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1 Intr oduction

Part4 of theAOPTEM testreportdocumentsneasurementsf thebandpasshar
acteristicandinternalreflectionsbeforeandafter SLO integration. The purpose
of thesemeasurementwasto completethe testsafter FSPtuningandSMI inte-
grationwhich weremissingin Part 2 (bandpas®f the CST port, differentinput
polarizationsat the TRN port), to verify the performanceof the SMI andto de-
terminethe SLO couplingand balancewith and without the new SLO cleanup
grid.

ThebandpassmeasurementsererepeatectdifferentAOPTtemperatureto
investigatehermaleffects. After SLO integrationasecondibrationrunof AOPT
andSLOtogethemprovedthatthe SLO wasnot affectedby thevibrationlevelsin-
sideof the AOPT.

The measurementwith actvatedSMI have shavn thatthe cross-polateak-
ageof RG1hasa noticeablanfluenceon the bandpassharacteristiof the TRN
path.For thatreasorRG1wasreplacedvith anenv doublewoundgrid. Theonly
measurementwith the new grid in this reportarethe bandpassneasurementst
differenttemperatures section2.1.

Duringthemeasurements thisreportthe AOPTwasin thefollowing condition:

e SameFSPtuningasin Part2
e SMI grid activated
e SLOmassdummyreplacedy TK-RAM or SLO-EM
e SLOcleanupgrid insertedafter AOPT/SLOvibration
e RG1replacedy adoublewoundgrid (section2.4only)
Changesn thetestsetup:
e A new diodein theharmonicmixerresultedn anincreasedlynamicrange.

e Thediameterof beamtransferaperturen the COPTsimulatorwasenlaged
from 25 mm to 50 mm (similar to the AOPT) becauserevious S11mea-
surementendicatedreflectiondrom the correspondinglistance.



2 BandpassCharacteristic

2.1 TRN Port after FSP Tuning and SMI Activation

First bandpassneasurementafter FSPtuning weregivenalreadyin Part 2, but
only for the TRN pathandfor oneinputpolarization.

Togethewith thetuningof the FSPfilter alsothe SMI grid wasactwvated.For
thatreason50% of the signalfrom the linear polarizedsourceenteringthrough
the TRN BBH is now alwayscross-polato RG1. By changinghepolarizationof
thesourceonly the phasdalifferencebetweertheco-andthecross-polasignalon
RG1changesWith anidealpolarizerthis would not affect the bandpassharac-
teristicof the AOPT, but with the cross-polateakageof RG1it leadsto a shift of
therejectionminimadependingn the sourcepolarization(Fig. 1).

A very similar behaior is predictedby model calculationswhen not only
the non-idealcharacteristicof the FSPgrids, but also the cross-poladeakage
of RG1is takeninto account.Theleakageof RG1, however, mustbe four times
largerthanthatof a perfectgrid with aregular25 pm wire spacingo explainthe
measuremenesults(Fig. 2 and3). Thisis consistentvith the resultsof a more
detailedgrid modelwhich alsoincludessmallirregularitiesof the grid spacing.
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Grid Leakage: Theoretical
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Figure2: Theoreticallycalculatedband-rejectiorcharacteristic$or linearpolar
izationincidenceof the TRN pathwith SMI activated.Thecross-polateakageof
RG1wascalculatedor aregulargrid with 10um wiresand25um spacing.
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2.2 CST Port after FSP Tuning with SLO Cleanup Grid

In the original AOPT designa certainamountof cross-polateakagevasalways
presenin the CST/SLOpathcausedy the polarizationdifferencebetweerRG1
andLGL1. Theresultsfor the CST pathin this configurationafter FSPtuning are
givenin Fig. 4,5 and6.

As explainedin section3 the SLO balancecanonly be achiezedwith anaddi-
tional cleanupgrid between_G1 andRG1which removesthe cross-polasignal
beforeRGL1. Fig. 7, 8 and9 showv the CST bandpassharacteristi@aftertheinte-
grationof this grid. The resultsof both measurementseriesare summarizedn
Tablel.

withoutcleanupgrid | with cleanupgrid
LSB | 624.82GHz 624.41GHz
-3dB | 637.29GHz 636.76GHz
USB | 649.02GHz 648.51GHz

Table 1: Rejectionfrequenciesandcross-oer frequeng with andwithout CST
cleanupgrid.
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Figure4: CSTLSB bandpassvithout cleanupgrid.
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Figure6: CST SLO bandpassvithout cleanupgrid.
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2.3 BandpassCharacteristic at differ ent Temperatures

To measurdhe bandpasgharacteristiat 40°C the AOPT and COPT simulator
wereheatedy pumpingathermallystabilizedfluid throughthetestfixture. With
basicthermalisolationof the AOPT anda warmuptime of 2 hourstemperature
gradientsveremeasuredo bebelow 2K. A first seriesof suchmeasuremenisas
donein the CST pathaftertheintegrationof theadditionalSLO cleanupgrid. The
resultsof Fig. 10to 12 aresummarizedn Table2.

fo [GHz] | fo [GHZ] | Af [MHZ]
T=22C | T=40°C | 22°C — 40°C
LSB | 624.41 | 624.72 | 310

3dB | 636.76 | 637.19 | 430

USB | 648.51 | 648.98 | 470

Table2: Rejectionfrequenciesandcross-oer frequeng of the CST pathat dif-
ferenttemperatures.

All frequenciesn this tablearebelow their designvaluesof 625.32,637.32
and649.32GHz. Thesemeasurementfijowever, wereall madein air, whereas
the AOPT hasto be tunedfor operationin vacuum.Underlaboratoryconditions
the differencebetweenthe refractve index of air andvacuumis approximately
300 ppm, which leadsto anincreaseof the optical pathdifferencein the FSPs.
For thatreasorthe rejectionfrequencief the AOPT will increaseby a similar
amount(195MHz @ 650GHz) whentheair is removed.
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2.4 BandpassCharacteristic with double RG1

In section2.1it wasshaw thatthe cross-polateakageof RG1leadsto apolariza-
tion dependenfrequeng responsen the TRN path,especiallysincethe perfor
manceof RG1seemgo beworsethanthatof aregularwire grid. For thatreason
RG1wasreplacedy adouble-woundwire grid.

To verify the unexpectedlarge temperaturelependencef the rejectionfre-
guenciesin section2.3 the bandpassneasurementa/ere repeatedn the TRN
andCST pathat differenttemperaturesafter integrationof the doubleRG1. The
measurements Fig. 14 and 13 confirmthatthe doublegrid leadsto analmost
identicalbandpassharacteristiof the TRN andthe CST pathwhichis indepen-
dentfrom theinput polarization.

Thereis still a significanttemperatureffect on the rejectionfrequenciesbut
slightly lessthanin the previous section. The valuesin Tah 3 indicatea linear
frequeng shift of 12 MHz/°C in both sideband®ver a temperaturegangefrom
10°Cto 40°C. Fig. 15 shawvs the differencebetweerthesemeasuremen@andthe
nominalvacuumvaluesof 625.32GHzand649.32GHzfor theLSB andthe USB,
respectely.

Table3: Rejectionfrequenciest differenttemperaturewith doubleRG1.:

fo [GHzZ] | To [GHZ] | To [GHZ] | To [GHZ] | Af [MHZ]
T=10°C | T=20°C | T=30°C | T=4C0°C | 20°C — 40°C

CSTLSB 624.42 624.67 | +250

TRNLSB | 624.29 | 624.39 | 62455 | 624.64 | +250

CSTUSB 648.68 648.94 | +260

TRN USB 648.70 648.94 | +240

Thefrequeng shift with thetemperaturés to big to be causedy thethermal
expansionof the Invar FSPs. A possibleexplanationis the thinning of the FSP
mirror from the differentialexpansionbetweenAl andinvar. This effect should
leadto a frequeng shift into the samedirection,but only abouthalf asfar asin
theobsenations.

Accordingto the AOPT specificationghe imagebandrejectionmustbe bet-
ter -15 dB over the full bandwidthof USB and LSB for temperaturebetween
+10°C and+40°C. Theobsenedtemperaturshift leadsto animprovementof the
bandpasgharacteristi@at the upperendof the temperaturescale. At +10°C the
rejectionfrequeng in theLSB is aboutl GHz below thedesignvalue,and2 GHz
below the edgeof thatband,but Fig. 16 shavsthatthisis still compliantwith the
-15dB requirementin addition,operationn vacuumwill alsoimprovetheimage
rejectionwith the currentFSPtuning.
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3 SLO Integration

Theperformancéestsof theintegratedSLO aretwofold. First,it hadto beproved
that the couplingratio betweenthe SLO andthe COPT s closeto the required
5%. Secondjt wasnecessaryo verify thatthe SLO power is distributedequally
betweernthetwo COPTpolarizations.Thesetestswererepeatedeforeandafter
vibrationof the AOPTwith integratedSLO andat differenttemperatures.

3.1 SLO Coupling

A first indicationthatthe SLO couplingratio would be closeto the required5%
arethe S11measurementsf the CST pathwith a metalreflectorat the position
of the SLO (JEM/SMILESAOPT EM, Part 3. InternalReflections).From this
SLO dummyreflectionsof about-28 dB weremeasuredwhich correspondso an
couplingcoeficient of 4%.

Thefinal couplingcoeficientof theintegratedSLOwasdeterminedvith aTK
absolutepower meter For the SLO aloneatotal power of 470 uW wasmeasured
beforethe integrationinto the AOPT. After integrationabout19 W weremea-
suredat the COPT port, which is alreadycloseto the noiseof the power meter
This correspondso a couplingcoeficient of 4%. Thetrue SLO couplingration
will beslightly higherthanthis resultbecausdor the measuremerdtthe COPT
port only one of the two polarizationscanbe coupledinto the TK power meter
headunderthe Brewsterangle.

TheTK powermetermeasuresverthewholeareaof the COPTport. For that
reasonalignmenterrorsof the SLO signalpathwould not be detectedwith this
test.

3.2 SLO Balance

TheTK powermeteris notsensitve enoughto measurehe SLO balancebetween
the +45 and-45 degreespolarization. For thatreasonthe COPT simulatorwith
the harmonicmixer was usedfor thattest. The IF signal of the mixer hadto
be obsenedwith a standardspectrumanalyzebecause measuremenwith the
ABmm vector recever would have requiredsomemaodificationsof the SLOC.
For this measuremerthe spectrumanalyzemwastunedin zero-sparmodeto the
centerfrequeng of the down-corvertedSLO signal. Fig. 17 givesan example
of sucha measuremerfor the two differentpolarizations. Typical readingsare
summarizedn thefollowing Tah 4.

Without the additionalcleanupgrid in the AOPT the ratio betweenthe two
polarizationds worsethan-6 dB. Measurements this configurationbeforeand
after vibration did not shawv ary significantchangesf that ratio or of the total

18



withoutgrid | with grid | with grid
T=22C | T=22C | T=4CC

-45° -31.6dB | -27.1dB | -29.5dB
+45° -25.2dB | -27.6dB | -29.9dB
SLObalance -6.4dB 0.5dB 0.4dB

Table4: Meanvaluesof the spectrumanalyzereadingdor thetwo polarizations
andresultingSLO balance.

power levels. Thelargedifferenceof thisresultfrom themeasuremerdf the CST
path(Fig. 6) canbe explainedby thefactthatin the caseof the SLO 95% of the
power arecross-polato RG1,whichleadsto amuchhighercontritution of the of
theRG1cross-polateakageo the detectedsignal.

With the additionalgrid the effect of cross-polaileakageis removed. This
resultsin an acceptableSLO balanceof 0.5 dB (0.4 dB at 41°C). From these
measurementsat a fixed frequeng aloneit is not possibleto determinewhether
the SLO balancewill improve or degradewhenthe AOPT s operatedn vacuum.
But sincetheseresultsareconsistentvith the CST measurements Fig. 7 it can
be expectedthatthe SLO balancewill improve undervacuumconditions.

® RBW 1 MHz
28.Aug 02 09:43 *VBW 100 Hz

Ref -26.7 dBm Att 5 dB SWT 125 ms

F-27.4

A A A A ERN
v v TR SR VAT E AR R

Date: 28.AUG.2002 09:43:52

Figurel7: IF signalof the harmonicmixer for -45° (red)and+45° (blue) polar
ization,analyzedwith a spectrumanalyzerin zerospanmodeat59.22MHz.
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4 |Inter nal Reflectionswith SMI and SLO

To determingheinternalreflectionswith actvatedSMI thetestprocedureéhadto
beslightly modified.For theresultsn thepreviousreportareflectorattheoutside
apertureof the TRN BBH wasusedasreferenceplane. Sincethis is no longer
possiblewith the actvatedSMI the apertureof the CST BBH wasusedinstead.
Thedifferentlengthsof theTRN andCSTBBHSsis leadingto aconstanbffsetof -
115mmonall distancesomparedo formerresults.In additionall reflectionswill
be slightly overestimatedbecausef the biasfrom the 95% couplingcoeficient
betweenCST and COPT The following figuresshov S11measurementsefore
SLOintegration,wherethe SLO dummywasreplacedy apieceof RAM, aswell
asmeasurementsith theintegratedSLO aftervibration.

The effect of the SMI is demonstratetdestby the referencaneasurements
Fig. 18 and19 wherethereflectionsof aflat aluminumreflectoratthe TRN aper
tureis suppressetly -35dB and-25dB in the LSB andUSB, respectiely. The
differencebetweenthesemeasurementsidicates however, thatthe suppression
maximumwas not locatedbetweenthe two sidebandss designed. After SLO
integrationandvibrationthe suppressiois almost-30 dB in bothsidebandgFig.
22and23).

BeforeSLOintegrationthereflectionan theCSTpathalonearemostlycaused
by theapertureof the CSTBBH with amplitudeof about-55dB (Fig. 20and21).
After integrationof the SLO muchhigherreflectvities wereobsened. Whenthe
SLO is switchedon andits multiplier is properly biasedthe internalreflections
vary between-45 and-33 dB with a periodicity of about1.2 GHz (Fig. 24 and
25). If standingwaveshave to be correctedduring the retrieval of atmospheric
datafrom SMILES measurementthis frequeny dependencef the reflections
could complicatethe procedure Whenthe 5% couplingefficeng/ betweerRG1
andLG1 is taken into accounta reflectvity between-17 dB and-5 dB canbe
calculatedor the SLO itself. Whenthe SLO is switchedoff the matchingof the
multiplier is worseandthe reflectionsrise by up to 5 dB, in additionto a small
phaseshift of their periodicripple.

In the TRN pathreflectvities below -60 dB wereobsered beforeSLO inte-
grationwith no FFT signatureat the positionof the BBH aperture.Thisis a no-
ticeableimprovementfrom the measurements the previous S11reportcaused
by the SMI. Slightly higherreflectionsof about-55 dB from a distancecorre-
spondingto the BBH aperturewere detectedafter SLO integration. They might
be causedy a smallmisalignmenbf thereflectometem the COPTsimulator In
thatcontet it shouldbe notedthatthe SMI is lesseffective if the reflectvity of
an apertureor objectis polarizationdependent.This is presumablythe casefor
thereflectionsatthe BBH aperturan the presencef misalignment.The effect of
AOPT/COPTmisalignmentwith the currentICD toleranceg0.5 mm, 0.2°) was
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notinvestigatedn detail, but it canbe expecteathatthis will leadto a significant
increaseof theinternalreflections.

The diameterof the beamtransferaperturein the COPT simulatorwas en-
largedfrom 25 to 50 mm, which is similar to the aperturein the AOPT, because
previousS11measuremeniadicatedreflectiondrom thecorrespondinglistance.
With this changeno more spuriouskFFT signaturesveredetectedat the position
of the COPTaperture.
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Figure24: AOPT S11measuremern the LSB of the TRN (+45) andCST (-45)
pathtogethemith the noisefloor (SMI activated,SLO integrated).
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Figure25: AOPT S11measuremenh the USB of the TRN (-45) andCST (+45)
pathtogethemith the noisefloor (SMI activated,SLO integrated).
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5 Conclusions

The measuremenn this reporthave shavn that the bandpassharacteristicof
the FSPsidebandilter is not only affectedby the cross-polateakageof the FSP
grids, but alsoof thefirst polarizinggrid RG1 within the AOPT. To avoid these
problemsthe designof the AOPT was changedandincludesnow an additional
cleanupgrid in the CST/SLOoptical pathanda doublegrid RG1to improve the
polarizationpurity in the TRN path. With this configurationit was possibleto
achieve anidenticalperformancenf the TRN andCST pathwhichis independent
from theinputpolarization.

Underlaboratoryconditionsthe imagerejectionfrequenciesvere 900 MHz
lower thanthe designvaluein the LSB, and600 MHz in the USB. Operationin
vacuumwill improve this by almost200 MHz. The FSPsidebandilter shavs
a larger temperaturelependencéhan expected. Part of this frequeng shift can
be explainedby mechanicaktresdrom the differentthermalexpansionsof Alu-
minumandInvar, but this effectis notfully understoodget. Heatingthe AOPTto
4(rC shiftedthe characteristidrequenciesabout+250MHz closerto the center
of thetwo sidebandsAt +10°C theimagerejectiondegraded but remainedstill
below the-15 dB requiremenbverthefull bandwidthof LSB andUSB.

The coupling coeficient of the SLO andits balancebetweenthe two polar
izationsweremeasuredo be closeto the specifiedvalues.At low AOPTtemper
aturesandin air the SLO balancemight becomeslightly worsethanthe 0.5 dB
requirementput this shouldbe compensatetly theimprovementwhentheair is
removed.

The S11measurements this reportdemonstratedhatthe SMI canreduce
reflectionan the TRN pathby upto -35dB. After vibrationa similar SMI perfor
mancewasachievedin both sidebandsVery low reflectionsbelow -60 dB have
beendemonstratetbr the TRN BBH. Thetotal internalreflectionsof the AOPT,
however, aredominatedoy thereflectionsatthe SLO in the CST path. Thesere-
flectionsdropby upto -5 dB whenthe SLO is switchedon anandits multiplier is
properlybiased.In this casethey vary between45 and-33 dB with a periodicity
of aboutl.2 GHz. Togetherwith the 5% coupling efficeng/ betweenRG1 and
LG1 thisindicatesarelatve poormatchingof the SLO itself with valuesbetween
-17dB and-5 dB.
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