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1 Executive Summary

We describe here the Radio Sky Surveys Project (RSSP): a set of surveys that will be
conducted with an expanded Allen Telescope Array (ATA). The RSSP exploits unique ca-
pabilities 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 im-
portant complement to the significant capabilities of the existing radio facilities and will
provide results complementary to the next generation of instruments across the spectrum.
The RSSP surveys will be conducted by US and international science collaborations.

The ATA is a radio interferometer, currently with 42-elements, that receives signals over
the continuous frequency range of 0.5 to 11.2 GHz. The small diameter dishes of the ATA
give it a very wide field of view, making the ATA an excellent instrument for surveys. The
ATA employs flexible digital electronics that enable a wide range of science. Expansion of
the ATA to 256 elements will dramatically expand the survey speed and sensitivity of the
telescope. We calculate full RSSP costs at $44M for construction, $26M for operations, and
$12M for analysis of surveys (2009 dollars).

The ATA has been a scientific, technical, and finanical pioneer through the development
of novel technologies. The ATA has been funded through a hybrid funding model by a
public/private partnership that has invested $55M over the past decade. Three-quarters of
these funds have been invested in non-recurring engineering costs. The RSSP is in a mature
state 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.

The RSSP is an important fore-runner to the Square Kilometer Array (SKA). The ATA
strongly resembles the baseline design of the SKA. Construction, operation, maintenance,
and scientific use of an array with hundreds of elements will be an important contribution
to the international effort. The document is arranged as follows:
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2 Key Science Goals of the Radio Sky Surveys Project

This is a revolutionary period for astronomy. New detector and computing technologies
are enabling telescopes and surveys that have not been previously possible. Astronomy
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 collab-
oration has produced a systematic view of the optical sky 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) offer the potential to expand the
envelope of knowledge of the optical sky dramatically. Wide area surveys at meter and
centimeter wavelengths – from the venerable 3C catalog, to the atomic Hydrogen surveys
(HCRO, Dwingeloo, HiPASS, GPS, GALFA), and the VLA surveys (NVSS,FIRST,VLSS) –
have been integral to progress in many fields.

The Dynamic Radio Sky: The time domain is ripe for exploration, as observations over
the past decade have emphasized that the sky is in fact quite dynamic. Known sources have
been seen to behave in new ways and what may be entirely new classes of sources have been
discovered. Radio observations 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), giant 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 radio 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 (Fig. 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 10 to 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 significant 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 field of view (FOV), sensitivity at high
frequency, and high cadence over ∼ 104 square degrees is necessary to detect a significant
population of these objects within a one-year survey. An ATA-256 survey for OGRBAs
would also have considerable sensitivity to radio supernovae as well as the capability to
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: One of the most fun-
damental ingredients for our understanding of gravitation is the existence of gravitational
waves (GWs). This theoretical prediction can be tested by the first direct detection of
gravitational waves whose existence are indirectly inferred from binary pulsar observations.
Direct detection is the goal of a number of special-purpose, ground-based GW detectors, but
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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 thousand sources are detected in the full image.
Circles indicate known NVSS sources. Repeated observations can identify transient and variable
sources. (right) A burst from the Crab pulsar detected by the ATA Fly’s Eye experiment, which
simultaneously searched 200 square degrees for millisecond-duration pulses.

is also achievable by an astrophysical GW detector constructed from a network of millisec-
ond radio pulsars. This is possible as the Universe is expected to be filled 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 first direct detection of a GW signal, as well as a rich source of new astrophysics.

This experiment requires the repeated timing of a large 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 to combine a large sensitivity with
mitigation for the time-varying effects of the interstellar medium. The ATA can observe 3 to
4 bands simultaneously, located across the frequency range that is optimal for pulsar studies
and for the separation of intrinsic and frequency-dependent propagation effects. In this
respect, the ATA, particulary with 256 antennas, is superior to any other telescope (Arecibo
is larger but constrained in sky coverage and unable to observe at multiple frequencies).
With other telescopes, the required multi-frequency observations are more difficult 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 deliver measurements simultaneously at different frequencies, but
other science (such as deep imaging, transients, SETI) can also be conducted commensally,
increasing overall telescope efficiency and the repetition rate for each pulsar. The latter is
important for a characterisation of each millisecond pulsar, so that the GW background can
be separated and identified. With its unique characteristics and improved sensitivity, the
ATA-256 promises to become the world’s best telescope for this experiment.

SETI: 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 and frequency coverage
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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 magnitude the number of star systems and
the frequency range examined for the presence of artificially 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 are observed
simultaneously at the same frequency band for 100 seconds. Comparison of signal detection
results from the three stars helps identify terrestrial interference. 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 allow commensal radio surveys to
achieve good sensitivity. In the future, the use of up to 8 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 first 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 explores the high luminosity tail of a putative ETI
luminosity function. The FOVs were selected to interrogate 4 billions stars along the lines of
sight, and to provide good image quality for commensal radio surveys. We expect to repeat
this survey to allow for the effects of scintillation, to expand the frequency coverage, and to
continue with 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: 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 of the stellar component. Recently HI clouds have been detected in the
halos of nearby galaxies, indicating that gas accretion is ongoing at z = 0 (Fig. 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-field, angular and spectral 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 of the entire local
universe can be completed in ∼ 2 years through the combination of a northern all-sky ATA
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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 re-
gion is 20% of the full ATA FOV. GALEX observations
have recently revealed ongoing star formation in this cloud,
raising the question of how star formation proceeds in a
zero metallicity environment that is analogous to the earli-
est epochs of star formation.

survey and a southern all-sky Australian Square Kilometer Array Pathfinder (ASKAP) sur-
vey (expected to launch 2013 or later), and it will have better sensitivity, resolution, and
redshift coverage than previous surveys. Such a 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 order of magnitude more galaxies with dynamical mass estimates deter-
mined 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.

Other Science Topics: The ATA will be used for systematic studies of star formation,
galactic structure, cosmic magnetism, and high redshift galaxy formation through spec-
troscopy of atomic and molecular transitions. The ATA will also be used for space situational
awareness and spacecraft tracking, with major advantages including the scheduling flexibility,
high reliability, and graceful performance degradation inherent in large array architectures.

2.1 Flowdown of Science Goals to Technical Requirements

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 (Welch et al. 2009). It is well known that for surveys of a fixed duration and
requiring multiple pointings of the array antennas the resulting point source sensitivity is
proportional to ND, where N is the number of dishes and D is the dish diameter, rather
than ND2, the total collecting area. 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. Key capabilities of the ATA are:

Survey speed The wide FOV of the ATA gives it significant survey speed (Fig. 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 GBT in total area and
sensitivity.
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Figure 3: Survey speed for ATA-
42 and ATA-256 and other existing
(dashed lines) and planned (solid
lines) facilities as a function of fre-
quency, for radio continuum sur-
veys to a sensitivity of 1 mJy.
ATA-256 will have 55% of the col-
lecting area of the EVLA but 17
times the FOV, leading to a sur-
vey speed that is 8 times faster
for spectroscopy and comparable
for continuum at high frequencies
where it is possible to use the
larger bandwidth of the EVLA cor-
relator.

Excellent imaging quality The large number of elements produce high quality snap-shot
images. The resolution of the array is intermediate between large single dishes and the
D-configuration 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 different frequency
tunings. The upgraded ATA will have at least 2 correlators and 8 beamformers. These
provide extraordinary opportunity for commensal science.

The ATA was originally conceived as the 1 hectare telescope, i.e., 1% of a square kilometer,
comparable in sensitivity to the GBT and the EVLA, and requiring 350 6-m antennas. As
we have discussed above, the ATA-42 is not adequate for a range of science, either point
source or survey, due to lack of sensitivity. For instance, the state of the art in pulsar timing
is performed by 100-m class facilities such as the GBT or the 300-m Arecibo. An increase
in collecting area by a factor of at least 3 over the ATA-42 is required to enable an all-sky
extragalactic hydrogen survey with the same sensitivity as the Arecibo ALFA survey. Similar
requirements are necessary for sensitive molecular line studies of the galaxy. In the transient
domain, we can currently survey the sky well at mJy sensitivity but key transient classes
such as radio supernovae and gamma-ray burst afterglows are primarily detected at the 100
microJy level; thus, an order of magnitude increase in sensitivity is necessary to probe the
key phenomena rather than just find outlier objects.
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The arguments above indicate that an increase in the array size by a factor of 3 to 10 is
necessary to achieve our science goals. There is no truly optimal number of antennas for
a large-N array based on science considerations; more is always better. The scale of 256
antennas was set by the digital architecture which has natural break points at powers of
two; that is, a 257-element array would probably require substantially more expense in DSP
than a 256-element array.

The science goals require two kinds of digital instruments: correlators and beamformers.
The former make images of the sky through cross-correlation of all antenna pairs. These are
used for transient searches and other mapping experiments such as the hydrogen surveys.
High time-resolution transient surveys are the most demanding application due to the very
large data rates required. Beamformers are used to provide a continuous voltage stream
summed from all antennas to specialized hardware such as SETI or pulsar processors. The
large-N nature of the instrument introduces significant challenges in the construction of cor-
relators and beamformers; correlators with hundreds of elements have not been constructed
previously. Additionally, the output of these devices produce enormous volumes of data,
making data archiving and processing key considerations. The majority of this project is an
expansion of designed, prototyped, and tested components; these digital instruments and the
subsequent processing are the exception to that statement. Failure or fallback in these de-
velopments is likely to lead to reduced bandwidth or a smaller number of beamformers. The
science consequences of this fallback would mostly be increases in observing time required
to achieve science goals.

3 Technical Implementation

3.1 Instrument Description

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 increasing robustness. Many of these tech-
nologies are critical for the SKA. We summarize the performance of the ATA with 42 and
256 antennas in Table 1 and in the attached tables from the RFI at the end of the document.

Antennas: The antenna (Fig. 4) is an offset Gregorian design that allows a larger secondary
with no aperture blockage for good low frequency performance and also 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 2.4m ellipsoid.

The reflectors are made by Andersen Manufacturing (Idaho Falls, ID) employing the same
hydroforming technology used to make low-cost satellite reflectors. The primary is a single
formed piece of 3/16 inch thick aluminum with a thick stiffened rim, and is a patented,
suspended design. The secondary is an 1/8 inch thick single aluminum piece supported at
its rim. The pyramidal feed, also shown in Fig. 4(a), is protected from the weather by a
radio transparent radome cover shown in Fig. 4(b) as well as by a metallic shroud.
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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 Efficiency, η 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/fGHz 3.5/fGHz 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 Factors

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 µJy 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

Antenna tipping measurements verify that geometrical optics spillover is small, except near
zenith where it rises to 1%. Slew speeds up to 3◦ s−1 in azimuth and 1.5◦ s−1 in elevation
are possible. Radio holographic measurements of the entire antennas show overall optical
surfaces with total RMS errors of 0.7 mm for night time observations. Pointing accuracy
is excellent during the night, typically around 10′′. An insulated covering 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 amplifier designed and packaged at Caltech. Low noise temperatures are achieved
across the band (Fig. 5).

The dual-linear-polarization feed pattern is optimum for illumination of an equivalent focal-
length to antenna diameter of 0.65 which provides a fairly large depth of focus on the
telescope. This patented feed incorporates a novel central metallic “pyramid” that allows
low-noise amplifiers to be housed in a small cryogenic dewar placed directly behind the
antenna terminals at the small feed end. Thus the cable losses are small which provides
a low total effective receiver noise temperature. In transmission, the feed would excite a
waveguide mode at the terminals that travels in the interior space between the arms and
pyramid until it meets a resonant condition (at about λ/2 width of the feed). The wave is
then radiated in free space back towards the small end. The linear dimensions of the feed
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Figure 4: The ATA offset Gregorian antenna, illustrating the shroud, feed placement, and radome
cover.

yield an operating range from about 500 MHz to 11.2 GHz, and a linear drive allows the
feed focus to be accurately set at the focal point of the two mirror system at any frequency.
Setting the focus position for 6 GHz allows operations over the whole frequency range with
only a 1 dB gain loss at the highest and lowest frequencies, due to the large feed focal ratio.

The feed geometry requires a pyramidal-shaped dewar with a glass window at its tip through
which the balanced input lines from the feed terminals pass. The long narrow twin-leads
of the dual polarizations connect the feed terminals to the balanced inputs of the low noise
wide band balanced amplifiers (LNAs) in the vacuum dewar. The LNAs in the dewar are
cooled to about 60 K. The cryocooler, also shown in the bottom panel of Fig. 4, is the
Sterling Cycle cooler manufactured by STI.

Array Configuration: Fig. 6 is an aerial photograph of the present array of 42 antennas.
The ATA-42 sub-array is in the southwest corner of the final 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 significantly improve image quality over a
single snapshot. For ATA-256, observations at multiple hour angles improve sensitivity but
do not significantly improve the already-excellent (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. The array is not reconfigurable.

In the center of Fig. 6 one can see one of the node buildings, that typically serve 10 antennas.
Underground PVC pipes connect the nodes to the processor building and to the antennas.
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Figure 5: (left) Measured system temperature for antenna 2K using the Moon and Casseopia A.
(right) Picture of an ATA feed and model of internal design.

The pipes are buried at a depth of about one meter. They contain the wide bandwidth optical
fiber, multimode control fiber and the electrical mains. In addition, ambient temperature
air is blown from each node to its antennas in order to provide adequate airflow over the
electronics in the antennas. At a depth of one meter the ground temperature is approximately
constant at the mean daily temperature, and the ground pipe and ground serve as a heat
exchanger to bring constant temperature air to each antenna.

Antenna locations for ATA-256 have been optimized for science with the constraints of
local topography, buildings, and roads. Because of the large number of antennas, science
performance is not strongly contingent upon particular locations for antennas. Prior to
construction, a detailed layout for distribution of fiber and power to the nodes and from
nodes to antennas must be done.

Analog Electronic Systems: The entire band, 0.5 - 11.2 GHz, is brought back to a
centrally located processing facility via analog fiber-optic links (Fig.7). The post amplifiers
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 fibers from each antenna and passes four independent
dual-polarization, 600-MHz IF channels to the digitizers.

Digital Instrumentation: The digitizers of two tunings are fed to two separate 100-
MHz, full-Stokes cross-correlators for interferometric imaging. As described below, a major
technical goal of the RSSP is continued development of digital systems that increase total
bandwidth and processing power. Correlators operate by producing cross-correlation spectra
from all pairs of antennas. Thus, complexity grows as the number of antennas squared. Data
from the correlators are accumulated at a rate of 0.1 Hz in general purpose computers and
archived for later processing. Subsequent post-processing of correlator data produces images
of the entire primary beam field of view (2.5 degrees at 1.4 GHz).

At present there are three beamformers fed by the digitizers of two of the tunings, each of
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Figure 6: (left) ATA-42, located in Hat Creek, CA. The large white structure is the antenna assem-
bly tent. The building with the green roof is the array operations building. (right) Configuration
for ATA-256. Red crosses indicate ATA-42 positions; open squares indicate new antenna locations.

which can form up to four separate beams with bandwidths of 100 MHz. A beamformer
sums the signals from all antennas and produces electric field voltages as a function of time
to other backend processors. The SETI processor uses beamformer outputs to produce ultra-
high resolution spectra. Pulsar processors produce high time-resolution spectra that can be
searched for periodic pulses. Each beamformer output derives from only a single resolution
element in the primary beam field of view; i.e., it covers an area that is ∼ 1 arcmin2 at 1.4
GHz.

The current generation of SETI signal detection hardware and software is called Prelude,
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 now being 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 field. Used in
Fly’s Eye mode in which each antenna is pointed in a different direction, the ATA can survey
200 square degrees of sky instantaneously. In the same mode, ATA-256 will be capable of
surveying 1200 square degrees.

Both current and future generations of digital instruments make use of FPGA technology and
commodity clusters. It is expected that the firmware and software from current instruments
can be ported to next generation instruments, significantly reducing develoment time.

Average data rates and total data volume for the correlator are estimated as 100 MB per
second and 15 PB for the 5-year survey period. Some experiments such as transient surveys
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Figure 7: Block diagram of the ATA-42.

will exceed the rate significantly. We will utilize real-time imaging and analysis software that
may significantly reduce data volume. The beamformers produce data at a much higher rate
(8 GB per second) but only a very small fraction of this data is archived; the majority is
analyzed in real time.

Monitor and Control: The monitor and control system (M&C) integrates control of
antennas, RF systems, correlators, and beam formers in a distributed Linux environment. It
supports commensal telescope control by multiple back-end processes including astronomical
image data collection, SETI spectrometry/detection, pulsar spectroscopy, etc. The system
runs continuously with full remote-control support over the Internet. Approximately 30

The M&C system is Java-based and runs on a handful of Linux servers that communicate
via a proprietary message bus. Each antenna runs Java/Linux on a network booted single
board computer (SBC) connected over fiber LAN to the control room on the same message
bus. The SBC relays messages to six custom microcontroller boards to perform all the low
level control of antenna position, focus, amplifier (LNA) settings, and monitoring functions.
The system has been designed to scale to a larger number of antennas and so should not
increase dramatically in size or complexity.

We estimate 120,000 lines of code in the current M&C system, 20,000 lines each for the
beamformer and the correlator, and 10,000 lines for pipeline analysis software. The project
makes use of the MIRIAD package for analysis.
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Figure 8: Schematic of the scheduling system required to handle dynamic survey observations for
RSSP.

3.2 Facility Lifetime and Upgrades

We present here a plan for a 3-year construction project and a 5-year observing project.
Upgrades are most likely to be done for digital backends, which are currently designed to
utilize only 10% of the available bandwidth. A next generation digital system could advance
this by a factor of 3 to 10, provided that a strong science case is made for furthering the
project. Decommissioning the array is required under the site lease. Antennas could be
moved to another site and joined with another array such as the EVLA or SKA.

3.3 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 different frequencies with different
instruments. These concepts are embedded within the SKA plan but the ATA will be the
first to fully flesh these out. The challenges are large: different science goals require different
integration times, different cadences, different calibration steps, and different targets.

At the heart of a functioning commensal system it is necessary to build a telescope resource
manager that allocates control of different subsystems to different science projects (Fig. 8).
For instance, the primary project can control the array pointing, one or more analog sig-
nal path, and one or more digital backend while the secondary project will simultaneously
control separate analog signal paths and digital backends. These processes need to commu-
nicate 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 system is necessary
to integrate these activities.
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Figure 9: Correlator image of the galaxies M81 and M82 in neutral hydrogen overlaid with the po-
sitions of stars simultaneously observable with the beamformer and Prelude instrument. Hipparcos
(star symbols) and Tycho (circle symbols) stars are indicated.

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 of the same position repeatedly
until all candidate signals are classified as interference or conclusively determined to be
non-terrestrial in origin. This is a fundamentally different approach than that taken for
most astronomy surveys where a fixed integration per pointing or object is set in advance.
Nevertheless, this reflects 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 successfully completed simultaneous SETI beamformer observations of stars in the
field of M81 while performing correlator observations of HI (Fig. 9). We are currently re-
fining protocols for simultaneous SETI and correlator observing of 20 square degrees in the
Galactic Center region in which the SETI observations control the pointing. Correlator ob-
servations will search for transients and make large-scale images of recombination lines and
radio continuum.

We are currently observing in commensal modes for ATA-42 in 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 benefit to the 1.4-GHz polarimetric survey, where the principal systematic
error to calibrate is off-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 fields 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 various science goals described in the
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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 over time. 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 flagging, 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-fly checks of data quality as well 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, different frequencies, or the greater sensitivity that the EVLA, the
VLBA, or Arecibo might offer. 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 build upon the significant developments that have already been
made at optical/IR facilities such as RAPTOR and PAIRITEL and the VOEvent protocol.

3.4 Facility Construction

Hat Creek Radio Observatory, located near Burney, CA, is the host to the ATA. HCRO is
a 4-hour drive from Berkeley, CA.

The observatory currently includes a central building for array control, signal processing,
electronics lab, scientist offices, meeting room, and administration. Two smaller lab and
office buildings are also on the site. A mechanical shop is also on site. Construction of
current ATA antennas was done in a 2000 square-foot tent with rigid framing.

Three houses are available for onsite staff and/or visiting staff. Two of these are currently
occupied by onsite staff. A dorm with 8 bedrooms and a kitchen are also available for
short-term visitors.

We discuss in detail in the cost section infrastructure that is required for the new site. Chief
among these items is a signal processing room (SPR) that will house analog, digital, and
computing components in an RFI-shielded room. Additionally, we require a new, all-weather
construction shed; move of the construction tent; refurbishing of current signal processing
room for shielded operations computer and networking as well as visiting scientist office; on
site roads construction; and construction equipment. The new signal processing room will
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have energy efficient 100-200 kW passive cooling via underground forced air, and possibly
solar panels for peak load needs. These can be amortized across this current buildout, but
will have impact for a future buildout, too.

Construction of the array requires approximately 30 km of trenching network with a depth
of 1 meter. Soils are mostly sandy in the expansion area at this depth. Conduit will be laid
in trenches to carry fiber and power to antennas. Site staff performed trenching for ATA-42.

Antennas are anchored to bedrock through three concrete piers drilled to a depth of approx-
imately 10 feet with a diameter of approximately 1 foot. Commercial construction crews
(such as Hat Creek Construction Corporation) are capable of construction of antenna piers.
Antenna assembly is performed by observatory staff in the construction tent. Antennas are
carried by forklift and set on pre-erected antenna pedestals in the field.

The site currently has a 40 Mb/s internet connection, which is adequate for reomote access
and transferring of data products for ATA-256. Discussions are underway with Frontier
Communications and Cisco abou the possibility of an upgrade to 40 Gb/s, which would
enable direct distribution of raw data for offsite computing.

3.5 Power Requirements

We summarize power requirements in Table 2. ATA-42 values are based on measured quan-
tities. For antenna and analog, these values are extrapolated based on the per antenna
rate. For digital, we estimate the value from measurements of current prototype boards
and estimates of number of boards required. The final power estimate is an upper limit
since next generation chips are likely to produce the same performance with reduced power
consumption. The same method of estimation is performed for computing.

Table 2: Power Requirements for ATA-42 and ATA-256
Subsytem Per Unit ATA-42 ATA-256

(kW) (kW)
Antenna 400W/ant 16 100
Analog 14W/ant 0.6 4
Digital 14 120
Computing 1kW/unit 5 100
Facilities 10 20
Total 46 344

The ATA uses passive green technology for cooling the antennas. Conduit from the nodes is
buried at a depth of one meter and carries optical fibers and electrical power. In addition,
ambient temperature air is blown from each node to its antennas in order to provide adequate
airflow over the electronics in the antennas. At a depth of one meter the ground temperature
is approximately constant during the day at the mean daily temperature, and the ground
pipe and ground serve as a heat exchanger to bring constant temperature air to each antenna.

Measurements show that the surface temperature is approximately made up of four compo-
nents, an annual average of about 287K and three periodic components: a daily component
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of 8C, an annual component of about 6.5C, and a weather component of about 5C with
a typical period of about 12 days and a random phase. Temperature measurements verify
the sub-surface distributions and the approximately constant temperature at this depth over
the day. The mid-summer average temperature at this depth is about 22C. The mid-winter
average temperature is about 7C. Average pipe lengths are 30m, so that the typical resid-
ual temperature variation is about 1C at the antenna. Note that any rapid environmental
variations are completely filtered out.

The benefits of this system are substantially reduced operating costs as well as the significant
cost of installation of large cooling capability. Additionally, the system provides air at
constant temperature, reducing the temperature cycling that comes from traditional HVAC
systems.

The same technology is expected to be used for cooling the next generation signal processing
room, as well. The SPR requires cooling capable of handling the 225 kW of power associated
with analog, digital, and computing. The design for the cooling is under development, but
nominally it requires ∼ 100 30m-conduit buried at 1m. Existing conduit are buried in sand,
which is not an optimal conductor to act as heat exchanger for the conduit. The next
generation system will use a better conductor to increase the efficiency of the system. We
are also exploring the possibility of use groundwater to cool the SPR. As discussed below,
the risk with passive cooling is that it does not deliver enough cooling power and, therefore,
requires some supplement from HVAC.

The project has discussed expansion of power supply to the site with the local provider,
Pacific Gas and Electric. PG&E has indicated that they can upgrade a local substation
along with onsite powerlines if there is demand for the use. Power costs are estimated to be
in the range $0.13 – 0.17 / kW×h ≈ $400, 000 /year. The University of California currently
pays power costs out of its operating budget, separate from the ATA budget.

4 Enabling Technology

4.1 Large-N Correlator, Beamformer, and Signal processor

A number of science projects discussed above will benefit from wider bandwidth and more
agile digital signal processing. We plan a next-generation signal processor (Fig. 10). This
design is being developed and implemented in collaboration with Berkeley’s Center for Astro-
nomical Signal Processing and Engineering Research (CASPER) and its partnerships with
other projects (MeerKAT in South Africa, GMRT in India, and FASR in US). This collab-
oration brings three major cost savings to the RSSP project: first, the R&D on hardware is
shared; second, the collaboration migrates correlator algorithm firmware from one generation
to the next; third, the group stays on leading edge of latest hardware so that implementation
is within 2-3 years of latest products.

The next-generation signal processor is contained in the pink-shaded box in Fig. 10. 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 filtered to 500-MHz complex voltage signal
that is then channelized using a polyphase filter bank algorithm. In our current architecture
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Figure 10: (left) Next generation, integrated signal processor for the ATA consists of: ‘F’ engines
that samples signals, converts to baseband, filters 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 Defined Radio Telescope 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 modules or other approach.

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 files for offline 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 configuration. The
transient sky can be explored by blinking rapidly sampled and imaged data at rates com-
mensurate with new astrophysical phenomena but incommensurate with storage capacities.

The ‘F’ engines will also have the capacity of delay and fringe rate tracking. Calibration of
the amplitude and phase tracking atmospheric and instrumental effects will be done using the
correlation products. The spectra from each antenna will be multicast through the switch to
feed beamformers. Fine adjustment in the beamformers will allow multiple pointings within
the primary beam. The beamformer outputs will be fed to SETI spectrometers and pulsar
signal processors. The flexible 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 processor system is under development
within the CASPER collaboration: the ROACH (Reconfigurable Open Architecture Com-
puting Hardware). Correlator construction for delivery in 2014 will use a later generation
allowing greater bandwidth, agility and sensitivity at fixed cost and power consumption,
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and/or reduced cost and power at fixed parameters.

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 field-of-view, and assuming a fractional
bandwidth of 0.5 at 1 GHz, mean ATA-256 visibility data rates of order ∼ 1 TB per day are
obtained; these can be significantly higher in observing modes requiring fine frequency- or
time-sampling. Raw beamformer data is produce at a rate of ∼ 40 TB per day and processed
in real time; only small segments of data are archived.

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 fulfilling 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. The ATA-256 telescope constitutes
an important pathfinder for data-management and processing and 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
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 defines 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 10′′ at night, and the goal will be to achieve an accuracy of about 30′′-40′′ for both
day and night observing at 24 GHz.

The receiver upgrade being planned to accompany this bandwidth increase will lower the
system temperature. Current Tsys is in the range of 40K at frequencies below 5 GHz and
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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 and the former are at room
temperature. The plan is 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 all be 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. Fig. 11 shows the planned new feed in a glass vacuum bottle
with a lowest operating frequency of 1 GHz.

5 Facility and Science Operations

5.1 Operations Costs

The ATA-42 base facility operations and maintenance (O&M) activities have been assessed
in the past year during negotiations with the USAF 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. We project that an
optimum model for the larger array is $4M per year.

We include in O&M a nominal component for regular improvements and upgrades. In our
negotiations with the USAF we have a nominal agreement that their use for satellite and
debris monitoring would not exceed 30% with a use fee of $1.5M per year. Assuming that

Figure 11:
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 existing ATA
feed.
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RSSP is fully subscribing the remaining time, the required facility O&M annual budget
would be $2.5M/year.

Staff costs are the principal component of the O&M budget. We have primary staff at the
ATA site: site manager and administrative assistant, technical staff to maintain the ATA
and site infrastructure, and scientific/technical staff to look 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 staff at UC Berkeley, SETI
Institute and a principal contractor, Minex Engineering. The technical staff will be involved
with major maintenance of electronics and potential retrofitting and overhaul. The technical
staff also includes software for Monitor and Control and Data Acquisition and Archiving.
The administrative staff includes Director and assistants for purchasing, budgeting, and
related tasks. Approximate annual cost is $2M/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 as a 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 to provide smoothly operating
telescope. 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 annual operating costs estimated here for ATA-256 are ∼4% of total
development and construction costs from the start of the project.

Currently, operations costs include onsite staff with a budget of $1M per year. This staff
consists of one senior astronomer, one junior astronomer, a programmer and IT specialist,
electronics technician, mechanical technicians, maintenance staff, and administrative staff.
We expect that scientific staff on site will require an additional junior astronomer and more
technicians for construction and operations. In addition, operations includes support for 5
offsite senior scientists and engineers (system scientist, project engineer, digital engineer, RF
engineer, computing specialist) as well as approximately 5 junior scientists and engineers in
these domains.

5.2 Science Costs

We envision ∼ 5 simultaneous key science surveys ongoing at any given time for a duration
of 5 years. If each project supports 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 3 years of construction and 5 years of operations
are $12M. New discoveries, survey successes, and/or changes in the scientific landscape by
the end of the decade could lead to surveys extending beyond 2018.
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6 Programmatics and Schedule

6.1 Activity Organization and Partnerships

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, retrofitting 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) (Fig. 12). The partnership is defined in a Memorandum of Under-
standing. An Oversight Board, which consists of voting members from the two institutions
and non-voting members from the Paul G. Allen Foundation (PGAFF) and the astronomy
community, governs the project. The Project Director, currently Prof. Don Backer from the
UC Berkeley’s Radio Astronomy Lab (RAL), reports to the Oversight Board. The Steering
Committee, consisting of four voting members from each partner institution, advises the
Director.

Figure 12: Organization chart for the ATA and the RSSP.

The ATA has been funded through a public/private partnership since 2000. Specifically, 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
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primarily been for an MRI program to develop a correlator and less than $1M for operations
and science. Additional NSF funding of the SKA Technology Development Project through
Cornell University has supported some activities that make use of the ATA, its technologies,
and the knowledge base of its staff. 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 in the future.

The RSSP will have its own structure that is adjunct to the ATA and is defined in large part
by the nature of its funding vehicles. Funding for construction, operations and science would
derive from multiple sources and be distributed differently across participating institutions.
We expect that construction funding would continue to come through a public/private part-
nership and would continue to go through the UCB/SI partnership. Likewise operations
funding would support on- and off-site technical staff, who are UCB and SI employees, in-
volved in operating the ATA and maintaining the facility. Subcontracts to RSSP partners
may be issued from either construction or operations budgets to handle certain tasks such
as new correlator development and data archiving. The main construction project for the
expanded array will be under the helm of a Construction Manager, who would report to the
Oversight Board and Director and be fully responsible for completing the construction on
time and under budget.

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 effort on particular 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. A board consisting of principal
investigators from ongoing surveys will advise the Project Director on operations.

Key personnel on the ATA project have been actively involved in US and international
aspects of the SKA since its inception in technical, scientific, and managerial areas through
such bodies as the SKA Science and Engineering Committee (and its predecessors), the
US SKA Consortium, and the SKA TDP. Feedback from the RSSP will provide critical
information for design, development, and operations of the SKA. In particular, the expansion
project from the working ATA-42 prototype can serve as a pathfinder exercise of process
engineering to eventual SKA-scale activities.

6.2 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. Assuming a funding award for construction in January 2011 (from either
public or private sources), we outline here how construction, operations, and science would
proceed (Fig. 13; see also attached tables from the RFI). Science with a partially expanded
array could begin at the end of 2012 while science with the full array would begin at the
end of 2013. We sketch broadly the three phases of the project below; the detailed timeline
is indicated in Fig. 13.



Radio Sky Surveys Project 24

Figure 13: Gantt chart for ATA-256 construction. Critical milestones are indicated by vertical red
bars.
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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 staff. We expect to retain key personnel who will
be prepared to lead detailed construction planning at this time.

This area focuses on the detailed procedures for installing site infrastructure and operating a
production line facility for antenna assembly and installation. Array configurations 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, fiber 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 occupied by the project and will not
require environmental review.

Previous antenna assembly occurred at a rate of approximately one antenna per 8 person-
days. Parallelizing the process can increase antenna assembly rate by a factor of 2 to 3 with-
out running into limits of site capacity. Antennas were previously assembled in a large tent.
More rapid assembly will require construction of a simple antenna barn with an overhead
crane. Construction of components occurs at offsite 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 amplifiers for the feeds. The dish surfaces originate from a single contractor
(Anderson Manufacturing); their availability is likely but they nevertheless represent one
of the largest risks 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 amplifiers are obtained from
Northrup Grumman (NGST) in collaboration with S. Weinreb at Caltech.

Construction (2 years): Following development of the detailed engineering plan, on-site
staff and external contractors will build a conduit network for distribution of power, fiber
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 first 6 months following
pre-construction as procedures are refined.

Assembly of an individual antenna involves integration of dish surfaces, support structures,
azimuth and elevation drives, electrical connections, and electronic controls and monitor
points in the antenna assembly building. A crew of 6 people can do this work can assemble
two antennas per week. Antenna foundations are drilled and constructed by private con-
tractor. 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 engineering at a rate of two
per week with 6 technicians.

Construction of a new and essential signal processor room (SPR) for larger quantities of
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 staff of 6 technicians
can assemble and supervise external contractors in the construction of the analog signal
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path. Digital backend development as described above will take 2 years given the existing
international effort to design and operate a platform for next generation signal processing.

Commissioning and Science Operations: We expect that science with ATA-42 will
continue during the first 2 years of construction. At this point, a significant number of new
antennas will have been constructed. Simultaneously, we will have built significant analog
processing capability.

Commissioning will be done incrementally and rely on strict quality control in previous
stages to ensure efficient acceptance. Commissioning will have three phases: 1) component
checkout prior to assembly; 2) assembled antenna checkout; and, 3) scientific optimization
and characterization. Construction technicians will be primarily responsible for item 2.
We need some software and technical support to create the efficient operation enabling
technicians to quickly assess electrical and mechanical assessment, and to create a tool for
effortless handshake between item 2 and item 3. We are currently developing tools in our
electronic logbook system to facilitate this. Item 3 requires oversight by a senior scientist and
two or three junior scientists. The focus is primarily on compiling the book that characterizes
each antenna and less about trouble-shooting.

Integration of antenna acceptance with the existing 42-element correlators is necessary. The
new 256-element correlator will not be ready until late in the project so that we can take
advantage of latest possible generation of hardware. We will reserve slots in the 42-element
correlator for testing new antennas in correlation mode with existing antennas. We anticipate
that we can complete one iteration of the testing scheme within one week. A second iteration
is required to confirm results and clear up any discrepancies. Thus, we will connect new
antennas to the correlator for two weeks. In each week, we will be testing one set of new
antennas and confirming results for the previous set of new antennas. Delays in testing can
be compensated for by increasing the number of correlator inputs that we reserve for new
antennas.

Transfer of analog electronics to the new SPR and testing of the new correlators and beam-
formers will require shutdown of ATA-42 operations for a period of a few months around the
second-year mark. Science operations with the fully expanded array will begin 3 years after
initial funding. We expect that surveys will have a duration of approximately 5 years.

6.3 Risk Assessment

We identify the top eight risks and a risk matrix (Table 3) as follows:

1. Antenna surfaces not available from previous manufacturer. Antenna surfaces
are currently stamped out on a mold that is owned by the project but located at the
current manufacturer. Cost of the mold was $750k. If the manufacturer goes out of
business or requests a substantially higher price per surface than previously offered, the
project can reclaim the mold and either perform surface construction at the observatory
site or find a separate manufacturer (possibly Patriot Systems). Costs for these two
efforts are estimated to be about the same. The principle effect on the project would
be schedule delay and associated costs of supporting the marching army.



Radio Sky Surveys Project 27

2. Low noise amplifiers not available from two current suppliers. The LNA
WBS13 is a central element of the receiver. We have received LNAs from NGST and
Fraunhofer. If LNAs became unavailable and no other manufacturer appeared, then
a substitute chip will be identified. This may lead to compromise in sensitivity or
frequency coverage. Use of a separate chip could lead to schedule delay due to possible
redesign of receiver.

3. Sterling cycle refrigerator not available from current supplier. A Sterling
cycle refrigerator from STI is an integral component of the receiver. These refrigera-
tors are also used for cell-phone towers. If the refrigerator became unavailable, then
redesign of the receiver to incorporate a larger, or differently-shaped refrigerator would
be necessary. This could lead to change in power or cooling requirements, which might
affect telescope sensitivity. Schedule delay would occur. Sunpower makes a slightly
larger refrigerator that is now available.

4. Digital components unavailable or more costly. A multi-port digital switch is
a central element of the digital signal processing. The optimal switch would have 512
10-Gigabit Ethernet ports. If this falls between the capabilities of standard devices,
then costs for the switch may be higher than anticipated. This would likely lead to
reduced bandwidth, reduced number of channels, and/or reduced number of beams,
which would slow the speed of surveys by no more than a factor of 2. Devices may
become available in the future that will allow the DSP to regain stated survey speeds.
Additionally, the project relies on Xilinx chips. If these were to become unavailable,
then instrumentation would be set back by more than a year as substitute chips are
identified and integrated.

5. Radio frequency interference overwhelms signal path tolerances. Very strong
radio frequency interference (RFI) could saturate detectors making the telescope un-
usable. Such signals are likely to be illegal as they would probably interfere with other
radio services. Legal remedies are available but could be time-consuming and costly.
Nuisance level interference is likely. The large-N nature of the array provides solutions
for removal of interference.

6. Power costs escalate. The project relies on a green-cooling solution to reduce power
consumption and associated costs for the antennas and the signal processing room.
These techniques have been partially but not fully demonstrated for the existing array.
It is possible that supplementary HVAC will be required. This will drive-up construc-
tion costs by ∼$0.5M and annual operating costs by as much as $0.5M, possibly leading
to descope and reduced observing or technical support.

7. US Forest Service does not renew use permit. The observatory has made use of
USFS land for 50 years. Part of the array is currently constructed on USFS land with a
use permit that extends to 2023. A permit for further construction is currently under
regular review; it is anticipated that the permit will be renewed without difficulty.
If refused, construction could continue on adjacent private land that is leased to the



Radio Sky Surveys Project 28

University of California but some construction practices may have to be altered. The
bulk of future construction is planned to be on this private land.

8. Environmental disaster: fire, extreme high winds, volcano eruption. Hat
Creek Radio Observatory is near the Lassen Volcano, which last had a major eruption
in 1915. A much more significant eruption would be required to destroy the telescope.
High winds destroyed a 30-year-old radio telescope at HCRO in 1993; ATA antennas
are designed to survive the once-in-a-century wind storm. There are wildfires in the
Hat Creek area; the wildfire of 1989 cleared most of the flammable material in the
vicinity of the observatory, significantly reducing current risk.

Table 3: Risk Matrix
Likelihood Insignificant Minor Moderate Major Severe
Almost Certain

Likely 5. Nuisance RFI

Possible 1. Antenna
6. Power

Unlikely 7. USFS 2. LNA
3. Refrig. 4. Digital

Rare 5. RFI
8. Envir.

7 Cost Estimates

7.1 Construction Costs

We summarize our construction cost estimates in the attached spreadsheet (labeled ATA-
Build-C Cost Est. 7c). Development of this spreadsheet and costing exercise is supported
by the SKA Technology Development Project. Columns in the spreadsheet are: 1) WBS
number; 2) item description; 3) ratio of cost per antenna for 100 new antennas to historical
cost for 42; 4) historical cost for 42; 5) estimated cost for 100 antennas; 6) fraction of total
cost per subsytem; 7) projected cost for an additional 42 antennas; and 8) projecte cost for
an additional 214 antennas (to make ATA-256). The total cost is larger by ∼ 10% from the
estimate given in response to the previous RFI due to more complete accounting of costs.
The spreadsheet does not include 10% contingency, which brings the full cost estimate from
$39.9M to $44M (2009 dollars).

The full cost for array expansion is $199k per antenna, or $44M 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. Costs also include site facilities, management, and education and public
outreach. These costs are determined from a bottom-up analysis based on actual expenses
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in construction of the ATA-42. We have estimated a volume discount of 10% between the
costs for ATA-42 and ATA-256 for parts where applicable. Non-recurring engineering (NRE)
costs incurred in ATA-42 are not included.

Costs include labor. Technician costs are estimated at $45/hour including benefits and
indirect costs. Total labor is estimated based on past experiences.

Antenna Parts & Assembly incorporates all mechanical and drive electronics starting
with parts acquisition and carried through assembly and deployment. The original agreement
between Andersen and SI allows that if Andersen chose not to continue manufacturing our
reflectors, SI would have the right to take their custom ATA hydroform tool and find 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 reflectors out to 300 units.
A significant price increase by a new vendor would mean that the project would be better
served by taking over the reflector 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-
fier, and associated electronics. The item carries this from acquisition of parts through
to assembly and testing. Ongoing research and development under the Square Kilometer
Array Technical Development Program seeks to improve the performance, reliability, high
frequency performance, and manufacturability of the critical feed/LNA component of the
system.

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

Array zone nodes and Utilities Delivery includes assembly of the zone nodes, trenching,
installation of conduit, and pulling of electrical and fiber optic cables. Signals are carried
back to signal processing room via a vault. This effort is reasonably well estimated from
past work.

Facilities at Hat Creek Radio Observatory have several significant items required for a
significant buildout as previously described.

Analog Electronics covers the signal path from the zone node through to the analog to
digital converters. No volume savings were identified although some component purchases
will benefit in moving to break points on the order of 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 offline.
This is a dynamic category in that the ATA is a “data machine”, and can be expected to have
applications that drive demand to wider bandwidths and more complex signal processing.
We budget here for basic needs of correlation and beamforming.

Dominant costs for the correlator/beamformer are ROACH-2 boards and the Xilinx chips
used in the boards. The ROACH-2 is the next generation board for the correlator; we
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assume a factor of 3 improvement in processing power per board over the current ROACH
correlator. We assume a 50% educational discount on the chips, which we have previously
received. In fact, the ATA has received $2.5M in donated chips from Xilinx up to this
point. 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 beamformer outputs.

Computing comprises both general computing/networking for array operation and realtime
signal analysis. We are exploring long-term data archiving at NCSA.

Management and Budget comprises salaries for key personnel: Deputy Director, 1 FTE;
Construction Manager (CM), 1 FTE; CM assistant, 1 FTE. After the construction period,
we require only the deputy director and assistant.

At the end of the document we attach the cost tables provided in the RFI. These give costs
as a function of time. We divide construction costs under the assumption that federal and
private sources will equally share the cost of construction. We assign 10% contingency in
the reserves row for the construction phase. Real year costs are estimated from 2009 costs
with an inflation rate of 3%.

All operating costs are assigned to federal sources. As discussed above, we expect that USAF
will carry 30% of these costs for operational use of the array. We include operating costs
during the construction period for the use of ATA-42 prior to the launch of RSSP surveys.
We also indicate science costs at $2M per year (2009 dollars) during the course of the survey.
We ramp up science costs from $0.5M to $1.0M during the construction period. We estimate
operations costs during construction at $2.5M.

The final tables give the federal costs, full costs, and costs expected from a private partner.
The PGAFF has indicated a willingness to accept proposal for further construction provided
that a cost-sharing partner is found.

8 Questions from the Panel

The RMS PPP asked that the following questions be addressed in addition to other material:

• What will be the cost to archive the data and distribute the survey data to
the community?

Peak visibility data rates for ATA-256 are expected to be in the range from a few
MBps (continuum modes) to several hundred MBps (peak spectral line modes, or
highly-sampled transient searches). As a result, all future large-N radio interferom-
eters, such as ATA-256, will need to tailor their archiving policy to the data rate of
each observing mode. Continuum visibility data will always be archived but extreme
data rate modes will only be archived in visibility form for short burst, or targeted
observations. Instead, all visibility data will be reduced in on-site, real-time reduction
pipelines and archived in image format over longer integration intervals; this reduces
the data rate for these modes significantly. Estimated costs for archive hardware con-
struction and net operations are of order $500 per TB of ingested data for an archive
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on the PB-scale. Software development costs are more uncertain but are estimated
to lie in the range 15-25 FTE over the project lifetime (or 2 - 3 FTE per year), but
critically dependent on the complexity of features provided. Re-use will be a driving
principle in this development to lower costs. As mentioned above, we are exploring use
of NCSA archives for RSSP data. NCSA hosts archives for BIMA and CARMA and
is developing an archive for LSST.

• What will be the nature of the data products?

In common with other large facilities planned for the coming decade, the ATA-256 tele-
scope will need to serve data products to the community in a format that can be readily
used in multi-wavelength astronomical research by a broad user community, without
requiring instrument-specific data reduction expertise. For key ATA-256 imaging sur-
veys these primary science products will need to be calibrated, cataloged, and curated
image data, published to the community using standards adopted by the Virtual Ob-
servatory (VO) for data access services and formats. For non-imaging surveys, such
as transient or pulsar searches, the same general principles of science readiness and
community data formats apply. The VO is expected to publish standards for uncali-
brated or partially calibrated visibility data in coming years. It is likely that ATA-256
will be able to serve some visibility data to the expert community in this format in
cases where the data rates are sufficiently low, for example continuum observations or
targeted line or transient fields.

• What will the level of community participation be?

The ATA has been a project of UC Berkeley and the SETI Institute for the past decade.
Nevertheless, there has been substantial involvement of the community through design
reviews, advisory panels, and, most recently, through a call for observing proposals.
ATA scientists and engineers have been heavily involved in the SKA effort.

For the April 2008 proposal call, 24 proposals were received, requesting 1200 hours of
observing time. Proposers represented 43 different institutions, including 20 US institu-
tions. Non-US proposers represented Australia, Canada, China, Italy, the Netherlands,
South Africa, and the UK; many come from institutions with a significant investment
in the SKA and/or a pathfinder instrument. A total of 78 individuals were PIs or
CoIs on proposals, including 10 graduate students. Many of the proposers indicated a
willingness to visit Berkeley, the SI, or Hat Creek as part of obtaining and analyzing
data. A panel of internal and external scientists approved 13 proposals requesting
∼ 400hours. In spite of limited NSF support, observations from those proposals are
being carried out, albeit more slowly than originally planned.

The key concept of the RSSP is that science surveys will be conducted by collabora-
tions that include members of the astronomical community. The author list on this
document is an indication of the level of interest that we have garnered in the past 9
months as we have pursued this community-driven model of science operations. Science
collaborations will be externally funded in a model similar to that used for Arecibo
ALFA surveys, enabling individuals from non-partner institutions to lead surveys.
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As discussed in the organization section, we anticipate that construction funds will
be spent primarily through UC Berkeley and SETI Institute. However, there are
significant opportunities for collaboration on digital design, data management and
archiving, and feed upgrades. Sub-contracts will be let to contributing institutions
and/or individuals from construction funds.



ATA-Build-C Cost Estimate 7c
Matt Fleming  2009-07-23

 old 42 x 1.08 %
+100 units

 42 &1.068
214& 0.967

Historical Estimate Projection Projection
Antennas in build 42 100 42 214
Total of listed items $ / ant 123,753 198,184 257,399 180,573
Total  cost / build ( except facilities ) $/ proj 5,197,646 18,701,473 12,269,994 39,876,081
Ratio 100 price projection ( for some items ) 1.068 0.967

1.0.0 Antenna Parts Kits $ / ant 66,923 70,175 74,957 67,867
1.1.1 Pedestal 94% 4,330              4,077              5.8% 4,355              3,943              
1.1.2 Frame 99% 2,531              2,500              3.6% 2,670              2,417              
1.2.1 Turret Head 146% 7,382              10,775            15.4% 11,510             10,421            
1.2.2 Az Drive. ( less motor ) 85% 4,351              3,696              5.3% 3,948              3,575              
1.2.3 El Drive.   ( less motor ) 103% 4,227              4,365              6.2% 4,662              4,221              
1.2.4 Feed Focus 62% 2,323              1,441              2.1% 1,540              1,394              
1.3.1 Primary    ( $19,189 ) 109% 19,189            20,916            29.8% 22,341            20,228            
1.3.2 Secondary 118% 3,357              3,951              5.6% 4,220              3,821              
1.4.1 Struts 108% 2,345              2,533              3.6% 2,705              2,449              
1.4.2 Shroud 108% 977                 1,055              1.5% 1,127              1,020              
1.4.3 Radome 108% 1,649              1,781              2.5% 1,903              1,723              
1.5.1 Encoders & Limits 108% 2,970              3,207              4.6% 3,426              3,102              
1.5.2 Amplifiers & Motors. ( with 2 x $482 ea ) 60% 4,873              2,944              4.2% 3,145              2,847              
1.5.3 Enclosure & Conduit 108% 1,221              1,319              1.9% 1,409              1,276              
1.5.4 Antenna Fiber 108% 1,172              1,266              1.8% 1,352              1,224              
1.5.5 Antenna Control & Other Electronics. 108% 3,392              3,663              5.2% 3,913              3,542              
1.5.6 Electric & Comm 108% 634                 685                 1.0% 732                 662                 

Antenna Parts Kits $ / proj 2,810,773 7,017,545 37.5% 3,148,200 14,523,548

2.0.0 Antenna Assembly $ / ant 4,810 9,000 11.4% 9,613 8,704
On Site Assy ( 5p x 1w, 45$/hr ) 12% 4,810              9,000 9613 8704

Antenna Assembly $ / proj 202,000 900,000 4.8% 403,757 1,862,645

3.0.0 Antenna Feed Assembly ( total ) $ / ant 24,231 28,037 26.2% 29,947 27,115
3.1.0 Cryo Assy ( LNA, cooler,  control ) 13154 14338 15315 13866
3.2.0 Feed & Rear Case Assy 2919 3535 3776 3419
3.3.0 PAX Box 7818 9794 10461 9471
3.4.0 Ion Pump Control 340 371 396 358

Antenna Feed Assembly ( total ) $ / proj 1,017,702 2,803,698 15.0% 1,257,791 5,802,548

4.0.0 Antenna Foundations $ / ant 4,998 12,306 10.3% 31,118 5,530
4.1.0 Contractor 197,908 1,202,000 1283903 1162461
4.8.0 Staff Labor ( 3p x 4w, 45 $/hr ) 12,000 21,600 23072 20889

Antenna Foundations $ / proj 209,908 1,230,571 6.6% 1,306,975 1,183,350

5.0.0 Array Zone Nodes ( projected 10 ant / zone ) $ / ant 4,028 3,482 4,631 3,621
5.1.0 Zone node House. 28,645            29,000            30,976            28,046            
5.2.0 Foundation Pads. 1,500              2,000              2,136              1,934              
5.3.0 Materials Electrical & Etc. 1,686              1,821              1,945              1,761              
5.8.0 Staff Labor ( 2p x 1w, 45$/hr ) 2,000              3,600              3,845              3,482              

Total $ / node 33,831 34,821 38,903 35,223
Nodes ( supports 10 antennas ) 5 10 5 22

Array Zone Nodes ( projected 10 ant / zone ) $ / proj 169,157 348,209 1.9% 194,513 774,902

6.0.0 Array Utilities Delivery. $ / ant 8,992 19,258 8,647 7,829
6.1.0 Trenching ( old 42 at 8$/ft, +100 at 17$/ft ) 63,518            325,833          146,311           674,976          
6.2.0 Vault & Other Earth Work 38,392            -                  -                  -                  
6.2.1 Materials 12,758            21,364            9,593              44,256            
6.2.2 Boxes 13,089            21,918            9,842              45,404            
6.2.3 Conduit 24,280            40,658            18,257            84,224            
6.3.1 Electrical Equipment 19,772            33,109            14,867            68,586            
6.3.2 Wires 48,556            81,309            36,511             168,434          
6.4.0 Comm 3,913              6,552              2,942              13,574            
6.5.0 Moisture Control 3,394              8,081              3,629              16,740            
6.8.0 Staff Labor ( 5p x 30w, 45$/hr ) 150,000          270,000          121,240          559,316          

Array Utilities Delivery. $ / proj 377,672 808,823 4.3% 363,192 1,675,509
trench ( ft ) 8,560              20,381 8,568              43,656            
Installed trench ( $ / ft ) $ / foot 44.12 39.69 42.39 38.38

7.0.0 Array Analog Electronics $ / ant 9,772 9,677 9,583 9,862
7.1.1 RFCB ( Radio Freq $7,605 $7,605 $7,605 $7,605
7.1.2 RFCB Backplane / Chassis. $686 $686 $686 $686
7.2.0 Local Oscillator Distribution. $755 $755 $755 $755
7.3.0 Lab Fiber & Comm. $469 $469 $469 $469



Historical Estimate Projection Projection
Antennas in build 42 100 42 214
Total of listed items $ / ant 123,753 198,184 257,399 180,573
Total  cost / build ( except facilities ) $/ proj 5,197,646 18,701,473 12,269,994 39,876,081
Ratio 100 price projection ( for some items ) 1.068 0.967

7.4.0 Staff, Install & Sys Integration. ( 3p x 2w, 45$/hr ) $257 $162 $68 $347
Array Analog Electronics $ / proj 410,434 967,710 5.2% 402,492 2,110,421

84 256
8.0.0 Array Digital Electronics ( 84 & 256 ) $ / ant 15,066 34,743 29,369

Cost Est 6c proposal  ( +90 ant $1,506,600 ) 1,506,600 0
8.1.0 Sampler 122,544 348,404
8.2.0 F Engine.  ( 50% is full price Xilinx FPGAs) x N  time to frequency 745,779 2,272,849
8.3.0 X Engine.  ( 50% is full price Xilinx FPGAs) x N² baselines correlator 745,779 2,272,849
8.4.0 Networking. 504,544 1,507,056
8.5.0 Racks 19".  ( 2000 $/ea ) 24,000 64,000
8.6.0 Design Tools. 12,000 12,000
8.7.0 Test Equipment 215,000 215,000
8.8.0 Staff Labor Eng. ( 2 FTE / yr, 2 yr, 3 yr ) 548,794 826,383

Array Digital Electronics ( 84 & 256 ) $ / proj 1,506,600 8.1% 2,918,440 7,518,541

9.0.0 Array Computing $ / ant 6,784 16,152 3,170
678,375 678,375 678,375

Array Computing $ / proj 678,375 3.6% 678,375 678,375

10.0.0 Site Facilities ( buildings, roads & equip ) $ / ant 12,177 19,319 6,684
10.1.0 Improve Tent Area. 12,000 12,000
10.2.0 Building, Antenna Assy ( 40 x 80 metal shell & slab ) 88,000 88,000
10.3.0 Refurbish Current Sig Proc Room 50,000 50,000 50,000
10.4.0 Building, Signal Processing Room ( new SPR ) 500,000 500,000 500,000
10.5.0 Generator, Distribution & UPS systems. 68,800 51,600 230,600
10.6.0 Water Supply & Storage. ( well & 50,000 gal ) 52,812 7,812 7,812
10.7.1 Roads to & on Site.  ( $305,720 ) 305,720 60,001 305,720
10.7.2 Construction Mitigation.  ( $52,350 ) 52,350 21,987 52,350
10.9.0 Equipment ( backhoe etc ) 88,000 108,000 196,000

Site Facilities ( buildings, roads & equip ) $ / proj 1,217,682 6.5% 811,400 1,430,482

11.0.0 Management & Budget $ / ant 10,935 15,621 10,220
1,093,500 656,100 2,187,000

Management & Budget $ / proj 1,093,500 5.8% 656,100 2,187,000

12.0.0 Education & Public Outreach $ / ant 1,288 3,066 602
EPO Program Materials & Staff Labor 128,760 128,760 128,760

Education & Public Outreach $ / proj 128,760 0.7% 128,760 128,760

Summary  of  Level 1 ( all items listed reference cells above )

+100 units %
+100 units +42 units +214 units

1 Antenna Parts Kits 2,810,773 7,017,545 37.5% 3,148,200 14,523,548
2 Antenna Assembly 202,000 900,000 4.8% 403,757 1,862,645
3 Antenna Feed Assembly ( total ) 1,017,702 2,803,698 15.0% 1,257,791 5,802,548
4 Antenna Foundations 209,908 1,230,571 6.6% 1,306,975 1,183,350
5 Array Zone Nodes ( projected 10 ant / zone ) 169,157 348,209 1.9% 194,513 774,902
6 Array Utilities Delivery. 377,672 808,823 4.3% 363,192 1,675,509
7 Array Analog Electronics 410,434 967,710 5.2% 402,492 2,110,421
8 Array Digital Electronics ( 84 & 256 ) 0 1,506,600 8.1% 2,918,440 7,518,541
9 Array Computing 0 678,375 3.6% 678,375 678,375
10 Site Facilities ( buildings, roads & equip ) 0 1,217,682 6.5% 811,400 1,430,482
11 Management & Budget 0 1,093,500 5.8% 656,100 2,187,000
12 Education & Public Outreach 0 128,760 0.7% 128,760 128,760

Total: $ / proj 18,701,473 12,269,994 39,876,081



Historical Estimate Projection Projection
Antennas in build 42 100 42 214
Total of listed items $ / ant 123,753 198,184 257,399 180,573
Total  cost / build ( except facilities ) $/ proj 5,197,646 18,701,473 12,269,994 39,876,081
Ratio 100 price projection ( for some items ) 1.068 0.967
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Telescope/Antenna Array Characteristics Table  
 

Optical Telescope or Antenna Array Value/ Summary, 
units 

Main and Effective Aperture Size 9525 m^2 
7478 m^2 

System Effective Focal Length  
Sizes of Array Elements or Segments 6.1-m diameter 
Number of Array Elements or Segments 256 
Total Collecting Area  9525 m^2 
Angular Resolution  93” x 76” @ 1.4 

GHz 
Field of View  2.5 deg @ 1.4 GHz 
Wavelength range  60 – 2.7 cm 
Driving Wavelength for Surface Accuracy  2.7 cm 
Required Surface Accuracy 0.13 cm  

(0.07 cm measured) 
Surface Coating Technique  Soda-blasting 
Number of Mirrors or Reflecting Surfaces Two 
Size of each Optical Element and its Clear Aperture Primary 6.1m,  

Secondary 2.4m, 
unobstructed 

Mass of each Segment or Element *  
Total Moving Mass *  
Mass of each Optical Element *   
Actuator Precision and Range  
Type of mount used for pointing and allowed range Az, El 
Mass and Type of Material for Support Structure *  
Optic Design (e.g., Cassegrain) Off-axis Gregorian 

 
*Masses should be provided with and without contingency 
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Instrument Table, Correlator 

 
Item Value Units 

Type of instrument Correlator  
Number of channels 2 x 2048  
Spectral Range 0.5 – 11.2 

GHz: 
2 x 500  
MHz 

 

Number and Type of Sensors 2 x 256-dual 
polarization 
inputs 

 

Number of Pixels  18,000 
independent 

 

Pixel size   
Pixel scale  60 @ 1.4 

GHz 
arcsec 

Focal Plane Power and Thermal Requirements   
Temperature control range and accuracy +/- 1 deg for 

electronics 
@ room 
temp. 
+/- 0.1 deg 
for LNA @ 
60K 

 

Size/dimensions (for each instrument) 24 standard 
racks 
(0.5x1x3) 

m x m x m 

Instrument mass without contingency (CBE*)  Kg 
Instrument mass contingency  % 
Instrument mass with contingency (CBE+Reserve)  Kg 
Instrument average power without contingency  W 
Instrument average power contingency  % 
Instrument average power with contingency 90,000 W 
Instrument average science data rate^ without contingency  kbps 
Instrument average science data^ rate contingency  % 
Instrument average science data^ rate with contingency 855,000 kbps 
Instrument Fields of View (if appropriate) 2.5 @ 1.4 

GHz 
degrees 

Pointing requirements (knowledge) 0.03 
0.003 
achieved 

degrees 

Pointing requirements (control) 0.03 degrees 
Pointing requirements (stability)  deg/sec 
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*CBE = Current Best Estimate. 
^Instrument data rate defined as science data rate prior to processing 
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Instrument Table, Beamformer 

 
Item Value Units 

Type of instrument Beamformer  
Number of channels N/A  
Spectral Range 0.5 – 11.2 

GHz, 
8 x 500 
MHz 
instantaneou
sly 

 

Number and Type of Sensors 8 x 256-dual 
polarization 
inputs 

 

Number of Pixels  8 x 1  
Pixel size  microns 
Pixel scale  60 @ 1.4 

GHz 
arcsec 

Focal Plane Power and Thermal Requirements   
Temperature control range and accuracy +/- 1 deg for 

electronics 
@ room 
temp. 
+/- 0.1 deg 
for LNA @ 
60K 

 

Size/dimensions (for each instrument) 8 standard 
racks 
(0.5x1x3) 

m x m x m 

Instrument mass without contingency (CBE*)  Kg 
Instrument mass contingency  % 
Instrument mass with contingency (CBE+Reserve)  Kg 
Instrument average power without contingency  W 
Instrument average power contingency  % 
Instrument average power with contingency 30,000 W 
Instrument average science data rate^ without contingency  kbps 
Instrument average science data^ rate contingency  % 
Instrument average science data^ rate with contingency 64,000,000 kbps 
Instrument Fields of View (if appropriate) 0.025 @ 1.4 

GHz 
degrees 

Pointing requirements (knowledge) 0.03 
0.003 
achieved 

degrees 

Pointing requirements (control) 0.03 degrees 
Pointing requirements (stability)  deg/sec 
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*CBE = Current Best Estimate. 
^Instrument data rate defined as science data rate prior to processing 
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Key Phase Duration Table 
 

Project Phase Duration (Months) 
Phase A – Conceptual Design Complete 
Phase B – Preliminary Design Complete 
Phase C – Detailed Design 6 
Phase D – Integration & Test 24 
Phase E – Primary Operations 60 
Start of Phase B to end of Construction 36 
Start of Phase B to First Light/Signal Reception 12 
Start of Phase B to Start of Operations 30 
Start of Phase B to Delivery of Instrument #1 24 
Start of Phase B to Delivery of Instrument #2 24 
Start of Phase B to Delivery of Instrument #n  
Project Total Funded Schedule Reserve 4 

 
 

Key Event Dates 
 

Project Phase Milestone Date 
Start of Phase A 1998 
Start of Phase B 2000 
Preliminary Design Review (PDR) 2002 
Critical Design Review (CDR) 2003 
Delivery of Instrument #1 (DoI-1)  
Delivery of Instrument #2 (DoI-2)  
Delivery of Instrument #n (DoI-n)  
Date of End of Construction (assuming 2011 
start) 

2013 (+3y) 

Date of First Light/Signal Reception 2012  (+2y) 
Operational Readiness Date  2013  (+3y) 
End of Operations 2018  (+8y) 
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TOTAL ACTIVITY COST FUNDING PROFILE TEMPLATE – US-Federal Only 
 (FY costs1 in Real Year Dollars, Totals in Real Year and 2009 Dollars)  

 

Item Prior FY2010 FY2011 FY2
012 

FY2013 FY2014 FY2015 FY2016 FY2017 FY2018 
Total 
(Real 
Yr.) 

Total 
(FY 

2009) 

Cost 10            

Concept Study              

Project Management/Systems 
Engineering 

  0.4 0.4 0.4 0.3 0.4 0.4 0.4 0.4 3.0 2.55 

Instrument A   1.1 1.1 1.1      3.3 3.0 

Instrument B   0.3 0.3 0.3      0.8 0.75 

Instrument n             

Telescope   4.9 5.1 5.2      15.2 13.8 

Optics/Antenna             

Facilities   0.5 0.2       0.7 0.7 

Ground Data 
System/Software 
Development 

  0.1 0.1 0.1      0.3 0.3 

Operations   2.7 2.7 2.8 4.3 4.4 4.6 4.7 4.8 31.0 26.0 

Reserves   0.8 0.9 0.9      2.6 2.4 

Other (survey science)   0.5 0.5 1.1 2.3 2.4 2.5 2.5 2.6 18.9 16.0 

Total Cost $  11.3 11.3 12.0 7.0 7.2 7.4 7.6 7.8 71.5 60.05 

    Total Activity Cost      $ 

 
1 Costs should include all costs including any fee   
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TOTAL ACTIVITY COST FUNDING PROFILE TEMPLATE – With Partner 
Contributions (“Partner” defined as any non-federal funding source) 

 (FY costs1 in Real Year Dollars, Totals in Real Year and 2009 Dollars)  
 

Item Prior FY2010 FY2011 FY2
012 

FY2013 
 

FY201
4 

FY201
5 

FY201
6 

FY201
7 

FY201
8 

Total 
(Real 
Yr.) 

Total 
(FY 

2009) 

Cost 55            

Concept Study              

Project Management/Systems 
Engineering 

  0.7 0.8 0.8 0.3 0.4 0.4 0.4 0.4 4.1 3.6 

Instrument A   2.1 2.2 2.3      6.6 6.0 

Instrument B   0.5 0.5 0.6      1.6 1.5 

Instrument n             

Telescope   9.9 10.2 10.5      30.5 27.9 

Optics/Antenna             

Facilities   1.1 0.4       1.5 1.4 

Ground Data 
System/Software 
Development 

  0.2 0.2 0.2      0.6 0.6 

Operations   2.7 2.7 2.8 4.3 4.4 4.6 4.7 4.8 31.0 26.0 

Reserves   1.7 1.7 1.8      5.2 4.8 

Other (survey science)   0.5 0.5 1.1 2.3 2.4 2.5 2.5 2.6 18.9 12 

Total Cost $  19.4 19.3 20.0 7.0 7.2 7.4 7.6 7.8 95.7 83.8 

Private Partner 

Contributions 

            

Contributions 45            

Concept Study              

Project Management/Systems 
Engineering 

  0.4 0.4 0.4      1.1 1.05 

Instrument A   1.1 1.1 1.1      3.3 3.0 

Instrument B   0.3 0.3 0.3      0.8 0.75 

Instrument n             

Telescope   4.9 5.1 5.2      15.2 14.1 

Optics/Antenna             

Facilities   0.5 0.2       0.7 0.7 

Ground Data 
System/Software 
Development 

  0.1 0.1 0.1      0.3 0.3 

Operations             

Reserves   0.8 0.9 0.9      2.6 2.4 

Other (specify)             

Total Contributions 
$  8.1 8.0 8.0      24.2 23.05 

    Total Activity  Cost $      
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1 Costs should include all costs including any fee   
 


