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1 Project Summary

This is a revolutionary period for astronomy. New detector and computing technologies
are enabling telescopes and surveys that have not been previously possible (see Wide Field
Surveys White Paper by Strauss et al. and Great Surveys WhitePaper by Myers). As-
tronomy is being transformed from a data-starved to a data-rich science. The Sloan Digital
Sky Survey represents the current peak achievement of survey science: a focused science
collaboration has produced a systematic view of the opticalsky that has impacted all areas
of astrophysics. And much is yet to come: the newly commissioned and proposed synoptic
telescopes (Palomar Transient Factory, PanStarrs, LSST) o�er the potential to expand the
envelope of knowledge of the optical sky dramatically.

At radio wavelengths, surveys have been integral to progress in many �elds. The 3C survey
stands among the most durable surveys ever performed. In recent years, the Very Large Array
(VLA) radio continuum surveys NVSS and FIRST have led to morethan 1000 citations in
refereed publications. The Parkes multi-beam surveys havediscovered many new pulsars
including the double pulsar as well as uncovering new phenomena such as rotating radio
transients. Surveys with the ALFA instrument on the Arecibotelescope are providing new
insights into galactic structure, pulsars, radio transients, and extragalactic hydrogen. At the
same time, NRAO operates three instruments which are optimally con�gured for targeted
observations: the 100-meter Green Bank Telescope, the VeryLong Baseline Array, and the
Expanded VLA (EVLA).

We describe here the Radio Sky Surveys Project (RSSP): a set of surveys conducted with
an expanded Allen Telescope Array (ATA). The RSSP exploits unique capabilities of the
ATA, especially the world-leading survey speed of a 256-element array and the ability to
conduct multiple science programs commensally. Key science areas are in the dynamic radio
sky, SETI, star formation, galactic structure, galaxy evolution, cosmology and fundamental
physics through pulsar observations. The planned surveys will be an important comple-
ment to the signi�cant capabilities of the existing radio facilities and will provide results
complementary to the next generation of instruments acrossthe spectrum.

Technological advances in radio telescope design have beengrouped under the umbrella
of the Square Kilometer Array (SKA), which includes new instruments in Australia, South
Africa, Europe, and China, which will signi�cantly enhanceobserving capabilities, especially
in the southern hemisphere. The international SKA project has a timeline that includes a
construction start of a facility with 50 times the sensitivity of the EVLA in the middle to
late part of the decade. Thus the time is ripe for a project that builds on the success of
recent radio surveys, further develops the operations models and data management needed
for the SKA, and provides opportunities and transformational science returns to the overall
astronomy community.

The ATA has been a scienti�c, technical, and �nanical pioneer through the development of
novel technologies and a hybrid funding model through a public/private partnership that
has invested $55M over the past decade. The RSSP is in a maturestate given the years of
development and operations of the ATA; the RSSP can be launched immediately with an
accurately-costed model for construction, operations, and science.
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2 Key Science Goals

The Dynamic Radio Sky: Science white papers: \The Dynamic Radio Sky" (Lazio et
al.), \Coordinated Science in the Gravitational and Electromagnetic Skies," (Bloom et al.),
\Radio Clues to the Progenitors of `Naked' Cosmic Explosions," (Soderberg et al.) \Un-
derstanding Activity in Low Mass Stars," (Browning et al.), and \The Exploration of the
Unknown" (Kellermann et al.).
The time domain is ripe for exploration, as observations over the past decade have empha-
sized that the sky may be quite dynamic. Known sources have been seen to behave in new
ways and what may be entirely new classes of sources have beendiscovered. Radio obser-
vations triggered by high-energy observations (e.g., observations of gamma-ray burst [GRB]
afterglows), monitoring programs of known high-energy transients (e.g., X-ray binaries), gi-
ant pulses from the Crab pulsar, a small number of dedicated radio transient surveys, and
the serendipitous discovery of transient radio sources (e.g., near the Galactic center, brown
dwarfs) all suggest that the sky is likely to be quite active on timescales from nanoseconds
to years and at wavelengths from meters to millimeters. Imaging and fast transient surveys
are underway with the current ATA-42 (Figure 1).

As an example of an RSSP transient survey, we consider the goal of routine detection of
orphan gamma-ray burst afterglows. OGRBAs correspond to GRB afterglows in which
the gamma-ray emission is beamed away from the Earth and, therefore, undetectable but
the optical and radio afterglow is emitted more isotropically. Thus, OGRBAs will resemble
ordinary afterglows but will outnumber them by factors of 10to 1000, providing a sky density
of � 0:01 to 1 per square degree per day assuming a 10 day lifetime. But ordinary afterglows
require the signi�cant sensitivity of an instrument like the VLA or EVLA ( � 0:1 mJy) to
detect even a fraction of them; the current ATA-42 will only detect the most extreme of
these objects. Thus, a high sensitivity instrument with large �eld of view (FOV), sensitivity
at high frequency, and high cadence over� 104 square degrees is necessary to detect a
signi�cant population of these objects within a one-year survey. An ATA-256 survey of this
kind would also have considerable sensitivity to radio supernovae as well as build up static
sky models that are an order of magnitude deeper than existing catalogs. Simultaneous
searches for high time resolution signals such as pulsar giant pulses can also be conducted.

Detection of Gravitational Waves through Pulsar Timing: Science white papers:
\Gravitational Wave Astronomy..." (Demorest et al.) and NANOGrav activity paper by
Jenet et al.
One of the most fundamental ingredients for our understanding of gravitation is the existence
of gravitational waves (GWs). This theoretical predictioncan be tested by the �rst direct
detection of gravitational waves whose existence are indirectly inferred from binary pulsar
observations. Direct detection is the goal of a number of ground-based GW detectors, but is
also achievable by an astrophysical GW detector constructed from a set of millisecond radio
pulsars. This is possible as the Universe is expected to be �lled with a stochastic background
of gravitational radiation that originates from the manifold of coalescing massive binary black
holes formed by galaxy mergers. The measurement of such a background would be the �rst
direct detection of a GW signal, as well as a rich source of newastrophysics.
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Figure 1: (left) A 30 deg2 map that is a subset of the full 800 deg2 map made with 350 ATA-
42 pointings in 10 h of observing at 1.4 GHz. Several thousandsources are detected in the full
image. Circles indicate known NVSS sources. (right) A burstfrom the Crab pulsar detected
by the ATA Fly's Eye experiment, which simultaneously searched 200 square degrees for
millisecond-duration pulses.

This experiment requires the repeated timing of a sample of millisecond pulsars and the
accurate determination of their pulse time-of-arrival (TOA). While this experiment, known
as a pulsar timing array is conceptually simple, one needs tocombine a large sensitivity with
mitigation for the time-varying e�ects of the interstellar medium. The ATA can observe
3 to 4 bands simultaneously, located across a frequency range which is optimal for pulsar
studies and ideal for the separation of intrinsic and frequency-dependent propagation e�ects.
In this respect, the ATA, particulary with 256 antennas, is superior to any other telescope
(Arecibo is exceptionally larger but constrained in sky coverage). With other telescopes,
the required multi-frequency observations are more di�cult to achieve and/or can only be
done sequentially. For the highest timing precision, this will lead to an imperfect correction
for changes in interstellar dispersion and scattering. In contrast, not only can the ATA de-
liver measurements simultaneously at di�erent frequencies, but other science (such as deep
imaging, transients, SETI) can also be conducted commensally, increasing overall telescope
e�ciency and the repetition rate for each source. The latteris important for a characterisa-
tion of each millisecond pulsar, so that the GW background can be separated and identi�ed.
With its unique characteristics and improved sensitivity,the ATA-256 promises to become
the world's best telescope for this experiment.

SETI: Science white papers: \Advancing the Search..." (Tarter etal.).
Since 1960, attempts have been made to use astronomical radio telescopes to detect evidence
of engineered signals from distant technologies, and thereby answer the old and enduring
question \Are we alone?". To date the time-on-telescope andfrequency coverage of the
quiet terrestrial microwave window from 1 to 10 GHz has been very limited. The ATA
will allow a dramatic boost in the speed of SETI radio searches; increases in instantaneous
bandwidth, the number of targets observed at one time, and the percentage of time spent
observing the sky will increase by three orders of magnitudethe number of star systems and
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the frequency range examined for the presence of arti�cially produced signals. The primary
SETI project will be a survey of 106 nearby star systems over the range of 1 to 10 GHz with
sensitivity adequate to detect the equivalent to the Arecibo radar (2� 1013 W EIRP) at 300
pc. Beginning with three beamformers in 2009, three stars within the FOV will be observed
simultaneously at the same frequency band for 100 seconds. Comparison of signal detection
results from the three stars will help identify terrestrialinterference. After one set of stars is
observed, another set of stars in the FOV will be observed in the same frequency band. The
resulting dwell time of at least 30 minutes per FOV will allowcommensal radio surveys to
achieve good sensitivity. In the future, the use of 8 additional beamformers will increase the
number of stellar targets. This SETI targeted search will operate primarily in commensal
mode, while the array is pointed by other radio survey projects. Increasing to ATA-256 will
enable better RFI rejection as well as greater sensitivity to distant transmitters.

SETI surveys of the inner regions of the galactic plane are also planned. The �rst SETI
survey project covers twenty square degrees around the Galactic Center over the Waterhole
frequency band from 1420 to 1720 MHz with a sensitivity to detect a transmitter as powerful
as 20,000 Arecibo radars. This surveys covers the high luminosity tail of a putative ETI
luminosity function. The FOVs were selected to interrogate4 billions stars along the lines of
sight, and to provide good image quality for commensal radiosurveys. We expect to repeat
this survey to allow for the e�ects of scintillation and to include commensal radio astronomy
surveys for transient sources as part of the routine observing. This SETI survey may be
extended to other sections of the Galactic plane either as a primary survey or in commensal
mode during another radio survey of the galaxy.

Neutral Hydrogen in the Local Universe: Science white papers: \How do Galaxies
Accrete Gas and Form Stars?" (Putman et al.) and \The `Billion Galaxy' Cosmological HI
Large Deep Survey" (Myers et al.).
The majority of a galaxy's baryons are accreted directly in gaseous form, yet our knowledge
of this important component of galaxies greatly lags that ofthe stellar component. Recently
HI clouds have been detected in the halos of nearby galaxies,indicating that gas accretion is
ongoing atz = 0 (Figure 2). The origin of the gas remains uncertain however, and with the
limited observations to date, agreement with simulations predicting various `cold' and `hot'
modes of accretion cannot be easily claimed. A critical issue at play is that the observed
gas content and star formation rates in galaxies imply that the cold gas in galaxies needs
to be continually resupplied to sustain the star formation.Three-dimensional emission line
maps of the gas in and around galaxies of a range of masses in a variety of environments
will greatly aid our understanding of how galaxies accrete the majority of their baryons and
subsequently form stars throughout the Universe.

The wide-�eld, resolution, and fast imaging capabilities of an expanded ATA will be very
well suited to carrying out surveys of extragalactic HI in the local universe. Observations
of galaxies and groups sensitive to typical halo clouds can be completed out to the Virgo
cluster through one or a few deep pointings. A blind survey ofthe entire local universe can
be completed in� 2 years through the combination of a northern all-sky ATA survey and
a southern all-sky Australian Square Kilometer Array Path�nder (ASKAP) survey, and it
will have better sensitivity, resolution, and redshift coverage than previous surveys. Such a
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Figure 2: HI gas in the inter-galactic medium of the Leo
group, imaged with the ATA-42. This 1 square degree
region is 20% of the full ATA FOV. GALEX observa-
tions have recently revealed ongoing star formation in
this cloud, raising the question of how star formation
proceeds in a zero metallicity environment that is anal-
ogous to the earliest epochs of star formation.

survey will have no bias towards optical properties, and therefore will detect any unexpected
tidal HI features of other HI clouds between galaxies. The increased resolution of the ATA
relative to other surveys will also provide at least an orderof magnitude more galaxies with
dynamical mass estimates determined through their rotation curves. Surveys of HI emission
with the ATA will greatly aid our understanding of how galaxies obtain gas, and how the
census of gas evolves with the census of stars in the universe.

Star Formation and Galactic Structure: Science white papers: \Centimeter Wave Star
Formation Studies...," (Welch), \Heavy Molecule Astrochemistry...," (Heiles).
There has been a major e�ort to understand star formation since the discovery of heavy
molecules in the interstellar medium demonstrated both theexistence of molecular hydrogen
clouds and that these clouds were the locations of star formation. Much is known about the
circumstances of star formation, but the actual process of stellar birth is not understood.

There are particular reasons why large scale star formationsurveys of molecular clouds at
centimeter wavelengths are important and complementary tothe mm/submm observations.
The young molecular clouds where low mass stars form have a rich carbon chemistry and can
be studied in the emissions of long chain molecules, such as the cyanopolyynes, HC2n+1 N,
as well as H2CO and OH. These molecules all have readily observable spectral lines at
centimeter wavelengths. An interferometer array of antennas will have a wider FOV at
centimeter wavelengths because the primary antenna beams are typically much broader than
those of the typical millimeter wave antennas. For example,the ALMA 12m dishes have a
beam of one arc minute at 100 GHz. Surveys of tens of square degrees will be practical with
ATA-256 but virtually impossible with ALMA.

Ammonia has proven to be a very good tracer of hot, dense, cores in infrared dark clouds
(IRDCs). Ammonia provides many transitions that span a widerange of energies that are
sensitive to a wide range of densities, thus providing a verypowerful tool to locate and
measure the physical properties of stars in their earliest stages of formation. The ATA can
make a unique contribution to this critical stage of star formation because of its large FOV
and high spatial resolution. It can image a large molecular cloud with only a few pointings,
locate every protostar in the entire cloud, and derive theirtemperatures, column densities,
and masses. Every IRDC in the Galactic plane observable fromHat Creek could be surveyed
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in a short time providing a complete sample of all rapidly-accreting protostars.

Cosmic Magnetism: Science white papers: \The Dominant, Neglected Fourth Force: The
Interstellar Magnetic Field" (Heiles).
A further important low frequency mapping program is the observation of the molecular
Zeeman splitting to study the cloud magnetic �elds. Magnetic �elds are known to be ubiq-
uitous and may have a profound e�ect on the star formation process. Whether the �elds
are strong enough to play a role requires Zeeman surveys in these molecular clouds. The
low frequencies are a good choice for these studies because the thermal line broadening is
smaller than at mm wavelengths. For the dense cores, the C2S transition at 22.4 GHz is a
good choice. For the di�use interstellar medium, Zeeman observations of HI are critical.

Additionally, by measuring the rotation measures (RMs) of� 30 000 polarized background
sources over the entire northern sky, the ATA will deliver a vast set of plumb-lines for
studying magnetic structure. Combined with the ongoing Arecibo GALFACTS survey and
similar polarisation surveys being developed in the southern hemisphere using the Australian
SKA Path�nder (ASKAP) and the SKA Molonglo Prototype (SKAMP ), these data will yield
the overall magnetic �eld geometry of the Milky Way.

High Redshift Molecules: Science white papers: \Imaging the Cool Gas, Dust,...," (Car-
illi et al.) and \High Redshift Radio Galaxies..." (Carilli et al.).
The study of galaxy formation is essentially the study of howgalaxies turn gas into stars.
Optical/near-IR observations have revolutionized our understanding of galaxy evolution by
revealing normal star forming galaxies back through the `epoch of galaxy assembly' (z � 1
{ 3), where half the stars in the current Universe form, to theepoch of �rst light and cosmic
reionization (z > 6). Observations of low order molecular line transitions, predominantly
from CO, but also from dense gas tracers such as HCN and HCO+, are the primary tool for
determining the cool gas content as well as the dynamics of early galaxies. Recent observa-
tions using cm and mm telescopes have revealed large molecular gas reservoirs in galaxies
from z = 1 out to z = 6:4 both in rare, extreme starburst galaxies (e.g., submm galaxies)
and luminous QSO hosts as well as normal galaxies.

Two key features in the further development of the ATA are theexpansion of the array size
to 256 antennas and the upgrading of the feed to operation up to 24 GHz. The 24 GHz
operation will allow CO(1-0) to be observed atz > 4. The wide ATA �eld of view will
enable e�cient surveys of clusters and large �elds for molecular transitions.

Spacecraft Tracking: The ATA has major advantages for spacecraft tracking, including
the scheduling 
exibility, high reliability, and graceful performance degradation inherent in
large array architectures. The primary advantage of ATA-256 will be a dramatic increase
in sensitivity for telemetry downlink at both S and X bands compared with current Deep
Space Network capabilities. This can be used to increase downlink data rates, provide
greater link margin during low-SNR mission phases such as atmospheric entry and landing
or spacecraft emergencies, or enable entirely new classes of mission that use direct-to-Earth
data transmission or clusters of small spacecraft that operate without high gain antennas.
This capability could greatly enhance the e�cient use of spectrum allocated for space-to-
Earth transmission { an extremely valuable resource.
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3 Technical Overview

The ATA is based on several novel technologies that give it tremendous power as a survey
telescope. The ATA technologies have been systematically and thoroughly prototyped and
the current 42-antenna ATA is performing with increased robustness. Many of these tech-
nologies are critical for the SKA. However, the ATA-42 does not have enough collecting area
to survey as deeply and/or as rapidly as many science cases require. Thus, the proposal
requires both funds to expand the size of the array as well as operate and support science
consortia.

We summarize the performance of the ATA with 42 and 256 antennas in Table 1. Key
capabilities of the ATA are:

Survey speed The wide FOV of the ATA gives it signi�cant survey speed (Figure 3). At
256 elements, the ATA is the best in the world.

Sensitivity For certain projects, such as pulsar timing, total array sensitivity is a criti-
cal determining metric. The ATA-256 is comparable to the GBTin total area and
sensitivity.

Excellent imaging quality The large number of elements produce high quality snap-shot
images. The resolution of the array is intermediate betweenlarge single dishes and the
D-con�guration of the EVLA, providing excellent brightness temperature sensitivity.

Broad simultaneous frequency coverage The continuous frequency coverage (0.5 - 11.2
GHz) of the ATA enables spectroscopy of many atomic and molecular transitions, as
well as multi-frequency observations of continuum sources. Upgrade of the feed to 24
GHz opens up new possibilities for high redshift science.

Flexible digital signal processing Multiple digital signal paths permit installation of nu-
merous backend instruments that can operate simultaneously at di�erent frequency
tunings. The upgraded ATA will have at least 2 correlators and 8 beamformers. These
provide the opportunity for commensal science.

3.1 Instrument Description

The ATA is a \Large Number of Small Dishes" (LNSD) array designed to be sensitive for
commensal surveys of conventional radio astronomy projects and SETI targets at centimeter
wavelengths. It is well known that for surveys requiring multiple pointings of the array
antennas the resulting point source sensitivity is proportional to ND , whereN is the number
of dishes andD is the dish diameter, rather thanND 2, the total collecting area.

Antennas: The antenna is an o�set Gregorian design that allows a largersecondary with
no aperture blockage for good low frequency performance andalso provides a clear aperture
with lower sidelobes in the antenna pattern and lower thermal background. Having lower
sidelobes is particularly important with the increasing level of satellite interference. The
primary is an approximately 6m-diameter section of a paraboloid, and the secondary is a



Radio Sky Surveys Project 8

1 10

10
-3

10
-2

10
-1

10
0

10
1

Frequency (GHz)

S
ur

ve
y 

S
pe

ed
 (

de
gr

ee
s2  s

ec
-1

)

Survey Speed for a Continuum Sensitivity of 1 mJy

 

 

ATA-256
ATA-42
ASKAP [2013]
KAT   [2013]
EVLA  [2011]
VLA
Arecibo ALFA
Arecibo
GBT

Figure 3: Survey speed for ATA-
42 and ATA-256 and other exist-
ing (dashed lines) and planned
(solid lines) facilities as a func-
tion of frequency, for radio con-
tinuum surveys to a sensitivity
of 1 mJy. ATA-256 will have
55% of the collecting area of the
EVLA but 17 times the FOV,
leading to a survey speed that is
8 times faster for spectroscopy
and comparable for continuum
at high frequencies where it is
possible to use the larger band-
width of the EVLA correlator.

Table 1: Performance Goals for ATA-42 and ATA-256
Parameter Value Value Unit Comment

Number of Elements,N 42 256
Element Diameter 6.1 6.1 m projected on sky
Total Geometric Area, Ageo 1227 7478 m2

Aperture E�ciency, � 63% 63%
System Temperature,Tsys 44 44 K average across 1{10 GHz
SEFD 156 26 Jy
Array Diameter 0.3 0.8 km
Field of View 3.5/ f GHz 3.5/ f GHz degrees
Antenna Pointing 0.01 0.01 beam 10 GHz, night, low winds
Slew time 2 2 minutes to anywhere on sky
Frequency Coverage 0.5 - 11.2 0.5 - 11.2 GHz available simultaneously
Synthesized Beam Gaussian Gaussian
Max. Deviation from Gaussian 18% 1% \snapshot"
FWHM of Synthesized Beam 248x120 93x76 arcsec2 1.4 GHz @ zenith
Sensitivity
Beamformer Bandwidth 3 x 72 8 x 500 MHz
Correlator Bandwidth 2 x 100 2 x 500 MHz Reducible by 2N

Correlator Channels 2 x 1024 2 x 2048
Continuum Point Source 590 43 � Jy rms in 6 min
Brightness Temperature 34 24 mK rms in 12 h @ 10 km/s in HI
Continuum Survey Speed 0.039 7.24 deg2 s� 1 1 mJy rms @1.4 GHz
TB Survey Speed 0.096 0.202 deg2 s� 1 1K rms in 10 km/s @1.4 GHz

2.4m ellipsoid. Antenna tipping measurements verify that geometrical optics spillover is
small, except near zenith where it rises to 1%. Slew speeds upto 3� s� 1 in azimuth and
1:5� s� 1 in elevation are possible. Radio holographic measurementsof the entire antennas
show overall optical surfaces with total RMS errors of 0.7 mmfor night time observations.
Pointing accuracy is excellent during the night, typicallyaround 1000. An insulated covering



Radio Sky Surveys Project 9

Figure 4: (left) Measured system temperature for antenna 2Kusing the Moon and Casseopia
A. (right) ATA-42, located in Hat Creek, California.

for the pedestal tower has been developed to reduce the thermal distortions that lead to day
time pointing errors.

Feeds and Receivers: The ATA feed is a pyramidal log-periodic feed. The motivation for
the choice of this wideband feed was the development of very wideband low noise MMIC
receivers. The dual-linear polarization feed incorporates a novel Indium Phosphide MMIC
low-noise ampli�er designed and packaged at Caltech. Low noise temperatures are achieved
across the band (Figure 4).

Array Con�guration: Figure 4 is an aerial photograph of the present array of 42 antennas.
The ATA-42 sub-array is in the southwest corner of the �nal 350-element array. The 42-
element array has a Gaussian baseline distribution with good but not excellent snapshot
coverage; observations at a few hour angles can signi�cantly improve image quality over a
single snapshot. For ATA-256, observations at multiple hour angles improve sensitivity but
do not signi�cantly improve (u; v)-coverage. The Fourier transform of this distribution is
the beam pattern, which is therefore also a Gaussian and an ideal point spread function.

Analog and Digital Electronic Systems: The entire band, 0.5 - 11.2 GHz, is brought
back to a centrally located processing facility via analog �ber-optic links. The post ampli�ers
and photonic modulators sit in a thermally controlled enclosure at the back of the feed. The
remainder of the signal path lies within the processor building. The RF converter board
accepts the two linear polarization �bers from an antenna and passes four independent dual-
polarization, 600-MHz IF channels to the digitizers. At present there are beamformers fed
by the digitizers of two of the tunings, each of which can formtwo separate beams with
bandwidths of 100 MHz. The digitizers of the other two tunings are fed to two separate 100-
MHz cross-correlators for interferometric imaging. As described below, a major technical
goal of the RSSP is continued development of digital systemsthat increase total bandwidth
and processing power.

The current generation of SETI signal detection hardware and software is called Prelude,
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which relies on rack mounted PCs that have been augmented by two custom accelerator
cards based on DSP and FPGA chips. Each Programmable Detection Module (one of the 28
PCs) can analyze 2 MHz of dual-polarization input data to generate spectra with spectral
resolution of 0.7 Hz and time samples of 1.4 seconds. An initial implementation of a 100-MHz
bandwidth dual-polarization pulsar processor has been built with FPGA-based components
designed by the CASPER group. Evolution of this design is nowbeing deployed at a number
of telescopes world wide.

The ATA also incorporates a fast spectrometer mode that enables each antenna to survey
the sky independently for millisecond-duration background pulses over a wide �eld. Used
in Fly's Eye mode in which each antenna is pointed in a di�erent direction, the ATA can
survey 200 square degrees of sky instantaneously.

3.2 Commensal Observing for the RSSP

The many key science projects described above would take decades to complete without the
ability to conduct many of them simultaneously. Commensal observing is enabled by several
critical characteristics of the telescope as described above: the wide FOV which puts many
targets in the same pointing direction; and, the multiple analog and digital signal paths
which allow simultaneous processing of data taken at di�erent frequencies with di�erent
instruments. These concepts are embedded within the SKA plan but the ATA will be the
�rst to fully 
esh these out. The challenges are large: di�erent science goals require di�erent
integration times, di�erent cadences, and di�erent targets.

At the heart of a functioning commensal system it is necessary to build a telescope resource
manager that allocates control of di�erent subsystems to di�erent science projects. For
instance, the primary project can control the array pointing, an analog signal path, and one
digital backend while the secondary project will simultaneously control a separate analog
signal path and a separate digital backend. These processesneed to communicate with each
other: When will the pointing or other shared resources change? Under what circumstance
can the subordinate project interrupt the primary project in event of a discovery or need
for additional follow-up? An automated, rule-based systemis necessary to integrate these
activities.

With the ATA-42 we have focused on a few applications of commensal observing: merg-
ing SETI beamformer observing with correlator observing; and multi-project correlator ob-
serving. The former is the less tractable problem: SETI observing protocols include non-
deterministic scheduling in which observations are made ofthe same position repeatedly
until all candidate signals are classi�ed as interference or conclusively determined to be non-
terrestrial in origin. This is a fundamentally di�erent approach than that taken for most
astronomy surveys where a �xed integration per pointing or object is set in advance. Never-
theless, this re
ects on the challenges that will be faced for commensal observing of transient
and time variable sources that may require real time follow-up. At this point, we have suc-
cessfully completed simultaneous SETI beamformer observations of stars in the �eld of M81
while performing correlator observations of HI. We are currently developing protocols for si-
multaneous SETI and correlator observing of 20 square degrees in the Galactic Center region
in which the SETI observations will control the pointing. Correlator observations will search
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for transients and make large-scale images of recombination lines and radio continuum.

We are also developing commensal observing modes for ATA-42in which multiple correlator
projects are performed. We plan to simultaneously observe radio continuum at 1.4 and 5
GHz with two correlators. The 5-GHz survey emphasizes slow transient detection (> 1 day)
and creation of a new 5-GHz static sky catalog while the 1.4-GHz survey emphasizes rotation
measure synthesis for extragalactic radio sources. The closer spacing for pointings required
at 5-GHz is a bene�t to the 1.4-GHz polarimetric survey, where the principal systematic
error to calibrate is o�-axis polarization performance.

Synoptic surveys that build up sensitivity over time are a critical aspect of commensal
observing. For instance, deep hydrogen surveys of individual objects or of large �elds can be
built up with repeated visits in which the cadence is set by the requirements of a transient
campaign. A key project that could be built out of the variousscience goals described in the
previous section is a focus on a nearby galaxy such as Andromeda. Deep HI observations
would survey for high velocity clouds accreting onto the galaxy; deep observations of 6.7-GHz
methanol masers would trace star formation regions in the disk. The same correlator data
could simultaneously be used for constructing static catalogs at both frequencies as well as
conducting transient surveys through repeated visits overtime. Fast spectrometers could
separately process each antenna's data-stream in a search for giant pulses from extragalactic
analogs of the Crab pulsar. SETI observations would target individual galactic stars that
are in the foreground at a range of frequencies that are independently tuned.

A critical set of technologies necessary for large-scale surveys is an automated 
agging, inter-
ference rejection, calibration, and real-time imaging pipeline. We have developed a version
of this software (RAPID) that uses the Miriad package to process continuum ATA data.
Extensions to include spectral line imaging are underway. For continuum imaging, pipeline
processing runs in a time equal to observing time on a single processor. Use of the pipeline
for real-time imaging has been demonstrated; i.e., calibrated images are produced during
observations, enabling on-the-
y checks of data quality aswell as fast transient searches.
A separate pipeline (SLOW) has been developed for forming large mosaics, extraction of
sources, creation of light curves, and comparison with existing catalogs, such as NVSS.

Finally, the ATA as part of the RSSP must function in a network with radio, optical, and
high energy facilities. The ATA surveys are complementary to the strengths of the EVLA,
for example. Transient surveys with RSSP will discover objects that must be observed at the
higher angular resolution, di�erent frequencies, or the greater sensitivity that the EVLA, the
VLBA, or Arecibo might o�er. This requires thinking telescope technology that takes real
time detections and translates events into observing programs on other facilities. Inclusion of
these techniques in RSSP will leverage the signi�cant developments that have already been
made at optical/IR facilities such as RAPTOR and PAIRITEL and the VOEvent protocol.
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Figure 5: (left) Next generation, integrated signal processor for the ATA consists of: `F' engines that
samples signals, converts to baseband, �lters and forms channelized spectrum; `X' engines that form full
Stokes correlation products; `BF' beamformers; 10 GbE switch for interconnects including multicasting of F
spectra to X & BF modules. The correlation products are passed to Real-Time (RT) imager that will initially
use a Linux server cluster. The BF modules feed SETI Spectrometers (SS) and pulsar processor (PSR) also
based on cluster computing. (right) A conceptual architecture of an open Software De�ned RadioTelescope
showing path for early access to the sky through existing 50-MHz ATA-42 beamformer on IF tuning B and
expansion to 600-MHz beamformers supplied by the BF modulesor other approach.

4 Technology Drivers

4.1 Large-N Correlator, Beamformer, and Signal processor

A number of science projects discussed above will bene�t from wider bandwidth and more
agile digital signal processing. The ATA has been designed with the concept that signal
processing hardware and software is an operating cost, not acapital cost. We plan a next-
generation signal processor (Figure 5). This design is being developed and implemented in
collaboration with Berkeley's Center for Astronomical Signal Processing and Engineering
Research (CASPER) and its partnerships with other projects(MeerKAT in South Africa,
GMRT in India, and FASR in US).

The next-generation signal processor is contained in the pink-shaded box in Fig. 5. In the
`F' Field-Programmable Gate Array (FPGA) engine for each antenna the signal is digitized
at � 1-GHz, mixed with local oscillator tone and �ltered to 500-MHz complex voltage signal
that is then channelized using a polyphase �lter bank algorithm. In our current architecture
the data streams are passed synchronously to `X' FPGA engines where they are packetized
using UDP protocol and sent to a commercial 10 GbE switch for routing to subsequent
processors.

The `X' engine itself forms correlation products for a subset of channels and all antennas
and all Stokes parameters. Integration times range from 10 ms to seconds. The average
correlation products are forwarded to the host CPU, here shown as `RT Imager'. For long
integrations the host CPU will store data in MIRIAD �les for o�ine processing as is in
conventional synthesis imaging systems. We will be exploring real-time imaging by bring-
ing Linux cluster, and potential GPU co-processor resources, into the con�guration. The
transient sky can be explored by blinking rapidly sampled and imaged data at rates com-
mensurate with new astrophysical phenomena and incommensurate with storage capacities.
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The `F' engines will also have the capacity of delay and fringe rate tracking. Calibration of
the amplitude and phase tracking atmospheric and instrumental e�ects will be done using the
correlation products. The spectra from each antenna will bemulticast through the switch
to feed beamformers. Fine adjustment in the beamformers will allow multiple pointings
within the primary beam. The beamformers themselves will befed to SETI spectrometers
and pulsar signal processors. The 
exible architecture of the system also supports fast
spectrometers and correlators that trade total number of baselines for high time resolution
as required for short-duration transient searches.

The hardware for this next-generation ATA signal processorsystem is under development
within the CASPER collaboration. The ROACH (Recon�gurable Open Architecture Com-
puting Hardware) board is in �rst prototype testing phase. The South African MeerKAT
group is the lead group with CASPER, NRAO, FASR and others. The FPGA devices will be
from the Xilinx Virtex 5 generation. The CASPER approach is to maintain �rmware algo-
rithms across multiple generations of hardware, and ROACH represents their �rst migration.
The ATA implementation is likely to use this technology in FY10.

4.2 Data Management

As a large-N array with up to an order of magnitude more telescopes than current inter-
ferometers, the ATA-256 will produce output visibility data rates that are in the large-data
regime but intermediate between current arrays and future extremely data-intensive instru-
ments planned for the coming decade, such as the SKA and the Large Synoptic Survey
Telescope (LSST). For uniform sampling across the �eld-of-view, and assuming a fractional
bandwidth of 0.5 at 1 GHz, mean ATA-256 visibility data ratesof order � 1 TB per day are
obtained; these can be signi�cantly higher in observing modes requiring �ne frequency- or
time-sampling.

These data rates require a mature data management system that provides key services in-
cluding: i) the robust migration of data from the site to a long-term archive; ii) secure
community user access to raw and re-processed data from a central archive; and iii) archive
federation support by ful�lling interfaces to existing Virtual Observatory (VO) protocols and
standards to ensure access by the full astronomical community across all wavebands. Full
science processing will require high-performance computing capabilities, but within the enve-
lope projected for anticipated advances in available peak computing power over the coming
decade. ATA-256 intends to provide such services through collaboration with partner insti-
tutions and projects to leverage common data management services planned or implemented
by contemporary data- and compute-intensive projects. TheATA-256 telescope constitutes
an important path�nder for data-management and processingand analysis challenges for
SKA-hi and SKA-mid.

4.3 High Frequency Feed

Several key science projects rely on higher frequency performance than currently achievable
with the ATA feed. These include detection of ammonia in the interstellar medium and
detection of CO emission from high redshift galaxies. Higher frequency performance would
also enable study of water masers, which have been critical in the study of star formation
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and AGN disk structure.

Enhancements to the ATA feed and receiver are in progress both to increase overall band-
width and to lower the system temperature. The work is supported in part by an NSF funded
Technical Development Plan which is part of the US contribution to the development of the
SKA. The ATA antenna optics show an overall typical surface RMS of 0.7 mm, which is
about 1/40 of a wavelength at 11.5 GHz, the present upper frequency limit of the array.
1/20 of a wavelength de�nes a usable upper frequency limit for an antenna, and we plan to
increase the receiver upper band edge to 24 GHz. Our present pointing accuracy is about
one arc minute, 1/20 of a beam at 11 GHz. Tests have shown optical tracking accuracy of
about 2000at night, and the goal will be to achieve an accuracy of about 3000-4000for both
day and night observing at 24 GHz.

The receiver upgrade being planned to accompany this bandwidth increase is a lowering of
the system temperature. Current Tsys is in the range of 40K atfrequencies below 5 GHz
and rises to 60-80K at frequencies up to 10 GHz. The higher noise at the higher frequencies
appears to be due to larger than expected ohmic losses in the connections between the feed
input terminals and the LNA. The latter is in a dewar at 60K andthe former are at room
temperature. The plan is in e�ect to extend the vacuum dewar out from its present input
window to encompass the entire feed. Although most of the feed, for operating frequencies
below about 4 GHz, will remain at room temperature, the high frequency parts of the feed
and the connecting lines to the LNA and the LNA itself will allbe at about 60K. Calculations
show that total noise temperatures will be below about 35K for frequencies up to 12 GHz
and will be no more than 60K at 24 GHz. The latter number depends on our success in
tuning the LNA to cover the wider band. Figure 6 shows the planned new feed in a glass
vacuum bottle with a lowest operating frequency of 1 GHz.

5 Activity Organization, Partnerships, and Current Status

The ATA was dedicated in October 2007 after seven years of design, prototyping and con-
struction. Since that time, primary activities have been array commissioning, retro�tting of
a few key subsystems, and early science observations.

The ATA is a joint project of the UC Berkeley Radio Astronomy Laboratory (UCB) and
the SETI Institute (SI). The partnership is de�ned in a Memorandum of Understanding.
An Oversight Board, which consists of voting members from the two institutions and non-
voting members from the Paul G. Allen Foundation (PGAFF) andthe astronomy community,
governs the project. The Project Director, currently Prof.Don Backer from the RAL, reports
to the Oversight Board. The Steering Committee, consistingof four voting members from
each institution, advises the Director.

The ATA has been funded through a public/private partnership since 2000. Speci�cally, the
project has received $33M from private sources, predominantly from the PGAFF, $2.5M
from corporate in kind donations such as Xilinx chips, $9M from the SI, $5M from UCB,
$5.6M from the USNO, $1.6M from the USAF, and $2M from the NSF.NSF funding has
primarily been for an MRI program to develop a correlator andless than $1M for operations
and science. Additional NSF funding of the SKA Technology Development Project through
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Cornell University has supported some activities that makeuse of the ATA, its technologies,
and the knowledge base of its sta�. The CASPER group has also provided key technology.
USNO and USAF funding has been for the purpose of developing the array for space situa-
tional awareness uses; this support is ongoing and could include operations and construction
support.

The RSSP will have its own structure that is adjunct to the ATA and is de�ned in large
part by the nature of its funding vehicles. Funding for construction, operations and sci-
ence would derive from multiple sources and be distributed di�erently across participating
institutions. We expect that construction funding would continue to come through a pub-
lic/private partnership and would continue to go through the UCB/SI partnership. Likewise
operations funding would support on- and o�-site technicalsta�, who are UCB and SI em-
ployees, involved in operating the ATA and maintaining the facility. Subcontracts to RSSP
partners may be issued from construction and operations to handle certain tasks such as
new correlator development and data archiving.

Funding for the science component of the RSSP is likely to be decoupled from construction
and operations funding. The most likely model is a set of individual projects that would
compete for NSF or other public funding, similar to how the current Arecibo/ALFA projects
function. This will enable the lead e�ort on surveys (and consequent funding leads) to
originate from outside UCB and SI. Survey teams will also be able to fund multi-telescope,
multi-wavelength projects that couple with RSSP surveys. Aboard consisting of principal
investigators from ongoing surveys will advise the ProjectDirector on operations.

Key personnel on the ATA project have been actively involvedin US and international

Figure 6:
Schematic of
upgraded ATA
feed showing the
glass bulb that
permits cryogenic
operation up to
frequencies of
24 GHz. The
new feed uses the
same log-periodic
design as the ex-
isting ATA feed.
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aspects of the SKA since its inception in technical, scienti�c, and managerial areas through
such bodies as the SKA Science and Engineering Committee, the US SKA Consortium,
and the SKA TDP. Feedback from the RSSP will provide criticalinformation for design,
development, and operations of the SKA.

6 Activity Schedule

The RSSP is, in the current parlance, \shovel-ready." We have built and operated a substan-
tial prototype for the full telescope and are well-aware of the issues involved in construction
and operations. We have retired risk in nearly all areas. Assuming a funding award for
construction in January 2011 (from either public or privatesources), we outline here how
construction, operations, and science would proceed. Science with a partially expanded ar-
ray could begin at the end of 2012 while science with the full array would begin at the end
of 2013.

Preconstruction (6 months): During this phase, we would develop a detailed construc-
tion scheme, write contracts for long lead-time hardware elements, acquire construction
infrastructure, and increase construction sta�. We expectto retain key personnel who will
be prepared to lead detailed construction planning at this time.

This area focuses on the detailed procedures for installingsite infrastructure and operating a
production line facility for antenna assembly and installation. Array con�gurations that take
into account science goals and local topography have already been selected for an expanded
ATA but we require an engineering plan for distribution of power, �ber optic cables, and cool
air to antennas as well as temporary roads for antenna distribution on the site. Construction
will be done on private land that is leased to UCB and occupiedby the project and will not
require environmental review.

Previous antenna assembly occurred at a rate of approximately one antenna per week. Paral-
lelizing the process can increase antenna assembly rate by afactor of 2 to 3 without running
into limits of site capacity. Antennas were previously assembled in a large tent. More rapid
assembly will require construction of a simple antenna barnwith an overhead crane. Con-
struction of components occurs at o�site locations (UCB, Minex Engineering, and other
contractors) and may require an expansion in capacity at these locations.

Key long lead-time components are the dish surfaces, some castings for the antenna structure,
and low noise ampli�ers for the feeds. The dish surfaces originate from a single contractor
(Anderson Manufacturing); their availability is likely but they nevertheless represent the
largest risk in the construction project. The project owns the antenna mold which is used
for construction of the surfaces. Individual antenna surfaces can be produced at a rate of
many per day once production is underway. Low noise ampli�ers are obtained from Northrup
Grumman (NGST).

Construction (2 years): Following development of the detailed engineering plan, on-site
sta� will build a conduit network for distribution of power, �ber optical cables, and cool air
to antennas. Antennas will be assembled and installed at a rate of 100 per year. Construction
rate is likely to ramp up over the �rst 6 months following pre-construction as procedures are
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re�ned.

Assembly of an individual antenna involves integration of dish surfaces, support structures,
azimuth and elevation drives, electrical connections, andelectronic controls and monitor
points in the antenna assembly building. A crew of 3 people can do this work in less than
one week. Antenna foundations are drilled and constructed by private contractor. Antenna
pedestals are installed by a two-person crew at a rate of one per day. Two technicians
can perform feed installation and make electrical and optical connections at a rate of two
antennas per week. Feeds are assembled at Minex engineeringat a rate of one per week with
3 technicians.

Construction of an underground bunker for analog and digital signal processing will take
6 months. New analog and digital hardware will be installed here in the second year of
the project. We estimate that a sta� of 6 technicians can assemble and supervise external
contractors in the construction of the analog signal path. Digital backend development as
described above will take 2 years given the existing international e�ort to design and operate
a platform for next generation signal processing.

Science Operations: We expect that science with ATA-42 will continue during the �rst
1.5 years of construction. At this point, a signi�cant number of new antennas will have been
constructed. Simultaneously, we will have built signi�cant analog processing capability.

Commissioning operations will commence at this point. After 6 months characterization of
new antennas, then we can proceed with science with the arrayexpanded by approximately
100 antennas. The array size will grow incremently at this stage; new antennas can be
incorporated into science observations following commissioning.

Science operations with the fully expanded array will begin2.5 years after initial funding.
We expect that surveys will have a duration of approximately5 years.

7 Cost Estimates

7.1 Construction Costs

An expansion of the array by approximately 100 antennas is necessary to make survey speed
competitive with other facilities. The full cost for array expansion is $183k per antenna, or
$40M to reach 256 antennas. These costs include labor and hardware. Hardware costs include
antennas, feeds, analog signal paths, digital signal processing (correlators and beamformers),
and compute-cluster post-processing. These costs are determined from a bottom-up analysis
based on actual expenses in construction of the ATA-42. We have estimated volume discounts
for parts where applicable. Non-recurring engineering (NRE) costs incurred in ATA-42 are
not included.

Telescope Assembly incorporates all mechanical and drive electronics starting with parts
acquisition and carried through assembly and deployment. A�xed cost for the primary and
secondary re
ectors is used, independent of volume; this assumes purchase from the original
manufacturer Andersen Manufacturing, or Patriot AntennasSystems. The original agree-
ment between Andersen and SI allows that if Andersen chose not to continue manufacturing
our re
ectors, SI would have the right to take their custom ATA hydroform tool and �nd
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another source. However, if Andersen were to sell their process to another vendor such as
Patriot, we would have to ensure some sort of price control from them for re
ectors out to
300 units. A signi�cant price increase by a new vendor would mean that the project would
be better served by taking over the re
ector production, installing the needed facility and
personnel at Hat Creek, and amortizing those costs immediately.

Feed Assembly incorporates the wide-band feed, cryogenic refrigerator,low-noise ampli-
�er, and associated electronics. The item carries this fromacquisition of parts through to
assembly and testing. Ampli�ers come from vendors in Europethat are ready to provide for
buildout. Ongoing research and development under the Square Kilometer Array Technical
Development Program seeks to improve the performance, reliability and manufacturability
of the critical feed/LNA component of the system.

Foundations for the telescopes have been contracted out. The pricing hassome uncertainty
based on two past experiences, and so there is some volatility in this estimate. A conservative
value is taken.

Trench and Conduits run from zone nodes back to signal processing room via a vault.
This e�ort is reasonably well estimated from past work although site sta� labor was often
multi-tasking.

Facilities at Hat Creek Radio Observatory have several signi�cant items required for a
signi�cant buildout: (a) a new, all-weather construction shed ($85k); (b) move of the con-
struction tent ($35k); (c) backhoe and related equipment for trenching ($85k); (d) a shielded
and air conditioned signal processing room ($500k); and (e)refurbishing of current signal
processing room for shielded operations computer and networking as well as visiting scientist
o�ce ($50k). The new signal processing room will have energye�cient 100-200 kW \natural
cooling" via underground forced air, and possibly solar panels for peak load needs. These
can be amortized across this current buildout, but will haveimpact for a future buildout,
too.

Analog Electronics covers the signal path from the zone node through to the analog to
digital converters. No volume savings were identi�ed although some component purchases
will bene�t in moving to break points like 100 parts.

Digital Signal Processing Electronics includes analog to digital conversion, IF pro-
cessing, multi-channel analysis, correlation and beamforming. Excluded are the subsequent
analysis steps for science products and calibration that may be done in realtime or o�ine.
This is a dynamic category in that the ATA as a \data machine",and can be expected to have
applications that drive demand to wider bandwidths and morecomplex signal processing.
We budget here for basic needs of correlation and beamforming.

A 350-MHz, \Roach2" based correlator/beamformer is estimated COTS component costs
for 256 antennas at $3.5M. This includes the commercial price for Xilinx parts, which is
approximately 35% of the totals. This does not include system integration and testing for
ATA; need 2 FTE-year that we budget at $300k. The Roach correlator is an international
collaboration, and most of the NRE will be covered elsewhere. The design includes both
antenna-antenna correlation matrix as well as phasing multichannel spectra for a set of
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Table 2: Cost per Antenna for Expansion
ATA-256

Telescope Assembly 71944
Feed Assembly 24231
Foundations 11806
Zone Nodes 3379
Trench & Conduit 8687
Facilities 6292
Analog Electronics 13714
Digital Signal Processing 15625
Computing 5583
Management & Budget 5046
Total ($/ant) 166307
with 10% contingency 183 k$
Total for Expansion 39.1 M$

beamformer outputs.

Computing comprises both general computing/networking for array operation ($120k for
3y) and realtime signal analysis ($400k). An FTE is needed for this installation at $150k.
The Signal Processor Room is included in facilities above.

Management and Budget: Deputy Director 0.25 FTE; Construction Manager (CM) 1.00
FTE; CM assistant 1.00 FTE all times 3 years. A modest contingency of 10% is included;
this factor will su�ce once detailed budgeting and review are done owing to the readiness
of this expansion based on existing components.

7.2 Operations Costs

The ATA core operations and maintenance (O&M) activities have been assessed in the
past year during negotiations with the USAF and while the array is transitioning from
construction through commissioning into routine science and other data product operation.
Our bare minimum model for the 42-element array is $2M per year. Our optimum model,
which would support a larger array as well, is $5M per year. Inour negotiations with the
USAF we have a nominal agreement that their use for satelliteand debris monitoring would
not exceed 30%. Assuming that RSSP is fully subscribing the remaining time, the required
O&M annual budget would be $3.5M/year.

Sta� costs are the principal component of the O&M budget. We have primary sta� at the
ATA site: site manager and administrative assistant, technical sta� to maintain the ATA
and site infrastructure and scienti�c/technical sta� to lo ok after signal processing, general
computing, calibration and data throughput. There are general supplies, leases, amortization
of vehicles and buildings and utilities. Approximate annual cost is $2M/year.

The O&M budget also includes administrative and technical sta� at UCB, SI and a principal
contractor Minex Engineering. The technical sta� will be involved with major maintenance of
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electronics and potential retro�tting and overhaul. The technical sta� also includes software
for Monitor and Control and Data Acquisition and Archiving. The administrative sta�
includes Director and assistants for purchasing, budgeting, and related tasks. Approximate
annual cost is $3M/year.

Our model for the O&M costs will evolve over the coming years according to ATA usage
and development. A central goal of the ATA is that it serves asa model for a LNSD SKA
at centimeter wavelengths. To that end we seek to lower operating costs. Indeed, with
larger N the mean time between failures must be driven longer. Furthermore the goal of the
RSSP is year and multi-year duration surveys with stable equipment. This suggests that the
projected core O&M budget may be reduced when the RSSP reaches formal proposal stage
in 2010.

We note that total operating costs estimated here for ATA-256 are� 5% of total engineering
and construction costs from the start of the project. For thepresent ATA-42, operations
costs are closer to 10%, which is due to being on the wrong sideof the balance of NRE and
construction expenses; the latter is 10 to 20% of the former.Expansion is therefore a very
cost e�ective use of the NRE.

7.3 Science Costs

We envision� 5 simultaneous key science surveys ongoing at any given timefor a duration
of 5 years. If each project requires a postdoctoral fellow, four graduate students, and a
fraction of senior personnel, then costs per project are $400k per year, or $2M per year for
the entire program. Thus, science costs for 5 years of operations are $10M.


