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1. Intr oduction

This document complements the Whitepaper for the Large-N-Small-D Concept for the
SquareKilometer Array, submitted by the USSKA Consortium to the International SKA
Steering Committee in June 2002. We refer to the original whitepaper as WP2002. In
sectionx2 we summarizechangesto the conceptthat we have identi�ed over the last year.
Theselargely consistof enhancements in the capabilitiesof the LNSD conceptin order that
it better enableparticular sciencegoals. In x3 we respond to speci�c questionsposedby the
EMT on variousaspectsof the LNSD concept. x4 outlines implications for site requirements
given the LNSD concept. x5 addresseshow the LNSD conceptcomplieswith the 18 science
areasthat have beenposedastop-level goalsby the ISAC. Wediscusseach scienceareaindi-
vidually and we discussat length particular technical issuesin the context of sciencegoals.
Our main conclusionsin this section are summarizedin our own rescoringof the LNSD
concept that take into account details about observational modesand the advancement of
the conceptsummarizedin x2. A brief summary is contained in x6.

Particular highlights of the LNSD concept that we emphasizethroughout the document
include:

� The LNSD conceptis particularly 
exible and canbe optimized for thosesciencegoals
that emergeas key over the remainder of this decade. The 
exibilit y includes the
particular con�guration adopted and also the possibility of extending the frequency
coverageoutside the formal rangeof 0.15 to 22 GHz.

� The 12m antennascan be extendedto frequencieswell above 22 GHz. Sciencegoals
emphasizethe needto go to at least 25 GHz.

� The 12m antennascan be usedto frequenciesas low as 100MHz.

� If alternative low-frequencyreceptorsare desired, they can be sited so as to exploit
much of the infrastructure in placefor the dishesof the LNSD concept.

� Signalsfrom individual antennas(rather than signalsfrom stations of phasedanten-
nas)canbebrought to the central processingsite, at leastfor antennasout to a certain
maximum distancefrom the array center. Enormousscienti�c capabilities ensuefrom
this capability for wide-�eld polarization work and blind surveys.
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2. Summary of Changes to the Lar ge-N-Small-D (LNSD)
Concept

The LNSD concepthasnot changedin any fundamental aspect sincethe submissionof our
2002Whitepaper to the ISSC. Over the last year, however, we have explored the inherent

exibilit y of the conceptwith respect to placement and connectivity of antennas and fre-
quencycoveragein order to addressthe speci�cations required by particular scienceareas.
E�orts in the US have also centered on manufacturing of antennas in cost-e�ective ways
and consideringoptions for antenna optics and feedsthat optimize Ae=Tsys. We now discuss
someof theseissuesin turn.

Con�guration and Connectivit y: The LNSD concepthasgreat 
exibilit y in addressing
particular scienti�c needsby virtue of the large N. Low-surfacebrightnesssensitivity is a
concernto many SKA scienceareas. In the LNSD concept, the preliminary con�guration
chosen| onethat is scale-freewith a particular slope in the distribution of collecting area
vs. baseline| can be altered to accomodate the demandsof particular scienceareasas
they evolve prior to the construction phasefor the SKA. At the sametime, a scale-free
con�guration implies that a wide rangeof scienceapplicationscan be satis�ed owing to the
fact that essentially all baselinesare covered in the design.

Blind surveysfor objects anywherewithin the �eld of view (FOV) (currently speci�ed to be
1 deg2 at 1 GHz) require the abilit y to imagethe entire primary beamof the 12m antennas.
Rapidly varying objects, such aspulsarsand sometransient sources,thus require imagingof
the FOV on time scalesas short as 64 � s, for example,followed by analysisof appropriate
time seriesfor each of a large number of pixels. This capability requires processingof
signals from individual antennas, which will be possibleonly for a fraction of the overall
collecting area, namely that in an inner `core' array. The core array is not a physically
de�ned subarray, since the overall con�guration is scalefree. Rather, it is de�ned as the
maximum sizeon which signalsfrom individual antennascan be transported by �b er and
processed.At present we do not know what the sizeof the corearray will be becausedata
transmissionand digital processingcapabilities more than a decadefrom now will de�ne it.
However, we estimate that the core will represent at least 25%and more likely 50%of the
total Ae=Tsys, corresponding in the current con�guration (i.e. as in WP2002) to the inner
� 1 km to � 35 km of the array. The con�guration is amenableto alteration, of course,
accordingto scienti�c drivers, so thesenumbers could change.

An tennas, Feeds and Optics: In WP2002 we proposed12-m o�set paraboloids with
Gregorianoptics for high frequenciesand a prime-focussystemfor low frequencies.We are
now investigating design tradeo�s for theseparaboloids as well as consideringsymmetric
antennas and optics. The choice of antenna and feed design is closelycoupled with opti-
mization of Ae=Tsys. A more detailed discussionof the issuesmay be found in Appendix A,
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which includesa quantitativ e comparisonin Table A.2. The feeddesignis the linchpin of
the optimization of Ae=Tsys becausespillover becomesimportant for the prime focus feed
while it is less important at the Gregorian focus. A potential remedy is placement of a
skirt or shroud around the primary antennas. Additionally , dewar shieldsand feedshrouds
may be neededto achieve the speci�ed Ae=Tsys. O�set paraboloids have approximately
a 30% cost premium over symmetric antennas for a given area and for operations above
22 GHz. Real-world characterization of the two kinds of antennas with associated feeds
will take place through development of the Allen Telescope Array (o�set paraboloids) and
through 6-and-12msymmetric antennas constructed for the NASA Deep SpaceNetwork
prototype arrays. Progressreports on the ATA and DSN projects are given in Appendices
B and C, respectively. Another optimization issueconcernswherethe `split' will occur for
frequencycoveragewith the low-frequency, prime-focussystemand the midrangeGregorian
system. From an engineeringonly standpoint, 1.2 GHz is a suitable split frequencywhereas
observations of redshifted HI suggest0.5 GHz. This issueis in needof further study.

Direct Pro cessing of An tenna Signals vs. Station Signals: Full �eld-of-view sam-
pling, for both imaging and non-imagingapplications, is challengingbecausethe proposed
baselinesextend to thousandsof kilometers, desiredbandwidths are large, and the FOV is
large(� 1 deg2 at 1 GHz), implying very largedata and data processingrates. Nonetheless,
the scienti�c demand exists for working with individual antennas rather than stations of
antennas.

The USSKA Consortium is currently looking at the technical requirements for full-FOV
mapping, which includes actual imaging and blind-survey applications, such as pulsar
searcheswhereFourier analysiswould be doneon the intensity dynamic spectrum for each
beam. The processingrequirements are su�cien tly formidable that the questionboils down
to de�ning the fraction of the entire SKA that can be processedin this manner. The �rst
issueis signal transport from each antenna to a central processor. Secondis the demand
placed on the correlator in terms of number of antennas directly correlated, number of
spectral channels,and dump time. Third is the astronomical data processing. For some
applications,such aspulsar searching, transient searches,and SETI, perhapsonly the inner
portion of the array would be processedin this fashion,out to a radius, say, r direct � 1 km.
Imaging of low-surfacebrightnessemissiondemandsextensionto tens to � 100km. Work
over the next few years will target �nding the appropriate design speci�cation for r direct

consistent with digital and networking capabilities at the time of the construction phaseof
the SKA.

Low-frequency Speci�cation in the LNSD Concept:

The LNSD concept exceedsthe current international speci�cations for overall frequency
range,covering 0.15to at least22GHz. The low frequencyedgeof this rangeis problematic,
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both with regardto sciencegoalsandalsoto technical feasibility. As in our 2002Whitepaper,
we are consideringa prime-focus feedfor covering the lower frequencyband and Gregorian
optics for higher frequencies.One designquestionis wherethe split is made. We currently
consider0.5GHz to bethe appropriatesplit point becausethen redshiftedHI canbedetected
using the Gregorian feed,which we expect will have better noiseperformance. The prime
focus feed would extend to 0.15 GHz or below. Discussionsare now taking place about
extending this down to 0.1 GHz, though with degradationof Ae by about 25%.

We appreciatethe fact that capabilities of the LNSD conceptat low frequenciesare related
to the possibility of a hybrid designfor the SKA, such asusingdishesat higher frequencies,
and dipolesor tiles at lower frequencies.The USSKA Consortium is certainly open to the
possibility of hybrid designsbecauseour overall concernis to meetthe scienti�c speci�cations
with as
exible a designaspossible.At this stage,however, we considerour task to explore
fully what the LNSD designcan do acrossthe targeted frequencyrangeand, of course,to
optimize other designparameters.
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3. Responses to EMT Questions About the LNSD Concept

(1) Compared with �l led aperture, large-D, proposals,the instrument outlined hassomewhat
reduced surface brightnesssensitivity for low spatial frequencies.Can the authors quantify
the brightnesssensitivity at various array scales and mention how the reduced sensitivity
might a�e ct the science donewith the instrument?

We �rst point out that the LNSD concept includes a scale-freecon�guration
that allows about half of the total collecting area to be used for any science
goal,whether it involveslow-surfacebrightnessmeasurements or high-resolution
studiesof compactsources.As shown in Figure 1 (top panel), approximately 25
percent of the collecting areais contained within an area1 km acrosswherethe
antennasare packed about as tightly as possiblewithin the inner few hundred
meters; 50 percent is within an area 35 km acrossand 75 percent is within an
area 350 km in extent. For any given observational program, approximately
half of the collecting area is e�ectively used, so the maximum loss of surface
brightness sensitivity is about a factor of two over a con�guration optimally
con�gured for any speci�c problem.

This con�guration is given only asan exampleof what can be achieved with ap-
proximately 4400elements within the constraints of minimizing shadowing and
providing both high angular resolution and good surfacebrightnesssensitivity.
As with other radio telescope arrays, considerablestudy is neededto optimize
the con�guration and preliminary activit y toward this end is underway at sev-
eral institutions. The LNSD conceptis very 
exible in this regard: the detailed
con�guration can be modi�ed at any time prior to construction in responseto
an evolving set of sciencegoals.

The singlemost relevant �gure of merit for the surfacebrightnesssensitivity of
the instrument, up to the diameter of an element in a large-D concept, is the
projected areal �lling factor of the relevant aperture. For the LNSD concept
this is strongly elevation dependent, but at the zenith is signi�cantly lessthan
unity. The zenith areal �lling factor is given by (� =4)(D=S)2, where D is the
antenna diameter (12 meters in our case)and S is the mean separationof the
dishes in the region in question. A fundamental lower limit on S is due to
collision avoidance,and experiencewith the ATA antenna designsuggeststhat
S � 1:75D is reasonable.This yields a maximum achievable zenith areal �lling
factor of about 26% for our design. Adjustments to the dish designdriven by
the goal of reducingS might raise this to 40%,but not signi�cantly higher.
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Fig. 1.| Top panel: Cumulativ e sensitivity as a function of maximum baselinelength for the LNSD
concept. The sensitivity is calculated by taking into account that individual antennas are correlated out to
35 km while beyond 35 km, signals from the 13 antennas in each station are combined before correlation.
Bottom panel: Histogram of baselines. For this plot, we have counted equally a station composed of
13 antennas and an individual antenna. In actualit y, there are many more e�ectiv e counts on the larger
baselinesif we count the number of antennas in a station.

From theseconsiderationsis it apparent that for baselinelengths up to a few
hundred meters, the LNSD designwill yield substantially lower sensitivity per
pixel than large-Ddesignsat the zenith. Takenat facevalue, this will negatively
impact studiesof very largescalestructures, leadingto an increasein integration
time required to reach a given brightness temperature sensitivity by typically
one order of magnitude, at a given point on the sky. There are three main
reasonswhy this picture is misleading,however:

(a) The areal �lling factor of our design is strongly elevation-dependent,
asymptoting to unity at low elevation, providing we can tolerate the e�ects
of shadowing (seeresponseto question2). If shadowing is unacceptable,the
areal �lling factor rises to � 45% at the minimum unshadowed elevation
of � 35 degrees,which is where most high surfacebrightness sensitivity
sciencewould be conducted. This approach exploits the 
exibilit y of fully
steerableparaboloids capableof excellent low-elevation performance.
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b) The sensitivity per pixel is not the most appropriate measureof perfor-
mancefor this typeof science,sincespatially resolvedsourcesrequiring high
surfacebrightnesssensitivity aregenerallylargecomparedto the resolution
of the instrument. Single-dishmeasurements thus require large focal-plane
arrays, and are alsonotoriously tricky to calibrate, particularly for spectral
line studies. Our interferometric design with full antenna-antenna cross
correlation, by contrast, yields inherently cleaner spectral baselines,and
covers the full �eld of view of a 12m antenna. Theseadvantagesalonewill
more than compensatefor a projected areal �lling factor of 25-50%in most
practical situations.

c) Once the baselinelengths exceedthe diameter of the aperture in large-
D designs,then both the LNSD and any large-D conceptbecomesubject
to the sameareal �lling factor constraints as the LNSD designon smaller
scales,leading to a sharp discontinuity in relative sensitivity on transition
scales.For the large-Ddesigns,achievingS=1.75Dappearschallenging,and
using the elevation dependenceof the �lling factor as in item (a) above is
generallyimpractical due to inherent elevation limits, or poor low-elevation
performance.Weanticipate that the complete
exibilit y in placement of our
12mdisheswill yield a signi�cant advantagein surfacebrightnesssensitivity
for baselinelengthsof 500mto 1 km, assumingwe elect to denselypopulate
the relevant portion of the aperture.

Elaborating on the issueof con�guration 
exibilit y, Figures 3.3 and 3.4 (repro-
ducedhereasthe top panelof Figure 1) of WP2002illustrate the (u,v) coverage,
and the array sensitivity on various scales,respectively, and are basedon a de-
tailed con�guration that wasincompletelydescribed in the document. The inner
con�guration that we chose,of relevancein this responseto the EMT question,
consistsof two parts. In the center of the array, antennasarepacked onto a �lled
2-D grid whosespacingis a function of distancefrom the center, out to a diam-
eter of 1 km, with a degreeof randomization imposedto suppressgrating lobes.
This part of the con�guration comprises957antennas in an areaof 0.785km2,
for a meanzenith areal �lling factor of 10.8%,a factor that increaseson smaller
scales. Between a diameter of 1 km and 35 km, 1393 individual antennas are
arrangedin a single-armedlog- spiral geometryfeaturing several completeturns
and a relatively shallow pitch angle. The spacingof the antennas is not equi-
angular, but instead featuresa slow decreasein angular spacingas the distance
from the center increases.Such a con�guration yields a smooth distribution of
sensitivity on variousscales,combined with outstanding 2-D instantaneous(u,v)
coverageas evidencedin �gure 3.3 of WP2002.
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To illustrate that the distribution of sensitivity versusbaselinelength is readily
adjustable, and is not an inherent feature of the LNSD concept,we have gener-
ated a slightly modi�ed con�guration designedto enhancesensitivity on scales
of 1-10km, at the expenseof long-baselinesensitivity, thus improving sensitiv-
it y for galactic HI science,for example. The cumulative curve for this modi�ed
con�guration is very similar to that shown in the top panelof Figure 1, but does
yield improved sensitivity on the shorter baselines.We emphasizethat, aswith
all large-N designs,we have a great deal of control over the preciseshape of this
curve, while retaining its smoothness.

(2) With 15 m minimum spacing, the 12 m antennas wil l be closely packed. Would the
authors clarify the low-elevationshadowingsituation? What is the minimum unshadowed
elevation?

With any antenna con�guration, there are tradeo�s betweenthe needfor close
spacingsto optimize the surface brightness sensitivity and image quality for
wide �eld imaging and the needto minimize shadowing. In fact the minimum
spacingof 15 metersdiscussedin our white paper is probably too closeto avoid
mechanical interaction if an o�-axis subre
ector support systemis used. Most
likely a minimum spacingof 18 to 20 meters will be required. In any event,
only a small number of antennasnear the central part of the array are soclosely
spacedthat they are a�ected by shadowing.

Shadowing is of concernprincipally in two respects. First, it leadsto a reduction
in the total e�ective collecting area, and hencesensitivity, of the instrument.
Second,if data from partially shadowed antennas are to be used, the altered
antenna responsemust be taken into account. The latter concerncanbeavoided
by discardingall data incorporating a partially shadowed antenna, at the costof
reducingthe sensitivity further. The issuessurroundingshadowing aresomewhat
di�erent for the antennas within the inner 35 km and for those clustered in
remote stations.

Inner Portion of the Arra y: This portion consistsof a spiral from 1 to 35km
in diameter and a densely�lled regionof diameter 1 km. Thoseantennasin the
spiral will su�er little shadowing. At the inner termination of the spiral the an-
tenna separationis 25 m, corresponding to a minimum unshadowed elevation of
26� . However, theseantennasare not closelypacked: this shadowing will occur
for only a very small fraction of the antennasat any given azimuth. Shadowing
is moresigni�cant within the inner 1 km. Nearly or partially shadowed antennas
are allowable in our designbecausethey are a necessaryconsequenceof obser-
vations seekingsensitivity to extendedstructures and where foreshorteningof
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baselinesis exploited to achieve the neededsensitivity. Tradeo�s can obviously
be madebetweenshadowing and sensitivity to extendedemission.

Shadowing in Outer Stations: The shadowing tradeo�s are di�erent for
the antennas at a remote station. For the station con�guration, we want the
antennasto be ascloselyspacedaspossibleto maximizethe �eld-of-view (FOV)
of the station beam. Figure 2 shows the level of shadowing vs. elevation for a
minimum spacingof 21m which givesa FOV of 6.8 arcmin at 21 cm. Increasing
the minimum spacing to 30m reducesthe FOV to 4.7 arcmin. In our initial
strawman design,the closestspacingin each of the 160 stations was only 15m
to maximize the size of the station beam at the expenseof someshadowing,
but asdiscussedabove this will be increasedto at least 18 to 20m. Theseouter
station antennasare important only for high resolutionstudies,soa small degree
of shadowing doesnot signi�cantly degradethe performance. The criterion for
selectionof the optimum station con�guration is not obvious. For most research
programs, minimizing the station sidelobes may not be fundamental. Further
study will be neededto optimize the station con�guration.

Fig. 2.| Change in station sensitivity due to shadowing at low elevation for two �ducial con�gurations
of di�ering minimum antenna spacing. Any partially shadowed data are assumeddiscarded. The FOV is
the mean FWHM of the station beam at 1.4 GHz.

For many purposes(e.g. thosethat do not needsensitivity to extendedemission),
it will be su�cien t to discard all correlations resulting from antenna pairs in
which shadowing occurs. Discarding shadowed antennaswas usedto construct
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the plot in Figure 2. Sometimes,it will be desirable to obtain the highest
sensitivity by using data derived from partially shadowed antennas. To make
this possible, the distortion of the primary beam shape, and the increasein
its sidelobesdue to a sharp edgein the strongly feed-illuminated portion of the
shadoweddish, must bemodeled. Present algorithmsdo not handlethis well, but
time-dependent variations in antenna and station gain as a function of station
and pointing direction are fundamental characteristics of most SKA designs,
and for LOFAR. For example, in our design, stations may have a variety of
con�gurations to minimize regular sidelobesin the array beam. In any case,we
will needto adopt strategiesto dealwith random failuresof individual antennas
within each station. Such stategiesare already under development.

Other Issues: Another concernwhen partially shadowed data are usedis the
increasein systemtemperature assomeground radiation is coupledto the feed.
For most casesof shadowing the lower part of each dish will be looking at the
upper part of the back of another dish. Sinceour dish designfeaturesvery little
in the way of backup structure, most of what we will be looking at is smooth
hydroformedmetal re
ecting coldsky, sothe contribution to T sys from re
ections
of the warm ground is likely to be small. The e�ect could be further reducedif
included as a designconstraint for the antenna.

We note that the sameprinciples and tradeo�s would apply for a designusing
smallero�set Gregoriandishes,should the economicsand scienceat the time of
the �nal decisiondictate this. On the other hand, if an on-axis designis used,
the minimum spacingsmay be substantially reducedat the cost of increased
shadowing.

An additional concernabout short spacingsis possiblecross-talk between the
elements. Good engineeringwill minimize the e�ect of cross-talk. Experience
with the ATA will contribute to our understandingof any potential problems.

(3) The 12 m dishesare shaped for e�ciency. Have the authors considered the e�ects on
the o�-axis performance and the implications this might have for any future retro-�t with
focal plane arrays?

The 12m antenna meetsthe SKA �eld of view requirement without focal plane
arrays, which would greatly increasethe receiver cost. In addition wideband
feedsare large and would createlarge beamspacingat the high end of the feed
frequencyrange. There are other considerationsfor the shaped vs unshaped de-
cisionwhich may be more important, including: a) e�ect upon A/T, b) sidelobe
level, c) e�ect on polarization mapping, d) e�ect of surfacedegradationnear the
outer perimeter of the antenna, and e) increasedspillover due to edgedi�raction
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of the subre
ector at the longestwavelengthsusedat secondaryfocus. Further
study of theseconsiderationsis required.

(4) Can the authors give any more details of the dish mount and its likely mechanical per-
formance (including reliability)?

Three ATA 6m antennashave now beenassembled with mounts and drive sys-
tems. The assembly processwent smoothly with minimal labor and the perfor-
manceis excellent with 10 arcsecrms pointing accuracy. More details are given
in Appendix B. There will be much experiencewith the reliabilit y of the 3506m
ATA drivesduring the next 5 years. A more accuratedrive systemis required
for the 12mhigher frequencyantenna proposedfor the SKA. For the DSN array,
a mount for a symmetric 6m 32 GHz antenna will be assembled in 2004 and
a mount for 12m 32 GHz will be designedalso in 2004. Further details are in
Appendix C.

(5) Havethe authorshadany further thoughtson the form of the \swing away" arrangement
for the prime focus receiver?

The proposedprime focus receiver is uncooled, light weight (under 20 kg) and
neednot be positioned very accurately (within 0.5 cm). For thesereasonsthe
\swing away" feedshould be inexpensive and not a complexmechanical struc-
ture. A frequencyrangeof 0.15 GHz to 0.5 GHz is anticipated with a receiver
noisetemperature of 15K. A feed for 0.15 GHz would typically have a ground
plane of 1.2m diameter and thus would �t behind the Gregorian subre
ector.
(It may be possibleto use the subre
ector for the ground plane in the lowest
frequencyband.) Operation at frequenciesbelow 0.15GHz may bepossiblewith
wire feedswhich fold behind the subre
ector. A scaledlayout of the re
ector
showing the subre
ector and feedsis shown in Appendix A.

(6+7) Could the authors outline further the operation of the new-generation cryo-coolers
and the commercial drivers for the assumed cost reductions?

In the ATA, cooling to � 80 K is consideredto be adequateand it appearsthat
the path to cheap,reliable, pulse tube coolers is clear.

Could the authors comment on the technologiesand tradeo�s involved in cooling to 15 K in
their proposed design?
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The newgenerationcryo-coolersareof the pulsetubeor Stirling cycletechnology
with 
exure bearings which result in no rubbing parts. Long life, > 40; 000
hours is predicted, and has been achieved for expensive space-basedsystems.
The ATA has been developing a single-stagepulse tube cooler with 
exure-
bearing compressorand now has a unit cooling to 80K; reliabilit y data can be
expected in the next few years. A commercial Stirling single-stagecooler for
2W at 40K, 50,000hour life, and a cost of $2000in 10,000piece quantit y is
described at http://www.sunp ower.com/products/index.html. One such unit
has beenreceived by NAIC and will be usedto cool a 300 MHz systemin the
next few months; tests will also be run at JPL. The manufacturer, Sunpower,
is alsodeveloping a two stagepulsetube cooler with expectation of 6W cooling
at 80K and 0.6W at 20K during 2003. These �gures are with 200W of input
power that is approximately 6 times moree�cien t than present Gi�ord-McMann
coolers. The commercialdriver for thesecoolers is for cooling superconducting
�lters in cellular phonebasestations. Cooling to 15K appearsto be justi�ed on
a cost basisfor currently available transistors. In the 4 to 8 GHz rangeLNA's
have a 2K noise temperature at 15K and 9K at 80K. The projected system
temperature with cooled feedsand spillover shieldsare then 18K and 25K for
cooling to 15K and 80K. Thus for the sameAe=Tsys, the 80K system would
require 1.4 times larger array which will cost of the order of $400M. On the
other hand, If cooling to 15K tripled the $2K production cost of a 80K cooler
the array cost is increasedby only $18M.Total life-cyclecostand reliabilit y need
to be evaluated but at present it appearsthat 15K cooling is justi�ed.

(8) Could the authors clarify the feed proposalsfor the highestfrequencies?Are ATA-style
feeds a possibility? Given the possibleapplicability of the TRW feed to many SKA concepts,
are the authors able to supplyany further details at this stage?

Three designsfor widebandfeedsarebeingconsideredat present for both prime-
focuslow-frequencyand secondary-focushigh-frequencyoperation; this number
may grow as more feeddesignersbecomeinterested in the problem. The three
designsare:

1) The ATA 0.5 to 11 GHz log-periodic feeddeveloped by Welch and En-
gargiola at UC Berkeley and described in a publication at the 2002IEEE
AP-S/URSI meeting in SanAntonio, TX. Test data for this feedinstalled
on an ATA 6m antenna will be available in 2003. This designhasalsobeen
analyzedby Ericssonand Kildal in a report to the USSKA NSF fundedpro-
gram at Caltech; someinitial predictions of the feedperformanceinstalled
in a large cryogenicdewar are included in Appendix A. A 1.2 to 11 GHz
versioninstalled in a dewar would have a basewidth of 12.5cm and length
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of approximately 50 cm - dimensionswhich are feasiblefor installation in
a large dewar, but much more analysis is neededto assessthe e�ects of
the dewar walls. This feed has a phasecenter location which varies with
frequencywhich can be correctedby a motorized focusadjustment.

2) The TRW 0.5 to 11 GHz wideband feed developed by Paul Ingerson.
Complete test data on this feed have beensubmitted in a report to JPL
and someof the key results are presented in Appendix A. In summary, the
feed has acceptablepatterns but unacceptableimpedancevariation with
frequency;this is being further investigatedby Ingerson. The feedhas the
samebasewidth as the ATA feed (determined by half-wavelength at the
lowest operating frequency) but is much shorter, has better accessto the
terminals, and hasa constant phasecenter location with frequency.

3) A new designof wideband feed has developed by Per-Simon Kildal of
ChalmersUniversity in Sweden. Computer model resultsof the pattern are
good and the feedis compactwith constant phasecenter. Much additional
study and construction and test of a prototype unit are needed.

More conventional horn feedseach covering an octave bandwidth are a possi-
ble alternative to the wideband feedsfor the cooled secondaryfocus receiver.
Four such feedswould be required to cover 1.2 to 24 GHz. Thesecould either
be located in one large dewar with a mechanical turret rotation as ALMA (or
rotation of an asymmetric subre
ector as on the VLA) or in separatesmaller
dewars. Thesefeedshave better control of spillover noisepickup comparedto
the wideband feeds,would not require a spillover shield, but do not simultane-
ously cover the entire band - an advantage which may not realized becauseof
signal processingbandwidth limitations in the near term but could be impor-
tant for upgradedfuture signalprocessors.However, even with signalprocessing
bandwidth limitations, observations can be madewith narrow bandswhich fall
anywherein the feedbandwidth; for example,the ATA hasfour 100MHz bands
which can be tuned anywhere in the 0.5 to 11 GHz frequencyrange. Finally,
a major disadvantage of multiple octave-band feedsis cost. Our present cost
estimate for a cooled wideband receiver is approximately $15K and the horn
receiver cost would be similar. Thus 3 additional receivers per antenna would
add $45K x 4400= $198Mto the cost of the array.

(9) What is the con�dence in being able to scale up from SETI 6m designto a 12m using
current hydroforming techniques? Comment on transportation of 12m diameter antennas
to remotesites. This is not a trivial problem.

Fifteen ATA o�set 6m antennas have now been hydroformed and the last 3
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have rms errors of 0.5 mm which is a factor of 2.4 better than speci�ed and
satisfactory for 24 GHz operation. JPL has contracted with the manufacturer,
Andersen, for three symmetric 6m antennas with 0.2mm rms to be delivered
in mid 2003. Andersenis con�dent that 12m symmetric re
ectors with similar
accuracy can be manufactured and will give a cost estimate to JPL in 2003
for construction of a 12m mold and installation of the hydroforming equipment
at an on-site factory. An extensive computer-aided �nite-element non-linear
analysis of the hydroforming processhas been performed at Caltech with US
SKA funding and will be important for predicting spring back and investigating
forming and material variablesto further improve the accuracyof the process.A
12m symmetric hydroformed 32 GHz antenna and test data should be available
by 2006.

Regardingtransportation, it is anticipated that 12m re
ectors will be manufac-
tured in an on-site factory and will be moved on a 3-wheeltrailer to installation
locations wherea cranewill lift the re
ector onto the pedestal. This is feasible
for distanceswhereadequateroad clearanceis available. For longer moves,say
in the 30 to 300 km range, helicopter transport is feasible. The Sikorsky S-64
Skyhook cancarry 9000kg (12m re
ector weighs2400kg) at a speedof 80km/h
with a range(beforerefueling) of 330km. The cost of a 100km move is of the
order of $5K per re
ector.

(10) The US and India should be encouraged to collaborate to see if the Indian low-cost
designconceptscan be extended to the USA re
ector design.

There have been some initial discussionsof drive systemscomponents which
may be lessexpensive in India. However the re
ector conceptsare incompatible
becausethe Indian meshsurfacedoesnot allow frequenciesabove 5 GHz. We
note, however, that there are practical problems in out�tting paraboloids to
work over the entire rangeof 150MHz to 43 GHz with good e�ciency . It may
turn out to be coste�ective to considertwo setsof antenna elements: onewith a
larger diameter(15-25m) usingthe technologybeingdeveloped in India working
below 1.47 GHz, plus another smaller antenna (6 m) optimized for secondary
focus operation above 2 GHz. We have also had discussionson the possibility
of a hybrid antenna with an inner solid section and outer meshsection. This
conceptwill be studied jointly.

(11) Future comparisons of SKA concepts would bene�t from elaboration of the pros and
cons of the designswith regard to their RFI vulnerability or their systemicadvantagesin
RFI mitigation. (Question raisedin the EMT report for all SKA concepts.)
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It is well-known that RFI posesa present and apparently increasingthreat to
radio astronomy in many of the frequency bands of interest. Therefore, it is
prudent to understandthe likely impact of RFI on the SKA, and to identify the
strengths and weaknessesof the LNSD designconceptin this context.

RFI Is Not a Show Stopp er: First, we note that the increasedsensitivity
of SKA by itself will not make it more vulnerable to RFI than less-sensitive
instruments with comparablebaselinelengthsand bandwidths. Becausethe ab-
solute gain of the far sidelobes of a radio telescope is essentially independent
of main beam gain, the interferenceto systemnoiseratio (INR) will be about
the samefor any SKA designconceptas it is for other, existing telescopes. For
imaging applications, the SKA, including the LNSD concept,will bene�t from
decorrelation of RFI on long baselinesdue to fringe rotation and bandwidth
decorrelation,as do existing synthesisarrays. For non-imagingapplications, all
SKA designconceptso�er somedegreeof redundancyand antenna separation,
enabling anti-coincidencetechniques capableof descriminating between astro-
nomical signalsof interest and RFI which happensto be local to somepart of
the array. A number of techniques for RFI mitigation now under study will
continue to be investigatedusing existing telescopesand in test-array facilities
that will lead to re�nement of SKA designs.

Site Selection (A�ects all SKA designconceptsmore or lesssimilarly): Nev-
ertheless,it is clear that certain key sciencedrivers for SKA are threatenedby
external RFI. In particular, observations of H I at high redshift are threatened
by interferencefrom the legitimate emmissionsfrom radars and other aviation-
relatedapplicationsin the 1000-1400MHz band,andEOR studiesarethreatened
by similarly-legitimate narrowband transmissionsin the VHF and lower UHF
bands. In other bands, external RFI is a nuisancethat can reduceor render
impractical observations in certain frequencybands and at certain times. The
most obvious defenseagainst these forms of RFI is site selection. In particu-
lar, the chosensites should have both low RFI spectral occupancyas well as a
manageablerate of occurenceof linearity-threatening RFI. Theseconsiderations
apply to all SKA designconcepts.

Self-RFI (Applicable to all SKA concepts,but somepossibleLNSD pros/cons):
Similarly, all SKA designconceptsmust be concernedwith the potential for RFI
from signal processingelectronicsand other support equipment associated with
operation of the array. However, certain features of the LNSD concept may
be advantageousin this respect. First, the conversionof the feed-mounted LNA
output to optical form for downconversion,digitization, and processingat a rela-
tively distant, well-shieldedlocation shouldbequite helpful in reducingself-RFI.
Although certain other SKA conceptsmay employ this strategy, certain others
{ in particular, thoseemploying densefocal plane or primary aperture arrays {
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may require downconversion and digitization closeto the antenna. A potential
disadvantage of the LNSD, sharedwith other large-N concepts,is that the in-
creasednumber of processedfeeds,coupledwith the needto keepthe per-feed
cost low, may make it di�cult to achieve the samelevel of self-RFI immunity
possiblewith a low-N approach. Furthermore, the most vulnerable part of a
large-N SKA will be the compact center of the array, whereRFI decorrelation
will be the leaste�ective, but ironically alsowheremost of the control and initial
signal processingelectronicsare likely to be concentrated. Clearly, special care
will be required to manageself-RFI in the core. Fortunately, this challengeis
being met directly through e�orts in the development of the ATA and LOFAR,
which are subject to precisely the sameproblems. Thus, considerableexperi-
encein this areawill be available beforethe bona �de SKA designe�ort begins.
Protection from self-RFI will be a top priorit y in the LNSD concept(as it would
alsoneedto be for any other designconcept)from its initial development stages.
Appropriate countermeasuresinclude useof principled, modern EMC manage-
ment techniques in designingelectronicsfor minimum radiation, a systematic
measurement and emissionsuppressionprogramfor all installed equipment, and
continuous environmental control during all phasesof construction and opera-
tion.

Wideband feeds required for Large N may be more vulnerable to
RFI: Another potential weaknesssharedby all large-Nconceptsis the increased
vulnerability of low-cost, wideband feedsto strong, linearity-threatening RFI.
Such RFI is generatedprimarily by commercialbroadcastsin the VHF and low
UHF bands;ground-basedradars in the L, X, and K-bands; and a small number
of satellite-basedradars and broadcasts. Once again, ATA and LOFAR are
today pioneeringwideband front-end technology, from which SKA and LNSD
in particular will be able to bene�t. Work so far indicates that widebandfront-
endsarepractical for siteswhich arenot too closeto the indicated ground-based
transmitters, and for pointings which are not too closeto the indicated space-
basedtransmitters. To further mitigate this risk, we anticipate a concurrent
program of site RFI evaluation/characterization to be coupledwith the receiver
designe�ort, to ensurethat the �nal result acheives a comfortable margin of
linearity nearly all the time.

Need & abilit y to supp ort new, activ e forms of RFI mitigation: Given
the best possiblesites,satisfactory control of self-RFI, and acceptablelinearity,
there remain external RFI problems which may limit the potential for certain
key observing programs. For example, L-band OH spectral observations are
threatened by satellite downlinks, for which site selection is not a mitigating
factor. Also, terrestrial signalsin the VHF and lower UHF bandscan propagate
long distances,making site selectionlessof a factor for certain observations in
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thesebands. For this classof \stubb orn" RFI problems,a number of promising
newtechniquesfor suppressingRFI arecurrently beingstudied, tested,and doc-
umented. Thesetechniquesinclude null forming and blanking/canceling in the
time and/or frequencydomains,each of which can be applied at the pre and/or
postcorrelation stagesof processing. A few early versionsof these techniques
will probably be su�cien tly tested in time to incorporate them into the basic
designof the SKA. While thesetechniquesare applicable to someextent to all
SKA designconcepts,the abilit y of the LNSD conceptto exploit the full bene�t
of thesetechniquesis exceptional. In particular, LNSD o�ers excellent 
exibil-
it y in terms of beam shaping and nullforming. The reasonfor this is simply
that many (perhapsas much as 1-10%)of the available \N" degreesof freedom
can be allocated to the task of beamshapingand null forming with little or no
impact on beam quality or array gain. It has recently been demonstrated in
both theory and simulation that the available degreesof freedomcan be used
to increasedramatically the angular extent and bandwidth of spatial nulls in an
easily-controlled manner. This is a capability which hasbeendesignedinto the
ATA, and thus will soon be demonstrated.Although all large-N approachescan
exploit this capability, the LNSD concepto�ers an excellent balancebetweenthe
sizeof N and the instantaneous�eld of view; in other words, N is large enough
to fully realizethe advantagesof spatial nulling, but { through the useof 12-m
dishes{ not so large as to require a complex,many-layeredhierarchy of analog
and/or digital signalprocessingto generateusefulconstituent element patterns.
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4. Linka ge of the LNSD Concept to Potential SKA Sites

The EMT has posedadditional questionsconcerning linkagesbetween the LNSD design
conceptand potential SKA sites:

Could the authorsgivea brief outline of any links theysee between their conceptandpotential
SKA sites? Issuesto consider include:

1. requirementsor limitations associated with particular terrain and climate (e.g. need
for a given terrain, susceptibility to snow, ice, temperature extremes,high winds, hail
and lightning)

2. approximate energy requirementsfor central array and remotestations

3. requirements related to RF environment (e.g. level of radio quietnessdemanded by
basic systemdynamic range)

4. requirementsfor data processingand transport, including any need for local large-scale
data processingor aggregation, as well as typical demandson international communi-
cations infrastructure (e.g. trans-oceanic �br e)

1. Constrain ts from Terrain and Other Site Prop erties: The LNSD conceptfor the
SKA can be sited virtually anywheresubject to constraints on RFI levelsand availabilit y of
land for distant stations. Land constraints depend on the detailed distribution of antennas
and stations, which depend of courseon sciencegoals. Though the concept is very 
exible
in terms of how collectingareais distributed, we anticipate that outlier antennaswill extend
to VLBI scalesof thousandsof kilometers.

The largenumber of antennasand mounts providesa degreeof vulnerability aswell asa level
of fault tolerance. Extreme weatherconditions, in particular snow and ice, are undesireable
given the needto minimize the meantime betweenfailures of antennas. This is primarily
an issue for the central part of the array which will seethe sameextreme weather. An
advantage of the LNSD concept is that, though lightning strikes and winds may disrupt
portions of the array, most of it will remain functional.

2. Energy requiremen ts: The scale free distribution of collecting area suggeststhat
power distribution will di�er for the outer stations and the inner part of the array. On a
per antenna basis,the power requirement is about 2500W(500W for cryogenics,1500Wfor
antenna drives,and 500Wfor electronics).The entire array will require11MW of power for
operating the antennas. The central processingfacility, locatedat the array center, requires
substantial power for operating the correlator and associated processors.

3. RFI requiremen ts: A primary issueis the dynamic rangeof the front-end receiversand
the dynamic rangeof optical �b er that transports signalsfrom individual antennaseither to
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a central processoror to a local, station processorwith subsequent transport to the central
processor. The working assumption is that the LNSD designcan operate in regionswith
signi�cant RFI if suitable mitigation proceduresare taken and the widespreaddistribution
of collecting areais exploited for mitigation in both imaging and non-imagingapplications.
Undoubtedly, actual performancewill be highly frequencydependent and will also depend
signi�cantly on international agreements on radio quiet zones.

4. Requiremen ts for Data Pro cessing & Transp ort: The LNSD concept,by virtue of
the Large N, requiressubstantial signal transport resourcesand central processingcapabil-
ities. Direct connectionof antennasto the central array will be out to a radius, r direct , that
is yet to be determined. It would be at least10 km and might extendto 100km, or possibly
further depending on costsand scienti�c need. Stable and secure�b er layout is obviously
needed. The furthest antennas, those beyond r direct , would be organizedinto stations of
� 13 antennas,whosesignalswould be combined with a local beamformer,again requiring
additional power and security at a large number of isolated sites. The central processing
site would include a massive correlator along with post-processingcomputers that would
handle the large data 
o w neededfor non-imagingand imaging applications.
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5. Responses to the ISA C's Assessment of the LNSD Concept

The International ScienceAdvisory Committee (ISAC) has assessedall conceptsfor the
SKA in terms of their compliancewith the Level-1 sciencegoalsfor the project that have
been identi�ed by the ISAC and its working groups. Assessments are in the form of a
compliancematrix 1. We summarizethe compliancematrix for the LNSD conceptin Table
1 along with the complianceof the concept-independent speci�cations for the SKA itself.

In the following, we �rst comment on the assessment of the LNSD conceptwith respect to
each Level-1 sciencegoal. We �nd that where the LNSD conceptfalls short | or appears
to fall short | of completecompliance,the relevant technical issuesare commonto two or
moresciencegoals. Consequently, we discussseveral of theseissuesin greaterdetail in later
subsections.As before,we refer to the 2002Whitepaper describingthe LNSD conceptas
WP2002.

5.1. Brief Discussion of each Level-1 Science Goal

In this section we considerthe explicit assessment in the compliancematrix of the LNSD
conceptfor each of the 18Level-1sciencegoalsidenti�ed by the ISAC and its working groups.
Table 1 summarizesthe matrix. The �rst column is an item sequencenumber, while the
secondcolumn is the scienceworking group number, the third is a short description of the
sciencearea,column4 is the scoreon a scaleof 1 to 5 of the strawmanSKA speci�c ations(i.e.
independent of concept), while column 5 is the scorefor the LNSD concept,and column 6
is the textual assessment corresponding to the score. Column 7 is our own grade for the
LNSD conceptthat takesinto account our current viewson its capabilities and alsoon the
speci�c requirements neededfor accomplishingthe sciencegoals. The last column indicates
the issue(s)relevant to the particular sciencearea that impinge most on feasibility with
the LNSD concept. Our discussionis taggedaccordingto the sameworking-group numbers
usedin the ComplianceMatrix. Our overall stance is that the LNSD concept can achieve
most of the science goals and speci�c ations and that it surpassescurrent speci�c ations in
someareas.

We note that the preliminary strawman speci�cations themselves do not satisfy all Level-
1 sciencegoals and, in many areas, the LNSD concept scoreshigher than the strawman
speci�cations.

A detailed comparisonand discussionof each Level-1 sciencegoal is given below. However,
we can identify a number of commonthemesthat have resulted in the LNSD conceptnot
beingrated asin full compliancewith all of the Level-1sciencegoals. The primary di�cult y

1The current version (24 March 2003) of the compliance matrix may be found at http://www-
astro.physics.ox.ac.uk/ � sr/ska/ ska matrix.h tml.
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appearsto be the particular array con�guration discussedin WP2002 and whether it has
su�cien t surfacebrightnesssensitivity. We chosea scale-free(or nearly so) con�guration
speci�cally so that the array would be optimized for the broadest range of astronomical
topics. In particular, for an array spreadover several thousand kilometers, we believe that
there will be few observing projects that will be able to make e�cien t use of all of the
collecting area. However, if the ISAC and/or ISSC decidesthat more centrally-condensed
con�gurations are justi�ed, no fundamental changesin the LNSD concept would result.
A related, desireablegoal is to processthe signals from as many individual antennas as
possiblewithin the constraints of technology and cost. By doing so, several scienceareas
are enabled.

Table 1: Level 1 ScienceCompliance Matrix & Comments (as of 2003March 24)

Item WG Description Strawman ISAC Assessment Our Issues
Gradey;� Gradey Wording Grade

1 1 Galactic H I 4 4 Yes 5 Low-surfacebrightnesssens.
Sizeof core array; u-v coverage

2 1 Galactic NT+B 4 3 MAYBE 5 O�-axis polarization capability
Sizeof core array

3 2 Transients 3 2 Maybe 4 Blind surveys& responsetimes
4 2 Pulsars 3 2 Maybe 4 00
5 2 SETI 3 2 Maybe 4 00
6 3 EoR 2 2 Maybe 3 Low-frequencycoverage

Low-surfacebrightnesssens.
7 4 H I surveys / LSS 4 3 MAYBE 5 Imaging dynamic range
8 4 Continuum surveys 3 4 Yes 5 00
9 4 CO surveys 4 4 Yes 5 High frequencycoverage
10 5 High-z AGN 3 3 MAYBE 4 Low-frequencycoverage
11 5 Inner AGN 3 5 YES 5
12 6 Protoplanetary 3 5 YES 5

Systems
13 7 CMEs 3 3 MAYBE 3 Low-frequencycoverage
14 7 SSbodies 4 3 MAYBE 4 Correlator bandwidth

High frequencycoverage
15 8 IGM (non thermal) 4 3 MAYBE 5 Low-surfacebrightnesssens.
16 8 IGM (thermal) 3 5 YES 5
17 9 Spacecrafttracking 3 5 YES 5 High-frequency coverage
18 9 Geodesy 3 5 YES 5 (IF separation)

y Grades: As assessedby the International ScienceAdvisory Committee:
1 = N0 2=Ma ybe 3=MA YBE 4=Y es 5=YES

� Strawman Grade is the ISAC Grade to the current preliminary speci�cations for the SKA,
independent of SKA concept.

1. Galactic H I (WG 1): The LNSD conceptis assessedto be almost capableof meeting
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this Level-1 sciencegoal. The only apparent di�cult y is with the radius from the
array center within which 50% of the collecting area is contained. This is not a
fundamental di�cult y with our concept becauseour 2002Whitepaper focusedon a
particular scale-freecon�guration that optimized the array with respect to the full
slate of scienceobjectives. More compact scale-freecon�gurations are also possible
that would optimize this particular sciencearea. Further guidancefrom the ISAC on
the balancebetween surfacebrightness and resolution and detailed simulations are
required.

2. Galactic Non thermal and Magnetic Fields (WG 1): The LNSD conceptalmostmeets
this Level-1 sciencegoal, accordingto the assessment. The di�culties stem from the
radius from the array center within which 50%of the collecting areais contained and
the FOV at high resolution (< 1 arcsecat 1.4GHz) resulting from the sizeof the indi-
vidual stations. The con�guration of the array is not a fundamental di�cult y with our
conceptbecauseour 2002Whitepaper focusedon a particular scale-freecon�guration
that optimized the array with respect to the full slate of scienceobjectives. More
compact scale-freecon�gurations are also possiblethat would optimize this particu-
lar sciencearea. The working group has noted that the FOV becomessmall at high
frequenciesaswell. The station �eld of view dependsupon the weighting usedin com-
bining the antennas. A larger �eld of view can be obtained by reducing the weights
assignedthe outer antennas in a station, at the cost of sensitivity. As discussedin
x3, the LNSD has a great deal of 
exibilit y in shaping the FOV and the sensitivity
on di�erent spatial scales.Further guidancefrom the ISAC on the balancebetween
sensitivity, �eld of view, and resolution is required.

For polarization work, high polarization purit y is essential. The ISAC speci�ed � 40
dB over the entire �eld of view (� 30 dB in hardware, with a further 10 dB after
calibration). For polarization, many projects will needto imagethe full FOV at <

� 1
arcsecresolution. This requires visibilities from every antenna out to 50-100km,
so that individual correlations are required for antennas out to thesedistances. As
discussedelsewherein this document, the maximum distance out to which signals
from singleantennasare transported is an ongoingtopic of discussion.

3-5. Transien ts, Pulsars and SETI (WG 2): The LNSD conceptis assessedto havedif-
�cult y meeting someof the Level-1 sciencegoals. To be sure, the LNSD conceptas
described in the 2002Whitepaper allowsa wide rangeof targeted observations in these
scienceareas. Blind searches for relatively slowly varying sources(e.g., >

� days)2 are
straight forward becausethey involve only repeated mapping of the relevant regions

2We specify days as an approximate cuto� between slow and fast transients for the following reasons.
With conventional mapping, one can of course detect transients with time scalesequal to the correlator
dump time. However, a blind survey requiresrepeated mapping on the region of sky of interest. If this is a
large region, then it may be practical to make repeated imagesonly for characteristic transient time scales
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on the sky. It is blind searching for fast signalshaving a high degreeof time-frequency
complexity that is challenging. We discussthe issues(and possiblesolutions) for blind
searching in much more detail in the x5.3.

We also believe that someof the stated requirements are not appropriate (e.g., the
working group's understanding of the responsetime has evolved and 10 secondsis
no longer consideredto be justi�ed). Many of the other requirements are met or
nearly so. Thus, we believe that our concept performs better than the ISAC has
evaluated it. Nonetheless,blind surveys for sourcesin these classeschallenge the
designrequirements (and all current concepts)for the SKA, particularly with regard
to real-time and postprocessingthroughput. We discusstheserequirements in detail
below and present several approachesto conducting blind surveys.

6. Ep och of Reionization (EoR) (WG 3): The LNSD concept | along with all other
designconcepts| is assessedto have di�cult y meetingthis Level-1 sciencegoal. The
primary di�cult y is with the low-frequencycoverage(< 300 MHz). Recent WMAP
results suggestthat the relevant frequencyrangeis from about 70 to 200MHz, most
of which is below the SKA speci�cation for the low-frequencycuto� of 150MHz. It is
our assessment that EoR sciencewith the SKA needsto be reconsideredcompletely
in terms of the primary scienceobjectives,while also taking into account capabilities
and anticipated results from LOFAR, and the likely needfor a hybrid designfor the
SKA that usesdi�erent antenna elements for two or morebroad frequencybands. We
discusstheseissuesbelow in x5.4.

7. H I Surv eys/Large Scale Surv eys (WG 4): The LNSD concept is consideredto be
almost capableof meeting this Level-1 sciencegoal. The primary di�cult y identi�ed
by the working group is the distribution of baselines(similar to the concernsidenti�ed
in WG 1 above). We stressthat the baselinedistribution is not a fundamental aspect
of our concept,but that we chosea con�guration designedto optimize the array for
a broad range of sciencetopics. Thus, we believe that our conceptessentially meets
or exceedsall of the stated sciencerequirements for this Level-1 sciencegoal. Further
guidancefrom the ISAC on the balancebetweensurfacebrightnessand resolution is
required.

8. Con tin uum Surv eys (WG 4): The LNSD concept almost meets this Level-1 science
goal, accordingto the assessment. The only di�culties are with the spatial dynamic
rangeobtained and the baselinedistribution. While our stated dynamic rangeis 106,
versusthe requirement of 107, we believe that more simulations are required to assess
both the actual dynamic range required as well as the dynamic range obtainable by
our concept. We believe that the large number of antennas in our concepto�ers, in

of order 1 day. This time scale lessensif one is interested in only a small region of sky, as in a targeted
search.
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principle, the best method for obtaining the dynamic range requirement. Moreover,
the baselinedistribution is not a fundamental aspect of our concept, but that we
chose a con�guration designedto optimize the array for a broad range of science
topics. Further guidancefrom the ISAC on the balancebetween surfacebrightness
and resolution is required.

9. CO Surv eys (WG 4): The LNSD conceptis consideredto bealmostcapableof meeting
this Level-1 sciencegoal. The only di�cult y cited is with the baselinedistribution.
The baselinedistribution we have chosenis not a fundamental aspect of our concept;
rather we chose a con�guration designedto optimize the array for a broad range
of sciencetopics. Further guidancefrom the ISAC on the balancebetween surface
brightnessand resolution is required.

10. High-redshift A GN (WG 5): The LNSD conceptis consideredto be almost capable
of meeting this Level-1 sciencegoal. We believe that our concept meetsor exceeds
all of the stated sciencerequirements of this working group. Indeed, many of the
capabilities discussedin WP2002are requestedexplicitly by this working group. The
working group (in its report from the Bolognameeting[Jan 2002])requiresa scale-free
con�guration, in part to trace spectral index changes.The working group also favors
strongly the abilit y to observe at the H2O line near 22 GHz, which is possiblein the
LNSD concept. Perhapsthe onedi�cult y that can be identi�ed with the LNSD con-
cept with regard to this Level-1 sciencegoal is the low frequencycoverage.However,
it is not clear that the stated SKA speci�ciations (minimum frequencyof 150 MHz)
is even su�cien t. Further clari�cation from the ISAC is needed.

11. Inner A GN (WG 5): The LNSD conceptis consideredto be fully capableof meeting
this Level-1 sciencegoal, primarly becauseof its high-frequencycoverageand long
baselines.

12. Protoplanetary Systems (WG 6): The LNSD concept is consideredto be fully ca-
pable of meeting this Level-1 sciencegoal. Having 50% of the collecting area within
35 km is important for detecting H I _High-frequencycoverageand wide-�eld imaging
allows exciting studiesof long-chain molecules.

13. Coronal Mass Ejections (CMEs) (WG 7): The LNSD conceptis consideredto have
di�cult y meeting this Level-1 sciencegoal. The primary di�cult y is with the low-
frequencycoverage(< 300 MHz), however, it is also not clear that the SKA speci-
�cations (minimum frequencyof 150 MHz) is su�cien t. Bi-static radar imaging of
CMEs requires frequenciesbelow 100 MHz, and most passive imaging of CMEs has
beendoneat frequenciesnear or below 150MHz.

14. Solar System Bo dies (WG 7): The LNSD conceptis consideredto be almost capa-
ble of meetingthis Level-1sciencegoal. The only di�cult y is with the bandwidth that
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can be handledby the correlator. This di�cult y may faceall current conceptdesigns.

15. IGM Non thermal (WG 8): The LNSD concept is consideredto be almost capable
of meeting this Level-1 sciencegoal. The only apparent di�cult y is with the radius
from the array center within which 50%of the collectingareais contained. This is not
a fundamental di�cult y with our concept becauseour 2002Whitepaper focusedon
a particular scale-freecon�guration that optimized the array with respect to the full
slate of scienceobjectives. More compact scale-freecon�gurations are also possible
that would optimize this particular sciencearea. Further guidancefrom the ISAC is
required on the balancebetweensurfacebrightnessand resolution.

16. IGM Thermal (WG 8): The LNSD conceptis consideredto be fully capableof meet-
ing this Level-1 sciencegoal, primarly becauseof its high-frequencycoverage.

17. Spacecraft Tracking (WG 9): The LNSD concept is consideredto be fully capable
of meeting this Level-1 sciencegoalsbecauseof its high-frequencycoverage.

18. Geodesy (WG 9): The LNSD conceptis capableof meetingthis Level-1 sciencegoal.
The only possibledi�cult y is with the maximum separationof the IFs for allowing
removal of ionospherice�ects; this di�cult y may faceall current conceptdesignsbut
can be dealt with through appropriate designof the IF/LO system.

5.2. Con�guration Issues

Many ISAC working groupshave emphasizedthe importanceof a very dense,central corein
order to carry out imagingof extended,low surface-brightnesssourcesaswell asnon-imaging
observations. Level-1 scienceitems 1-6 and 15 all require sensitivity on large angular scales
and henceshort baselines. There is rough convergencebetween these groups that about
50%of the total collecting areashould be contained within a central region � 5 km across,
with an additional 25% within the innermost 100 to 250 km. As emphasizedearlier, the
scale-freenature of the LNSD designcan easily meet theserequirements.

The ISAC hasemphasizedthat for areas1 and 2, short spacingswill be essential to recover
extendedemission. While no interferometer can ever recover all spatial scales,it is highly
desirableto make the minimum spacingof the array as small as possible,so as to mini-
mize the number of observations that will require the extra complication of obtaining and
combining single-dishdata. The LNSD conceptcan addressthis requirement by including
a small number of very short spacingsin the array, accepting that signi�cant shadowing
might be experiencedwhen thesespacingsare used. Theseantenna pairs will be redundant
and well-separated,so as to overcomeRFI at theseshort spacings.
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Someprojects (e.g. Galactic HI) nonethelesswill always require a single-dishcomponent.
The SKA designshouldeither include the capability to recordsingle-dishdata (with signif-
icant u-v overlap with the shortest spacings),or be sited such that someother appropriate
single-dishfacility can make the necessarymeasurements.

The ISAC's level-1 sciencegoals require denseu � v coverageover a very wide range of
baselines(� 20 m to > 103 km). The scalefree nature of the US design is a strength in
this regard, in contrast to other conceptswith lower N and larger D which will most likely
producegapsin the radial u-v coverage.

The Galactic Center is an important target for scienceitem 2. The LNSD concept is
amenableto adjustment of the array con�guration to optimize Galactic Center science.
Such would be the caseif the SKA were sited in the Northern hemisphere.

Level-1 scienceitems 3 to 5 (Transients, Pulsars and SETI)) include the need for blind-
searching capability of aslargea solid angleaspossible.A suitable goal is to samplethe full
FOV at (e.g.) 1.4 GHz through formation of the appropriate multiple beams.We envisage
that blind searching canbe accomplishedwith a corearray of diameterbc involving a subset
of the entire array. The sizeof the corearray will be dictated by connectivity of the array
(to what distancecanthe signalsfrom individual antennasbebrought to the correlator) and
the processingrequirements, which scaleas (bc=D)2 for dish-diameter D. Blind searching
thus requiresa minimal collectingareathat can be usedasa corearray and that is superior
by somefactor to existing instruments (e.g. Arecibo). We discusstheseissuesin moredetail
in the next section.

Level-1 sciencearea 15 (Non-thermal IGM) requires low-surfacebrightness sensitivity in
order to map large-scalefeaturesin the IGM. The LNSD concept is very 
exible and can
be built around a more compactscale-freecon�guration than discussedin WP2002,should
this be deemeda priorit y area and if a di�erent con�guration doesnot compromiseother
priorit y scienceareas.

5.3. Blind Surv eys for Transien ts, Pulsars, and ETI

Working Group 2 has consideredthe scienti�c requirements for transients, pulsars (and
other compact objects, and SETI. Much work in theseareascan be accomplishedthrough
standard imaging analysis,such asdetecting slow transients or astrometry.

Blind sky surveys for pulsars and for fast transients (<
� 1 day), however, represent one of

the main Level-1 sciencegoalsand they are especially challenging. The Level-1 sciencegoal
for SETI involves targetted observations, but ETI transmitters may be a classof currently
unknown transients.

The salient requirements for such blind surveys include:
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1. Maximization of the search volume Vmax = 1
3 
 D 3

max , where 
 is the solid angle and
Dmax = D(S=Smin )1=2 is the maximum detectabledistancefor a sourcewith 
ux den-
sity S at distanceD and for a minimum-detectable
ux density Smin . The luminosity
function and spatial distribution of sourcepopulations needto be consideredin this
maximization.

2. Maximizing search volume with respect to radio propagation e�ects, which increase
Smin and hencedecreaseDmax through smearingof time structure (dispersionand scat-
tering) or modify the apparent 
ux density of the source(scintillation) as a function
of time and frequency.

3. Sensitivity to a wide range of characteristic time scales(e.g., pulse widths and pe-
riods) and frequency scales. Pulses from pulsars display time scalesranging from
� 2 ns to 8 s and provide the most stringent requirements. Known and hypothesized
classesof transient sourcesspan the pulsar rangeof scalesand extend to longer time
scales;currently unknown classesof transients may have a similar rangeof time and
frequencyscales.Frequencyresolution is neededfor dedispersion and for optimizing
searches in the presenceof scintillation-induced frequencystructure. For SETI, fre-
quency resolution to sub-Hz levels is required according to conjecturesabout signal
properties; the corresponding minimum time resolution follows accordingto limits on
the time-bandwidth product.

For e�cien t blind searching, one must simultaneously sampleand analyzethe entire �eld
of view (FOV). The nominal FOV is speci�ed to be 1 deg2 at � = 20 cm, consistent with
the primary beam sizeof the 12-m antennas of the LNSD concept described in WP2002.
The SKA requirements for both long baselines(> 103 km) and a large �eld of view do
not allow pixelization of the entire FOV using all antennas with forseeablecomputational
technology, if both high time and frequency resolutions are required. This di�cult y is
essentially independent of concept. Therefore it is reasonableto consider blind surveys
using only an inner core array comprisinga fraction f c of the total collecting area.

In the proposedLNSD con�guration in WP2002,about 25%of the collecting areais inside
a baselineof bc = 1 km, corresponding to an areal �lling factor F = N (D=bc)2 = 0:16,
and providing a core-array beamof 10 at 1 GHz. For full-FOV searching, onemust pixelize
the FOV with the appropriate number of core-array beams(� 104 pixels) and with time
and frequencyresolution dictated by the sciencerequirements. As a benchmark for a blind
survey, we usea pulsar search for which we require intensity data streamswith � t = 64� s
time resolution for each of N � = 103 frequencychannelsacrossa total RF bandwidth of
B = 400MHz. Given our uncertainty about the radio transient population(s), such a pulsar
survey would alsobe a good initial survey for radio transients.

For theseparameters,we �nd that real-time processingcan be achieved with an FX corre-
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lator that (1) channelizesthe RF bandwidth and (2) calculatesauto- and cross-correlations
between all antennas in the core array with an integration time � t. The computational
requirements are quite high, but are less than those required by an explicit beamformer
that producesenoughbeamsto cover the FOV. For example,if the inner 1 km is usedas
a core array, then approximately 103:8 beamsmust be formed. Fast dump correlations for
25%of the SKA's collecting areacontained within 1 km require � 1015 op s� 1 for 400MHz
bandwidth (e.g. at L band). This rate is independent of the number of chanels, though
it is implicit that channelization su�cien t for dedispersion is also su�cien t for full FOV
sampling. By comparison,direct beamforming for the sameparametersrequires� 6 higher
operations rate.

5.4. Ep och of Reionization and Other Low-Frequency Science

A number of the Level-1 sciencegoalsrequireaccessto low frequencies.Most notable is the
Epoch of Reionization, but other Level-1 sciencegoalswith similar frequencyrequirements
include coronal massejectionsand high-redshift AGN.

At 150 MHz, the proposed 12-m antennas of the LNSD span only 6 wavelengths. As
such, the antenna sizein wavelengthsis comparableto that for the 74 MHz systemon the
VLA (25-m antennas). Experiencewith that systemhasdemonstratedthat relatively high
dynamic rangeimagescan be achieved. (With the VLA's 74 MHz system,a key limitation
is the collecting area, an aspect that will not be a problem with the SKA!) However, the
main beam of the antennas is quite large and the sidelobes of the main beam are fairly
high (e.g., the typical far sidelobe is at only � 20 dB). The LNSD conceptwill avoid some
of thesedi�culties by phasing the individual antennas together so that the station beam
should be smaller, with better sidelobe rejection, than the primary beamsof the individual
antennas.

OngoingWMAP results on the cosmicmicrowave background (CMB) provide the impetus
for further extending the frequency range downward to 100 MHz, at least, in order to
explore as much of the redshift range implied for the EoR. Recent work on the optics of
ATA antennassuggeststhat appropriate feedscan be installed for work down to 100MHz.
The e�ciency may bedegradedby � 30%at 100MHz but it is expectedthat high-frequency
observations will not be compromisedbecausethe swing-away arrangement would allow the
low-frequencyfeedto hide behind the secondary.

Nonetheless,attempting to extendthe frequencycoverageof the dishesof the LNSD concept
to lower frequenciesmay be problematic in providing su�cien t sensitivity and �delit y for
analyzing the EoR signal and mapping protogalactic clumps. However, we point out a
great advantage of the LNSD concept: Ancillary antennas could make use of much of
the infrastructure required for the small dishes,namely the data transmission,analogand
digital signal processing,and correlator and signal-path hardware. The large number of
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dishesprovidesamplesitesfor situating ancillary antennas,either co-locatedwith dishesor
stations, or alongthe �b er paths to the central processorwith su�cien t separationsto avoid
electromagticcrosstalk. The merits and costsof such an approach can be evaluated only
after preliminary results have beenobtained with LOFAR and further analysisof WMAP
data and future results with PLANCK. For now, we simply stressthat the LNSD concept
lends itself to augmentation in a manner that can provide great 
exibilit y in addressing
future sciencegoalsas the sciencelandscape revealsitself.

In more generalterms, an important aspect of the SKA speci�cations is that they are as-
tronomically driven by goalsto detect and/or study variouscelestialsourcesor phenomena.
That a variety of astronomicaltargets require a similar sensitivity acrossa broad frequency
range is perhaps a fortunate coincidence,but it should not be construed as a technical
requirement. That is, one need not use the samefront-end hardware to achieve all the
astronomicalgoals. Of course,oncethe incident radiation has beensampled,then similar
hardware is justi�ed.

It is not a newsuggestionthat the SKA might ultimately bea collectionof di�erent collectors
or \fron t ends" feedinga commonsignaltransmissionsystemand correlator. The di�culties
with meeting the speci�cations for all of the Level-1 sciencegoals are not unique to the
LNSD concept; in fact, as we have pointed out, they are inherent to the current, concept-
independent speci�cations of the SKA. Thus, we consider a hybrid design, in which the
low frequencieswould be received with one type of collector and the high frequencieswith
another, to be an important option.

As an examplewe illustrate one such hybrid design. The Low FrequencyArray (LOFAR)
is being designedto operate in the frequency range 10{240 MHz, with the fundamental
collectorsbeingdipoles. Although it is not clearthat LOFAR hasa sensitivity commensurate
with certain SKA goals, it could form the basis of a low-frequencySKA. Allowing for a
modest overlap in frequency coverage, a dipole-basedlow-frequency SKA (modelled on
LOFAR) could cover the frequencyrange below 200 MHz while the LNSD conceptwould
cover the frequencyrange0.2{35 GHz.

6. Summary and Conclusions

Sincethe 2002Whitepaper for the Large-N-Small-DSKA conceptwaswritten, considerable
work has taken placeto look at details of the designas they pertain to both feasibility and
scienti�c goals. This document discussesthose details and identi�ed areaswhere further
work is neededto optimize performanceand cost of the concept. The US SKA Consortium
is con�dent that the LNSD concept can form the basis for the SKA and also for related
instruments, such as the proposal to rebuild the Deep SpaceNetwork using SKA-type
technology.
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A. 2003 Up date to USSKA Concepts for An tenna Elemen ts and Receiv ers

Our proposedbaselineantenna is a 12-m, hydroformed o�set parabolic re
ector with both
Gregorian and prime focus feeds. An alternative, a 12-m symmetric antenna, also with
Gregorian and prime focus feeds,is also being considered.The key antenna requirements
are shown in Table A.1, representativ e samplesof the two typesof antennasare shown in
Figure A.1, and a comparisontable is given in Table A.2.

Table A.1 ProposedAntenna Requirements

Item Requirement

Re
ector Type Gregorian with projected area of 12-m diameter
SurfaceAccuracy 0.3 mm rms deviation from best �t causedby gravit y, wind up to 15 mph,

and a temperature of � 10 to +55C
Beamwidth 12� at 0.15 GHz, 720 at 1.4 GHz, and 30 at 32 GHz
Pointing Accuracy 0.3� after correction table in 15 mph wind
PhaseCenter Stabilit y Shall move lessthan 0.5mm due to 15 mph wind or sun/shade condition
Survival Driv e to stow in 50 mph wind and survive at stow in 100 mph wind
Receiver Mounting 90 kg at Gregorian focus and 90 kg at prime focus including subre
ector

Figure A.1 | Examples of o�set and symmetric 12m antennas.

The rationales for the major decisionsof antenna size,technology, and optics are discussed
below.

An tenna Size: The 12-m size needsfurther study but is the current strawman size for
the following reasons:1) Current total systemcost estimatesare broadly minimized at this

{ 30 {



Table A.2 Comparison of O�set and Symmetric Antennas

Geometry O�set 12m x 14m, F/D = 0.42 Symmetric 12m, F/D = 0.50

Subre
ector 2.4m Gregorian 1.6m Gregorian
E�ciency (Parabolic & (Shaped) 65% and (75%) 60% and (72%)
Cost Factor and Total $ 1.3, 4400� $150K = $660M 1.0, 4400� $120K= $505M
Technical Challanges Surfaceaccuracy, cost Wideband feedshields to reduce

spillover noise
Technical Advantages Large subre
ector without blockage Lower mass,lesswind torque

More spacefor receivers Lower crosspolarization
Protot ype ATA 6m DSN 6m and 12m

diameter. Smallerantennasincreasethe number of receivers required which leadsto higher
constructionand operating costfor a given total area(maintenancecostsper antennado not
godown in proportion to antennaarea). 2) A study of rms distortion dueto gravit y andwind
(Figure A.2) of hydroformedshellsshowsa strongdependenceupon diameter. For operation
above 20 GHz the gravitational deformation of the shell is excessive for shellsgreater than
approximately 12 m, and a sti� and accuratebackup structure is required to support the
re
ector surface.This leadsto a more expensive structure with costsproportional to D 2:7,
asare experiencedfor large antennas. 3) Twelve metersis closeto the diameter that meets
the one-degree�eld-of-view SKA requirement at 21 cm without a focal-plane array feed.
Possiblefurther reduction in electronicscostscould lead to a cost minimum corresponding
to a smaller antenna which would enlarge the FOV, although it is not clear if a smaller
antenna element can reach our low frequencylimit.

Hydroforming Technology: This is the processof forming aluminum to a rigid and
precisemold by using a 
uid or gas under pressure. It has beenoptimally developed for
use in the production of low-cost re
ectors for satellite communications and thousandsof
antennas in the 1 to 4 meter range have been manufactured (seewww.anderseninc.com).
The advantagesare: 1) high rigidit y due to the onepiecealuminum shell, as illustrated by
the sti�ness of thin metal bowls or wokscomparedto the sti�ness of 
at sheets.2) accuracy
largely determined by the mold rather than human error (the repeatability of the process
will bedeterminedsoon by the ATA production), and 3) low costsfor both raw material and
labor, estimated to be $8K and $7.5K (100 person-hours)respectively for a 12-m diameter
re
ector. A non recurring $6M cost for mold and manufacturing plant add only $1.5K per
antenna when amortized over 4400re
ectors.

Optics: O�set and symmetrical antennas are comparedin Table A.2. Further study of
feedsand optimum parametersis neededand much experiencewill be gained through the
ATA and DSN array projects. One possibility is where a prime focus feed and receiver
would be used for 0.15 to 1.5 GHz range and two Gregorian receivers in the samedewar
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Figure A.2 | Computer-aided �nite-element study of the rms deviation of 3 mm thick hydro-

formed shells gives the above results. An rms requirement of 0.3 mm multiplies the e�ciency by 0.85

at 32 GHz. It is expected that a simple back-up structure support can compensate for a portion of the

gravitational de
ections

covering 1.2 to 11 and 11 to 34 GHz are anticipated. A subre
ector assmall as1.6m is 6.4�
at 1.2 GHz, which needsanalysisto determinethe di�raction loss. The wide beamwidth (of
the order of 100� ) of widebandfeedscan be accommodated by adjusting the distanceto the
subre
ector. O�set Gregorian optics can be designedfor low crosspolarization but o�set
prime focus operation will result in somedegreeof crosspolarization at low frequencies.
Basedon scienti�c needsfrom HI science,a better alternative would allow the midrange
band, 1.2 to 11 GHz, to extend down to 0.5 GHz.

Shaping: The questionof shapingis mostly independent of the questionof o�set or sym-
metric optics. Shapingof the re
ector and sub-re
ector increasese�ciency by 10 to 15%
(multiplicativ e) which inverselyscalesthe cost of the completearray for a given A/T. How-
ever it increasessidelobe levels (only for the secondaryfocus receivers above 1.2 GHz) and
complicatesmulti-b eaming with focal plane arrays if desired in the future. The spillover
due to di�raction around the subre
ector is also increasedat the longestwavelengthsused
at secondaryfocus.

Feeds: The ATA project hasled the development of very wide bandwidth (> decade)feeds.
Welch and Engargiolaat UC Berkeley have designedthe pyramidal log-period feedsshown
in Figure A.3 for the 0.5 - 11 GHz range and have good measuredpattern results. The
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forward gain is approximately 12 dBi, and the addition of a perpendicular "�n-line" yields
a cross-polarization of about -26 dB. Computations show a VSWR < 1:3 acrossthe band,
and ohmic losseslessthan 3%. The total spillover is about 15%. Each opposing pair of
elements of the feedreceivesonelinear polarization. The feedpoint is a small feedercircuit
mounted at the small end of the pyramid, which brings two balancedsignalsinto an inner
housingthat contains the cryogenicampli�ers in a dewar very near the tip. The entire feed
structure will be approximately 1.2-metersin length to cover the 0.5-11GHz band. The
couplingand feedpattern areconstant with frequency;however the phasecenter shifts along
the length with frequency. With the focus set for mid-band (6.25 GHz) the gain remains
within 1 dB of the peak over the wholeband. An actuator can be usedto bring the feedto
optimal focusat any frequencywithin the entire band.

Figure A.3 | At left are wideband feedsdeveloped for the ATA and at right is a wideband feeddeveloped
by TRW. Both have potential for 20:1 frequency range and have a maximum lateral dimension of
approximately l/2 at the wavelength of the lowest frequencyof operation

Compact decadebandwidth feeds have been developed by Ingerson at TRW, Redondo
Beach, CA. These feedshave advantages of providing a large volume for the low noise
receiver within 1cm of the feed terminals and also have the important advantage that the
phasecenter location doesnot changewith frequency. A study involving extensive tests of
a 0.5 to 11 GHz version of this feed was commissionedby JPL in late 2002; this feed is
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shown in Figure A.3. The full amplitude and phasepattern of the feed was measuredin
20 MHz stepsfrom 0.5 to 11 GHz and extensive impedancedata was measured.A typical
pattern and the spillover and total aperture e�ciency of the feedare shown in Figure A.4.
A summary is as follows: 1) The aperture e�ciency not including any degradationdue to
re
ector deviation, feedloss,or feedimpedancemismatch is approximately 68%with a sta-
tionary phase-center from 0.5 to 11GHz. 2) The feedimpedancevariesfrom 50 to 500ohms
over the frequencyrange. This is too large for e�cien t coupling to the low noiseampli�er
and TRW is making a reviseddesign. 3) Approximately 17%of the feedpattern energyis
in spillover. The �gure is about the sameas the ATA feed and both feedsneeda ground
radiation shield to realize low system temperature. During 2002a study for the USSKA
was performedby Ericssonand Kildal of ChalmersUniversity, Swedento analyzethe ATA
feedand investigate the e�ect of surrounding the feed in a cryogenicvacuum chamber. A
key result, shown in Figure A.5, is the reduction of sidelobes and spillover noise for the
caseof the ATA feedplaced in a metallic cylinder of diameter 4 times the feedpyramidal
base. The result needsmuch further investigation and optimization but is important for
two reasons:1) It demonstratesthe feasibility of cryogeniccooling of small, high frequency
widebandfeeds;such cooledfeedscould beusedin the SKA at frequenciesabove a few GHz.
2) It shows the feasibility of a feedshield which can be usedwith symmetric re
ectors as
an alternative to the large ground shield planned for the o�set ATA antennas.

Figure A.4 | Measured 8 GHz E and H plane patterns of a compact wideband feed designed by

TRW. The pattern has little variation with frequency and the computed spillover and total aperture

e�ciency is almost constant from 0.5 to 11 GHz as shown at right.

In summary regarding feedsfor the SKA, the feasibility of e�cien t, low noisefeedswith as
much as 20:1 frequencycoveragehas beendemonstrated. Further work to understandand
optimize the feedsis in progressat a number of institutions.

Low-Noise Ampli�ers: LNA's with decadebandwidth have beenunder development by
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Figure A.5 | Computed patterns of an ATA type log periodic feed in the 0.5 to 0.6 GHz range

with (left) and without (right) a cylindrical shield. Further study in other frequency ranges and with

ba�es and cooled absorbers in the dewar is needed.

Weinreb at Caltech using microwave monolithic integrated circuits (MMIC's) with high-
electron mobilit y InP �eld-e�ect transistors (HEMT's). Figure A.6 presents the current
state-of-the-art noise temperatures as a function of frequencyfor a single MMIC LNA at
three temperatures. It is evident from the measureddata that an LNA with lessthan 8 K
noise temperature in the 1 to 12 GHz range operating at 15 K is feasible. Noise temper-
atures lessthan 18 K have beenmeasuredfor both MMIC and discrete transistor LNA's
operating at 15 K at 32 GHz. At frequenciesbelow 1.5 GHz, transistors have improved
su�cien tly that uncooled 300K or thermoelectrically-cooled 200K receiversare attractiv e,
with receiver noise temperatures under 15 K being feasible. This is supported by recent
300K measurements at Caltech showing 31 K noisetemperature over the entire 4 to 8 GHz
range measuredat an ampli�er input connectorand 20 K minimum noisefor a Raytheon
MHEMT deviceat 3 GHz. The frequencyrangebelow 1.4 GHz is especially important for
red-shifted hydrogen-line measurements and attention must be paid to achieving receiver
low receiver noisedown to frequenciesaslow as500MHz wherethe synchrotron background
noiseis approximately 20K and rising as frequencyto the -2.7 power.

Balun: All widebandfeedshaveoutput terminals which arebalancedwith respect to ground
and have an impedanceof the order of 200 ohms. A balanced-to-unbalancedconverter, or
balun, is required between the feed and the usual unbalanced LNA. The balun can be
realizedas a cooled, passive transmissionline circuit but there is lossand addednoise. A
wideband passive balun has been designedby Engargiola and Welch for the ATA and a
cryogenicversionof this devicewill be tested in 2003. An attractiv e alternative is an active
balun which is essentially an LNA with di�erential input. This device has been under
development by Weinreb and others and in 2002a MMIC implementation was measured
with excellent results shown in Figure A.7. There are solid theoretical and CAD models
which show that the noiseof the active balun should be identical to that of an LNA made
with the sametransistors such at that shown in Figure A.6. Experimental con�rmation is
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Figure A.6 | Measured and modeled noise temperature vs frequency for an InP HEMT MMIC

LNA at temperatures of 300 K, 77 K, and 4 K. SKA operation of such an LNA at a temperature of 15 K

with noise temperature < 8 K is proposed. Further transistor development during the next few years is

likely to reducethis noiseor allow operation at 77 K

expected in 2003.

An tenna/F eed/LNA/Cry ogenics In tegration: Theseexperimental feedand LNA re-
sults lead to proposedgoalsand con�guration of three receiverscovering the 0.15to 34 GHz
rangethat are shown in Figure A.8 and characterizedin TableA.3. The two high-frequency
receivers will be in one dewar, cooled with a single cryocooler with a moving mechanism
to bring one feed or the other into focus. A light-weight, low-frequency, 0.15 to 1.5 GHz
feedwith a thermoelectrically cooled LNA will swing out of the ray path when either high
frequencyreceiver is in use. We expect that our combination of antenna, feed,and receiver
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Figure A.7 | Photograph of MMIC low-noise,coolable, active balun of dimensions1.5 x 2 x 0.1 mm. The
test data comparesmeasuredand modeled gains from each input terminal to the output terminal. The
gains are identical to within 0.5 dB (can be further improved with bias adjustment) and the phasedi�ers
by 180 degreeswith 2 degrees,both over the frequency range of 0.5 to 15 GHz.

Table A.3 PossibleReceiver Parameters

Receiver 1 2 3

Frequency, GHz 0:15� 1:5 1:2 � 11 11� 34
Location Prime Gregorian Gregorian
Maximum FeedDimension 1.5 m 10 cm 3 cm
Physical Temp 200K 15K 15K
LNA Noise * 15K 5K 5K
Receiver Noise ** 22K 11K 25K
SystemNoise*** 32K 18K 45K
* Noise temperature at LNA connector
** Includes feedand window loss
*** Includes sky background at best frequency

designwill meet the SKA speci�cation of A/T = 20,000m2/K over the frequencyrange1
to 8 GHz. Outside this range, the sensitivity will be degraded.An alternative arrangment
would extend the frequencycoverageof the secondreceiver (Table A.3) from 1.2 to 11 GHz
to 0.5 to 11 GHz in order that redshifted HI be covered with as good a system as possi-
ble down to redshifts of about 1.8. Implications for subre
ector dimensions,spillover and
blockageneedto be studied for this alternative design.
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Figure A.8 | Possible con�guration of feeds and receivers for an o�set Gregorian antenna. It may

be possible to combine the two higher frequency receivers into one. These con�gurations may also work

with symmetric antennas if an e�cien t and compact spillover shield can be devised. The 0.15 GHz lower

frequency limit signi�can tly increasesthe sizeof the prime focus wideband feedand a separatedipole feed

covering low RFI bands under 0.3 GHz may be preferable. If shaping is usedit puts an upper limit on the

crossover frequency between prime and secondaryfocus; a crossover frequency of 1.5 GHz range appears

feasibleand needsfurther study.
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Lo cal Oscillator and Downcon verters: Local oscillator distribution within the array
central core of < 100 km will be by microwave carrier signals on a round-trip corrected
optical �b er. Similar systemsarebeingdeveloped at the EVLA, DSN array, and other radio
astronomy arrays. A tracking �lter or phaselocked oscillator, is required at each antenna
to remove noiseon the LO referencesignal. A 4-8 GHz referencesignal with a YIG tuned
phaselocked cleanup oscillator and multipliers to higher frequenciesmay be appropriate.
For array elements at distances> 100km from a masterLO, �b er LO distribution becomes
di�cult and costly. The lossin the �b er becomesappreciableand the phasestabilit y of one-
way ampli�ers may degradethe phasestabilit y of a round-trip correctionsystem. Hydrogen
maser or other new frequency standards could be used for distant clusters but this gets
very expensive ($300k per standard) if there are many distant antenna in small clusters.
Distribution of LO referenceby round-trip correctedpaths utilizing a commercialsatellite
are being investigatedat JPL with a test of a systemutilizing Telstar V planned in 2003.
The electronicsrequired for local oscillator distribution, down conversion,IF ampli�cation,
and optical transfer must becarefully designedfor reliabilit y and performancebut no special
technology requiring early proof of feasibility is required. Prototype designshould start 3
yearsbeforearray construction start.

B. Allen Telescope Arra y, 2003 Progress Rep ort

The Allen Telescope Array baselinedesign is composedof 350 6.1-metero�set Gregorian
antennas (6.1 - 7.0 m primary paraboloid) with a 2.4-metersecondaryoperating over 0.5-
11.2 GHz utilizing a singlewide-bandwidth log-periodic feedand a singlewide-bandwidth
analogoptical transmitter. The useof the optical transmitter allowsthe entire bandwidth to
be brought back to a central control room for processing,allowing a great deal of 
exibilit y
in the useof this instrument. The baselinedesigncalls for four simultaneous,independent
dual-polarization 100 MHz tunings anywherewithin the RF band, each of which will have
four independently-steerablebeams,allowing a total of 32 independent beams.In addition,
two of the tunings will be fed into a correlator for concurrent imaging. Currently, three
antennas have been erected at the Hat Creek site (Figure B.1) and are undergoing RF
and mechanical tests. Initial tests of pointing using an optical telescope mounted on the
structure show 1000rms pointing error which is much better than the 20 speci�cation. One
additional antenna will be erected at a test facility in the San Francisco area and four
additional antennas at the Hat Creek site by the summer of 2003. Scaledversionsof the
feedwith a room temperature front-end have beenmanufactured and are installed on the
antenna, along with production versionsof the optical �b er links. The full-size feedwith a
cryogenicfront-end is expectedby the end of 2003. A test correlator is currently in placeto
allow interferometric measurements and a prototype correlator for six baselinesis expected
by the fall of 2003. Prototype boards for the digital processinghave been manufactured
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and arecurrently undergoingtests. Full scaleconstruction is expectedto commencein 2004
and to last approximately 2 years. Given the modular nature of the telescope however,
observations may begin as soon as the electronicsare in place and well in advanceof the
completion of the last antenna.

Figure B.1 | First three 6.1m o�set-paraboloid antennasof the Allen Telescope Array in
Hat Creek,CA.

C. Deep Space Net work (DSN) Comm unication Arra y Protot yp e

JPL, with NASA support, has interest in applying array conceptsto deepspacecommu-
nications. JPL is closelymonitoring the ATA antenna manufacture and is designingcost-
conscious,6- and 12-m steerableparaboloids for operation up to 38 GHz. An SKA-sized
array equipped for downlink reception at the primary spacecommunication frequenciesof
8.4 and 32 GHz would allow of the order of 100 times greater data rate to the outer plan-
ets, smaller and lessexpensive spacecraft,longer missionsin the caseof Mars (where the
distancevaries from 0.33 to 2.5 AU), and very accurate real-time navigational data. The
current conceptis for an array of 3600x 12-mantennasat each of three longitudesarranged
in several large stations at each longitude for weather diversity. Much of the technology
development for the DSN Arrays and the SKA can be shared. The DSN array will utilize
radio astronomy sourcesfor phasecalibration and will have wide bandwidth correlation
processingfor this purpose.

An $80M development program hasbeenproposedto NASA to develop the technology and
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prove the performanceand cost of a very large DSN array; $4.2M has been allocated in
FY03 to start this work at JPL. The program includesa breadboard 6-m interferometerby
late 2004,a 25 x 12m cluster of antennas by 2006, and four 25 x 12-m clusters by 2009.
During FY02 approximately $1M was spent at JPL and Caltech to initiate development;
someof the highlights of this work are: (a) contract to the ATA antenna re
ector contractor,
Andersen, to improve the accuracyof the 6 m mold for 32 GHz operation, (b) designof
an antenna pedestal for 32 GHz operation, (c) contract to TRW for a compact feed with
22:1 frequencyratio, (d) assembly and testing of 8.4 and 32 GHz cryogenicMMIC LNA
modules,and (e) systemdesignfor the prototype array. In FY03 the above work hasbeen
expandedto include initial designof all electronicsfor the array and purchaseof three 6m
hydroformed symmetric re
ectors with < 0:2mm rms accuracy.
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