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Simulating GPSradio occultation events

Geog Beyerle
GFZ Potsdam Germanygbeyerle@gfz-potsdam.de

Preface

Thisreportdescribeshe GPSradiooccultationsimulationtool SSIMEND2END, its MATLAB
implementatiorandusageaswell asthe main processinglgorithmsandresultsfrom simulation
studies.SIMEND2END's implementatiorhasbeen nalized anda signi cant numberof simulation
runshave beenperformedwhenthe authorwasGRAS SAF visiting scientistat the Danish
Meteorologicalnstitutein late spring2005. A paperaddressinghe simulationstudy's principal
resultsaswell asa statisticalanalysisof radio sondedataconcerningheoccurrencef critical
refractionwaspreparedandsubmittedfor publicationto the Journalof GeoplysicalResearch
(Beyerleetal., 2005). The presenteportsenesasa complemento this paper;thereports main
focusis onthediscussiorof implementatiordetailsof the simulationtool. Theanalysisof critical
refractionphenomenaerivedfrom theradiosondeobsenationsandthe correspondingimulation
resultsis presentedn the paperandonly a summaryis givenhere.As a consequencef the overlap
betweernthefocal pointsof the submittedpaperandthis reportseveral gures andtext sections
foundin the paperarereproducedere.A preprintof the paperandSIMEND2END'S sourcesare
availableat http://www.gfz-potsdam.de/pb1/staff/gbeyerle/

Abstract

Validationstudiesof atmosphericefractvity obsenedby the GPSradiooccultationexperiment
aboardhe CHAMP satelliteidentify signi cant biasesandenhancedtandardieviationsin the
lower tropospheratlow latitudes.In orderto separatéiascontritutionscausedy critical
refractionfrom contritutionsinducedby the occultationrecever's signaltrackingloopsan
end-to-endsimulationtool wasdevelopedandimplementedvithin the MATLAB programming
environment.With adatasetof 1992refractvity pro les derivedfrom high-resolutiodow-latitude
radiosondeobsenationssimulationstudiesncluding several closed-loopandopen-loopsignal
trackingtechniquesvereperformed.Theindividual stepsof the simulationprocessinghainand
theirunderlyingalgorithmsaredescribedTheresultsfrom the simulationstudyshov thatarecever
modelcapableof y-wheeling qualitatively reproduceshe CHAMP obsenrations,which are
characterizedby negative biasedn the planetaryboundarylayer, enhancedgtandardleviationsand
frequentoccurrencesf lossof signaltrackinglock in thelower troposphereClosedloop tracking
with reducedoop orderis foundto beaviablealternatve to y-wheeling andopen-loogtechniques.
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1. Introduction

SinceMarch2001a Global PositioningSystem(GPS)radio occultation(RO) experimentaboardhe
CHAMP (CHAIllenging Minisatellite Payload)geo-researchatellite(Reigberetal., 2002,2005)
recordssignalsfrom GPSsatellitessettingbehindEarth's horizon. Sinceactivation of the RO
experimenton 11 February2001aboutthreehundredthousandccultationeventshave been
obsened,about64% of which couldbe successfullyprocesse@ndconvertedto pro les of
atmosphericemperaturéWckert etal., 2001,2004;Hajj etal., 2004).As the signalpropagtes
throughtheionosphereandthe neutralatmospherés amplitudechangesndits groupandphase
velocity deviatesfrom the vacuumspeedof light. Fromthesecharacteristicarrierphaseand
amplitudechangesheray bendinganglepro le ®&p) and,subsequent|ythe atmosphericefractiity
prole N(z) = (n(z) i 1) ¢1C arederived(seee.g.,Melbourneetal., 1994;Kursinskietal., 1997;
Yund etal., 2000;Hajj etal., 2002).Here,n(z) denotegherealpartof theatmosphericefractve
index, p andz aretheray impactparameteandthealtitude,respectrely.

In theuppertropospherendlower stratosphereat altitudesbetweerabout7-8km and35 km, good
agreemenbetweenrCHAMP RO measuremen@ndmeteorologicabnalysess found. In thelower
tropospherehowever, validationstudiesof the CHAMP, aswell asthe earlierproof-of-concept
GPS/METmissionreporton signi cant negative refractvity biaseson the orderof severalpercent
(Rodkenetal., 1997;Wckert etal., 2004;Marquardt etal., 2003;Ao etal., 2003;Hajj etal., 2004).

TheN -biasmaybeattributedto two factors.First, for verticalrefractvity gradientdbelov a
thresholdvalueof dN.=dz”~ 1CP=rg ¥ 157kmi ! thelocal cunatureof theray exceedshe
curvatureof therefractve index eld andtherayis eitherabsorbedy the groundor refracted
outsideof the orbit sectorin whichtherecever recordssignals(Ao etal., 2003;Sololovskiy, 2003).
In occultationeventsaffectedby critical refractiontheretrieved bendinganglesand,subsequently
theretrievedrefractiities aresystematicallysmallerthanthetrue values(Sololovskiy, 2003).
Secondthesignaltrackingprocesgerformedby the occultationrecever mayinducecarrierphase
errorswhich alsocontrituteto therefractvity bias(seee.g.,Gorbunov, 2002;Ao etal., 2003,
Beyerleetal., 2003).1t is well establishedhattheimplementatiorof open-loopsignaltracking
techniquesn future RO instrumentswill preventthereceverfrom prematureljosingtrackinglock
andwill provide accesdgo carrierphaseandamplitudedatain the planetaryboundarylayeratlow
latitudes(Sololovskiy, 2001b).

Negative biasesn thelower tropospherarewell-knowvn from CHAMP andothersatelliteRO
missiong(seee.g.Rokenetal., 1997;Aoetal., 2003;Hajj etal., 2004). Within anensemblef
retrievedrefractvity pro les the exactshapeof thefractionalrefractvity errordependslsoonthe
numberof datapointsretrievedat a givenaltitudez, in thefollowing denotecby m(z); the
loss-of-lockaltitudezsqq, refersto thealtitudeat which the numberof successfullyetrieveddata
pointsis reducedo 50%. If, e.g.,morerestrictve quality controlcriteriaareemployedremoving
outlier obsenrations,zsq, increasesorrespondinglylf thefractionis above 50% within thefull
altituderange zsoy, is unde ned. A plot of m(z) is attachedo the gures shaving thefractional
refractvity error¢ N=Ng e~ (N i Ngue)™Ny we in Orderto emphasizéhe mutualdependence
betweerfractionalrefractvity errorandm(z).

Thesimulationtool SIMEND2END attemptdo modelGPSradiooccultationeventstakinginto
accountherecever trackingprocessStartingfrom arefractvity pro le N (z) theatmospheric
propagtionof a GPSsignalis simulatedwith theinverseFull Spectrumnversion(FSI) technique
(Gorbunov, 2003;Gorbunov and Lauritsen 2004). With the FSI methodthe simulatedamplitude
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Figure 1.1 Schemati®verview of theend-to-endsimulationprocedure.

andphasedataarecorvertedto bendinganglepro les (Jenseretal., 2003).Finally, refractvity

pro les areretrieved by Abel-transforminghe bendinganglepro les therebyclosingthe simulation
loop (Ao etal., 2003).Optionally, asimpli ed signalrecever modelcanbeinsertedn the
end-to-endsimulationchain. Its schematigs shavn in Figurel.1.

Sincetheemphasidies on statisticalanalysisof alarge numberof simulatedretrieval results we aim
atafastandef cient implementationTo achieve this objectve a numberof simplifying assumptions
aremade:

1. Theorbitsof the LEO andtheoccultingGPSaretakento becircularandcoplanar

2. Thefocusof the simulationtool is on thetroposphereSignalpropagtionthroughthe
ionospheres nottakeninto accouniandonly thesignalsattheL1 frequeny (1.57542GHz)
areconsidered.

3. C/A andP codemodulationsarenot explicitly simulatedthe50Hz navigationdata
modulationis implementedasrandomsignchangesvery 20 ms.

4. Relatvistic Dopplershiftsandclock deviationsarenotincludedin the simulation.

5. In closed-looprackingonly the NCO frequeng is updatedNCO phaseupdates not
implemented(Stephenand Thomas1995).

6. Atmosphericabsorptions ngglected,.e. theimaginarypartof therefractve index is assumed
to vanish.(For adiscussiorof occultationdataanalysisfor non-zeroabsorptiorseeGorbunov
andKirchengasi2005).)

The occultationsimulationtool SIMEND2END hasbeenprogrammedndtestedwithin the MATLAB
programmingervironment(MATLAB version7, version5 andearlierversionsarenot supported).
SIMENDZ2END's sourceles arelocatedin thedirectory.../simend2end/ andin the
subdirectory.../simend2end/private/ . Programo w is controlledby parameterstoredin
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the le priv_controlpardefault.m (default parametersandthe le

priv_controlparlocal.m (site/machinespeci ¢ parameters)inputdata(e.g.radiosonde
data)arereadfrom .../simend2end/data/in/ , resultsarestoredasM ATLAB-speci ¢ binary
formatdata les in .../simend2end/data/out/mat/ . Eachsimulationeventis uniquely
characterizedby anoccultationnumberOccNo, thetypeof signaltrackingTrackType , andthe
carriersignal-to-noiselensityratio CNOin unitsof dB Hz. The simulationresultsarevisually
displayedand/orstoredin les for lateranalysis.Installationandusageof SIMEND2END is
describedn theappendice#\ andB (seealsothe le readme in the SIMEND2END distribution).

Theoutline of thisreportis asfollows: in chapter2 the calculationof GPSandLEO orbitsare
described¢chapter3 discussesghe calculationandparameterizatioof therefractvity pro le, which
Is usedasinputto theforwardmodel,outlinedin chapter4. Chapters focuseson the closed-loop
andopen-loopsignaltrackingrecevers,theretrieval of bendinganglesandrefractvities obtained
from therecever outputis presentedn chapter6. Finally, resultsof the simulationstudyare
summarizedn chapter7. TheappendixncludessIMEND2END's installationandusagenotes.

www.dmi.dk/dmi/sr05-09 page 8 of 38
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2. LEO and GPS orbits

Thesimulatedsatelliteorbitsaretakento becircularin orderto improve the simulators
computationakf ciency. Theapproximations justi ed sinceCHAMP's andthe GPSsatellites'true
orbit eccentricitiesarebelov 0.004and0.023,respectiely, corresponding deviation from a
circularorbit of lessthana few hundredmetersanda few kilometersduringthe durationof an
occultationevent(about100s). In addition,Earth's local curvatureradiusis setto a x edvalue
atre = 6;3781363km. The LEO (low-Earthorbiting) andoccultingGPSspacecraftareassumed
to be counterrotatingvithin the same(occultation)plane;the LEO (occultingGPS)orbit radiusand
velocityarer, ~ jr j = 6800km andv, = 7:65km/s(rg = 26,800km andvg = 3:837km/s),
respectrely. With thesevaluesthetemporalchangeof the satellite-to-satellitengle

u T

, Cr
n” acos R e

2.1
N reg ( )

amountgo (aconstanwalueof) dy(t)=dt = 1:268¢10 3 rad/s.

Within sSIMEND2END the orbit calculationof LEO andoccultingGPSis performedby the private
functionpriv_leogpsorbits.m . Thefunctionreturnsthe structureDatalv2 containing elds
with positionandvelocity informationata samplingfrequeng of 50 Hz.
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3. Refractivity pro®le

Therefractvity pro le is parameterizedsingaspline t overacertainaltitudeintenal. Above and
below thisinterval thepro le is extrapolatedwvith a exponentiafunction. The parameterizatiors
initialized with afunctioncall to simend2endrefrpar_<OccNo>.m . E.g.with OccNo=17 the
functionsimend2endrefrpar_17.m needdo existin the MATLAB searchpathandshould
returnastructureRefrPar containingthespline t parametersAn analyticalexpressioror
obsenationaldata(radiosondesyanbeusedto initialize therefractvity pro le.

Analytical expression

Following Sololovskiy(2001a)we consideranexponentialrefractiity pro le with atropospheric
disturbance.

3 " M (R
_ . Z : 2 Zi Zp
N = Ng exp j 0 1i Np 1/4arctan Ho (3.1)
Thefunctionssimend2endrefrpar_1.m , ..., simend2endrefrpar_42.m exemplify

implementation®f Eqn. 3.1 with disturbancamplitudessaryingbetweerNp = 0 (nodisturbance)
andNp = 8.

Fig. 3.1shavstherefractvity andverticalrefractvity gradientfor No = 400anda scaleheight
H = 8 km. Thedisturbances locatedatzp = 6 km, with verticalextentof Hp = 50m and
amplitudesof Np = 1andNp = 2:5.

10

————— ™,

height [km]
a1

200 100 0
dN/dz [km ]

Figure 3.1 Verticalpro les of refractvity (left panel)andthe correspondingefractivity gradient
(right) derivedfrom Eqgn.3.1for disturbancesf Np = 1 (solidline) andNp = 2:5 (dashed)The
critical valueof | 157kmi ! is markedasdottedline.
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Figure 3.2 Radiosondepro le obsenedby Alfred WegenerinstituteaboardRV “POLARSTERN”
at29.9N, 14.6'W on 2 Januaryl983(pro le ID #10).

Radio sonde data

Occultationnumberst00000- OccNo - 19999%reresenredfor refractvity pro les extracted
from radiosondedatacollectedaboardRV “POLARSTERN” by Alfred Wegenerinstitutefor Polar
andMarine ResearchBremerhaen (AWI) mostlyonthe Atlantic ocean AWI' s sondedataarchive
Is accessibl¢éhrough

http://www.awi-bremerhaven.de/MET/Polarstern/raso.html

Fromtheobseredpressurg(z), watervapourpartial pressurg,,(z) andtemperaturgro les T(z)
refractvity N = 10°(nj 1) is calculatedusing(Thayer 1974)

Pw
T2

N = kg p'TpW + k2$ + K (3.2)
with n denotingthereal partof theatmosphericefractve index andk, = 0:7760K/Pa,

k, = 0:648K/Paandks; = 3:776¢10° K?/Pa. For simplicity the differencebetweergeopotentiabnd
geometricheightis neglectedin the simulation.Above the balloonburstheightzg therefractvity

pro le is extrapolatedexponentially

Zj Zg
H

N(z) = N(zg) exp i for z> zp (3.3)

with ascaleheightof H = 7 km (defaultvalue).

Therefractiity pro les arelinearly interpolatedbn analtitudegrid with 5 m resolutionandlow-pass
ltered usingarunningmeanwith 150m width (adjustablevia the parameter
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Control.SondeProfileSmooth ) to reducemeasurementoiseintroducedoy the humidity
sensol(Vaisala 1989).Refractvity for arbitraryvaluesof z areobtainedrom spline t parameters
storedin thestructureRefrPar usingthefunctionpriv_calcrefractivity.m

In thefollowing theindividual stepsof the simulationprocessareillustratedwith onepatrticular
sondeobsenrationfrom the AWI radiosondedataset,measure@boardRV “POLARSTERN”
at29.9N, 14.6'W on 2 Januaryl983(pro le ID #10).Fig. 3.2shavsthecorresponding
temperatur@andrelative humidity pro les (left panel)togethemwith the derivedverticalrefractvity
gradient(right panel).In the planetaryboundarylayer (PBL) belov 2 km altitudestronggradients
causingmultipathbeampropagtionareobsered. However, thethresholdvaluefor the occurrence
of critical refractiondN.=dz= j 157kmi ! is notreached.
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4. Forwar d model

Theforward modeltranslatesherefractvity pro le N (z) into abendinganglepro le ®&p) and,
subsequent|y®(p) into atime seriesof amplitudeandphasepathsamplesThistime series
correspond$o a signaltransmittedoy the occultingGPSsatellitefollowing the orbit ¢ (t) and
recordedoy anoccultationrecever onboardhe LEO moving alongf (t).

Inverse Abel transf orm

If therefractvity eld is sphericallysymmetric,j.e.N () = N (r), theinverseAbel transformrelates
thebendingangle®(p) to therefractvity pro le N (r) (Fjeldboetal., 1971)
A

®p)=i2p P dx  din(n(x))

x2j p? dx

(4.1)

wheren = 1+ 10 ®N denotegherealpartof therefractive index. Notethattheintegrationis
performedn impactparametespace.

Fig. 4.1 shavsthederivedbendingangleasafunctionof ray heightpj rg, whererg denoteghe
local curvatureradius.Below ray heightsof about6 km multipathsignalpropagtiongenerates
characteristibendingangle uctuations (Gorbunov and Gurvich, 1998;Gorbunov, 2002).

TheinverseAbel transformis implementedn functionrefrindex2bendangle_abel.m . To
capturethe small-scalevariability in thelower troposphereerticalresolution(parameter
Control. ABLVertResolution ) isreducedo 1 m belowv 6 km altitude (parameter

14

12 -

10+ -

ray height [km]
(o)

6 L
4 L
2 42190 : : { :

0 0.5 1 15 2 2.5

bending angle [deq]
Figure 4.1 Bendinganglepro le derivedfrom sondeobserationID #10.
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Control. ABLHeightCritRefr ) increasingo about70 m at 150km altitude (parameter
Control. ABLMaxHeight ). Thecorrespondingarametersreinitializedin 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, onthe otherhand,therefractvity eld deviatesfrom sphericasymmetrytheinverseAbel
transform(Eqn.4.1)is notapplicable An ef cient deriationof the bendingangle®(p) for
non-sphericatefractvity elds providesthe Multiple PhaseScreenMPS)techniqugKarayeland
Hinson 1997;Gorbunov and Gurvich, 1998;Sololovskiy, 2001a).In the MPS approachhe
refractvity eld is modeledby aseriesof parallelphasescreensin ourimplementatiorthe wave
eld is describedy 20,000rayspropagtingthroughN ;s = 2001plane-parallephasescreens
separatedy ¢ x = 1 km. At eachphasescreertheincidentwave suffersaphaseshift whereaghe
wave's amplituderemainsunchangedbetweerscreenshewave is propagtedthroughvacuum
(Gorbunov etal., 1996).At theith phasescreertheray correspondingo impactparametep is
de ectedby anangle10 ¢ dN ) (z)=dz¢ x whereN ()(z) denotegherefractivity pro le ontheit
screen.Thebendinganglethenfollows from the summatiorover all phasescreens

h

Res (i
®&p) Y. 10° O'N(;&q:x: (4.2)

i=1

TheMPS calculationis implementedn functionpriv_mpspropagate.m . Thedefault
parametergle ning the numberof rays,the numberof screen@ndtheir separatiorareinitializedin
priv_controlpardefault.m

Control. MPSNofRays
Control. MPSNofScreens
Control.MPSScreenDist

20000; % number of rays
2001; % number of phase screens
1000; % distance  between screens [m]

respectrely.

Inverse FSI

Individual rayswithin regionsof multipathpropagtioncanbe disentangledby a transformatiorof
thewave eld in geometricspaceu(t), to arepresentation impactparametespacelJ(p), from
whichthebendinganglepro le ®&(p) follows (Gorbunov, 2001;Jenseretal., 2003).Corversely an
inversetransformatiorelates®(p) to the signalin thetime domain,

u(t) = a(t) exp(' (t) (4.3)
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wherea(t) and' (t) denotethesignal'samplitudeandphaserespectiely. The satellite-to-satellite
anglep(p) asafunctionof impactparametep is relatedto the bendinganglepro le through

no T noT

Mp) = ®&(p)+ acos % + acos P : (4.4)

e

For sphericaLEO andGPSorbitsr, = const= rg andp.” d(t)=dt = const;thus,the Doppler
angularfrequeng ! (p) is proportionalto theimpactparamete(Jenseretal., 2003),

'(p) = kup: (4.5)

Signalphaseandamplitudein impactparametespace©(p) andA(p), areobtainedrom (Gorbunov
andLauritsen 2004)
z z
©p = i dt()=ik dup) (4.6)
s

p
A(p) Y. B
(p) rore sin() rZi P2 rai pP

N

andthesignalu(t) from the Fouriertransform

ut) = FUPE]= FIA(p) exp ©(p))] (4.7)
with amplitudeandphase
a(t) = ju(t)j (4.8)
() = arg(u(t) :

Fig. 4.2shavs theamplitudeandDopplerpro le thatcorresponds$o the bendinganglepro le
plottedin Fig. 4.1;for clarity anoffsetof 42 kHz hasbeensubtractedrom the Dopplerpro le.
Multipath propagtioncausesigni cant amplitudeandDoppler uctuations startingatabout65 s
occultationtime.
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Figure 4.2 Simulatedsignalamplitude(top panel)andDopplerfrequeng pro le (bottom)derived
from sondeobsenrationID #10.

5. Receiver model

Therecever tracksthe signalu(t) by correlatingu(t) with replicasignals
Vi(t) " codoNCO)]  and  vI(t) " sin[ONCO(1)]: (5.1)

Thereplicasv' (t) andvi(t) aregeneratedy therecever's NCO (Kaplan 1996;Tsui 2000;Misra
andEngg, 2002).In our simulationthe NCO's frequengy f N ©©(t) is updatedht a rateof

1=T = 1kHz,i.e.f NCO(t) is piecaviseconstanfort, - t< t,+ T,fN¢O " fNCO(t ) Provided
theamplitudeA(t) andfrequeng f (t) © 1=(2%) d©=dt canbe approximatedspieceavise constant
functions, A, © A(t,) andf, ~ f(t,), theinphaseandquadphaseorrelationsumsaregivenby

2 YA th+ T ) )
in ~ T u(t) v'(t) dt+ N (5.2)
tn
. N N e . '
Yo Dy A, sin(2vae f, T Zif;,, 1_|2| sin(¢©, 1) + N
n
and
2 Z th+T
o T u(t) va(t) dt + N2 (5.3)
tn
Yo DA, i cog2¥¢f, T+ ¢O,, 1) + cos(¢O,, 1) £ O

Y ef, T

respectiely, with D, ~ D(t,). Here,¢ f,, ~ f,j fN¢Candt©,  ©,i ©\°° denotethe
differencebetweerthetrueandthe NCO frequeng andthedifferencebetweerthetrueandthe
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NCO phaserespectrely. The NCO phaségollows from

X
©y 0 2T fNCO: (5.4)
j=1

We notethat©} ©© and®©, areaccumulateghhasesndnotrestrictedo theintenal [i %4 +%J.
Gaussiawhite noise,N/, andN 3, with zeromeanandstandardleviations

34N A©
/‘(Nn )_ VW (55)

is addedo thecorrelationsums,i, andg, (Eqns.5.2and5.3),whereA© denoteghe amplitudefor
vacuumpropagtionandC=N, is the noisecarrierto-densityratio expressedn dBHz (Kaplan,
1996).

Thetotal accumulateghhasds the sumof NCO phased €© andresidualphasedR (seesection5.4)

+ Rev — ©rl:|CO + ©E . (56)

n

Finally, outputdatavolumeis compresseétom 1=T = 1 kHz to 50 Hz by coherensummatiorover
K = 20samples

K&
e = y (5.7)
j=Kqkj 1)+1
K&
Qv = G
j=Kaqkj 1)+1
1 X«
©Rcv - = ' Rev .
k K ]
j=K ki 1)+1

In thefollowing, | « andQy aredenotedascohereninphaseandquadphaseorrelationsums,
respectrely. We notethatEqn.5.7impliesalinear t through' jRCV to obtain©F’, Thomag1989)
discussesnoresophisticate@lternatves. Fromthe coherentcorrelationsumsthe signalamplitudes

AR = P (Id)? + (Qu)? (5.8)

areobtained.Signaltrackingis accomplishedh eitherclosed-loopr open-loopmode.Thetwo
modeswill bediscussedn section5.1and5.2.

Thesimulationreceveris implementedvith the functionspriv_tracking.m (driver routine),
priv_tracksgnpllrateonly.m (closed-loopand y-wheeling trackingroutine)and
priv_tracksgnopenloop.m (open-looptrackingroutine). First, with a call to
priv_navdatamodulation.m 50 Hz datamodulationis addedo the signalin
priv_tracking.m . For simplicity the navigationdatais modelledasrandombits. The
modulatedsignalis tracked eitherin closed-loop,y-wheeling or open-loopmodedependingnthe
valuesof the parameter€ontrol. TrackClosedLoop , Control.FlyWheeling and
Control. TrackClosedLoop . Thesimulationreceversoperatewith anupdatefrequeny of

1 kHz; down-samplingfrom 1 kHz to (typically) 50 Hz outputfrequeng (parameter
Control.OutputRate ) is performedby the functionpriv_downsamplesignal.m
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Closed-loop tracking

In closed-loopmodethe NCO frequeny is adjustedavery C/A codeperiod(aboutl ms)by
H NGO~ fNCO £ NCO Theadjustmentatinterval n + 1 aregivenby

~

A !
1 K@ 4+k® K@
NCO _ 1 2 R | 1 R
+f n+1 - ? 2—1/4 ©n + 21/, ©ni 1 (5-9)
(secondbrderloop) or

H NTO = Hf NCO , (5.10)

3 3 3 . 3) . 3 3 )

L1 KPP KD ok K KO
T Y n 2Ys niltoopr, Thi2

(third orderloop), respectiely, wheretheresidualphaseeR is givenin radianand

Kf) = 7:358¢10 2, Kéz) = 2:810¢10 3 for astandard-underdampsecondrderloop with
bandwidthof 30 Hz andK ¥ = 7:172¢10 2, K = 2:383¢10 3, K = 3:020¢10 5 for a
standard-underdampéird orderloop with bandwidthof 30 Hz (Stephenand Thomas1995). For
areducedoop bandwidthof 5 Hz the correspondinghird orderloop parameterare

K® = 1:283¢10 2, K = 7:365¢10 5 andK ¥ = 1:590¢10 7. With +f NSO theNCO frequeny
of the(n + 1)th updateinterval follows from f N$© = +f NSO + f NCO andsubsequently,.; and
Oh+1 arecalculatedusingEqgns.5.4,5.2and5.3.

Closed-looprackingwith andwithout y-wheeling is implementedvithin the function
priv_tracksgnpllrateonly.m . To simplify signalacquisitiontheloop's NCO frequeng is
initialized with thetruefrequeng andthe noisecomponents graduallyincreasedrom zeroto
100%over atime periodof Control.NoiseRiseTime secondgdefaultvalue:10s). Optionally
(if Control.DataWipeActive non-zero)data-wipeis applied;data-wipeis mandatoryfor
atan2() (four quadrantphaseextraction.

Undertheassumptiorthatthe signalamplitudeandfrequeng remainsconstanover oneC/A code
period(aboutl ms)signaltrackingis ef ciently implementedvith the“sin(x)/x” model
(Egns.5.2/5.3andAo etal. (2003)). TheaccumulatedNCO phaseé?hsNCOincreasesvery

TUpd = 1 mshy 2¥FrgNCOTUpd, andNCO frequeny FrqNCO is adjustecevery millisecondby
thevalueCarFrqOfsNew , whichis calculatedby the nestedunction
nested_adjustNCOfrequency() in priv_tracksgnpllrateonly.m . Thenested
functionnested_adjustNCOfrequency() yieldsthenecessarjrequengy changehataligns
the NCO with obsenedfrequeng.

Open-loop tracking

Open-looptrackingis commonlyconsidered possiblesolutionto the problemof prematurdossof
lock in closed-loopreceiers(Sololovskiy, 2001b).In open-loopmodetheloop feedbackt NS© is
calculatedrom a Dopplermodelf mode!(t,) = f model j e,

faio = fog® (5.11)
andtherefore

#f NCO = fmodel ; §NCO. (5.12)

www.dmi.dk/dmi/sr05-09 page 18 of 38



Danish Meteorological Institute
Scientic Report 05-09

1.8

1.6

[EEN

frequency [kHz] 42 kHz

0 4 ©¥2191 | | | |
0 20 40 60 80 100 120

time [s]

Figure 5.1 A-priori Dopplerfrequeng pro le usedby theopen-looprackingmodel(thick dotted
line). ThemeanDopplerpro le andthecorresponding ¥standardleviationsdervedfrom the
radiosondedatasetareplottedasthin lines.

For simplicity, in this studythe modelf %! is takento be ensembleverage

fmodel - i X
n

F0) 1 0 (5.13)
j=1

whereNg = 1992andf ) is thetruesignalfrequeng derivedfrom thej th simulatedDoppler

pro le attimeinterval n. Theone-sigmastandardieviationis about10—20Hz in goodagreement
with Sololovskiy(2001b).Total phaseis calculatedrom Eqn.5.6,with ©F extractedfrom Eqn.5.16
and©N €O is derivedfrom the NCO frequeny (Eqn.5.4). Analogousto the closed-loopcasethe
samplingrateis reducedrom 1 kHz to 50 Hz usingEqgn.5.7 andEqn.5.8yieldsthe signal
amplitude.

Open-looptrackingis implementedvith thefunctionpriv_tracksgnopenloop.m . TheNCO
frequeny FrqNCOis calculatedrom the Dopplermodel,describedy the paramete OLFrgMdl
andinitialized in functionpriv_openloopfrgmodel.m . Theresidualphasdanformationis
storedin thevariablesTrkinphs andTrkQuadphs , which aretheinphaseandquadphase
correlationsumscoherentlyintegratedover 20 ms.

Fly-wheel mode tracking

The rst occultationmeasurementisom the proof-of-concepGPS/METmissionfrequentlysuffered
from lossof lock alreadyin the upperor mid tropospherén particularatlow latitudes(Rodkenetal.,
1997).To solwe this problemJetPropulsion_aboratorydevelopedandimplementedhe y-wheeling
trackingmethod(Hajj etal., 2004).Fly-wheelingmodewassuccessfullyusedin laterphase®f the
GPS/METmissionandis the nominaltrackingmodeon the CHAMP andSAC-C satellites.
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Figure 5.2 Bendinganglepro les derivedfor carrierto-noisedensityratio of 40 dB Hz with
open-loopand y-wheeling signaltracking.

Fly-wheeltrackingis activatedwhenSNR, dropsbelon aprede nedthresholdvalue SNR,. Once
activated thetrackingloopis openedandf .5 is calculatedrom the previousL NCO frequencies
by extrapolatinga polynomial t throughf }G%,;:::;f N©©. Thus,during y-wheeling thecarrier
trackingloopis nolongerphase-lockdto thesignalu(t). Thephasord + i Q startsto rotatefreely
inl j Q spacegffectively randomizingheresidualphasevaluesandcausingsigni cant phase
errors.However, signallossis lesslikely during y-wheeling sincelargeresidualphasesrrorsno
longercausef N ©© to sheemut.

Our y-wheeling simulationsshav thattheresultsdependstronglyon the selectedy-wheeling
parametersthe numberof sampled. includedin thepolynomial t, thedegreeof the extrapolation
polynomial,theamplitudethresholdgor activationanddeactvation, possibletime delays.etc. In
ourimplementatiorthefollowing parametersverefoundto give bestresults:L = 2000
correspondingo atime periodof 2 s, alinear t andathresholdvalueof SNR], = 40. If the
obsenedamplitudefalls belov SNR], for morethan100ms, y-wheeling is activated.We stressthat
thedesignchoicesof our y-wheeling implementatiorweremadeto achiese consisteng with the
CHAMP occultationdata;theimplementatiorshouldnot beregardedasanaccuratanodelof the
“BlackJack’recever aboardCHAMP.

Within closed-loogracking(implementedn priv_tracksgnpllrateonly.m ) y-wheeling is
activatedif the parameteControl.FlyWheeling IS non-zero At eachupdatestepthethreshold
SNR;, is comparedagainstthe signalamplitudeFWAmplSqr, coherentlyintegratedover 20 ms.
Evaluatingthe extraploationpolynomialwith parameter&Wppat sampletime k (usingthefunction
call FrgNCO = polyval( FWpp, k, [, mu))yieldstheNCO frequeng for the next time
period.NotethatFWppis initialized solely duringtime periodsof deactvated y-wheeling.
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Figure 5.3 FSlamplitudesderivedfor carrierto-noisedensityratio of 40 dB Hz with open-loopand
y-wheeling signaltracking.

Amplitude and residual phase

Theresidualphase©R (Eqn.5.6) areextractedfrom the correlationsums(Egns.5.2 and5.3) using
TR

©R = atan & (two-quadranphasesxtraction) (5.14)

In

or

©OR = atan2(q,;in) (four-quadranphaseextraction). (5.15)

In closed-loopmodethe phase-lockdloop (PLL) steergheresidualphaseof towardszero,i.e.
jinj A joj if thetrackingloopis lockedto thesignal.In open-loopmode(section5.2), however,
recevedandreplicasignalsareno longerphase-lockd,©R possiblyexceedsheintenal [j ¥4+ %}
anduseof Eqn.5.15would introducea cycle slip whenerer ©F passe$ ¥ Thesecycle slipsare
eliminatedby addingthe numberof full cyclesto ©F, i.e. Eqn.5.15is modi ed by

O = atan2(g,;in) + Ch (5.16)
where
g Cri1i 2% : atan2(th;in) i atan2(th; 1;in;1) < i ¥
C, = 5 Chi1t 2% : atan2(th;in) i atan2(tn,; 1;in; 1) > % (5.17)
Cni1 . else
andC; = 0.

In the currentCHAMP occultationrecever closed-loograckingwith two-quadranphaseextraction
Is implementedAo etal., 2003). With two-quadranphaseextractionthe 50 Hz datamodulationis
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automaticallytaken careof, sinceEqn.5.14is insensitve with respecto signchange®f i, anddg,
(Kaplan 1996).Four-quadranphasesxtraction,on the otherhand,recordshe datamodulationbits
andintroducesalf-cycleswheneer a bit transitionoccurs.Thus,four-quadranphasesxtraction
presupposetheremoval of the 50 Hz datamodulationprior to signalcorrelation(datademodulation
or datawipe-off) andnecessitateknowledgeof the navigationmessage.
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6. Data retrie val

Therecever outputsinphase quadphaseorrelationsumsandthe NCO frequencieslowvn-sampled
from thereceverinternall kHz updatefrequeng to 50 Hz (typically). The outputfrequeny is
adjustabldghroughthe parametefControl.OutputRate (recever outputfrequeng in Hz).
Fromthe correlationsumssignalphasesandamplitudesarecalculated.

Full Spectrum Inversion

The Full Spectruminversiontechniqueallows for the calculationof bendinganglepro les within
regionsof multipathray propagtion. Following Jenseretal. (2003); Gorbunos and Lauritsen
(2004)the bendingangle®(p) is obtainedrom the satellite-to-satellitenglep(p) (Egn.4.4)

T T
“p Hp

®&p) = Wp)j acos — j acos — (6.1)
ro e
H(p) follows from theknown functionp(t) providedt asafunctionof impactparametert = t(p),
canbedeterminedAn inverseFouriertransformof theobseredsignal,u(t) = a(t) exp( ' (t))
with amplitudea(t) andtotal phase (t), yields

u(t) = FiHu] = Fiiact) expl’ (1)] (6.2)

whereU(! ) = A(!) exp(i ©(! )). As shavn by Jenseretal. (2003);Gorbunov and Lauritsen
(2004),for circularorbitsa givenangularfrequeny ! occursjustonceduringanoccultationevent
andfor suchorbitsit is sufcient to studyu(t). Thus,t(! ) is well de ned andfollows from the

15 T T T
open loop
— — — fly wheeling
10 .
€
=
[}
e]
2
T
5 - -
O 1 1 1
10 8 6 4 2 4

D N/N [%]

Figure 6.1 Fractionalrefractvity errorderivedfor carrierto-noisedensityratio of 40 dB Hz with
open-loopand y-wheeling signaltracking.
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transformedsignal's phasgEqn.4.6),

do(!
O =10 6.3)
UsingEqgn.4.5andu = pt (L= constfor circularorbits)the satellite-to-satellit@ngleu(p) canbe
calculated.

Within the FSIimplementatior(priv_fullspectruminversion.m ) theindependent
variable timet, is replacedby p (Jenseretal., 2003)

H = —t: (6.4)

For sphericalbrbits! / pand,thus,u/ tandp=" =(kp).

Fouriertransformatiorof the obsenedsignalu(p) = a(p) exp( ' (W) yields

U(-) = A(-) exp(i©(-)) with- denotingtheangular‘p-frequeng”, thenumberof cyclesper
unit g angletimes2¥. Sincemultipathpropagtionis atropospherigghenomenoifwe ignore
ionospherianultipath)the Fouriertransformatiorcanberestrictedto > °. Thelimit |’ is chosen
to correspondo aray heightof 30 km andis derived from a geometricabptic approximation.

Furthermorethesignalu(t), recordedat 50 Hz andDopplershiftedby about40 kHz (Fig. 4.2),is
undersampledoy afactorof about4d0kHz=50Hz = 80Q Nevertheless(almost)noinformationis
lostthroughaliasingprovidedthe signal's bandwidthis lessthanthe samplingfrequeng. The
bandwidthin termsof angulant-frequeng is about

- max i - min Ya2Y%=H300Hz ¥ 1:5¢1FP rad * (6.5)

for atropospherisignalbandwidthof about300Hz (seeFig. 4.2). Therecever's 50 Hz sampling
frequeng correspondso anangularsamplingy-frequeny of 2v=pu=50Hz ¥ 2:5 ¢10° rad *. Thus,
thesignalu(p) needgo beup-sampledy afactorof 1:5¢10° rad *=2:5¢10°rad * = 6. (With a
recever outputrateof 300Hz insteadof 50 Hz this processingtepcouldbeeliminated.)The
up-samplings implementedn privatefunction priv_fullspectruminversion.m aslinear
interpolationof amplitudea(l) andaccumulateghhase (l). Theup-sampledignalis thenshifted
in - -spaceby - i, andFouriertransformed

Fitu() exp- mn W] = UG i - min) (6.6)

whereU(-) = A(-) exp(i©(-)) . In analogyto Egn.6.3thesatellite-to-satellitenglein - -spaces
obtainedrom

et i M) ie. AT i=L:Mj L (6.7)
d- RN

Thephased; is extractedfrom thetransformedsignal,©; = arg(U(- ;)). To avoid aliasingwe
requirex®© " j©;41 i ©;j . ¥&2. Duringatypical occultationeventu coversarangeof about
0.1lrad;thus,= ~ j- js1 i -ij %+¥©=0:1rad. 15 However,+ . 15impliesthatthefull range
in p-spaceshouldbe,py i W = 2%=+ & 0:42rad,morethan4 timestheobseredrange
of 0.1rad. Thereforejn theimplementatiorof priv_fullspectruminversion.m the
p-rangeis expandedhroughzero-paddingf u(p) (H.-H. Benzon,personatommunication2005).
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Abel transf orm

If therefractivity eld is sphericallysymmetrictherefractve index follows from thebending
angle®(p) by the Abel transform(Fjeldboetal., 1971)

0 1

4
n(r) = exp?‘g}%4 p%dpcﬁ ; (6.8)
[
p(r)

Again,integrationis performedn impactparametespace Fig. 6.1 shavs the deviation between
fractionaldeviation betweerretrievedandinputrefractvity, (Nyetr i N ve) Nt ve, fOr two recever
models,open-loopand y-wheeling.

The Abel transformis implementedn thefunctionbendangle2refrindex_abel.m .In
priv_fsigoimpactparsplice.m thealtituderesolutionof the FSIbendinganglepro le is
reducedo 10 m (adjustablehroughthe parameteControl.FSIAItResolution ). With 10m

verticalresolutionnumericalintegrationusingthetrapezoidalule yieldssufcient accurag. At an
altitudeof 25 km (parameteControl.FSIRayHeightXOver ) andabove the FSIbendingangle
pro le is replacedy the forwardmodelresult.
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7. Simulation results

Threeexamplesof end-to-endsimulationresultsarepresentedhn Figs.7.1to 7.3. A moredetailed
discussions givenin Beyerleetal. (2005). The plotsshav the meanfractionaldifferencebetween
retrievedandtruerefractvity in theleft panel(thick lines). Thin linesmarkthe one-sigmastandard
deviation. In addition,the numberof retrieved datapointsasfunctionof altitudeis shavn in the
right panel. Thetruerefractvity pro les aretakenfrom 1992radio sondeobsenationsrecordedand
archvedby AWI aboardRV “POLARSTERN” onthe Atlantic oceanat latitudesbetweer80*S and
30*N. Thesimulationsareperformedfor signal-to-noiselensityratiosof 40,45 and50 dB Hz.

Thefollowing threecasesareconsidered:

1. Theidealrecever exactly reproduceshesignalat its input; noisecontritutionsarenot
included.

2. Thereferenceaecever usesclosed-loopracking,two-quadranphaseextractionwith athird
orderloop and30 Hz loop bandwidth;this recever modelis capableof y-wheeling.
Qualitatively, this modelcorrespondso the currentcon guration of the“BlackJack”recever
aboardCHAMP.

3. Theimplementatiorof anopen-looprecever outputsinphaseandquadphaseorrelationsums
togethemwith the phasemodel.

10

O 42183 : : ‘
2 1 0 1 20 1500
DN /N [%] m(z)
Figure 7.1 Left: fractionalrefractvity errorderivedfrom simulationsusingtheidealreceveris
plottedasthick solid line. Thethin linesindicatethe one-sigmastandardieviation. Excludingdata

affectedby critical refractionyieldsanalmostbias-freeresult(dashedines). Right: numberof
retrieved datapoints. zgqy, are692m and99.5m, respectiely.
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Figure 7.2 SameasFig. 7.1,however signalis trackedin closed-loopmodewith y-wheeling
enabledzsgy, are3.4,2.4and1.5km for 40,45 and50 dB Hz, respectrely.

The simulationresultswithout signaltracking(idealrecever) is plottedin Fig. 7.1. In acontrolrun
we restrictthe comparisorto the heightrangeabove zcg + 100m andobtaina meanfractional
retrieval errorandstandardieviation belov 0.01%and0.03%,respectrely (dashedines). Here,
Zcr denoteghelargestaltitudewherecritical refractionis obsened. 58.3%of theradiosonde
obsenrationsexhibit critical refractionwith verticalrefractvity gradientsof lessthanj 157kmi *;
below 3 km this subsegeneratea negative biasof upto j 1% anda standardieviation of about2%
(solidlines).

In the dataanalysisno quality controlof outlierscausectritical refractionhasbeenperformedn
Figs.7.2and7.3. Theretrieval resultsmaydirectly be comparedo theidealrecever pro le (thick
solidline in Fig. 7.1, left panel).For thatpurposethesolid line is repeatedn both gures. Theonset
of adecreasén m(z) alreadyat4—-8km altitude(Fig. 7.2, right panel)shavs thatthe y-wheeling
recever frequentlylosestrackinglock in the mid tropospherdeforereachingayersof critical
refraction.Sincelossof lock tendsto occurat or above critical layersonewould expectthatthe
subseDf successfullyracked signalsminimizesthe bias. However, a signi cant negative biasis
obseredbelow 5 km altitude. Within the PBL critical refractionmight contribute to the negative

N -bias;above 3 km receverinducederrorsarethe mostlik ely causesincethe occurrencef critical
refractionabove thataltitudecanbe excluded.

Thecomparisorbetweersimulationresultsobtainedby the open-looprecever (Fig. 7.3) andresults
producedoy the y-wheeling recever with two-quadranphaseaxtraction(Fig. 7.2) highlightsthe
signi cant negative biasandenhancedtandardleviation introducedby thelatter The open-loop
refractvities (dasheddashed-dottednddottedlinesin Fig. 7.3) exhibit almostno biasandreduced
standarddeviation with respecto theidealrecever (solid line).
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Figure 7.3 SameasFig. 7.1,however signalis trackedin open-loopmode.zsqy, is 0.023km for
50dBHz.

8. Conclusions

Thesimulationtool SIMEND2END allows for the ef cient simulationof GPSradiooccultationevents
with differenttypesof signaltrackingtechniquesThe useof wave opticalmethodsn the forward
modelandtheinversionof therecever-processegro les guaranteethedisentanglingf interfering
rayswithin regionsof multipathpropagtion. The simulationreproduce®n a qualitative level the
trackingbehaior of current y-wheeling enabledeceverswith two-quadranphaseextraction;in
mostoccultationeventsthe y-wheeling receverloseslock at or above the critical refractionlayer.
Theresultssuggesthatreceversusingopen-looptrackingwill yield improvementsn themid and
lower tropospherat altitudebelov 6-8km in termsof retrieval bias,standardleviation and
loss-of-lockaltitude.
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A. Installation

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

- create a new directory for simend2end and unzip the archive
- add the new directory to the MATLABsearch path

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

B. Usage

The simulation tool is started from the MATLABcommand line with

>> simend2end( OccNo, TrkType, CNO, 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]].
l.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’. l.e. for TrkType=11 the file
'simend2endtrkpar_11.m'’ is called.
‘TrkType'
0 . Nno 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 'CNO' 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 : dont 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
0O : 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 : dont save

Control.Visual
1 : plot results on screen (default)
O : 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 ASCIl format
0 : no ASCIl 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 Ilimit  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,1))
0 : two quadrant carrier phase extraction (atan(Q/1))
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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
O : 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 SNRrises above this value [V/V]

Control.FlyWheelAvgTime
time period wused for NCOfrequency 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 : dont add residual phase to NCOphase during fly-wheeling
0 : add residual phase to NCOphase 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 GNUGeneral 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 GNUGeneral 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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