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ABSTRACT

Thismemodiscussethe CARMA calibrationrequirementsWe list thevariouscalibrations
neededncludinginstrumentaparametersvhich arerarely changedsuchaslF fiber andcable
lengths,IF delaycenterspower levels, correlationcoeficient corrections recever andphase
lock tuning parameterspointing parametersecever feedand TV cameraoffsets

We calculatethe sensitvities for calibrationof theantennajainsandbandpass$or different
sub-array®f the CARMA antennas.

Errorsin the pointingandprimary beamillumination limit theimagefidelity in mosaicing
obsenations;thesecalibrationsarediscussedn somedetail.

The calibrationof atmosphericecorrelationfastswitching,andwaterline radiometryare
researclprojectswhich areimportantfor the succes®f CARMA andALMA.

We briefly discusssingledishandphasedarrayobsenationsandcalibrations.
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1. Intr oduction

CARMA is aresearchdevelopmentandteachingfacility. It is desirablethatall phasef the calibration
procedurede accessibléo bothstaf andstudents We muststrike a balancebetweerobservingefficiency
andteachingcalibrationprocedures.The bestplanis to involve studentsn all aspectf the calibration
donein themostefficientandproductive way. The calibrationof aninterferometearraycanbebrokeninto
3 groups:

1) componentalues,suchascablelengths which changeonly whenthe systemis re-kuilt.
2) arrayparametersvhich changeafterantennanoves.
3) instrumentaparametersvhich changewith time or ambientconditions.

In mostof the existing millimeter wave arrays,(1) and(2) arehandledby the arraystaf, whilst (3) is the
responsibilityof theuser

Thereareseveralwaysin which systemparameterganbe stored,eachproviding differentlevels of access
to, andprotectionfrom, the user E.g. built into the hardware,programmednto chips,codedinto software,
binary tables,ascii tables,userparameters.it is desirablethat the calibrationparameterst all levels be
keptin atransparendandobviousway sothatthe parameterandproceduresanbedevelopedasthe system
evolves. Protectionfrom corruptionshouldbe soughtby beingableto restoredefault parameterfor eachor
all subcomponentsf the systemin a simpleway.

2. Requirements

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

1) IF fiberandcablelengths |F delaycenters.

2) Power levels,correlationcoeficient corrections.

3) Receverandphasdock tuningparameters.

4) Pointingparametersiecever feed(horn) offsets, TV camereaoffsets
5) Primarybeampatternsfocus,subreflectoposition,Holograply

6) Antennapositions,antennaeometryarraygeometry

7) Systemtemperatureppacity atmospherienodel.

8) Flux densityscale antennaly/K.

1This documents alsoBIMA Memo# 85



9) Polarization)eakagecorrections.

10) BandpassiF andRF frequeng response.

11) Gains:amplitudeandphaseversugime; frequeng switching.

12. Atmospheriadecorrelationfastswitching,andwaterline radiometry
13) Singledish

14) Editing, flaggingandblanking.

15)VLBI, phasedarrays.

Many of thesecalibrationscan,andshould,be mademoreaccuratelyin the laboratoryor with specialized
measuringequipment.However, somecalibrationsmustbe madewith astronomicameasurementsking
time from sourceobsenations,sowe needto considerthe sensitvity of the CARMA telescope.

3. Sensitvity

The measuredourcevisibility mustbe correctedby variouscalibrationfactors. For eachcalibration,the
errorin themeasuredisibility is givenby:

oV =0gxV +thermal noise — (1)

whereV is thetruesourcevisibility andg is the calibrationfactor It is desirableghatthe measuredisibility
belimited by randomthermalnoise,ratherthanby calibrationerrors,which aremoresystemic.Astronom-
ical calibrationsarethemseleslimited by thermalnoise,so we muststrike a balancebetweentime spent
calibratingandintegrationtime on thetargetsource.

Thesensitvity for eachbaselings givenby:
0S=Jyperkx Tsys/v/2Bt — (2)

CARMA sub-arraysnay be comprisedof combinationsof six 10.4m, nine 6.1 m andeight 3.5 m anten-
nas. Table 1 givesthe sensitvity per baselinefor eachcombinationof antennasassuming80% aperture
efficiengy, Tsys=200K, and 1 minute integration. The table lists the sensitvity for calibratingantenna
gains (amplitudeand phase)in a 4 GHz bandwidth,the bandpassvith a 1 MHz spectralresolution,and

the brightnesssensitvity at5” angularresolution. The calibrationsensitvity is greatlyenhancedy using

correlationswith larger antennas.This is especiallyusefulfor calibrationof the bandpasgor the smaller
antennast millimeter wavelengthswvherestrongcalibratorsarehardto find. For antennabasedcalibration,

theRMS is reducedby the sqrtof thenumberof referenceantennaga factor~ 2 — 3).

We may not wish to make all possiblecorrelationsput divide the antennasnto sub-arraygo optimizethe
useagef the CARMA antennasndlimit thesizeof thecorrelatorequired(seeBIMA memo84). Thebest
sub-arrayfor calibrationmay not be the sameasthe bestsub-arrayfor the targetsourceobsenations. With
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theinitial CARMA correlatorit will notbecornvenientto changeheroutingof thesignalsfrom theantennas
to the correlator but someastronomicatalibrationswhich aremadeat infrequentintervals could be made
with specialsub-arrays.In future CARMA correlatorsthe routing of the antennasignalsto the correlator
may usea commerciakwitch, allowing muchgreaterflexibility in thechoiceof antennagor observingand
calibration.

4. Discussion
4.1. IF fiber and cablelengths,IF delay centers

The CARMA systemplansto usefixed lengthfibersfor the LO andIF connectiondo the antennasinda
digital delay systemwith sufficient rangeto handlethe differentlengthacrossa 2 km array (Maximum
delay4 km). Thesefiber lengthsmustbe measuregndstoredsothatthe appropriatedelaycenterscanbe
calculatedfor eachantennaconfiguration. Therewill alsobe differentlengthsof fiber and cableon each
antennaandin umbilical cablesconnectingthe antennago the stations. Thesemustall be measurednd
stored. The fiber and cablelengthsmay changewith temperatureor flexure on the antennasso we will

install a fiber length measuremengystem. The main correctionis to the LO phase.A 30 m fiber length
on the antennawith a coeficient 10-°K 1, givesa 0.1\ K~! changeat 100 GHz. The currentplanis to

continuouslymeasurd fiberin thebundleto eachantennandusethisto correctboththe LO phaseandthe
delaycenter In thefirst cablelengthmeasuringsysteminstalledat Hat Creek,the IF/LO cablelengthwas
measuredt ~ 5 min intervals andinterpolatedo correctboth LO phaseanddelaycenter The correction
usedis storedwith the visibility data. In the currentHat Creeksystem,the cablelengthis measurednd
storedbutit is notappliedon-linebecausét addsafew degreesof phasenoiseandoccasionallynuchmore
on someantennas.The cablelength correctionis currently inspected editedand averaged,and applied
off-line. If thelengthchangesresuficiently slow thenthe LO phasecorrectioncanbeinterpolateddirectly
fromthequasaphaseneasurementg hisis notpossibldf thecableor fiberlengthchangebetweersource
andcalibratorobsenationdueto flexure on theantennasThe changesn thedelaycenteraresmaller 0.1A

acrossa 4 GHz bandwidthfor a 25 K changen a 30 m fiber on the antennapr for a0.25K changein a3

Tablel: Sensitvity perbaseline
Antennas Equivalentdiameter JyperK RMS(4 GHz) RMSin1MHz RMSinb5”

mx m m Jy/K [mJy] [Jv] K]
10.4x10.4 10.4 41 13 0.8 4
10.4x 6.1 8.0 69 23 14 7
6.1x6.1 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

3.5x3.5 3.5 359 118 7.4 36
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km buriedfiber. The delaycentercanbe determinedrom astronomicabbsenationsfrom the phaseslope
acrossthe bandpasprovided thatthe errorin theinitial guesss lessthanthe reciprocalof the frequeng
resolution.

4.2. Power levels,correlation coefficientcorrections

The power levels, receirer gainsandattenuatosettingsneededor the optimum performanceof the array
shouldbe recordedandstoredin accessibldablesto enableeasycomponenthangesand specialexperi-
ments. The CARMA correlatorwill have an AGC, obviating the needfor the time consumingattenuator
settingcurrentlyusedon the BIMA correlator The correlationcoeficient correctionat the pre-determined
power levelswill bedonein thecorrelatorsoftware.

4.3. Recever and phaselock tuning parameters

Traditionallythereceierandphasdock tuninghasbeenpartof thelore of millimeterwavelengthobserving
for singledishobsenrers. The useof arraysof morethanafew antennasequiresreliableautomaticuning.
It is mostcornvenientto measureheentiretuningrangein thelaboratorybeforeinstallingtherecevers.The
tuning parametersor eachreceverandLO systemcanthenbeinterpolatedo the optimizedsettingon the
telescopeThe actualtuning algorithmtakesaccountof thingslik e backlashn tuning motorsandagingof

componentsandshouldincludea harmoniccheckto validatethe correcttuning. It shouldbe possibleto re-

tuneduringan obsenrationwithout actionfrom the obserer. The selectionof the bestharmonicmultiplier

numbersshouldbe automatic,althoughan obserer specifiedharmonicnumberis alsoneededor special
experimentdike VLBI.

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

Theantenngointingis usuallycharacterizethy parameterizegointingequationsvhich describeheerrors
in the alignmentof antennaaxes, encoderoffsetsand refraction. For AZ-EL telescopeserrorsdescribe
theftilt of the azimuthaxis, the elevation axis misalignmentwith the azimuthaxis, andthe reflectoraxis
misalignmentwith the elevation axis (collimation error). The pointing errorscanbe measuredrom total
power obsenationsor voltage patternmeasurementsiith the interferometeror by obsenationsof star
positionsusing an optical or IR telescopeattachedo the antenna. Star obsenationswith an automated
frame grabberare very quick, enablingseveral hundredstarobsenationson the 9 BIMA antennasn 2-3
hours.Theopticalandradiopointing have differentcollimationandrefractionparameters.

Theremay be other differenceshetweenradio and optical pointing; thesemust be identified and charac-
terizedto exploit optical pointing. Radio pointing canthen be usedto adjusta subsetof the optically
determinedoointing parametersThe pointing parameterare determinecdoy fitting the pointing equations



—6—

to the pointing data. For small misalignmentghe pointing equationscan be written aslinear equations.
Additional pointing parametersnay be derived from an analysisof the pointing residuals.For the BIMA
antennaskourier analysisresultedin additionalparametersvhich describethe eccentricityof the azimuth
and elevation axes. For the BIMA antennasthetilt of the azimuthaxis is measuredafter the antennas
moved;for the OVRO antennashetilt is measuredontinuouslyandis usedto correcttheantennagointing.
After correctionthe antenngointingis generallyadequatdor nighttimeobsenations,with andRMS of a
few arcsec.Significantlylarger errorsappearduring the day especiallyat sunriseand sunsetwhenstrong
anisotropicheatingis occurring.For the6.1 m antennashy usinggoodinsulationontheantennaripod, and
forcedairflow in the reflectorbackupstructure feedleys and subreflectothesepointing errorshave been
isolatedto the yoke supportstructureof the elevation axis. However, we have beenunableto characterize
theresidualerrorswith temperatureandtilt measurementdnsulationincreaseshetime constanof resid-
ual pointing errorsto ~ 1 hour At 1 mm, additionalpointing correctionsare neededon this time scale
for daytimeobsenations. For heterogeneouarrays,the useof the 10.4m antennasanimprove the speed
andaccurag of voltagepatternradio pointing measurementsA commerciallR pointing camerais being
evaluatedfor continuousoffsetradio pointing, which could greatlyimprove the quality andefficiency of 1
mm obsenations.Eachreceverwill haveits own collimationerrorwhich mustbe measure@ndstored.

4.5. Primary beampatterns,focus,subreflector position, Holography

The primary beampatternilluminatesthe sourcebrightnesdistribution, andis animportantcalibrationfor
imaging sourceswhich are large comparedwith the primary beam. The antennafocus, and subreflector
position also affect the primary beamillumination. Errorsin primary beampattern,focus, subreflector
positionandpointingerrorsbetweerthepairsof antennaslominateheimageerrorsin amosaicobsenration.

Table2 lists the primarybeamFWHM at 230GHz. Thevalueslisted arebasedn a Gaussianllumination.
In practicetheilluminationis typically taperedo about-13 db atthe edgeof thedish,andthe primarybeam
patternis well fitted by a Gaussiawith a FWHM about6% larger. For a Gaussianllumination patternthe
primarybeamradiusatthe 5% pointis 1.04 x the FWHM. Beyondthe 5% pointthe beampatternmay have
substantialariationswith antennaelevation, subreflectopositionandtemperaturetc.

A primarybeammodelis usedin mosaicimagingalgorithms.lIt is necessaryo truncatethe primary beam
model. This shouldoccurat aradiuswherethe primarybeamcorrectionis sufficiently smallandbeforethe
errorshecomesignificant. Errorsin the primary beammodelcan give substantiamosaicimagingerrors.
The alignmentof the taperedillumination with the reflectoraxis alsoleadsto imaging errorsasrecently
discussedn ALMA memo402.

For a Gaussianllumination patterntruncatedo -13 db at the edgeof the dish, the effective primary beam
betweerl0.4and6.1m antennass within about1% of a Gaussiarpatterncorrespondingo an8 m antenna.
The primary beampatternfor the 3.5 m antennais not yet known; Table 2 lists the geometricmeanfor
Gaussiarmpatterns.

Theuncertaintiesn the primary beampatternaregreaterthanthe errorsmadeby treatingthe 10.4t0 6.1 m



—7-

antennabeamasa Gaussian.For the 10.4to 3.5 m correlationsJarge uncertaintiesn the 10.4 m voltage
patternlie well within the illumination patternof the 3.5 m antennas.Similarly if the pointing centersof
theantennasreoffset,therearelarge uncertaintiesn theresultingproductof voltagepatterns Hereinlies
anopportunityanda challengeIf we candeterminethe primarybeampatternsvell enoughthenincluding
10.4 versus3.5 m correlationsand offset pointingsbetweenall antennagprovides additionalinformation
in the mosaicingprocessthe sky is multiplied by quite differentprimary beampatternsrom the different
combinationof antennasin principle providing datato decowolve the primary beamresponsefrom the
image. If we cannot determinethe primary beampatternswell enoughthe errorswill degradetheimage
fidelity. Thecurrentmosaicingalgorithmscanhandleheterogeneousrrayimaging,but do not give realistic
estimate®f theimageerrors.A Chisgimagegivessomeideaof thelimiting noise.Thereis clearlya need
for researchn both determiningthe primary beamperformanceanddevelopingthe mosaicingalgorithms
for heterogeneouarrayimaging.

The primary beamvoltagepatterncanbe measuredy holograply usingeitheranastronomicakourceor a
remotetransmitterasa signalsource.An astronomicakourceallows the antenngpatternto be measurect
variousantennaelevations;theremotetransmitterat only one,but providesmoresignalpower allowing the
antenngatternto be mappedn greaterdetail. If the antennaallows elevationsover thefull range0 to 180
deg, thenadditionalinformationon antennaurfacedeformationss availableby observingthe samesource
at its elevation and 180 — elevation. The sameobservingprogramcanbe usedfor astronomicabndfixed
sources.

For compacsourcest maybesuficientto treattheeffectsof thesubreflectopositionelevationdependence
asaradiopointingcorrection.At highfrequence¢l mm)theresultingcomacanbeasignificanterrorin the
primarybeampatternandcontrol,or calibrationof the primary beampatternmaybe necessaryin orderto
keepthe numberandparameterizatioof the primary beammodelsmanageablehe mostcorvenientway
to make mosaicingobsenationsis to controlthe subreflectopositionasneededandusethe samepointing
patternfor all antennagtthe sampleinterval requiredfor thelargestantennan thesub-arraybeingused.in
view of thediscussiorabore this modeis alsolik ely to producethe bestimagefidelity.

Table? lists the Nyquistsampleinterval for eachantennalLargerareasof sky maybeimagedusingalarger
sampleinterval at the costof reducedmagefidelity andvariationof the noiselevel acrossheimage(see
BIMA memo73).

4.6. Antenna positions,antennageometry, array geometry

After eachantennamove, the antennaposition must be determinedto an accurag ~ A/10. An initial
guesdor theantenngositionis obtainedrom thearraygeometrysurweyedandhistoricalrecordof station
positionsandmeasurementsf antennaffsetsw.r.t. thestationposition. Obsenationsof quasar®verwide
rangeof HA and DEC, then provide datafrom which the antenngpositionis determined.If the antenna
positionis in error by mary wavelengths,lobe (2m) phaseambiguitiesmay male this processdifficult,
especiallywhentheatmospheriphasecoherencés pooronlong baselinesin this casetheantenngosition
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canbefirst determinedrom the phasedifferencebetweerupperandlower sidebandn a doublesideband
system,or acrossthe widest bandwidthin a single sideband. The effective observingfrequeng is the
differencefrequeng, enablingan antennapositionto be determinedto ~ A/10 at this lower frequeng.
In additionto the antennaposition, there may be axis offsetson the antennasvhich can be fitted from
the baselinedata,and/ormeasurednechanically Theseoffsetsshouldbe stableandnot changewhenthe
antennagremaoved.

4.7. Systemtemperature, opacity, atmosphericmodel

Thecorrelatoroutputis calibratedw.r.t. atemperatureontrolled,or measuredambientioad. By chopping
betweenthe sky andthe load, we candeterming(with someapproximations}he systemtemperaturesor-
rectedfor atmospheri@attenuationandthescalingfactorbetweercorrelatoroutputandantennaemperature
units. An atmospherienodelis usedto correctthetotal power measuremeranddeterminghe systentem-
peratureasa function of frequeng acrosghebandandin eachsidebandor a doublesidebandsystem.In
stableweatherthis measuremennadeatintervals of ~ 10 minutesin the sourcedirection,givesareliable
calibrationof thetemperaturacalingfactor Theopacitycannotbedeterminedeparatelyy a sky-ambient
measurementA sky dip or loadsat two temperaturesanbe usedto determinethe opacity but may not
give a bettercalibrationof the visibility data. Semitransparentoads,or loadsinstalledin the subreflector
give a calibrationsignalwhichis bettermatchedo the power levelsonthe sky andavoid recever saturation
problems,but needa separatecalibrationof the couplingfactor The systemtemperaturesa function of
frequeng shouldbe storedwith thedata.

The opacity can also be estimatedrom the measuredsystemtemperatureand the atmospherianodel if
therecever noisetemperaturdasbeencalibratedindependenthandis stable. This is usefulfor dynamic
scheduling.

Table2: PrimaryBeamat230GHz

Antennas Equialentdiameter FWHM Nyquistinterval

mxm m arcsec arcsec
10.4x10.4 10.4 28 125
10.4x6.1 8.0 36
6.1x6.1 6.1 47 21.3
10.4x 3.5 6.0 48
6.1x3.5 4.6 63

3.5x3.5 3.5 83 37.1
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4.8. Flux density scale,antennaJy/K

Theflux densityscaleis usuallydeterminedrom planetobsenationsat shortbaselinesvheretheplanetsare
notheavily resoled. At longerbaselineshedetailsof the planetbrightnesslistribution becomesignificant.
Fromtheplanetobsenationsanda modelfor its surfacebrightnesswe canuseself-calibratiorto determine
thegain, in Jy/K, for eachantennaFromthesemeasurementse candetermingheflux densityof quasars
which canthenbe usedas secondaryamplitudecalibratorson longer baselinesvhenthe planetsare too
resohed. Thequasarsarevariableandtheir flux densitymustbe monitoredandinterpolatedo be usedfor
flux densitycalibration.Thequasarsnayalsohave significantlinear polarizationwhich causes parallactic
angledependencef themeasure@mplitude.lt is quitedifficult andtime consumingo includeanaccurate
flux densitymeasuremerfbr eachproject,andit is moreefficient to provide a default at the systemlevel.
Theantennagjainsshouldbequitestable.Theantennajainmaybeafunctionof frequeng, butthemeasured
reflectorsurfaceRMS is betterthanA/20 at 1 mm wavelength,so the degradationof performanceat 1 mm
shouldbe small. The variationsin antennagain sometimesobsened at the existing sitesmay be dueto
atmospheridecorrelationandpointing errorsratherthanthe antennagain.

4.9. Polarization, leakagecorrections

The CARMA receverseachhave asinglelinearpolarization.Polarizationswitchinghasbeenimplemented
on bothBIMA andOVRO arraysin orderto obtainpolarizationobsenations. For linear polarizationmea-
surementsve sampleLL, LR, RL, andRR, whereL andR designatehe senseof circular polarizationfor
a pair of antennasFor circular polarizationmeasurementse samplexXX, XY, YX, andYY, whereX and
Y arecombinationsof thelinearly polarizedantennasAt BIMA thereareseveral setsof 1/4 wave and1/2
wave platesat fixed frequenciesTheseplatesarenarrav band,~ 3 GHz, but provide a stablepolarization
leakagewhich canbe calibratedto ~ 0.2%. At OVRO thereis a tunablepolarizeron eachantennaput the
polarizationleakageis lessstable.Polarizationcalibrationis obtainedby observinga strongquasarover a
wide rangeof parallacticangles.

At BIMA aWalshfunctionof length16 providesorthogonakeriedor switchingthepolarizationonupto 15
antennasA completepolarizationcycle takes16 integrations which maybetoolong for gooduv-sampling
on long baselines.Walshfunction switchingtakes no accountof how mary baselinesimultaneouslyob-
sene total intensity which may be a problemfor calibration. In particular the calibrationcycle mustbe
shorterthanthe time scalefor significantatmospherighasefluctuationssincewe mustusetotal intensity
measurementat eachantennato calibratethe crosspolarizationobsenations. Another possibility is to
switchthe polarizationan groupswith acommonpolarization.This givesmorerapid samplingof the total
intensity for bettercalibrationbut fewer baselinesvith all 4 StokesparametersampledOnlongbaselines
it may be necessaryo useself-calibrationof eachintegration. This canbe doneby having a reference
antennaobsene in linear polarizationwhilst the restof the antennagollow a switching cycle of circular
polarizations.

For shortbaselinesswitchedpolarizationdatacanbe averagednto pseudadual polarizationdatarecords,
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andfollow corventionalpolarizationcalibrationusingthe measuredotal intensityto correctfor polarization
leakagen eachrecord.For longbaselinestheuv-datacannotbeaveragedvithoutspoilingtheuv-sampling.
In this casethe datacanbe correctedby usingatotal intensityimageasa modelfrom which to derive total
intensityvisibility data,whichis thenusedto correctfor polarizationleakagen eachrecord. This process
hasbeenusedio make polarizationmagesof CygnusA on 1 km baselinestHat Creek.Thecombinatiorof
mosaicingandpolarizationobsenrationsrequiresswitchingthroughbotha polarizationandpointingcycle.

4.10. Bandpass|F and RF frequencyresponse

Ideallythecomplex gain of thearrayis afunctionof only time andfrequeng. Almostall thegain (amplitude
andphase)s associateavith eachantennaandthe atmospherabove it, sothatthe gain canbewritten asa
productof thevoltagegainsfor eachantenngair. In this casethe calibrationcanbeantennéasedesulting
in a highersignalto noise(SNR),andenhancedmagingperformanceesultingfrom self calibrationproce-
dures.Any residualbaselinebasedcalibration,suchasclosureerrorsin the correlatorshouldbe minimized
andeliminatedif atall possible E.g. by usingorthogonakwitchingpatterndn theantennasindcorrelator

Also ideally, the time andfrequengy dependenceanbe separatedsthe productof time dependengains
discussedbelow, andfrequeny dependengainsor bandpassneasurementdn practicethe bandpassnay
be a slow function of time andrequireperiodicmeasurements he poor SNR of anastronomicameasure-
mentof narrav bandwidthlF characteristicgn thebandpassequiresanauxiliary measurememith anoise
sourceor usingthetotal power. TheRF bandpass smoothemandin astabletemperatureontrolledrecever
ervironment,andcanbe determinedrom periodicmeasurementsf anastronomicakource.Traditionally
this calibrationhasbeenthe responsibilityof the obserer, but in practicethe calibrationis doneat a sys-
tem level to an accurag of a few percentandimproving on this takesa large amountof observingtime.
The typical users passbandalibrationmay actually introducesystematicerrorsinto the visibility data.
As anexample,the 3-antennaBIMA correlatorhad a phaseoffset betweenthe widebandsettingusedfor
guasamgain measurementgndthe narrav bandsettingusedfor spectraline sourceobsenationsrequiring
a wide-narrav-wide calibrationsequence®f the correlator Although the currentBIMA correlatorhasno
measurableffset, thetraditionof makingsucha calibrationpersistgrobablydueto advisordnsistingtheir
studentsmake every possiblehistorical calibration. A desirablegoalis to provide a bandpasgalibration
which will suffice for most(80-90%)of the users leaving the few who needa more accuratebandpasso
requestaindschedulgime to do so. Thiswill greatlyimprove the schedulingandefficiency for mostof the
obsenations.

4.11. Gains: amplitude and phaseversustime, frequencyswitching

The comple gainsversustime are usually measuredat ~ 10— 40 min intervals by an obsenation of an
unresohedquasarcloseto the directionof thetargetsource.The calibrationintenal is determinedn order
to follow the slowly varyinginstrumentabmplitudeandphasea shorterinterval may be neededat sunrise
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andsunset.Theintegrationtime on the calibratoris determinedrom the measuremergquation(1), with

the desireto obtain a calibrationerror which doesnot dominatethe thermalnoise on the target source.
Errorsin the gain measurementomefrom thermalnoisedS/S, calibratorpositionerrors,21/A x b x ds
radians,andresidualerrorsin the interferometemntenngositions,21/A x db x s radianswhereds is the
distancebetweensourceand calibrator and db is the baselineerror. A partially resohed calibratorwith

well determinedstructurecanalsobe usedprovidedthevisibility functioncanbe calculatedwith sufficient
accuray. Theintegrationtime, distanceto the calibrator andits flux densitymustbe balancedagainstthe
needto obsene thetargetsource! Thethermalnoiseis reducedby usinganantennaasedcalibrationwith

thewidestavailablebandwidth,andif possiblein anarraywhich containghe 10.4m antennagseetablel).

For 1 mm obsenationstheerrorsin the gain calibrationmaybereducedoy observingat alower frequeng,

wherethereis alargerselectionof strongercalibrators andthe systemnoiseis lower. Frequeng switching
betweentarget and calibratorrequiresan additionalcalibrationof the phaseoffset betweenthe targetand
calibrationfrequencies.This canbe obtainedfrom self-calibrationusinga commonreferenceantennaat
the two frequencies.Successfufrequeng switchingrequiresa stablephaseoffset betweenthe observing
bandsanda switchingtime ~ the slew time to the calibrator

For compacttarget sourceswhich are small comparedwith the primary beam,the amplitudeof the gain
calibrationcanbe usedto correctfor antennagain variations pointingandfocuserrors,but suchcorrection
is miss-appliedor largertargetsources.

Thegain calibrationdoesnot follow fastatmospherigphaseluctuationswhich may dominatethe errorson
longerbaseline®r in unstableveather

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

Atmospherighasdluctuationdimit theobsenrationsat millimeterwavelengthsonall but theshortesbase-
lines. On longerbaselineghereis a significantlossin sensitvity dueto atmospheridecorrelation.The
CARMA siteis expectedo bebetterthanthe presensites,but notby aslargeafactorasthe opacity asthe
fluctuationsoccurin atmospheridoundarylayersandare not proportionalto the watervaporcontent. In
orderto make bestuseof theinstrumentve needto changehe observingscheduleaccordingo theweather
conditions. This is usually doneby monitoring the opacity and the atmospherigphasefluctuations. An
interferometearraydirectly obsenesthe pathdifferencethroughtheatmospherdetweerthe two antennas
on eachbaseline.Obsenrationsof quasargrovide a directmeasuref the atmospheriphaseRMS andthe
phasestructurefunction. Satellitephasemonitorsare often usedfor dynamicscheduling.Interferometers
monitoring geostationangatellitesat 12 - 18 GHz on a fixed baselineprovide a continuousrecordof the
RMS, but mustbeextralolatedto thecurrentarrayconfiguratiorusinganestimateghasestructurefunction.

Phasefluctuationsmay be calibratedwith radiometricwater line monitoring, or fast switching between
target and calibratorusing switchingtimes of a few seconds.Both techniqueseedfurther researchand
developmentfor CARMA. Switching times of a few secondsare beyond the capabilitiesof the current
telescopalrives.Howeverin goodweatheyswitchingbetweertargetandcalibratorwith ~ 10 sintegrations
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doesreducethe atmospheriphasenoiseto tolerablelevelswith areasonabl®bservingefficiency. Table3
shawv the resultsof somefast-switchingiestswith the BIMA antenna®n 3 quasarseparatedby 0.8, 2.2,
and8 degreesfrom thetargetsource.

Theflux densityrecovered(vectoraverage amplitudeaverage)s ameasuref thesuccessf thecalibration.
A source- calibratorseparatiorof 8 degreesrecovered50 - 60% of the flux density A source- calibrator
separatiorf 2.2degreesecovered65- 77%of theflux density An integrationtime of 23secondsecovered
10%lessthan11 secondsntegrationtime. An integrationtime of 5 secondsvasnot betterthan11 secand
the observingefficiency is very poor The datawere too noisy to fit phasestructurefunctions, but are
roughly consistentvith turbulenceheightof afew km (1 < h < 10km) anda meanturbulencevelocity of a
few ms1(1 < v < 10ms™1). Theeffective interferometebaselinds +/(h 8s)2+ (v 8T)2) whereds is the
source-calibratoseparatioranddT the calibrationinterval.

Atmospherigphasecorrectionusingwatervaporradiometerss discussedn BIMA memo78. The conclu-
sionsthereinseenmvalid for the CARMA telescope:

1. Gainfluctuationsin the WVR currentlylimit the atmospherigphasecorrection. Thesemight bereduced
by usingcorrelationradiometers

2. The WVR correctionshouldbe averagedsynchronouslywith the interferometerdataand applied at
intervalsof afew secondsTheinterferometedatacanthenbe averaged.

3. Both correctedanduncorrectedveragedvisibility datashouldbearchived.

4. Thermalnoisecanbe reducedby usingcooledWVR recevers,andby replacingthe sweptfrequeng
spectrometewith a multichannelor correlationspectrometer

5. Changesn theatmospheriscalefactordueto multiple layersor variationsin theheightof thefluctuations
couldbe calibratedby observingwo quasargloseto theastronomicatarget.

6. Theoffsetbetweerthe WVR beamandthe observingorimarybeammaybea problemfor fluctuationsat
largedistancegrom theantennashut is notthe limiting factot

Thereis a substantialossin coherenceawith the currently available techniquesrequiring a calibrationof
the coherencdosson source,andof the phasetransferefficiency on applyingthe calibrationto the target
source.Obsenrationof two quasarprovidesonemeanf measuringhecoherenceén the calibratedtarget.

Table3: Observingefficiengy: half-cycle time for variousintegrationtimes

source- calibratorseparation

integrationtime 8 dggrees 2.2deggrees 0.8degrees
23 37 32 30
11 25 21 20
5 20 15 14

averageslew time: 15 10 9
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Onequasarsenesasthe phasecalibrator;a secondquasarcloserto the targetsenesasatestsource.Both
testsourceandtargetare calibratedin the sameway usingthe calibrationquasar The cohereniamplitude
of thetestquasamgivesa measuref the coherencdactor Both quasarandthetargetsourceareincluded
in anobservingsequenceavith ~ 10s. integrations with appropriateotal integrationtime oneach.Thetest
guasamnly needgo bestrongenoughto measure calibrationfactorfrom a coherenintegration.

Both fastswitchingandwatervaporradiometryarean active field for researchThe bestsolutionmaybea
combinationof both,with multiple quasaiobsenationsproviding a calibrationof the WVR measurement.

4.13. Singledish

Although providing a single dish facility is not a prime considerationa position switching single dish
obsenation is very similar to an interferometricmosaicingobsenation, and the samecode can be used
with very few changesA singledishobservingprogramis very usefulfor developinganddelugging. The
quality of the datadependon the stability of the atmospherandof the receversandcorrelator For the
currentBIMA correlator singledishobsenationsarepossiblein goodweatherat bandwidthsor 25 MHz or
less.At largerbandwidthghe stability of the correlatordimits the SNRratherthanthermalnoise.

4.14. Editing, flagging and blanking

Thereare 3 waysin which we handlebad dataat the telescope:don't recordit, flagging, and blanking.
For example,at Hat Creekdatafrom antennasvhich arenot in use,or morethan50% shadeved are not
recordeddatafrom antennasvhich arebetweerD and50%shadevedareflagged;datablankingis notused.
Flaggingmarkseachcorrelation;it is reversibleandextendible. Flagsmay be multidimensionabr shared,
e.g. by spectralwindow, which may be appropriatdor a correlationspectrometerBlanking excludesbad
datawithin eachintegration;theintegrationtime anddurationmay vary from recordto recordandbaseline
to baseline Datablankingcancausesignificantclosureerrorsanddegradeself-calibratiortechniques.

4.15. VLBI, phasedarrays.

ThephasedCARMA arrayhasan effective collectingareaof a 30 m antennaandis animportanttelescope
for millimeter wave VLBI experiments. VLBl mustusea hydrogenmaseror othervery coherentphase
referencefor all the LO’s in the IF downcorversion,andfor the time standard.The coherentintegration
time is currently limited by the atmosphereif atmospherigghasecorrectionis successfulthe hydrogen
maserstability will becomehelimiting factor Phasestableelectronicanustbeusedin the LO chaininto a
wide bandwidthrecordingdevice. A built-in testtonegeneratoto inject a phasestablesignalinto the front
endreceverswould benice,but notessentiabncethe phasestability of the LO systemhasbeenestablished.
Observingmodesshouldinclude array phasing,dual polarizationandrapid switchingfrom local to VLBI
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modes Multiple phasedub-arraysrerequiredfor simultaneousbsenationsof dualpolarization different
tagetsourceor observingfrequenciessuchasmultiple SiO transitions,or simultaneoud mmand3 mm
continuumobsenations. Multiple phasedarrayswill be alsoimportantfor wide fields of view with sparse
array configurations.For both multifrequeng synthesisandfor obsenationsof multiple spectralines, we
wantto selectthe recordedbandwidthfrom severalwindows acrosshe availablebandwidth.

For VLBI thephasecorrectionmustbe appliedbeforethe IFs aresummedge.g.asa phaseoffsetto the LO.
Thephasamight be derived somecombinationof: i) WVR, ii) self-calibrationon a strongtargetsourcejii)
rapidswitchingto anearbyreferencesource.

We mustalsomeasurehe phasingefficiency in orderto calibratethedata.lt is bestif the CARMA correlator
allows correlationof the summedantenndFs with a referenceantenna.This givesa directmeasuref the
effective gain of eachphasedarray Alternatively, the phasingefficiency canbe derivedfrom measurement
of the relative phaseof eachantennain eachphasedarray as measuredor exampleon baselinego a
referenceantennaand,in addition,a measuremertuf the weight, or contrikution of the IF from eachof the
phasedarray antennago the summedoutputinto the VLBI recordingsystem. For bestSNR it shouldbe
possibleto attenuateeachlF beforethe summeyin orderto weightthe IF accordingto the antennanoise
in Jy units. The CARMA correlatorshouldsupportlocal correlationssimultaneousvith VLBI recording.
VLBI obsenationsareusuallymadein circularpolarizationto correlatewith otherVLBI stations.

The possibility hasbeenraisedof usinga phasedsub-arrayof the 3.5 m antennassthe 16th antennain
the CARMA configurationdesigngor 16 antennasWhilst possible therearesomeimportantcaveats.The
primary beampatternof a phasedarray hascomplex structurewithin the ernvelopeof the otherantennas,
which would malke it difficult to usefor imaging extendedsources. It is however quite reasonabldor
sourcessmallerthanthe resolutionof the phasedsub-array A secondcaveatis the compatibility of the
availableobservingbandsithe 3.5 m antennasvill not have 1 mm recevers,andthe 6.1 m will nothave 1
cmreceversatfirst light.

Otherusesof phasedub-arraysncludespecialexperimentgo provide simultaneouslualpolarizationmea-

surement®f transientsourcessimultaneou®bsenationsat multiple frequenciesandusingthe correlator

in speciaimodedo provide alargerbandwidthor spectrakesolutionthanis possiblewith separatantennas.
It is likely thatthesedevelopmentswill not have high priority !

5. Conclusion

Whilst this memopresentsa quite formidablelist of requirementsit shouldbe rememberedhatit closely
follows our currentpracticeor is a small extrapolation. The currentprocedurehave evolved and been
developedover yearsof observingwith the existing telescopesAs aresearclanddevelopmentfacility, the
calibrationsshouldcontinueto developandimprove on CARMA.

Two time framesshouldbekeptin mind. CARMA shouldseekio exploit theearlyadwantageof theexisting,
working arraysbeforeALMA is finished. We shouldmeige the arraysasquickly aspossible.Whatworks
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is OK; we needto rehuild thingsthatdon’t work. The critical pathfor a 15-antennarrayis a working
15-antenn&orrelatorandits associategdoftware,detuggingandcalibration.

Thisshouldnotpreventusfrom planningfor thefuturein formulatingthesoftware. Whatto dowhenALMA
is built 7 ALMA is bigger (10 x the collectingarea),faster(100 x for singlefield, 40 x for mosaicing)
andon a bettersite. Therole for CARMA is in educationandresearch.We needstudentparticipationin
all aspectof the calibrationhardware and software. We needto be ableto quickly exploit new avenues
for research.The software shouldallow accesgo rudimentaryfunctionsof the hardwareto enablenew
observingmodesandcalibrationprocedureso be easilyimplemented.



