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I. Intr oduction

Thepastdecadehasseensigni�cant advancesin passivemicrowaveremotesensingof theocean

surface. Interestin using passive microwave remotesensingfor oceanwind vector retrieval has

greatlyincreasedafterinitial experimentsindicatedthat,togetherwith theU.S.Air ForceandInte-

gratedProgramOf�ce (IPO), brightnesstemperaturevariationsmeasuredfrom aircraft [4][5], and

monthlyaveragesof satellitemeasurementsof linearly polarizedbrightnesstemperatures[18] are

correlatedwith wind direction. The ability to retrieve global wind vector �elds waspreviously

limited to active microwave instrumentssuchasNScatandthecurrentlydeployedQuikScat:both

space-bornescatterometers.Thepower andweightrequirementsof theseactive microwave instru-

mentsexceedthoseof potentialpassivecounterparts;therefore,theradiometercommunityhasbeen

developingnew satelliteinstrumentsfor passiveremotesensingof theoceanwind vector. In January

2003the Naval ResearchLaboratory(NRL) plansto launchWindSat,the �rst fully-polarimetric

sensorin orbit, to measuretheoceansurfacewind vector(wind speedandwind direction). Wind-

Satwill measureall four Stokesparametersto enablenearlycontinuousretrieval of thewind �eld.

The four Stokesparameters[11] arecommonlymeasuredusingeitherpolarization-combiningor

polarization-correlatingtechniques.Thesetwo techniquesrequireconsiderablydifferentRF hard-

wareimplementations,with varyingsourcesof error. WindSatusesseparateantennafeedsto mea-

suresix polarizationsdirectly and usesa polarization-combiningdesign. WindSat's designwas

chosencarefully basedon satelliteheritage,but the currentstateof knowledgeof the trade-offs

betweentheStokesparametermethodsis limited.

Retrieval of thewind vectoris not dependentsolelyon thechoiceof hardware.To retrieve the

wind vectorwe must interpretthe received radiometricsignal,which is currentlynot well under-

stood.Developmentof accurateretrievalmethodsrequiresadeeperunderstandingof naturaleffects,

suchasatmosphericcontributionsto the receivedbrightnesstemperature,anda betterunderstand-

ing of measurementtolerances,suchastheaccuracy andprecisionof themeasuringinstrument.For

ocean-viewingradiometers,it isnotyetwell understoodhow surfacefactors,suchasfoamcoverage,

wind roughening,andthepresenceof surfactantsaffect themicrowaveemissivity of theseasurface.

Near-surfacemeasurementsallow usto improveknowledgeof how thesedifferentfactorsaffect the

microwave emissivity at differentfrequenciesandpolarizations.In orderto performnear-surface
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measurements,the Microwave RemoteSensingLab (MIRSL) at the University of Massachusetts

developedKaPR,a Ka-bandPolarimetricRadiometer, which operatesat 36.5 GHz andcanmea-

surethe third Stokesparameterusingbothcoherentandnoncoherenttechniques.KaPRmeasures

alternatelyin eachof thesetwo con�gurations,allowing thedirectcomparisonof thestrengthsand

limitationsof thetwo techniques.

II. StokesParameters

Theradiationfrom aroughenedsurface,suchastheseasurface,is normallypartially polarized,

meaningthat the vertically and horizontally polarizedemissionsare unequal. In 1852, to fully

characterizethepolarizationstateof a partially-polarizedemission,Sir George Stokesintroduced

four parameters,
�

, � , � , and � , now commonlyknown as the Stokesparameters.The Stokes

vectoris:
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where
�

and
�

representtheamplitudeof thepolarizedemissioncomponents,
�

(

denotesa time

averageand
'

is the phasedifferencebetweenthe two components.Theseparametersoriginally

describedthe intensityof light, however, we canwrite (1) in termsof the vertical andhorizontal

electric�elds:
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wherethe factor z is the impedanceof the mediumthroughwhich the wave propagates.In (2)
�

representsthetotal power received, � is thepower differencebetweentheverticalpolarization(V-

pol) andhorizontalpolarization(H-pol) componentsand � and � representtherealandimaginary

partsof thecrosscorrelationof theverticalandhorizontalelectric�elds. Polarimetricradiometers

measuretheverticalandhorizontalpolarizationbrightnesstemperaturesusingpowerdetectors,just
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astotal power radiometersdo. Thesesystemsmeasurethe electric�eld, A

�

465CB
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, using

separateV-pol andH-pol receivers.Theverticalandhorizontalbrightnesstemperatures,G

5

and G

8

,

arede�ned as:
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wherethe constantof proportionality,
"

, is K

�MLONQPQR

. Here K is the frequency,
N

is Boltzmann's

constant,
P

is theintrinsic impedanceof freespace,and
R

is theinstrumentbandwidth.The leads

to amodi�ed form of theStokesvectorgivenby:
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Equation4 is the modi�ed Stokesvector that is directly measuredby polarization-correlatingra-

diometers,alsoknown ascoherentpolarimetricradiometers.Polarization-correlatingradiometers

aredescribedascoherentdueto theirpreservationof thephasedifferencebetweenthetwo received

linearpolarizationsthroughtheentirereceiver. Coherentradiometersmustmeasureandaccountfor

any phasedifferencecausedby theinstrumentbecauseany differencein receiverpathlengthsresults

in incorrectcorrelatoroutput. Polarization-combiningradiometersdo not dependon the phaseof

thedetectedsignal(aftertheRF section)and,therefore,aredescribedasnoncoherentradiometers.

Noncoherentmethodsof detectingtheStokesvectorarebaseduponthefollowing relationships

[15]:

G�WMXZY

�

=

G

5
�

G

8

@

L

�

��"

Re [

�

4
5

4

;

8

(+\

(5)

G^]
WMX

Y

�

=

G

5��

G

8

@

L

�

�_"

Re [

�

405`4

;

8

(+\

(6)

G�a7b0c

�

=

G

5��

G

8

@

L

�

��"

Im [

�

405`4

;

8

(+\

(7)

G�d�bec

�

=

G

5`�

G

8

@

L

�

�_"

Im [

�

465`4

;

8

(f\

(8)

3



whereGTg WMXZY and G^] WMXZY representthebrightnesstemperaturemeasurementsin the
�ih7jlk

and
��h7jlk

linear polarizations. G�a7b0c and G�d�bec representthe brightnesstemperaturemeasurementsin the

left-handcircular(LHC) andright-handcircular(RHC)polarizations.Fromtheserelationshipsone

canseethat
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Equations(9) and(10)show analternativemeansof retrieving � and � , thethird andfourthStokes

parameters.We cannow write anequivalentto themodi�ed Stokesvector:
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It is clearthatat leasttwo differentapproachescanbeusedto measurethecompleteStokesvector:

p Polarization-Correlating:MeasureG

5

and G

8

usingpowerdetectors;correlatetheverticaland

horizontalpolarizationsto retrieve � and � directly.

p Polarization-Combining:MeasureG

5

and G

8

usingpower detectors;measureGTg
WMXZY

, Gq]
WMXfY

,

Goanb0c and G�dob0c from the outputof a microwave combiningnetwork; calculate � and �

indirectly.

Simpli�ed block diagramsof thesetwo implementationsareshown in Figures1 and2. Both real-

izationsincludea referenceloadfor Dicke operation[3]. Dickeradiometerssubtractany changein

the biasof the radiometerin orderto reducethe effect of time-varyingchangesin the radiometer

receiver. In thepolarization-combiningradiometerof Figure2, amicrowavenetworkconsistingof

a rls

k

hybrid andtwo “magic-tee”directionalcouplersareusedto synthesizethe
�ih7j

k

and
��h7j

k

linear, andthe LHC andRHC polarizations,from the linear vertical andhorizontalpolarizations.

4



Ref

Ref

Correlator
Complex

Dicke

Dicke

V

H

TV

T

div

div

V

U

Power

Power

H

OMT

Figure 1. BasicPolarization-CorrelatingRadiometer

Thereareotherwaysto implementan noncoherentradiometer[19], including usingseparatean-

tennafeedhornsfor eachsetof two polarizations,i.e. onefor V andH, a secondfor
�ih7j

k

and
��h7j

k

anda third for LHC andRHC.This is theimplementationusedin WindSat.

III. Ka-band Polarimetric Radiometer

KaPRis the secondKa-bandpolarimetricradiometerdevelopedat MIRSL. In the late 1990's

an instrumentknown as the Ka-bandScanningPolarimetricRadiometer(KaSPR)wasbuilt and

deployed[6][17]. KaPRis aredesign,asopposedto anupgradedversionof theKaSPRinstrument;

however, theexperiencegainedfrom KaSPRhelpedguidethedesignof KaPR.Someof theissues

thatlimited KaSPR'sperformancewere:

p As a null-feedbackradiometerdesign[8][13] wasused,it wasdif�cult to performexternal

calibrationswith ambient-temperaturemicrowave loadson hotdays.

p The large volume of the radiometerenclosureand the componentmountingmethodsem-

ployedcausedthetemperaturestability of theradiometerto bepoor.

p Calibrationof thecorrelatorutilized anmanualRF phaseshifter, limiting correlatorcalibra-

tion to beforeandafter, but notduring,experiments.
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Figure2. BasicPolarization-CombiningRadiometer

p Correlatorhadlimited bandwidth(20-50MHz)andthusdid not functionproperly.

p KaSPRwasunsuitablefor long-termoperationin harshenvironmentssuchasdeploymentsat

sea,dueto non-weatherproofenclosure.

Theseissuesled to thefollowing designtenetsfor KaPR:

p KaPRwasdesignedasaDickeradiometerwith asecondreferencetemperaturefor monitoring

andcorrectinggain�uctuations,similar to aHachradiometer[10].

p Nearlyall RF componentsweremountedin a planarfashion,usingcustomwaveguideinter-

connects,on a singlealuminumbase-plateto improve temperaturestability.

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

phaseshifterto allow frequentandautomatedcorrelatorcalibration.

p KaPRwasdesignedtobeweather-proof,usingheatersandathermoelectriccoolerfor temper-

aturecontrol. Thissealeddesignrequiresno ventilationto theexternalenvironment,thereby

allowing thedeploymentof KaPRin harshenvironments,includingthepresenceof seaspray

from theoceanduringhighwinds.
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TheKaPRdesignwas�rst documentedby FeiWang[17] whopresentedexperimentaldataand

resultsfrom a KaSPRdeployment.The KaPRinstrumentdescribedhereis signi�cantly different

from Wang's proposeddesign.The currentKaPRhasdifferencesin nearlyall of its sub-systems,

including a completelyredesignedcontrol systemand RF calibrationchain; however, the basic

layoutof theDicke RF andIF subsystemsremainasproposedby Wang.Thecurrentrealizationof

KaPRwasundertakenaspartof this thesiswork andis outlinedhere.

A. RF Subsystem

The block diagramof the RF subsystemis shown in Figure3. The RF subsystem,like most

3 dB BW=1 GHz

LNA

Vertical

Horizontal

Dicke Switch

Dicke Switch

Vertical Reference

Horizontal Reference

T

ENR = 25.98 dB
Noise Source

L=20 dB
Coupler

Fc=2500 MHz
Vertical IF

Horizontal IF
Fc=2500 MHz

Hach
Switch

or

Reference
Magic-T

Ref.
Hach

TOMT

Fc=36.5 GHz
0.5 dB BW=730 MHzF=4 dB

G=40 dB

Pol.

L=8 dBLO=34.0 GHz

Figure3. Block diagramof theKaPRRF Subsystem

othercontemporaryradiometers,employsaDicke-switchedreferenceloadfor gaincorrection.The

outputof anidealtotalpower radiometerreceiver is:
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x
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where
w

is the systemgain,
N

is Boltzmann's constant,G

z

{ is the antennanoisetemperature,the

radiometrictemperatureat theoutputof theantenna,G
z

d�|qc

is theeffectivenoisetemperatureof the

receiver, and
R

is thesystembandwidth.Dicke radiometersdiffer from total power radiometersin

that they alternatelyview thesceneandthereferencetemperatureat a 50%duty cycle, andoutput

thedifferenceof thesetwo temperatures.Thesystem'soutputin thesetwo casesmaybewrittenas:
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whereG
d�|TŠ is thereferencetemperatureand ˆ Œ is theperiodof oneswitchingcycle. Their differ-

enceproducestheequationfor idealDickeradiometeroutput:
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Theadvantageof theDickecon�gurationis clearlythatthedependenceon receivernoise,G

z

do|^c

, is

greatlydiminished.Thedisadvantageis a reductionin sensitivity. Thefront endof KaPRutilizesa

polarizationswitchto permitpolarizationrotationasasecondmethodof measuringthethird Stokes

parameter, � . Whenenabled,the polarizationswitch rotatesthe received energy, so that KaPR

measures
�ih7j

k

and
��h7j

k

linearpolarizationsusingthesametwo receiver chainsthatmeasureV-

pol andH-pol. This polarimetricmethodallows KaPRto retrieve the � componentof theStokes

vectornoncoherently. Theterm“polarimetric” is usedto describeaninstrumentretrieving
�

, � , and

� ; whereas,theterm“fully-polarimetric” is reservedfor thoseinstrumentsretrieving thecomplete

Stokesvector,
�

, � , � , and � . Usingthatde�nition, KaPR's two operatingmodesare:

p Polarization-Correlating:fully-polarimetricmodemeasuringG

5

, G

8

, � , and �

p Polarization-Rotating:fully-polarimetricmodemeasuringGTg
WMX

Y

, Gq]
WMX

Y

, � , and � , retrieving

� by subtraction

A polarization-rotatingradiometerwithout a correlatorretrievesonly the �rst threeStokesparam-

eters, G

8

, G

5

, and � , and would be classi�ed as a polarimetric radiometer. KaPR's additional
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correlatoroutput in polarization-rotatingmodepermitsclassifyingKaPRas fully-polarimetric in

bothmodes.This polarization-rotatingradiometerhasa 50%duty cycle, alternatingbetweenmea-

suring G

5

/ G

8

, and GŽg WMX

Y

/ G^] WZX

Y

usingthetwo receivers. Therearesomeinherentdisadvantagesto

thepolarizationrotationimplementationusedby KaPRwhich arenot sharedby mostnoncoherent

radiometers:

p The lossypolarizationswitch in the front endof the instrumentincreasesthe noise�gure,

degradingtheradiometricsensitivity of theinstrument.

p Thecross-polarizationcouplingin theferritepolarizationswitchis a sourceof error.

However, theadvantagesto KaPR's implementationare:

p KaPR'spolarization-rotatingmodeusesthesamereceiversasthetotalpowerchannelsof the

polarization-correlatingmode,allowing comparisonof fully-polarimetricdatarecordedby a

singleradiometricreceiver, insteadof comparingthe resultsfrom differentreceivers,where

eachonehasits own uniqueerrors.

p Thepolarization-rotationmethodis asimplemodi�cation thatcanbeaddedto any correlating

radiometer, allowing its useasa backupin caseswhenthecorrelatorfails to performa valid

measurement.

ThisRFdesigncontainsasecondreferencetemperaturefor internalcalibrations.Hachradiome-

ters[10] alsousetwo referencetemperaturesfor internalcalibration;however, thesceneandboth

referencetemperaturesareviewedfor equalduration,resultingin a33%dutycycle. KaPR,aDicke

radiometer, hasa 50%duty cycle but periodicallyswitchestheDickereferenceto a highertemper-

aturereferencefor monitoringgain �uctuations. For instance,the highertemperatureoutputof a

noisediodemaybemeasuredevery 30, 45, 60 or 120seconds.TheRF hardwarecon�gurationof

this secondreferencetemperatureis designedto reducetheeffect of physicaltemperaturevariation

on the diode's referencetemperatureoutput[9]. The referencetemperaturegeneratedby a noise

diodeis setby the variableattenuatorto be approximately150K hotterthanthe Dicke reference,
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equalto theapproximatedifferencebetweentheDickereferencetemperatureandtheaverageocean

brightnesstemperature.

B. IF & VideoAmpli�er Subsystems

The designof the IF and video ampli�er subsystemsare shown in Figure 4. The designis

Th / T

V / V

U / Q

Tv / T

Digitally-Controlled
Phase Shifter

Vertical IF
2500 MHz

+

+
Correlator

Analog

L=13 dB

G=34 dB

L=8 dB

L=12 dB

L=20 dBL=3 dB G = 34 dB

L=1 dB

L=20 dB

G=34 dB

2500 MHz
Horizontal IF

45

-45

& Integrator PCB
Video Difference-Amplifier

BW=250 MHz
Fc=1.5 GHz
BW=250 MHz

Fc=2.5 GHz

LO=1.0 GHz

Figure4. Block diagramof theKaPRI.F. sub-section

basedon thatshown in Figure1, with two square-law powerdetectorsfor thetotalpowerchannels,

G

5

/ GTg
WMX

Y

and G

8

/ G^]
WMX

Y

andananalogcorrelatorto form thecomplex correlationof the linearpo-

larizationchannelsto measure� / � and � / � . KaPRhastwo superheterodynestagesto enable

calibrationof theanalogcorrelator. In orderto calibratethecorrelator, it is necessaryto vary the

phaseof onereceiver chaina full •l•ls

k

. During scenemeasurement,thephasedifferencebetween

the two receiver channelsis set to s

k

. Manual RF phaseshifterscan accomplishthis, however,

they do not permitautomatedcalibrations.Digitally-controlledRF phaseshiftersareprohibitively

expensive, therefore,a secondsuperheterodynestagewasadded.IF phaseshiftersarenarrowband

devices,causinga non-uniformphaseshift acrossthe250MHz receiver bandwidth.To avoid this
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problem,thesecondLO is phase-shifted.This secondLO mixesthe2500MHz IF signaldown to

1500MHz. While addingcomplexity, thissolutionallowscontrolof thephaseof onereceiverchain

with respectto theother, over its entire250MHz bandwidth.

Thevideodifference-ampli�erandintegratorstagefollowsthesecondIF stage.Thissubsystem

ampli�es thepowerdetectorvoltageoutputs,formsthedifferencesto createtheDicke outputs,and

integratestheresultsover a durationof at least10 Dicke cycles. Thecorrelatorhasdifferential,as

opposedto single-ended,outputs,sothevideosubsystemmust�rst differencethesesignalsbefore

signalconditioningsimilar to thepower detectorchannels.All outputsignalsfrom this subsystem

arein therangeof -5V to +5V.

C. RadiometerControl and Support Hardware

An operationalradiometerrequirescontrol systemsand other supporthardwaresubsystems.

Theseinclude a dataacquisitionsystem,a temperaturecontrol system,and a temperaturemea-

surementsystem.Temperaturesensitivecomponents,suchasreferenceloads,low-noiseampli�ers

(LNA), andpassive RF components,requirestringenttemperaturecontrol to minimize gain vari-

ations. To compensatefor unavoidablechangesin gain, frequenttemperaturemonitoringpermits

correctionin post-processing.A radiometerrequirespositioncontrol in orderto view a scenefrom

variousincidenceandazimuthangles. Whenan externalcalibrationload is usedto calibratethe

radiometer, its temperatureneedsto bemonitoredaswell.

Radiometercontrol anddataacquisitionareaccomplishedusingan embeddedcomputer. The

embeddedsystemis a fully-functional,PentiumPCusingthesmall(3.75in. x 3.5in.) PC/104form

factor. ThePC/104“stack” includesfour separateboards:

p Pentium-classembeddedcomputer

p ProgrammableLogic Device (PLD) - AlteraFlex10K

p 16channel,12-bitanalog-to-digital(A/D) converter

p QuadRS-232/422SerialPorts
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Thisstackandits associatedsoftwaregeneratethecontrolsignalsnecessaryto operatethereceiver.

The PLD generatesthe timing signalsusedthroughoutthe receiver for the variousRF andvideo

difference-ampli�erswitches. The A/D samplessignalsfrom the radiometerchannels,the ther-

mistors,andtheclinometerswhich measurepitch androll, locatedthroughouttheradiometer. The

serialportscommunicatewith severaldevices: thepan-and-tilt(elevationandazimuth)positioner,

thetemperaturecontroller, theexternalcalibrationload,andaGPSfor synchronizingthecomputer's

clock.

IV. Calibration Procedures

Thesignalsviewedby radiometersoftenhave extremelylow power levels. Theocean,with an

averagebrightnesstemperatureof 160K atKaPR'soperatingfrequency, hasapowerlevel of about-

90dBm. A grealdealof gain,ontheorderof at least100dB,mustbeappliedto thereceivedsignal.

Generallyspeaking,higher gain receivers exhibit larger gain drifts. Thesegain �uctuations are

principally dueto temperaturevariationsandpower supply�uctuations. Evenwhengreatlengths

aretakento designstablepowersuppliesandto usetemperature-stablecomponentsin radiometers,

it is still necessaryto monitortemperaturefrequentlyandcorrectfor gain�ucuations.Only through

frequentandcontinuouscalibrationcaninstrumentaccuracy beensured.

A. Radiometric Sensitivity of Total Power Channels

Thetwocritical measuresof aradiometer'sperformanceareits accuracy andprecision.Onecan

calibratea radiometerfrequentlyto improve its accuracy; however, therearefundamentallimits on

the precisionof a radiometer's measurements.The radiometricsensitivity (or radiometricresolu-

tion), ‘UG , is de�ned asthesmallestchangein theradiometricantennatemperatureof theobserved

scene,G

z

{ , thatcanbedetectedby theradiometerreceiver. The ‘UG of a Dicke radiometeris given

by [16]:
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where G

z

{ is the radiometrictemperatureat the outputof theantenna,G

z

d�|qc

is theeffective noise

temperatureof the receiver, G�d�|TŠ is the referencetemperature,‘
w

Œ

L

w

Œ
is the short-termgain

variation,
R

is thereceiver bandwidth,and ˆ is theintegrationtime of thereceiver. Eachradiome-

ter calibrationyields the receiver's gainandoffset, however, the calibrationperiodmaybe on the

orderof tensof minutesfor typical ground-basedsystems.Gainvariationsoccuringbetweencali-

brationsaretheshort-termgainvariations,‘

w

Œ

L

w

Œ
, usedin (16)andwill decreasethesensitivity.

Gainvariationis inherentin ampli�er performanceandcannot becompletelyaccountedfor; how-

ever, themagnitudeof thevariationcanbereducedsimply by increasingthecalibrationfrequency.

Space-bornescanningradiometers,suchasSSM/IandWindSat,view hotandcoldreferencetargets

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

‘

w

Œ

L

w

Œ .

In the caseof KaPR,
R

is 250 MHz, ˆ is 33 msec,and G�d�|TŠ is typically 305 K but may be

setto differentvaluesin differentexternalenvironments.KaPR's theoreticalreceiver temperature,

G

z

d�|qc

, is 688K. Assumingtheantennabrightnesstemperatureat36.5GHzis 160K, thesensitivity

of KaPRasa function of gaindrift is shown in Figure5. This �gure shows thatKaPR's ideal ra-

Ideal    T = 0.64KD

Figure 5. KaPRSensitivity versusGainDrift
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diometricresolutionis 0.64K. Whenrealisticgainvariationsof 1�s

]Q¡ and 1�s

]

�

areconsidered,the

sensitivity quickly increasesto avalueover 1.5K for a ‘

w

Œ

L

w

Œ
of 1�s

]

�

. This �gure demonstrates

thein�uence of gainvariationson sensitivity. Integratingthereceivedsignalover longertimeperi-

odshelps;however, gainvariationson time scalesshorterthanthecalibrationinterval still degrade

thesensitivity morethanincreasingtheintegrationtime improvesit. Two curvesof sensitivity ver-

susintegrationtime areshown in Figure6 for averagegain drifts of 1�s

]Q¡ and 1�s

]

�

. This �gure

SS
DG  / G  = 10-3

SS
DG  / G  = 10-2

Figure 6. KaPRSensitivity versusIntegrationTime

showsthestrongin�uence of themagnitudeof gaindrift on radiometricsensitivity.

B. Calibration of Total Power Channels

To measurethe received power, and consequentlythe scene's radiometrictemperature,one

could completelycharacterizethe receiver componentsandusethat informationto directly relate

thereceiver's inputpowerto outputpower. This typeof measurementis dif�cult to makebut is pos-

sible;however, this methodfails to accountfor receiver variationssuchasgaindrift. Thesolution

is to measureknown brightnesstemperaturesperiodicallyandto usethe relationshipof measured

voltageto brightnesstemperatureto calculatethesystemresponse,speci�cally its gainandoffset.
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KaPR's two Dicke receiver channelscanbe modeledaslinearsystems;therefore,theantenna

brightnesstemperaturecanberelatedto outputvoltagesastheformula:

� t#u v

��¢

G

{

��£

(17)

where �•t#u v is theoutputvoltageof thesquare-law detectorusedto measurepower. If a radiometer

views two differentscenesof known brightnesstemperatures,two linear equationscanbewritten

as:

�

}

t¤u v

��¢

G

}

{

��£

(18)

�

�

t¤u v

��¢

G

�

{

��£

which areeasilysolvedfor a andb, thegainandoffsetvalues.Normally thetwo referencetemper-

aturesarespacedfar apartto decreasethesensitivity of thecalibrationto errorsandarereferredto

as G

8

t#v and G�¥Vt#¦¨§ . Thetwo point calibrationmethodcanbeusedfor eitherinternalor externalcali-

brationmethods.Dueto thetwo differentRF pathsfrom theantennato thereceiversandfrom the

internalcalibrationsourceto thereceivers,internalcalibrationmethodsrarelyincludein theeffects

of front-endcomponentssuchasthe antennare�ections andcross-polarizationleakage.External

calibrationmethodsaccountfor theseeffectsbut requiredetailedknowledgeof theemissivity and

temperatureof theobservedreferencetarget,addinganadditionallayerof complexity. In practice,a

combinationof bothexternalandinternalcalibrationmethodsareused.Severalcalibrationmethods

aredescribedhere.

External Calibration

Externalcalibrationtechniquesnormallyutilize ambient-temperaturemicrowave absorbersfor

the 'hot' calibrationsource,G

8

t¤v . Accuratetemperaturemeasurementof the absorberis critical.

To automatecalibration,a weather-proof referenceloadwasconstructedfor KaPR.Thereference

targetcontainsanarrayof temperaturesensorswhoseoutputis continuallysampledby anA/D and

broadcaston a RS-232serialoutput. This output is received andrecordedinsidethe radiometer

usingtheembeddedPC.
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Severaldifferentmethodsexist to measureacold reference,Go¥Vt#¦©§ . Onemethodis to submergea

microwaveabsorberin liquid nitrogen,with a boiling pointof 77.4K atstandardatmosphericpres-

sure.This methodis typically impracticalfor �eld measurementsdueto thedif�culty of handling

liquid nitrogen;however, laboratorymeasurementscanvalidatethe resultsfrom othercalibration

methods.Theliquid nitrogenmethodhasseverallimitationsor complicatingfactors:

p The boiling liquid nitrogensurfacepresentsa complicated,non-specularsurfaceto the ra-

diometerantenna.

p Re�ection of themicrowave radiationfrom theantennaandradiometerenclosureoff theliq-

uid nitrogensurfaceandbackinto theantennaincreasestheapparentbrightnesstemperature.

p Watercondensingon theabsorberincreasesbrightnesstemperatures.

Perhapsthemostaccuratetechniqueis the tipping-curve method[12]. A skyward looking ra-

diometermeasuresan atmosphericbrightnesstemperaturedue to emissionby the atmosphere's

constituents,primarily oxygenandwatervapor. The apparenttemperatureof the atmosphereis

proportionalto the massof atmosphereobserved. By varying the zenithangleof the radiometer,

differentpathlengthsthroughtheatmosphereareviewed.A tip-curveperformedby KaPRis shown

in Figure7. Thebrightnesstemperaturesareplottedwith respectto thesecantof thezenithangles,

proportionaltopathlength.Fromthetip-curve, �•¥Vt#¦¨§ , anextrapolationto zeroatmospheres,is calcu-

lated.At zeroatmospheres,a brightnesstemperatureof 2.7K, dueto cosmicbackgroundradiation

from theBig Bang,is measured.Theseresultsareusedalongwith ambient-temperaturereference

targetmeasurementstocalculatethegainandoffsetparametersusing(18). Tip-curvemeasurements

arelimited by therequirementof astableandstrati�ed atmosphere;however, if theseconditionsare

met,they canprovide thegreatest-accuracy calibrationof radiometers[12].

Internal Calibration

As previously mentioned,the two-pointcalibrationtechniquemayalsobe employedusingin-

ternalmethods.For theinternalcold reference,KaPRviews themicrowave matchedload,serving

asthe Dicke referenceload, for the entireDicke cycle. Accordingto (15), the expressionfor the

16



Figure7. Tip Curve Measuredby KaPR

outputof aDickeradiometer, thismeasurementresultsin azerooutput.Thetemperatureof thiszero

output,for usein (18), is themeasuredtemperatureof thereferenceload,monitoredby athermistor.

For the internalhot reference,KaPRhasa secondreferencetemperatureproducedby a noise

diode.This secondreference,setby a variableattenuatorandotherRF componentsto beapproxi-

mately450K,is coupledinto theDickereference,asshown in Figure3. Thetemperatureassociated

with thisnoisediodeis determinedempirically. Usingthesetsof voltagesandbrightnesstempera-

turesfrom thehot andcold references,thegainis determinedfrom (18).

CombinedCalibration

The advantageof external calibrationsis they accountfor the lossesof the entire front end;

however, externalcalibrations,especiallytip-curves,taketime thatcouldbeusedfor measuringthe

scene.Positioningthe instrumentto takethe tip curve measurements,followedby measuringthe

ambientload,maytakeover tenminutes.Thereforethechoiceof externalvs. internalcalibraiton

is a trade-off betweenscenemeasurementtime andfrequentcalibration.Theadvantageof internal

calibrationsis they canbe performedvery quickly anddo not requirerepositioningof the instru-

ment. However, they do not accountfor changesin the entireRF front-endreceiver path. It has
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beenshown [2] thatcombiningexternalandinternalcalibrationmethodsis desirablein orderto ac-

curatelycalibratearadiometer. In thecaseof KaPR,a tip curve is performedat thebeginningof an

experimentto establishthesystemresponse.At thissametime,thetemperatureof theinternal'hot'

referenceloadis measured.During measurementof thescene,measurementof the 'hot' reference

is repeatedandcomparedwith the original result. Any increaseor decreasein temperatureis the

resultof a long-termgainvariation,which cansubsequentlyberemoved.

C. Calibration of the Third and Fourth StokesParameters

Polarization-Rotating Mode

As shown in (11) thethird andfourthStokesparameters,� and � , canberetrievedby differenc-

ing the ª

h7j

degreelinearpolarizationsandtheLHC andRHC polarizations,respectively, i.e. the

polarization-combiningmethod.A modi�ed versionof thismethodis implementedin KaPRusinga

polarization-rotatingtechnique.Usingthepolarization-rotatingmethod,any dual-receiverradiome-

ter canretrieve G

5

, G

8

, and � . AlthoughKaPRhasa correlator, a polarization-rotatingradiometer

doesnot requirea correlatorto retrieve � . Neglectingthecorrelator, calibrationof theretrieved �

parameterinvolvesthe samemethodsasdescribedfor the total power channels.Realistically, the

polarizerwill not yield exactly
hnj

k

rotationandthis will produceerrorsthatcanbecorrectedif the

preciserotationangleis known. Also, cross-couplingbetweenthe two linear polarizationsin the

polarizerwill alsoresultin errors.A detailedanalysisof theseerrorswill bepresentedin thethesis.

Polarization-Corr elating Mode

Calibrationof � and � measuredfrom acorrelatoris baseduponthefollowing errormodel[1]:
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(19)

where �^« and �•« arethemeasuredcorrelatoroutput, ‘­¬ is thephasedifferencebetweenthetwo

channels,
¯ °

is the quadratureerror between�
« and �

« ,
w

²

and
w³´

are the gain of the U and

V channels,and �^t+¶�¶ and �•t·¶*¶ are the offset values. Theseerror parameterscan be measured
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usingthecalibration-circlemethoddescribedin [1]. To generateacalibrationcircle,ahot reference

temperatureis viewed by the receiver. As the phaseof onereceiver channelis variedfrom s

k

to

•l•ls

k

, anidealplot of � versus� yieldsa circle,asshown in Figure8.

V

U

Figure8. IdealCalibrationCircle

Realistically, the �

�

� plot will resultin anellipsedueto thefollowingcorrelatorerrors,shown

in Figure9:

i. In-PhaseErr ors In-phaseerrorsare the resultof receiver path-lengthdifferences.A phase

differencein the two receiversresultsin cross-couplingof the � and � correlatoroutputs,as

shown in Figure9a. It requiresnotingthereceiver pathobservedwith thiscalibrationdoesnot

includetheantenna,OMT, andassociatedwaveguide,thereforethephasecorrectiondetermined

usingthe calibrationcircle is not strictly valid whenviewing thescene.Alternative methods

mustbeemployedto determinea valid phasecorrectionwhenviewing thescene.

ii. Quadrature Err ors

Quadratureerrorsaretheresultof non-orthogonal� and � correlatoroutput,andanexample

of this is shown in Figure9b. Theseerrorsaretheresultof inherentcorrelatorperformance.

iii. Gain Err ors
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Gainerrorsaretheresultof unequalgainsin the � and� signals.A calibrationcircleexhibiting

gainerroris shown in Figure9c. Gaininequalitycouldbetheresultof bothinherentcorrelator

performanceandunequalgainsin thedifference-ampli�ercircuitswhich follow it.

iv. Offset Err ors

Offseterrorsarecausedby DC biasvoltagesat thecorrelator'soutputsandtheoffsetvoltages

in thedifference-ampli�ercircuits. A calibrationcircle exhibiting an offseterror is shown in

Figure9d. Ideally, anunpolarizedsourcewouldproducezero � and � soany non-zerooutput

is determinedto beanoffset.

(c) Effect of Gain Errors

U / U'

V / V'

(a) Effect of In-Phase Errors

V

U

U'

V'

(b) Effect of Quadrature Errors

U / U'

V'V

(d) Effect of Offset Errors

V

U
U'

V'

Figure 9. CorrelatorErrors
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As previously mentioned,in-phaseerrorsmeasuredusingthe calibrationcircle cannotbe usedto

determinethephasecorrectionfor viewing thescene.Thefollowing methodsarealternativemeans

of determiningthephasecorrectionwhenviewing thescene:

p Performmicrowave measurementsof the phasecharacteristicsof the two receiver channels

from theOMT input throughtheentirereceiver. It is well-known thatwaveguidesystemsare

phase-stableonceassembled.Laboratorymeasurementscandeterminethephasedifference

betweenthe two channels;however, reassemblyof theantennawill introducesomeerror in

the measuredphaseoffset. Thesemeasurementswill be performedand the resultsof this

techniquewill becomparedwith alternativemethodsin thethesis.

p Createa linearly polarizedsourceandmeasureKaPR's systemresponseto this source.One

possiblecandidateis a rotating,polarized,blackbodytargetcontainingdifferenttemperature

calibrationtargetsfor orthogonallinearpolarizations,separatedby a polarizationgrid. This

typeof polarimetriccalibrationtarget is currentlyin useby several researchgroups[7][14].

Constructionof this typeof target is not within thescopeof this thesis,althoughananalysis

of theerrorsinvolvedin this techniquewill beprovidedin thethesis.

V. ProposalSummary

This thesiswill describethe designand implementationof a Ka-bandpolarimetricradiome-

ter (KaPR). The thesiswill provide a detaileddescriptionof all subsystems,discusscalibration

procedures,presenterror analysisof variouscalibrationtechniques,andshow preliminaryresults

obtainedduringseveral�eld experiments.

ChapterI will discusstheneedfor passive remotesensinginstrumentsin globalclimatemon-

itoring. The importanceof monitoringthe earth's oceansandhow this knowledgefostersour un-

derstandingof theEarthasa systemwill beemphasized.Thefundamentalconceptsof radiometry,

radiative transferandtheStokesparameterizationof receivedradiationwill be presented.Finally,

this chapterwill provide anoutlineandasummaryof thesubsequentchapters.
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ChaperII will provide anexplanationof theStokesParametersanddescribedifferentmethods

usedby fully-polarimetricradiometersto retrieve thecompleteStokesvector.

ChapterIII will describethe instrument. The RF andIF subsystemswill be describedcom-

pletely, aswell asall controlsystemsneededto operatetheradiometer. All otherhardwareneces-

saryto supportdeploymentof the instrumentwill alsobe describedhere,including the designof

externalcalibrationloads.

ChapterIV will describecalibrationprinciplesandproceduresusedby KaPR.Analysisof the

calibrationtechniquesandproposedcalibrationtechniquesfor futureexperimentswill bepresented.

KaPR'sradiometricsensitivity andaccuracy will beshownfor currentlyemployedcalibrationmeth-

ods.Practical�eld-experimenttechniquesgainedfrom multiple �eld experimentswill alsobedis-

cussed.

ChapterV will presentpreliminarydatafrom several experimentsthat KaPRparticipatedin

from 2000to 2002.

ChapterVI will summarizethework doneandpresentany conclusions.

ChapterVII will proposefuturemodi�cationsto thesystemandits calibrationprocedures.
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