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1 Intr oduction

Part4 of theAOPTEM testreportdocumentsmeasurementsof thebandpasschar-
acteristicandinternalreflectionsbeforeandafterSLO integration. Thepurpose
of thesemeasurementswasto completethe testsafterFSPtuningandSMI inte-
grationwhich weremissingin Part 2 (bandpassof the CST port, differentinput
polarizationsat the TRN port), to verify the performanceof the SMI andto de-
terminethe SLO couplingandbalancewith andwithout the new SLO cleanup
grid.

ThebandpassmeasurementswererepeatedatdifferentAOPTtemperaturesto
investigatethermaleffects.After SLOintegrationasecondvibrationrunof AOPT
andSLOtogetherprovedthattheSLOwasnotaffectedby thevibrationlevelsin-
sideof theAOPT.

Themeasurementswith activatedSMI have shown that thecross-polarleak-
ageof RG1hasa noticeableinfluenceon thebandpasscharacteristicof theTRN
path.For thatreasonRG1wasreplacedwith a new doublewoundgrid. Theonly
measurementswith thenew grid in this reportarethebandpassmeasurementsat
differenttemperaturesin section2.1.
Duringthemeasurementsin this reporttheAOPTwasin thefollowing condition:

� SameFSPtuningasin Part2

� SMI grid activated

� SLOmassdummyreplacedby TK-RAM or SLO-EM

� SLOcleanupgrid insertedafterAOPT/SLOvibration

� RG1replacedby adoublewoundgrid (section2.4only)

Changesin thetestsetup:

� A new diodein theharmonicmixerresultedin anincreaseddynamicrange.

� Thediameterof beamtransferaperturein theCOPTsimulatorwasenlarged
from 25 mm to 50 mm (similar to the AOPT)becausepreviousS11mea-
surementsindicatedreflectionsfrom thecorrespondingdistance.
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2 BandpassCharacteristic

2.1 TRN Port after FSPTuning and SMI Activation

First bandpassmeasurementsafter FSPtuningweregivenalreadyin Part 2, but
only for theTRN pathandfor oneinputpolarization.

Togetherwith thetuningof theFSPfilter alsotheSMI grid wasactivated.For
that reason50% of the signalfrom the linear polarizedsourceenteringthrough
theTRN BBH is now alwayscross-polarto RG1.By changingthepolarizationof
thesourceonly thephasedifferencebetweentheco-andthecross-polarsignalon
RG1changes.With anidealpolarizerthis would not affect thebandpasscharac-
teristicof theAOPT, but with thecross-polarleakageof RG1it leadsto a shift of
therejectionminimadependingon thesourcepolarization(Fig. 1).

A very similar behavior is predictedby model calculationswhen not only
the non-idealcharacteristicsof the FSPgrids, but also the cross-polarleakage
of RG1is taken into account.The leakageof RG1,however, mustbefour times
largerthanthatof a perfectgrid with a regular25 � m wire spacingto explain the
measurementresults(Fig. 2 and3). This is consistentwith theresultsof a more
detailedgrid modelwhichalsoincludessmallirregularitiesof thegrid spacing1.
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Figure1: MeasuredTRN USB bandpassafterFSPtuningandSMI activationfor
differentsourcepolarizations.

1T. ManabeandA. Murk, Transmissionandreflectioncharacteristicsof slightlyirregular wire-
gridswith finiteconductivityfor arbitrary anglesof incidenceandgrid rotation, TechnicalReport
of IEICE Japan,AP2002-133,Jan.23-24,2003.(in Japanese).
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Figure2: Theoreticallycalculatedband-rejectioncharacteristicsfor linearpolar-
izationincidenceof theTRN pathwith SMI activated.Thecross-polarleakageof
RG1wascalculatedfor a regulargrid with 10� m wiresand25� m spacing.
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Figure3: SameasFig. 2, except that the amplitudesof cross-polarleakageof
RG1 areassumedto be 4 timesaslarge asthe theoreticallyestimatedvaluesof
theregulargrid.
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2.2 CST Port after FSPTuning with SLO CleanupGrid

In theoriginal AOPTdesigna certainamountof cross-polarleakagewasalways
presentin theCST/SLOpathcausedby thepolarizationdifferencebetweenRG1
andLG1. Theresultsfor theCSTpathin this configurationafterFSPtuningare
givenin Fig. 4, 5 and6.

As explainedin section3 theSLObalancecanonly beachievedwith anaddi-
tional cleanupgrid betweenLG1 andRG1which removesthecross-polarsignal
beforeRG1. Fig. 7, 8 and9 show theCSTbandpasscharacteristicaftertheinte-
grationof this grid. The resultsof bothmeasurementsseriesaresummarizedin
Table1.

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

Table1: Rejectionfrequenciesandcross-over frequency with andwithout CST
cleanupgrid.
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Figure4: CSTLSB bandpasswithoutcleanupgrid.
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Figure5: CSTUSBbandpasswithoutcleanupgrid.
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Figure6: CSTSLObandpasswithoutcleanupgrid.
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Figure7: CSTSLObandpasswith cleanupgrid.
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Figure8: CSTLSB bandpasswith cleanupgrid.
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Figure9: CSTUSBbandpasswith cleanupgrid.
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2.3 BandpassCharacteristic at different Temperatures

To measurethe bandpasscharacteristicat 40w C the AOPT andCOPTsimulator
wereheatedby pumpinga thermallystabilizedfluid throughthetestfixture. With
basicthermalisolationof the AOPTanda warmuptime of 2 hourstemperature
gradientsweremeasuredto bebelow 2K. A first seriesof suchmeasurementswas
donein theCSTpathaftertheintegrationof theadditionalSLOcleanupgrid. The
resultsof Fig. 10 to 12aresummarizedin Table2.

f x [GHz] f x [GHz] y f [MHz]
T=22w C T=40w C 22w C z 40w C

LSB 624.41 624.72 310
-3dB 636.76 637.19 430
USB 648.51 648.98 470

Table2: Rejectionfrequenciesandcross-over frequency of theCSTpathat dif-
ferenttemperatures.

All frequenciesin this tablearebelow their designvaluesof 625.32,637.32
and649.32GHz. Thesemeasurements,however, wereall madein air, whereas
theAOPThasto betunedfor operationin vacuum.Underlaboratoryconditions
the differencebetweenthe refractive index of air andvacuumis approximately
300 ppm, which leadsto an increaseof the optical pathdifferencein the FSPs.
For that reasonthe rejectionfrequenciesof theAOPTwill increaseby a similar
amount(195MHz @ 650GHz) whentheair is removed.

11



636.9 637 637.1 637.2 637.3 637.4 637.5 637.6 637.7 637.8
−3.4

−3.3

−3.2

−3.1

−3

−2.9

−2.8

−2.7

−2.6

R
el

at
iv

e 
A

m
pl

itu
de

 [d
B

]

Frequency [GHz]

trn_h_52.dat, # 7  7, # 6  6

−45 deg              
+45 deg              
Polynomial Fit       
637.19 GHz @ −3dB    
0.15 dB  @ 637.32 GHz

ba
nd

pa
ss

_c
st

_s
lo

_5
_4

1C
 ,A

. M
ur

k,
 IA

P
, 0

2−
S

ep
−

20
02

, 1
8:

0

Figure10: CSTSLObandpasswith cleanupgrid at40w C.
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Figure11: CSTLSB bandpasswith cleanupgrid at40w C.
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Figure12: CSTUSBbandpasswith cleanupgrid at40w C.
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2.4 BandpassCharacteristic with doubleRG1

In section2.1it wasshow thatthecross-polarleakageof RG1leadsto apolariza-
tion dependentfrequency responsein theTRN path,especiallysincetheperfor-
manceof RG1seemsto beworsethanthatof a regularwire grid. For thatreason
RG1wasreplacedby adouble-woundwire grid.

To verify the unexpectedlarge temperaturedependenceof the rejectionfre-
quenciesin section2.3 the bandpassmeasurementswere repeatedin the TRN
andCSTpathat differenttemperaturesafter integrationof thedoubleRG1. The
measurementsin Fig. 14 and13 confirmthat thedoublegrid leadsto analmost
identicalbandpasscharacteristicof theTRN andtheCSTpathwhich is indepen-
dentfrom theinputpolarization.

Thereis still a significanttemperatureeffect on therejectionfrequencies,but
slightly lessthanin the previoussection.The valuesin Tab. 3 indicatea linear
frequency shift of 12 MHz/ w C in both sidebandsover a temperaturerangefrom
10w C to 40w C. Fig. 15 shows thedifferencebetweenthesemeasurementsandthe
nominalvacuumvaluesof 625.32GHzand649.32GHzfor theLSB andtheUSB,
respectively.

Table3: Rejectionfrequenciesatdifferenttemperatureswith doubleRG1:
f x [GHz] f x [GHz] f x [GHz] f x [GHz] y f [MHz]
T=10w C T=20w C T=30w C T=40w C 20w C z 40w C

CSTLSB 624.42 624.67 +250
TRN LSB 624.29 624.39 624.55 624.64 +250
CSTUSB 648.68 648.94 +260
TRN USB 648.70 648.94 +240

Thefrequency shift with thetemperatureis to big to becausedby thethermal
expansionof the Invar FSPs.A possibleexplanationis the thinningof the FSP
mirror from thedifferentialexpansionbetweenAl andInvar. This effect should
leadto a frequency shift into thesamedirection,but only abouthalf asfar asin
theobservations.

Accordingto theAOPTspecificationsthe imagebandrejectionmustbebet-
ter -15 dB over the full bandwidthof USB andLSB for temperaturesbetween
+10w C and+40w C. Theobservedtemperatureshift leadsto animprovementof the
bandpasscharacteristicat the upperendof the temperaturescale.At +10w C the
rejectionfrequency in theLSB is about1 GHzbelow thedesignvalue,and2 GHz
below theedgeof thatband,but Fig. 16showsthatthis is still compliantwith the
-15dB requirement.In addition,operationin vacuumwill alsoimprovetheimage
rejectionwith thecurrentFSPtuning.
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Figure13: LSB bandpassof theCSTandTRN pathatdifferenttemperatures.
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Figure14: USBbandpassof theCSTandTRN pathatdifferenttemperatures.
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3 SLO Integration

Theperformancetestsof theintegratedSLOaretwofold. First,it hadto beproved
that the couplingratio betweenthe SLO andthe COPTis closeto the required
5%. Second,it wasnecessaryto verify that theSLO power is distributedequally
betweenthetwo COPTpolarizations.Thesetestswererepeatedbeforeandafter
vibrationof theAOPTwith integratedSLOandatdifferenttemperatures.

3.1 SLO Coupling

A first indicationthat theSLO couplingratio would becloseto therequired5%
aretheS11measurementsof theCSTpathwith a metalreflectorat theposition
of the SLO (JEM/SMILESAOPT EM, Part 3: InternalReflections).From this
SLOdummyreflectionsof about-28dB weremeasured,whichcorrespondsto an
couplingcoefficientof 4%.

Thefinal couplingcoefficientof theintegratedSLOwasdeterminedwith aTK
absolutepowermeter. For theSLOalonea totalpowerof 470 �}| wasmeasured
beforethe integrationinto theAOPT. After integrationabout19 �}| weremea-
suredat the COPTport, which is alreadycloseto the noiseof the power meter.
This correspondsto a couplingcoefficient of 4%. ThetrueSLO couplingration
will beslightly higherthanthis resultbecausefor themeasurementat theCOPT
port only oneof the two polarizationscanbe coupledinto the TK power meter
headundertheBrewsterangle.

TheTK powermetermeasuresoverthewholeareaof theCOPTport. For that
reasonalignmenterrorsof the SLO signalpathwould not be detectedwith this
test.

3.2 SLO Balance

TheTK powermeteris notsensitiveenoughto measuretheSLObalancebetween
the +45 and-45 degreespolarization.For that reasonthe COPTsimulatorwith
the harmonicmixer was usedfor that test. The IF signal of the mixer had to
beobservedwith a standardspectrumanalyzerbecausea measurementwith the
ABmm vector receiver would have requiredsomemodificationsof the SLOC.
For this measurementthespectrumanalyzerwastunedin zero-spanmodeto the
centerfrequency of the down-convertedSLO signal. Fig. 17 givesan example
of sucha measurementfor the two differentpolarizations.Typical readingsare
summarizedin thefollowing Tab. 4.

Without the additionalcleanupgrid in the AOPT the ratio betweenthe two
polarizationsis worsethan-6 dB. Measurementsin this configurationbeforeand
after vibration did not show any significantchangesof that ratio or of the total
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withoutgrid with grid with grid
T=22w C T=22w C T=40w C

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

Table4: Meanvaluesof thespectrumanalyzerreadingsfor thetwo polarizations
andresultingSLObalance.

power levels.Thelargedifferenceof this resultfrom themeasurementof theCST
path(Fig. 6) canbeexplainedby thefactthat in thecaseof theSLO 95%of the
powerarecross-polarto RG1,whichleadsto amuchhighercontributionof theof
theRG1cross-polarleakageto thedetectedsignal.

With the additionalgrid the effect of cross-polarleakageis removed. This
resultsin an acceptableSLO balanceof 0.5 dB (0.4 dB at 41w C). From these
measurementsat a fixed frequency aloneit is not possibleto determinewhether
theSLObalancewill improveor degradewhentheAOPTis operatedin vacuum.
But sincetheseresultsareconsistentwith theCSTmeasurementsin Fig. 7 it can
beexpectedthattheSLObalancewill improveundervacuumconditions.

Figure17: IF signalof theharmonicmixer for -45w (red)and ~ 45w (blue)polar-
ization,analyzedwith a spectrumanalyzerin zerospanmodeat59.22MHz.
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4 Inter nal Reflectionswith SMI and SLO

To determinetheinternalreflectionswith activatedSMI thetestprocedurehadto
beslightly modified.For theresultsin thepreviousreportareflectorat theoutside
apertureof the TRN BBH wasusedasreferenceplane. Sincethis is no longer
possiblewith theactivatedSMI theapertureof theCSTBBH wasusedinstead.
Thedifferentlengthsof theTRN andCSTBBHsis leadingto aconstantoffsetof -
115mmonall distancescomparedto formerresults.In additionall reflectionswill
be slightly overestimatedbecauseof the biasfrom the 95%couplingcoefficient
betweenCST andCOPT. The following figuresshow S11measurementsbefore
SLOintegration,wheretheSLOdummywasreplacedby apieceof RAM, aswell
asmeasurementswith theintegratedSLOaftervibration.

Theeffect of theSMI is demonstratedbestby thereferencemeasurementsin
Fig. 18and19wherethereflectionsof aflat aluminumreflectorat theTRN aper-
ture is suppressedby -35 dB and-25 dB in theLSB andUSB, respectively. The
differencebetweenthesemeasurementsindicates,however, that the suppression
maximumwasnot locatedbetweenthe two sidebandsasdesigned.After SLO
integrationandvibrationthesuppressionis almost-30dB in bothsidebands(Fig.
22and23).

BeforeSLOintegrationthereflectionsin theCSTpathalonearemostlycaused
by theapertureof theCSTBBH with amplitudesof about-55dB(Fig. 20and21).
After integrationof theSLO muchhigherreflectivities wereobserved. Whenthe
SLO is switchedon andits multiplier is properlybiasedthe 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 measurementsthis frequency dependenceof the reflections
couldcomplicatetheprocedure.Whenthe5% couplingefficency betweenRG1
andLG1 is taken into accounta reflectivity between-17 dB and-5 dB canbe
calculatedfor theSLO itself. WhentheSLO is switchedoff thematchingof the
multiplier is worseandthe reflectionsriseby up to 5 dB, in additionto a small
phaseshift of theirperiodicripple.

In theTRN pathreflectivities below -60 dB wereobservedbeforeSLO inte-
grationwith no FFT signatureat thepositionof theBBH aperture.This is a no-
ticeableimprovementfrom the measurementsin thepreviousS11reportcaused
by the SMI. Slightly higher reflectionsof about-55 dB from a distancecorre-
spondingto theBBH apertureweredetectedafter SLO integration. They might
becausedby asmallmisalignmentof thereflectometerin theCOPTsimulator. In
thatcontext it shouldbenotedthat theSMI is lesseffective if the reflectivity of
an apertureor objectis polarizationdependent.This is presumablythe casefor
thereflectionsat theBBH aperturein thepresenceof misalignment.Theeffectof
AOPT/COPTmisalignmentwith the currentICD tolerances(0.5 mm, 0.2w ) was
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not investigatedin detail,but it canbeexpectedthatthis will leadto a significant
increaseof theinternalreflections.

The diameterof the beamtransferaperturein the COPTsimulatorwasen-
largedfrom 25 to 50 mm, which is similar to theaperturein theAOPT, because
previousS11measurementsindicatedreflectionsfromthecorrespondingdistance.
With this changeno morespuriousFFT signaturesweredetectedat theposition
of theCOPTaperture.
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Figure18: AOPTS11measurementin theLSB with anAl reflectorat oneof the
BBH aperturesor at theCOPTport (SMI activated,SLOreplacedwith RAM).

22



648.4 648.6 648.8 649 649.2 649.4 649.6 649.8 650 650.2
−30

−25

−20

−15

−10

−5

0

5
s11_11.dat

Frequency [GHz]

A
m

pl
itu

de
 [d

B
]

# 8:   −45 al trn 
# 3:   +45 al cst 
# 5:   +45 al copt
# 7:   −45 al copt

−3 −2.5 −2 −1.5 −1 −0.5 0 0.5 1 1.5 2
−70

−60

−50

−40

−30

−20

−10

0

10

−0.155

0.007
1.362

1.318

Distance [m]

F
F

T
 A

m
pl

itu
de

 [d
B

]

# 8:   −45 al trn 
# 3:   +45 al cst 
# 5:   +45 al copt
# 7:   −45 al copt

s1
1_

us
b_

11
_r

ef
 ,A

. M
ur

k,
 IA

P
, 2

5−
A

ug
−

20
02

, 1
8:

23

Figure19: AOPTS11measurementin theUSB with anAl reflectorat oneof the
BBH aperturesor at theCOPTport (SMI activated,SLOreplacedwith RAM).

23



624.4 624.6 624.8 625 625.2 625.4 625.6 625.8 626 626.2
−95

−90

−85

−80

−75

−70

−65

−60

−55

−50

−45
s11_10.dat

Frequency [GHz]

A
m

pl
itu

de
 [d

B
]

#16:   +45 
#11:   −45 
#17:   zero

−3 −2.5 −2 −1.5 −1 −0.5 0 0.5 1 1.5 2
−110

−100

−90

−80

−70

−60

−50

0.449

0.184

Distance [m]

F
F

T
 A

m
pl

itu
de

 [d
B

]

#16:   +45 
#11:   −45 
#17:   zero

s1
1_

ls
b_

10
 ,A

. M
ur

k,
 IA

P
, 2

5−
A

ug
−

20
02

, 1
4:

41

Figure20: AOPTS11measurementin theLSB of theTRN (+45)andCST(-45)
pathtogetherwith thenoisefloor (SMI activated,SLOreplacedwith RAM).
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Figure21: AOPTS11measurementin theUSBof theTRN (-45)andCST(+45)
pathtogetherwith thenoisefloor (SMI activated,SLOreplacedwith RAM).
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Figure22: AOPTS11measurementin theLSB with anAl reflectorat theoneof
BBH aperturesor at theCOPTport (SMI activated,SLOintegrated).
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Figure23: AOPTS11measurementin theUSB with anAl reflectorat oneof the
BBH aperturesor at theCOPTport (SMI activated,SLOintegrated).
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Figure24: AOPTS11measurementin theLSB of theTRN (+45)andCST(-45)
pathtogetherwith thenoisefloor (SMI activated,SLOintegrated).
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Figure25: AOPTS11measurementin theUSBof theTRN (-45)andCST(+45)
pathtogetherwith thenoisefloor (SMI activated,SLOintegrated).
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5 Conclusions

The measurementin this report have shown that the bandpasscharacteristicof
theFSPsidebandfilter is not only affectedby thecross-polarleakageof theFSP
grids,but alsoof the first polarizinggrid RG1 within the AOPT. To avoid these
problemsthe designof the AOPT waschangedandincludesnow an additional
cleanupgrid in theCST/SLOopticalpathanda doublegrid RG1to improve the
polarizationpurity in the TRN path. With this configurationit waspossibleto
achieveanidenticalperformanceof theTRN andCSTpathwhich is independent
from theinputpolarization.

Underlaboratoryconditionsthe imagerejectionfrequencieswere900 MHz
lower thanthedesignvaluein theLSB, and600MHz in theUSB. Operationin
vacuumwill improve this by almost200 MHz. The FSPsidebandfilter shows
a larger temperaturedependencethanexpected.Part of this frequency shift can
beexplainedby mechanicalstressfrom thedifferentthermalexpansionsof Alu-
minumandInvar, but thiseffect is not fully understoodyet. HeatingtheAOPTto
40� C shiftedthe characteristicfrequenciesabout+250MHz closerto the center
of thetwo sidebands.At +10� C theimagerejectiondegraded,but remainedstill
below the-15dB requirementover thefull bandwidthof LSB andUSB.

The couplingcoefficient of the SLO andits balancebetweenthe two polar-
izationsweremeasuredto becloseto thespecifiedvalues.At low AOPTtemper-
aturesandin air the SLO balancemight becomeslightly worsethanthe 0.5 dB
requirement,but this shouldbecompensatedby theimprovementwhentheair is
removed.

The S11measurementsin this reportdemonstratedthat the SMI canreduce
reflectionsin theTRN pathby upto -35dB. After vibrationasimilarSMI perfor-
mancewasachieved in bothsidebands.Very low reflectionsbelow -60 dB have
beendemonstratedfor theTRN BBH. Thetotal internalreflectionsof theAOPT,
however, aredominatedby thereflectionsat theSLO in theCSTpath.Thesere-
flectionsdropby upto -5 dB whentheSLOis switchedonanandits multiplier is
properlybiased.In this casethey vary between-45 and-33 dB with a periodicity
of about1.2 GHz. Togetherwith the 5% couplingefficency betweenRG1 and
LG1 this indicatesarelativepoormatchingof theSLOitself with valuesbetween
-17dB and-5 dB.
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