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ABSTRA CT

In this study we examinethe scienceand engineeringissuesinvolved in op-
timizing the SKA for survey science.Three Key Scienceprojects require all-sky
or 1000 sq deg surwveys. Surwey sciencerequireslow frequency low resolution
imageswith superb image quality, which imposesstringent requiremens on the
calibration and sidelole levels at every stage of beam formation. The cost of
data processingis very dependernt on the antenna system, calibration, and data
processingparadigm. The optimal designof the SKA must considerthe overall
systemfrom the sciencegoalsto the data products. In this memo we explore
performanceand cost criteria which recognizethe interaction of di erent sub-
systemsfor survey science. We use as a referencedesignan array of small di-
ameter antennas with focal plane phasedarray feedsfrom 300 MHz to 3 GHz
and wide band single pixel feedsat higher frequencies. The survey speed
Npeams 2 (ND=T)2 BW, whereN is the number of antennas, D is the
antenna diameter and T the systemtemperature. The cost of the SKA is dom-
inated by four major componerts: antennas, receiwers, signal processing,and
computing. Ead has strong interdependencies,and must be optimized in the
cortext of the overall scienceand engineeringgoals. For the highest dynamic
rangethe calibration implicit in beamformingwith FPA or station beamsmust
be redonein the data analysis,leadingto a large increasein computing costs.

1. Intro duction

A major themedriving the designof the SKA hasbeenreducingthe cost of the collect-
ing area. The referencedesignervisagesthree di erent antenna componerts: i) an array of
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10m diameter antennaswith focal plane phasedarray feedsfrom 0.3to 3 GHz and wide
band single pixel feedsat higher frequenciesup to 25 GHz, ii) aperture array tiles for all sky
monitoring from 0.3to 1 GHz, iii) an EOR array from  0.1to 0.3 GHz using wideband
dipoles. Thesethree antennas sharea commondata transport, DSP, and computing infras-
tructure. The memosby Bunton and Bregman[1,2,3]discussoptimizing the antenna design
and receier systemsfor low frequencysurveys.

A secondtheme driving the SKA designis the high cost of data processing[4,5,6,7].
Cornwell, taking into accourt the e ect of non-coplanarbaselineq8], derivesa data process-
ing cost equation which scalesas N 2D32_, =D* which for an array with a constart total
collecting area, scalesas D 8 for an array of N antennaswith diameter D and maximum
baselineD .. Thesescalingrelations only apply to imaging the full eld of view at the
highest resolution. In many cases,the SKA will image regionslarger than =D at lower
resolution. For surveys the sensitivity of an array scalesas ND, rather than ND?, so for

constart survey sensitivity, the computing cost scalesasD °.

The array designand data processingissuesare strongly coupled. Antenna costscan
be reducedby using aperture arrays and FPA receiwers to provide a wide FOV for survey
science.Data processingcostscan be reducedby station beamforming. Ead level of beam
formation imprints its characteristicsand error patterns on SKA images. Sidelolesof sources
outside the regionsof interest confusethe images,and must be subtracted to achieve high
delit y. We haveto calibrate the instrumental responseto ead sourcein orderto subtract its
sidelokes. Calibration errors at ead level of beamformation increasethe coupling between
beamswhich in turn increaseshe computing cost.

Computing costs can be reducedif multiple beamscan be processedindependertly,
e ectively decouplingthe array responseacrossthe FOV [6,7]. Cornwell [7] analyzesthe
computing costswith v e levels of beamformation: antenna, FPA, station, correlator, and
array beams. For an array with both FPA and station beamforming, he nds that focal and
aperture plane beamforming are e ective in limiting the computing costsonly if focal plane
array and station calibration canbe performedindependerily of the full eld imaging. If the
coupling betweenbeamsis low, the computing cost for image formation is estimatedto be
$100M. If the coupling betweenbeamsis high, imagesmust be decorvolved over the full
FOV and computing costsare much higher [7]. The large discrepancybetweenBunton's [9]
total digital processingcost $30M, and Cornwell's $100Mis a direct result of attention to
image delit y.

In this memo we examine how the referencedesign can be optimized for survey sci-
ence, without seriously compromising targeted obsenations. The key is to nd the ap-
propriate aggregationof collecting area which achievesthe sciencegoalsand optimizesthe
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price/p erformanceof the total SKA from the sciencegoalsto the data products which as-
tronomerscan use.

2. Science Goals

We will take the Key ScienceRequiremerts Matrix [10]asthe basisfor the SKA science
goals. Three of the v e Key Scienceprojects include eight experimerts which require all-sky
or 1000 sq deg surweys. All are belov 2 GHz, with a useful range extending to 3 GHz.
Four pulsar surveysare in range1-2 GHz, the Dark Energy HI survey 0.5-1GHz, Evolution
of gasin galaxies0.2-1.4 GHz, the all sky 1 micro Jy surwey 1.4 GHz, and the EoR all
sky surwey of redshifted HI from z=19 to z=6 at 70-200MHz. The instantaneous FOV
required is 1-10sq deg, exceptthe Dark Energy HI survey which requires50 sq deg. The
maximum baselinegequiredrangefrom 1 to 200km. Four surveysrequire only the compact
corewithin 1-5km (Strong Fields using binary pulsarswith BH companions,pulsarsin the
Galactic plane and globular clusters, the Dark energyHI, and the EoR surveys). Two Key
Scienceprojects (Galaxy ewlution, Probing the Dark Ages)require animagedynamic range
10°. In summary survey sciencerequireslow frequency low resolution imageswith superb
imagequality. Emphasison the dynamic rangeis crucial if the SKA is to achieve the science
goals. HI surveyswith extendedHI emissionin spaceand frequencydepend on accurate
subtraction of cortinuum emissionto avoid being confusionlimited. Polarization surveys
require high polarization purity acrossthe FOV and bandwidth. In someof the Key Science
projects anincreasedFOV cano set reducedcollectingarea,but in othersthe full sensitivity
of the SKA is requiredin a limited FOV [11].

2.1. Pulsars

The pulsar KSP requiresthree steps: 1) The pulsar survey 2) a follow up program to
selectgood pulsars (either for timing or strong eld gravity) 3) timing obsenations.

Ead of thesestepshas quite di erent survey and technical requiremerts:

1) The pulsar survey usesrelatively little observingtime comparedwith follow up ob-
senations. While the e ciency is proportional to FOV, the total time is lessthan needed
for the follow up, sothis FOV requiremett is not a critical driver.

Noteson the surwvey: i) The survey hardware costsare proportional to the inversesquare
of the lling factor and for the pulsar survey this may be the most critical factor. Only the
core or incoherenn summation of stations can be used. ii) Sincelong dwell times can't be
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usedfor accelerationseartieswithout increasedprocessingcoststhere will be a penalty to
using a large FOV with too small A/T. iii) The full bandwidth is neededand it must be
possibleto conbine signalscoherenly over the full band. iv) There is no requiremen on
polarization purity for the survey. v) There areno di cult requiremerts on timing accuracy
for the survey. vi) Frequenciesbetween0.5 and 2 GHz are good for all surveys exceptthe
special caseof the Galactic Certre seart which needfrequenciesabove 10 GHz but will only
needto survey a small area, 1 sqgdeg.

2. The follow up timing to weedout the uninteresting pulsars.

This will be the most time consuming part of the survey so these requiremerts are
critical. Timing requires a stable average pro le and this can only be adieved after a
minimum of 1 min observing, so we can't freely exchange A/T for FOV. The survey
expectsto nd  12000pulsarsin 30000sq deg of sky sothere is 1 pulsar per 3 sqdegon
average, although this number will be much higher at low galactic latitudes. This means
any FOV large enoughto simultaneously time more than one pulsar will reducethe survey
follow up time linearly with the FOV aslong as FOV is greaterthan a few squaredegrees.
Clearly this critical number needsmore study by the pulsar simulation group and is on
the to do list. The current thinking is that the large FOV is CRITICAL and it's hard to
seehow it can be done without FOV much greaterthan 1 sq deg. Frequenciesof 1-2GHz
with large bandwidths are required. Polarization purity is not essetial for this phase,so
0 axis obsenations of multiple pulsarsin the FOV are not a problem. Timing hardware is
only neededfor a few phasedarray beamsso more than the array core can be used. Since
observingtimes for stronger pulsarsare setby the needto achieve stable pro les rather than
S/N, sub arrays will be bene cial in somecases.

3. Timing array (precision monitoring of "good" pulsars).

The density of good timing pulsarsis solow that there will be only onein any realizable,
cortiguous FOV. With an estimate maximum of 1000pulsarsin 30000sqdegwe have 1 per
30sgdeg. The requiremen for high frequenciesmakessud a big FOV unlikely. Sensitivity
is all important for this part, and the full SKA sensitivity is likely to be required for most
of the pulsars. The polarization and timing have to be free from systematic errors but all
obsenations canall be madeon axis. Frequencieswill be 1.5 GHz and above up to perhapsb5
GHz. Regularobsenations are required. Any Galactic Certre pulsarswill needfrequencies
greaterthan 10 GHz but they will likely all be in the main beam. In order to do the timing
we needat least arcsecpositions (otherwise we needa year of timing to sort the position
from the period derivative).
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2.2. HI surveys

Dark energyneedsto maximize the number of HI detectionsover an arealarge enough
to minimize cosmicvariance. This requiresthe highestpossibleFOV at full sensitivity. The
proposersarguethat 100squaredegreesare essetial, and this is requiredat the survey limit
- ie z=1.5, henceat 500 MHz.

Notes: i) The sensitivity requiremerts are reducedby distancesquaredfor closerobjects
sothe required FOV at higher frequencies(lower z) can be scaledby distancée. ii) The HlI
surveyscan freely trade A/T for FOV. iii) All the bandwidth from 0.5to 1.4 GHz could be
usedsimultaneouslybut this is not essetial asthe observingtime is dominatedby the highest
redshifts. The detailed requiremens should be modeledif this instantaneousbandwidth is
a problem. iv) The dynamic rangerequiredis setby the cortinuum subtraction for galaxies
with the HI emissionfrom individual objects con ned to a band of 50 MHz or less.

HI ewlution has similar requiremerts to the dark energyexperimert. Cosmicvariance
is no longer the limiting error so now while the large FOV s still very useful to increase
e ciency, it is not essehal. Detailed HI studiesof samplesof individual galaxiesat higher
angular resolution will alsobene t from large FOV, but again, it is not essetal.

The angular resolution requiremers have beenestimated by Elaine Sadler, basedon
the HIPASS surwey, asfollows:

i) Dark energydoesn't require separationof multiple cluster galaxiesin the beam, pro-
vided theseare not confusedby cortinuum subtraction. 40" correspndingto 340kpc at z =
1.5would be su cien t resolution. Hencethis KSP needsFQOV but only for the core(baseline

2km) ii) Evolution of the HI massfunction needs 10" at z = 1.5 (baselinesto 10km)
i) HI velocity elds of individual galaxiesneed 1" resolution (100km). This would not
be donein survey mode, but by looking at known galaxieswhich have su cient S/N. Hence
while a large FOV canimprove the e ciency of sud obsenations a small number of beams
within the FOV could cover the objects of interest, reducingthe bandwidth requiremen for
distant stations.

For spectral line surveys, confusionfrom cortinuum sourcescan be reducedif the spec-
tral line signature can be idertied and cortinuum emissioncan be subtracted. E.g. for
narrow line emissionsources.For rich clustersof galaxieswith overlapping broad line emis-
sion pro les, confusionfrom frequencydependen sideloke structure may limit the detec-
tion threshold. In the presenceof cortinuum emission,bandpasscalibration may limit the
dynamic range. Frequencydependen polarized sidelokes are also an important sourceof
confusionfor spectral line obsenations.
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2.3. Radio contin uum

Surveysto about 1 uJy over the wholesky will usethe maximum possibleFOV. Dynamic
range neededfor thesesurveyswill be somewhatlessthan 10’ neededfor the deepsurveys.
Surveys to the SKA ux limit for star forming galaxiesand AGN structure in the early
universeneedthe full sensitivity and dynamic range but a modest FOV would samplethe
areasof interest. Theseregionswill be limited by the FOV adievable with big telescosin
other wavebands,not by the SKA FOV.

VLBI obsenationsto the limiting ux over awide FOV will be neededfor somescience,
but the locations of sourcesin the FOV will be known in advance,so beamscan be formed
at the stations to reducecomnunication bandwidth.

Many cortinuum surveys depend on subtraction of badkground sources. CMB obser-
vations presem a good use casefor the SKA [33]. All baselinesof the SKA are useful for
detecting measuring discrete source confusion. With an A=T 2 10*m?K !, high reso-
lution continuum imagesare expected to have a thermal noise of about 50 nJy with 1 hr
integration at 10 GHz. There are about 100 sourcesper arcmin with ux density greater
than a 5 sigmadetection threshold 250 nJy [33]. Accurate sourcesubtraction dependson
good calibration of the instrumental antenna positions, instrumental and atmosphericgain
variation, and primary beam patterns in order to achieve the required level of badground
sourcesubtraction.

2.4. Polarization surveys

Seeral SKA projects require high polarization purity. The polarization properties of
the antennas and receiwers are an important consideration. Polarization purity is required
over the full FOV, and the instrumental polarization must be carefully measuredfor o axis
beams. Frequencyand polarization dependenceare coupledas a sourceof confusion. The
WENSS survey at 325 MHz shaows bright polarized emissionregionsat arcmin resolution
which extendsover 10's of degreeq15,16,17]. The power spectra and structure function of
Galactic polarized emissionat 325 MHz [18] shav that the instrumental polarization must
be measuredand calibrated over the whole FOV to avoid confusionwith an EOR spectral
line signature. Measuremets of the power spectrum of polarized di use Galactic emission
at 0.4 to 3 GHz suggestthat polarized Galactic emissionis unlikely to be a limitation to
polarization measuremets at the highest SKA frequencieq19].

For aperture arrays, or alt-azimuth mounted antennas, the beamand instrumental po-
larization pattern rotates on the sky. Confusionfrom cortinuum sourcesmoving through
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the polarized sideloke responseof the beam pattern may be a limiting sourceof noise. If
the instrumental polarization can be adequatelycalibrated over the beam, the e ciency is
directly proportional to FOV and FOV canbe traded for A=T. The dynamic rangeis set by
the polarizedfraction of the ux, not total ux. Frequencied).5to 4GHz are required. The
observinge ciency is proportional to the amourt of band simultaneously covered.

2.5. Conclusions

The FOV can often be traded for sensitivity but there is a limit to this for pulsar
searding. In somecaseqeg dark energy)a large FOV is required at full sensitivity sothere
is no room to trade. Sincethe FOV - sensitivity trade can be donein many casest will be
valuable to explorethesetrade o dependencies.The dynamic range requiremerts for the
surveysneedto be speci ed more carefully. It is not always necessaryto conbine the FOV
requiremens with other requiremerts suc asdynamic range, polarization parity, resolution.
In many cases.the intrinsic properties of the sourcescan be usedto reduceconfusion. A
more complexmatrix, and closerinteractions betweenthe astronomersand the engineerss
essefial to optimize the survey properties of the SKA.

3. Arra y Optimization

We usethe survey speedas a measureof the sensitivity of the SKA for surveying.
speed= FOV (A=T)2 BW |[|||lI(1)

For the LNSD-FPA ReferenceDesign,FOV  Npeams (=D )%, andA ND?, so,
speed= Npeams 2 (ND=T)> BW |[[[[[I(2)

whereNpeams 1S the number of beamsgeneratedat eat antenna, N is the number of an-
tennas,D is the antenna diameter, T the systemtemperature, and BW the bandwidth. For
most feeds,Npeams IS CONstart. For antennaswith phased-arrg feeds(PAF), the maximum
number of beamsis approximately proportional 1= 2. The survey speedis then indepen-
dent of , and proportional to the areaof the PAF in the LNSD-PAF design. The useful
bandwidth and number of beamsare de ned by the sciencetargets. Note the familiar ND
dependencefor obsenations of regionswhich are larger than the FOV of the antenna. In
practice, a conmbination of singlefeeds,multi-feed clusters,and PAFs may be neededto cover
the full frequencyrange of the SKA. For targeted obsenations of sourcessmaller than the
FOV of the primary antenna beam,the sensitivity reverts to
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(ND2=T)2  BW [I[llIIINE)

and the advantage of Npeams iS lost. A FPA satis es the instantaneousFOV requiremern
if the region obsened is smallerthan Nyeams (=D )?. For reference,a 5m antenna with a
singlefeedgivesa 50 sqdeginstantaneousFOV at 500 MHz.

We can break the cost into categoriescorrespnding to the major componerts of the
SKA: antennas, receiers, signal processing,and computing.

Antenna costsinclude the surfaceaperture, medanical systems,antenna drives,foun-
dations etc. The antenna costscalesasD?"* Y with indicesx andy typically in the range
0-1 up to somelimiting antenna diameter.

Receier systemsinclude feeds,LNA, cyrogenics,FPAs and phasingelectronics. The
cost is largely a function of the complexity of the receiver. Cyrogenicreceiwers lower the
systemtemperature at high frequenciesput are a major operational cost.

Signal processingincludes data transport, b er, trenches, digitizers, channelization
and the DSP hardware and software to bring the data from the antennasto the array beam
formers and correlators. The distribution of collecting area and the maximum baseline,
are de ned by the sciencerequiremens. The signal transport costs depend on the array
con guration. If the antennasare clusteredinto compact stations the data transport costs
are lower, but data processingcostsincreaseif the uv-coverageis inadequate.

Computing includescorrelator hardware and software, calibration and imageanalysis.
This includesthe cost of calibrating phasedarray receiwers, and calibration at every level of
beamformation. The cost of computing is strongly dependert on the antenna and receiwer
design,and array con guration.

Thesecost componerts are strongly coupled. We needto include the cost of obtaining
adequateimage quality. High sideloke levels and a high degreeof coupling betweenbeams,
drive decorvolution costshigher [7]. Seweral studies[e.g.12,13khaw that the decorvolution
quality is a strong function of uv-coverage. If we make all crosscorrelationsof N antennas,
the number of correlationsincreases N?2=2. Howewer the cost of data processingrequired
to obtain the requiredimage delit y dependson the sidelole levels, sothe overall computing
costmay be reducedby having better uv-coverage.In the following sectionswe analyzethis
in more detail.
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4. Antennas

The referencedesign has three di erent antenna componerts: i) an array of  10m
diameter antennas with focal plane phasedarray feedsfrom 0.3 to 3 GHz and wide band
single pixel feedsat higher frequenciesup to 25 GHz, ii) aperture array tiles for all sky
monitoring from 0.3to 1 GHz, iii) an EOR array from  0.1to 0.3 GHz using wideband
dipoles. The antennassene se\eral major functions: collectingarea,beamformation, sample
points acrossthe incident wavefrort, and anti-aliasing Iters suppressingthe responseto
unwanted emissionoutside the FOV.

4.1. collecting area and aperture e ciency

A large e ective collecting areais an essetial attribute of the SKA. Many of the SKA
Key Projectsrequirean A=T 2 10°m?K 1, whereA isthe e ective area. A high aperture
e ciency can compensatefor a smaller collecting area and vice-versa. Sincethe survey
speedscalesas ND andthe cost ND?"*, a LNSD array is clearly correct for survey
optimization. Using multiple apertures for low and high frequencydrives down the overall
cost of the telesco aperture [1,2,13]. The minimum antenna sizefor a prime focus system
iIs 10m(10 at 300MHz) for which the e ciency will still be quite limited for a traditional
feedsystem( 30%). A well-designedFPA systemmay do signi cantly better although this
requiresreal-life demonstration. Reading better aperture e ciencies in the 300-500MHz
rangemay require substartially larger apertureswheresinglehorn systemscanreadh  50%
and FPAs maybe 75%.

4.2. multiple apertures

The frequencyrangefor eat antennatype is an issue. LNSD is a good solution above

1 GHz, transitioning from aperture arrays to small dishes. If the cost and performance

of aperture arrays can meet the requiremens above 300MHz, then 1 GHz may bea

better placeto break betweenlow frequencyantenna arrays, and high frequency precision
antennaswith cooled receiers.

Low frequencyobsenations using an aperture array cantake place simultaneously with
high frequencyobsenations using precisionantennasif the data transport and DSP infras-
tructure are adequate.In practice, additional BW for a low frequencyexperimert is a small
incremert on the fractional BW at high frequencies,and is not limited by the b er and
DSP. Howewer, sincethe two experimerts require separatecalibration, signal processingand
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analysis,computing costsmay be the limiting factor.

4.3. beam formation

The primary beampattern of the antenna aperture and feedillumination modulatesthe
sky brightnessdistribution. Errors in the primary beamcalibration limit the dynamicrange.
Although it can be arguedthat using expensiwe, high precisionantennasfor low frequency
obsenations is a waste, primary beam and pointing errors dominate the image errors in
mosaic obsenations of large sources[14]. If the antennas are engineeredfor obsenations
at 25 GHz, then we will have more stable primary beam illumination patterns at lower
frequenciesand fewer parameterswhich must be determinedto calibrate the data.

4.4. aliasing, sidelob es and spillo ver

Other issuesin the antenna designare spillover and aperture blockage. The antenna
primary beampattern isour rst line of defenseagainstradiation from outsidethe FOV. The
sidelole structure of the primary beam pattern couplesthe responsefrom sourcesoutside
the eld of view and increasesonfusionnoise. For low resolution survey sciencg(EOR, HI),
spectral and time resolution requiremens do not allow much bandwidth or time averaging
[22]. Spillover past the re ecting surfacesincreasesthe systemtemperature, and picks up
stray radiation from RFI sourcesand radiation from other antennas. Noise power fron one
antenna bouncingo feedlegsand other structures into other nearby antennasgivesfalse,
time varying correlationswhich are not attenuated by switching patterns designedto reduce
crosstalk. Careful designof scattering surfaceson the antennas can reducethis problem.
An o set antenna designreducesthe aperture blockage, but costsmore and also increases
the minimum antenna separation- an important considerationfor mosaicing. An equatorial
mount keepsthe feedleg di raction pattern xed on sky for tracked obsenations, but also
costsmore to build.

5. Receivers

For somekey projects, FOV can be traded for sensitivity (e.g. pulsar surveys). In other
cases|e.g. pulsar timing, dark energy)the full sensitivity is required on axis, so increasing
the FOV at the costof reducedA=T decreaseshe capability of the SKA. Focal plane array
receiwers can provide multiple beamsfor surveying. Focal plane array receivers might be
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realized using a cluster of feeds(MFC) or with phasedarray receiwers (PAF) [34]. Horn
clustersmust be spacedby > sothat the horn is large enoughfor e cient illumination
of the aperture. The beamsdo not Nyquist samplethe sky and interleaved obsenations
must be obtained to fully samplethe the sky for surveying. Phasedarray receivers have
receptors spacedby < to avoid grating lobesin the beam pattern, where is at the
shortest wavelength. Beams are formed from the amplitude and phaseweighing of the
phasedarray receptorsand can fully samplethe sky. The number of receiwers required per
beam for a phasedarray receiver rangesfrom  2.4to 3.3 as the PAF gets smaller [37].
The systemtemperature for a PAF receiwers is likely to be higher than a cooled MFC at
L-band. Attractiv e advantages of phasedarray receiwers follow from the ability to cortrol
the complexweighting of the receptorsto correctfor o -axis aberrations, aperture blockage,
and aperture surfacedeformations. Sud correctionscomeat the costof accuratecalibration
of the complexgains of the phasedarray receiver elemeits.

5.1. Phased Array Receivers

Focal plane arrays have obvious scienceand engineeringappeal. They o er the advan-
tage of re-using expensiwe collecting areato provide a frequencyindepender, wide FOV.
The engineeringappeal hasled seweral groupsto embracethe FPA mantra. Yet, asCornwell
reminds us in \ TheBigGulp®[12], the beautifully engineeredsolution may not be the one
which enablesus to realize our sciencegoalsfor $1B.

FPAs are clearly a good strategy if onealready haslarge expensiwe antennas. A phased
array receiwer canalsobe usedto correctlarge scaleerrorsin the aperture surfaceat the cost
of additional calibration parametersand computational load. The choicefor the SKA is not
so clear. Using larger apertures with FPA receiwers transfersresourcedrom collecting area
into higher risk designand electronics,and reducesthe on-axis collecting areafor targeted
obsenations. When the instantaneous FOV required is lessthan Nbeams (=D )?, the
advantage of N beamsis lost. If the FOV is lessthan ( =D )?, the sensitivity revertsto ND?,
and the transfer of resourcedrom collecting areato FPA receivers compromisesnon-suney
science.

High aperture e ciencies can be obtained using phasearray receiers [34]. The Stein
e ciency relatesthe forward gainsand the crosscoupling betweenphasedarray beams[35,
36]. A high e ciency implies high coupling betweenbeams. Sideloles of one phasedarray
beamwill appear in the direction of another phasedarray beamat a level 1=N,.. where
N ec IS the number of receiver elemelts in the phasedarray receiver. This coupling between
beamsin di erent directions canbereducedby re-weighting the phasedarray, but this comes
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at the cost of reducing the forward gain, and higher sidelobesin other directions.

5.2. Risk, cost and RFI

It is often arguedthat Mooreslaw drivesdown the costof electronics,sowe shouldspend
lesson antennas, and more on electronics. The corollary is, howewer, electronicsbecome
obsolete,so it is better to investin antennas and infrastructure with longer lifetimes, and
to treat the receiwers as an upgrade path asthe SKA is built up. RFI generatedby high
speed digital electronicson the antennas must be carefully shielded. As much as 100 db
of isolation may be required to avoid correlated clock frequenciesand switching harmonics.
Alternativ ely, digital logic to support FPA receivers might be connectedby b erto multiple
layers of RFI securecagesaway from the receiver elemeits. This is not cheap.

6. Array Con guration

For survey researb we wish to compareimagesof the sky at di erent frequencies.The
quality of these comparisonsis often limited by the uv-coveragewhich can be greatly im-
proved by optimizing the antenna con guration. The array can be optimized for making
comparisonsin di erent frequencybandsby an antenna distribution which scaleswith fre-
quency so that similar uv-coverageis obtained over a wide range of frequencies. A sharp
transition from a certral coreinto a sparsedistribution of compactstations givesa frequency
dependert uv-coveragewhich is not optimum for comparingsurveysat di erent frequencies.
The frequencydependernt shortest uv-spacingsare also a problem; thesemust be lled in
with mosaicingand single dish obsenations.

Array cortrol, communications logistics and data transport for 1000'sof antennas dis-
tributed over 3000km are quite reasonablein the context of modern wideband networks.
The cost can be minimized with direct burial of b er bundles. The antennas can be dis-
tributed in a fractal network with the b ersbrandiing out to individual antennasfrom nodes.
The costofa b ernetwork isincreasecy having the antennasmorewidely distributed rather
than clusteredinto stations, but not by a large factor for a logarithmic distribution of an-
tennas. The costof a b er run to a cluster of antennas100km from the certral coreis not
very di erent for a cluster of diameter 100mor a few km if existing infrastructure is minimal
and land acquisition costsare low. At largerradii the antennascan be increasinglyclustered
sinceone expectsto provide uv-coverageby earth rotation when needed.Crosscorrelations
of individual antennasin the certral corewith antennasin a cluster at larger radii samplea
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broad swath of the uv-plane enabling better estimatesof the visibility function and its local
gradierts acrossthe uv-plane. For example,earth rotation syrthesis of correlationsbetween
the certral coreand individual antennasspacedby the corediameter could samplethe ertire
uv-plane with the density provided by the antennasin the core. Wideband data links are
a valuable assetfor nearby commnunities who can provide substarial public support for the
SKA. The incremenal cost of providing extra bandwidth for public useis small if remote
antenna clusters are appropriately located near rural population certers which can bene t
from the construction of the SKA and the widebandinfrastructure [20].

7. System Arc hitecture.

A hybrid systemusing beamformation and correlatorsprovidesa exible dewelopmert
path for imaginglarge elds of view. Phasedarray beamscanbe formedanywherein the sky
by addingthe voltagesin phasefrom all, or any subsetof antennas. The sidelobesstructure of
eat beamdependson the array geometry the sourcedirection, and the amplitude and phase
weighting of the signalsfrom ead antenna. Beam formation is appropriate for analyzing
signalsfrom discrete radio sourcessud as pulsars, SETI targets and RFI sources. Beam
formation allows usto channelthe collecting areaof large arrays of telescogsinto expensiwe
badk end analysisengines.Direct imaging using beamformation is appropriate for compact
sourcesput is currertly too expensiwe for imaging large elds.

Correlators provide a familiar and versatile medanism for integrating the data in the
uv domain. We have the advantage of over 40 years of dewelopmen for calibration and
imaging usinguv data. Large correlatorsare neededto correlate 1000'sof antennas,and the
high data rates are increasedby forming correlation functions. Beamformerscan be usedto
reducethe data rate into correlators. The time dependen calibration of beamformers may
be obtained using correlators.

7.1. Beam Formers

Beam formation is a powerful construct, but hasthe "problem" that it phasesup the
signalsfrom multiple receptorsand the original information of the wavefront propagation
to eat receptoris lost. Not quite lost, for it is possible,but expensiw, to recover someof
this information in postprocessing[7]. The problem is that the beamformerphasing varies
with time, frequency and direction in the sky. We phaseup the beamformerin the desired
direction, but the responseis to sourcesover the whole sky. In order to subtract a strong
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sourcein the sideloleswe needto know the calibration in that direction.

The surwey sciencerequiremerts for this calibration are speci ed by the dynamic range
required to avoid being confusion limited. The dynamic range requiremens are greatly
reducedwhen the intrinsic properties of the sources.e.g. time (pulsars), frequency(narrow
lines) or compact size, allow discrimination against confusing sources. For HI from rich
clusters, and EOR, the statistical properties of wide line emissionmay help discriminate
against confusionfrom cortinuum sourcesin time and frequencydependern sidelokes. This
desenresfurther study.

Thompson [29] estimatesthe dynamic rangerequiremen for cortinuum emissionto be
10° 7 for confusionfrom a 100 mJy sourcewithin a 1 sqdegFOV at 1.4 GHz. Howeer,
100 Jy sourcesin 10 2 sidelokes and 10 Jy sourcesin 1% sidelokes of the beam give a
comparableconfusionlevel. Errors in the calibration of beam formersin the direction of
eah sourcecreate sidelokes which will raise the noise o or. The dynamic range can be
estimatedfrom the amplitude and phaseerrorsin the beamformer calibration. For random
errors,the dynamicrange N=, whereN is the number of antennasin a station beamor the
number of receptorsin a focal plane array receiver beam,and is the error at eat antenna
or receptor. Thus, we rely on the sidelobe suppressiorand calibration of beamformation to
achieve the dynamic range required. Cornwell lists v e levels of beam formation: - optical,
FPA, station, array, and bandwidth/time averaging. We must calibrate eat level of beam
formation. Errors in thesecalibrations increasethe coupling betweenbeamswhich throws
an extra burden on the data processing7].

For RF beamformersin aperture array tiles there is no calibration at all. In a station
made from a set of sud tiles we needstation calibration to nd the electronic gains that
needto be correctedwith an appropriate weight in the digital beam former. Once all the
tile signalsare addedto provide a station beamthe e ect of a wrong weight of a tile in a
station is an error in the correlationsmade betweenstations. The sameis true for the beam
former in a PAF; the signalsfrom 20 receptorelemeits in FPA receiver can be combined
to form multiple beamsin di erent directions. The signalsfrom thesebeam are correlated
with the corresppnding beamsfrom other telescoges. A wrong weight in a PAF beamformer
is an error in the correlations made between PAF beams. The subsequenh modeling in self-
calibration could include someparametersto correct for the actual shape of the station and
PAF beams. A completeparametrization could include all the weights for the correspnding
elemerts of an aperture array or FPA receiwver. As we go for higher degreesof di cult y sud
asshapingthe edgeillumination to minimize far out sidelokesor null steeringfor interferers
we may needfurther information.

It is preferableto make calibration in closeto real time to reducecostand data handling
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in 0 -line data processing.This implies measuremets with su cient parametersand SNR
to make the calibration with the accuracy and on the time scalesrequired. We must design
systemsand observing strategiesto do this. Somesort of hierarchical calibration may be
possible. Correlation of individual receptorswith a phasedup signal may be neededto
obtain su cient SNR on the time scalesrequired. A phasedup signal for somesubsetof
the array could be routed badk to ead array antennato provide a reference.A correlator or
other DSP is then required at eat array antenna to derive this calibration. RFI from DSP
hardware at the antenna must be extremely well shielded.

Alternativ ely the correlation can be part of certralized real time calibration hardware,
on a time and computing resourcesharedbasis. The data bandwidth from ead station is
similar if Nyeams areformedfrom N phasedarray receiversor from N antennasat the station,
or in certralized (well shielded)DSP and computing nodes. E.g. seethe beamformer in Fig
1, ref [22]. The time resolution required for the calibration variesfrom slow antenna surface
deformationsto fast, 1{10 secatmosphericphase uctuations.

Beam formers can provide somesuppressionof interfering sourceg32]. Complex gains
are applied to the elemens of the beamformer (station antennas,or PAF receptors)to form
nulls in the directions of interfering sources.Multiple nulls can be placedto form extended
nulls or to attenuate widely separatedRFI or confusingsources.Calibration errors degrade
the null, and gainsmay needto be updated on 100 ms time scales.The SNR at the phase
certer is a function of the number of nulls and the number of elemetts in the beamformer.
(Seeg 14in ref[32]). The SNR  1- Npy1s=(2Nants  Npuis  2).

For the highest dynamic range the calibration implicit in beamformingwith FPA or
station beamsmust beredonein the data analysis,and leadsto alargeincreasein computing
costs. Closing the calibration loop at the end of the data reduction (i.e. full selfcalibration)
would probably needto be doneonly in cortinuum or for a small number of averagedchannels
sothe load would be substartially lessthan that to make the imagesfor the separatechannels
[30]. A key question here is whether we can nd someway to quickly image using time
variable primary beams. Making correctionsin the gridding is oneway [31].

7.2. Correlators

Crosscorrelation of all antennas provides the most complete sampling of the incident
wavefront and allows imaging the full eld of view of the individual antennas. Current
technology allows construction of GHz bandwidth correlatorsfor arrays of 1000'sof antennas
at a cost of a few percent of the SKA [38]. Extrapolation of existing radio astronony



{164

correlatorssuggestghat a 4000antenna, 1 GHz bandwidth correlator is reasonableby 2020
[41]. The current plan is to correlate the inner 2000antennas, and to correlate phased
stations at longerbaselines.The large correlator neededto correlate 1000'sof antennas,and
the high data rates are both seenas problems.

The early fearsthat correlation of all antennaswasnot achievable are no longera major
concern. Recer dewelopmerts have solved the N 2 and connectivity problemsfor correlators
of large-N arrays [39, 40, 27]. In cortrast, the strawman designwhich clustersthe antennas
into stations with correlations betweenthe stations of phasedantennas preseis signi cant
problems:

1. The Fourier plane is lesswell sampledleadingto an increasedsideloke level in the
syrthesizedarray beams. A high sideloke level increaseshe data processingrequired by a
factor Nga, the number of antennasper station [4].

2. Station beamsform the primary beam pattern for the array beams. The station
beam has a sideloke level 1/Ng,. Moreover the station beamwill be di erent for eath
station, depending on the antenna con guration and weighting, and will be time variable
dueto projection geometry interferencemitigation, antenna failures and calibration errors.

Thus, correlationsbetweenstations of phasedantennasdegradedoth the primary beam,
and the synthesizedarray beam. For an SKA with  4000antennas, a compromisewould
be 64stationsead with 64 antennasgiving a sidelole level 1.6%in both station and
array beams. It is not clearif a dynamic range 10° or an image delit y 10* can be obtained
from sud array con gurations. An alternative model where the signalsfrom all antennas
are correlated, is now possible[20].

Correlators can also be usedto calibrate array receiwers and station beams. We have a
great deal of experienceand successneasuringcrosscorrelationsand using selfcalibration of
array beams. As the cost of correlators has comedown and the techniquesof building large
N correlators have beensolwed, this appearsto provide a good solution for the SKA.

We don't have to crosscorrelate all of the receptorsall of the time, but we do have to
calibrate the wavefrort into station beamsand FPA's and this calibration varieswith time,
frequency and direction in the sky. More correlatedantennas, meansmore parametersfrom
which we can better determinethe calibration, and better imaging properties.
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8. Calibration

Over a wide eld of view the atmosphericcalibration will vary due to non isoplanicity.

For the shorter baselinesin the SKA Key survey projects, all antennasare looking through
the sameionosphere,but with a position dependert calibration [23]. Longer baselinesmay
be larger than the scaleof ionospheric uctuations sothat phaseslopesvary acrossthe array.
The array canthen be calibrated using a grid of known sourcesto measurethe ionospheric
phaseas a function of position in the sky using sub-arrays which are smallerthan the scale
of ionospheric uctuations. For a densearray of small diameter antennas, sub-arrays can be
de ned and adjustedto measurethe phasefor ead isoplanatic patch acrossthe ertire array
[24].

At certimeter wavelengths,atmospheric uctuations are expectedto be dominated by
troposphericwater vapor. Refractive index uctuations inferred from interferometer phase
measuremets have beenobsened with sizesfrom 1 m to 20 km, and times scalesfrom 1sto
seweral hours. The measuredphase uctuations have a median RMS path length 1 mm
on a 1 km baselineand a baselinedependence 0.67in agreemeh with a Kolmogorov 2D
structure function. Water vapor uctuations have large seasonabnd diurnal variations [25,
26].

An a-priori model of the sky brightnessdistribution is usedfor calibration and imaging.
The model visibility is calculated as

Vj;ok=exp(2 i= rsg) (I A B P G expi= ri(s o),

wherel (s; ;p) is the model image,A(s; ;p) is the illumination pattern (aka. primary
beamresponse),B( ) is the instrumental bandpass,P(s; ;p) is the polarization calibration,
and G(time; sp) isthe gain. r = (r; r) is the baselinevector betweenantennas(i,j), ands,
, and p are the position, frequencyand polarization. s, is the phasecerter for ead region
of interest.

Eadh of the calibrations, A; B; P, and G are complex valued functions, which can be
decompmsedinto antennadependert componerts. The primary beamresponseis the product
of the antenna voltage patterns for ead correlation and will modulate the phaseaswell as
the amplitude of sourcesaway from the pointing certer. For a phasedarray station beam,
atmospheric uctuations make the complex valued station beamtime variable. Even for a
cleanvoltage pattern with low level sidelokes from a single antenna, the complex sideloke
pattern will vary with time due to pointing errors, which causea time varying illumination
which can be calibrated during imaging [28].

One approadt to theseproblemsis to separatelycalibrate the data for multiple phase
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certers [22]. We can identify regionswhich have bright emissionfrom a-priori imagesof
the sky brightness, and usethem to calibrate the data. The calibration can be improved
by deweloping a global model of the calibration acrossthe array as a function of time and
frequency Obsenations in multiple frequencybandscan be usedto separatethe gainsinto
troposphericand ionosphericdelays. The data streamsmust be delayed by a calibration
interval sothat the gainscan be averagedand interpolated beforebeing applied to the data
stream.

Sidelokes of sourcesoutside the regions of interest confusethe images,and must be
subtracted to achieve high image delit y. In order to subtract the a-priori model from the
uv data stream we must determinethe instrumental responseacrossthe sky. Decorvolution
of wide eld SKA obsenations is vastly more complexthan a simple CLEAN, and is a major
expensein the computation.

For high dynamic range obsenations, the calibration of the individual antennaswithin
a station beam must be re-donein the decorvolution. We must take apart the station
beam and recalibrate using selfcalibration to determine the propagation of the wavefrort
to individual antennas. Similar argumeris apply to FPA beams. Each FPA beam has a
di erent polarization, time and frequencyrespnsewhich can best be determined from the
obsenations themseles.

9. Computing and Data Pro cessing Mo del.
9.1. Stream Data Pro cessing

Surwey researb is ideally suited to a stream data processingmodel, where calibration
and imaging are implemerted in closeto real time in order to reducethe burden of expert
data reduction on the end user,and to make bestuseof both telescop and human resources.
Delayed calibration and analysisof the data limit the sciencewhich can be done. Variable
sources,targets of opportunity, and RFI are more easily handled as the data are being
acquired.

Data processingposessigni cant problems for arrays of 1000's of antennas. In the
current data processingparadigm, digital signal processingis performedin on-line, custom
designedcorrelator hardware. The correlationsand calibration data are written to datasets
and transferredto o -line computerswherethe calibrations are applied and imagesare made
using data reduction packages. There is a severe mismatch betweenthe data ratesin the on-
line correlator hardware and those supported by the o -line processingwhich can typically
handle only a few percen of the data rates large correlators are capableof producing. This
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can be resohed by integrating the calibration and imaging into the data acquisition process
[21,22].

At decimeterwavelengthsthere are problemswith non coplanararray geometryand non
isoplanicity of the atmosphere.The whole eld of view must be imagedin order to remove
the sidelokesof all the sourceswithin primary beampattern of the antenna, and a 2D FFT
cannot be usedwith a large FOV. For high dynamic rangewe must subtract emissionin the
sidelobesof the primary beampattern, which may have poorly determinedand time variable
calibration. O -line data processingneededto decorvolve the sidelobesof sourcesn a large
eld usingthe current algorithms is very expensiwe.

9.2. Data Rates.

The total data bandwidth from the antennasis
4 1012 (N=1000) (N p01=2) (Npeams) (B=GHz) (Npis=8) bytes/s

The input bandwidth must be channelized,to provide spectral resolution, to facilitate
interferencerejection, and to reduce bandwidth smearing. The scienceand RFI require-
merts for a large number of frequencychannelsfavor an FX architecture for the correlators.
Excellert separationof frequencychannelscan be obtained using a polyphase lter.

After the frequencytransform, the data bandwidth may be reducedby sampling the
narrow band channelswith fewer bits and by selectingappropriate bits in ead frequency
channel. RFI can be characterized using post correlation techniques. After the frequency
transform, the data can be processedn parallel, reducing the data rate in eat frequency
channel by a factor Nchan [22].

The choice of bit width is heavily in uenced by the RFI ervironment, local expertize,
and available hardware. 16-bits may be the best choice with a high RFI ervironmernt and
an IBM super computor, but may not be the best choice for the SKA in a low RFI with
customdesignedhardware. A polyphase Iter providesan excelleth way to isolate RFI into
well de ned narrow frequencychannels. The costof a polyphase Iter scalesas Naps (Which
de nes how sharp the lter edgesare), and 10g(Nchan), the number of frequencychannels.
The X-correlation cost scalesas (Npis  Nans )2, SO we can trade the number of correlated

antennas with the number of bits if we reducethe dynamic range by using well de ned
narrow channels.

Samplingthe correlator at the fringe rate allows us to make imagesover a wide eld of
view, including targets of interest, calibration sources,and sourceswhosesidelokes confuse
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the regionsof interest. In order to correlate the signalsfrom a siderial sourceanywherein
the entire sky, the data bandwidth from the correlator is:

N(N + 1)=2 Npoi  Nbeams Nchan  Npiis 2 sdot Dpyax=
where sdot is the earth rotation rate, 7:27 10 ° radian/s.

e.g. for N = 1000,N¢pan = 1CP, Npoi = 4, Npeams = 1, Dmax = 100km, = 10cm, and
Npis = 2 16 (complexdata), the total data bandwidth 10 bytes/s. The data rate can
be greatly reducedwith more appropriate integration and sampling.

9.3. Integration at Multiple Phase Centers

For the SKA, with 12 m diameterantennasat = 10cm, the primary beamFWHM s
only 0.5deg,and mosaicsat multiple pointings, array receiwers, or on-the y mappingare
requiredto imagelargerregions. We canform simultaneousimagesin multiple regionswithin
the eld of view by integrating the output from the correlators at multiple phasecerters.
The data streamfrom ead correlator is multiplied by phasefactors, exp(2 i= r:s,), where
r = (rj ry) is the baselinevector, and s, is the phasecerter in ead region of interest.
Within a restricted eld of view, the required samplerate is reducedto the range of fringe
rates within the FOV. The data bandwidth for imaging the full primary beamFWHM is:

N (N 1):2 N pol N beams N chan N bits 2sdot D max :Dant

e.g. for N = 1000,N¢nan = 10, Npoi = 4, Npeams = 1, Dane = 12m, and Npis = 2 16
(complex data), the total data bandwidth 10'? bytes/s for 100 km baselines. The data
rate per frequencychannel 10 Mbytes/s, is within the capabilities of a modern PC for
calibration and imaging [22].

10. Imaging

The imaging processs a forwards derivation of the sky brightnessdistribution, followed
by a backwards decorvolution using the best model of the sky. This is an iterative process
sothe imageformation doesnot have to imagethe whole region of interest, and indeedcan
not do sowhenthe calibration variesacrossthe sky. The larger computational burden s in
the decorvolution process. Imaging quality is optimized by maximizing the sampling and
quality of the data, and minimizing the instrumental parameterswhich must be determined.

Images can be made simultaneously for multiple regionswithin the eld of view by
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integrating the output from the correlatorsat multiple phasecerters certered on targets of
interest, calibration sourcesand sourcesvhosesidelotesconfusethe regionsof interest. The
regionsimagedare usedto update and improve the a-priori model, which becomeghe nal
calibrated imageby the time the obsenations are complete.

Imagesin dierent frequency channels can be processedin parallel in a distributed
architecture. The imagesare formed from the calibrated uv data streamsfrom which an
a-priori source model has been subtracted, and are therefore di erence imagesfrom the
model image. Thesedi erence imagescan be usedto update the model. As the obsenations
proceed, both the model image and the calibration are improved. The processcornverges
whenthe di erence imagesapproad the noiselevel and the model imageis consisten with
the uv data streams. Indeed, this criteria could be usedto de ne whenthe obsenations are
complete. Variable sourcesare detectedas intermittent sourceswhich are inconsistert with
the currert model. We shouldalsoaccunulate a 2 imageto help idertify pixels wherethere
are time variable sourcesor RFI.

We view imaging as a dynamic processwhich can be guided in real time by obseners
inspecting the corvergenceof the model image and the 2 image. As the obsenations
proceed,the phasecerters can be moved to image regionswhere more data are neededto
de ne the sciencegoals, either regions of interest, sourcesof confusing sidelokes, or new
sourceswhich are discovered in the imaging process. Isoplanatic patches may vary during
the obsenations requiring di erent phasecerters to adequately determine the calibration
acrossthe FOV. The SKA will be capableof producing data at an astonishingrate. We
must include data processingfor handling the data and making imagesin closeto real time
in order to keepup with the data rate. Full imageprocessingmay not be neededfor all the
data, but it will be important to produce imageswhich can be easily compared(overlayed,
cross-correlated)with imagesat other wavelengths. Theseimagesmust be readily available
to the investigators. Fast inspection of SKA imageswill enablebetter stheduling of future
obsenations.

11. Operational Mo del for SKA surveys

Operational expenses, 10% of the capital cost, are the sameas annual construction
costsif the SKA is built over 10 years. The long term viability of the SKA will depend on
low operational costs,including maintenanceand energy Complexelectronics,and cyrogenic
receierson telescosare to be avoided where possible.
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11.1. Data Transport and Distribution

The data for ead antenna can be digitized and padketized, and sert to the array pro-
cessingcerters. The data in eat padket are uniquely identi ed sothat they can be routed
to distributed, asyndironous data processingengineswithout ancillary information. The
data padkets should cortain the metadata neededto calibrate and make imagesfor multiple
regions. Commercialrouters can be usedto distribute the data to beamformersand correla-
tors. There may be multiple routersin the systemto allocate and reusethe hardware for IF
processorspeamformers, correlators, and integrators in di erent projects. Flexible routing
alsoallows the data processinghardware to be upgraded,repaired, and reprogrammedwith
minimum interruption to array operations.

There shouldbe alargearchive to allow interpolation of calibration data, and re-analysis
of stored data, e.g. when a transiert ewen is detected.

11.2. Observing Mo des

Calibration and imaging are interdependeri. Our obsenations determine both the sky
brightnessdistribution and the calibration. The image quality is optimized by minimizing
the number of calibration parameterswhich must be determinedfrom the obsenations.

For all-sky surveys,in many caseswe can obtain the data by allowing the sky to rotate
through beam patterns which are xed w.r.t. ground radiation and ground-basedRFI.
Antenna pointing errors, and sideloke patterns require fewer parameters,and are more easily
decorvolved from the data.

A singledish observingmode is alsorequiredfor obsenations of extendedemission.The
minimum uv-spacingsampledby the array is limited by the dish diameter. Smaller spatial
frequenciesmust be obtained from mosaicand single dish obsenations.

11.3. Data Pro cessing

O -line data processings time consumingand requiresa level of expertize which many
astronomersdo not warnt to learnin orderto do their scienceusingradio telescogs. Delayed
calibration and analysis of the data also limit the sciencewhich can be done. Variable
sources,targets of opportunity, and RFI are more easily handled as the data are being
acquired. The large-N designfor the SKA doesnot t well with of the current paradigm
using custom designedcorrelator hardware and o -line data reduction.
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The mismatd between the data rates in the on-line correlator hardware and those
supported by o -line processings resoled by integrating the calibration and imaging with
the data acquisition process. Calibration and imaging can be handled with the real time
feedba& of the antenna gains neededfor beamformersand RFI suppression22].

12. Image Fidelit y, Dynamic range, Mosaicing and FPA receivers.

Imagequality is speci ed in the requiremerns matrix asa dynamic range;the noiselevel
away from strong sources.The dynamic rangeis relevant in specifying the residual sidelobes
level after calibration and decorvolution. Note inclusion of calibration in this de nition;
calibration errors and inadequateuv-coveragelimit the dynamic range. On-sourcenoiseis
usually speci ed by an image delit y, which is particularly relevant to survey sciencewhich
relieson accurateimagesof extendedemission. The dynamic rangeis a function of distance
from strong sourceswith image delit y asa limiting caseof noisewithin an image of bright
emissionand/or absorption.

The casefor mosaicingwith a homogeneousrray well is studied [14]. Image delity is
seerely limited by antenna pointing (illumination pattern errors), focusand aperture errors
(phasingand atmosphericerrors for phasedarray antennas). Stringent pointing and surface
accuracyspeci cations for ALMA antennasare requiredto obtain animage delity  1000.
These considerationare also relevant for imaging extended structures with the SKA. The
SKA dynamic rangespeci cation shouldre ect the dependenceon angularscaleand distance
from bright sources.

The image delit y is strongly dependert on the quality of the single dish obsenations,
and it is perhapsherethat FPA receivers will play their best role, enabling accurate cali-
bration of the pointing and illumination patterns for single dish obsenations with multiple
telescomsto decoupleatmosphericvariations from the radio brightnessdistribution.

An FPA allows simultaneous mosaicingwith multiple beams,but these must be cali-
brated and combined, and time multiplexed for more extendedareasif the FPA does not
Nyquist samplethe instantaneousFOV. An FPA speedsup mosaicingbut a large FOV still
requiresstitching together multiple beams. We needto crosscalibrate the di erent beams.
This is an additional level of calibration and imaging complexity comparedwith obsenations
with the samebeam.

Imagequality is e ected by ewery level of beamformation. If the on-line beamformation
cannot be adequatelycalibrated, then the beamformation must e ectively be redoneusing
expensiwe post processing. (Cornwell's coupled case[7]). For example,a phasedarray of



{ 24{

dipole antennaswith 50% grating sidelokes must be calibrated 50 times as well as a single
dish with 1% sidelokes. A well designedSD and medanical systemhasmuch to recommend
it for high delit y obsenations. It is a good anti-aliasing lter which suppressesidelokes
and decouplesmagesfor ead pointing certer.

13. Conclusions

In this study we examinethe scienceand engineeringissuesinvolved in optimizing the
SKA for survey science.

Surwey sciencaequireslow frequency low resolutionimageswith superb imagequality,
which imposesstringent requiremerts on the calibration and sideloke levels at ewery stage
of beamformation.

The costof data processings very dependert on the antenna system,calibration, and
sciencerequiremens. The optimal designof the SKA must considerthe overall systemfrom
the sciencegoalsto the data products.

The cost of the SKA is dominated by four major componerts: antennas, receiers,
signalprocessingand computing. Eadh hasstrong interdependenciesand must be optimized
in the corntext of the overall scienceand engineeringgoals.

Closerinteractions betweenthe astronomersand the engineerss essetial to optimize
the survey properties of the SKA. In somecasesFOV can be traded for sensitivity but in
many casesa large FOV is required at full sensitivity sothere is no room to trade.

SKA surweysareall-sky imaging, and for the highestdynamic rangewill requireall-sky
calibration from a global model of the sky brightnessand instrumental transfer function.

The large frequencyrange, from 0.1 to 25 GHz requiresmultiple telescom apertures
to provide cost e ective large apertures at low frequencies,and precisionantennasat high
frequencies. LNSD is a good solution above 1 GHz transitioning from aperture arrays
to small disheswith cooled receivers. Whilst a single dish provides good attenuation of
emissionoutside its FOV, an aperture or dipole array haslarge, frequencyand polarization
dependen, sidelokeswhich couplebeamsacrossthe sky.

FPA receiwers provide multiple beamsto reusethe telescog aperture aperture and
give a wider eld of view, but transfer resourcesfrom collecting areato electronicswhich
have short lifetime and higher replacemetimain tenancecosts.

Array antennas, station beam formers and FPAs require careful calibration for high
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dynamic rangeobsenations. For the highestdynamic rangethe calibration implicit in beam-
forming with FPA or station beamsmust be redonein the data analysis,which leadsto a
large increasein computing costs.

The LNSD designmaximizesN D for survey science.A LNSD array with single pixel
recei\ers also maximizesthe collecting areaN D? for targeted obsenations. The instanta-
neousFOV requirement can be e ciently met above 1 GHz by using a large number of
small, 5m, diameter antennas. Building a smallernumber of larger antennasis not sut a
good solution sincesourcedarger than the primary beanwidth must be mosaicedihe image
delit y is degradedby pointing errors and by the sparseuv coverage.

Sourcesof non thermal noisemay limit the capabilities of the SKA. For high dynamic
range, sidelokes of sourcesoutside the regionsof interest must be subtracted or the SKA
will be confusionlimited. In order to achieve the sensitivity and image delit y goals, the
calibration must match the thermal noise.

Calibration and imaging are intimately related. We usea model of the sky brightness
distribution to determine the instrumental and atmosphericcalibrations. A model is used
to subtract sidelobes from sourcesoutside the regionsof interest. The calibration varies
acrossthe sky due to uncertainties and time variations in the primary beam, instrumental
polarization and non-isoplanicity. We must measurethe gain variations in the directions of
sourceswhosesidelolescorrupt the regionsof interest. The calibration can be improved by
using a global model of the sky brightnessand gains.

RFI is a seriousproblem. Self generatedRFI from high speeddigital electronicson
the antennas must be carefully shielded. RFI and time variable sourcesmust be identi ed
and measuredso they can be correctly separatedand subtracted from the uv data.

Extrap olating the existing decorvolution algorithmsfor o -line data processingf large
elds of view is very expensiwe for alarge N array. There is a se\ere mismatch betweenthe
data ratesin the on-line correlator hardware and those supported by the o -line processing.
These problems can be resolhed by integrating the calibration and imaging into the data

acquisition process
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