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Basalinelssuesin an Airborne 650 GHz Radiometer
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Abstract

We describethe effects of baselineripple in an airbornesubmillimeterwave radiometerwhich are causedoy
standingwavesin thequasi-opticapath. Thesebaselineg€anbereducedvith animprovementof the calibration
loadsandwith a pathlengthmodulator We have modelledtheimpactof the baselineon theretrieval of the vol-
umemixing ratio profilesof theatmosphericonstituentandwe will discussa methodfor thebaselineremoval
duringtheinversionprocess.
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1 Introduction

Remotesensingwvith millimeterandsubmillimetemwave radiometerss animportanttool in atmosphericesearch.
Sincetheerrorsfrom the radiometricnoiseof therecever canbe reducedvith low noisereceversandlong inte-
grationtimes,themeasurementreoftenlimited by the systematidbaselinesrrors. Theseareall deviationsof the
measuregbower spectrarom the true atmospherisignal,which canbe causedy differentinstrumentakffects.
Amongthesearethe nonlinearitiesn arny of the component®f the recever andthe differentialnonlinearitieof
thespectrometeiTheseerrorscanbereducedyy usinga balancedalibrationschemensteadof atotal power cal-
ibrationof theradiomete14]. Anotherpossibleerrorsourceis theresponsef the mixerto harmonicsidebands
[10]. In this papemwe will focusonly onthebaselinecausedy standingwavesin the quasi-optics.

Most receversare calibratedwith a periodicalbeamswitchingbetweenthe signalandtwo referencdoads
at differentphysicaltemperaturesFollowing the corventionsof microwave radiometry[16] the spectralpower
densitiesareusuallyexpressedisequialentbrightnesgemperaturd’. In the caseof atotal power calibrationthe
unknown brightnesgemperaturef thesky T4 is calculatedrom the measuremerdf theatmospherisignal P4
andthemeasurementBz and Py of thecold andthe hot referencdoads:
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Typical calibrationloadsare microwave Absorbersat ambienttemperatureandimmersedn liquid nitrogen,
which areassumedo behae like a perfectblack body. Reflectionsrom theseabsorbersnducea Fabry-Ferot
typeresonancevhichresultsin afrequeny dependentnodulationin the detecte¢power. Phaseandperiodof this
rippleis givenby thedistanced within theresonanstructure while theamplitudeis determinedy thereflection
coeficientsI" andthe brightnesgemperaturesf the recever andthe load, respectiely. Whenthe reflectiities
aresmall,the modulateccomponenbf the detectechoisepower canbe approximatedy [8]:

d
AT =2 (TReceiver - TLoad) FLoadFReceiver Cos (47”/2 + ¢> (2)

where: v =frequeny

c = velocity of light

¢ = arbitraryphaseterm

r = reflectioncoeficientsfor the electricfield atthereceverandtheload
d = distancebetweerreceverandload

Troad = brightnesgemperaturef theload

Treceiver = brightnesgemperatureadiatedout of therecever

42



Accordingto equationl the standingwaves from eachof the threemeasurementwill contritute to the total
baselinedependingon thethreebrightnessemperaturesin a balancedadiometerwhich usesa referencemea-
suremeniPg. ¢ With Tr. ¢ ~ T4 for the calibration the standingvavesfrom the hotandthe cold calibrationload
canbe neglected.Also all baselinecomponentsvhich areidenticalin the signalandthereferencemeasurements
areremoved. But sincethe optical pathhasto be changedetweerthe two measurements certainamountof
baselineaipplewill remainin mostcases.

2 Instrumental Description

A schematialiagramof the airborne650 GHz recever is shavn in figure 1. It wasdevelopedfor the detection
of stratospheri€lO, HCl andO5; within the SubmmLimb SoundefTechnologyProgramof the EuropearSpace
Ageng/ ESA/ESTEC.The frontendconsistsof a cooledSchottly diode mixer anda 637.2GHz local oscillator
bothfabricatedy theRadiometePhysicsGmbH In thequasi-opticapathtwo Martin-Pupletinterferometersre
usedasadiplexer andasatunablesinglesidebandilter. They weredevelopedat the University of Bremenat an
earlierstageof the ESA project[1]. Thereferencdoadsare madeof two microwave absorberg&ccosorb-C\3
from (Emerson&Cuming)pnein liquid nitrogenandonein a heatedenclosure.A rotating calibrationmirror
is usedto switch betweentheseloadsandthe atmospherisignal from the aircraftwindow. The frontendalso
includesa pathlengthmodulatorto reducethe effectsfrom the standingwaves. This unit will be describedn
section3.

The submillimeterwave radiationis down-corvertedto an intermediatefrequeng (IF) bandbetween10.5-
14.5GHz andamplifiedwith a cooledHEMT amplifier After furtheramplification,mixing andfiltering in thelF
conditionerthe signalsare analysecdy an acousto-opticaspectrometefAOS, from MeudonObservatory with
1 GHz bandwidthand 1 MHz resolutionand by a chirp-transformspectromete(CTS, from DASAand MPAE)
with 180MHz bandwidthand280kHz resolution.The noisetemperaturef thereceveris about3000K in single
sidebandperation Furtherdetailsaboutthe systemandtheresultsfrom theflight campaignsregivenin [11].
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Figurel: Schematisetupof the650GHz recever
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3 Pathlength M odulator

A commonlyusedtechniqudor thebaselinaeductionis a periodicalphaseshift of the standingvavesduringthe
integrationtime. This canbeachiezedby insertingarotatingdielectricdiskin thesignalpath[4], or by modulating
thedistancel with amoving mirror [6]. In mary radiometersreciprocatingnirror with aneccentedriveis used
for thatpurposewhich resultsin ansinusoidathangeof theform Ad(t) = dgysin(wt).

Thepathlengtimodulatorin our setupconsistsof a polarisingwire grid anda rooftop mirror, whosesymmet-
rical axisis alignedunderanangleof 45° with respecto the wires. The mirror is mountedon a translationstage
which canbe movedwith a piezo-electricahctuatorover a distanceup to 300 um . An integratedstrain-gauge
sensorallows a precisemeasuremenf the actualmirror position. The motion of the mirror is definedwith a
functiongeneratarwhich canapplyanalternatingvoltageof eithera sinusoidabr arectangulawaveformonthe
piezocrystal.

The standingwavesin the integratedspectraarecancelledonly at certainmodulationamplitudes.The factor
~ of thebaselineeductionfor a givenwavelength) canbecalculatedrom thetime averageof equatior:

27 [w
A
v = < / cos 47rd+7d(t) dt 3)
27 A
0
For thesinusoidawaveformthesolutionof thisintegralis givenby [6]:
y=4Jo (4#%) , (4)

whereJy is the zeroorderBesselfunction. To achieve anoptimumbaselinereductionthe modulationamplitude
hasto be setto anvaluewhere4wd, /A correspond$o a zerocrossingof the Besselfunction. In the caseof the
rectangulakaveform Ad is changedinearin time betweerD anddy, which resultsin:

sin (4n %
Y= 4( do/\ ) (5)
iy
Here the baselinevanishesf dy is aninteger multiple of A/4. Figure 2 shows the baselinereductionof both

waveformsfor differentvaluesof dj.
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Figure2: Baselinereductionfor the differentoperationaimodesof the pathlengthmodulator In this figure the
modulationamplitudedy is expressedn unitsof A/4.

Sincethemodulationamplitudehasto be optimisedfor a certainwavelengthjt is notpossibleto achieze afull
baselinereductionover thewhole bandwidth.It canbe shavn thatthe frequeny dependencef v is independent
of the choiceof the zerocrossingfor the linearmotion,while it is gettingworseat larger modulationamplitudes
for the sinusoidalcase.But « is still smallerthan0.1 % over a bandwidthof 1 GHz for thefirst zerocrossingof
bothfunctions.
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A muchstrongerdegradationof the baselinereductionis causedoy a small deviation of dy from the ideal
value. Againit canbe shavn thatthe linear motionis lesssensitve to theseerrors,but now the performanceof
thepathlengthmodulatorcanbeimprovedwith the choiceof a higherorderof the zerocrossingsn bothcases.

The pathlengttmodulatorof the airborne650 GHz radiometemwastestedwith a measurementf a flat alu-
minumsheetat theinput of therecever. It producesa strongbaselineof aboutl00K amplitude.As indicatedin
figure 3, in this casethe baselineamplitudecouldbereducedy afactorof 20 usingthelinearmotion.
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Figure3: Measuremendf a flat aluminumplate without the pathlengthmodulatorandwith a sinusoidalanda
linearmotionof thereciprocatingmirror.

4 Calibration Loads

The amplitudeof the standingwavesis relatedcloselyto the reflectivity of the microwave absorbersn the cal-
ibrationloads. Commerciallyavailable materialsinclude carbonloadedpolyurethandoams[2], carbonloaded
polypropylene[17], silicon basedabsorber$3] andrigid absorbersvith aferrite loading[2]. Most of themhave
ashapedsurfaceto achieve alow reflectvity.

To demonstrate¢he varying performancef thesematerialsfigure 4 displaysthe obsenedbaselineproduced
by differentabsorbersThe TK-RAM from ThomasKeatingLtd. hasa pyramidalshapedsurfacetailoredespe-
cially for submillimetemwaves,while theflat foamabsorbeAN-72 from Emeson&Cumings lesssuitedfor these
applications A comparisorof the standingwavesfrom othermaterialscanbefoundin [12].

The drawback of the foam and polypropylene basedabsorbergor spaceborrand cryogenicapplicationsis
their low thermalconductvity andtheir outgassingoroblems. Theseproblemscan be overcomewith castable
rigid absorbers¢ike CR-110from Emeson&Cuming But thesematerialshave a bad matchingto free spaceand
thereforhave to be shapedrery carefully.

Within the ESA SubmmLimb SounderTechnologyProgramthe companiesAEA Technology and Thomas
KeatingLtd. have developedsucha calibratedhot load (CHL) for the 0.4 - 1 THz range. Detailson the conical
designof the load aregivenin [7]. Several methodswere proposedo testthe performanceof this load, but the
stringentrequirement®n their reflectvity have provedto be difficult to verify.

We have usedaquasi-opticateflectometetogethemith asubmillimetemetwork analysefrom AB-Millimetre
for that purpose.Thereflectometerasshowvn in figure 5 consistsof a quasi-opticaBB dB coupler realizedwith
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Figure4: Baselinegrom differentmicrowave absorberat normalincidenceanda centrefrequeng of 648 GHz

two polarisingwire grids. Corrugatechornsandelliptical mirrors form a well definedgaussiarbeamwith an
beamwaistwy = 10 mm closeto the target underinvestigation. The ABmm network analyserallows a true
vectormeasuremenip to 1 THz usinga phase-lockdandmultiplied gunnoscillatorasa sourceanda harmonic
detectionschemewith a similar phase-lockdlocal oscillator[5].
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Figure5: Measuremengetupfor the determinatiorof the monostatiaeflectiity of anabsorbetarget.

With this setupthe detectedsignalis a superpositiorof thereflectionsfrom thetargetandthe absorbeat the
termination.To separat¢éhetwo components phasechangds introducedby a slov movementd(t) of thetarget.
Thisresultsin the periodicstructureof the CHL measuremerih figure 6, wherethe loadsweremovedfor about
5 wavelengthgduringthe 60 s of theobsenation. In polarcoordinateandon alinearscalethe datapointsof each
targetarelayingon acircle, which hashasaradiuscorrespondingo thereflectioncoeficient I" of theload. This
is shavn in figure7 for the CHL measuremenfrom whichaverylow reflectivity of -69 dB canbe deduced.
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Figure6: Reflectionrmeasurementsf differentmicrowave absorberandthe CHL at406 GHz. Themeasurement
of aflat aluminumplatewasusedto establisithe 0 dB reference.
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Figure7: CHL measurementdf figure 6 in polar coordinate®n alinear scale. The solid circle representshe fit
resultof I" = 3.6-10~*, which correspondso areflectedpower of about-69 dB.
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Standingwvavescanalsobe generatedby ary otherreflectingsurfacesn the optical path,suchasthewindows
in the cryostatandthe aircraft, especiallywhenthey are placedcloseto perpendiculato the beamaxis. For
thatreasorparallelgrooveswereappliedon both sidesof the polyethyleneaircraftwindow, which actasan A /4
impedanceamatchinglayer Measurementat 637 GHz with the reflectometesetupof figure 5 shaved thatthe
grooveshavereducedhereflectionshelow -24 dB comparedo -17 dB of awindow withoutimpedancenatching.

The sameproblemsshouldariseat the surfaceof theliquid nitrogenin the cold load. But measurementsave
shavn thatthis surfaceis disturbedby the naturalboil-off of thenitrogen.At submillimetewavelengthghisleads
to afastrandomphasechangeof the reflectedsignal,which effectively cancelghe baseline.This effect will be
smallerat a longerwavelength,wherethe baselinefrom the cold load canbe dominatedby the surfaceof the
nitrogen.

Anotherpossiblesourceof standingwavesarereflectionsbetweenthe mixer andthe local oscillator They
canappeaiin the calibratedspectraf the diplexeris not working correctlyandif the impedanceof the mixeris
changedyy the differentpower levels of theloads. Sincethis part of the quasi-opticapathis not coveredby the
pathlengtimodulator thesebaselinesannotbe reducedwith this device.

5 BasdineError Smulations

This sectionwill give anintroductionin theretrieval of atmospheriparameterandan estimationof the baseline
inducedretrieval errors.

Following the formalismof Rodgerq15] the measuredpectrumis representedby the measurementector
y, which containsm elementdor the discretenumberof channelsn the spectrometerThe atmospheristateis
givenby the vectorx, which containsthe volumemixing ratio of the gasin a discretenumberof n layers. Both
areconnectedy the forward model F', which describeghe radiative transferequationthroughthe atmosphere,
andanadditionalmeasuremergrrore:

y=F(x)+e (6)

This canbelinearisedat areferencestatexy with yo = F(xp), usingtheweightingfunction K = g—i\xo:
Yy =Yo+K(x—x) te (7)
Theinverseproblemis theretrieval of the unknovn atmospheristatex from themeasurement:
X = %0+ D(y — yo) (8)

To calculatethe contributionfunctionD it is necessaryo introducesomeform of additionalinformation,because
thethematrix K is alwayscloseto beingsingular A commonlyusedinversiontechniquefor that purposes the
optimalestimationmethod[15] (OEM), which combineshoththe measurementgndthe a priori estimatex, in a
statisticallyoptimalway:

- —1\—1 -
D= (K'S;'K+8;")  K's;" 9)

S, is the covarianceof the measuremenrtrrors. The uncertaintyof the a priori profile x¢ is describedy the a
priory covariancematrix S,,. Theretrieval errorsdueto themeasuremerdrrorscanbe calculatedusing:

Ax =% —x = De (10)

To estimatetheinfluenceof the baselinesywe madea seriesof simulatedClO retrievalswith varyingbaseline
periods.Thephaseof eachbaselinavaschoserto geta cosinefunctionsymmetricto theline centre which covers
the worst casefor theretrieval. The baselineamplitudewasassumedo be 0.1 K, andthe covariancematrix S,
was calculatedfor an uncorrelatedadiometricnoisewith 0.35K rms. Figure 8 displaysthe errorsAx of the
retrieved ClO profilesdependingn the altitudeandthe baselineperiod. They shav a characteristigpatternwith
maximumvaluesof £0.3 ppbin the lower stratosphereThis canbe comparedo the CIO concentratiorunder
normalatmosphericonditionswhich hasa maximumof about0.6 ppbat analtitudeof 40 km andmuchsmaller
valuesatlower altitudes.
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Figure8: Effectof baselinesvith 0.1 K amplitudeon theretrieval, dependingn the baselingoeriod.

6 BasdineRetrieval

Thesimulationsin thelastsectiondemonstratéhe needof a baselinecorrectionwithin theretrieval. Nedoluhaet
al. [13] proposedo includethe baselineerrorsin the error covariancematrix S, of the OEM. We followedthe
approachof Kuntzetal. [9], which allows a simultaneousetrieval of the atmospheriparametersogethemith a
fit of thebaselineln this casethebaselinds representedy:

€base = asin(kv) + bcos(kv) (11)

Thebaselingperiod2r / k mustbeknown prior to theretrieval or canbedeterminedrom a Fouriertransformation
of theresidualsafterafirstiterationstep. Theamplitudes: andb aretreatedasfreeparametersvithin theinversion
processy replacingthe statevectorandthe weightingfunctionin equation? with:

K1 --- Ky, sin(kvy)  cos(kvy)
K= : z 5 (12)
Ky, -+ Kpn sin(kvy) cos(kvp)

Thefit of theparametera andb is notanill posedproblemlik etheatmosphericetrieval anddoesnotrequire
ary apriori constraintsThustheinverseof thea priori covariancematrixin equatior® canberewritten as:

, S;t 00
s;'=| 0 o0 o0 (13)
0 0O

This methodcanbe adaptedn a similar way for theinversionof severalbaselineswvith differentperiods. It
hasprovedto be very usefulfor the retrieval of atmospherigrofilesfrom measurementgisturbedby standing
waves. Figure9 shavs a measuremerntdf the CIO line with a0.2 K baseline The periodof 216 MHz indicatesa
distanceof d = 0.7 m, which correspondso the distancebetweerthe mixer andthelocal oscillator In this case
thesimultaneoudaselineetrieval givesansignificantimprovementof the CIO results.

It shouldbe pointedoutthatary kind of baselinecorrectioncanonly be appliedif it is possibleto distinguish
betweerthe baselineandthe spectraline features.This requiresthatthe measuredpectrumcontainsmorethan
oneperiodof the standingwaves. Otherwisethe sensitvity of theretrieval will bereducedn thelower altitudes.
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Figure9: CIO measuremenrdndresidualsafter a simultaneousetrieval of the atmospherigarameterandthe
baseline.

7 Conclusions

Baselinedueto standingwavesarea seriousproblemin millimeter and submillimeterwave radiometry In this

papemwe gave anoverview of theseaspectat the exampleof anairborne650GHz recever. A commontechnique
for the baselinereductionis the useof a pathlengthmodulator Both theoryandmeasurementsave shaovn that

theperformancef suchadevice is improvedby usinga linearinsteadof a sinusoidalariationof the pathlength.
Furtherimprovementsould be achievedwith calibrationloadswith a lower reflectvity. We have presentedirst

vectormeasurement anovel calibrationload,which areshaving very promisingresults.We alsodiscussedhe

impactof the standingwaveson the retrieval of atmospherigrofilesandan inversionalgorithmwhich allows a

correctionof the baselineerrors.
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