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Abstract 
 
We propose a program of continued GBT development to be performed collaboratively 
between NRAO Green Bank, the CDL, and a number of partner institutions. The primary 
goals are to accelerate delivery of full 3mm performance of the antenna, and construction 
of a 10 pixel K-band (18-26 GHz) focal plane array (FPA) and associated spectrometer, 
as a precursor to a larger array at K-band, or a 3mm array, or both. These projects will be 
performed over a 2-3 year timescale, commencing in the fall of this year. The cost of 
these initiatives would be approximately $3.7M. 

 
 

1. Introduction 
 
As described in the NRAO Program Plan and Long Range Plan, and confirmed at the 
2006 Users Committee meeting, the GBT development program has three major 
components: 

• to focus on excellent operation at all frequencies up to 50 GHz operation through 
Winter 2007/08 (the winter after the azimuth track refurbishment); 

• to commence initial 3mm observations with MUSTANG (aka Penn Array) and 
the dual-feed W-band (68-92 GHz) heterodyne receiver in Winter 2008/09; 

• to initiate a program of heterodyne focal plane array development. 
 
Extensive recent discussions, both internal and external to NRAO and starting with the 
September 2006 Future Instrumentation Workshop, have validated this approach. These 
discussions have both sharpened the GBT science case and refined the specific 
requirements and priorities for further instrument development. The availability of 
funding via the Lockheed Martin settlement will allow us to significantly accelerate 
this development program. In particular, it will allow a coordinated program of 

GBT development which will: 
 

• Deliver exciting, specific new capabilities to the GBT on a challenging but 
achievable timescale of 2-3 years.  

• Ensure that the required components of the program (e.g. frontend, backends and 
data analysis capabilities) are delivered on the correct timescale so that the 
benefits of these new capabilities can be fully utilized. 
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• Build on existing in-house expertise, and leverage this development to regain 
state-of-the-art capabilities in areas such as digital signal processing, vital for 
future (SKA) development. 

• Be performed as a full partnership both between NRAO sites and with external 
collaborators.  

 
The work currently being performed using base Green Bank operations funds will equip 
the GBT with single or dual-feed receivers spanning the spectrum from 300 MHz to 90 
GHz, with a variety of spectroscopic, continuum and pulsar backends, as well as 
MUSTANG, the 90 GHz bolometer array.  
 
Exciting as they are, these capabilities will only begin to tap into the potential 
performance of the GBT. The mechanical performance of the antenna is simply 
outstanding, and there is no doubt that, given the appropriate resources, excellent 3mm 
performance is well within our grasp. The combination of high sensitivity, unblocked 
aperture and wide field of view of the GBT is ideally matched to focal plane array (FPA) 
receivers. The science case for these is compelling, especially at K-band (18-26 GHz) 
and 3mm (68-115 GHz). The continued performance improvements of the antenna, 
coupled with the orders of magnitude increase in mapping speed enabled by focal plane 
arrays, would absolutely revolutionize the capabilities of the GBT.  

 
 
2. The Proposal 
 
The specific proposal described here includes: 
 

• An accelerated telescope improvement program to deliver full 3mm performance 
necessary for W-band operation. This is needed immediately for both MUSTANG 
and the dual-feed 68-92 GHz heterodyne receiver, and is a required precursor to a 
W-band FPA. It will also provide improved performance, and the ability to 
operate under a significantly wider range of environmental conditions, at all 
frequencies down to 10 GHz. 

 
• Development of a 10 pixel K-band (18-26 GHz) focal plane array (FPA) receiver. 

This would be the first stage of a family of FPAs, to be followed by as a larger 
(61 pixel) array at K-band, or a similar array at W-band, or both. 

 
• Development of an advanced FPGA-based Spectrometer to match the FPA. This 

would be part of a family of digital backends based on the CASPER signal 
processing approach developed by Dan Werthimer and collaborators at UC 
Berkeley. 

 
 

• A program of RFI mitigation research to benefit all types of astronomy at 
frequencies up to 15 GHz. This work would also have great synergy with the 

 2



development of new digital backends, as well as being applicable to future SKA 
development. 

 
This document is being submitted with eight accompanying annexes, as follows: 
 
Science cases for: 

A. 3mm continuum (bolometer) science 
B. 3mm single-pixel spectral line science 
C. A K-band focal plane array 

 
Specific technical proposals for: 

D. The accelerated telescope performance improvements (PTCS) Proposal 
E. The K-band focal plane array 
F. The Advanced Spectrometer 
G. Possible Canadian contributions to the K-band array program (frontend and 

backend) 
H. Enhance RFI mitigation research 

 
The science case for spectroscopic focal plane arrays at 3mm, which strengthen the need 
for the full PTCS development, is being made in a separate document. 
 
 
3. Synergies and Proposed Collaborations 
 
The program described here will be performed in close collaboration between Green 
Bank and the Central Development Laboratory. We will pursue every opportunity to 
leverage developments made for ALMA and EVLA (e.g. high speed samplers), and the 
CDL staff are in an excellent position to be aware of and take advantage of these.  
 
The GBT project has a longstanding and extremely effective tradition of developing 
instrumentation in partnership with university collaborations; including the pulsar spigot 
card and other pulsar backends, the Caltech Continuum Backend (CCB), MUSTANG, 
and most recently Zpectrometer. We will continue the approach of developing new 
instrumentation in partnership with the university community. We have already received 
firm expression of interest from external groups, most notably a Canadian university / 
HIA consortium lead by Rene Plume, and a Caltech / JPL consortium lead by Tony 
Readhead and Todd Gaier, Their interests are complimentary, with the Canadian group 
most interested in K-band, and the consortium lead by Tony Readhead and Todd Gaier 
most interested in W-band. We therefore anticipate excellent possibilities for co-
operative development work, with each partner bringing specific areas of expertise. 
(Note that it is unlikely in practice that we would ask the Canadians to deliver the LNAs 
as they propose, since commercial HRL devices will be at least 4K noisier than those 
built with the NGST Cryo-3 devices.)   
 

The technologies to develop feed-horn focal plane arrays are available now (witness 
SEQUOIA on the FCRAO). Development of this type of system for the GBT at K-band 
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will not require significant basic research, and so a development program can begin 
immediately. At the same time, we should not minimize the effort that this project will 
require. The signal processing requirements, component and system integration 
development and data handling will all be challenging; especially since we need to 
deliver these at low cost, and on extremely short (1-3 year) timescales. The expertise 
developed during this process would all be directly relevant to future SKA development 
work. 
 
A major component of the above program will be significantly improving our signal 
processing capability. NRAO has already started major new development in this area, 
based on the CASPER FPGA development approach developed by Dan Werthimer and 
colleagues at UC Berkeley. The initial project is the advanced pulsar backend, being 
developed via a collaboration between Green Bank, CDL, West Virginia University and 
the University of Cincinnati. The Spectrometer described here is the logical next step, 
implementation of real-time RFI mitigation techniques will also benefit from this 
technology. Again, this is all directly relevant to future SKA development. 
 
 
4. Budget 
 
The top-level budget for these projects is appended. Full details are provided in the 
individual proposals. 
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FY 2008 Budget Template   

Business Unit:     Green Bank / Central Development Laboratory

Objective

FY 2008 Request Anticipated FY09 Total 
(include FY 08 and any 

incremental costs)
Beyond FY 09 Costs Notes

Initiative

M&S Labor M&S Labor M&S Labor

Accelerated PTCS  $         25,000  $      330,000  $      125,000  $      660,000  $        25,000  $      330,000 1,5

K-Band Focal Plane Array (10-pixel)  $         25,100  $      696,000  $      251,000  $   1,104,000  $                  -  $                  - 2,6

Advanced Spectrometer 100,000$       330,000$       375,000$       577,500$        $                  -  $                  - 3,5

Resources for RFI Mitigation  $       100,000  $      110,000  $      100,000  $      220,000  $                  -  $      110,000 4,5

Totals 250,100$       1,466,000$    851,000$       2,561,500$    25,000$         440,000$       

Totals (M&S + Labor) 1,716,100$    3,412,500$    465,000$       

Detailed of all of these initiatives are provided in the accompanying text documents

Notes:
1 Additional resources to the GBT Precision Telescope Control System (PTCS)

project which will allow delivery of 3mm performance by end FY2009

2 Build a 10-element K-band (18-26 GHz) Spectroscopic Focal Plane Array.
Will serve as a template for a 61 element array, other future focal plane arrays,
and as a unique and useful scientific instrument in its own right.

3 A flexible spectrometer which will serve as the backend for the K-band Focal
plane array, developed as part of a "family" of advanced digital backends

4 Resources to allow results of current RFI research to be integrated into the 
above spectrometer, to allow real-world use of these applications

5 The PTCS, Spectrometer and RFI requests assume a nominal S+B cost of 
$110k per employee. Thus these columns are really "ftes", the actual cost
may be somewhat different from this. Inflation is not included.

6 The K-band FPA proposal includes engineers and technicians, and salaries at 
different grades as appropriate are assumed. The actual cost may be somewhat
different. Inflation is not included



 
 

Annexes 
 
Science Cases: 
 

A. Science with MUSTANG on the GBT 

B. Example Science for a 68-95 GHz Dual Beam Receiver on the GBT 

C. Science Case for a K-Band Focal Plane Array for the Green Bank Telescope  

 

Technical Proposals: 

D. Accelerated Telescope Performance Improvements (PTCS) Proposal 

E. A Modular K-Band Focal Plane Array for the Green Bank Telescope  

F. A Spectrometer for a GBT Focal Plane Array as part of a Family of 
Advanced Digital Backends  

G. Possible Canadian Contributions to the K-band Array Receiver  

H. Signal Processing Resources for RFI Mitigation at the GBT  
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Science with MUSTANG on the GBT

Brian S. Mason
March 30, 2007

v.April 2, 2007– added sensitivity numbers

I briefly summarize some areas where MUSTANG— the GBT’s first 3mm
instrument— is expected to make visible and important contributions. This
memo is an updated and condensed version of the much longer science case
review written in 2003 (“Science with Bolometer Arrays on the GBT”, based
in part on an earlier draft by Goran Sandell), which is available at
http://www.gb.nrao.edu/ bmason/gbt-dev/gbt-cont-science.ps

This earlier memo has many more references and some details on calculations
of the expected signal levels etc.

MUSTANG achieved first light on the GBT in September of 2006. The
results from this run were extremely encouraging, and are summarized else-
where (Mason et al. 2007; Dicker et al. 2007). Work aiming to improve
the receiver sensitivity and the GBT 3mm aperture efficiency is underway,
and has recently borne fruit (see below). When fully operational MUSTANG
will open up an entirely new observational parameter space in terms of point
source and high-resolution surface brightness sensitivity, and will provide
a powerful complement to shorter wavelength instruments (e.g., SCUBA-2,
SOFIA, & WISE — all of which have comparable spatial resolution to the
GBT at 3mm), as well as higher-resolution instruments of the near future
such as ALMA.

The sensitivity achieved in the Fall 2006 run was limited by two factors:
a previously known source of 1/f noise (since established to be due to mi-
crophonics from the pulse tube cooler, and successfully eliminated), and the
GBT aperture efficiency at 3mm (∼ 10%). We found that in a 50 arcmin2

patch (4′ radius circle) we obtained a map RMS of 0.3 Jy. With recent im-
provements to the receiver we might reasonably expect an RMS of ∼ 3 mJy
in the same map, assuming the same surface efficiency for the GBT; it should
then be possible in 6 hours to map an r = 4′ region to a depth of ∼ 400 µJy,
or an r = 1′ area to a depth of 100 µJy. Future GBT surface efficiency
improvements are expected to give a further factor of 3 improvement in sen-
sitivity; a future bolometer array may give a further improvement of ∼ 3
since the current bolometers have not reached the fundamental limitation of
photon statistical noise.
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The relatively long wavelength of 3mm is suitable to probe fairly cold gas
and dust, highly redshifted blackbody emission, and the Sunyaev-Zel’dovich
Efect (SZE). A few areas that we expect to be of key interest are:

• Young Star Forming Regions and Starless Cores often show
different morphologies at different frequencies, e.g., clumps of N2 H+

which would indicate the presence of cold material that is resolved
out by interferometers in the continuum. Different dust models in the
environments of starless cores only predict the long-wavelength flux
density to a factor of a few, and 3mm photometry would provide vital
constraints on dust composition and the distribution of grain sizes.
Higher-resolution maps that are still sensitive to the colder dust would
be useful to measure the profile of the gas in the center of starless cores,
where measurements at 850 µm (Shirley et al. 2002) indicate that the
inside-out collapse model (Shu 1977) is failing. Star forming regions
should have flux densities of a mJy or so per 8′′ fwhm beam at 3mm.

• Debris Disks were seen by IRAS in about 15% of nearby, main-
sequence stars such as Vega and β pictors. The GBT will provide a
huge increase in sensitivity over anything currently available, allowing
one to uniformly image large samples of such objects, to probe fainter
column densities, and to address questions of grain size evolution. The
long-wavelength coverage with MUSTANG on the GBT will be com-
petitive with, and complementary to, information provided by images
in the submillimeter. Fomalhaut should have a 3mm flux density of
∼ 3 mJy per GBT beam; generally maps with a couple of hundred µJy
RMS are needed.

• High-z Star-forming Galaxies will have their SEDs, which peak
in the rest-frame infrared, redshifted into long millimeter wavelengths.
Owing to its large collecting area, and with a resolution at 3mm compa-
rable to SCUBA-2’s at 450 µm, MUSTANG’s sensitivity on the GBT for
high-z (z > 10) targets will be on a footing with that of the next gener-
ation of shorter wavelength instruments (e.g., SCUBA-2). MUSTANG
will also provide long-wavelength information essential for photometric
redshift measurements. As a point of reference Arp 200 would a flux
density of about 200 µJy or greater at all redshift, and about 500 µJy
at z = 10 (see Figure 1).
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• Solar System Objects: Measurements of the thermal emission from
solar system objects complement optical measurements of reflected so-
lar radiation and permit determining the solid angle and albedo by
the target. KBO (20000) Varuna is expected to have a flux density of
150 − 250 µJy at 3mm. Nearby coments would be easily measurable;
for instance, Hale-Bopp was seen to be about 10 mJy in a 10 arcsecond
beam with BIMA.

• The Sunyaev-Zel’dovich Effect has only been imaged, to date, with
an astrophysically coarse resolution — a few arcminutes or worse, corre-
sponding to several 100 h−1 Mpc or more. The GBT will be the largest
filled aperture suitable for SZE measurements by far, and will provide
the first images capable of resolving more than the gross cluster-scale
features of the intra-cluster pressure profiles. A key issue in inter-
preting near-future SZE surveys (e.g., by ACT and SPT) is assigning
masses to clusters found by the surveys. These clusters will often be
at sufficiently high z that studying them at other wavelengths will be
extremely difficult and the redshift-independent SZE will be the best
tool. High-resolution SZ maps will be essential in this enterprise. High
resolution images of lower-z clusters will probe astrophysical feedback
mechanisms in cluster cores. For instance, many nearby “cooling-flow”
clusters show prominent x-ray bubbles apparently associated with AGN
activity (see figure 2). Equipartition estimates from synchrotron emis-
sion within the bubbles are a factor of 5-10 low to support the bubbles
against the surrounding ICM (Blanton et al. 2001); in this situation
high-resolution thermal pressure (i.e., SZE) maps are of clear value. To
make these measurements maps with 50 − 100 µJy RMS are needed.
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Figure 1: Arp220 expected flux density in a ΛCDM cosmology, as a function
of redshift (assumes the Carilli & Yun 2002 SED)
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Figure 2: Chandra/VLA composite (x-rays in red, radio in blue) of MS0735.6 + 7421
(McNamara et al. 2005). This image is 4′.2 on each side.
References
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Version 2.2 April 13, 2007

Example Science for a 68-95 GHz Dual Beam Receiver on the GBT.

D.J. Pisano

1. Contributors

The following people contributed either text or ideas to this document: Paola Caselli (CfA),

Jules Harnett (NRAO-GB), Todd Hunter (NRAO-GB), Nissim Kanekar (NRAO-AOC), Glen Langston

(NRAO-GB), Brian Mason (NRAO-CV), Larry Morgan (NRAO-GB), Jürgen Ott(NRAO-CV),

Erik Rosolowsky (CfA), Jeff Wagg (NRAO-AOC).

This document also draws on the original proposal for a W-band receiver on the GBT from

March 9, 2000. It is available on the web at

http://www.gb.nrao.edu/electronics/projects/3mmRx/3mmrx proposal.pdf

2. Background

It has long been a goal to operate the Green Bank Telescope (GBT) up to 116 GHz. At present,

above 70 GHz, the aperture efficiency of the telescope is 20% or lower and the blind pointing of

the telescope is a significant fraction of the beamsize even in benign conditions. The PTCS project

promises to improve both the efficiency and pointing of the GBT enabling efficient operation above

50 GHz. With the current suite of receivers, this will primarily benefit the MUSTANG bolometer

array operating from 86-94 GHz (soon to be 80-100 GHz). These improvements should also make

it practical to install a W-band heterodyne receiver on the GBT.

The initial plans, from 2000, for a W-band (3mm) receiver on the GBT involved building a

dual beam receiver covering the 68-95 GHz band as a first step. With PTCS improvements in

progress, now is the time to restart this project.

The GBT with this receiver would have a number of benefits over other telescopes. The GBT

beamsize at these frequencies is about 9′′. This is a factor of two finer than the next best single-dish

millimeter telescopes (Nobeyama and the Large Millimeter Telescope, LMT). This simultaneously

provides sensitivity to all the flux from a source and sufficient spatial resolution to minimize con-

fusion between multiple sources. This resolution also matches that of SCUBA at 450 µm, and is

half its 850 µm resolution. It is similar to the resolution of the HERA array (operating around

230 GHz) on the IRAM 30m and the Large Millimeter Telescope (LMT) at 230 GHz. This coin-

cidence of resolution will simplify multiwavelength studies of objects with these telescopes. The

GBT has a flexible, wide bandwidth (1.6 GHz) backend that permits multiple lines in this band

to be observed simultaneously at high frequency resolution. If the W-band receiver is built as a
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correlation receiver, then the Zpectrometer, or a copy of it, could provide a 14 GHz bandwidth

(based on its bandwidth at Ka band). While the LMT has plans for a 36 GHz backend and the

Mopra 22m has a 8 GHz spectrometer in service, all other telescopes with W-band receivers have

less bandwidth than the GBT. Finally, the GBT has superior sensitivity than all other single-dish

millimeter telescopes. With its present aperture efficiency, the GBT is more than twice as sensitive

at 80 GHz than any other telescope, except for the LMT (still under construction). After the PTCS

improvements, it should be more sensitive than even the LMT throughout this band. In addition,

the GBT will easily be the most sensitive telescope with a receiver covering the 68-77 GHz band;

only the Nobeyama 45m and the Kitt Peak 12m currently have receivers covering this band, while

the IRAM 30m has reduced sensitivity below 77 GHz.

As telescope improvements warrant, an additional module covering the 90-116 GHz band

could be added to the same dewar at a later time. This will permit the study of more molecular

transitions, including CO(1-0), C18O, 13CO, and CS(2-1), over a wider redshift range. Ultimately,

a spectral line focal plane array, similar to the UMass SEQUOIA instrument, would enable the

largest amount of science and provide for efficient mapping at 3mm.

Even without further PTCS improvements, the aperture efficiency of the GBT at ∼70 GHz

is about 20%, dropping to 10% at 90 GHz, so there is less risk at the low end of the band that

this receiver’s utility will be compromised by a delay in the PTCS improvements to the telescope.

The slightly larger beamsize also reduces the deleterious effects of winds on pointing, as compared

to higher frequencies. Nevertheless, PTCS improvements to the pointing and aperture efficiency

remain crucial to doing high quality science at W-band.

The science case described here is specifically for a dual beam receiver covering 68-95 GHz

band only. While most examples involve observing point or nearly-point sources, some would

benefit from mapping. This instrument can be seen as demonstrating the capabilities of the GBT

at high frequencies.

3. Example Science Projects

Redshifted CO and HCN Emission Redshifted CO and HCN can be observed in the 68-95

GHz band. For CO (1-0), that redshift range is 0.21-0.7. For CO (2-1) that range is 1.4-2.4; the CO

(1-0) would then be visible in the Ka or Q bands. CO (3-2) would be visible from z = 2.6-4.1, with

the lower transitions visible in the lower frequency GBT bands. HCN would be visible from z =0-

0.3. By observing multiple CO and HCN transitions, astronomers can better probe the physical

conditions of the dense gas in star-forming galaxies (e.g. Zhu et al. 2003; Weiß et al. 2005). The

GBT has already had an impact on the study of highly redshifted CO and HCN in lower frequency

bands (e.g. Vanden Bout et al. 2004; Riechers et al. 2006; Wagg et al. 2007). In the 68-95 GHz

band, the GBT will have comparable sensitivity to the LMT, and superior sensitivity to the IRAM

30m and CARMA. Most of the studies to date have been of galaxies with known redshifts, but with
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a wide bandwidth backend, like the Zpectrometer, will permit studies of galaxies with unknown

or uncertain redshifts. Figures 1 and 2 show simulated spectra of typical low and high redshift

galaxies studied in past CO/HCN surveys (Solomon & Vanden Bout 2005). The signal-to-noise in

these spectra would be reach in about 7 hours with the GBT in median conditions after PTCS

upgrades are complete. The luminosity and linewidths of the galaxies are shown in the figures. The

figures also illustrate the lines visible in absorption at these redshifts.

Quasar Absorption Lines Wiklind & Combes (1994) first detected CO (0-1) in absorption at

z=0.25 towards a background AGN. Since then, absorption lines have been detected from higher

order transitions of CO and multiple transitions of HCN, HNC, HCO+, H13CO+, H13CN, CS, and

N2H
+ at low and intermediate redshifts (Wiklind & Combes 1996, 1998). Despite this success,

there remain only a few molecular absorption line systems. A 68-95 GHz receiver paired with the

wide bandwidth spectrometer on the GBT will permit an unbiased, blind census of molecular gas

(traced by CO or HCO+) in normal galaxies at z<0.7 and 0.88<z<2.4. Using the GBT’s suite

of receivers, and multiple molecular transitions (e.g. SiO, CH2, CCS, CCH, O2, and those listed

above) astronomers could then probe the evolution of the molecular gas content and the physical

conditions of that gas as a function of redshift. The newly discovered absorbers would also be prime

targets for OH absorption line studies probing the evolution of fundamental constants (Kanekar

et al. 2005). This work would build on the ongoing AGBT05C-043 survey of molecular absorbers

between 34-48 GHz.

Syunyaev & Churazov (1984) predicted that the Lithium-like transition of 57Fe+23 might be

visible at 97.69 GHz in hot astrophysical plasmas such as those present in supernova remnants

or galaxy clusters. This line provides complementary information on the X-ray emitting gas in

clusters, including data on its velocity dispersion and the relative abundances of 57Fe and 56Fe

(D’Cruz et al. 1998). For clusters at z>0.03, this line may be visible in absorption. Mason (2007,

private communication) predict that the GBT may be able to detect this line, for the first time,

towards a dozen bright quasars.

Surveying Chemistry: From Dense Cores to AGN Although the W-band has been studied

extensively with other observational facilities, the large aperture of the GBT coupled with its

flexible, wide-band spectrometer provide unique opportunities for studies in this waveband. In

particular, a W-band receiver on the GBT would allow for the systematic study of the chemical

evolution of molecular gas in structures ranging from dense, star-forming cores to extragalactic

Giant Molecular Clouds (GMCs) to AGN. The small beam and the ability to observe multiple

species at once will make the GBT 10-40 times more efficient than existing facilities, particularly

for studying marginally resolved and unresolved objects. In addition, many of the species which

form the basis for molecular chemistry have lines in W-band, including light species like N2H
+,

HCO, HCO+, HCN, and HNC which have no transitions in lower frequency bands. The increased

efficiency will extend the study of chemistry from a few nearby star-forming regions (e.g. Tafalla
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Fig. 1.— Simulated W-band spectrum of a z=0.25 galaxy with log LFIR=11.0 L�, log LCO=9.2 K

km s−1 pc−2, and a linewidth of 250 km/s.
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et al. 2006) to sample a variety of objects throughout the disk of the Milky Way.

Star Formation in Hot and Cold Cores Although most molecular clouds are quite ex-

tended compared to the GBT beam at W-band, sites of active star formation tend to be relatively

compact. When focused on these objects, the unmatched sensitivity of the GBT combined with

broad bandwidth coverage will provide a powerful tool. W-band contains many of the ground state

rotational transitions of abundant, high density tracers such as HCN, HNC and HCO+. These

species trace the densest parts of cold molecular clouds and will better reveal the locations of

pre/protostellar cores within the surrounding CO cloud. The presence of their isotopologues in

the band ensure that accurate optical depth corrections can be made, thereby enabling measure-

ments of the total molecular mass and density of these cores (Hirota et al. 1998). In addition, the

deuterated versions (DCN, DNC and DCO+) along with HDO and N2D
+ (detected by the IRAM

30m in pre/protostellar cores at 77.1 GHz; Fontani et al. 2006) allow one to measure the level of

deuterium fractionation and thus survey and compare the evolutionary stage of the cores (Roberts

et al. 2002).

Also falling in W-band are three rotational transitions of the symmetric top molecule CH3CN

(including 4-3 at 73 GHz and 5-4 at 92 GHz). With its high dipole moment and the broad range

of excitation of its K components, this molecule provides a natural thermometer for dense gas

(Andersson et al. 1984). Interferometer maps show that it is quite compact spatially (≈ a few

thousand AU) and an excellent probe of the hot cores often associated with massive protostars

(Hofner et al. 1996; Remijan et al. 2004). Transitions of important Si- and S-bearing molecules also

lie in W-band, including SiO and SO2 which are good tracers of outflow-related shocks where heavy

elements are liberated from dust grains. Maps of SiO often delineate well-collimated jets emerging

from both low- and high-mass protostars. Finally, several thermal and maser lines of methanol,

termed the “Swiss army knife of star formation” (Leurini et al. 2005), are found in W-band. In

addition to tracing outflow activity and chemical evolution in and around hot cores, its numerous

transitions can provide temperature information via rotation diagrams (Brogan et al. 2007).

Tracing Infall on Protostellar Cores The HCO+(1−0) (ν = 89.1885 GHz) and H13CO+(1−

0) (ν = 86.7543 GHz) lines can be used to trace infall in hot protostellar cores. Both HCO+ and

H13CO+ are expected to sample the same infalling region, but HCO+ is expected to be moderately

optically thick and H13CO+ is expected to be optically thin. By comparing the two lines, cores

undergoing infall can be identified (Mardones et al. 1997). At these frequencies, the GBT beamsize

will roughly match the size of massive protostellar cores in the nearest massive star forming regions.

Extragalactic Giant Molecular Clouds The GBT beamsize is well matched to the scale

of GMCs in other galaxies, the chemical evolution of which has not been systematically explored.

Emission from N2H
+, HCO, HCO+, HCN, and HNC could be observed probing a range of temper-

atures and densities in these clouds (Meier & Turner 2005; Wong et al. 2006)
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Active Galactic Nuclei Molecule-rich AGN and starburst galaxies will also be a fertile

ground for surveys of multiple molecular species, as current studies are limited in either the number

of lines (Gao & Solomon 2004) or the number of targets (e.g. Meier & Turner 2005).

The GBT with a lower W-band receiver can be used to investigate the molecular species

present in the central regions of a representative sample of nearby AGN galaxies. The inner regions

of these galaxies (within ∼100 pc of the point source nuclei) are the sources of jets, accretion disks

and circum-nuclear toruses. For these galaxies this size scale is well matched to the GBT beamsize.

A wide-band spectral line search at W-band frequencies, presently available only with the GBT

affords us an unsurpassed opportunity for detailed modeling of the physics in such highly energetic

environments. These can be investigated by observing many molecular transitions present in the

lower W-band: HCN, HCO+, DCO+, N2H
+, N2D

+, HC3N, CCS, HOC+, SiO and CCCS. Some

questions to be addressed are interaction of jets with the surrounding medium (shock chemistry),

morphology of the central narrow line region and observational veracity of the unified model for

active galaxies (e.g. Henkel et al. 1994; Cunningham & Whiteoak 2005).

This work would yield knowledge of the kinematics, dynamics, mechanism of gas excitation and

the physical links between the central black hole, accretion disk and relativistic jets. The window to

these questions are the high energy transitions of molecular species, particularly those listed below.

This work will yield an important representative database for higher resolution observations with

CARMA and ALMA.

Searching for Amino Acids The unambiguous detection of amino acids in the interstellar

medium would be an important advance towards the understanding of the formation of prebiotic

molecules (Kuan et al. 2003; Snyder et al. 2005). Uracil is one of the lightest amino acids and

is a component of RNA. For excitation temperatures of 10-20 K, the peak line intensities for the

rotational transitions of uracil will occur in the 60-80 GHz band (Brünken et al. 2006). While an

array would allow the full extent of the probable sources (e.g. Sgr B2) to be mapped and the signal

co-added, a dual beam receiver would still be useful in the search for amino acids in the ISM.

Searching for Anions The detection of complex molecules in cold dark clouds like TMC-1 has

led to much examination of their formation pathways. The fact that they peak at locations distinct

from more common molecular peaks (such as NH3 and DCO+) must also be explained. Tradition-

ally, the possible routes include gas-phase neutral-neutral reactions, ion-molecule reactions, and

grain surface chemistry. At present, neutral-neutral reactions are believed to be important, with

complex molecule peaks determined by evolutionary phase (Ehrenfreund & Charnley 2000). How-

ever, this remains an active area of research. In the case of ion-molecule reactions, the abundance

of molecular ions is a key quantity in determining reaction rates. While there have been 14 positive

molecular ions detected in astronomical sources, only indirect evidence exists for molecular anions

(negative ions) such as OCN− on icy grains (Pendleton et al. 1999). The first unambigiuous de-
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tection of an anion happened in 2006 at the GBT where lines from C6H
− were detected in TMC-1

(McCarthy et al. 2006). These authors subsequently associated the lines detected by Kawaguchi et

al. (1995) in IRC+10216 with this anion. Although the abundances of C6H
− are low enough not to

upset current models of complex molecule formation, their production now needs to be considered

by these models.

Since then, the GBT has been used to search for emission from C4H
− and C8H

− at ∼18 GHz.

Transitions between higher rotational levels would be at higher frequencies. For example, the J=9-

8 transition of C4H
− is at 83.8 GHz (Gupta et al. 2007) and transitions of other heavy anions

involving higher rotational levels may lie in the W-band as well. For lighter anions, such as CCH−,

the ground level rotational transition lies in the W-band (Brünken et al. 2007). A W-band receiver

could assist in the identification of heavy anions and enable searches for lighter anions.

Continuum Science While most continuum work in the 3mm band is best done with the MUS-

TANG (Penn Array) bolometer, those continuum projects that do not require mapping will benefit

from a heterodyne receiver, especially in concert with the Caltech Continuum Backend (CCB).

3mm VLBI VLBI work requires a standard heterodyne receiver. These observations reveal

the innermost structure of jets and AGN probing down to 10s of Schwarzschild radii (Krichbaum et

al. 2006). VLBI studies of SiO masers in the atmospheres of red giant stars can probe the physical

processes at the boundary between the stellar photosphere and the stellar wind (Winter et al. 2002;

Phillips et al. 2003).

Global VLBI observations at 86 GHz yield angular resolutions of 30 µas, while the VLBA is

capable of 0.1 mas resolution at 3mm. The GBT provides critical additional sensitivity for these

studies–baselines to the GBT would have almost twice the sensitivity–allowing more sources to be

studied in more detail. The GBT would be the most sensitive telescope in any global 3mm VLBI

experiment. It is currently a factor of two more sensitive than the IRAM 30m or Effelsberg, and,

after PTCS surface improvements, should be twice as sensitive again.

Continuum Properties of Point Sources A receiver covering the 68-95 GHz band will

provide a larger baseline for measurements of the continuum flux of point sources detected with

MUSTANG. While a Bolometer array, such as MUSTANG, provides a measure of the integrated

flux from a continuum source over a 10-20 GHz band, the Spectrometer or CCB can measure the

continuum flux in a number of bands across the 27 GHz covered by this receiver. This enables

accurate measurements of the spectral index for these sources.

In addition, MUSTANG is not capable of measuring the polarization of sources. This is

important for quantifying the polarized foreground of the Cosmic Microwave Background (Mason

et al. 2005) thereby improving the measurements of CMB polarization (e.g. Readhead et al. 2004).
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SUMMARY 
 
Equipped with a K-band focal plane array, the GBT will become a uniquely powerful 
instrument for science in the critical 18-26 GHz band: 

• It will map out the physical conditions – density, temperature, kinematics and 
turbulence, as well as the chemistry – in infrared dark clouds and protostellar 
clouds, giving insight into their state when they are at the threshold of forming 
new stars; 

• It will map molecules like CCS which serve as `chemical clocks' across star-
forming regions giving the history of physical conditions as clouds collapse; 

• It will search large areas of molecular clouds and discover young stellar objects, 
visible in H2O and methanol masers; 

• It will map the distribution of organic `pre-biotic' molecules and probe the link 
between interstellar chemistry and the chemistry of earth; 

• It will search large areas of nearby molecular clouds looking for chemical 
reservoirs like TMC-1, which can serve as templates for understanding interstellar 
chemistry; 

• It will map the distribution of dense molecular gas in special places like the 
Galactic Center, Ophiuchus, and Taurus – areas which could never be covered 
satisfactorily by a single-pixel instrument; 

• It will search for highly redshifted molecular lines at z > 4 in multiple nearby 
directions, allowing whole clusters of sub-mm galaxies to be studied 
simultaneously; 

• In conjunction with the EVLA, it will map star forming regions in multiple 
species, with the EVLA supplying the high resolution and the GBT supplying the 
short spacings and high sensitivity, thus enhancing the scientific productivity of 
both instruments. 

 
 
BACKGROUND 
 
The advent of focal plane arrays on single dishes has opened up new areas of research, as 
demonstrated most recently with the Parkes 13-beam at L-band, the FCRAO Sequoia 32-
beam at 85-116 GHz, and SCUBA at the JCMT.  A focal plane array for the GBT which 
covers the important 18-26 GHz band will likewise provide new capabilities. 
 



A K-band feed horn array could have many tens of elements in the GBT focal plane with 
no mechanical issues and a gain loss of roughly 10% at the outermost feeds.  The HPBW 
of each pixel would be 30” and the beams would be spaced every ≈3 HPBW.  At this 
frequency the GBT already works well and the array could be put into operation without 
requiring improvements in telescope performance.  This array would be the prototype for 
a series of GBT focal plane arrays at other wavelengths, and could be a technological 
pathfinder useful to SKA development. 
 
A K-band focal plane array would have an immediate impact on GBT science: 

• It will speed up many observations by more than an order of magnitude, thus 
allowing experiments to be done which could never, in practice, be scheduled 
with a single pixel receiver. 

• It will make the most efficient use of the restricted observing time available at low 
declinations, e.g., toward the Galactic Center and inner Galaxy. 

• It will make the most efficient use of good weather conditions at Green Bank. 
• It will allow for more serendipitous discoveries by increasing the area of maps. 
• It will improve the calibration of maps as the atmospheric conditions will be 

similar across the field at any instant. 
 
Nearly 450 hours were requested for K-band mapping projects in the last full trimester 
call for GBT proposals; most could not be scheduled, but with the proposed receiver they 
could all be scheduled. 
 
 
TARGET MOLECULAR SPECIES 
 
Several important spectral lines fall within the 18-26 GHz band, including NH3, H2O, 
methanol (CH3OH) and CCS. 
 
NH3 (23.7 GHz) is an ideal molecule for tracing dense regions and for deriving physical 
properties in cool gas.  Nitrogen-bearing molecules are quite resilient tracers of dense 
cold gas, and from the multiple NH3 inversion lines its rotational temperature can be 
derived and used to determine the kinematic temperature, density distribution, mass, 
kinematics and turbulence of a molecular cloud.  It is often a much better tracer of 
physical conditions than CO and its isotopes, which suffer from opacity effects and 
potential freeze-out which can be difficult to estimate (Tafalla et al. 2002, ApJ, 569, 
815).  Using information in the NH3 satellite lines, maps can be created of both 
temperature and density in a cloud. 
 
CCS (22.3 GHz) also traces high density gas, but because it is chemically “young”, i.e. it 
is most abundant before atomic carbon becomes locked-up in CO, it can be used as a 
chemical clock when observed with NH3: the higher the ratio of CCS to NH3 the younger, 
less chemically evolved is the region.  Moreover, within a given cloud the NH3 and CCS 
lines often have widths considerably different from the expected values, showing that 
they are independent indicators of dynamical processes within the cloud. 
 



H2O Water maser emission (22.2 GHz) is associated with the early stages of star 
formation. It originates in shocks and traces molecular outflows (Menten 1997, IAU 
Symp 178, 163). 
 
CH3OH Methanol masers (25.0 GHz) also trace outflows, perhaps at an even earlier 
stage in the formation of high-mass stars than H2O does, and may be easier to interpret, 
as these masers are found exclusively towards star formation regions (Ellingsen, S.P. 
2005, MNRAS, 359, 1498). 
 
Other molecules in this band include OCS (24.3 GHz) which is related to shock 
chemistry, HC3N (18.1 GHz), C3S (23.1 GHz), HC5N (23.9 GHz), and deuterated species 
such as DC3N (25.3 GHz) which can become effective tracers of the chemo-dynamical 
history of clouds.  The observed chemical structure of a cloud gives unique information 
on the history of its physical conditions.  Zeeman studies with C4H (19.1 GHz) may track 
the magnetic field in clouds. (Note: issues with beam squint and intensity gradients may 
make it necessary to stay on-axis for best reduction of systematic effects.) 
 
 
SELECTED EXPERIMENTS 
 
Samples of the science that would be enabled by an instrument like this include: 
 
INFRARED DARK CLOUDS: Infrared dark clouds (IRDCs) are seen in silhouette against 
the 8-micron Galactic plane background and are cold and dense. They are probably the 
precursors of stellar clusters.  Some have structures which are likely pre-stellar cores in 
the earliest phase of stellar evolution. Many thousands have been detected and cataloged 
in the infrared (Simon et al. 2006, ApJ, 639, 227). Their typical angular size is 1-5 
arcmin.  A typical IRDC in a sample of 313 objects with well-defined distances (Simon et 
al. 2006, ApJ, 653, 1325) has an angular size > 3.5' and is well matched to the proposed 
array. 
 
Maps of IRDCs in molecular tracers with a K-band array can determine the temperature, 
density, and large-scale kinematics in these important clouds. H2O and methanol masers 
can mark the location of protostars.  There are already a number of GBT proposals to do 
this research and the number is likely to grow in the future.  The majority of the IRDCs 
are in the inner Galaxy and can be observed only for a limited time each day.  This 
research would be given an order-of-magnitude kick with a K-band focal plane array on 
the GBT. 
 
STARLESS CORES: Dense molecular cores are the link between protostars and the more 
diffuse material in molecular clouds.  Starless cores define the fundamental starting point 
of stellar evolution. Their study can reveal the conditions necessary for the final collapse 
of a molecular cloud, and may help us understand how stars form in clusters. There is no 
single type of observation that gives all of the important physical characteristics of a 
dense core, but with measurements of molecules such as NH3 and CCS, the density and 
temperature in the cores can be determined as well as the proportion of thermal and 



turbulent motions.  There are many nearby starless cores whose angular sizes are many 
arcminutes, ideal for study with a K-band array on the GBT. 
 
YOUNG STELLAR OBJECTS: Class 0 and Class I objects in the early stages of stellar 
evolution can be studied in NH3 transitions to map the dense, cold gas and the kinetic 
temperature across clouds in which they are embedded.  From the linewidths, the degree 
of turbulence can be established.  These objects often create a molecular jet, which can be 
detected by its kinematic signature and mapped with the GBT. 
 
CHEMISTRY: The GBT has led a renaissance in studies of interstellar organic molecules; 
seven new ones were detected in 2006 alone.  Mapping is a critical aspect of modern 
studies of interstellar chemistry.  Many of the more complex and more interesting organic 
“pre-biotic” molecules are now known to be in extended regions whose line emission is 
quite weak.  They thus require filled apertures like the GBT for their study, but the long 
integration times needed for a secure detection precludes mapping their distribution.  
Also, there are now detailed time-dependent chemical models of molecular clouds which 
make specific predictions about the abundance of particular species with position within a 
cloud as it evolves.  Maps in multiple species are necessary to test the chemical formation 
models, which at this date are still quite incomplete. 
 
HIGHLY REDSHIFTED MOLECULAR LINES: The CO(1-0) transition at a redshift z of 
3.4-5.4 lies at K-band.  Detection of this emission gives information on the molecular 
reservoir of galaxies during the era of peak star formation. These lines are weak and 
require long integration times.  In some cases there are clusters containing galaxies at a 
similar redshift, many of which might be observed simultaneously with a focal plane 
array. 
 
THE GALACTIC CENTER: The Galactic center is a rich environment for studies of 
everything from conditions around a black hole, to the dynamics of gas in a bar, to 
astrochemistry.  The region of interest extends over several square degrees within which 
there are large variations in molecular abundances and chemical complexity.  The gas 
dynamics and molecular chemistry seem to be coupled, implicating shocks.  Because of 
the extraordinarily large area and weakness of many of the lines, the Galactic center area 
remains relatively unexplored.  Progress will be possible in K-band tracers only with a 
focal plane array on the GBT. 
 
MOLECULAR CLOUDS: Within a few hundred pc of the sun there are about a dozen 
large complexes of molecular clouds in various stages of star formation.  They cover 
about 1000 square degrees with a visual extinction > 1, and include Orion, Taurus, and 
Ophiuchus (see e.g. Figure 1). Their proximity to the Sun allows them to be studied in 
detail for information about the formation and dynamics of molecular clouds, their 
relationship to other interstellar constituents, the influence of local conditions on star 
formation, and so on.  The Taurus cloud contains a molecular reservoirs spot which is of 
profound importance to astrochemistry.  There may be other similar but as yet 
undiscovered hot spots with a different chemical history which would eventually prove as 
important to studies of organic molecules.  With a focal plane array capable of mapping 



large areas in a reasonable time on the GBT, we might hope to begin a molecular 
inventory of the nearby clouds and understand what is fundamental in their similarities or 
differences.  As with other molecular clouds, observations of tracers like NH3 and CCS 
will provide the temperature and kinematics of the gas as well as its chemical history. 
 
 
OTHER BENEFITS OF A GBT K-BAND ARRAY 
 
ENHANCED PRODUCTIVITY OF THE EVLA: We are now receiving a number of 
proposals to map molecular clouds in conjunction with the VLA.  The GBT provides the 
overall context for the higher resolution data and in very many cases is critical for 
accounting for all of the line flux.  While VLA observations are necessary to resolve fine 
structure in molecular clouds, these objects are so large that most molecular emission is 
resolved out by the interferometer (Devine, et al. 2006, IAU Symp 237, 102).  There are 
examples where 90% of the molecular emission is simply not detected by the VLA (de 
Gregorio-Monsalvo et al. 2005, ApJ, 628, 789). Indeed, even the kinetic temperature 
profile of small clouds cannot be derived correctly without short spacing data (Crapsi et 
al. 2007). 
 
The GBT is also much more sensitive to low surface-brightness emission than an 
interferometer, and can detect faint extended emission.  At K-band the VLA begins to 
resolve out structure on angular scales 2"-60" depending on the configuration, while its 
primary beam is 2'.  Use of the GBT with its 30" beam to supply short spacing data 
implies mapping, which is facilitated by a focal plane array.  A K-band array on the GBT 
will thus enhance the scientific productivity of both it and the EVLA. 
 
 
COMPARISON WITH OTHER FACILITIES 

This is a comparison of the GBT with other telescopes capable of K-band observations. 
All the data comes from the web pages of the telescope in question and applies to current 
capabilities. In most cases, T(sys) should be for typical weather conditions, but may be 
low for observations at the 22 GHz water line. Most telescopes have claimed typical 
winter opacities of 0.05 across the band. The median opacities for the GBT are 0.05 at 18 
GHz, 0.2 at 22 GHz, and about 0.1 at 26 GHz. Where a range of T(sys) values are given, 
T/G is calculated for the average value.  

Telescope  Frequency T(sys) Gain 
(K/Jy) 

Beam 
Size  

T(sys)/Gain 
(Jy)  

Relative 
T/G  Notes  

Single Dish         

GBT 100m  18-26.5 
GHz  

30-40 
K  1.5  33"  23  1.0     

Effelsberg 
100m  17.9-26.24 68-80 0.84  40"  88  3.8     

Tidbinbilla 
70m  19.9-24.21 40-80 0.75  48"  80  3.5  only 3x600 MHz 

blocks available, 



limited astronomy 
time available  

Sardinia 64m  18-26.5  81  0.654 78"  124  5.4  

7-beam 
multibeam, 
scheduled 
completion date: 
Dec. 2008  

Parkes 64m  21-24  140  0.17  78"  823  36  only 45m usable  
Haystack 37m  20-25  120  0.15  72"  800  35     
Mopra 23m  16-25  45  0.07  120"  643  28     
Interferometers        
(E)VLA 
27x25m  18-26.5  50-80 1.9  0.1"-

3"  34  1.5  2' FOV  

ATCA 6x23m  16-25  35  0.39  0.5"-
36"  90  3.9  2' FOV  

The point source signal-to-noise ratio delivered by a telescope is proportional to 
(T/G)2

*exp(tau). Since the opacities are generally low (< 0.2), T(sys) underestimates the 
effective T(sys) by less than 20%. For point source observations, the GBT is 16 times 
faster than other single dish telescopes and twice as fast as the EVLA for median 
conditions.  
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Figure 1: Map of NH3 (1,1) integrated line intensity (color scale) across the Ophiuchus B 
star- forming complex in L1688 by Friesen et al. (2007, in preparation), obtained with the 
current GBT K-band receiver system.  Contours show levels of associated 850 micron 
thermal continuum emission from dust.  The letters denote the cores associated with the 
respective examples of NH3 (1,1) spectra shown at right; the spectra were obtained at 
positions of maximum integrated line intensity.   This map needed 31.5 hours of GBT 
time, over 8-10 observing blocks, using one channel in the current K-band system.  A 10-
pixel K-band array could observe a similar 8' x 8' field in only ~4 hours assuming K-band 
receiver performance similar to the present and single-pixel coverage per sky position.  
(An increase in efficiency would occur with OTF mapping.) Given that different parts of 
the core were observed during different nights, sensitivities vary by a factor of ~1.5 
across the map.  A 10-pixel K-band array could observe this region to the same 
sensitivity in one transit, reducing sensitivity variations across the map from very 
different weather conditions.  A 61-pixel K-band array, however, would cover roughly a 
10' x 10' region in one footprint, slightly larger than the region shown.  Such an array 
would reduce the observing time to reach the same sensitivity over this region to ~1.1 
hours, again assuming similar K-band receiver performance and single-pixel coverage 
per sky position. Note that the L1688 complex of cores is larger than the map shown by a 
factor of ~20, and could only be observed to the same sensitivity with the current 
instrumentation in > 600 hours. 
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Abstract 

This page describes the extension and acceleration of the GBT Precision Telescope 
Control System (PTCS) project that will be possible with additional funding. The 
requested amounts is for $1.14M spread approximately evenly over 3 years. 

1. Introduction  

The Precision Telescope Control System project (http://wiki.gb.nrao.edu/bin/view/WebHome) 
aims to provide the pointing, tracking, collimation and surface accuracy required to allow the 
GBT to operate effectively at 3mm, with the performance limited only by the atmosphere.  

Operation at 3mm has been a goal of the GBT since its inception (see e.g. GBT Memos 6, 
9) and the science case is compelling, as described in the accompanying documents. Our 
work over the last few years has demonstrated that mechanically the telescope is fully 
capable of reaching the 3mm performance goals. In particular:  

• We have achieved first light at 3mm using MUSTANG (aka Penn Array), the 64-
pixel bolometer array (see the MUSTANG press release).  

• We have demonstrated (Nikolic et al, 2007a,Nikolic et al, 2007b, that out-of-
focus holography can fully compensate for residual (unmodeled by the finite 
element model (FEM)) gravitational distortions, and can in principle compensate 
for thermal distortions. Thus all large-scale surface errors can be removed, 
resulting in a close to ideal antenna main beam, and the excellent side-lobe 
performance expected from the unblocked aperture.  

• Efficiency measurements and moon scans (PTCS Project Note 47, PTCS Project 
Note 51) have demonstrated that the dominant remaining source of error is on 
length-scales of actuator to actuator. This manifests itself as a broad error pedestal 
at 3mm, and results in an aperture efficiency of 10%. With our understanding of 
the large-scale errors, and recent improvements to antenna servo and pointing 
performance, this error contribution can now be measured and removed with 
traditional (with phase) holography.  

• Before the current azimuth track deterioration, we demonstrated ~ 1” rms tracking 
errors over half-hour timescales under benign night-time conditions (PTCS 
Project Note 19), meeting the 90 GHz single-pixel point source tracking 
requirement (and already surpassing the MUSTANG requirement). This 
performance should be restored after the azimuth track refurbishment to be 

http://wiki.gb.nrao.edu/bin/view/WebHome
http://www.gb.nrao.edu/mustangpr/
http://adsabs.harvard.edu/abs/2006astro.ph.12241N
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http://wwwlocal.gb.nrao.edu/ptcs/ptcspn/ptcspn51/ptcspn51.pdf
http://wwwlocal.gb.nrao.edu/ptcs/ptcspn/ptcspn51/ptcspn51.pdf
http://wwwlocal.gb.nrao.edu/ptcs/ptcspn/ptcspn19/ptcspn19.pdf
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performed this summer; any residual track effects will be removed via an 
improved pointing/azimuth track model currently under development.  

Thus the work required to complete the 3mm performance improvements is now well 
defined and achievable. It is still challenging however, and we remain limited by the 
availability of staff, especially in some key disciplines such as servo and controls 
engineering. An appropriate injection of funds will allow us to complete the PTCS 
project in a much more timely fashion, in turn allowing the telescope to reach its full 
potential.  

As well as opening up the 3mm window, we emphasize that the PTCS performance 
improvements will deliver tangible benefits at all frequencies down to 10 GHz:  

• Improvements to the surface thermal compensation will remove the current 
“night-time only” restriction on higher frequency (40 GHz and above) operation. 
Specifically, this will open up the crucial winter daytime Galactic Center 
observing window.  

• Servo improvements will allow improved wind disturbance rejection, 
significantly relaxing the current wind-speed restrictions for K-band and above 
point source observations (e.g. for H20 megamasers).  

• Servo improvements will also result in improved antenna command following 
performance, increasing the observing efficiency for any “nodded” observing 
modes (e.g. at K, Ka and Q-band), and allowing more effective raster strategies 
(e.g. daisy-petal scans) for continuum mapping projects at 10 GHz and above.  

The net effect of all of these improvements will be to dramatically increase the 
effectiveness of the telescope, and significantly expand the range of weather conditions 
under which observations at all frequencies above 10 GHz can be scheduled.  

The main activities which will be accelerated by additional resources are:  

• Completion of the traditional holography system and corresponding upgrades to 
the Active Surface Control System, to allow full compensation for small-scale 
(actuator-to-actuator) surface errors.  

• Significant improvements to the current servo to allow improved wind 
disturbance rejection.  

• Completion of ancillary metrology instrumentation, such as 22 GHz and 86 GHz 
tippers.  

• Complete development and deployment of the “next generation” laser 
rangefinders to help align the surface and keep the actuator position sensors 
calibrated.  

These are described in more detail below. 

 



2. Pointing Improvements  

Pointing improvements are being made by improving the servo system, and by improving 
the models used to derive pointing corrections. The modeling effort is proceeding apace, 
but the servo system improvements need additional effort.  

There have been many developments in servo control of large antennas over the last 
decade and a half that can be applied to the GBT. The LMT project and the DSN 70 
meter engineers have designed state-space controllers that optimize the performance of 
the structure in the face of structural vibrations and wind (see e.g. Gawronski and 
Souccar, 2005). Simulations of the DSN controllers show that they would substantially 
improve GBT performance, as the GBT servo is very much the same design as the DSN 
70 meter servo.  

In the interim, before the full state-space controller could be designed and deployed, we 
can do much new work with the existing system to ready it for installation of the state-
space controller, and to eliminate some sources of tracking error, such as the lag during 
changes in acceleration, and in the 0.28 Hz servo oscillation observed in both axes.  

3. Surface improvements  

Surface improvements will be made using traditional holography and laser rangefinders. 
The Holography system will be used to map the surface of the dish with greater 
resolution than is possible with OOF holography. The improved surface measurements 
will be fed into the active surface system, which will itself need some improvements in 
servo system performance. Laser rangefinders will be used to measure the surface, and to 
calibrate the actuator displacement transducers. It is necessary to analyze the geometry of 
the telescope and the rangefinders and determine the optimal positions and uses of the 
rangefinders.  

Additional software resources will assure that we can complete the measurements and 
implementation of the model accurately using an improved active surface control system.  

4. Ancillary PTCS instrumentation  

Additional PTCS instrumentation is needed to help with telescope control and with 
dynamic scheduling. The main instruments under development are:  

• Tippers, 22 and 86 GHz  
• 2nd generation Laser Rangefinders  
• Other weather instruments as needed, such as three dimensional wind sensors.  

The laser rangefinders have staff effort allocated to them, while the rest of the 
instruments await assignment of engineering and science effort to them.  

 

http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1589873
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1589873


5.  Current Activity and Staffing  

The PTCS team is presently occupied with a number of projects. Over the next few 
months, we will be working to develop and implement a more advanced pointing model. 
So far, this work has required (ongoing) improvements to the inclinometers and 
accelerometers on the telescope, coupled with pointing observations prior to the summer 
shutdown. During the track outage, we will modify and test the M&C implementation of 
the new pointing model and plan the strategy for measuring the pointing model 
parameters of the new track after the replacement. We will also be completing the 
telescope interlocks upgrade to a modern programmable controller, and upgrading the 
data storage hardware of the traditional holography system. At the same time, the OOF 
holography system remains essential, and the data processing path needs to be understood 
by new personnel, and streamlined for future use. With these activities occupying the 
team for most of 2007, it is clear that the development of a new servo system will not 
make much headway this year without additional personnel. Also, the implementation of 
a refurbished 3mm tipping radiometer (and/or a new 22/30 GHz tipping radiometer) will 
lag behind the growing desire of the GBT observers and dynamic scheduling team. Both 
of these projects require additional engineering support.  

Here is a short summary of the current team members, and what they are working on.  

• Todd Hunter (65%) – PTCS Instrumentation Scientist: holography and pointing 
team lead  

• John Ford (20 %) – PTCS Project Engineer: servo and interlocks team lead  
• Frank Ghigo (50%) – PTCS observing coordinator and local pointing model 

specialist  
• Joe Brandt (80%) – M&C implementation of new pointing model; PTCS 

instrumentation software  
• Ron Grider (80%) – PTCS software support and OOF holography data processing  
• Jason Ray (10%) – PTCS instrumentation support  
• Fred Schwab (70%) –Active surface and holography simulations  
• Steve White (30%) – Laser range finder and traditional holography system  
• Tim Weadon (20%) – servo interlock PLC software  
• John Shelton (40%) – servo interlock hardware  
• Kim Constantikes (consultant) -- pointing model development, wind effects 

analysis  

 

6. Requested Additional Funding  

In order to accelerate the project and bring it to fruition, we need the following resources 
allocated, in addition to current personnel:  

• A software engineer, to be assigned to work on control systems for main drives, 
secondary optics, and active surface.  



• A controls engineer, to design a state-space controller (LQG, H-inf, etc) for the 
GBT  

• An electronics engineer, to round out the team developing servo improvements, 
active surface controls improvements, and ancillary PTCS instrumentation.  

Salary and benefits costs for these positions will be around $110k per year each. 
Therefore, over the three year period, these positions will cost about $990k.  

The PTCS M&S budget should be allocated an additional $25k, $100k, and $25k for the 
three years. This will allow sufficient funding for development tools, supplies and parts 
for construction, and computing resources needed for the completion of the project.  

The requested amounts for these project changes total about $1.14M over 3 years.  

6. Project Schedule  

The proposed accelerated project schedule is attached below. The tasks will stretch out 
three more years without the additional acceleration proposed here. All of the current 
activities mentioned above are on this schedule as well. 



ID Task Name Duration Start Finish Predecessors Cost

1 PTCS Project,  2006-2010 1153 days? Tue 5/2/06 Thu 9/30/10 $281,500.00

2 Planning 1153 days Tue 5/2/06 Thu 9/30/10 $0.00

3 Pointing and tracking  improvements 871 days Fri 6/2/06 Fri 10/2/09 $119,000.00

4 Pointing Model Maintenance 240 days Mon 1/1/07 Fri 11/30/07 $70,000.00

5 Develop new pointing models 6 mons Mon 1/1/07 Fri 6/15/07 $40,000.00

6 Recover pre-shutdown pointing 4 wks Wed 8/1/07 Tue 8/28/07 $0.00

7 Wind effects modeling 6 mons Mon 6/18/07 Fri 11/30/07 5 $30,000.00

8 Servo 871 days Fri 6/2/06 Fri 10/2/09 $49,000.00

9 Trajectory Generation 39 days Fri 6/1/07 Wed 7/25/07 $0.00

10 Failure analysis 2 wks Fri 6/1/07 Thu 6/14/07 $0.00

11 Software modifications 4 wks Fri 6/15/07 Thu 7/12/07 10 $0.00

12 Testing 4 days Fri 7/13/07 Wed 7/18/07 11 $0.00

13 Deployment 1 wk Thu 7/19/07 Wed 7/25/07 12 $0.00

14 Slow-speed tracking 334 days Fri 6/2/06 Wed 9/12/07 $0.00

15 Add friction compensation 236 days Fri 6/2/06 Fri 4/27/07 $0.00

16 Data analysis 0 days Fri 6/2/06 Fri 6/2/06 $0.00

17 Testing 0 days Fri 6/30/06 Fri 6/30/06 $0.00

18 Servo modifications 24 days Mon 7/31/06 Thu 8/31/06 $0.00

19 Testing 0 days Tue 1/30/07 Tue 1/30/07 $0.00

20 Deployment 0 days Fri 4/27/07 Fri 4/27/07 $0.00

21 Add acceleration feedforward 314 days Fri 6/30/06 Wed 9/12/07 $0.00

22 Data analysis 0 days Wed 7/25/07 Wed 7/25/07 13 $0.00

23 Testing 0 days Fri 6/30/06 Fri 6/30/06 $0.00

24 Servo modifications 24 days Tue 7/31/07 Fri 8/31/07 $0.00

25 Testing 3 days Mon 9/3/07 Wed 9/5/07 24 $0.00

26 Deployment 1 wk Thu 9/6/07 Wed 9/12/07 25 $0.00

27 PLC Upgrade 231 days Mon 9/4/06 Mon 7/23/07 $5,000.00

28 Design 171 days Mon 9/4/06 Mon 4/30/07 $0.00

29 Fabrication 6 wks Tue 5/1/07 Mon 6/11/07 28 $0.00

30 Installation 6 wks Tue 6/12/07 Mon 7/23/07 29 $0.00

31 Servo Replacement 524 days Tue 10/2/07 Fri 10/2/09 $44,000.00

32 Servo System system engineering 2 mons Tue 10/2/07 Mon 11/26/07 $12,000.00

33 Hardware design 2 mons Tue 11/27/07 Mon 1/21/08 32 $0.00

34 Control System design 9 mons Tue 11/27/07 Mon 8/4/08 32 $0.00

35 Algorithm development and simulations 12 mons Tue 8/5/08 Mon 7/6/09 34 $0.00

36 Software Design/programming 12 mons Tue 8/5/08 Mon 7/6/09 34 $0.00

37 Construct servo system 3 mons Tue 8/5/08 Mon 10/27/08 34 $30,000.00

38 Install and test servo system 3.2 mons Tue 7/7/09 Fri 10/2/09 36 $2,000.00

39 Surface improvements 588 days? Tue 5/2/06 Thu 7/31/08 $117,500.00

40 OOF Holography 80 days Mon 9/3/07 Fri 12/21/07 $0.00

41 Continue with measurements 20 days Mon 9/3/07 Fri 9/28/07 $0.00

42 Develop Production on-line system 6 wks Mon 10/1/07 Fri 11/9/07 41 $0.00

43 Analysis of data 6 wks Mon 11/12/07 Fri 12/21/07 42 $0.00

44 Traditional Holography 361 days Thu 3/15/07 Thu 7/31/08 $2,000.00

45 Investigate traditional holography 6 wks Thu 3/15/07 Wed 4/25/07 $0.00

46 Modify Holography Backend 30 days Thu 4/26/07 Wed 6/6/07 $2,000.00

47 Electronics 3 wks Thu 4/26/07 Wed 5/16/07 45 $2,000.00

48 Software 3 wks Thu 5/17/07 Wed 6/6/07 47 $0.00

49 Holography runs 12 mons Fri 8/31/07 Thu 7/31/08 $0.00

50 Data analysis 2 mons Fri 8/31/07 Thu 10/25/07 49SS $0.00

51 Laser Rangefinder Systems 224.35 days Thu 6/7/07 Wed 4/16/08 $50,000.00

52 Design LRF constellation 3 mons Thu 6/7/07 Wed 8/29/07 55 $0.00

53 Build/Install LRF constellation 1 mon Wed 3/19/08 Wed 4/16/08 65 $50,000.00

54 Photogrammetry 50 days Thu 4/26/07 Wed 7/4/07 $61,000.00

55 Investigate Photogrammetry 6 wks Thu 4/26/07 Wed 6/6/07 45 $1,000.00

56 Photogrammetry 4 wks Thu 6/7/07 Wed 7/4/07 55 $60,000.00

57 Surface Actuator Control System Upgrade 1 day? Tue 5/2/06 Tue 5/2/06 $4,500.00

58 Design new control algorithms 1 day? Tue 5/2/06 Tue 5/2/06 $0.00

59 Software development 1 day? Tue 5/2/06 Tue 5/2/06 $0.00

60 Testing 1 day? Tue 5/2/06 Tue 5/2/06 $0.00

61 Deployment 1 day? Tue 5/2/06 Tue 5/2/06 $4,500.00

62 Adjust surface 0 days Fri 9/28/07 Fri 9/28/07 $0.00

63

64  Instrumentation 502.35 days Mon 10/2/06 Wed 9/3/08 $45,000.00

65 LRF V2 382.35 days Mon 10/2/06 Wed 3/19/08 $30,000.00

66 Wind instruments 202 days Fri 8/31/07 Mon 6/9/08 $15,000.00

67 Tipper, multicolor 22 or 86 GHz 6 mons Wed 3/19/08 Wed 9/3/08 65 $0.00
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ID Task Name Duration Start Finish Predecessors Cost

1 PTCS Project,  2006-2010 1153 days? Tue 5/2/06 Thu 9/30/10 $281,500.00

2 Planning 1153 days Tue 5/2/06 Thu 9/30/10 $0.00

3 Pointing and tracking  improvements 871 days Fri 6/2/06 Fri 10/2/09 $119,000.00

4 Pointing Model Maintenance 240 days Mon 1/1/07 Fri 11/30/07 $70,000.00

5 Develop new pointing models 6 mons Mon 1/1/07 Fri 6/15/07 $40,000.00

6 Recover pre-shutdown pointing 4 wks Wed 8/1/07 Tue 8/28/07 $0.00

7 Wind effects modeling 6 mons Mon 6/18/07 Fri 11/30/07 5 $30,000.00

8 Servo 871 days Fri 6/2/06 Fri 10/2/09 $49,000.00

9 Trajectory Generation 39 days Fri 6/1/07 Wed 7/25/07 $0.00

10 Failure analysis 2 wks Fri 6/1/07 Thu 6/14/07 $0.00

11 Software modifications 4 wks Fri 6/15/07 Thu 7/12/07 10 $0.00

12 Testing 4 days Fri 7/13/07 Wed 7/18/07 11 $0.00

13 Deployment 1 wk Thu 7/19/07 Wed 7/25/07 12 $0.00

14 Slow-speed tracking 334 days Fri 6/2/06 Wed 9/12/07 $0.00

15 Add friction compensation 236 days Fri 6/2/06 Fri 4/27/07 $0.00

16 Data analysis 0 days Fri 6/2/06 Fri 6/2/06 $0.00

17 Testing 0 days Fri 6/30/06 Fri 6/30/06 $0.00

18 Servo modifications 24 days Mon 7/31/06 Thu 8/31/06 $0.00

19 Testing 0 days Tue 1/30/07 Tue 1/30/07 $0.00

20 Deployment 0 days Fri 4/27/07 Fri 4/27/07 $0.00

21 Add acceleration feedforward 314 days Fri 6/30/06 Wed 9/12/07 $0.00

22 Data analysis 0 days Wed 7/25/07 Wed 7/25/07 13 $0.00

23 Testing 0 days Fri 6/30/06 Fri 6/30/06 $0.00

24 Servo modifications 24 days Tue 7/31/07 Fri 8/31/07 $0.00

25 Testing 3 days Mon 9/3/07 Wed 9/5/07 24 $0.00

26 Deployment 1 wk Thu 9/6/07 Wed 9/12/07 25 $0.00

27 PLC Upgrade 231 days Mon 9/4/06 Mon 7/23/07 $5,000.00

28 Design 171 days Mon 9/4/06 Mon 4/30/07 $0.00

29 Fabrication 6 wks Tue 5/1/07 Mon 6/11/07 28 $0.00

30 Installation 6 wks Tue 6/12/07 Mon 7/23/07 29 $0.00

31 Servo Replacement 524 days Tue 10/2/07 Fri 10/2/09 $44,000.00

32 Servo System system engineering 2 mons Tue 10/2/07 Mon 11/26/07 $12,000.00

33 Hardware design 2 mons Tue 11/27/07 Mon 1/21/08 32 $0.00

34 Control System design 9 mons Tue 11/27/07 Mon 8/4/08 32 $0.00

35 Algorithm development and simulations 12 mons Tue 8/5/08 Mon 7/6/09 34 $0.00

36 Software Design/programming 12 mons Tue 8/5/08 Mon 7/6/09 34 $0.00

37 Construct servo system 3 mons Tue 8/5/08 Mon 10/27/08 34 $30,000.00

38 Install and test servo system 3.2 mons Tue 7/7/09 Fri 10/2/09 36 $2,000.00

39 Surface improvements 588 days? Tue 5/2/06 Thu 7/31/08 $117,500.00

40 OOF Holography 80 days Mon 9/3/07 Fri 12/21/07 $0.00

41 Continue with measurements 20 days Mon 9/3/07 Fri 9/28/07 $0.00

42 Develop Production on-line system 6 wks Mon 10/1/07 Fri 11/9/07 41 $0.00

43 Analysis of data 6 wks Mon 11/12/07 Fri 12/21/07 42 $0.00

44 Traditional Holography 361 days Thu 3/15/07 Thu 7/31/08 $2,000.00

45 Investigate traditional holography 6 wks Thu 3/15/07 Wed 4/25/07 $0.00

46 Modify Holography Backend 30 days Thu 4/26/07 Wed 6/6/07 $2,000.00

47 Electronics 3 wks Thu 4/26/07 Wed 5/16/07 45 $2,000.00

48 Software 3 wks Thu 5/17/07 Wed 6/6/07 47 $0.00

49 Holography runs 12 mons Fri 8/31/07 Thu 7/31/08 $0.00

50 Data analysis 2 mons Fri 8/31/07 Thu 10/25/07 49SS $0.00

51 Laser Rangefinder Systems 224.35 days Thu 6/7/07 Wed 4/16/08 $50,000.00

52 Design LRF constellation 3 mons Thu 6/7/07 Wed 8/29/07 55 $0.00

53 Build/Install LRF constellation 1 mon Wed 3/19/08 Wed 4/16/08 65 $50,000.00

54 Photogrammetry 50 days Thu 4/26/07 Wed 7/4/07 $61,000.00

55 Investigate Photogrammetry 6 wks Thu 4/26/07 Wed 6/6/07 45 $1,000.00

56 Photogrammetry 4 wks Thu 6/7/07 Wed 7/4/07 55 $60,000.00

57 Surface Actuator Control System Upgrade 1 day? Tue 5/2/06 Tue 5/2/06 $4,500.00

58 Design new control algorithms 1 day? Tue 5/2/06 Tue 5/2/06 $0.00

59 Software development 1 day? Tue 5/2/06 Tue 5/2/06 $0.00

60 Testing 1 day? Tue 5/2/06 Tue 5/2/06 $0.00

61 Deployment 1 day? Tue 5/2/06 Tue 5/2/06 $4,500.00

62 Adjust surface 0 days Fri 9/28/07 Fri 9/28/07 $0.00

63

64  Instrumentation 502.35 days Mon 10/2/06 Wed 9/3/08 $45,000.00

65 LRF V2 382.35 days Mon 10/2/06 Wed 3/19/08 $30,000.00

66 Wind instruments 202 days Fri 8/31/07 Mon 6/9/08 $15,000.00

67 Tipper, multicolor 22 or 86 GHz 6 mons Wed 3/19/08 Wed 9/3/08 65 $0.00
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1. EXECUTIVE SUMMARY 
 
We propose to develop a K-Band Focal Plane Array (KFPA) receiver optimized for spectroscopic 
observation and mapping on the Robert C. Byrd Green Bank Radio Telescope.  While no such receiver 
currently exists, the technology required is well-established, making it feasible to put the instrument into 
active use relatively quickly for immediate benefit to the astronomical community.  The initial design 
conservatively calls for a modest number of pixels (approximately 10), but the design will be inherently 
modular, facilitating easy and cost-effective expansion to as many as 61 independent elements. 
 
Table I below summarizes heterodyne focal plane arrays currently used for astronomical observations.  It is 
evident from this list that there is a large gap in frequency coverage between the 21cm multibeam arrays 
and the millimeter/sub-millimeter arrays.  A K-band focal plane array on the GBT would thus provide a 
truly unique capability.  The full 61-pixel KFPA would also be the largest heterodyne focal plane array in 
terms of number of beams at any frequency. 
 

TABLE I: Existing Heterodyne Focal Plane Arrays 
 

FPA Frequency # of Beams Beam Spacing 
(HPBWs) 

Tsys 

Parkes Multibeam (Parkes 64m) 1.23-1.53 GHz 13 2.1 21 K 
ALFA (Arecibo) 1.225-1.525 GHz 7 2.0 27 K 
SEQUOIA (FCRAO) 85-115 GHz 16 2.0 55-90 K (Trx) 
BEARS (Nobeyama 45m) 82-116 GHz 25 2.7 75 K (Trx, DSB) 
HERA (IRAM 30m) 210-240 GHz 9 2.2 120 K (Trx) 
HARP (JCMT) 325-375 GHz 16 2.0 130 K (Trx) 

 
While the instrument as currently proposed is compatible with existing GBT spectrometers, it will be 
severely limited in the number of beams that can be processed simultaneously.  At most 8 IF channels (8 
beams in one polarization or 4 dual-polarized beams) can be processed with the current spectrometer and IF 
data transport system.  It is clear that a more powerful spectrometer (in terms of the number of channels, or 
total processed bandwidth) is critically important for this and other focal plane arrays.  We believe such a 
spectrometer to be a beneficial and important development in its own right, independent of this array, and 
thus a parallel effort for its development will be proposed separately. 
 
Finally, it is recognized that the design concepts proposed and eventually demonstrated here will be easily 
adaptable to other frequency bands.  A very similar array could ultimately be constructed in the 3 mm band, 
consisting of hundreds of elements and thereby establishing a previously unheard-of capability in radio 
astronomy for low-surface-brightness, high-resolution imaging (and further underscoring the importance of 
a more capable spectrometer).  See also [RD1]. 
 
The deliverables from the work in this proposal shall be as follows: 

• a 10-element, dual-polarization, 18-26 GHz front-end receiver with up to 1 GHz instantaneous 
bandwidth (the baseline instrument).   

• a documented design ready for duplication, with budgetary pricing (at a reduced per-element cost) 
for up to a 61-pixel mapping imager. 

 



The choice of 1 GHz bandwidth was driven by limitations of the backend and data processing.   It is 
perfectly feasible to design analog hardware that can provide all 8 GHz of bandwidth (18-26 GHz) in one 
chunk, and this will be shown as an easy upgrade path should the backend ever develop the capacity to 
handle it. 
 
2. SCIENCE CASE 
 
The immediate impact a K-Band focal plane array would have on GBT science capabilities is both unique 
and compelling.  A more comprehensive discussion of the science that could be accomplished with this 
array is included in the overall Green Bank/CDL Development Plan enclosed with this proposal. 
 
3. BASELINE TECHNICAL PLAN 
 
The baseline instrument shall consist of five key subsystems: the feedhorn array, the cryogenic dewar, the 
cooled electronics, the Integrated Downconverter Module (IDM), and the Local Oscillator Distribution and 
Monitor and Control Module (LODM&C).  A straw man layout of the baseline instrument comprised of 
these components is shown in Figure 1.  The digitizer/spectrometer could be an existing backend or a 
newly developed, more capable piece of hardware as previously described.  A preliminary block diagram of 
the array element (consisting of a feedhorn, cold electronics, and an IDM, hereafter referred to as a “pixel”) 
is shown in Figure 2. 
 

TABLE II: Baseline Instrument Specifications 
 

Specification Requirement 
Frequency band 18-26 GHz (nearly complete K-Band coverage) 
TRX (each beam, not including sky) <25K (75% of band) 

<36K (entire band) 
Number of beams 10 
Polarization dual, circular 
Sideband (image) rejection >30 dB 
Instantaneous bandwidth 1 GHz 
Mass <100 kg 
Headroom >30 dB (to 1 dB compression point) 
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Figure 1.  Straw man configuration of the baseline K-Band focal-plane array receiver. 
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Figure 2.  Block diagram of one pixel of the focal plane array, showing the analog/RF signal processing components. 
 



A short description of each of these subsystems follows. 
 

a. FEEDHORN ARRAY 
 
The feed horn array covering the 18-26 GHz band shall be located outside the dewar and thus will be at 
ambient temperature.  Each of the elements shall be a compact corrugated horn having a profile taper from 
the throat to the aperture of the horn.  Each horn will be followed by a phase shifter and an OMT located 
inside the dewar, giving dual-circular polarization capability.  The array can be laid out in several ways, but 
the current plan is to arrange the elements in a closely packed hexagonal pattern (alternately staggered 
linear rows of pixels) for maximum sampling of the focal plane.  This is illustrated in Figure 3.  The array 
elements for the baseline instrument are highlighted in red.  The spacing between elements is dictated by 
the outside diameter of the feed horn, which is 3.5” and results in a beam spacing of about three half-power 
beamwidths.  A maximum efficiency (illumination and spillover) of 68% is predicted for the on-axis feed 
and the efficiency is nearly the same for the next two rings consisting of 19 elements.  For the feeds at the 
edge of the mounting ring, as indicated by the dashed circle, efficiency drops to about 57%. 
 

 

Ø36.00"

57.3%

66.3%

68.1%

 
 a) feed geometry b) beam pattern 
 
Figure 3.  Feedhorn array geometry and resulting beam pattern.  The first 10 elements comprising 
the baseline instrument are highlighted in red. 
 
 

b. CRYOGENICS DEWAR 
 
Preliminary studies seem to indicate that it is neither cost-effective nor efficient to cluster sub-arrays of 
pixels into smaller dewars and to then duplicate them.  The baseline dewar shall therefore be built at full 
size, with room for expansion to a fully populated focal plane (36" maximum diameter).  The top and 
bottom of the dewar shall be sealed with cover plates having access holes in only those locations where the 
ten pixels are initially populated.  The top interface shall include a thermal gap and quarter-wave choke 
ring around each feed flange.  See Figure 2 for a diagram of the pixel interface at the bottom bulkhead, 
which consists of a pair of WR-42 waveguides and a DC multi-pin connector for monitoring and bias lines. 
 
Expansion to the fully populated array may be achieved simply by making new holes for the additional 
pixels, or manufacturing new cover plates as required.  Alternatively, this could be used as a multi-object 
spectrograph, as described in [RD4].  That is, custom cover plates could be manufactured to arrange, say, 
10-15 pixels in a layout that specifically matches a particular object on the sky.  The only constraint would 



be that the pixels must fit within the 36" diameter dewar, and could be no closer than 3 half-power 
beamwidths.  In practice however, this could be very difficult.  To change configurations, one would need 
to warm up the receiver, remove it from the telescope, take out the pixels, replace the standard cover plates 
with (pre-prepared) custom cover plates, reinsert the pixels in their new locations, close up and cool down 
again.  Performing this operation multiple times and doing it efficiently and safely could be tricky, and 
careful attention to mechanical design will be necessary if this is implemented. 
 

c. COLD ELECTRONICS 
 
The dewar shall house, on its 15 K stage, a K-Band phase shifter and an OMT.  Each output of the OMT 
shall be routed to an isolator, followed by a Noise Calibration Module (NCM) and the CDL K-Band LNA 
based on the WMAP design and using a CRYO3 wafer first-stage HFET.  All of these components shall be 
co-located on the 15 K stage in the dewar.  Stainless steel waveguide shall form a thermal transition for the 
connection to the dewar/IDM interface.  The noise temperature of the LNA as a function of frequency is 
shown in Figure 4.  The NCM will be a new integrated block consisting of a 30 dB directional coupler and 
a noise source.  The noise source could be either a diode or a MMIC amplifier with calibrated ENR versus 
bias current. 
 
Its is worth noting that while we have assumed circular polarization is desired and have designed the 
baseline instrument accordingly, a slight simplification would result from choosing linear polarization 
instead.  This would allow the phase shifter to be left out, reducing the size of the dewar and perhaps 
improving the noise temperature by a few Kelvin. 
 

  
 

Figure 4.  Measured noise temperature of the CDL K-Band LNA. 
 
 

d. INTEGRATED DOWNCONVERTER MODULE (IDM) 
 
The IDM, which will operate at room temperature, shall be a single multi-chip split-block assembly 
consisting of off-the-shelf MMICs identified in Figure 2.  Since all of the required components are 



commercially available, this module can be rapidly prototyped at low cost in the project development 
phase.  For higher frequency bands some MMICs would need to be developed, and while this MMIC 
development is a valuable and ongoing CDL research project, it is not strictly required for the K-Band 
array. 
 
The input stage of the IDM shall be a room temperature low-noise amplifier.  By selecting a balanced 
amplifier for this component, we hope to avoid the need for isolators between the room temperature and 
cooled parts of the receiver, but isolators could easily be added to the design at a later stage if found  
necessary. 
 
A super-heterodyne mixing scheme is employed for high image rejection (>30 dB).  The first LO would be 
required to be tunable over a 24-31 GHz frequency range, while the second LO shall be a fixed frequency 
7 GHz source.  Both LOs shall be provided in a coherent fashion to all of the array elements by the 
LODM&C. 
 
Step attenuators are provided at the output of the IDM to enable leveling of the signal power into the 
digitizers.  These digital attenuators have 1 dB resolution and a range of 30 dB (50 dB versions are also 
available).  The phase delay introduced by each core attenuator should be very stable and may be calibrated 
a priori, before deploying the array. 
 
It should be noted that the 1 GHz bandwidth may ultimately be considered a limitation of this instrument.  
While it is perfectly feasible to design a downconversion scheme that provides the full 8 GHz of bandwidth 
in K-Band (indeed, such a design was created on paper in the course of writing this proposal), the decision 
was eventually made to use a 1 GHz bandwidth to better match the capabilities of potential digitizers and 
data processing for a 61-element array.  Clearly, nothing inside the dewar limits this bandwidth.  Should it 
ever become feasible for the backend to process all 8 GHz of bandwidth over a large number of channels, it 
will be a simple matter to replace the current channelizing IDMs with block-conversion IDMs.  This was 
considered a more efficient solution than performing the block-conversion up-front followed by 1 GHz 
channelizers. 
 

e. LOCAL OSCILLATOR DISTRIBUTION AND MONITOR AND CONTROL MODULE (LODM&C) 
 
The LODM&C requires two inputs from the LO rack in the center of the receiver turret on the GBT.  Two 
Agilent 83620A synthesizers are available to provide these inputs (one variable, the other fixed).  A block 
diagram of the LODM&C is shown in Figure 5.  Like the IDM, this subsystem shall be constructed using 
commercial off-the-shelf parts, and is modular in design for later expansion. 
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Figure 5.  Block diagram of the LO Distribution Modules. 
 
 
The Monitor and Control system shall be responsible for providing regulated bias voltages to the elements 
in the array, monitoring the health of key components such as the LNAs, and coordinating time-sensitive 
events such as noise-cal switching and LO sweep. 
 
4. BASELINE BUDGET 
 
The following cost estimate is given in Y2007 dollars. 
 
 TABLE III: Labor Estimates for Development 
 

Item Machinist 
[FTEs] 

Technician 
[FTEs] 

Astronomer 
[FTEs] 

Engineer 
[FTEs] 

Compact Feedhorn 0.2 0.0 0.0 0.2 
Noise Calibration Module (NCM) 0.1 0.1 0.0 0.25 
Integrated Downconverter Module (IDM) 0.1 0.25 0.0 0.5 
LO Distribution 0.1 0.5 0.0 0.25 



M&C, biasing, PCB design and layout 0.0 0.5 0.0 0.5 
Mechanical design (overall receiver, cryostat) 0.25 0.5 0.0 0.5 
Parallactic Angle Rotator 0.25 0.25 0.0 0.25 
Project management 0.0 0.0 0.0 0.5 
Systems engineering 0.0 0.0 0.0 0.5 
Project scientist 0.0 0.0 0.5 0.0 
Software Development 0.0 0.0 0.0 0.4 
     
Total FTEs: 1 2.1 0.5 3.85 
     
TOTAL $ = $696k     

 
 
 TABLE IV: Labor Estimates for Production (10-element array) 
 

Item Machinist 
[FTEs] 

Technician 
[FTEs] 

Astronomer 
[FTEs] 

Engineer 
[FTEs] 

NCM housing and assembly 0.25 0.25 0.0 0.1 
IDM housing and assembly 0.0 0.25 0.0 0.25 
LODM&C housing and assembly 0.0 0.25 0.0 0.25 
Receiver rack assembly and cabling 0.25 0.5 0.0 0.25 
Project management/systems engineering 0.0 0.0 0.0 0.5 
Project scientist 0.0 0.0 0.25 0.0 
Receiver engineer 0.0 0.0 0.0 0.5 
Mechanical design 0.0 0.0 0.0 0.5 
     
Total FTEs: 0.5 1.25 0.25 2.35 
     
TOTAL $ = $408k     

 
 
 TABLE V: Parts Cost (10-element array) 
 

Part Qty. Unit cost Extended cost 
Feedhorns 10 $2k $20k 
Phase shifters and transitions 10 $7k $70k 
OMTs 10 $2k $20k 
Isolators 20 $0.5k $10k 
NCM parts 20 $0.5k $10k 
LNAs 20 $3k $60k 
IDM parts 10 $2k $20k 
LODM&C parts 1 $5k $5k 
Refrigerator 1 $8k $8k 
Compressor 1 $8k $8k 
Parallactic Angle Rotator 1 $20k $20k 
    
TOTAL $ = $251k    

 
NOTE: These labor and parts costs are based on extensive experience with similar components, such as the 
EVLA cooled amplifiers and the ALMA Active Multiplier Chains. 
 
The final cost of this project thus comes in at about $1.4M.  No contingency has yet been added to these 
figures.  Note that the cost per pixel in production quantities is about $66k (Y2007 dollars), so a rough cost 
for adding the future 51 pixels is $3.4M (conservatively, since some of these modules do not scale with 



array size, like the LODM&C, and the parts cost would be reduced in large quantity).  This would, of 
course, also require a new spectrometer. 
 
5. DEVELOPMENT PLAN 
 

a. FEEDHORN/PHASE-SHIFTER/OMT 
 
We do not currently have a compact feedhorn design covering the 18-26 GHz bandwidth for the GBT, so 
one will need to be developed.  However, as it is very similar to existing feedhorns in other bands, the 
development is low-risk and can be completed in a relatively short time. 
 
Fortunately, quadrature phase shifter and OMT designs [RD3] suitable for this application already exist.  
The OMT is approximately 2.8" wide, and with the addition of a standard E-plane bend and a 90° twist can 
be made to conform to the output waveguide layout at the dewar interface shown in Figure 2. 
 
One of the more difficult design decisions is whether or not to cool the feedhorns.  The estimated benefit in 
receiver noise that results from cooling the feedhorn is shown in Figure 6, where the entire RF/IF chain is 
taken into account and different assumptions are made about the ambient temperature and loss of the horn.  
However, moving the feedhorns inside the dewar raises a number of complex issues.  For one, the optical 
window is 150 times larger, adding significantly to the heat load on the refrigerator due to thermal 
radiation.  IR filters would undoubtedly be required, but even with them it is unlikely that a single 
refrigerator would be feasible; the array would have to be divided into sub-arrays in separate dewars.  This 
raises issues of refrigerator reliability, power requirements, and the capacity of the compressors.  Further, 
Green Bank engineers have learned from painful experience that cooling the feedhorn can create subtle 
baseline problems resulting from weak coupling with cavity modes inside the dewar. 
 
The question naturally becomes whether or not the potential benefit of cooling the feedhorn balances out 
the added complexity of its implementation – and the cost of the inevitable extra development time and 
troubleshooting that comes with that complexity.  The authors' opinion is that not cooling the feedhorn is 
the wiser choice, as indicated in the baseline plan, but this question warrants further study. 
 

 
Figure 6.  Comparison of receiver noise temperature with warm and cold feedhorns. 

 
b. INTEGRATED DOWNCONVERTER MODULE (IDM) 

 
Although we already possess the expertise and know-how to build all of the individual components (case 
and point, our state-of-the-art low-noise single-pixel receivers on the EVLA), some development effort 



shall be needed to integrate these components in an optimal fashion for use in a multi-pixel focal plane 
array.  The design of each pixel needs to be re-evaluated to minimize the cost of duplication and 
integration.  The front end electronics should be compact, and integrated as much as possible, to ensure not 
only the closest array packing but also to reduce the cost of manufacturing large numbers of pixels. 
 
In the baseline block diagram, all the MMICs used in the IDM are commercially available, so no MMIC 
development will be necessary.  However, the IDM does need to be prototyped to ensure that the 
performance of all these MMICs is adequate.  Concurrent with this project are individual research projects 
on MMIC development for integrated downconverter modules for this and for other bands.   
 
The possibility of integrating the downconverter inside the dewar on the first stage at about 50K can be 
investigated, although it is not believed at this time that this arrangement offers any particular advantage in 
terms of performance and/or cost.  It would also preclude future simultaneous observation of the entire 18-
26 GHz spectrum (see below). 
 
The baseline design is to place the integrated module just outside the cryostat. It shall consist of the second 
RF amplifier as well as the down conversion stages providing the 1-2 GHz outputs and the level setting 
attenuators, which provide the processed IF signal for the digitizers.  A double conversion scheme is 
needed to achieve sufficient image rejection.  An alternate option would be to use a wideband IF block 
downconverter stage so that a simpler bandpass filter and a fixed frequency LO (~14 GHz) may be used for 
image rejection.  This would necessitate further IF processing to break down the wideband IF (~4-12 GHz) 
signal into manageable bandwidths for the digitizers (similar to the ALMA scheme).  An image-rejecting 
mixer has been ruled out, since about 20 dB image rejection is probably near the limit of what is practically 
achievable and is not believed to be sufficient for spectroscopy. 
 
Although the IF processing given in this proposal allows use of 1 GHz of dual-polarization spectrum per 
pixel, the outputs from the cryostat contain the full 8 GHz per pixel.  In the future, a more complex IF 
processing and digitization scheme could be used (the ultimate being a 16 Gs/sec digitizer), along with an 
advanced spectrometer, to observe the entire 18-26 GHz simultaneously with high frequency resolution.  
This addition would require no change to the cold electronics system. 
 

c. NOISE CALIBRATION MODULE (NCM) 
 
To simplify the plumbing inside the dewar, we plan to integrate the broadband noise source within the 
coupler housing, requiring only a DC bias line to be routed to the outside.  The noise source can be either a 
MMIC amplifier with known and fairly constant noise temperature over the specified band, a commercial 
noise diode, or a simple Schottky diode.  Cold tests will be required to determine the best components to 
use for this scenario.  The coupling should be weak, say about -30 dB, and the level of injected noise 
should be about 10% of Tsys. 
 
Although shown in the diagram immediately before the amplifiers, it is possible the NCM could be 
designed to precede the phase shifter where the waveguide is dual-polarization.  This has the advantage of 
reducing the number of components and incorporating more of the front-end in the calibration, but the 
performance of a wideband dual-mode coupler will have to be studied. 
 

d. CRYOGENIC LOW-NOISE AMPLIFIERS 
 
The baseline design shall employ the CDL K-band LNAs, based on the WMAP design, but upgraded with a 
CRYO3 wafer device for its first stage.  These have been tested and are being integrated into the EVLA 
receivers.  This design yields the best reported noise temperature, about 7K over most of the band.  While a 
MMIC design would be attractive for a focal plane array, at K-band there is currently no competitive 
MMIC.  One future option may involve the NGST 35 nm InP HEMT process.  This is very recent 
development and none of the devices have been evaluated at cryogenic temperatures, but they hold the 
promise of K-band noise temperatures that are perhaps as low as 4 K.  A 35 nm LNA MMIC would be a 
very attractive development.  It will not be supported by this effort, but independent CDL research projects 
shall be investigating this possibility.  Later substitution of even better amplifiers would be a 



straightforward task.  For a W-band focal plane array a MMIC first stage would probably be chosen, since 
existing chips have noise performance competitive with the hybrid design. 
 

e. MECHANICAL DESIGN AND CRYOGENICS 
 
In order to meet the mass budget of less than 100 kg, some effort will need to be spent on making the 
receiver as light as possible. The dewar would require some attention since it needs be large to 
accommodate future pixels, and making the dewar as short as possible should help.  Mechanical design and 
drawings of the entire receiver assembly and interfaces will also need to be prepared.  The array receiver 
should of course be mechanically compliant with the GBT receiver mounting ring and power systems.  
Further, it has been anticipated that any focal plane array on the GBT will require a parallactic angle 
rotator, which is included in the baseline plan. 
 
A CTI 1020 refrigerator has been selected for the baseline plan.  This is compatible with the existing 
refrigerator power supplies on the GBT.  The NRAO has a long history of using the CTI 1020 and it has a 
known and very good lifetime and maintenance record.  With this refrigerator and the expected heat loads 
from a 61 pixel array (about 17 W on the first stage), the allowable power dissipation is 180 mW/pixel if 
they operate at 20 K, or 120 mW/pixel if they operate at 15 K.  The anticipated power dissipation is only 36 
mW/pixel (18 mW per amplifier).  Thus, cooling the entire array in one dewar appears feasible. 
 
Significant thought will be given to how all the pieces of the array are assembled.  Not only must all of the 
parts fit in a close-packed arrangement, but the necessary mounting flanges and fasteners will have to be 
accessible to permit careful assembly, maintenance, and repair.  Many existing focal plane arrays have 
encountered difficulty with this too-often underestimated issue.  The lessons learned from this experience 
in particular will be invaluable when the observatory undertakes the development of other focal plane 
arrays, say at 3 mm where the elements will be even more densely packed. 
 

f. SPECTROMETER 
 
The receiver proposed here can be used in conjunction with the existing GBT Spectrometer, though it will 
be severely limited in the number of channels.  Up to 8 IF channels could be sent to the spectrometer via 
the existing IF system.  These could feed eight of the 200/800 MHz BW samplers or sixteen of the 50/12.5 
MHz samplers (e.g. two 50MHz bands per IF tuned anywhere in the 1 GHz BW).  Additional funds would 
be needed for data transport of a larger number of channels. 
 
However, a new spectrometer that takes better advantage of high-throughput instruments like this array is 
being proposed under separate cover.  An attractive possibility is to locate this new spectrometer in the 
receiver room, and possibly in the same rack as the KFPA receiver.  To do so would require resolving a 
number of issues related to mass, volume, power, heat dissipation, and RFI. 
 
6. PROJECT PLAN 
 
This shall be a joint project between the observatory's Central Development Laboratory (CDL) and Green 
Bank facilities.  The CDL possesses the technical expertise to develop the feed, LNAs, and downconverter 
electronics, while Green Bank has the first-hand knowledge of the telescope necessary to design the 
cryostat and instrument interfaces, as well as to perform the receiver integration and testing.  Green Bank 
will further provide technician and shop support for the development effort. 
 
A preliminary schedule of the major tasks for this project is shown in Table VI.  Although it arbitrarily 
starts in June of 2007, it has not yet been possible to determine in detail how the actual availability of 
personnel will impact the schedule. 
 
7. COLLABORATIONS 
 
The University of Calgary Radio Astronomy Lab (UCRAL) and Herzberg Institute of Astrophysics (HIA) 
have expressed some interest in collaborating on this project.  Specifically, they believe they can make 



useful contributions to a data processing pipeline (described in more detail in the backend proposal), to the 
design and fabrication of the cold-stage and low-noise amplifiers, and to the manufacture of the Integrated 
Downconverter Module.  However, the actual breakdown of tasks between UCRAL, HIA, and NRAO has 
yet to be determined. 
 
8. EXTENSION TO A 3 MM HETERODYNE FOCAL PLANE ARRAY 
 
Many have wondered about the feasibility of implementing a similar array at W-Band.  By providing wide-
area coverage with good resolution and high surface brightness sensitivity, a 3 mm array would be very 
complementary to the capabilities of ALMA.  Many of the concepts described in this proposal and 
developed during the course of this project would be applicable to the 3 mm band as well.  Integrated noise 
calibration, modular pixel design, and innovation with respect to the close-packed mechanical assembly 
would be common themes in the two arrays.  On other hand, a 3 mm array presents a number of additional 
challenges, as outlined below. 
 
First and most obvious is that the feedhorn would be significantly smaller, less than 1" in diameter.  
Assuming that we would want the pixels packed as tightly as possible for maximum coverage of the focal 
plane, everything else in the front end would have to fit behind this ~1" diameter cross-section.  This is 
certainly feasible, but will require integration to be taken a step further.  There is clearly not sufficient room 
for two standard WR-10 waveguide flanges side-by-side, so it would make sense for all components in the 
pixel, including the front-end LNAs, to be integrated into dual-channel blocks with dual-waveguide 
flanges.  Monitor and control lines would also be limited, as there would not be room for a very large 
multi-pin connector.  Further, the OMT would have to be very carefully designed so that the output guides 
are aligned and parallel as standard external bends and twists are far too bulky. 
 
Second, commercial off-the-shelf components are far more difficult to find at W-Band than they are at K-
Band.  Where W-Band components are available, they rarely have the bandwidth required for radio 
astronomy.  Fortunately, the observatory and its peers (such as Caltech/JPL and other universities) have 
developed some MMIC chips for these types of applications.  In point of fact, unlike K-Band there does 
exist a W-Band MMIC LNA with better cryogenic noise performance than any MIC yet produced.  The 
designs are proven, but the chips are not regularly stocked so at the very least a shared wafer run or two 
would be required to obtain them.  
 
Finally, a W-Band array that takes advantage of even a fourth of the available focal plane would consist of 
over 250 elements.  This places even greater constraints on the power dissipation per pixel and the 
cryogenics design.  Were the pixels to be divided into separately-cooled sub-arrays, it is doubtful that the 
vacuum vessels and appended refrigerators could be crowded close enough together to avoid large gaps in 
the beam pattern.  Further, the demands on the backend and data processing become proportionately worse.  
No spectrometer currently existing or yet proposed has the capacity to handle the torrent of data produced 
by such an instrument. 
 
Nonetheless, the equally impressive scientific potential of a 3 mm array of this type makes it difficult to 
ignore [RD1].  It would clearly be a more long-term development than the KFPA described in this 
proposal, with a higher degree of technical risk, but should additional funding become available it could 
very quickly become a high-priority research topic at the observatory. 
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Summary 
 
We propose to build a 10-pixel spectrometer to match the proposed K-band focal plane 
array. Such a device would require $375k for M&S costs, and $577.5k for staff costs. 
Work would commence in fall 2007 and have a two year development time.  
 
1. Introduction 

The next generation focal plane array (FPA) receivers for the GBT will require orders of 
magnitude greater backend capacity than can be provided by the current GBT 
Spectrometer. The current GBT Spectrometer was expensive, required many years to 
design, construct and commission, and has considerable ongoing maintenance costs. 
Clearly, a new approach is needed. Although a single polarization of 8 pixels of a focal 
plane array could be used with the existing Spectrometer, this would dramatically curtail 
full use of such an array.  

This proposal is to fund the hardware and staff effort costs to build a Spectrometer 
capable of supporting a 10 pixel FPA, while at the same time developing the expertise 
necessary to deliver a “family” of next generation advanced digital backends based upon 
this technology. This expertise will return NRAO to the forefront of current digital signal 
processing techniques, vital for a wide variety of future applications. It will also be 
directly relevant to our future participation in SKA technology development. 

The Spectrometer would be built in collaboration between Green Bank and CDL, and 
would include a number of University partnerships. 
 
 
2. Science Case 
 
The new Spectrometer is a required component of any future focal plane array. The 
device proposed here is appropriate for the proposed K-band (18-26 GHz) 10-pixel array. 
Somewhat different specifications would be required (in particular wider instantaneous 
bandwidth for the individual IF channels) to support a W-band (68-92 GHz) array, 
although the same basic approach would be used were W-band chosen as the initial 
frequency. The science case for focal plane spectroscopic arrays at K- and W-band is 
described in the accompanying documents. 
 



3. Current Development 

For the last few months NRAO, in collaboration with West Virginia University and 
University of Cincinnati, has been prototyping an advanced digital backend using 
techniques developed at the Center for Astronomical Signal Processing and Electronics 
Research (CASPER) under the leadership of Dan Werthimer at UC Berkeley.  The goal 
of CASPER is to streamline and reduce the current radio astronomy instrumentation 
design flow through the development of an open-source, platform-independent design 
approach. By incorporating reconfigurable, easily upgradeable hardware modules along 
with standard, GUI-based, parameterized design libraries (blocks), CASPER’s approach 
succeeds in abstracting away most of the underlying details of instrument design and 
development.  The overall process then simplifies to: 

1) Representing a design through the creation of a high-level block diagram 
2) Refining the design through simulation 
3) Downloading the design into the target hardware for final testing, evaluation, 

deployment, and commissioning 

Examples of devices developed using CASPER technology include the Arecibo Signal 
Processor (ASP), the Galactic Arecibo L-band Feed Array (GALFA) Spectrometer and 
the JPL SETI Spectrometer. 

The promise of CASPER is to allow rapid development of new backends on timescales of 
six months to one or two years. Backends can be expanded simply by adding more 
modules, or taking advantage of more powerful hardware as it becomes available. Once a 
system has been delivered with basic functionality, the same hardware can be readily 
reprogrammed to provide successively more advanced capabilities. 

The current project underway in Green Bank seeks to build an advanced pulsar backend, 
which ultimately will deliver the specifications previously described as “Scott’s Dream 
Machine”, specifically:   

• Very wide (~1 GHz) bandwidth. A point of reference is ~600 MHz of usable 
bandwidth between 1650 and 2250 MHz. 

• Wide dynamic range through 8‐bit sampling. 
• Full Stokes capability. 
• Some built-in RFI excision capability (i.e. transient wideband and narrowband RFI 

removal. Our bandwidths are currently limited by very strong narrowband RFI). 
• Ability to provide filter bank-style output. 
• Ability to output coherently de-dispersed sub-bands. 

Using the expertise gained in developing the above system, we will be ideally placed to 
develop a new spectrometer, which would share many of the same basic building blocks 
as the above system. 

 



3. The Spectrometer 

The specifications would be geared to match the capabilities of the prototype K-band 
array. Currently available sampler technology will provide ~ 1GHz bandwidth per IF 
channel, which could be placed anywhere within the 18-26 GHz bandwidth of the 
frontend. Future improvements in sampler technology would allow increased bandwidth 
per IF. The specification is thus for: 

• 20 IF's  
• 800 MHz - 1 GHz instantaneous bandwidth with 32000 channels per IF (not 

necessarily uniform distribution of channels, could be subbanded)  
• 800 MHz-1600 MHz IF (or 1-2 if we have 1 GHz bandwidth)  
• 32 bit integer results  
• 10 ms maximum dump rate (200 MB/sec/bin, max 4 bins)  

All processing would be done in the receiver room, thus avoiding any need to transfer 
signals (analog or digital) over optical fiber.  

The current hardware costs for such a system would be as follows (next generation 
devices are actually likely to be cheaper):  

Qty Each Description Total 
20 3K iADC2 sampler 60K 
10 7K iBOB2 preprocessor 70K 
5 35K BEE3  FPGA Processor 175K 
40 0.5K Communication links 20K 
1 25K Backend computer/server 25K 
1 25K Packaging, etc 25K 
Total   375K 

Table 1: 20 Channel Spectrometer Hardware Costs 

(Note: the above assumes no free Xilinx chips, which would save about $80K if it 
happens.)   

Staff effort would be as follows, spread over two years. 



 

Item Effort (FTE 
years) 

Project Management 0.25 
Specifications and documentation 0.25 
Engineering 1.0 
Construction and documentation 1.25 
Control Software 1.0 
Data pipeline development 1.0 
Commissioning 0.5 
Total: 5.25 
Cost: $77.5K 

Table 2: Staff Costs assuming average S+B of $110k 

We anticipate that approximately 50% of Randy McCullough, 25% of Rich Lacasse and 
25% of Jason Ray will become available later in CY2007 or early in CY2008 as their 
current projects come to fruition. Thus we anticipate that the science and electronics 
effort required can be supplied by existing staff, or via continued collaborations. 

The above staffing costs do not include the cost of a full data reduction pipeline required 
to effectively utilize a multi-pixel array and backend. We anticipate that the majority of 
such a pipeline would be adapted from an existing system. Specifically, the University of 
Calgary Radio Astronomy Lab (UCRAL) is developing both data acquisition and data 
pipeline processing software to create spectral data cube images for the ALFA survey. 
UCRAL would be keen to collaborate with NRAO to adapt this software to the K-band 
array, and make it available for general use. The two fte-years of software effort is the 
NRAO effort necessary to participate in developing the pipeline for this Spectrometer. 
All staff in the GB Software Division are completely committed to existing projects for 
the foreseeable future. Thus this effort would have to come from a new hire. 

   



Possible Canadian Contributions to the K-band Array Receiver 
 

Rene Plume, University of Calgary 
4/16/2007 

 
The University of Calgary Radio Astronomy Lab (UCRAL and the Herzberg Institute of 
Astrophysics (HIA) have significant technical expertise that will be of benefit to this 
project.  Particular items that we have identified as possible Canadian contributions to the 
K-band Array Receiver are: 1) the data processing pipeline, 2) design and fabrication of 
the cold stage, low noise amplifiers, and 3) construction of the integrated downconverter 
module.  In addition to the technical expertise and in-kind contributions to this project, 
the UCRAL is willing to contribute up to $100K (CAD) in matching funds.  Additional 
funding beyond this level would be contingent upon a successful proposal to a Canadian 
funding agency. 
 
1) Data Processing Pipeline for Imaging with a Feed Horn Array 
 
UCRAL is leading a consortium to carry out an all-Arecibo sky imaging spectro-
polarimetric survey using the ALFA feed horn array on the Arecibo telescope – the 
GALFACTS project (G-ALFA Continuum Transit Survey).  The UCRAL team is 
developing both data acquisition and date pipeline processing software to create spectral 
data cube images using ALFA in scanning mode.  This software will be adapted for use 
with the K-band array and provided to NRAO for general use.   
 
The software interfaces directly with the FPGA output of the new spectrometer developed 
for the ALFA system by Jeff Mock.  The high-speed, data acquisition interface was 
developed by Jeff Dever (of the UCRAL) in collaboration with Jeff Mock.  The data 
consists of 28 digital output streams (two 170-MHz bands for each of two polarizations 
for the seven feeds) each with 16k spectral channels.   A schematic of the processing 
software pipeline that converts the output streams into spectral images is shown in figure 1  
 



 
Figure 1.  GALFACTS Data processing pipeline to turn scanning mode observations with 
the ALFA Feed Array into full-stokes, spectral images.  
 
Preliminary images of observations of a test region using the pipeline are shown in figures 
2 and 3.  Accumulated spectro-polarimetric data for the GALFACTS project will be 50 
Tbytes, which will be processed on a computing and storage area network facility in the 
UCRAL.   



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 and 3.  Stokes I (top) and Stokes U (bottom) images of a 15 x 12 degree test 
region.  
 
2) Design and Fabrication of the Cold-Stage, Low Noise Amplifiers 
 
HIA has considerable expertise in the design and fabrication of LNAs based, partly, on 
their experience with the design and fabrication of the ALMA Band 3 receivers.  These 



receivers consists of a 100 GHz Superconducting-Insulator-Superconducting (SIS) mixer 
that down-convert the signal to and IF of 6 GHz.  The IF is then amplified and as this is 
the first gain block it has to be very low noise.  HIA designed and prototyped (see Fig 4) 
this IF cryogenic LNA with a noise of 4 K and a minimum gain of 33 dB (see fig 5). The 
operating temperature of the amplifier is 4 K and is expected to increase its noise to 7 K 
when operated at 50 K (see Fig 6).  After a technology transfer to a Canadian Company 
(Nanowave Technologies Inc.) 300 units are now produced, including cryogenic testing 
by Nanowave.   
 
Part of the HIA receiver group’s long term strategy is to extend their success with 6 GHz 
LNA’s to higher frequencies and the K-band array project would allow them to work in 
this direction.  Using the same technology as for the Band 3 LNA, HIA can develop a K-
Band LNA tailor made for the GBT K-Band Array.  After prototype development, the 
technology would be transferred to Nanowave for the production of the 20 required 
elements.  In fact, as Nanowave is organize to produce large quantities of LNAs, the 
production of the 122 LNAs for the 61-pixel mapping imager.   
 
 

 
Fig 4: LNA assembly 



Low noise amplifier at 12 K
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Fig 5: noise and gain of the HIA LNA 
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3) Integrated Downconverter Module 
 
The IDM does not appear to present any technical challenges in regards to its assembly.  
Thus, this task could be relegated to any electronics lab at the University of Calgary. 



Signal Processing Resources for RFI Mitigation at the GBT 

4/16/2007 

Submitted by Richard Prestage. Proposal developed by Rick Fisher. Costings by 
John Ford.  

Summary 

We request $100k M&S funding, and $110k per year over three years (i.e. $430k) total 
for a research engineer to develop specific real-time RFI mitigation solutions to be 
implemented in the next generation FPGA-based pectrometer. 

Justification 

Much of the science with the GBT below about 15 GHz is affected by RFI that is beyond 
the control of the National Radio Quiet Zone. A few of the sources of RFI include 
ground-based television between 470 and 800 MHz, aircraft navigation between 960 and 
1350 Mhz, audio broadcast satellites at 2.4 GHz, and satellite TV around 12 GHz. Many 
of these signals are candidates for excision using signal processing techniques now under 
development at NRAO and elsewhere. There is no one RFI mitigation algorithm that will 
suppress a broad range of signal types so our efforts in this area must strike a balance 
between what benefits science most and what is technically feasible.  

In the course of two NSF grants to NRAO and two collaborative grants to BYU for RFI 
mitigation research we have developed a number of effective blanking and cancellation 
algorithms that need to be implemented in real-time signal processing hardware to be of 
general benefit to GBT observers. Some of this real-time implementation is being 
developed on a modest FPGA system as part of the second NSF grant to NRAO. Rich 
Lacasse is being supported 1/4-time by this grant until early next year. We expect to have 
demonstrated real-time blanking of radar and DME signals and to have proven one or 
more algorithms in software for adaptive signal cancellation by the end of this grant.  

The next step is to move our algorithms to more capable signal processing hardware, 
namely, a CASPER BEE2 system that will provide astronomically useful spectrometer 
bandwidths with integrated RFI mitigation. This will require a full-time engineer who is 
familiar with or can learn signal processing techniques and firmware development on the 
BEE2 system. Because this work will continue to be a transition of algorithms from R&D 
to telescope-ready firmware, a full set of BEE2 hardware and development tools must be 
available to this engineer indefinitely. Much of the infrastructure, such as RFI sampling 
antennas and control systems, are already in place as a result of the NSF grant work. 
These will be available for both GBT observing and on-going development work. Fisher, 
Bradley, and their BYU collaborators expect to work with the signal processing engineer 
to specify and test current and new algorithms on the BEE2 system.  

 



Costings 

The initial hardware costs for the above would be approximately $87k ($100k if a four 
channel system were necessary). The recurrent costs would be ~ $110k per year for three 
years for salary and benefits for the engineer (dominant costs) plus software maintenance 
fees.  

2 Channel RFI Spectrometer Hardware Costs: 
 

Qty Each Description Price 
2  3K  iADC sampler 6K 
1  7K   iBOB preprocessor 7K 
1  35K   BEE2 FPGA Processor 35K 
6  0.5K   Comm links  3K 
1  6K   Backend computer/server 6K 
1  5K   Xilinx Development tools   5K 
1  15K   Matlab/Simulink/toolboxes 15K 
1 10K   Misc cabinets, racks, etc. 10K 

Total: $87K 
 
For a four-channel system, add $13k for 2 more iADCs and 1 more iBOB. 
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