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PARIS PARIS IoDIoD MissionMission SummarySummary TableTable

Main passengerPiggy backLauncher Configuration
PROTEUS-likePROBA-likePlatform

< 5-7.5 cm< 17-20 cmTotal Altimetry Accuracy (1)

All 3 bands of
GPS, GLONASS,

GALILEO, BEIDOU

GPS L1+L5 
Galileo E1+E5Frequencies

164Number of Beams
2.4 m / 30 dB0.9 m / 19 dBAntenna Diameter / Gain

< 100 km100 kmSpatial Resolution
2 days3 daysRevisit Time

1500 km900 kmSwath
1500 km800 kmOrbital Height

Polar Sun 
SynchronousPolar Sun SynchronousOrbit 

Operational MissionIn-orbit Demonstrator

Tsunami detectionParticular Application

Ionospheric total electron content
Wind speed over ocean
Wind direction over ocean
Significant Wave Height
Mean Square Slope of ocean surface
Sea Ice Extent

Scientific by-products

Polar Ice ThicknessSecondary Scientific Product
Mesoscale Ocean AltimetryMain Scientific Product
PARIS AltimeterInstrument
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Factors affecting altimetry accuracyFactors affecting altimetry accuracy

On-board Delay/Amplitude Calibration 
needed 

Residual instrument errors after 
calibration

Uncertainties on Geometry/Orbit

1. Use of 2 or 3 Frequencies
2. Estimated or measured
3. Frequency Dependent
4. Fraction of EM Bias

Uncertainties on Propagation:
1. Ionosphere
2. Troposphere
3. EM Bias
4. Skewness Bias

AccuracyAccuracy
Optimum retracker to be definedWaveform Retracking Performance

1. Improve SNR
2. Fundamental for performance 

optimization

Instrument Characteristics:
1. Antenna Gain, Receiver NF 
2. XC Coherent integration time

•Higher incidence angle reduces the 
height precision, but increases swath
•Scanning reduce antenna gain

Allowed incidence angle of specular
point

PrecisionPrecision

CommentCommentFactors affecting altimetry Factors affecting altimetry 
accuracyaccuracy
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PARIS IOD System ConceptPARIS IOD System Concept
•• Direct CrossDirect Cross--correlation (correlation (DxRDxR))

–– High gain beams for direct signals (D)High gain beams for direct signals (D)
–– High gain beams for reflected signals (R)High gain beams for reflected signals (R)
–– Implicit use of full GNSS bandwidth (3x40 MHz)Implicit use of full GNSS bandwidth (3x40 MHz)

•• Dual or Trial Frequency for precise estimation of Dual or Trial Frequency for precise estimation of 
ionospheric delay ionospheric delay 

•• Precise onPrecise on--board delay calibrationboard delay calibration
•• Precise onPrecise on--board amplitude calibrationboard amplitude calibration

L1L5 L2

40 MHz 40 MHz 40 MHz
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PARIS PARIS IoDIoD L1 Power WaveformL1 Power Waveform
•• GPS L1 Composite, Orbit Height: 500Km, DownGPS L1 Composite, Orbit Height: 500Km, Down--Looking Antenna Looking Antenna 

Gain: Gain: 19dBi, 19dBi, Nadir Looking GeometryNadir Looking Geometry
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Factors affecting altimetry accuracyFactors affecting altimetry accuracy

On-board Delay/Amplitude Calibration 
needed 

Residual instrument errors after 
calibration

Uncertainties on Geometry/Orbit

1. Use of 2 or 3 Frequencies
2. Estimated or measured
3. Frequency Dependent
4. Fraction of EM Bias

Uncertainties on Propagation:
1. Ionosphere
2. Troposphere
3. EM Bias
4. Skewness Bias

AccuracyAccuracy
Optimum retracker to be definedWaveform Retracking Performance

1. Improve SNR
2. Fundamental for performance 

optimization

Instrument Characteristics:
1. Antenna Gain, Receiver NF 
2. XC Coherent integration time

•Higher incidence angle reduces the 
height precision, but increases swath
•Scanning reduce antenna gain

Allowed incidence angle of specular
point

PrecisionPrecision

CommentCommentFactors affecting altimetry Factors affecting altimetry 
accuracyaccuracy
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Max Max IncidenceIncidence Angle (1/2)Angle (1/2)
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i i

The The incidenceincidence angle angle playsplays anan importantimportant rolerole in the in the definitiondefinition of of criticalcritical
parametersparameters of the PARIS of the PARIS missionmission, , suchsuch asas::

(a) (a) PrecisionPrecision

(b) (b) SamplingSampling and and CoverageCoverage
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Max Max IncidenceIncidence Angle (2/2)Angle (2/2)

a) a) AltimetricAltimetric performance performance degradesdegrades withwith incidenceincidence angleangle

b) b) IonosphericIonospheric delaydelay and antenna and antenna losseslosses increaseincrease withwith incidenceincidence angleangle

The The incidenceincidence angle i angle i shouldshould bebe minimisedminimised..

(a(a)) (b)(b)
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Factors affecting altimetry accuracyFactors affecting altimetry accuracy

On-board Delay/Amplitude Calibration 
needed 

Residual instrument errors after 
calibration

Uncertainties on Geometry/Orbit

1. Use of 2 or 3 Frequencies
2. Estimated or measured
3. Frequency Dependent
4. Fraction of EM Bias

Uncertainties on Propagation:
1. Ionosphere
2. Troposphere
3. EM Bias
4. Skewness Bias

AccuracyAccuracy
Optimum retracker to be definedWaveform Retracking Performance

1. Improve SNR
2. To be optimized for maximum 

precision

Instrument Characteristics:
1. Antenna Gain, Receiver NF 
2. XC Coherent integration time

•Higher incidence angle reduces the 
height precision, but increases swath
•Scanning reduce antenna gain

Allowed incidence angle of specular
point

PrecisionPrecision

CommentCommentFactors affecting altimetry Factors affecting altimetry 
accuracyaccuracy
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CrossCross--CorrelationCorrelation IntegrationIntegration TimeTime
InterferometricInterferometric Processing Processing SchematicSchematic

 
cT

dt   i
N

W 

ForFor a a givengiven target target alongalong track track spatialspatial resolutionresolution, e.g. , e.g. 100Km100Km, the , the 
coherentcoherent integrationintegration time and the time and the incoherentincoherent averagingaveraging are are inverselyinversely
proportionalproportional: : 

Tc Ninc

100 Km c incT T N
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Power Power AltiemtryAltiemtry WaveformWaveform
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The role of The role of TcTc
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TcTc vsvs SNRSNR
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CrossCross--Correlation Integration Time (Correlation Integration Time (TcTc))

2 2
,

, ,

1 1 11
2cos

            
Z S

h
incinc SP Z S

c P
SNR SNRNP




 cSNR T100 Km
inc

c

T
N

T

2 2

1
2 2

1 11
   

     
   

h c
c c

const T
const T const T



•• Analytical model for altimetry precision:Analytical model for altimetry precision:

•• TcTc shallshall bebe chosenchosen suchsuch toto havehave a a sufficientsufficient SNR (e.g. 6dB) SNR (e.g. 6dB) butbut cannotcannot bebe
increasedincreased furtherfurther otherwiseotherwise the the altimetricaltimetric precisionprecision isis degradeddegraded becausebecause
specklespeckle isis notnot averagedaveraged enoughenough

•• HoweverHowever, , TcTc cannotcannot bebe tootoo lowlow otherwiseotherwise consecutive XC consecutive XC samplessamples maymay bebe
correlatedcorrelated and and specklespeckle wouldwould anywayanyway notnot bebe averagedaveraged
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InterferometricInterferometric Processing SNRProcessing SNR

•• Up / DownUp / Down--looking Antenna Gain and looking Antenna Gain and 
Up/Down RX NF shall be such to have sufficient SNRUp/Down RX NF shall be such to have sufficient SNR

•• In PARIS In PARIS IoDIoD with with interferometricinterferometric processing, the final processing, the final 
power waveform SNR is given as:power waveform SNR is given as:

   
int 11
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Factors affecting altimetry accuracyFactors affecting altimetry accuracy

On-board Delay/Amplitude Calibration 
needed 

Residual instrument errors after 
calibration

Uncertainties on Geometry/Orbit

1. Use of 2 or 3 Frequencies
2. Estimated or measured
3. Frequency Dependent
4. Fraction of EM Bias

Uncertainties on Propagation:
1. Ionosphere
2. Troposphere
3. EM Bias
4. Skewness Bias

AccuracyAccuracy
Optimum retracker to be definedWaveform Retracking Performance

1. Improve SNR
2. Fundamental for performance 

optimization

Instrument Characteristics:
1. Antenna Gain, Receiver NF 
2. XC Coherent integration time

•Higher incidence angle reduces the 
height precision, but increases swath
•Scanning reduce antenna gain

Allowed incidence angle of specular
point

PrecisionPrecision

CommentCommentFactors affecting altimetry Factors affecting altimetry 
accuracyaccuracy
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Waveform Waveform RetrackingRetracking
•• The The retrackingretracking has the objective of estimating the sea state parameters and has the objective of estimating the sea state parameters and 

the sea mean surface height by fitting a theoretical model to methe sea mean surface height by fitting a theoretical model to measured asured 
waveformswaveforms

•• Maximum likelihood estimation (MLE) or on weighted least squaresMaximum likelihood estimation (MLE) or on weighted least squares
estimation has been extensively used in Conventional Radar Altimestimation has been extensively used in Conventional Radar Altimetry.etry.

•• The MLE method estimates the parameters by determining which valThe MLE method estimates the parameters by determining which values ues 
maximize the probability of obtaining the recorded waveform shapmaximize the probability of obtaining the recorded waveform shape in e in 
the presence of noise of a given statistical distribution. the presence of noise of a given statistical distribution. 

 0( ) , , spW f SWH  

SWH

delay
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Factors affecting altimetry accuracyFactors affecting altimetry accuracy

On-board Delay/Amplitude Calibration 
needed 

Residual instrument errors after 
calibration

Uncertainties on Geometry/Orbit

1. Use of 2 or 3 Frequencies
2. Estimated or measured
3. Frequency Dependent
4. Fraction of EM Bias

Uncertainties on Propagation:
1. Ionosphere
2. Troposphere
3. EM Bias
4. Skewness Bias

AccuracyAccuracy
Optimum retracker to be definedWaveform Retracking Performance

1. Improve SNR
2. Fundamental for performance 

optimization

Instrument Characteristics:
1. Antenna Gain, Receiver NF 
2. XC Coherent integration time

•Higher incidence angle reduces the 
height precision, but increases swath
•Scanning reduce antenna gain

Allowed incidence angle of specular
point

PrecisionPrecision

CommentCommentFactors affecting altimetry Factors affecting altimetry 
accuracyaccuracy
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The impact of The impact of IonosphereIonosphere

•• At At LL--bandband, the , the ionosphereionosphere isis a major a major contributorcontributor toto the the propagationpropagation
delaydelay
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•• MultiMulti--frequencyfrequency observationsobservations allowallow toto removeremove the the ionosphericionospheric effecteffect

•• HoweverHowever thisthis isis at the at the expenseexpense of a severe error of a severe error amplificationamplification factorfactor
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PossiblePossible IonosphericIonospheric CorrectionCorrection MethodMethod

•• MultiMulti--frequencyfrequency observationsobservations are are takentaken::

•• A A regressionregression isis performedperformed over N over N samplessamples
of of ionosphericionospheric delaydelay

••The The smoothedsmoothed ionosphericionospheric delaydelay isis usedused in the in the rangerange equationsequations, , 
resultingresulting in in anan improvedimproved error error amplificationamplification factorfactor


































x
h

f
f

y
y

2
5

2
1

2

1

1
1

•• The The ionosphericionospheric delaysdelays are are retrievedretrieved withwith the the followingfollowing uncertaintiesuncertainties::
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•• StartingStarting fromfrom rangerange equationequation::
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IonosphericIonospheric CorrectionCorrection: : ExampleExample 1/21/2
•• WhatWhat mattersmatters in in mesoscalemesoscale oceanocean altimetryaltimetry isis the the differencedifference betweenbetween

the the ionosphericionospheric delaydelay at at twotwo specular specular pointspoints

WorstWorst case case isis betweenbetween nadir (i=0nadir (i=0) and ) and edgeedge of of swathswath (i=30(i=30))
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i i
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IonosphericIonospheric CorrectionCorrection: : ExampleExample 2/22/2
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-8000.0 -6000.0 -4000.0 -2000.0 0.0 2000.0 4000.0 6000.0

VerticalVertical DelayDelay (m)(m)

MesoscaleMesoscale DelayDelay (m)(m)

ResidualResidual DelayDelay (m)(m)

200 km 200 km averagingaveraging of of mesoscalemesoscale delaydelay appliedapplied 0.15 m0.15 m

++00.15.15 mm

++6 m6 m

10 m10 m

++12 m12 m

00 mm

DerivedDerived fromfrom RARA--2 2 realreal datadata
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PARIS PARIS IoDIoD Error BudgetError Budget

5 cmTroposphere (Wet and Dry)
2 cmEM Bias
1 cmSkewness Bias
5 cmOrbit / Geometry
2 cmInstrument error residuals

Ionosphere Residual

Total RMS Height Accuracy

Instrument Noise and Speckle
Ionosphere Averaging Noise

18 cm at Edge of Swath

5 cm
9.5 cm (2 frequencies, N=3)

12.5 cm

IOD L1 Height Accuracy 
on  100Km, G=20dBi, 
H=800Km

Parameter


