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ABSTRACT

ThismemodiscussestheCARMA calibrationrequirements.Welist thevariouscalibrations
neededincludinginstrumentalparameterswhich arerarelychanged,suchasIF fiber andcable
lengths,IF delaycenters,power levels, correlationcoefficient corrections,receiver andphase
lock tuningparameters,pointingparameters,receiver feedandTV cameraoffsets

Wecalculatethesensitivities for calibrationof theantennagainsandbandpassfor different
sub-arraysof theCARMA antennas.

Errorsin thepointingandprimarybeamillumination limit the imagefidelity in mosaicing
observations;thesecalibrationsarediscussedin somedetail.

Thecalibrationof atmosphericdecorrelation,fastswitching,andwaterline radiometryare
researchprojectswhichareimportantfor thesuccessof CARMA andALMA.

We briefly discusssingledishandphasedarrayobservationsandcalibrations.
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1. Intr oduction

CARMA is a research,development,andteachingfacility. It is desirablethatall phasesof thecalibration
proceduresbeaccessibleto bothstaff andstudents.We muststrike a balancebetweenobservingefficiency
andteachingcalibrationprocedures.The bestplan is to involve studentsin all aspectsof the calibration
donein themostefficientandproductiveway. Thecalibrationof aninterferometerarraycanbebrokeninto
3 groups:

1) componentvalues,suchascablelengths,whichchangeonly whenthesystemis re-built.

2) arrayparameterswhichchangeafterantennamoves.

3) instrumentalparameterswhichchangewith time or ambientconditions.

In mostof theexisting millimeter wave arrays,(1) and(2) arehandledby thearraystaff, whilst (3) is the
responsibilityof theuser.

Thereareseveralwaysin which systemparameterscanbestored,eachproviding differentlevelsof access
to, andprotectionfrom, theuser. E.g. built into thehardware,programmedinto chips,codedinto software,
binary tables,ascii tables,userparameters.It is desirablethat the calibrationparametersat all levels be
keptin a transparentandobviouswaysothattheparametersandprocedurescanbedevelopedasthesystem
evolves.Protectionfrom corruptionshouldbesoughtby beingableto restoredefaultparametersfor eachor
all subcomponentsof thesystemin asimpleway.

2. Requirements

We list herethevariouscalibrationswhich arerequired,andwill discusseachin turn with anobviousbias
to pastexperience.

1) IF fiber andcablelengths,IF delaycenters.

2) Power levels,correlationcoefficient corrections.

3) Receiverandphaselock tuningparameters.

4) Pointingparameters,receiver feed(horn)offsets, TV cameraoffsets

5) Primarybeampatterns,focus,subreflectorposition,Holography

6) Antennapositions,antennageometry, arraygeometry.

7) Systemtemperature,opacity, atmosphericmodel.

8) Flux densityscale,antennaJy/K.

1Thisdocumentis alsoBIMA Memo# 85
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9) Polarization,leakagecorrections.

10)Bandpass,IF andRF frequency response.

11)Gains:amplitudeandphaseversustime; frequency switching.

12. Atmosphericdecorrelation,fastswitching,andwaterline radiometry.

13)Singledish

14)Editing,flaggingandblanking.

15)VLBI, phasedarrays.

Many of thesecalibrationscan,andshould,bemademoreaccuratelyin the laboratoryor with specialized
measuringequipment.However, somecalibrationsmustbemadewith astronomicalmeasurementstaking
time from sourceobservations,sowe needto considerthesensitivity of theCARMA telescope.

3. Sensitivity

The measuredsourcevisibility mustbe correctedby variouscalibrationfactors. For eachcalibration,the
errorin themeasuredvisibility is givenby:

δV � δg � V � thermal noise — (1)

whereV is thetruesourcevisibility andg is thecalibrationfactor. It is desirablethatthemeasuredvisibility
belimited by randomthermalnoise,ratherthanby calibrationerrors,which aremoresystemic.Astronom-
ical calibrationsarethemselveslimited by thermalnoise,so we muststrike a balancebetweentime spent
calibratingandintegrationtimeon thetargetsource.

Thesensitivity for eachbaselineis givenby:

δS � Jyperk � Tsys ��� 2 B t — (2)

CARMA sub-arraysmay becomprisedof combinationsof six 10.4m, nine6.1 m andeight3.5 m anten-
nas. Table1 gives the sensitivity per baselinefor eachcombinationof antennasassuming80% aperture
efficiency, Tsys=200K, and 1 minute integration. The table lists the sensitivity for calibratingantenna
gains(amplitudeandphase)in a 4 GHz bandwidth,the bandpasswith a 1 MHz spectralresolution,and
thebrightnesssensitivity at 5� � angularresolution.Thecalibrationsensitivity is greatlyenhancedby using
correlationswith largerantennas.This is especiallyusefulfor calibrationof the bandpassfor the smaller
antennasatmillimeterwavelengthswherestrongcalibratorsarehardto find. For antennabasedcalibration,
theRMSis reducedby thesqrtof thenumberof referenceantennas(a factor � 2 � 3).

We maynot wish to make all possiblecorrelations,but divide theantennasinto sub-arraysto optimizethe
useageof theCARMA antennasandlimit thesizeof thecorrelatorrequired(seeBIMA memo84). Thebest
sub-arrayfor calibrationmaynot bethesameasthebestsub-arrayfor thetargetsourceobservations.With
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theinitial CARMA correlatorit will notbeconvenientto changetheroutingof thesignalsfrom theantennas
to thecorrelator, but someastronomicalcalibrationswhich aremadeat infrequentintervalscouldbemade
with specialsub-arrays.In future CARMA correlatorsthe routing of the antennasignalsto thecorrelator
mayuseacommercialswitch,allowing muchgreaterflexibility in thechoiceof antennasfor observingand
calibration.

4. Discussion

4.1. IF fiber and cablelengths,IF delay centers

TheCARMA systemplansto usefixed lengthfibersfor theLO andIF connectionsto theantennasanda
digital delaysystemwith sufficient rangeto handlethe different lengthacrossa 2 km array. (Maximum
delay4 km). Thesefiber lengthsmustbemeasuredandstoredsothat theappropriatedelaycenterscanbe
calculatedfor eachantennaconfiguration.Therewill alsobe different lengthsof fiber andcableon each
antenna,andin umbilical cablesconnectingtheantennasto thestations.Thesemustall bemeasuredand
stored. The fiber andcablelengthsmay changewith temperatureor flexure on the antennas,so we will
install a fiber lengthmeasurementsystem.The main correctionis to the LO phase.A 30 m fiber length
on the antennawith a coefficient 10	 5K 	 1, givesa 0 
 1λ K 	 1 changeat 100 GHz. The currentplan is to
continuouslymeasure1 fiber in thebundleto eachantennaandusethis to correctboththeLO phaseandthe
delaycenter. In thefirst cablelengthmeasuringsysteminstalledat Hat Creek,theIF/LO cablelengthwas
measuredat � 5 min intervalsandinterpolatedto correctbothLO phaseanddelaycenter. Thecorrection
usedis storedwith the visibility data. In the currentHat Creeksystem,the cablelengthis measuredand
stored,but it is notappliedon-linebecauseit addsafew degreesof phasenoiseandoccasionallymuchmore
on someantennas.The cablelength correctionis currently inspected,editedand averaged,and applied
off-line. If thelengthchangesaresufficiently slow thentheLO phasecorrectioncanbeinterpolateddirectly
from thequasarphasemeasurements.Thisis notpossibleif thecableor fiberlengthchangesbetweensource
andcalibratorobservationdueto flexureon theantennas.Thechangesin thedelaycenteraresmaller, 0 
 1λ
acrossa 4 GHz bandwidthfor a 25 K changein a 30 m fiber on theantenna,or for a 0.25K changein a 3

Table1: Sensitivity perbaseline

Antennas Equivalentdiameter JyperK RMS(4 GHz) RMS in 1 MHz RMSin 5”

m x m m Jy/K [mJy] [Jy] [K]

10.4x 10.4 10.4 41 13 0.8 4
10.4x 6.1 8.0 69 23 1.4 7
6.1x 6.1 6.1 118 39 2.4 12
10.4x 3.5 6.0 122 40 2.5 12
6.1x 3.5 4.6 208 68 4.3 21
3.5x 3.5 3.5 359 118 7.4 36
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km buriedfiber. Thedelaycentercanbedeterminedfrom astronomicalobservationsfrom thephaseslope
acrossthe bandpassprovided that theerror in the initial guessis lessthanthe reciprocalof the frequency
resolution.

4.2. Power levels,correlation coefficientcorrections

Thepower levels, receiver gainsandattenuatorsettingsneededfor theoptimumperformanceof thearray
shouldbe recordedandstoredin accessibletablesto enableeasycomponentchangesandspecialexperi-
ments. The CARMA correlatorwill have an AGC, obviating the needfor the time consumingattenuator
settingcurrentlyusedon theBIMA correlator. Thecorrelationcoefficient correctionat thepre-determined
power levelswill bedonein thecorrelatorsoftware.

4.3. Receiver and phaselock tuning parameters

Traditionallythereceiverandphaselock tuninghasbeenpartof theloreof millimeterwavelengthobserving
for singledishobservers.Theuseof arraysof morethana few antennasrequiresreliableautomatictuning.
It is mostconvenientto measuretheentiretuningrangein thelaboratorybeforeinstallingthereceivers.The
tuningparametersfor eachreceiver andLO systemcanthenbeinterpolatedto theoptimizedsettingon the
telescope.Theactualtuningalgorithmtakesaccountof thingslike backlashin tuningmotorsandagingof
components,andshouldincludeaharmoniccheckto validatethecorrecttuning. It shouldbepossibleto re-
tuneduringanobservationwithout actionfrom theobserver. Theselectionof thebestharmonicmultiplier
numbersshouldbe automatic,althoughan observer specifiedharmonicnumberis alsoneededfor special
experimentslikeVLBI.

4.4. Pointing parameters,receiver feed(horn) offsets, TV cameraoffsets

Theantennapointingis usuallycharacterizedby parameterizedpointingequationswhichdescribetheerrors
in the alignmentof antennaaxes,encoderoffsetsandrefraction. For AZ-EL telescopes,errorsdescribe
the tilt of the azimuthaxis, the elevation axis misalignmentwith the azimuthaxis, andthe reflectoraxis
misalignmentwith the elevation axis (collimation error). The pointing errorscanbe measuredfrom total
power observationsor voltagepatternmeasurementswith the interferometer, or by observationsof star
positionsusing an optical or IR telescopeattachedto the antenna.Star observationswith an automated
framegrabberarevery quick, enablingseveral hundredstarobservationson the 9 BIMA antennasin 2-3
hours.Theopticalandradiopointinghavedifferentcollimationandrefractionparameters.

Theremay be otherdifferencesbetweenradio andoptical pointing; thesemustbe identifiedandcharac-
terizedto exploit optical pointing. Radio pointing can then be usedto adjusta subsetof the optically
determinedpointingparameters.Thepointingparametersaredeterminedby fitting thepointingequations
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to the pointing data. For small misalignmentsthe pointing equationscanbe written as linear equations.
Additional pointingparametersmaybe derived from an analysisof thepointing residuals.For theBIMA
antennas,Fourieranalysisresultedin additionalparameterswhich describetheeccentricityof theazimuth
andelevation axes. For the BIMA antennas,the tilt of the azimuthaxis is measuredafter the antennais
moved;for theOVRO antennasthetilt is measuredcontinuouslyandis usedto correcttheantennapointing.
After correction,theantennapointingis generallyadequatefor nighttimeobservations,with andRMS of a
few arcsec.Significantlylargererrorsappearduring theday especiallyat sunriseandsunsetwhenstrong
anisotropicheatingis occurring.For the6.1m antennas,by usinggoodinsulationontheantennatripod,and
forcedairflow in the reflectorbackupstructure,feedlegs andsubreflectorthesepointing errorshave been
isolatedto theyoke supportstructureof theelevationaxis. However, we have beenunableto characterize
theresidualerrorswith temperatureandtilt measurements.Insulationincreasesthetime constantof resid-
ual pointing errorsto � 1 hour. At 1 mm, additionalpointing correctionsareneededon this time scale
for daytimeobservations.For heterogeneousarrays,theuseof the10.4m antennascanimprove thespeed
andaccuracy of voltagepatternradiopointingmeasurements.A commercialIR pointingcamerais being
evaluatedfor continuousoffset radiopointing,which couldgreatlyimprove thequality andefficiency of 1
mmobservations.Eachreceiverwill have its own collimationerrorwhichmustbemeasuredandstored.

4.5. Primary beampatterns, focus,subreflectorposition, Holography

Theprimarybeampatternilluminatesthesourcebrightnessdistribution,andis animportantcalibrationfor
imagingsourceswhich are large comparedwith the primary beam. The antennafocus,andsubreflector
position also affect the primary beamillumination. Errors in primary beampattern,focus, subreflector
positionandpointingerrorsbetweenthepairsof antennasdominatetheimageerrorsin amosaicobservation.

Table2 lists theprimarybeamFWHM at 230GHz. ThevalueslistedarebasedonaGaussianillumination.
In practicetheillumination is typically taperedto about-13dbat theedgeof thedish,andtheprimarybeam
patternis well fittedby aGaussianwith aFWHM about6% larger. For aGaussianilluminationpattern,the
primarybeamradiusat the5%point is 1.04 � theFWHM. Beyondthe5%point thebeampatternmayhave
substantialvariationswith antennaelevation,subreflectorpositionandtemperatureetc.

A primarybeammodelis usedin mosaicimagingalgorithms.It is necessaryto truncatetheprimarybeam
model.This shouldoccurat a radiuswheretheprimarybeamcorrectionis sufficiently smallandbeforethe
errorsbecomesignificant. Errorsin the primary beammodelcangive substantialmosaicimagingerrors.
The alignmentof the taperedillumination with the reflectoraxis also leadsto imagingerrorsasrecently
discussedin ALMA memo402.

For a Gaussianillumination patterntruncatedto -13 db at theedgeof thedish,theeffective primarybeam
between10.4and6.1m antennasis within about1%of aGaussianpatterncorrespondingto an8 m antenna.
The primary beampatternfor the 3.5 m antennais not yet known; Table2 lists the geometricmeanfor
Gaussianpatterns.

Theuncertaintiesin theprimarybeampatternaregreaterthantheerrorsmadeby treatingthe10.4to 6.1m
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antennabeamasa Gaussian.For the 10.4to 3.5 m correlations,largeuncertaintiesin the10.4m voltage
patternlie well within the illumination patternof the 3.5 m antennas.Similarly if the pointing centersof
theantennasareoffset,therearelargeuncertaintiesin theresultingproductof voltagepatterns.Hereinlies
anopportunityandachallenge.If wecandeterminetheprimarybeampatternswell enough,thenincluding
10.4 versus3.5 m correlationsandoffset pointingsbetweenall antennasprovidesadditionalinformation
in themosaicingprocess;thesky is multiplied by quitedifferentprimarybeampatternsfrom thedifferent
combinationsof antennas,in principleproviding datato deconvolve theprimarybeamresponsesfrom the
image. If we cannot determinetheprimarybeampatternswell enough,theerrorswill degradethe image
fidelity. Thecurrentmosaicingalgorithmscanhandleheterogeneousarrayimaging,but donotgiverealistic
estimatesof theimageerrors.A Chisqimagegivessomeideaof thelimiting noise.Thereis clearlya need
for researchin bothdeterminingtheprimarybeamperformance,anddevelopingthemosaicingalgorithms
for heterogeneousarrayimaging.

Theprimarybeamvoltagepatterncanbemeasuredby holography usingeitheranastronomicalsourceor a
remotetransmitterasa signalsource.An astronomicalsourceallows theantennapatternto bemeasuredat
variousantennaelevations;theremotetransmitterat only one,but providesmoresignalpowerallowing the
antennapatternto bemappedin greaterdetail. If theantennaallows elevationsover thefull range0 to 180
deg, thenadditionalinformationonantennasurfacedeformationsis availableby observingthesamesource
at its elevationand180 – elevation. The sameobservingprogramcanbe usedfor astronomicalandfixed
sources.

For compactsourcesit maybesufficient to treattheeffectsof thesubreflectorpositionelevationdependence
asaradiopointingcorrection.At highfrequences(1 mm)theresultingcomacanbeasignificanterrorin the
primarybeampattern,andcontrol,or calibrationof theprimarybeampatternmaybenecessary. In orderto
keepthenumberandparameterizationof theprimarybeammodelsmanageable,themostconvenientway
to make mosaicingobservationsis to control thesubreflectorpositionasneededandusethesamepointing
patternfor all antennasat thesampleinterval requiredfor thelargestantennain thesub-arraybeingused.In
view of thediscussionabove thismodeis alsolikely to producethebestimagefidelity.

Table2 lists theNyquistsampleinterval for eachantenna.Largerareasof sky maybeimagedusinga larger
sampleinterval at thecostof reducedimagefidelity andvariationof thenoiselevel acrossthe image(see
BIMA memo73).

4.6. Antenna positions,antennageometry, array geometry

After eachantennamove, the antennaposition must be determinedto an accuracy � λ � 10. An initial
guessfor theantennapositionis obtainedfrom thearraygeometry, surveyedandhistoricalrecordof station
positions,andmeasurementsof antennaoffsetsw.r.t. thestationposition.Observationsof quasarsoverwide
rangeof HA andDEC, thenprovide datafrom which the antennaposition is determined.If the antenna
position is in error by many wavelengths,lobe (2π) phaseambiguitiesmay make this processdifficult,
especiallywhentheatmosphericphasecoherenceis pooronlongbaselines.In thiscasetheantennaposition
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canbefirst determinedfrom thephasedifferencebetweenupperandlower sidebandin a doublesideband
system,or acrossthe widest bandwidthin a single sideband. The effective observingfrequency is the
differencefrequency, enablingan antennaposition to be determinedto � λ � 10 at this lower frequency.
In addition to the antennaposition, theremay be axis offsetson the antennaswhich can be fitted from
thebaselinedata,and/ormeasuredmechanically. Theseoffsetsshouldbestableandnot changewhenthe
antennasaremoved.

4.7. Systemtemperature,opacity, atmosphericmodel

Thecorrelatoroutputis calibratedw.r.t. a temperaturecontrolled,or measured,ambientload. By chopping
betweenthesky andthe load,we candetermine(with someapproximations)thesystemtemperaturecor-
rectedfor atmosphericattenuation,andthescalingfactorbetweencorrelatoroutputandantennatemperature
units.An atmosphericmodelis usedto correctthetotalpowermeasurementanddeterminethesystemtem-
peratureasa functionof frequency acrossthebandandin eachsidebandfor a doublesidebandsystem.In
stableweather, this measurementmadeat intervalsof � 10 minutesin thesourcedirection,givesa reliable
calibrationof thetemperaturescalingfactor. Theopacitycannotbedeterminedseparatelyby asky-ambient
measurement.A sky dip or loadsat two temperaturescanbe usedto determinethe opacity, but may not
give a bettercalibrationof thevisibility data.Semitransparentloads,or loadsinstalledin thesubreflector
giveacalibrationsignalwhich is bettermatchedto thepower levelsonthesky andavoid receiversaturation
problems,but needa separatecalibrationof the couplingfactor. The systemtemperatureasa function of
frequency shouldbestoredwith thedata.

The opacity canalsobe estimatedfrom the measuredsystemtemperatureand the atmosphericmodel if
the receiver noisetemperaturehasbeencalibratedindependentlyandis stable.This is usefulfor dynamic
scheduling.

Table2: PrimaryBeamat230GHz

Antennas Equivalentdiameter FWHM Nyquistinterval

m x m m arcsec arcsec

10.4x 10.4 10.4 28 12.5
10.4x 6.1 8.0 36
6.1x 6.1 6.1 47 21.3
10.4x 3.5 6.0 48
6.1x 3.5 4.6 63
3.5x 3.5 3.5 83 37.1
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4.8. Flux density scale,antennaJy/K

Theflux densityscaleis usuallydeterminedfrom planetobservationsatshortbaselineswheretheplanetsare
notheavily resolved.At longerbaselinesthedetailsof theplanetbrightnessdistributionbecomesignificant.
Fromtheplanetobservationsandamodelfor its surfacebrightness,wecanuseself-calibrationto determine
thegain, in Jy/K, for eachantenna.Fromthesemeasurementswe candeterminetheflux densityof quasars
which canthenbe usedassecondaryamplitudecalibratorson longerbaselineswhenthe planetsare too
resolved. Thequasarsarevariableandtheir flux densitymustbemonitoredandinterpolatedto beusedfor
flux densitycalibration.Thequasarsmayalsohavesignificantlinearpolarizationwhichcausesaparallactic
angledependenceof themeasuredamplitude.It is quitedifficult andtimeconsumingto includeanaccurate
flux densitymeasurementfor eachproject,andit is moreefficient to provide a default at thesystemlevel.
Theantennagainsshouldbequitestable.Theantennagainmaybeafunctionof frequency, but themeasured
reflectorsurfaceRMS is betterthanλ/20 at 1 mm wavelength,sothedegradationof performanceat 1 mm
shouldbe small. The variationsin antennagain sometimesobserved at the existing sitesmay be dueto
atmosphericdecorrelation,andpointingerrorsratherthantheantennagain.

4.9. Polarization, leakagecorrections

TheCARMA receiverseachhaveasinglelinearpolarization.Polarizationswitchinghasbeenimplemented
on bothBIMA andOVRO arraysin orderto obtainpolarizationobservations.For linearpolarizationmea-
surementswe sampleLL, LR, RL, andRR, whereL andR designatethesenseof circularpolarizationfor
a pair of antennas.For circularpolarizationmeasurementswe sampleXX, XY, YX, andYY, whereX and
Y arecombinationsof thelinearly polarizedantennas.At BIMA thereareseveralsetsof 1/4 wave and1/2
wave platesat fixedfrequencies.Theseplatesarenarrow band, � 3 GHz,but provide a stablepolarization
leakagewhich canbecalibratedto � 0.2%. At OVRO thereis a tunablepolarizeron eachantenna,but the
polarizationleakageis lessstable.Polarizationcalibrationis obtainedby observinga strongquasarover a
wide rangeof parallacticangles.

At BIMA aWalshfunctionof length16providesorthogonalseriesfor switchingthepolarizationonupto 15
antennas.A completepolarizationcycle takes16 integrations,whichmaybetoo long for gooduv-sampling
on long baselines.Walshfunction switchingtakesno accountof how many baselinessimultaneouslyob-
serve total intensity, which may be a problemfor calibration. In particular, the calibrationcycle mustbe
shorterthanthe time scalefor significantatmosphericphasefluctuationssincewe mustusetotal intensity
measurementsat eachantennato calibratethe crosspolarizationobservations. Another possibility is to
switchthepolarizationsin groupswith a commonpolarization.This givesmorerapidsamplingof thetotal
intensity, for bettercalibration,but fewerbaselineswith all 4 Stokesparameterssampled.Onlongbaselines
it may be necessaryto useself-calibrationof eachintegration. This canbe doneby having a reference
antennaobserve in linear polarizationwhilst the restof the antennasfollow a switchingcycle of circular
polarizations.

For shortbaselines,switchedpolarizationdatacanbeaveragedinto pseudodualpolarizationdatarecords,



– 10–

andfollow conventionalpolarizationcalibrationusingthemeasuredtotal intensityto correctfor polarization
leakagein eachrecord.For longbaselines,theuv-datacannotbeaveragedwithoutspoilingtheuv-sampling.
In this casethedatacanbecorrectedby usinga total intensityimageasa modelfrom which to derive total
intensityvisibility data,which is thenusedto correctfor polarizationleakagein eachrecord.This process
hasbeenusedto makepolarizationimagesof CygnusA on1 km baselinesatHatCreek.Thecombinationof
mosaicingandpolarizationobservationsrequiresswitchingthroughbothapolarizationandpointingcycle.

4.10. Bandpass,IF and RF fr equencyresponse

Ideallythecomplex gainof thearrayis afunctionof only timeandfrequency. Almostall thegain(amplitude
andphase)is associatedwith eachantennaandtheatmosphereabove it, sothatthegain canbewritten asa
productof thevoltagegainsfor eachantennapair. In thiscasethecalibrationcanbeantennabasedresulting
in ahighersignalto noise(SNR),andenhancedimagingperformanceresultingfrom self calibrationproce-
dures.Any residualbaselinebasedcalibration,suchasclosureerrorsin thecorrelatorshouldbeminimized
andeliminatedif atall possible.E.g. by usingorthogonalswitchingpatternsin theantennasandcorrelator.

Also ideally, the time andfrequency dependencecanbeseparatedastheproductof time dependentgains
discussedbelow, andfrequency dependentgainsor bandpassmeasurements.In practicethebandpassmay
bea slow functionof time andrequireperiodicmeasurements.ThepoorSNRof anastronomicalmeasure-
mentof narrow bandwidthIF characteristicsin thebandpassrequiresanauxiliarymeasurementwith anoise
sourceor usingthetotalpower. TheRFbandpassis smootherandin astabletemperaturecontrolledreceiver
environment,andcanbedeterminedfrom periodicmeasurementsof anastronomicalsource.Traditionally
this calibrationhasbeenthe responsibilityof theobserver, but in practicethecalibrationis doneat a sys-
tem level to an accuracy of a few percent,andimproving on this takesa largeamountof observingtime.
The typical user’s passbandcalibrationmay actually introducesystematicerrorsinto the visibility data.
As an example,the 3-antennaBIMA correlatorhada phaseoffset betweenthe widebandsettingusedfor
quasargain measurementsandthenarrow bandsettingusedfor spectralline sourceobservationsrequiring
a wide-narrow-wide calibrationsequenceof the correlator. Although the currentBIMA correlatorhasno
measurableoffset,thetraditionof makingsuchacalibrationpersistsprobablydueto advisorsinsistingtheir
studentsmake every possiblehistoricalcalibration. A desirablegoal is to provide a bandpasscalibration
which will suffice for most(80-90%)of theusers,leaving the few who needa moreaccuratebandpassto
requestandscheduletime to do so. This will greatlyimprove theschedulingandefficiency for mostof the
observations.

4.11. Gains: amplitude and phaseversustime, fr equencyswitching

The complex gainsversustime areusuallymeasuredat � 10 � 40 min intervals by an observation of an
unresolvedquasarcloseto thedirectionof thetargetsource.Thecalibrationinterval is determinedin order
to follow theslowly varyinginstrumentalamplitudeandphase;a shorterinterval maybeneededat sunrise
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andsunset.The integrationtime on thecalibratoris determinedfrom themeasurementequation(1), with
the desireto obtain a calibrationerror which doesnot dominatethe thermalnoiseon the target source.
Errors in the gain measurementcomefrom thermalnoiseδS � S, calibratorpositionerrors,2π � λ � b � δs
radians,andresidualerrorsin the interferometerantennapositions,2π � λ � δb � s radians,whereδs is the
distancebetweensourceandcalibrator, andδb is the baselineerror. A partially resolved calibratorwith
well determinedstructurecanalsobeusedprovidedthevisibility functioncanbecalculatedwith sufficient
accuracy. Theintegrationtime, distanceto thecalibrator, andits flux densitymustbebalancedagainstthe
needto observe thetargetsource!Thethermalnoiseis reducedby usinganantennabasedcalibrationwith
thewidestavailablebandwidth,andif possiblein anarraywhichcontainsthe10.4m antennas(seetable1).
For 1 mm observationstheerrorsin thegain calibrationmaybereducedby observingat a lower frequency,
wherethereis a largerselectionof strongercalibrators,andthesystemnoiseis lower. Frequency switching
betweentarget andcalibratorrequiresan additionalcalibrationof the phaseoffset betweenthe targetand
calibrationfrequencies.This canbe obtainedfrom self-calibrationusinga commonreferenceantennaat
the two frequencies.Successfulfrequency switchingrequiresa stablephaseoffset betweentheobserving
bands,andaswitchingtime � theslew time to thecalibrator.

For compacttarget sourceswhich aresmall comparedwith the primary beam,the amplitudeof the gain
calibrationcanbeusedto correctfor antennagain variations,pointingandfocuserrors,but suchcorrection
is miss-appliedfor largertargetsources.

Thegain calibrationdoesnot follow fastatmosphericphasefluctuationswhich maydominatetheerrorson
longerbaselinesor in unstableweather.

4.12. Atmospheric decorrelation, fast switching, and water line radiometry

Atmosphericphasefluctuationslimit theobservationsatmillimeterwavelengthsonall but theshortestbase-
lines. On longerbaselinesthereis a significantloss in sensitivity dueto atmosphericdecorrelation.The
CARMA siteis expectedto bebetterthanthepresentsites,but notby aslargea factorastheopacity, asthe
fluctuationsoccurin atmosphericboundarylayersandarenot proportionalto thewatervaporcontent. In
orderto makebestuseof theinstrumentweneedto changetheobservingscheduleaccordingto theweather
conditions. This is usuallydoneby monitoring the opacityand the atmosphericphasefluctuations. An
interferometerarraydirectlyobservesthepathdifferencethroughtheatmospherebetweenthetwo antennas
on eachbaseline.Observationsof quasarsprovide a directmeasureof theatmosphericphaseRMS andthe
phasestructurefunction. Satellitephasemonitorsareoftenusedfor dynamicscheduling.Interferometers
monitoringgeostationarysatellitesat 12 - 18 GHz on a fixed baselineprovide a continuousrecordof the
RMS,but mustbeextralolatedto thecurrentarrayconfigurationusinganestimatedphasestructurefunction.

Phasefluctuationsmay be calibratedwith radiometricwater line monitoring, or fast switching between
target andcalibratorusingswitchingtimesof a few seconds.Both techniquesneedfurther researchand
developmentfor CARMA. Switching times of a few secondsare beyond the capabilitiesof the current
telescopedrives.However in goodweather, switchingbetweentargetandcalibratorwith � 10sintegrations
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doesreducetheatmosphericphasenoiseto tolerablelevelswith a reasonableobservingefficiency. Table3
show the resultsof somefast-switchingtestswith theBIMA antennason 3 quasarsseparatedby 0.8, 2.2,
and8 degreesfrom thetargetsource.

Theflux densityrecovered(vectoraverage/ amplitudeaverage)is ameasureof thesuccessof thecalibration.
A source- calibratorseparationof 8 degreesrecovered50 - 60%of theflux density. A source- calibrator
separationof 2.2degreesrecovered65- 77%of theflux density. An integrationtimeof 23secondsrecovered
10%lessthan11 secondsintegrationtime. An integrationtime of 5 secondswasnot betterthan11 secand
the observingefficiency is very poor. The datawere too noisy to fit phasestructurefunctions,but are
roughlyconsistentwith turbulenceheightof a few km (1 � h � 10km) anda meanturbulencevelocity of a
few m s 	 1 � 1 � v � 10m s 	 1). Theeffective interferometerbaselineis 
 � h δs � 2 � � v δT � 2 � whereδs is the
source-calibratorseparationandδT thecalibrationinterval.

Atmosphericphasecorrectionusingwatervaporradiometersis discussedin BIMA memo78. Theconclu-
sionsthereinseemvalid for theCARMA telescope:

1. Gainfluctuationsin theWVR currentlylimit theatmosphericphasecorrection.Thesemight bereduced
by usingcorrelationradiometers

2. The WVR correctionshouldbe averagedsynchronouslywith the interferometerdataand appliedat
intervalsof a few seconds.Theinterferometerdatacanthenbeaveraged.

3. Bothcorrectedanduncorrectedaveragedvisibility datashouldbearchived.

4. Thermalnoisecanbe reducedby usingcooledWVR receivers,andby replacingthe sweptfrequency
spectrometerwith amultichannelor correlationspectrometer.

5. Changesin theatmosphericscalefactordueto multiplelayersor variationsin theheightof thefluctuations
couldbecalibratedby observingtwo quasarscloseto theastronomicaltarget.

6. TheoffsetbetweentheWVR beamandtheobservingprimarybeammaybeaproblemfor fluctuationsat
largedistancesfrom theantennas,but is not thelimiting factor.

Thereis a substantiallossin coherencewith the currentlyavailabletechniques,requiringa calibrationof
thecoherencelosson source,andof thephasetransferefficiency on applyingthecalibrationto the target
source.Observationof two quasarsprovidesonemeansof measuringthecoherencein thecalibratedtarget.

Table3: Observingefficiency: half-cycle time for variousintegrationtimes

source– calibratorseparation

integrationtime 8 degrees 2.2degrees 0.8degrees

23 37 32 30
11 25 21 20
5 20 15 14

averageslew time: 15 10 9
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Onequasarservesasthephasecalibrator;a secondquasarcloserto thetargetservesasa testsource.Both
testsourceandtargetarecalibratedin thesameway usingthecalibrationquasar. Thecoherentamplitude
of thetestquasargivesa measureof thecoherencefactor. Both quasarsandthetargetsourceareincluded
in anobservingsequencewith � 10s. integrations,with appropriatetotal integrationtimeoneach.Thetest
quasaronly needsto bestrongenoughto measureacalibrationfactorfrom acoherentintegration.

Both fastswitchingandwatervaporradiometryareanactive field for research.Thebestsolutionmaybea
combinationof both,with multiple quasarobservationsproviding acalibrationof theWVR measurement.

4.13. Singledish

Although providing a single dish facility is not a prime consideration,a position switching single dish
observation is very similar to an interferometricmosaicingobservation, and the samecodecan be used
with very few changes.A singledishobservingprogramis very usefulfor developinganddebugging.The
quality of the datadependson the stability of the atmosphereandof the receiversandcorrelator. For the
currentBIMA correlator, singledishobservationsarepossiblein goodweatheratbandwidthsor 25MHz or
less.At largerbandwidthsthestability of thecorrelatorlimits theSNRratherthanthermalnoise.

4.14. Editing, flaggingand blanking

Thereare3 ways in which we handlebaddataat the telescope:don’t recordit, flagging,andblanking.
For example,at Hat Creekdatafrom antennaswhich arenot in use,or morethan50% shadowed arenot
recorded;datafrom antennaswhicharebetween0 and50%shadowedareflagged;datablankingis notused.
Flaggingmarkseachcorrelation;it is reversibleandextendible.Flagsmaybemultidimensionalor shared,
e.g. by spectralwindow, which maybeappropriatefor a correlationspectrometer. Blankingexcludesbad
datawithin eachintegration;theintegrationtime anddurationmayvary from recordto recordandbaseline
to baseline.Datablankingcancausesignificantclosureerrorsanddegradeself-calibrationtechniques.

4.15. VLBI, phasedarrays.

ThephasedCARMA arrayhasaneffectivecollectingareaof a 30 m antennaandis animportanttelescope
for millimeter wave VLBI experiments.VLBI mustusea hydrogenmaseror othervery coherentphase
referencefor all the LO’s in the IF downconversion,andfor the time standard.The coherentintegration
time is currently limited by the atmosphere;if atmosphericphasecorrectionis successful,the hydrogen
maserstabilitywill becomethelimiting factor. Phasestableelectronicsmustbeusedin theLO chaininto a
widebandwidthrecordingdevice. A built-in testtonegeneratorto inject a phasestablesignalinto thefront
endreceiverswouldbenice,but notessentialoncethephasestabilityof theLO systemhasbeenestablished.
Observingmodesshouldincludearrayphasing,dualpolarizationandrapidswitchingfrom local to VLBI
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modes.Multiple phasedsub-arraysarerequiredfor simultaneousobservationsof dualpolarization,different
targetsourcesor observingfrequencies,suchasmultiple SiO transitions,or simultaneous1 mm and3 mm
continuumobservations.Multiple phasedarrayswill bealsoimportantfor wide fieldsof view with sparse
arrayconfigurations.For bothmultifrequency synthesisandfor observationsof multiple spectrallines,we
wantto selecttherecordedbandwidthfrom severalwindowsacrosstheavailablebandwidth.

For VLBI thephasecorrectionmustbeappliedbeforetheIFs aresummed,e.g.asaphaseoffsetto theLO.
Thephasemightbederivedsomecombinationof: i) WVR, ii) self-calibrationonastrongtargetsource,iii)
rapidswitchingto anearbyreferencesource.

Wemustalsomeasurethephasingefficiency in orderto calibratethedata.It is bestif theCARMA correlator
allows correlationof thesummedantennaIFs with a referenceantenna.This givesa directmeasureof the
effective gain of eachphasedarray. Alternatively, thephasingefficiency canbederivedfrom measurement
of the relative phaseof eachantennain eachphasedarray, as measuredfor exampleon baselinesto a
referenceantenna,and,in addition,ameasurementof theweight,or contributionof theIF from eachof the
phasedarrayantennasto the summedoutputinto the VLBI recordingsystem.For bestSNR it shouldbe
possibleto attenuateeachIF beforethe summer, in orderto weight the IF accordingto the antennanoise
in Jy units. TheCARMA correlatorshouldsupportlocal correlationssimultaneouswith VLBI recording.
VLBI observationsareusuallymadein circularpolarizationto correlatewith otherVLBI stations.

The possibility hasbeenraisedof usinga phasedsub-arrayof the 3.5 m antennasasthe 16th antennain
theCARMA configurationdesignsfor 16antennas.Whilst possible,therearesomeimportantcaveats.The
primary beampatternof a phasedarrayhascomplex structurewithin the envelopeof the otherantennas,
which would make it difficult to usefor imaging extendedsources. It is however quite reasonablefor
sourcessmallerthan the resolutionof the phasedsub-array. A secondcaveat is the compatibility of the
availableobservingbands;the3.5m antennaswill not have 1 mm receivers,andthe6.1m will not have 1
cm receiversat first light.

Otherusesof phasedsub-arraysincludespecialexperimentsto providesimultaneousdualpolarizationmea-
surementsof transientsources,simultaneousobservationsat multiple frequencies,andusingthecorrelator
in specialmodesto providealargerbandwidthor spectralresolutionthanis possiblewith separateantennas.
It is likely thatthesedevelopmentswill nothavehighpriority !

5. Conclusion

Whilst this memopresentsa quite formidablelist of requirements,it shouldberememberedthat it closely
follows our currentpracticeor is a small extrapolation. The currentprocedureshave evolved and been
developedover yearsof observingwith theexisting telescopes.As a researchanddevelopmentfacility, the
calibrationsshouldcontinueto developandimproveonCARMA.

Two timeframesshouldbekeptin mind. CARMA shouldseekto exploit theearlyadvantageof theexisting,
working arraysbeforeALMA is finished.We shouldmergethearraysasquickly aspossible.Whatworks
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is OK; we needto rebuild things that don’t work. The critical path for a 15-antennaarray is a working
15-antennacorrelatorandits associatedsoftware,debuggingandcalibration.

Thisshouldnotpreventusfrom planningfor thefuturein formulatingthesoftware.Whatto dowhenALMA
is built ? ALMA is bigger(10 � the collectingarea),faster(100 � for singlefield, 40 � for mosaicing)
andon a bettersite. The role for CARMA is in educationandresearch.We needstudentparticipationin
all aspectsof the calibrationhardwareandsoftware. We needto be ableto quickly exploit new avenues
for research.The softwareshouldallow accessto rudimentaryfunctionsof the hardware to enablenew
observingmodesandcalibrationproceduresto beeasilyimplemented.


