GHz)
areconsidered.

3. C/A andPcodemodulationsarenotexplicitly simulated;the50Hz navigationdata
modulationis implementedasrandomsignchangesevery20ms.

4. Relativistic Dopplershiftsandclockdeviationsarenot includedin thesimulation.

5. In closed-looptrackingonly theNCOfrequency is updated,NCOphaseupdateis not
implemented.(StephensandThomas, 1995).

6. Atmosphericabsorptionis neglected,i.e. theimaginarypartof therefractive index is assumed
to vanish.(For adiscussionof occultationdataanalysisfor non-zeroabsorptionseeGorbunov
andKirchengast(2005).)

Theoccultationsimulationtool SIMEND2END hasbeenprogrammedandtestedwithin theMATLAB

programmingenvironment(MATLAB version7, version5 andearlierversionsarenotsupported).
SIMEND2END's source�les arelocatedin thedirectory.../simend2end/ andin the
subdirectory.../simend2end/private/ . Program�o w is controlledby parametersstoredin
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the�le priv_controlpardefault.m (default parameters)andthe�le
priv_controlparlocal.m (site/machinespeci�c parameters).Inputdata(e.g.radiosonde
data)arereadfrom .../simend2end/data/in/ , resultsarestoredasMATLAB-speci�c binary
formatdata�les in .../simend2end/data/out/mat/ . Eachsimulationeventis uniquely
characterizedby anoccultationnumberOccNo, thetypeof signaltrackingTrackType , andthe
carriersignal-to-noisedensityratioCN0in unitsof dBHz. Thesimulationresultsarevisually
displayedand/orstoredin �les for lateranalysis.Installationandusageof SIMEND2END is
describedin theappendicesA andB (seealsothe�le readme in theSIMEND2END distribution).

Theoutlineof this reportis asfollows: in chapter2 thecalculationof GPSandLEO orbitsare
described,chapter3 discussesthecalculationandparameterizationof therefractivity pro�le, which
is usedasinput to theforwardmodel,outlinedin chapter4. Chapter5 focuseson theclosed-loop
andopen-loopsignaltrackingreceivers,theretrieval of bendinganglesandrefractivitiesobtained
from thereceiveroutputis presentedin chapter6. Finally, resultsof thesimulationstudyare
summarizedin chapter7. TheappendixincludesSIMEND2END's installationandusagenotes.
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2. LEO and GPS orbits
Thesimulatedsatelliteorbitsaretakento becircularin orderto improve thesimulator's
computationalef�ciency. Theapproximationis justi�ed sinceCHAMP'sandtheGPSsatellites'true
orbit eccentricitiesarebelow 0.004and0.023,respectively, correspondingadeviation from a
circularorbit of lessthana few hundredmetersanda few kilometersduringthedurationof an
occultationevent(about100s). In addition,Earth's local curvatureradiusis setto a �x edvalue
at rE = 6; 378:1363km. TheLEO (low-Earthorbiting)andoccultingGPSspacecraftsareassumed
to becounterrotatingwithin thesame(occultation)plane;theLEO (occultingGPS)orbit radiusand
velocityarer L ´ j~rL j = 6800km andvL = 7:65km/s(rG = 26; 800km andvG = 3:837km/s),
respectively. With thesevaluesthetemporalchangeof thesatellite-to-satelliteangle

µ ´ acos
µ

~rL ¢~rG

rL rG

¶
(2.1)

amountsto (aconstantvalueof) dµ(t)=dt = 1:268¢10¡ 3 rad/s.

Within SIMEND2END theorbit calculationof LEO andoccultingGPSis performedby theprivate
functionpriv_leogpsorbits.m . ThefunctionreturnsthestructureDataLv2 containing�elds
with positionandvelocity informationatasamplingfrequency of 50Hz.
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3. Refractivity pro®le
Therefractivity pro�le is parameterizedusingaspline�t overacertainaltitudeinterval. Aboveand
below this interval thepro�le is extrapolatedwith aexponentialfunction.Theparameterizationis
initializedwith a functioncall to simend2endrefrpar_<OccNo>.m . E.g.with OccNo=17 the
functionsimend2endrefrpar_17.m needsto exist in theMATLAB searchpathandshould
returnastructureRefrPar containingthespline�t parameters.An analyticalexpressionor
observationaldata(radiosondes)canbeusedto initialize therefractivity pro�le.

Anal ytical expression
Following Sokolovskiy(2001a)weconsideranexponentialrefractivity pro�le with a tropospheric
disturbance.

N = N0 exp
³

¡
z
H

´ µ
1 ¡ ND

2
¼

arctan
µ

z ¡ zD

HD

¶ ¶
(3.1)

Thefunctionssimend2endrefrpar_1.m , : : : , simend2endrefrpar_42.m exemplify
implementationsof Eqn.3.1with disturbanceamplitudesvaryingbetweenND = 0 (nodisturbance)
andND = 8.

Fig. 3.1shows therefractivity andverticalrefractivity gradientfor N0 = 400andascaleheight
H = 8 km. Thedisturbanceis locatedat zD = 6 km, with verticalextentof HD = 50m and
amplitudesof ND = 1 andND = 2:5.
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Figure3.1: Verticalpro�les of refractivity (left panel)andthecorrespondingrefractivity gradient
(right) derivedfrom Eqn.3.1for disturbancesof ND = 1 (solid line) andND = 2:5 (dashed).The
critical valueof ¡ 157km¡ 1 is markedasdottedline.
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Figure3.2: Radiosondepro�le observedby Alfred WegenerInstituteaboardRV “POLARSTERN”
at29.9±N, 14.6±W on2 January1983(pro�le ID #10).

Radio sonde data
Occultationnumbers100000· OccNo · 199999arereservedfor refractivity pro�les extracted
from radiosondedatacollectedaboardRV “POLARSTERN”by Alfred WegenerInstitutefor Polar
andMarineResearch,Bremerhaven(AWI) mostlyon theAtlantic ocean.AWI' s sondedataarchive
is accessiblethrough
http://www.awi-bremerhaven.de/MET/Polarstern/raso.html .

Fromtheobservedpressurep(z), watervapourpartialpressurepw(z) andtemperaturepro�les T(z)
refractivity N ´ 106 (n ¡ 1) is calculatedusing(Thayer, 1974)

N = k1
p ¡ pw

T
+ k2

pw

T
+ k3

pw

T2
(3.2)

with n denotingtherealpartof theatmosphericrefractive index andk1 = 0:7760K/Pa,
k2 = 0:648K/Paandk3 = 3:776¢103 K2/Pa. For simplicity thedifferencebetweengeopotentialand
geometricheightis neglectedin thesimulation.Above theballoonburstheightzB therefractivity
pro�le is extrapolatedexponentially

N (z) = N (zB ) exp
µ

¡
z ¡ zB

H

¶
for z > zB (3.3)

with ascaleheightof H = 7 km (default value).

Therefractivity pro�les arelinearly interpolatedonanaltitudegrid with 5 m resolutionandlow-pass
�ltered usinga runningmeanwith 150m width (adjustablevia theparameter
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Control.SondeProfileSmooth ) to reducemeasurementnoiseintroducedby thehumidity
sensor(Vaisala, 1989).Refractivity for arbitraryvaluesof z areobtainedfrom spline�t parameters
storedin thestructureRefrPar usingthefunctionpriv_calcrefractivity.m .

In thefollowing theindividual stepsof thesimulationprocessareillustratedwith oneparticular
sondeobservationfrom theAWI radiosondedataset,measuredaboardRV “POLARSTERN”
at29.9±N, 14.6±W on2 January1983(pro�le ID #10).Fig. 3.2shows thecorresponding
temperatureandrelativehumiditypro�les (left panel)togetherwith thederivedverticalrefractivity
gradient(right panel).In theplanetaryboundarylayer(PBL) below 2 km altitudestronggradients
causingmultipathbeampropagationareobserved.However, thethresholdvaluefor theoccurrence
of critical refractiondNc=dz= ¡ 157km¡ 1 is not reached.
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4. Forwar d model
Theforwardmodeltranslatestherefractivity pro�le N (z) into abendinganglepro�le ®(p) and,
subsequently, ®(p) into a timeseriesof amplitudeandphasepathsamples.This timeseries
correspondsto asignaltransmittedby theoccultingGPSsatellitefollowing theorbit ~r G(t) and
recordedby anoccultationreceiveronboardtheLEO moving along~r L (t).

Inverse Abel transf orm
If therefractivity �eld is sphericallysymmetric,i.e.N (~r ) = N (r ), theinverseAbel transformrelates
thebendingangle®(p) to therefractivity pro�le N (r ) (Fjeldboetal., 1971)

®(p) = ¡ 2p

1Z

p

dx
p

x2 ¡ p2

d ln(n(x))
dx

(4.1)

wheren = 1 + 10¡ 6 N denotestherealpartof therefractive index. Notethattheintegrationis
performedin impactparameterspace.

Fig. 4.1shows thederivedbendingangleasa functionof rayheightp ¡ r E , whererE denotesthe
local curvatureradius.Below rayheightsof about6 km multipathsignalpropagationgenerates
characteristicbendingangle�uctuations(Gorbunov andGurvich, 1998;Gorbunov, 2002).

TheinverseAbel transformis implementedin functionrefrindex2bendangle_abel.m . To
capturethesmall-scalevariability in thelower troposphereverticalresolution(parameter
Control.ABLVertResolution ) is reducedto 1 m below 6 km altitude(parameter
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Figure4.1: Bendinganglepro�le derivedfrom sondeobservationID #10.
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Control.ABLHeightCritRefr ) increasingto about70m at150km altitude(parameter
Control.ABLMaxHeight ). Thecorrespondingparametersareinitialized in function
priv_controlpardefault.m

Control.ABLNofLevels = 9001; % number of altitude levels
Control.ABLHeightCritRefr = 6e3; % upper end of high

% resolution range [m]
Control.ABLVertResolution = 1; % vertical resolution

% below ABLHeightCritRefr [m]
Control.ABLMinHeight = 0; % minimum height range [m]
Control.ABLMaxHeight = 150e3; % maximum height range [m]

Multiple phase screens
If, on theotherhand,therefractivity �eld deviatesfrom sphericalsymmetrytheinverseAbel
transform(Eqn.4.1) is notapplicable.An ef�cient derivationof thebendingangle®(p) for
non-sphericalrefractivity �elds providestheMultiple PhaseScreen(MPS)technique(Karayeland
Hinson, 1997;Gorbunov andGurvich, 1998;Sokolovskiy, 2001a).In theMPSapproachthe
refractivity �eld is modeledby aseriesof parallelphasescreens.In our implementationthewave
�eld is describedby 20,000rayspropagatingthroughNps = 2001plane-parallelphasescreens
separatedby ¢ x = 1 km. At eachphasescreentheincidentwavesuffersaphaseshift whereasthe
wave'samplituderemainsunchanged;betweenscreensthewave is propagatedthroughvacuum
(Gorbunov etal., 1996).At thei th phasescreentheraycorrespondingto impactparameterp is
de�ectedby anangle10¡ 6 dN (i )(z)=dz¢ x whereN (i )(z) denotestherefractivity pro�le on thei th

screen.Thebendinganglethenfollows from thesummationoverall phasescreens

®(p) ¼ 10¡ 6
NpsX

i =1

dN (i )(z(p))
dz

¢ x : (4.2)

TheMPScalculationis implementedin functionpriv_mpspropagate.m . Thedefault
parametersde�ning thenumberof rays,thenumberof screensandtheir separationareinitialized in
priv_controlpardefault.m

Control.MPSNofRays = 20000; % number of rays
Control.MPSNofScreens = 2001; % number of phase screens
Control.MPSScreenDist = 1000; % distance between screens [m]

respectively.

Inverse FSI
Individual rayswithin regionsof multipathpropagationcanbedisentangledby a transformationof
thewave �eld in geometricspace,u(t), to a representationin impactparameterspace,U(p), from
which thebendinganglepro�le ®(p) follows (Gorbunov, 2001;Jensenetal., 2003).Conversely, an
inversetransformationrelates®(p) to thesignalin thetimedomain,

u(t) ´ a(t) exp(i ' (t)) (4.3)
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wherea(t) and' (t) denotethesignal'samplitudeandphase,respectively. Thesatellite-to-satellite
angleµ(p) asa functionof impactparameterp is relatedto thebendinganglepro�le through

µ(p) = ®(p) + acos
µ

p
rL

¶
+ acos

µ
p
rG

¶
: (4.4)

For sphericalLEO andGPSorbitsr L = const= rG and _µ ´ dµ(t)=dt = const;thus,theDoppler
angularfrequency ! (p) is proportionalto theimpactparameter(Jensenetal., 2003),

! (p) = k _µp : (4.5)

Signalphaseandamplitudein impactparameterspace,©(p) andA(p), areobtainedfrom (Gorbunov
andLauritsen, 2004)

©(p) = ¡
Z

d! t(! ) = ¡ k
Z

dp0µ(p0) (4.6)

A(p) ¼

s
p

rL rG sin(µ)
p

r 2
L ¡ p2

p
r 2

G ¡ p2

andthesignalu(t) from theFouriertransform

u(t) = F [U(p)] = F [A(p) exp(i ©(p))] (4.7)

with amplitudeandphase

a(t) = ju(t)j (4.8)

' (t) = arg(u(t)) :

Fig. 4.2shows theamplitudeandDopplerpro�le thatcorrespondsto thebendinganglepro�le
plottedin Fig. 4.1; for clarity anoffsetof 42kHz hasbeensubtractedfrom theDopplerpro�le.
Multipathpropagationcausessigni�cant amplitudeandDoppler�uctuationsstartingatabout65s
occultationtime.
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Figure4.2: Simulatedsignalamplitude(toppanel)andDopplerfrequency pro�le (bottom)derived
from sondeobservationID #10.

5. Receiver model
Thereceiver tracksthesignalu(t) by correlatingu(t) with replicasignals

vi (t) ´ cos[©N CO(t)] and vq(t) ´ ¡ sin[©N CO(t)] : (5.1)

Thereplicasvi (t) andvq(t) aregeneratedby thereceiver'sNCO(Kaplan, 1996;Tsui, 2000;Misra
andEnge, 2002).In oursimulationtheNCO's frequency f N CO(t) is updatedata rateof
1=T = 1 kHz, i.e. f N CO(t) is piecewiseconstantfor tn · t < tn + T, f N CO

n ´ f N CO(tn ). Provided
theamplitudeA(t) andfrequency f (t) ´ 1=(2¼) d©=dt canbeapproximatedaspiecewiseconstant
functions,An ´ A(tn ) andf n ´ f (tn ), theinphaseandquadphasecorrelationsumsaregivenby

i n ´
2
T

Z tn + T

tn

u(t) vi (t) dt + N i
n (5.2)

¼ Dn An
sin(2¼¢ f n T + ¢© n¡ 1) ¡ sin(¢© n¡ 1)

2¼¢ f n T
+ N i

n

and

qn ´
2
T

Z tn + T

tn

u(t) vq(t) dt + N q
n (5.3)

¼ Dn An
¡ cos(2¼¢ f n T + ¢© n¡ 1) + cos(¢©n¡ 1)

2¼¢ f n T
+ N q

n ;

respectively, with Dn ´ D(tn ). Here,¢ f n ´ f n ¡ f N CO
n and¢© n ´ ©n ¡ ©N CO

n denotethe
differencebetweenthetrueandtheNCOfrequency andthedifferencebetweenthetrueandthe
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NCOphase,respectively. TheNCOphasefollows from

©N CO
n ´ 2¼T

nX

j =1

f N CO
j : (5.4)

Wenotethat©N CO
n and©n areaccumulatedphasesandnot restrictedto theinterval [¡ ¼; + ¼].

Gaussianwhitenoise,N i
n andN q

n , with zeromeanandstandarddeviations

¾(N i;q
n ) =

A (0)

p
2T 10C=N 0=10

(5.5)

is addedto thecorrelationsums,i n andqn (Eqns.5.2and5.3),whereA (0) denotestheamplitudefor
vacuumpropagationandC=N0 is thenoisecarrier-to-densityratioexpressedin dBHz (Kaplan,
1996).

Thetotalaccumulatedphaseis thesumof NCOphase©N CO
n andresidualphase©R

n (seesection5.4)

' Rcv
n = ©N CO

n + ©R
n : (5.6)

Finally, outputdatavolumeis compressedfrom 1=T = 1 kHz to 50Hz by coherentsummationover
K = 20samples

I k =
K ¢kX

j = K ¢(k¡ 1)+1

i j (5.7)

Qk =
K ¢kX

j = K ¢(k¡ 1)+1

qj

©Rcv
k =

1
K

K ¢kX

j = K ¢(k¡ 1)+1

' Rcv
j :

In thefollowing, I k andQk aredenotedascoherentinphaseandquadphasecorrelationsums,
respectively. WenotethatEqn.5.7 impliesa linear�t through' Rcv

j to obtain©Rcv
k , Thomas(1989)

discussesmoresophisticatedalternatives.Fromthecoherentcorrelationsumsthesignalamplitudes

ARcv
k =

p
(I k)2 + (Qk)2 (5.8)

areobtained.Signaltrackingis accomplishedin eitherclosed-loopor open-loopmode.Thetwo
modeswill bediscussedin section5.1and5.2.

Thesimulationreceiver is implementedwith thefunctionspriv_tracking.m (driver routine),
priv_tracksgnpllrateonly.m (closed-loopand�y-wheeling trackingroutine)and
priv_tracksgnopenloop.m (open-looptrackingroutine).First,with acall to
priv_navdatamodulation.m 50Hz datamodulationis addedto thesignalin
priv_tracking.m . For simplicity thenavigationdatais modelledasrandombits. The
modulatedsignalis trackedeitherin closed-loop,�y-wheeling or open-loopmodedependingon the
valuesof theparametersControl.TrackClosedLoop , Control.FlyWheeling and
Control.TrackClosedLoop . Thesimulationreceiversoperatewith anupdatefrequency of
1 kHz; down-samplingfrom 1 kHz to (typically) 50Hz outputfrequency (parameter
Control.OutputRate ) is performedby thefunctionpriv_downsamplesignal.m .
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Closed-loop trac king
In closed-loopmodetheNCOfrequency is adjustedeveryC/A codeperiod(about1 ms)by
±f N CO

n+1 ´ f N CO
n+1 ¡ f N CO

n . Theadjustmentsat interval n + 1 aregivenby

±f N CO
n+1 =

1
T

Ã
K (2)

1 + K (2)
2

2¼
©R

n +
¡ K (2)

1

2¼
©R

n¡ 1

!

(5.9)

(secondorderloop)or

±f N CO
n+1 = ±f N CO

n (5.10)

+
1
T

Ã
K (3)

1 + K (3)
2 + K (3)

3

2¼
©R

n +
¡ 2K (3)

1 ¡ K (3)
2

2¼
©R

n¡ 1 +
K (3)

1

2¼
©R

n¡ 2

!

(third orderloop), respectively, wheretheresidualphase©R
n is givenin radianand

K (2)
1 = 7:358¢10¡ 2, K (2)

2 = 2:810¢10¡ 3 for astandard-underdampedsecondorderloopwith
bandwidthof 30Hz andK (3)

1 = 7:172¢10¡ 2, K (3)
2 = 2:383¢10¡ 3, K (3)

3 = 3:020¢10¡ 5 for a
standard-underdampedthird orderloopwith bandwidthof 30Hz (StephensandThomas, 1995).For
a reducedloopbandwidthof 5 Hz thecorrespondingthird orderloopparametersare
K (3)

1 = 1:283¢10¡ 2, K (3)
2 = 7:365¢10¡ 5 andK (3)

3 = 1:590¢10¡ 7. With ±f N CO
n+1 theNCOfrequency

of the(n + 1)th updateinterval follows from f N CO
n+1 = ±f N CO

n+1 + f N CO
n andsubsequentlyi n+1 and

qn+1 arecalculatedusingEqns.5.4,5.2and5.3.

Closed-looptrackingwith andwithout �y-wheeling is implementedwithin thefunction
priv_tracksgnpllrateonly.m . To simplify signalacquisitiontheloop's NCOfrequency is
initializedwith thetruefrequency andthenoisecomponentis graduallyincreasedfrom zeroto
100%overa timeperiodof Control.NoiseRiseTime seconds(default value:10s). Optionally
(if Control.DataWipeActive non-zero),data-wipeis applied;data-wipeis mandatoryfor
atan2() (four quadrant)phaseextraction.

Undertheassumptionthatthesignalamplitudeandfrequency remainsconstantoveroneC/A code
period(about1 ms)signaltrackingis ef�ciently implementedwith the“sin(x)/x” model
(Eqns.5.2/5.3andAoetal. (2003)).TheaccumulatedNCOphasePhsNCOincreasesevery
TUpd = 1 msby 2¼FrqNCOTUpd, andNCOfrequency FrqNCOis adjustedeverymillisecondby
thevalueCarFrqOfsNew , which is calculatedby thenestedfunction
nested_adjustNCOfrequency() in priv_tracksgnpllrateonly.m . Thenested
functionnested_adjustNCOfrequency() yieldsthenecessaryfrequency changethataligns
theNCOwith observedfrequency.

Open-loop trac king
Open-looptrackingis commonlyconsideredapossiblesolutionto theproblemof prematurelossof
lock in closed-loopreceivers(Sokolovskiy, 2001b).In open-loopmodetheloop feedback±f N CO

n+1 is
calculatedfrom aDopplermodelf model (tn ) ´ f model

n , i.e.

f N CO
n+1 = f model

n+1 (5.11)

andtherefore

±f N CO
n+1 = f model

n+1 ¡ f N CO
n : (5.12)
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Figure5.1: A-priori Dopplerfrequency pro�le usedby theopen-looptrackingmodel(thick dotted
line). ThemeanDopplerpro�le andthecorresponding1 ¾standarddeviationsderivedfrom the
radiosondedatasetareplottedasthin lines.

For simplicity, in thisstudythemodelf model
n is takento beensembleaverage

f model
n ´

1
NR

NRX

j =1

f (j )
n ´ hf (j )

n i (5.13)

whereNR = 1992andf (j )
n is thetruesignalfrequency derivedfrom thej th simulatedDoppler

pro�le at time interval n. Theone-sigmastandarddeviation is about10–20Hz in goodagreement
with Sokolovskiy(2001b).Totalphaseis calculatedfrom Eqn.5.6,with ©R

n extractedfrom Eqn.5.16
and©N CO

n is derivedfrom theNCOfrequency (Eqn.5.4).Analogousto theclosed-loopcasethe
samplingrateis reducedfrom 1 kHz to 50Hz usingEqn.5.7andEqn.5.8yieldsthesignal
amplitude.

Open-looptrackingis implementedwith thefunctionpriv_tracksgnopenloop.m . TheNCO
frequency FrqNCOis calculatedfrom theDopplermodel,describedby theparameterOLFrqMdl
andinitialized in functionpriv_openloopfrqmodel.m . Theresidualphaseinformationis
storedin thevariablesTrkInphs andTrkQuadphs , whicharetheinphaseandquadphase
correlationsumscoherentlyintegratedover20ms.

Fly-wheel mode trac king
The�rst occultationmeasurementsfrom theproof-of-conceptGPS/METmissionfrequentlysuffered
from lossof lock alreadyin theupperor mid tropospherein particularat low latitudes(Rockenetal.,
1997).To solve thisproblemJetPropulsionLaboratorydevelopedandimplementedthe�y-wheeling
trackingmethod(Hajj et al., 2004).Fly-wheelingmodewassuccessfullyusedin laterphasesof the
GPS/METmissionandis thenominaltrackingmodeon theCHAMP andSAC-Csatellites.
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Figure5.2: Bendinganglepro�les derivedfor carrier-to-noisedensityratioof 40dBHz with
open-loopand�y-wheeling signaltracking.

Fly-wheeltrackingis activatedwhenSNRv dropsbelow aprede�nedthresholdvalueSNR?
v. Once

activated,thetrackingloop is openedandf N CO
n+1 is calculatedfrom thepreviousL NCOfrequencies

by extrapolatingapolynomial�t throughf N CO
n¡ L +1 ; : : : ; f N CO

n . Thus,during�y-wheeling thecarrier
trackingloop is no longerphase-lockedto thesignalu(t). ThephasorI + i Q startsto rotatefreely
in I ¡ Q space,effectively randomizingtheresidualphasevaluesandcausingsigni�cant phase
errors.However, signallossis lesslikely during�y-wheeling sincelargeresidualphaseerrorsno
longercausef N CO

n to sheerout.

Our �y-wheeling simulationsshow thattheresultsdependstronglyon theselected�y-wheeling
parameters:thenumberof samplesL includedin thepolynomial�t, thedegreeof theextrapolation
polynomial,theamplitudethresholdsfor activationanddeactivation,possibletimedelays,etc. In
our implementationthefollowing parameterswerefoundto givebestresults:L = 2000
correspondingto a timeperiodof 2 s,a linear�t anda thresholdvalueof SNR?

v = 40. If the
observedamplitudefallsbelow SNR?

v for morethan100ms,�y-wheeling is activated.Westressthat
thedesignchoicesof our �y-wheeling implementationweremadeto achieveconsistency with the
CHAMP occultationdata;theimplementationshouldnotberegardedasanaccuratemodelof the
“BlackJack”receiveraboardCHAMP.

Within closed-looptracking(implementedin priv_tracksgnpllrateonly.m ) �y-wheeling is
activatedif theparameterControl.FlyWheeling is non-zero.At eachupdatestepthethreshold
SNR?

v is comparedagainstthesignalamplitudeFWAmplSqr, coherentlyintegratedover20ms.
Evaluatingtheextraploationpolynomialwith parametersFWppatsampletimek (usingthefunction
call FrqNCO = polyval( FWpp, k, [], mu)) yieldstheNCOfrequency for thenext time
period.NotethatFWppis initializedsolelyduringtimeperiodsof deactivated�y-wheeling.
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Figure5.3: FSIamplitudesderivedfor carrier-to-noisedensityratioof 40dBHz with open-loopand
�y-wheeling signaltracking.

Amplitude and residual phase
Theresidualphases©R

n (Eqn.5.6)areextractedfrom thecorrelationsums(Eqns.5.2and5.3)using

©R
n = atan

µ
qn

i n

¶
(two-quadrantphaseextraction) (5.14)

or

©R
n = atan2(qn ; i n ) (four-quadrantphaseextraction). (5.15)

In closed-loopmodethephase-lockedloop (PLL) steerstheresidualphase©R
n towardszero,i.e.

ji n j À jqn j if thetrackingloop is lockedto thesignal.In open-loopmode(section5.2),however,
receivedandreplicasignalsareno longerphase-locked,©R

n possiblyexceedstheinterval [¡ ¼; + ¼]
anduseof Eqn.5.15would introduceacycleslip whenever©R

n passes§ ¼. Thesecycleslipsare
eliminatedby addingthenumberof full cyclesto ©R

n , i.e.Eqn.5.15is modi�ed by

©R
n = atan2(qn ; i n ) + Cn (5.16)

where

Cn =

8
>><

>>:

Cn¡ 1 ¡ 2¼ : atan2(qn ; i n ) ¡ atan2(qn¡ 1; i n¡ 1) < ¡ ¼

Cn¡ 1 + 2¼ : atan2(qn ; i n ) ¡ atan2(qn¡ 1; i n¡ 1) > ¼

Cn¡ 1 : else

(5.17)

andC1 = 0.

In thecurrentCHAMP occultationreceiver closed-looptrackingwith two-quadrantphaseextraction
is implemented(Aoetal., 2003).With two-quadrantphaseextractionthe50Hz datamodulationis
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automaticallytakencareof, sinceEqn.5.14is insensitivewith respectto signchangesof i n andqn

(Kaplan, 1996).Four-quadrantphaseextraction,on theotherhand,recordsthedatamodulationbits
andintroduceshalf-cycleswheneverabit transitionoccurs.Thus,four-quadrantphaseextraction
presupposestheremoval of the50Hz datamodulationprior to signalcorrelation(datademodulation
or datawipe-off) andnecessitatesknowledgeof thenavigationmessage.
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6. Data retrie val
Thereceiveroutputsinphase/ quadphasecorrelationsumsandtheNCOfrequenciesdown-sampled
from thereceiver-internal1 kHz updatefrequency to 50Hz (typically). Theoutputfrequency is
adjustablethroughtheparameterControl.OutputRate (receiveroutputfrequency in Hz).
Fromthecorrelationsumssignalphasesandamplitudesarecalculated.

Full Spectrum Inversion
TheFull SpectrumInversiontechniqueallows for thecalculationof bendinganglepro�les within
regionsof multipathraypropagation.Following Jensenetal. (2003);Gorbunov andLauritsen
(2004)thebendingangle®(p) is obtainedfrom thesatellite-to-satelliteangleµ(p) (Eqn.4.4)

®(p) = µ(p) ¡ acos
µ

p
rL

¶
¡ acos

µ
p
rG

¶
: (6.1)

µ(p) follows from theknown functionµ(t) providedt asa functionof impactparameter, t = t(p),
canbedetermined.An inverseFouriertransformof theobservedsignal,u(t) = a(t) exp(i ' (t))
with amplitudea(t) andtotalphase' (t), yields

U(! ) ´ F ¡ 1[u(t)] = F ¡ 1[a(t) exp(i ' (t))] (6.2)

whereU(! ) = A(! ) exp(i ©(! )) . As shown by Jensenetal. (2003);Gorbunov andLauritsen
(2004),for circularorbitsagivenangularfrequency ! occursjustonceduringanoccultationevent
andfor suchorbitsit is suf�cient to studyu(t). Thus,t(! ) is well de�ned andfollows from the
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Figure6.1: Fractionalrefractivity errorderivedfor carrier-to-noisedensityratioof 40dBHz with
open-loopand�y-wheeling signaltracking.
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transformedsignal's phase(Eqn.4.6),

d©(! )
d!

= ¡ t(! ) : (6.3)

UsingEqn.4.5andµ = _µt ( _µ = constfor circularorbits)thesatellite-to-satelliteangleµ(p) canbe
calculated.

Within theFSI implementation(priv_fullspectruminversion.m ) theindependent
variable,time t, is replacedby µ (Jensenetal., 2003)

µ =
!
k p

t : (6.4)

For sphericalorbits! / p and,thus,µ / t and _µ = ! =(k p).

Fouriertransformationof theobservedsignalu(µ) = a(µ) exp(i ' (µ)) yields
U(­) = A(­) exp(i ©(­)) with ­ denotingtheangular“µ-frequency”, thenumberof cyclesper
unit µ angletimes2¼. Sincemultipathpropagationis a troposphericphenomenon(we ignore
ionosphericmultipath)theFouriertransformationcanberestrictedto µ > µ?. Thelimit µ? is chosen
to correspondto a rayheightof 30km andis derivedfrom ageometricalopticapproximation.

Furthermore,thesignalu(t), recordedat50Hz andDoppler-shiftedby about40kHz (Fig. 4.2),is
under-sampledby a factorof about40kHz=50Hz = 800. Nevertheless,(almost)no informationis
lost throughaliasingprovidedthesignal's bandwidthis lessthanthesamplingfrequency. The
bandwidthin termsof angularµ-frequency is about

­ max ¡ ­ min ¼ 2¼= _µ 300Hz ¼ 1:5 ¢106 rad¡ 1 (6.5)

for a troposphericsignalbandwidthof about300Hz (seeFig. 4.2).Thereceiver's50Hz sampling
frequency correspondsto anangularsamplingµ-frequency of 2¼= _µ=50Hz ¼ 2:5 ¢105 rad¡ 1. Thus,
thesignalu(µ) needsto beup-sampledby a factorof 1:5 ¢106 rad¡ 1 =2:5 ¢105 rad¡ 1 = 6. (With a
receiveroutputrateof 300Hz insteadof 50Hz thisprocessingstepcouldbeeliminated.)The
up-samplingis implementedin privatefunctionpriv_fullspectruminversion.m aslinear
interpolationof amplitudea(µ) andaccumulatedphase' (µ). Theup-sampledsignalis thenshifted
in ­ -spaceby ­ min andFouriertransformed

F ¡ 1[u(µ) exp(i ­ min µ)] = U(­ ¡ ­ min ) (6.6)

whereU(­) ´ A(­) exp(i©(­)) . In analogyto Eqn.6.3thesatellite-to-satelliteanglein ­ -spaceis
obtainedfrom

d©(­)
d­

= ¡ µ(­) i.e.
©i +1 ¡ ©i

­ i +1 ¡ ­ i
= ¡ µi i = 1; : : : ; M ¡ 1 : (6.7)

Thephase©i is extractedfrom thetransformedsignal,©i = arg(U(­ i )) . To avoid aliasingwe
require±© ´ j©i +1 ¡ ©i j . ¼=2. Duringa typicaloccultationeventµ coversa rangeof about
0.1rad;thus,±­ ´ j­ i +1 ¡ ­ i j ¼ ±©=0:1 rad. 15. However, ±­ . 15 impliesthatthefull range
in µ-spaceshouldbe,µM ¡ µ1 = 2¼=±­ & 0:42rad,morethan4 timestheobservedrange
of 0.1rad.Therefore,in theimplementationof priv_fullspectruminversion.m the
µ-rangeis expandedthroughzero-paddingof u(µ) (H.-H. Benzon,personalcommunication,2005).
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Abel transf orm
If therefractivity �eld is sphericallysymmetrictherefractive index follows from thebending
angle®(p) by theAbel transform(Fjeldboetal., 1971)

n(r ) = exp

0

B
@

1
¼

1Z

p(r )

®(p0)
p

p2 ¡ p02
dp0

1

C
A : (6.8)

Again, integrationis performedin impactparameterspace.Fig. 6.1shows thedeviationbetween
fractionaldeviationbetweenretrievedandinput refractivity, (N r etr ¡ N tr ue)=N tr ue, for two receiver
models,open-loopand�y-wheeling.

TheAbel transformis implementedin thefunctionbendangle2refrindex_abel.m . In
priv_fsigoimpactparsplice.m thealtituderesolutionof theFSIbendinganglepro�le is
reducedto 10m (adjustablethroughtheparameterControl.FSIAltResolution ). With 10m
verticalresolutionnumericalintegrationusingthetrapezoidalruleyieldssuf�cient accuracy. At an
altitudeof 25km (parameterControl.FSIRayHeightXOver ) andabove theFSIbendingangle
pro�le is replacedby theforwardmodelresult.
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7. Simulation results
Threeexamplesof end-to-endsimulationresultsarepresentedin Figs.7.1to 7.3.A moredetailed
discussionis givenin Beyerleetal. (2005).Theplotsshow themeanfractionaldifferencebetween
retrievedandtruerefractivity in theleft panel(thick lines).Thin linesmarktheone-sigmastandard
deviation. In addition,thenumberof retrieveddatapointsasfunctionof altitudeis shown in the
right panel.Thetruerefractivity pro�les aretakenfrom 1992radiosondeobservationsrecordedand
archivedby AWI aboardRV “POLARSTERN”on theAtlantic oceanat latitudesbetween30±Sand
30±N. Thesimulationsareperformedfor signal-to-noisedensityratiosof 40,45and50dBHz.

Thefollowing threecasesareconsidered:

1. Theidealreceiverexactly reproducesthesignalat its input;noisecontributionsarenot
included.

2. Thereferencereceiverusesclosed-looptracking,two-quadrantphaseextractionwith a third
orderloopand30Hz loopbandwidth;this receivermodelis capableof �y-wheeling.
Qualitatively, thismodelcorrespondsto thecurrentcon�gurationof the“BlackJack”receiver
aboardCHAMP.

3. Theimplementationof anopen-loopreceiveroutputsinphaseandquadphasecorrelationsums
togetherwith thephasemodel.
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Figure7.1: Left: fractionalrefractivity errorderivedfrom simulationsusingtheidealreceiver is
plottedasthick solid line. Thethin linesindicatetheone-sigmastandarddeviation. Excludingdata
affectedby critical refractionyieldsanalmostbias-freeresult(dashedlines).Right: numberof
retrieveddatapoints.z50% are692m and99.5m, respectively.
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Figure7.2: SameasFig. 7.1,howeversignalis trackedin closed-loopmodewith �y-wheeling
enabled.z50% are3.4,2.4and1.5km for 40,45and50dBHz, respectively.

Thesimulationresultswithoutsignaltracking(idealreceiver) is plottedin Fig. 7.1. In acontrolrun
werestrictthecomparisonto theheightrangeabovezCR + 100m andobtainameanfractional
retrieval errorandstandarddeviationbelow 0.01%and0.03%,respectively (dashedlines).Here,
zCR denotesthelargestaltitudewherecritical refractionis observed.58.3%of theradiosonde
observationsexhibit critical refractionwith verticalrefractivity gradientsof lessthan¡ 157km¡ 1;
below 3 km thissubsetgeneratesanegativebiasof up to ¡ 1% andastandarddeviationof about2%
(solid lines).

In thedataanalysisnoqualitycontrolof outlierscausedcritical refractionhasbeenperformedin
Figs.7.2and7.3.Theretrieval resultsmaydirectlybecomparedto theidealreceiverpro�le (thick
solid line in Fig. 7.1,left panel).For thatpurposethesolid line is repeatedin both�gures. Theonset
of adecreasein m(z) alreadyat4–8km altitude(Fig. 7.2,right panel)shows thatthe�y-wheeling
receiver frequentlylosestrackinglock in themid tropospherebeforereachinglayersof critical
refraction.Sincelossof lock tendsto occurator abovecritical layersonewouldexpectthatthe
subsetof successfullytrackedsignalsminimizesthebias.However, asigni�cant negativebiasis
observedbelow 5 km altitude.Within thePBL critical refractionmight contributeto thenegative
N -bias;above3 km receiver-inducederrorsarethemostlikely cause,sincetheoccurrenceof critical
refractionabove thataltitudecanbeexcluded.

Thecomparisonbetweensimulationresultsobtainedby theopen-loopreceiver (Fig. 7.3)andresults
producedby the�y-wheeling receiverwith two-quadrantphaseextraction(Fig. 7.2)highlightsthe
signi�cant negativebiasandenhancedstandarddeviation introducedby thelatter. Theopen-loop
refractivities (dashed,dashed-dottedanddottedlinesin Fig. 7.3)exhibit almostnobiasandreduced
standarddeviationwith respectto theidealreceiver (solid line).
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Figure7.3: SameasFig. 7.1,howeversignalis trackedin open-loopmode.z50% is 0.023km for
50dBHz.

8. Conc lusions
Thesimulationtool SIMEND2END allows for theef�cient simulationof GPSradiooccultationevents
with differenttypesof signaltrackingtechniques.Theuseof waveopticalmethodsin theforward
modelandtheinversionof thereceiver-processedpro�les guaranteesthedisentanglingof interfering
rayswithin regionsof multipathpropagation.Thesimulationreproducesonaqualitative level the
trackingbehavior of current�y-wheeling enabledreceiverswith two-quadrantphaseextraction;in
mostoccultationeventsthe�y-wheeling receiver loseslock ator above thecritical refractionlayer.
Theresultssuggestthatreceiversusingopen-looptrackingwill yield improvementsin themid and
lower troposphereataltitudebelow 6–8km in termsof retrieval bias,standarddeviationand
loss-of-lockaltitude.
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A. Installation

- download the current version of simend2end from
http://www.gfz-potsdam.de/pb1/staff/gbeyerle/tools/index.html

- create a new directory for simend2end and unzip the archive

- add the new directory to the MATLAB search path

- edit the parameter file 'private/priv_controlparlocal.m'
(optional)

B. Usage

The simulation tool is started from the MATLAB command line with

>> simend2end( OccNo, TrkType, CN0, Control)

The integer 'OccNo' characterizes an occulation event calculated
for a specific refractivity profile. The refractivity profile
is defined in the parameter file ['simend2endrefrpar_' OccNo '.m'].
I.e. for OccNo=17 the file 'simend2endrefrpar_17.m' is called.

Predefined ranges are (see 'priv_initrefrparameter.m')
100,000 - 199,999 : radio sonde data
200,000 - 299,999 : DWDlocal model
300,000 - 399,999 : planetary boundary layer studies

The integer 'TrkType' determines the type of signal tracking
employed. The tracking parameters are defined in the parameter file
['simend2endtrkpar_' TrkType '.m']. I.e. for TrkType=11 the file
'simend2endtrkpar_11.m' is called.

'TrkType'
0 : no receiver (no noise is added to signal)
2 : closed-loop tracking, no fly-wheeling, 4-quad carrier

phase extraction, 3rd order PLL, 30 Hz bandwidth
11 : open-loop, with navigation data modulation
12 : open-loop, with navigation data modulation,

Doppler model shifted by +10 Hz
13 : closed-loop, no fly-wheeling, 4-quad phase extraction,

3rd order PLL, 5 Hz bandwidth
14 : closed-loop, no fly-wheeling, 4-quad phase extraction,

2nd order PLL, 30 Hz bandwidth
15 : closed-loop, fly-wheeling active,

2-quad phase extraction, 3rd order PLL, 30 Hz bandwidth
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The float number 'CN0' determines the carrier signal-to-noise
density ratio in units of dB Hz; default value is 45 dB Hz.

Parameters controlling the simulation flow can be set with the
structure 'Control':

Control.NewA
1 : calculate orbit data
0 : read orbit from intermediate MAT file

Control.SaveDataA
1 : save orbit data to intermediate MAT file
0 : don't save

Control.NewB
1 : run forward model to calculate bending angle profile
0 : read forward model results from intermediate MAT file

Control.SaveDataB
1 : save forward model results to intermediate MAT file
0 : don't save

Control.NewC
1 : run signal tracking and FSI retrieval
0 : read simulation results from intermediate MAT file

Control.SaveDataC
1 : save simulation results to intermediate MAT file
0 : don't save

Control.Visual
1 : plot results on screen (default)
0 : don't create figures

Control.RandomNoise
0 : initialize random generator with 'OccNo' (default)
1 : initialize random generator with system time

(results may not reproducible)

Control.SaveResultsAsASCII
1 : write results to file in ASCII format
0 : no ASCII output (default)

Control.SondeProfileSmooth
width of smoothing window applied to sonde refractivity
in meters (default: 150 m)

Further customization is done by setting parameters in
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priv_controlparlocal.m : machine/site specific settings
priv_controlpardefault.m : general parameters

Example:

>> simend2end( 100010, 15, 45)

Calculate refractivity profile AWI radio sonde profile #10, add
noise to obtain signal-to-noise density ratio of 45 dB Hz, track
with closed-loop fly-wheeling enabled receiver and plot result
on screen.

Parameter files
---------------

a) Refractivity profile

Information on the refractivity profile is stored in the structure
'RefrPar' comprising the following six fields:

RefrPar.pp = spline( Altitude, Refractivity)
fit parameters derived from a spline fit of a (high resolution)
refractivity profile as a function of altitude.

RefrPar.zMin
lower limit of altitude range [m]

RefrPar.RefrMin
refractivity at altitude 'RefrPar.zMin'

RefrPar.zMax
upper limit of altitude range [m]

RefrPar.RefrMax
refractivity at altitude 'RefrPar.zMax'

RefrPar.ScaleHeight
scale height, profile is extrapolated below 'RefrPar.zMin'
and above 'RefrPar.zMax' with exponential function using a
scale height of 'RefrPar.ScaleHeight'

b) Signal tracking parameters

Control.FourQuadExtraction
1 : four quadrant carrier phase extraction (atan2(Q,I))
0 : two quadrant carrier phase extraction (atan(Q/I))
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Control.TrackClosedLoop
1 : track in closed-loop mode
0 : don't track in closed-loop mode

Control.TrackOpenLoop
1 : track in open-loop mode
0 : don't track in open-loop mode

Control.OLModelFrqOffset
over-all shift of open-loop Doppler model [Hz]

Control.PLLOrder
loop order employed in closed-loop tracking

Control.LoopBLT
bandwidth of carrier tracking loop times loop update
time (1 ms) (i.e. 0.030 corresponds to 30 Hz loop bandwidth)

Control.DataWipeActive
1 : 50 Hz navigation data is predicted and removed

from signal (data-wipe)
0 : don't do data-wipe

Control.CohIntegTime
coherent integration time [s] (default: 0.020)

Control.FlyWheeling
0 : fly-wheeling deactivated
1 : fly-wheeling activate

Control.FlyWheelDataWipeActive
1 : data-wipe during fly-wheeling
0 : no data-wipe during fly-wheeling

Control.FlyWheelSNRThreshLo
active fly-wheeling if SNR drops below this value [V/V]

Control.FlyWheelSNRThreshHi
deactive fly-wheeling if SNR rises above this value [V/V]

Control.FlyWheelAvgTime
time period used for NCO frequency extrapolation [s]

Control.FlyWheelDelayAct
delay for activation of fly-wheeling [s]

Control.FlyWheelDelayDeAct
delay for deactivation of fly-wheeling [s]
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Control.FlyWheelFourQuadExtr
1 : four-quadrant phase extraction during fly-wheeling
0 : two-quadrant phase extraction during fly-wheeling

Control.FlyWheelNoResPhase
1 : don't add residual phase to NCO phase during fly-wheeling
0 : add residual phase to NCO phase during fly-wheeling

Control.FlyWheelPolyDegree
degree of fit polynomial used for extrapolation

Input & output
--------------

Intermediate and final results stored in files (binary MATLAB
format), default output directory is '.../simend2end/data/out/mat/'

The following figures are created with the call to private function
'priv_plotresults.m'

'Figure 1: SNR':
Signal-to-noise ratio as a function of occultation time

'Figure 3: path difference':
Difference between retrieved and true optical path as a function
of occultation time

'Figure 4: residual phase':
Residual phase as a function of occultation time

'Figure 5: Doppler deviation':
Deviation between true and retrieved Doppler as a function of
occultation time

'Figure 6: path difference':
Difference between true and retrieved optical path as a function of
occultation time

'Figure 7: bending angle':
Bending angle as a function of ray height
blue : true profile
red : retrieved profile

'Figure 8: FSI amplitude':
FSI amplitude as a function of ray height
black : FSI amplitude
green : smoothed amplitude
red : cut-off ray height
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'Figure 9: refractivity':
Refractivity as a function of altitude
red : true profile
blue : retrieved profile

'Figure 10: refractivity gradient':
Refractivity gradient as a function of altitude
red : true profile
blue : retrieved profile

'Figure 11: refractivity error':
Fractional deviation between true and retrieved
refractivity as a function of altitude.

C. License

SIMEND2END--- An end-to-end radio occultation simulator

Copyright (C) 2000-2005 Georg Beyerle

This program is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or
(at your option) any later version.

This program is distributed in the hope that it will be useful,
but WITHOUTANY WARRANTY;without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program; if not, write to the
Free Software Foundation, Inc.,
51 Franklin Street, Fifth Floor, Boston, MA 02110-1301, USA
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