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Abstract

A cryogenic phased array feed operating at L-band is in development for the Green Bank Telescope (GBT).
The feed consists of electrically small feed elements optimized for active impedance matching to cooled
front end low noise amplifiers (LNAs), down-converters, a real-time streaming data acquisition system, and
beamforming algorithms applied in post-processing. A prototype cryogenic array feed was recently tested
on the GBT. This results will be an important step towards the development of a new receiver instrument,
the focal L-band array for the GBT (FLAG).

1 Introduction

Presently, there is significant interest in developing feeds consisting of dense, electrically small antenna
arrays. Such dense arrays sample the focal field pattern of a telescope and multiple beams are formed by
phasing signals sampled by the array. The beams thus formed can overlap, enabling full sampling of the
FOV. Additionally, phasing improves the spillover efficiency as well as the illumination of the dish . The
major hurdle in designing such a phased array feed (PAF) is the presence of mutual coupling between array
elements. Mutual coupling results in the coupling of amplifier noise that follows the antenna elements and it
also modifies element radiation patterns. Detailed electromagnetic, noise and network modeling are needed
to design a PAF for radio astronomy applications [1].

Many programs to build a low-noise, PAF for radio astronomy are in progress around the world. Major
PAF developments include APERTIF (Aperture tile in focus) on Westerbork Synthesis Radio Telescope
[2], Chequerboard array for Australian Square Kilometer Array Pathfinder [3], AFAD (Advanced focal array
demonstrator) project of Dominion Radio Astrophysical Observatory [4] and the FLAG collaboration between
Brigham Young University and NRAO.

Before the FLAG project was initiated, BYU/NRAO collaborative efforts over the past several years led
to the development of a detailed model for the array feed, reflector, electronics, and beamforming associated
with a full PAF system. The collaboration also led to the development of beamforming algorithms for feed
arrays. The PAF model was used to optimize array design so that the beam-dependent active impedance
presented by the elements to front-end amplifiers were close to the amplifier optimal source impedance over
the PAF FOV. A room temperature array with element geometry optimized for active impedance match
was developed and tested on the Arecibo telescope and the 20-m telescope at Green Bank. Based on these
experiences a cryogenic PAF was designed and fabricated, which formed the first prototype for FLAG project.
After initial tests on the 20-m telescope at Green Bank, we installed the array on the Green Bank Telescope
(GBT [5]) and performed test observations in December 2013. In this paper we report the measurements
made on the GBT.
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Figure 1: Left: 19 element dual-polarized “kite” array feed made for the FLAG project. Right: Cryostat
developed by Roger Norrod at NRAO, Green Bank, for the “kite” array.

2 FLAG system

FLAG consists of 19 dual-polarized elements. The array elements and balun are maintained at ambient
temperature. The balun output are connected through a low-loss, high thermal impedance coaxial cable to
the LNA located in the cryostat with the element ground plane forming a wall of the vacuum chamber. The
cryostat was developed by Roger Norrod at NRAO, Green Bank. The LNAs are cooled to a temperature
of 15 K, which is achieved using a two stage Gifford-MacMahon cryocooler [6]. The cryogenic LNA noise
parameters measured at this temperature by S. Weinreb (private communication) are Zopt = 72 + j 15 Ω,
Tmin = 6.3 K and RN = 0.7 Ω at 1.6 GHz.

The FLAG elements were designed and fabricated by Karl F. Warnick and a team of students at BYU.
The design began by identifying a suitable isolated dual-pol crossed dipole of input impedance of 50 Ω
using a full-wave EM model. A “kite” design was selected as the best combination of manufacturability and
adjustable degrees of freedom for tuning. An infinite array model was then used to estimate the embedded
array element active impedance, which accounts for array mutual coupling effects. A genetic algorithm was
used to tune the design to achieve active impedance matched to the cryogenic LNA noise parameters. An
initial hexagonal seven element array is then obtained from the infinite array model. The seven element
array was further optimized to re-tune the active impedance to the LNA noise parameters. Finally, the
element design was embedded in a nineteen element array and optimized to achieve an active impedance
match and maximum sensitivity over the PAF field of view. Throughout the optimization process, seven
geometrical parameters of the element were allowed to vary: the length of the kite arm from feed to center
tip, the length of the kite arm from feed to outside tips, the thickness of the arms, the separation of the feed
point and ground plane, the radius of the conductor feeding the coax line, the angle of kite sweep, and the
angle of the kite from horizontal (the angle between the arms and support posts). For further details, see
[7]. The “kite” array and the cryostat are shown in Fig. 1.

A block diagram of the FLAG receiver and backend is shown in Fig. 2. The output of the two stage LNA
is further amplified and fed to a commercial analog fiber optic transmitter. The bandwidth at this stage is
limited to 1.3 to 1.8 GHz using a bandpass filter. The RF signals from the output of the fiber optic receiver
are fed to a mixer with tunable local oscillator (LO1). The final bandwidth of the down converter is limited
to 420 KHz centered at 2.81 MHz and so LO1 is used to tune different RF frequencies to this band. The
420 KHz signal is bandpass sampled at the second Nyquist zone using a 12 bit Analog-to-Digital Converter
(ADC) and the digitized voltages are recorded. All further processing of the recorded voltage is done offline.



Figure 2: Block diagram of FLAG receiver.

Figure 3: Left: Plots of measured receiver temperature vs Frequency. Median receiver temperature of the
38 dipoles was used for the plot. The higher receiver temperature between 1.5 and 1.7 GHz is due to RFI
affecting the measurements. Right: HI line detection toward NGC6822. The data from the two polarizations
of the central dipole of PAF are plotted.

3 Receiver Temperature

Many of the LNAs of FLAG failed during the several cool downs that had to be done in the development
phase. Therefore all LNA transistors were replaced with a new batch of transistors. The amplifiers with
the new batch of transistors have about 5 K higher noise temperature compared to the original LNAs (S.
Weinreb, private communication). The noise parameters of the new transistor are yet to be measured. The
receiver temperature with the replaced LNA was measured at the test facility at NRAO Green Bank. This
facility includes a receiver positioning mechanism and an absorber-filled retractable roof. This facility allows
convenient receiver noise Y-factor measurements using the sky as a cold load. To control ground spillover due
to the small element radiation patterns, a ground shield approximately 10 wavelengths (∼ 200 cm) across
was constructed (see [7] for further details). The median receiver temperature with the new set of amplifiers
measured with this facility is about 34 K near 1.7 GHz (see also Fig. 3).

4 Observations using GBT and Results

The block diagram of the system used for observations is same as that shown in Fig. 2 except for the
length of the fiber cables, which is about 3 km. The GBT Monitor and Control (M&C) software was modified
to synchronously control the backend operation with telescope movement. A code to move the telescope in
tangent offset in elevation and cross-elevation from the tracking position is also incorporated in the M&C
system. On-off measurements on a set of calibrator sources were made during the observations. The strongest
calibrator observed is Virgo A (221 Jy) and all other observed calibrators have flux density between ∼ 50 and



20 Jy near 1420 MHz. Off-source measurements were made by moving the telescope away from the source
by about a degree both in declination and hour angle. On-Off observations were also made by sweeping the
frequency from 1.3 to 1.8 GHz in steps of 50 MHz in order to determine the sensitivity across the bandwidth.
A second set of observations were made by moving the telescope over a grid of tangent offset positions about
the calibrator. These measurements are useful to study the FOV of the PAF on GBT. Finally, we observed
two nearby, dwarf galaxies (NGC6822, DDO221) near 1.4 GHz to detect HI emission using the PAF. The
galaxies were chosen so that the HI line dispersion is within the 420 KHz bandwidth of the FLAG system.

The data analysis starts by computing the cross correlation spectra of each set of observations from the
recorded voltages. The cross correlations are written to FITS files. The antenna position corresponding to
these measurements are recorded in the antenna FITS file by the GBT M&C system. A tone burst signal is
injected at the beginning of each scan, which is used to calibrate the clock phase offset between ADCs. The
phase correction estimated from the tone burst is tabulated in the correlation FITS file. The beamformer
weights are obtained from a pair of On/Off source measurements on a calibrator as discussed in [8]. The
data analysis is in progress. We show in Fig. 3 a plot of the HI detection with PAF toward NGC6822.
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