
Baseline Issues in an Airborne 650 GHz Radiometer

A. Murk, N. Kämpfer
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Abstract

We describethe effectsof baselineripple in an airbornesubmillimeterwave radiometer, which arecausedby
standingwavesin thequasi-opticalpath.Thesebaselinescanbereducedwith animprovementof thecalibration
loadsandwith a pathlengthmodulator. We have modelledtheimpactof thebaselineon theretrieval of thevol-
umemixing ratioprofilesof theatmosphericconstituentsandwewill discussamethodfor thebaselineremoval
duringtheinversionprocess.
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1 Introduction

Remotesensingwith millimeterandsubmillimeterwaveradiometersis animportanttool in atmosphericresearch.
Sincetheerrorsfrom theradiometricnoiseof thereceivercanbereducedwith low noisereceiversandlong inte-
grationtimes,themeasurementsareoftenlimited by thesystematicbaselineerrors.Theseareall deviationsof the
measuredpower spectrafrom thetrueatmosphericsignal,which canbecausedby differentinstrumentaleffects.
Amongthesearethenonlinearitiesin any of thecomponentsof thereceiver andthedifferentialnonlinearitiesof
thespectrometer. Theseerrorscanbereducedby usingabalancedcalibrationschemeinsteadof a totalpowercal-
ibrationof theradiometer[14]. Anotherpossibleerrorsourceis theresponseof themixer to harmonicsidebands
[10]. In thispaperwewill focusonly on thebaselinecausedby standingwavesin thequasi-optics.

Most receiversarecalibratedwith a periodicalbeamswitchingbetweenthe signalandtwo referenceloads
at differentphysicaltemperatures.Following the conventionsof microwave radiometry[16] the spectralpower
densitiesareusuallyexpressedasequivalentbrightnesstemperature

�
. In thecaseof a totalpowercalibrationthe

unknown brightnesstemperatureof thesky
���

is calculatedfrom themeasurementof theatmosphericsignal � �
andthemeasurements��� and ��� of thecoldandthehot referenceloads:� �	� � ��
 ������ 
 ��� 
 � � 
�� ����� � � (1)

Typical calibrationloadsaremicrowave Absorbersat ambienttemperatureandimmersedin liquid nitrogen,
which areassumedto behave like a perfectblack body. Reflectionsfrom theseabsorbersinducea Fabry-Ṕerot
typeresonancewhichresultsin afrequency dependentmodulationin thedetectedpower. Phaseandperiodof this
ripple is givenby thedistance� within theresonantstructure,while theamplitudeis determinedby thereflection
coefficients � andthebrightnesstemperaturesof the receiver andthe load, respectively. Whenthe reflectivities
aresmall,themodulatedcomponentof thedetectednoisepowercanbeapproximatedby [8]:� � ��� 
 ������������� ��!"
	��#%$'&)( � � #%$'&)( � ����������� ��!�*)+-,".%/1032 � 4 �65�7 (2)

where:
2

= frequency4
= velocityof light5 = arbitraryphaseterm� = reflectioncoefficientsfor theelectricfield at thereceiverandtheload� = distancebetweenreceiverandload� #%$'&)(
= brightnesstemperatureof theload� ����������� ��!
= brightnesstemperatureradiatedoutof thereceiver
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According to equation1 the standingwaves from eachof the threemeasurementswill contribute to the total
baseline,dependingon thethreebrightnesstemperatures.In a balancedradiometer, which usesa referencemea-
surement� ���98

with
�:���;8=<>� �

for thecalibration,thestandingwavesfrom thehotandthecoldcalibrationload
canbeneglected.Also all baselinecomponentswhich areidenticalin thesignalandthereferencemeasurements
areremoved. But sincetheopticalpathhasto bechangedbetweenthe two measurements,a certainamountof
baselineripplewill remainin mostcases.

2 Instrumental Description

A schematicdiagramof theairborne650GHz receiver is shown in figure1. It wasdevelopedfor thedetection
of stratosphericClO, HCl andO? within theSubmmLimb SounderTechnologyProgramof theEuropeanSpace
Agency ESA/ESTEC.Thefrontendconsistsof a cooledSchottky diodemixer anda 637.2GHz local oscillator,
bothfabricatedby theRadiometerPhysicsGmbH. In thequasi-opticalpathtwo Martin-Puplettinterferometersare
usedasa diplexerandasa tunablesinglesidebandfilter. They weredevelopedat theUniversityof Bremenat an
earlierstageof theESA project[1]. The referenceloadsaremadeof two microwave absorbersEccosorb-CV3
from (Emerson&Cuming),one in liquid nitrogenandone in a heatedenclosure.A rotatingcalibrationmirror
is usedto switch betweentheseloadsandthe atmosphericsignal from the aircraft window. The frontendalso
includesa pathlengthmodulatorto reducethe effects from the standingwaves. This unit will be describedin
section3.

The submillimeterwave radiationis down-convertedto an intermediatefrequency (IF) bandbetween10.5-
14.5GHzandamplifiedwith a cooledHEMT amplifier. After furtheramplification,mixing andfiltering in theIF
conditionerthesignalsareanalysedby anacousto-opticalspectrometer(AOS,from MeudonObservatory) with
1 GHz bandwidthand1 MHz resolutionandby a chirp-transformspectrometer(CTS, from DASAand MPAE)
with 180MHz bandwidthand280kHz resolution.Thenoisetemperatureof thereceiver is about3000K in single
sidebandoperation.Furtherdetailsaboutthesystemandtheresultsfrom theflight campaignsaregivenin [11].
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Figure1: Schematicsetupof the650GHzreceiver
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3 Pathlength Modulator

A commonlyusedtechniquefor thebaselinereductionis aperiodicalphaseshift of thestandingwavesduringthe
integrationtime. Thiscanbeachievedby insertingarotatingdielectricdiskin thesignalpath[4], or by modulating
thedistance� with amoving mirror [6]. In many radiometersareciprocatingmirror with aneccenterdriveis used
for thatpurpose,which resultsin ansinusoidalchangeof theform

� � 
A@ � � �1BDCFEHG 
JI�@ � .
Thepathlengthmodulatorin oursetupconsistsof apolarisingwire grid anda rooftopmirror, whosesymmet-

rical axisis alignedunderanangleof 45K with respectto thewires. Themirror is mountedon a translationstage
which canbemovedwith a piezo-electricalactuatorover a distanceup to 300 L m . An integratedstrain-gauge
sensorallows a precisemeasurementof the actualmirror position. The motion of the mirror is definedwith a
functiongenerator, whichcanapplyanalternatingvoltageof eithera sinusoidalor a rectangularwaveformonthe
piezocrystal.

Thestandingwavesin the integratedspectraarecancelledonly at certainmodulationamplitudes.ThefactorM of thebaselinereductionfor a givenwavelengthN canbecalculatedfrom thetimeaverageof equation2:

M � I� 0PO'Q1R;ST B *)+-, . /10 � � � � 
U@ �N 7�� @ (3)

For thesinusoidalwaveformthesolutionof this integral is givenby [6]:M �WV B .%/X0 � BN 7ZY (4)

where
V B is thezeroorderBesselfunction. To achieve anoptimumbaselinereductionthemodulationamplitude

hasto besetto anvaluewhere
/10 � B\[ N correspondsto a zerocrossingof theBesselfunction. In thecaseof the

rectangularwaveform
� � is changedlinearin timebetween0 and � B , which resultsin:M � ,;]_^a`U/X0 ( bced/10 ( bc (5)

Here the baselinevanishesif � B is an integer multiple of N [ / . Figure2 shows the baselinereductionof both
waveformsfor differentvaluesof � B .
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Figure2: Baselinereductionfor the differentoperationalmodesof the pathlengthmodulator. In this figure the
modulationamplitude� B is expressedin unitsof N [ / .

Sincethemodulationamplitudehasto beoptimisedfor acertainwavelength,it is notpossibleto achieveafull
baselinereductionover thewholebandwidth.It canbeshown thatthefrequency dependenceof M is independent
of thechoiceof thezerocrossingfor thelinearmotion,while it is gettingworseat largermodulationamplitudes
for thesinusoidalcase.But M is still smallerthan0.1% over a bandwidthof 1 GHz for thefirst zerocrossingof
bothfunctions.
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A muchstrongerdegradationof the baselinereductionis causedby a small deviation of � B from the ideal
value. Again it canbeshown that the linearmotion is lesssensitive to theseerrors,but now theperformanceof
thepathlengthmodulatorcanbeimprovedwith thechoiceof a higherorderof thezerocrossingsin bothcases.

Thepathlengthmodulatorof theairborne650GHz radiometerwastestedwith a measurementof a flat alu-
minumsheetat theinput of thereceiver. It producesa strongbaselineof about100K amplitude.As indicatedin
figure3, in thiscasethebaselineamplitudecouldbereducedby a factorof 20usingthelinearmotion.
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Figure3: Measurementof a flat aluminumplatewithout the pathlengthmodulatorandwith a sinusoidalanda
linearmotionof thereciprocatingmirror.

4 Calibration Loads

Theamplitudeof thestandingwavesis relatedcloselyto the reflectivity of the microwave absorbersin thecal-
ibration loads. Commerciallyavailablematerialsincludecarbonloadedpolyurethanefoams[2], carbonloaded
polypropylene[17], silicon basedabsorbers[3] andrigid absorberswith a ferrite loading[2]. Most of themhave
a shapedsurfaceto achievea low reflectivity.

To demonstratethevaryingperformanceof thesematerialsfigure4 displaystheobservedbaselinesproduced
by differentabsorbers.TheTK-RAM from ThomasKeatingLtd. hasa pyramidalshapedsurfacetailoredespe-
cially for submillimeterwaves,while theflat foamabsorberAN-72 from Emerson&Cumingis lesssuitedfor these
applications.A comparisonof thestandingwavesfrom othermaterialscanbefoundin [12].

The drawbackof the foam andpolypropylenebasedabsorbersfor spacebornandcryogenicapplicationsis
their low thermalconductivity andtheir outgassingproblems. Theseproblemscanbe overcomewith castable
rigid absorberslike CR-110from Emerson&Cuming. But thesematerialshave a badmatchingto freespaceand
thereforhaveto beshapedverycarefully.

Within the ESA SubmmLimb SounderTechnologyProgramthe companiesAEA Technology andThomas
KeatingLtd. have developedsucha calibratedhot load(CHL) for the0.4 - 1 THz range.Detailson theconical
designof the loadaregivenin [7]. Severalmethodswereproposedto testtheperformanceof this load,but the
stringentrequirementson their reflectivity haveprovedto bedifficult to verify.

Wehaveusedaquasi-opticalreflectometertogetherwith asubmillimeternetworkanalyserfromAB-Millimetre
for that purpose.The reflectometerasshown in figure5 consistsof a quasi-optical3 dB coupler, realizedwith
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Figure4: Baselinesfrom differentmicrowaveabsorbersatnormalincidenceandacentrefrequency of 648GHz

two polarisingwire grids. Corrugatedhornsandelliptical mirrors form a well definedgaussianbeamwith an
beamwaist

I B �gfFh
mm closeto the target underinvestigation. The ABmm network analyserallows a true

vectormeasurementup to 1 THz usinga phase-lockedandmultipliedgunnoscillatorasa sourceanda harmonic
detectionschemewith a similarphase-lockedlocaloscillator[5].
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Figure5: Measurementsetupfor thedeterminationof themonostaticreflectivity of anabsorbertarget.

With this setupthedetectedsignalis a superpositionof thereflectionsfrom thetargetandtheabsorberat the
termination.To separatethetwo componentsa phasechangeis introducedby a slow movementd(t) of thetarget.
This resultsin theperiodicstructureof theCHL measurementin figure6, wheretheloadsweremovedfor about
5 wavelengthsduringthe60sof theobservation.In polarcoordinatesandona linearscalethedatapointsof each
targetarelayingon a circle,which hashasa radiuscorrespondingto thereflectioncoefficient � of theload.This
is shown in figure7 for theCHL measurement,from whicha very low reflectivity of -69dB canbededuced.
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Figure6: Reflectionmeasurementsof differentmicrowaveabsorbersandtheCHL at406GHz. Themeasurement
of a flat aluminumplatewasusedto establishthe0 dB reference.
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Figure7: CHL measurementof figure6 in polarcoordinateson a linearscale.Thesolid circle representsthefit
resultof � = 3.6 i fFhkjml , whichcorrespondsto a reflectedpowerof about-69dB.
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Standingwavescanalsobegeneratedby any otherreflectingsurfacesin theopticalpath,suchasthewindows
in the cryostatand the aircraft, especiallywhen they areplacedcloseto perpendicularto the beamaxis. For
thatreasonparallelgrooveswereappliedon bothsidesof thepolyethyleneaircraftwindow, which actasan N [ /
impedancematchinglayer. Measurementsat 637 GHz with the reflectometersetupof figure 5 showed that the
grooveshavereducedthereflectionsbelow -24dB comparedto -17dB of awindow without impedancematching.

Thesameproblemsshouldariseat thesurfaceof theliquid nitrogenin thecold load.But measurementshave
shown thatthissurfaceis disturbedby thenaturalboil-off of thenitrogen.At submillimeterwavelengthsthis leads
to a fastrandomphasechangeof thereflectedsignal,which effectively cancelsthebaseline.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
canappearin thecalibratedspectraif thediplexer is not working correctlyandif the impedanceof themixer is
changedby thedifferentpower levelsof the loads.Sincethis partof thequasi-opticalpathis not coveredby the
pathlengthmodulator, thesebaselinescannotbereducedwith thisdevice.

5 Baseline Error Simulations

Thissectionwill give anintroductionin theretrieval of atmosphericparametersandanestimationof thebaseline
inducedretrieval errors.

Following the formalismof Rodgers[15] the measuredspectrumis representedby the measurementvectorn , which containso elementsfor thediscretenumberof channelsin thespectrometer. Theatmosphericstateis
givenby thevector p , which containsthevolumemixing ratio of thegasin a discretenumberof G layers.Both
areconnectedby the forwardmodel q , which describesthe radiative transferequationthroughtheatmosphere,
andanadditionalmeasurementerror r : n � q 
 p �3� r (6)

Thiscanbelinearisedata referencestatep�s with n s � q 
 p�s � , usingtheweightingfunction t �vu\wuyx{zz x b :n � n B � t 
 p 
 p:B �3� r (7)

Theinverseproblemis theretrieval of theunknown atmosphericstate |p from themeasurement:|p � p:B �~} 
 n 
 n B � (8)

To calculatethecontributionfunction } it is necessaryto introducesomeform of additionalinformation,because
thethematrix t is alwayscloseto beingsingular. A commonlyusedinversiontechniquefor thatpurposeis the
optimalestimationmethod[15] (OEM), whichcombinesboththemeasurementsandthea priori estimatep B in a
statisticallyoptimalway: } � ` t���� j:�� t � � j:�� d j�� t���� j:�� (9)� � is thecovarianceof themeasurementerrors. The uncertaintyof thea priori profile p B is describedby the a
priory covariancematrix � � . Theretrieval errorsdueto themeasurementerrorscanbecalculatedusing:� |p � |p 
 p � } r (10)

To estimatetheinfluenceof thebaselines,we madea seriesof simulatedClO retrievalswith varyingbaseline
periods.Thephaseof eachbaselinewaschosento getacosinefunctionsymmetricto theline centre,whichcovers
theworst casefor theretrieval. Thebaselineamplitudewasassumedto be0.1 K, andthecovariancematrix � �
wascalculatedfor an uncorrelatedradiometricnoisewith 0.35 K rms. Figure8 displaysthe errors

� |p of the
retrievedClO profilesdependingon thealtitudeandthebaselineperiod.They show a characteristicpatternwith
maximumvaluesof � h%���

ppb in the lower stratosphere.This canbe comparedto the ClO concentrationunder
normalatmosphericconditions,whichhasa maximumof about0.6ppbatanaltitudeof 40km andmuchsmaller
valuesat loweraltitudes.

48



Baseline Period  [MHz]

A
lti

tu
de

 [k
m

]

−0.2

−0.1
−0.1

0

0

0

0

0

0

0

0

0

0

0

0.1

0.1

0.1

0.1

0.1

0.2

0.2

200 400 600 800 1000 1200 1400 1600 1800 2000

15

20

25

30

35

40

45
  ∆ClO [ppb]

−0.3

−0.2

−0.1

0

0.1

0.2

Figure8: Effectof baselineswith 0.1K amplitudeon theretrieval, dependingon thebaselineperiod.

6 Baseline Retrieval

Thesimulationsin thelastsectiondemonstratetheneedof a baselinecorrectionwithin theretrieval. Nedoluhaet
al. [13] proposedto includethebaselineerrorsin theerrorcovariancematrix � � of theOEM. We followedthe
approachof Kuntzet al. [9], whichallows a simultaneousretrieval of theatmosphericparameterstogetherwith a
fit of thebaseline.In thiscasethebaselineis representedby:r � &y��� ��� ,;]_^ 
A� 2 ����� *y+X, 
H� 2 � (11)

Thebaselineperiod
� 0 [ � mustbeknown prior to theretrieval or canbedeterminedfrom aFouriertransformation

of theresidualsafterafirst iterationstep.Theamplitudes
�

and � aretreatedasfreeparameterswithin theinversion
processby replacingthestatevectorandtheweightingfunctionin equation7 with:

p�� ���� p � �
�� t�� � ���>� �;� iyiFi � ��� ,;]_^ 
H� 2 � � *)+-, 
H� 2 � �

...
...

...
...

...��� � iyiFi ��� � ,9]_^ 
A� 2 � � *y+X, 
A� 2 � �
����

(12)

Thefit of theparameters
�

and � is notanill posedproblemlike theatmosphericretrieval anddoesnot require
any a priori constraints.Thustheinverseof theapriori covariancematrix in equation9 canberewrittenas:

� j����� � �� � j:�� h�hh h�hh h�h ��
(13)

This methodcanbeadaptedin a similar way for the inversionof severalbaselineswith differentperiods.It
hasproved to be very usefulfor the retrieval of atmosphericprofilesfrom measurementsdisturbedby standing
waves.Figure9 shows a measurementof theClO line with a 0.2K baseline.Theperiodof 216MHz indicatesa
distanceof � ��h%�¡ 

m, which correspondsto thedistancebetweenthemixer andthelocal oscillator. In this case
thesimultaneousbaselineretrieval givesansignificantimprovementof theClO results.

It shouldbepointedout thatany kind of baselinecorrectioncanonly beappliedif it is possibleto distinguish
betweenthebaselineandthespectralline features.This requiresthat themeasuredspectrumcontainsmorethan
oneperiodof thestandingwaves.Otherwisethesensitivity of theretrieval will bereducedin theloweraltitudes.
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Figure9: ClO measurementandresidualsafter a simultaneousretrieval of the atmosphericparametersandthe
baseline.

7 Conclusions

Baselinesdueto standingwavesarea seriousproblemin millimeter andsubmillimeterwave radiometry. In this
paperwegaveanoverview of theseaspectsat theexampleof anairborne650GHzreceiver. A commontechnique
for thebaselinereductionis theuseof a pathlengthmodulator. Both theoryandmeasurementshave shown that
theperformanceof sucha device is improvedby usinga linearinsteadof a sinusoidalvariationof thepathlength.
Furtherimprovementscouldbeachievedwith calibrationloadswith a lower reflectivity. We have presentedfirst
vectormeasurementsof anovel calibrationload,whichareshowing verypromisingresults.Wealsodiscussedthe
impactof thestandingwaveson theretrieval of atmosphericprofilesandan inversionalgorithmwhich allows a
correctionof thebaselineerrors.
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