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Abstract
Thesubmillimeter-wave limb-emissionsoundercalledSMILESis currentlybeingdevelopedfor the
JapaneseExperimentModuleof theInternationalSpaceStation.It will observe thespectralemis-
sion linesof severalstratospherictracegasesrelatedto ozonechemistry. We presenttransmission
andreflectionmeasurementswith a submillimeter-wave vector-network analyzerof variousopti-
calsub-componentsof SMILES,which includecorrugatedfeedhornsandcorrugatedback-to-back
horns,a novel singlesidebandfilter andaconicalcalibrationload.

1 Intr oduction

SMILESis asubmillimeter-wave limb-emissionsounderwhichis currentlydevelopedfor theJapa-
neseExperimentModuleof theInternationalSpaceStation[2]. It will obtainglobalmapsof ClO,
BrO, HCl, O� and otherstratospherictracegasesrelatedto ozonechemistryby observingtheir
spectralemissionlinesin two frequency bandsat624.32–626.32and649.12–650.32GHz. Two su-
perconductingSISmixerscooledby amechanicalcoolerwill guaranteetheveryhighestsensitivity.

Antenna
BBH to 

Filter
Single Sideband 

LO Source
Submm

BBH to
Cold-Sky Termination

Figure1: AmbientTemperatureOptics(AOPT)moduleof SMILES.Submillimeterradiationfrom
the cold sky and the atmosphereentersthe AOPT throughtwo corrugatedBack-to-BackHorns
(BBH). Theoutputto thecryogenicmixersis hiddenunderneaththesinglesidebandfilter.
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TheAmbientTemperatureOpticssubsystemasshown in Figure1 providesLO injection,single
sidebandfiltering andEMCisolationfor theradiometer. Thisis achievedby freestandingwire grids,
a novel configurationof theMartin-PuplettInterferometerbasedonFrequency Selective Polarizers
(FSP)andcorrugatedBack-to-Back(BBH) horns,respectively. Otheropticalelementsoutsideof
theAOPTarethecorrugatedfeedhornsof theSISmixersandablack-bodycalibrationload.

This paperreportson measurementsof thesecritical quasi-opticalcomponentsin the submil-
limeter range. Their transmission-and reflectioncharacteristicwere determinedwith a vector-
network analyzerfrom thecompany AB-Millimetre1. In our configurationof this instrumentcoher-
entsubmillimeterradiationis generatedfrom a phaselockedGunnoscillatorusingharmonicmul-
tiplication. A harmonicmixer with a secondGunnoscillatorphase-locked to the samereference
frequency asthefirst oneis usedfor thedetectionandallows amplitudeandphasemeasurements
with highdynamicrange[3].

2 Corrugated FeedHorns

Thetwo SISmixer blocksof SMILESwill beequippedwith corrugatedfeedhornsthatareknown
to producesymmetricGaussianbeampatternswith low side-lobes[9]. Howeverthey arenoteasyto
manufacturefor frequenciesin thesubmillimeterregionanddetailedantennapatternmeasurements
aremandatory.
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Figure2: Measuredamplitudeandphaseof the SMILES corrugatedhorn antennatogetherwith
modelpredictions.Thismeasurementis acut throughtheE-planeata frequency of 602.5GHz.

1AB-Millimetre, 52 rueLhomond,75 005Paris,France,http://www.abmillimetre.com
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Figure3: 2-D antennapatternof thecorrugatedhornantenna.Solid linesrepresentthe3 dB andthe
first 10 dB contoursof the measurement,dottedlinesarecircleswith 5

�
differencebetweentheir

radii.

A first prototypeof the SMILES horn antennawasmountedon the harmonicdetectorof the
ABmm systemandrotatedin azimuthandelevationusinga motorized2-axisrotationalstage.The
submillimetersourcewith anothercorrugatedhorn antennawasoperatedat a frequency of 602.5
GHz andremainedfixed in a distanceof 250 mm. Sincethe aperturediameterof the hornunder
testis 4.2 mm this distanceis morethanthreetimeslarger thanthe far field requirement

��� �	��

.

Threemicro-positionersareusedto adjustthe positionof the phasecenterof the horn undertest
with respectto therotationalaxesto achieve aflat phaseresponsein themainbeam.

Amplitudeandphaseof the 1-D antennapatternsin Figure2 arein goodagreementwith the
predictionsof themode-matchingmodelCORRUG [1] down to the-50dBlevel. Othercorrugated
hornswith adifferentdesignshowedasimilargoodmatchbetweenmeasurementsandmodel.

Thesymmetryof thehornis revealedby the2-D antennapatternin Figure3. Smalldeviations
on the-40 dB level at elevationsbeyond20

�
arecausedby artifactsof theantennatestrange.This

is indicatedby thefactthattheasymmetrydoesnotchangewhenthehornis rotatedby 180
�
.
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Figure4: Schematicsetupof a conventionalMPI anda pair of FSP’s. Thewiresof eachgrid have
anorientationof 45

�
with respectto thepolarizationof theincomingradiation.

3 SidebandFilter

Many millimeter- andsubmillimeter-wave receiversmake useof theMartin-Puplettinterferometer
(MPI) to achieve singlesidebandoperation[7]. Thefrequency characteristicof aMPI canbeeasily
tunedby changingtheopticalpathdifferencein oneof thetwo interferometerarms.For fix-tuned
applicationsin spacethis hasthe disadvantagethat the dimensionsof the whole interferometer
have to be machinedto an accuracy in the orderof 1� m andthat thesetight toleranceshave to
be maintainedover the whole temperaturerangeof operation.Anotherdrawbackis that residual
reflectionsdueto the imperfectperformanceof thegrid causestandingwavesin theopticswhich
couldlimit theaccuracy of theinstrument.

Source 90 deg
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Figure5: Quasi-opticalnetwork for transmissionmeasurementsthroughapair of FSP’s

W Dang


W Dang
429



595 600 605 610 615 620 625 630 635
−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

5

S
id

eb
an

d 
R

at
io

 [d
B

]

Frequency [GHz]

H / (H+V) 
V / (H+V) 
FSP Theory 
MPI Theory

Figure6: Transmissionmeasurementsthroughapairof FSP’swith ���������� mmtogetherwith the
theoreticalcurvesfor thecorrespondingMPI andFSPinterferometers.

To avoid theseproblemsa new configurationof theMPI asshow in Figure4 will beusedfor
SMILES [4]. It is basedon two Frequency Selective Polarizers(FSP)which consistof a wire grid
placedin a specificdistance�� parallel in front of a flat mirror. This device is free of residual
reflectionsandmoresuitablefor fixed-tunedapplicationssincethecritical toleranceshave to bemet
only within theFSP.

Whenthetheoreticaltransmissionthroughsuchadevice is calculatedthenon-idealbehavior of
thewire gridshasto bemodelledin detail becauseit hasa significantinfluenceon the frequency
characteristicof theFSP’s. As discussedin [6] thecross-polarcomponentsof thesignaltransmitted
andreflectedby thegridsshift thefrequency of thebandpassminimaandmaximaof theFSPfilter
comparedto aconventionalMPI with similarpathdifference.

Thetransmissionthrougha first prototypeof two FSP’s with ���������� mm wasmeasuredon
a quasi-opticaltestbenchusingthe network analyzer(Fig. 5). Two elliptical mirrors producea
Gaussianbeamwith a beam-waist radiusof ��������� mm betweenthe FSP’s. The wires of both
FSP’shave averticalorientation,while thewiresof thereflectinggridsaresetfor 45

�
polarization.

Thefirst grid aftertheverticallypolarizedsourcecanberotatedby 90
�

to obtaintwo measurements�
and  .
Thenormalizedratios

� �"! �$#  &% and  �"! �$#  �% asdisplayedfor differentfrequency bandsin
Figure6areameasurefor thesidebandsuppression.Thetransmissionminimaarealreadybelow the
noisefloor of thismeasurementandcanbesmallerthantheobservedvalues.Thisfigurealsoshows
theexpectedcharacteristicsof aconventionalMPI andof theFSPfilter with thesamenominalpath
difference.The frequency shift betweenthe theoreticalFSPcurve andthe measurementis about
300MHz, whichcorrespondsto 1 � m machiningaccuracy of �' .
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Figure7: Designof the CalibratedHot Load CHL. The aperturehasa diameterof 60 mm, total
lengthis 317mm.

4 Calibration Load

Theradiometricon-boardcalibrationof SMILES will be realizedby alternateobservationsof the
coldsky andof ablack-bodycalibrationtargetatambienttemperature.Thedesignof this loadwill
bebasedontheCalibratedHot Load(CHL) whichwasdevelopedby Thomas Keating Ltd. andAEA
Technologies within anprevioussubmillimeterlimb-sounderstudyof theEuropeanSpaceAgency
ESA [5]. Figure7 displaysthe designof the CHL basedon a taperedaluminumconelined with
microwave absorbingmaterial.

Source
vertical

Submm
Vector-
Network
Analyzer

Grid  1
horizontal

Grid  2 CHL

Detector
horizontal

45 deg

Elliptical
Mirror

SteppingAbsorber
Termination (RAM) Motor

Figure8: Setupof the quasi-opticalreflectometer. Device UnderTestis the CHL mountedon a
motorizedtranslationstagewhichallows to alterthephaseof thereflectedsignal.

A quasi-opticalreflectometerwasusedto measurethemonostaticreflectivity of theCHL. This
propertyis of specialinterestbecauseit determinestheamountof standingwavesbetweentheload
andthereceiver andthusthebaselinerippleof thecalibratedspectra.Theschematicdiagramof the
reflectometersetupisgivenin Figure8. TheverticallypolarizedbeamfromtheABmm sourcepasses
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Figure9: Reflectionmeasurementsat625GHzof theCHL andotherabsorbingmaterialsatdifferent
axialoffsets.

througha first horizontalgrid. Thesecondgrid, setfor a polarizationof 45
�
, actsasa 3 dB beam

splitter. Half of thepower is transmittedto thedeviceundertest(DUT), in thiscasetheCHL, while
theotherhalf is reflectedto a beamterminationmadeof thesubmillimeter-wave absorberRAM2.
Thereturningsignals,which werereflectedat theterminationor at theDUT, arethenrecombined
with the45

�
grid andpartly routedto thedetectorby thehorizontalgrid. Two elliptical mirrorsare

includedin thereflectometerto form a beam-waistwith �(���)��� mm closeto theapertureof the
CHL.

Amplitudeandphaseof thedetectedsignalaredeterminedby thereflectivity of theDUT and
theabsorberterminationandby the pathdifferencein the two armsof reflectometer. To separate
thetwo componentstheDUT is mountedon a motorizedtranslationstagewhich allows to move it
parallelto thebeamaxisover adistanceof oneor morewavelengths.

Figure9 shows sucha measurementof theCHL andof two othercommercialabsorbersRAM
andAN-723. The measurementof a flat aluminumplate,alsoshown in this figure, wasusedto
establishthe0 dB reference.Multiple reflectionsbetweentheAluminumandthereflectometerare
causingthe distinct periodicmodulationwhen this plate is moved. In the caseof the CHL and
theRAM themodulationsaredueto the interferingsignalsof theDUT andtheabsorbertermina-
tion. AN-72 producesa flat responsebecauseits reflectivity is muchhigherthanthatof theRAM
termination,but still low enoughto avoid asignificantcontribution from themultiple reflections.

In polar coordinatesandon a linear scalethe datapointsof eachtarget lie on a circle dueto
the phasechangefrom the moving DUT (Fig. 10). The radiusof thesecircles is a measurefor

2RAM: submillimeter-waveabsorberwith apyramidalsurfacefrom Thomas Keating Ltd.
3AN-72: flat foamabsorberfrom Emmerson&Cuming
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Figure10: ThesameCHL measurementsasshown in Figure9, but on a linearscaleandin polar
coordinates.

the monostaticreflectivity of the DUT. The signalreflectedat the fixed absorberterminationhas
a constantphaseand is responsiblefor the offset of the circles. From this measurementof the
CHL an outstandinglylow reflectivity of -70 dB at 625 GHz canbe deduced.Similar resultsat
other frequenciesbetween200 and700 GHz are reportedin [8] togetherwith passive reflection
measurementsof theCHL at278GHz.

5 Back-to-BackHorn

To avoid EMC problemsthesensitive receiverof SMILEShasto beisolatedfrom thelow frequency
RFcontaminationof thespacestation.Thiswill beachievedby two corrugatedBack-to-Backhorns
(BBH) which couplethe atmosphericsignalandthe cold spaceview of the sidebandtermination
into theshieldedenclosureof theAOPTmodule.TheBBH’shave a total lengthof 130mmandact
asovermodedwaveguidesfor thesubmillimeterwaveswhile RFradiationwith alongerwavelength
is preventedfrom enteringthereceiver. A majorconcernarereflectionsat theBBH’s which would
causestandingwaves in the optics. For that reasondifferent BBH prototypeswere testedin a
reflectometersetupsimilar to theoneshown in Figure8. A third elliptical mirror after thesecond
grid hasto beaddedto imagethesourceanddetectorhornsontotheinput of theBBH. Thelateral
positionof theBBH canbeadjustedmanuallyusingtwomicro-positionerstooptimizethealignment
for minimal reflections.AnothermotorizedpositionermovestheBBH parallelto thebeamaxis.

Figure11displaystheamplitudeof thedetectedsignalfor differentaxialpositions.Themodu-
lationsagainarecausedby thesuperpositionof thereflectedsignalsfrom theBBH andtheabsorber
terminationandcanbe removed by applying the techniquedescribedin the previous sectionon
neighboringdatapoints.Theresultingmonostaticreflectivity of theBBH givenby theblackline in
Figure11 hasa minimumvaluebelow -65 dB in theoptimumfocal position. The lateralposition
of theBBH is morecritical thantheaxial positionsincea 1 mm horizontalor verticaloffsetof the
BBH alreadyleadsto reflectionsat the-30dB level.
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Figure11: Reflectometermeasurementof theBBH for differentaxialoffsetsfrom theoptimalfocal
positionandtheretrievedBBH reflectivity (blackline).

6 Conclusionsand Outlook

We have describedtransmissionandreflectionmeasurementsof critical quasi-opticalcomponents
for SMILESin thesubmillimeterregionwhichwereobtainedwith avector-network analyzer. Sum-
marizingweconclude:

Antennapatternsof thecorrugatedfeedhornsarevery closeto thepredictedvalues.This is a
goodproof for theory, manufactureprocessandmeasurementtechnique.Measurementsof a novel
FSPsidebandfilter showedthata sidebandsuppressionof morethan-40 dB canbeachievedwith
sucha device. Only a small frequency shift betweenthemeasuredandthepredictedtransmission
minima wasobserved. This shows that the non-idealcharacteristicof the grids canbe modelled
correctlyandthattheFSP’scanbemachinedwith therequired� m tolerances.TheCalibratedHot
LoadCHL hasaverylow monostaticreflectivity of -70dB in thefrequency bandsof SMILES.This
will leadto lessstandingwave problemsthanwith otherloaddesigns.Reflectionsfrom theBack-
to-BackHornscanbeaslow as-65 dB. However this requiresa high accuracy in thealignmentof
theoptics.

Currentlyanengineeringmodelof thecompleteAOPTmoduleis manufactured.Theelectrical
characteristicsof thewholemodulewill bemeasuredbeforeandaftervibrationandthermalcycling
assoonasit is available.

Acknowledgements
Thiswork wasfundedby theSwissNationalScienceFoundationunderthegrant2000-055687.98.

W Dang


W Dang
434



References

[1] ASL AntennaSoftwareLtd., UK. CORRUG modematchingsoftware.
http://www.demon.co.uk/asl/corrug.html.

[2] Inatanietal. Submillimeterlimb-emissionsounderJEM/SMILESaboardtheSpaceStation.In
Microwave Remote Sensing of the Atmosphere and Environment, volume4152.Proceedingsof
SPIE,October2000.Availableathttp://smiles.tksc.nasda.go.jp/document/indexe.html.

[3] P. Goy, M. Gross,andS. Caroopen.Millimeter andsubmillimetervectormeasurementswith
a network analyzerup to 1000GHz. Basicprinciplesandapplications.Technicalreport,AB
Millimetre, Paris,France,May 1998.

[4] J. Inatani,S. Ochiai, T. Manabe,M. Seta,R. Wylde, and D. H. Martin. A new configura-
tion of theMartin-PuplettInterferometerwith low reflection. In 7th International Conference
on Terahertz Electronics, Nara, Japan, pages260–263.IEEE, November1999. Availableat
http://smiles.tksc.nasda.go.jp/document/indexe.html.

[5] Nigel Keen,RobSpurrett,andRichardWylde. An absoluteblackbodysourcefor radiometer
calibrationatsubmillimeterwavelength.In ESA Workshop on Millimetre Wave Technology and
Applications, pages4.2.1–4.2.10,Noordwijk, December1995.EuropeanSpaceAgency.

[6] TakeshiManabe.Transmissioncharacteristicsof theInatani-typeSSBfilter consistingof wire-
gridsandmirrorswith finite conductivity. TechnicalReportVer. 2.1, CRL, Japan,July 2000.
Availableathttp://www.crl.go.jp/ck/ck321/smiles/aopt/ssb-ver8.pdf .

[7] D.H.Martin. Polarizing (Martin-Puplett) Interferometers for the Near- and Submillimeter Spec-
tra, volume6 of Infrared and Millimeter Waves, chapter2, pages66–149. AcademicPress,
1982.
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