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[. Intr oduction

Thepastdecadénasseersigni cant advancesn passve microwave remotesensingf theocean
surface. Interestin using passve microwvave remotesensingfor oceanwind vectorretrieval has
greatlyincreasedfterinitial experimentdndicatedthat,togethemwith theU.S. Air Forceandinte-
gratedProgramOf ce (IPO), brightnesgsemperaturevariationsmeasuredrom aircraft [4][5], and
monthly averagesof satellitemeasurementsf linearly polarizedbrightnesgemperature§l8] are
correlatedwith wind direction. The ability to retrieve global wind vector elds was previously
limited to active microwave instrumentsuchasNScatandthe currentlydeployedQuikScat:both
space-bornscatterometerslThe power andweightrequirement®f theseactive microwave instru-
mentsexceedthoseof potentialpassve counterpartsthereforetheradiometecommunityhasbeen
developingnew satelliteinstrumentgor passveremotesensingf theocearwind vector In January
2003the Naval ResearchLaboratory(NRL) plansto launchWindSat,the rst fully-polarimetric
sensolin orbit, to measureghe oceansurfacewind vector(wind speedandwind direction). Wind-
Satwill measureall four Stokesparameterso enablenearlycontinuougetrieval of thewind eld.
The four Stokesparameter$ll1] are commonlymeasuredising eitherpolarization-combiningpr
polarization-correlatingechnigues.Thesetwo techniguesequireconsiderabldifferentRF hard-
wareimplementationsyith varyingsourcef error WindSatusesseparat@antenngeedsto mea-
suresix polarizationsdirectly and usesa polarization-combininglesign. WindSats designwas
chosencarefully basedon satellite heritage,but the currentstateof knowledgeof the trade-ofs

betweerthe Stokesparametemethodss limited.

Retrieval of the wind vectoris not dependensolely on the choiceof hardware.To retrieve the
wind vectorwe mustinterpretthe receved radiometricsignal, which is currently not well under
stood.Developmenbf accurataetrieval methodgequiresadeepeunderstandingf naturaleffects,
suchasatmosphericontributionsto the receved brightnesgemperatureanda betterunderstand-
ing of measuremertblerancessuchastheaccurag andprecisionof the measuringnstrument.For
ocean-vigving radiometersit is notyetwell understoodhow surfacefactors suchasfoamcoverage,
wind rougheningandthe presencef surfactantsffectthe microwave emissvity of theseasurface.
Nearsurfacemeasurementllow usto improve knowledgeof how thesedifferentfactorsaffectthe

microwave emissvity at differentfrequenciesandpolarizations.In orderto performnearsurface



measurementghe Microwave RemoteSensingLab (MIRSL) at the University of Massachusetts
developedKaPR,a Ka-bandPolarimetricRadiometerwhich operatesat 36.5 GHz andcan mea-
surethe third Stokesparameteusingboth coherentandnoncoherentechniques. KaPRmeasures
alternatelyin eachof thesetwo con gurations,allowing the directcomparisorof the strengthsand

limitations of thetwo techniques.

[l. StokesParameters

Theradiationfrom aroughenedurface suchastheseasurfacejs normallypartially polarized,
meaningthat the vertically and horizontally polarizedemissionsare unequal. In 1852, to fully
characterizehe polarizationstateof a partially-polarizedemission,Sir Geoge Stokesintroduced
four parameters,, , ,and , now commonlyknown asthe Stokesparameters.The Stokes

vectoris:

(1)

where and representhe amplitudeof the polarizedemissioncomponents, denotesatime
averageand is the phasedifferencebetweenthe two components.Theseparameter®riginally
describedhe intensity of light, however, we canwrite (1) in termsof the vertical and horizontal

electric elds:

- 2)
Re

Im
wherethe factor z is the impedanceof the mediumthroughwhich the wave propagatesin (2)
representshetotal powerreceved, is thepower differencebetweerthe vertical polarization(V-
pol) andhorizontalpolarization(H-pol) componentend and representherealandimaginary
partsof the crosscorrelationof the verticalandhorizontalelectric elds. Polarimetricradiometers

measureheverticalandhorizontalpolarizationbrightnesgemperaturessingpower detectorsjust



astotal power radiometerslo. Thesesystemameasurehe electric eld, , using
separatd/-pol andH-pol recevers. Theverticalandhorizontalbrightnesgemperatures, and ,

arede ned as:

3)

wherethe constantof proportionality , is . Here isthefrequeng, is Boltzmanns
constant, istheintrinsicimpedanceof free spaceand is theinstrumentbandwidth.Theleads

to amodi ed form of the Stokesvectorgivenby:

4)
Re

Im

Equation4 is the modi ed Stokesvectorthatis directly measuredy polarization-correlatinga-
diometersalsoknown as coherentpolarimetricradiometers.Polarization-correlatingadiometers
aredescribechscoherentlueto their preserationof the phasalifferencebetweerthetwo receved
linearpolarizationghroughtheentirerecever. Coherentadiometersnustmeasurendaccountor
ary phasdifferencecausedy theinstrumenbecauseary differencen recever pathlengthsresults
in incorrectcorrelatoroutput. Polarization-combiningadiometersio not dependon the phaseof

the detectedsignal(afterthe RF section)and,therefore aredescribechsnoncoherentadiometers.

Noncoherenimethodsof detectinghe Stokesvectorarebaseduponthefollowing relationships

[15]:
Re (5)
Re (6)
Im (7
Im (8)



where and representhe brightnesdemperatureneasurements the and
linear polarizations. and representhe brightnesgemperaturaneasurementi the

left-handcircular (LHC) andright-handcircular(RHC) polarizations Fromtheserelationshipsne

canseethat

Re 9

Im (10)

Equationg9) and(10) show analternatve meansf retrieving and , thethird andfourth Stokes

parameters\We cannow write anequivalentto the modi ed Stokesvector:

(11)
Re

Im

It is clearthatat leasttwo differentapproachesanbeusedto measurehe completeStokesvector:

Polarization-Correlatingleasure and usingpowerdetectorscorrelatetheverticaland

horizontalpolarizationgo retrieve  and directly.

Polarization-CombiningMeasure and usingpower detectorsmeasure

and from the outputof a microwave combiningnetwork; calculate and

indirectly.

Simpli ed block diagramsof thesetwo implementationsareshowvn in Figuresl and2. Both real-
izationsincludea referencdoadfor Dicke operation3]. Dickeradiometersubtractary changen

the biasof the radiometerin orderto reducethe effect of time-varying changesn the radiometer
recever. In thepolarization-combiningadiometef Figure2, a microwave networkconsistingof

a hybrid andtwo “magic-tee”directionalcouplersareusedto synthesizehe and

linear, andthe LHC andRHC polarizationsfrom the linear vertical and horizontalpolarizations.
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Figure 1. BasicPolarization-CorrelatinRadiometer

Thereareotherwaysto implementan noncoherentadiometef19], including using separatean-
tennafeedhornsfor eachsetof two polarizations,.e. onefor V andH, a secondfor and

andathird for LHC andRHC. Thisis theimplementatiorusedin WindSat.

[1l. Ka-band Polarimetric Radiometer

KaPRis the secondKa-bandpolarimetricradiometerdevelopedat MIRSL. In the late 1990's
an instrumentknown as the Ka-bandScanningPolarimetricRadiometenKaSPR)was built and
deployed6][17]. KaPRis aredesignasopposedo anupgradedrersionof the KaSPRinstrument;
however, the experiencegainedfrom KaSPRhelpedguidethe designof KaPR.Someof theissues

thatlimited KaSPRS performancevere:

As a null-feedbackadiometerdesign[8][13] wasused,it wasdif cult to performexternal

calibrationswith ambient-temperatumaicrowave loadson hotdays.

The large volume of the radiometerenclosureand the componentmountingmethodsem-

ployedcausedhetemperaturestability of theradiometetto be poor.

Calibrationof the correlatorutilized an manualRF phaseshifter, limiting correlatorcalibra-

tion to beforeandafter, but notduring,experiments.
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Figure 2. BasicPolarization-CombiningRadiometer

Correlatorhadlimited bandwidth(20-50MHz)andthusdid not functionproperly

KaSPRwasunsuitabldor long-termoperationin harshervironmentssuchasdeploymentst

seadueto non-weatherprooénclosure.

Thesedssuededto thefollowing designtenetsfor KaPR:

KaPRwasdesignedasaDickeradiometemwith asecondeferencdemperaturéor monitoring

andcorrectinggain uctuations, similarto aHachradiometer[1Q

Nearlyall RF componentsveremountedin a planarfashion,usingcustomwaveguideinter

connectson a singlealuminumbase-platéo improve temperaturestability.

A commericaloff-the-shelfcorrelatorwasusedin conjunctionwith a digitally-controlled IF

phaseshifterto allow frequentandautomatedtorrelatorcalibration.

KaPRwasdesignedo beweathefproof, usingheaterandathermoelectricoolerfor temper
aturecontrol. This sealeddesignrequiresno ventilationto the externalervironment,thereby
allowing the deploymenbf KaPRin harshervironmentsjncludingthe presencef seaspray

from the oceanduring high winds.



TheKaPRdesignwas rst documentedby Fei Wang[17] who presentedxperimentaldataand
resultsfrom a KaSPRdeployment.The KaPRinstrumentdescribedhereis signi cantly different
from Wang's proposeddesign. The currentKaPR hasdifferencesn nearlyall of its sub-systems,
including a completelyredesignedcontrol systemand RF calibration chain; however, the basic
layoutof the Dicke RF andIF subsystemsemainasproposedy Wang. The currentrealizationof

KaPRwasundertakeraspartof this thesiswork andis outlinedhere.

A. RF Subsystem

The block diagramof the RF subsystenis shavn in Figure 3. The RF subsystemlike most
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Figure 3. Block diagramof the KaPRRF Subsystem

othercontemporaryadiometersemploysa Dicke-switchedeferencdoadfor gaincorrection.The

outputof anidealtotal powerradiometereceveris:

(12)



where is the systemgain, is Boltzmanns constant, is the antennanoisetemperaturethe
radiometricemperaturet the outputof theantenna, is the effective noisetemperaturef the
recever, and is the systembandwidth.Dicke radiometergliffer from total power radiometersn

thatthey alternatelyview the sceneandthereferencaemperaturat a 50% duty cycle, and output

thedifferenceof thesetwo temperaturesThe systems outputin thesetwo casegnay bewritten as:

(13)

(14)
where is thereferencaemperatur@and s the periodof oneswitchingcycle. Their differ-
enceproduceghe equationfor ideal Dicke radiometeroutput:

(15)
Theadwantageof the Dicke con gurationis clearlythatthedependencen recever noise, ,is

greatlydiminished.Thedisadwantagds areductionin sensitvity. Thefront endof KaPRutilizesa
polarizationswitchto permitpolarizationrotationasa secondnethodof measuringhethird Stokes
parameter . When enabledthe polarizationswitch rotatesthe receved enepy, so that KaPR
measures and linear polarizationsusingthe sametwo recever chainsthat measurev-

pol andH-pol. This polarimetricmethodallows KaPRto retrieve the componenbf the Stokes
vectornoncoherentlyTheterm“polarimetric”is usedto describeaninstrumentetrieving , ,and

; whereastheterm “fully-polarimetric” is resenedfor thoseinstrumentgetrieving the complete

Stokesvector , , ,and . Usingthatde nition, KaPR's two operatingnodesare:
Polarization-Correlatingiully-polarimetricmodemeasuring , , ,and
Polarization-Rotatingfully-polarimetricmodemeasuring , , ,and ,retrieving

by subtraction

A polarization-rotatingadiometemwithout a correlatorretrievesonly the rst threeStokesparam-

eters, , , and , andwould be classi ed as a polarimetricradiometer KaPR's additional



correlatoroutputin polarization-rotatingnode permits classifyingKaPR as fully-polarimetric in
both modes.This polarization-rotatingadiometethasa 50%duty cycle, alternatingbetweermmea-
suring / ,and / usingthetwo recevers. Therearesomeinherentdisadwantagedo
the polarizationrotationimplementatiorusedby KaPRwhich arenot sharedby mostnoncoherent

radiometers:

The lossy polarizationswitch in the front end of the instrumentincreasegshe noise gure,

degradingtheradiometricsensitvity of theinstrument.

Thecross-polarizatioouplingin theferrite polarizationswitchis a sourceof error.

However, theadvantagedo KaPR's implementatiorare:

KaPR's polarization-rotatingnodeusesthe samereceversasthe total power channelf the
polarization-correlatingnode,allowing comparisorof fully-polarimetric datarecordedoy a
singleradiometricrecever, insteadof comparingthe resultsfrom differentrecevers,where

eachonehasits own uniqueerrors.

Thepolarization-rotatiomethodis a simplemodi cation thatcanbeaddedo ary correlating
radiometerallowing its useasa backupin casesvhenthe correlatorfails to performavalid

measurement.

This RFdesigncontainsasecondeferencaemperaturdor internalcalibrations Hachradiome-
ters[10] alsousetwo referencegemperaturefor internal calibration;however, the sceneandboth
referencaemperatureareviewedfor equalduration resultingin a33%duty cycle. KaPR,a Dicke
radiometerhasa 50% duty cycle but periodicallyswitchesthe Dicke referenceo a highertemper
aturereferenceor monitoringgain uctuations. For instance the highertemperatureutputof a
noisediodemay be measuredavery 30, 45, 60 or 120 seconds.The RF hardwarecon guration of
this secondeferencegemperaturds designedo reducethe effect of physicaltemperaturevariation
on the diode's referencetemperatureutput[d. The referencetemperaturageneratedy a noise

diodeis setby the variableattenuatoto be approximatelyl50 K hotterthanthe Dicke reference,



equalto theapproximateadifferencebetweerthe Dicke referencaemperaturandthe averageocean

brightnesgemperature.

B. IF & VideoAmpli er Subsystems

The designof the IF and video ampli er subsystemsare shovn in Figure4. The designis
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Figure 4. Block diagramof the KaPRI.F. sub-section

basednthatshovnin Figurel, with two square-lav power detectordor thetotal power channels,
/ and / andananalogcorrelatorto form the complex correlationof the linear po-
larizationchanneldo measure / and / . KaPRhastwo superheterodynstagego enable
calibrationof the analogcorrelator In orderto calibratethe correlator it is necessaryo vary the
phaseof onerecever chaina full . During scenemeasurementhe phasealifferencebetween
the two recever channelss setto . Manual RF phaseshifterscan accomplishthis, however,
they do not permitautomatedalibrations.Digitally-controlled RF phaseshiftersare prohibitively
expensve, therefore a secondsuperheterodynstagewasadded.IF phaseshiftersarenarrovband

devices, causinga non-uniformphaseshift acrosghe 250 MHz recever bandwidth. To avoid this
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problem,the second.O is phase-shiftedThis second_O mixesthe 2500MHz IF signaldown to
1500MHz. While addingcompleity, this solutionallows controlof the phaseof onerecever chain

with respecto the other, over its entire250 MHz bandwidth.

Thevideodifference-ampli erandintegratorstagefollowsthesecondF stage.This subsystem
ampli es the power detectovoltageoutputs formsthe differencedo createthe Dicke outputs,and
integratestheresultsover a durationof at least10 Dicke cycles. The correlatorhasdifferential,as
opposedo single-endedoutputs,sothe video subsystemmust rst differencethesesignalsbefore
signalconditioningsimilar to the power detectorchannels All outputsignalsfrom this subsystem

arein therangeof -5V to +5V.

C. Radiometer Control and Support Hardware

An operationalradiometerrequirescontrol systemsand other supporthardwaresubsystems.
Theseinclude a dataacquisitionsystem,a temperaturecontrol system,and a temperaturanea-
suremensystem.Temperatureensitve componentssuchasreferencdoads,low-noiseampli ers
(LNA), andpassve RF componentsrequirestringenttemperatureontrol to minimize gain vari-
ations. To compensatéor unavoidablechangesn gain, frequenttemperaturenonitoring permits
correctionin post-processingA radiometerrequirespositioncontrolin orderto view a scenefrom
variousincidenceand azimuthangles. Whenan external calibrationload is usedto calibratethe

radiometerits temperatureeedgo be monitoredaswell.

Radiometercontrol anddataacquisitionareaccomplishedisingan embeddedomputer The
embeddedystemis afully-functional, PentiumPCusingthe small(3.75in. x 3.5in.) PC/104form
factor The PC/104"stack” includesfour separatéoards:

Pentium-clasembeddead¢omputer
Programmablé.ogic Device (PLD) - Altera Flex10K

16 channel 12-bitanalog-to-digita{A/D) corverter

QuadRS-232/422SerialPorts

11



This stackandits associatedoftwaregeneratehe control signalsnecessaryo operatetherecever.
The PLD generateshe timing signalsusedthroughoutthe recever for the variousRF andvideo
difference-ampli erswitches. The A/D samplessignalsfrom the radiometerchannelsthe ther
mistors,andthe clinometerswvhich measureitch androll, locatedthroughouttheradiometer The
serialportscommunicatewith seseral devices: the pan-and-tilt(elevationandazimuth)positioner
thetemperatureontroller theexternalcalibrationload,anda GP Sfor synchronizinghecomputers

clock.

V. Calibration Procedures

Thesignalsviewedby radiometeroften have extremelylow power levels. The oceanwith an
averagebrightnessemperaturef 160K atKaPR'soperatingrequeng, hasapowerlevel of about-
90dBm. A grealdealof gain,ontheorderof atleast1l00dB, mustbeappliedto therecevedsignal.
Generallyspeaking,higher gain recevers exhibit larger gain drifts. Thesegain uctuations are
principally dueto temperaturevsariationsand power supply uctuations. Evenwhengreatlengths
aretakento designstablepower suppliesandto usetemperature-stableomponentsn radiometers,
it is still necessaryo monitortemperaturdrequentlyandcorrectfor gain ucuations. Only through

frequentandcontinuouscalibrationcaninstrumentaccurag beensured.

A. Radiometric Sensitivity of Total Power Channels

Thetwo critical measuresf aradiometer performancareits accurag andprecision.Onecan
calibratea radiometeifrequentlyto improve its accurag; however, therearefundamentalimits on
the precisionof a radiometers measurementsThe radiometricsensitvity (or radiometricresolu-
tion), , is de ned asthesmallesichangen theradiometricantennademperaturef the obsered
scene, ,thatcanbedetectedy theradiometerecever. The of a Dicke radiometelis given

by [16]:

(16)
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where is theradiometrictemperaturet the outputof the antenna, is the effective noise
temperatureof the recever, is the referencetemperature, is the short-termgain
variation, isthereceverbandwidth,and is theintegrationtime of therecever. Eachradiome-
ter calibrationyields the recever's gain and offset, however, the calibrationperiod may be on the
orderof tensof minutesfor typical ground-basegdystems.Gain variationsoccuringbetweenrcali-
brationsarethe short-termgainvariations, , usedin (16) andwill decreasg¢he sensitvity.
Gainvariationis inherentin ampli er performanceandcannot be completelyaccountedor; how-
ever, the magnitudeof the variationcanbe reducedsimply by increasinghe calibrationfrequeng.
Space-bornecanningadiometerssuchasSSM/landWindSat,view hotandcold referencdargets

every revolution of their re ectors. This resultsin a calibrationevery scan,signi cantly reducing

In the caseof KaPR, is250MHz, is 33 msec,and is typically 305K but may be
setto differentvaluesin differentexternalervironments.KaPR's theoreticalrecever temperature,
, is688K. Assumingtheantennarightnessemperaturat 36.5GHzis 160K, thesensitvity

of KaPRasa function of gaindrift is shovn in Figure5. This gure showsthatKaPRY ideal ra-
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Figure 5. KaPRSensitvity versusGain Drift
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diometricresolutionis 0.64K. Whenrealisticgain variationsof and areconsideredthe
sensitvity quickly increaseso avalueover 1.5K for a of . This gure demonstrates
thein uence of gainvariationson sensitvity. Integratingthe receved signalover longertime peri-
odshelps;however, gainvariationson time scalesshorterthanthe calibrationinterval still degrade
the sensitvity morethanincreasinghe integrationtime improvesit. Two curnesof sensitvity ver

susintegrationtime areshown in Figure 6 for averagegain drifts of and . This gure
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Figure 6. KaPRSensitvity versusintegrationTime

showsthe strongin uence of the magnitudeof gaindrift on radiometricsensitvity.

B. Calibration of Total Power Channels

To measurethe receved power, and consequentlythe scenes radiometrictemperaturepne
could completelycharacterizeéhe recever componentandusethat informationto directly relate
therecever'sinputpowerto outputpower. Thistype of measuremeris dif cult to makebutis pos-
sible; however, this methodfails to accountfor recever variationssuchasgaindrift. The solution
is to measureknown brightnesgemperatureperiodicallyandto usethe relationshipof measured

voltageto brightnesgemperatureo calculatethe systenresponsespeci cally its gainandoffset.

14



KaPR's two Dicke recever channelscanbe modeledaslinear systemstherefore the antenna

brightnesgemperatureanberelatedto outputvoltagesastheformula:

17)

where is the outputvoltageof the square-lav detectorusedto measurgower. If aradiometer
views two differentscenesf known brightnesgsemperatureswo linear equationscanbe written

as:

(18)

which areeasilysolvedfor aandb, thegainandoffsetvalues.Normally thetwo referencdemper
aturesarespacedar apartto decreas¢he sensitvity of the calibrationto errorsandarereferredto
as and . Thetwo point calibrationmethodcanbe usedfor eitherinternalor externalcali-
brationmethods.Dueto the two differentRF pathsfrom the antennao thereceversandfrom the
internalcalibrationsourceto therecevers,internalcalibrationmethodgarelyincludein the effects
of front-endcomponentsuchasthe antennare ections and cross-polarizatioteakage. External
calibrationmethodsaccountfor theseeffectsbut requiredetailedknowledgeof the emissvity and
temperaturef theobseredreferencaarget,addinganadditionallayerof compleity. In practicea
combinatiorof bothexternalandinternalcalibrationmethodsareused.Severalcalibrationmethods

aredescribedhere.

External Calibration

Externalcalibrationtechniquesiormally utilize ambient-temperatunmicrowvave absorbergor
the 'hot' calibrationsource, . Accuratetemperaturaneasuremendf the absorbeiis critical.
To automatecalibration,a weatheproof referencdoad wasconstructedor KaPR.Thereference
targetcontainsanarrayof temperatursensorsvhoseoutputis continuallysampledy anA/D and
broadcasbn a RS-232serial output. This outputis received andrecordedinside the radiometer

usingtheembeddedPC.

15



Severaldifferentmethodsexist to measurecold reference, . Onemethodis to submegea
microwave absorbein liquid nitrogen,with a boiling pointof 77.4K at standarcatmospheripres-
sure. This methodis typically impracticalfor eld measurementsueto thedif culty of handling
liquid nitrogen;however, laboratorymeasurementsan validatethe resultsfrom other calibration

methodsTheliquid nitrogenmethodhasseverallimitations or complicatingfactors:

The boiling liquid nitrogensurfacepresentsa complicated ,non-speculasurfaceto the ra-

diometerantenna.

Re ection of the microwave radiationfrom the antennaandradiometerenclosureoff thelig-

uid nitrogensurfaceandbackinto theantenndncreaseshe apparenbrightnessemperature.

Watercondensingntheabsorbeincreasedrightnesdemperatures.

Perhapghe mostaccuratgechniqueis the tipping-cune method[12]. A skywardlooking ra-
diometermeasuresan atmospheridrightnesstemperaturedue to emissionby the atmosphere
constituentsprimarily oxygenandwatervapot The apparentemperatureof the atmospherés
proportionalto the massof atmospher@bsenred. By varying the zenithangleof the radiometer
differentpathlengthsthroughtheatmospherareviewed. A tip-curve performedoy KaPRis shavn
in Figure7. Thebrightnessemperatureareplottedwith respecto the secanbf the zenithangles,
proportionako pathlength. Fromthetip-curve, , anextrapolationto zeroatmospheress calcu-
lated. At zeroatmospheres brightnessemperaturef 2.7 K, dueto cosmicbackgroundadiation
from the Big Bang,is measuredTheseresultsareusedalongwith ambient-temperatuneference
targetmeasurements calculatehegainandoffsetparametersising(18). Tip-curve measurements
arelimited by therequiremenbf astableandstrati ed atmospherehowever, if theseconditionsare

met,they canprovide the greatest-accurgaalibrationof radiometerg12].

Inter nal Calibration

As previously mentionedthe two-point calibrationtechniquemay alsobe employedusingin-
ternalmethods.For theinternalcold reference KaPRviews the microvave matchedoad, serving

asthe Dicke referencdoad, for the entire Dicke cycle. Accordingto (15), the expressionfor the
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Figure 7. Tip Curve Measuredy KaPR

outputof aDicke radiometerthis measurementsultsin azerooutput. Thetemperaturef thiszero

output,for usein (18),is themeasuredemperaturef thereferencdoad, monitoredby athermistor

For the internalhot reference KaPR hasa secondreferencegemperaturgroducedby a noise
diode. This secondeferencesetby a variableattenuatoandotherRF components$o be approxi-
mately450K, is coupledinto the Dicke referenceasshown in Figure3. Thetemperatur@associated
with this noisediodeis determinedempirically. Using the setsof voltagesandbrightnesgempera-

turesfrom the hot andcold referencesthegainis determinedrom (18).

Combined Calibration

The advantageof external calibrationsis they accountfor the lossesof the entire front end;
however, externalcalibrations gspeciallytip-curves,taketime thatcouldbe usedfor measuringhe
scene.Positioningthe instrumentto takethe tip curve measurementgpllowed by measuringhe
ambientload, maytake over ten minutes. Thereforethe choiceof externalvs. internalcalibraiton
is atrade-of betweerscenemeasuremerttme andfrequentcalibration. The advantageof internal
calibrationsis they canbe performedvery quickly anddo not requirerepositioningof the instru-

ment. However, they do not accountfor changesn the entire RF front-endrecever path. It has
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beenshown [2] thatcombiningexternalandinternalcalibrationmethodss desirablen orderto ac-
curatelycalibratearadiometerin the caseof KaPR,atip cuneis performedat the beginningof an
experimentto establisthe systenresponseAt this sameime, thetemperaturef theinternal'hot’
referencdoad is measuredDuring measurementf the scenemeasuremerntf the'hot' reference
is repeatedcand comparedwith the original result. Any increaseor decreasén temperaturds the

resultof along-termgainvariation,which cansubsequentlype remaoved.

C. Calibration of the Third and Fourth StokesParameters

Polarization-Rotating Mode

As shownin (11) thethird andfourth Stokegparameters, and , canberetrievedby differenc-
ing the degreelinear polarizationsandthe LHC andRHC polarizationsyespectiely, i.e. the
polarization-combiningnethod.A modi ed versionof this methodis implementedn KaPRusinga
polarization-rotatingechnique Usingthepolarization-rotatingnethod ary dual-recererradiome-
tercanretrieve , ,and . AlthoughKaPRhasa correlatora polarization-rotatingadiometer
doesnotrequirea correlatorto retrieve . Neglectingthe correlator calibrationof the retrieved
parameteinvolvesthe samemethodsasdescribedor the total power channels.Realistically the
polarizerwill notyield exactly rotationandthis will produceerrorsthatcanbe correctedf the
preciserotationangleis known. Also, cross-couplingoetweerthe two linear polarizationsin the

polarizerwill alsoresultin errors.A detailedanalysisof theseerrorswill bepresentedn thethesis.

Polarization-Corr elating Mode

Calibrationof and measuredrom acorrelatoris basediponthefollowing errormodel[1]:

(19)
where and  arethemeasureaorrelatoroutput, is the phasedifferencebetweerthetwo
channels, is the quadraturesrror between and and arethe gain of theU and
V channels,and and are the offset values. Theseerror parametersan be measured
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usingthecalibration-circlemethoddescribedn [1]. To generatea calibrationcircle,ahotreference
temperaturds viewed by therecever. As the phaseof onerecever channelis variedfrom  to

,anidealplotof versus Yyieldsacircle,asshavnin Figure8.

Figure 8. Ideal CalibrationCircle

Realistically the plotwill resultin anellipsedueto thefollowing correlatorerrors,shavn

in Figure9:

i. In-Phase Err ors In-phaseerrorsare the resultof recever path-lengthdifferences.A phase
differencein the two receversresultsin cross-couplinggf the and correlatoroutputs,as
shown in Figure9a. It requiresnotingtherecever pathobsenedwith this calibrationdoesnot
includetheantenna@MT, andassociatetvaveguide,thereforehephasecorrectiondetermined
usingthe calibrationcircle is not strictly valid whenviewing the scene.Alternative methods

mustbe employedo determinea valid phasecorrectionwhenviewing the scene.

ii. Quadrature Errors

Quadraturesrrorsarethe resultof non-orthogonal and correlatoroutput,andan example

of thisis shavnin Figure9h. Theseerrorsaretheresultof inherentcorrelatorperformance.

ii. Gain Errors
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Gainerrorsaretheresultof unequabainsinthe and signals.A calibrationcircle exhibiting
gainerroris shown in Figure9c. Gaininequalitycouldbetheresultof bothinherentcorrelator

performanceandunequalgainsin the difference-ampli ercircuitswhichfollow it.

. Offset Errors

Offseterrorsarecausediy DC biasvoltagesat the correlators outputsandthe offsetvoltages
in the difference-ampli ercircuits. A calibrationcircle exhibiting an offseterroris shown in
Figure9d. Ideally, anunpolarizedsourcewould producezero and soary hon-zerooutput

is determinedo be anoffset.

V \% V'
A !
ﬂ\ - Ul /\
\j ’ \/ uu
(a) Effect of In-Phase Errors (b) Effect of Quadrature Errors
VIV v

v
i

(c) Effect of Gain Errors (d) Effect of Offset Errors

Figure 9. CorrelatorErrors
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As previously mentioned,n-phaseerrorsmeasuredisingthe calibrationcircle cannotbe usedto
determinghe phasecorrectionfor viewing the scene Thefollowing methodsarealternatve means

of determiningthe phasecorrectionwhenviewing the scene:

Performmicrowave measurementsf the phasecharacteristicef the two recever channels
from the OMT inputthroughthe entirerecever. It is well-known thatwaveguidesystemsare
phase-stablenceassembledLaboratorymeasurementsandeterminethe phasedifference
betweerthetwo channelshowever, reassemblyf the antennawill introducesomeerrorin
the measuredghaseoffset. Thesemeasurementswiill be performedand the resultsof this

techniquewill becomparedvith alternatve methodsn thethesis.

Createa linearly polarizedsourceandmeasuré&KaPR's systemresponséo this source.One
possiblecandidatds a rotating,polarized,blackbodytarget containingdifferenttemperature
calibrationtargetsfor orthogonallinear polarizations separatedby a polarizationgrid. This
type of polarimetriccalibrationtargetis currentlyin useby severalresearctgroups[7][14].
Constructiorof this type of targetis not within the scopeof this thesis,althoughan analysis

of theerrorsinvolvedin thistechniquewill be providedin thethesis.

V. ProposalSummary

This thesiswill describethe designandimplementationof a Ka-bandpolarimetricradiome-
ter (KaPR). The thesiswill provide a detaileddescriptionof all subsystemsdiscusscalibration
procedurespresenterror analysisof variouscalibrationtechniquesandshaow preliminaryresults

obtainedduringseveral eld experiments.

Chaptenr will discussthe needfor passve remotesensingnstrumentsn global climatemon-
itoring. The importanceof monitoringthe earths oceansand how this knowledgefostersour un-
derstandingf the Earthasa systemwill beemphasizedThefundamentatonceptof radiometry
radiative transferandthe Stokesparameterizationf receved radiationwill be presentedFinally,

this chaptemwill provide anoutlineanda summaryof the subsequernthapters.
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Chapetl will provide an explanationof the StokesParameteranddescribedifferentmethods

usedby fully-polarimetricradiometerdo retrieve the completeStokesvector

Chapterlll will describethe instrument. The RF andIF subsystemsvill be describedcom-
pletely, aswell asall controlsystemaeededo operatethe radiometer All otherhardwareneces-
saryto supportdeploymenibf the instrumentwill alsobe describedhere,including the designof

externalcalibrationloads.

ChaptenV will describecalibrationprinciplesandproceduresisedby KaPR.Analysisof the
calibrationtechniquesndproposedalibrationtechniquedor futureexperimentswill bepresented.
KaPR'sradiometricsensitivity andaccurag will beshown for currentlyemployeccalibrationmeth-
ods. Practical eld-experimenttechniquegainedfrom multiple eld experimentswill alsobe dis-

cussed.

ChapterV will presentpreliminary datafrom several experimentsthat KaPR participatedin

from 2000to 2002.
ChapteVI will summarizehework doneandpresentary conclusions.

ChapteVIl will proposduturemodi cationsto the systemandits calibrationprocedures.
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