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ABSTRACT

Here we present a preliminary report on the design, construction, deployment

and testing of the \Fly's Eye," a 44 input, 128 channel, 209 MHz bandwidth,

600 microsecond accumulation time spectrometer and analysis system designed

to detect powerful dispersed radio transients using the Allen Telescope Array

(ATA). The Fly's Eye has been successfully installed at the ATA, and to-date

over 24 hours of observations have been performed using the instrument. Of the

extant 24 hours of observation time, approximately 18 hourshas used the antenna

beams con�gured in a close-pack hexagon (`
y's eye') pattern, with the remain-

ing observations using a single-position pointing of several diagnostic sources.

Although analysis of the close-pack hexagon-con�gurationdata is still at a very

early stage, cursory examination of the diagnostic data indicates the system is

functioning within expectations. Here we explore the background and motivation

for the experiment and describe development details, including speci�cations of

the instrument hardware and testing procedures. Early analysis of diagnostic

observations are also included. Future analysis of Fly's Eye data is outlined.

1. Background and Motivation

1.1. The Lorimer Pulse

The recent discovery by Lorimer et al. (5) of a powerful (� 30Jy) and highly dispersed

(DM � 375 pc cm� 3) radio pulse has dramatically renewed interest in transient radio

phenomena. The Lorimer Pulse was found during a re-examination of Parkes Pulsar Survey

data with a source direction of approximately 3 degrees south of the center of the SMC.

The ionized portion of the ISM (and IGM) introduces a frequency dependence on the
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group velocity of an otherwise broadband radio pulse according to the relation:

� t = 4:15ms
� � vlo

GHz

� � 2
�

� vhigh

GHz

� � 2
�

DM
cm� 3pc

(1)

Where � t is the time delay between the portions of the pulse at frequency vlo and vhigh .

With the dispersion measure,DM given in units of cm� 3pc, de�ned as:

DM =

dZ

0

nedl (2)

Where ne is electron density andd the distance to the source. This allows us to infer a

distance to the source based on estimates of the various contributions to the integrated

electron column density along the line of sight to the source.

The extraordinarily large dispersion measure of the Lorimer Pulse, and the apparent

absence of any ISM or SMC contribution that could have generated it, led Lorimer to

conclude that the pulse may have originated well outside ourgalaxy ( 500Mpc.) Analysis

by S. R. Kulkarni et al. (4) of other potential sources of the large dispersion measure, such

as a suitably arranged ionized nebula, has been unable to account for the large dispersion

of the pulse and frequency dependence of the pulse width via any other mechanism than

the pulse's extra-galactic origin.

The strongest known sources of radio pulses, RRATs and pulsar giant pulses, are

incapable of producing a pulse of the power of the Lorimer Pulse at such a great distance.

Thus, if we accept that the Lorimer Pulse is indeed extra-galactic, this pulse and others

like it hint at the existence of a previously unobserved, highly energetic, transient radio

phenomena that could provide an invaluable means of probingthe IGM.
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1.2. Possible Pulse Source

One of the most intriguing possible sources of the Lorimer Pulse can be found in a

suggestion by Martin Rees in 1977 (9) that primordial black holes, evaporating via the

Hawking Process, could release a large electromagnetic pulse of short duration. According

to Hawking (2), a black hole of massM emits radiation like a blackbody with a temperature

TBH given by:

TBH =
~c3

8�kGM
= 10� 6

�
M �

M

�
K (3)

This radiation emanates from the black hole event horizon and comes completely from the

black hole's mass. For a non-accreting black hole, Stefan-Boltzmann yields a lifetime of:

� BH = 1010years
�

M
1012kg

� 3

(4)

For stellar mass black holes, this theory predicts lifetimes of order 1034 years, much too long

to ever expect to observe. However, some cosmologies predict the creation of numerous

small (M � 1012g) primordial black holes in the early universe, which according to theory

should be evaporating now (3).

The speci�c mechanism by which the evaporating black hole produces a strong radio

pulse has not been fully elucidated, but in short, it is thought that the process is similar to

the EMP that accompanies supernova explosions. In such a process, a highly conductive

plasma �reball expanding into the ambient magnetic �eld of space can exclude the �eld and

create an electromagnetic pulse. For typical values of the interstellar magnetic �eld, this

pulse would be peaked near 1GHz (1).

An observation of these pulses would not only provide a signi�cant con�rmation of

Hawking radiation, but would also give strong evidence of the existence of primordial black

holes.
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1.3. The Allen Telescope Array

The ATA is an ideal instrument to search for transient radio pulses. It provides

the ability to cover a large fraction of the sky and also o�ersthe opportunity to easily

search multiple frequency regimes via its tunable IF. In thenominal close pack hexagon

con�guration, ATA-42 can cover a total of 150 square degreeson the sky (at L-band).

Although the Parkes-multibeam system used to discover the Lorimer Pulse has a

much larger collecting area than ATA-42, the potential narrowness of the intrinsic pulse

width may allow detection of a comparable pulse with a singleATA dish. The hardware

used in the Parkes system could only limit the Lorimer Pulse width to 5 ms. If the pulse

were narrower, which it may very well have been, and the instrument integration time

commensurately shortened, a similar pulse could indeed be observed by an individual

ATA-42 dish.

Fig. 1.| Artists Rendition of ATA-42 in Fly's Eye Pattern (Co urtesy Joeri van Leeuwen)
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2. The Fly's Eye Instrument System

2.1. Preliminary Design Criteria

In order to be able to detect a pulse of similar power to the Lorimer Pulse, we desired

to attain a spectral integration time of no more than 1 millisecond. It was also desired to

be able to utilize at least one polarization for each of the 42antennas currently in place

at the ATA. We were also constrained (on a per-spectrometer-basis) by the available 209.5

MHz bandwidth provided by the ATA IF system. The �nal short-l ist called for computing

auto-correlations on approximately 128 spectral channelsover a bandwidth of at least

100MHz for at least 42 separate IFs. It was planned to performde-dispersion and threshold

calculations subsequently using a workstation cluster.

2.2. CASPER-Based Design

2.2.1. The CASPER Group

The Center for Astronomy Signal Processing and ElectronicsResearch (CASPER),

seeks to speed the development of radio astronomy signal processing instrumentation by

designing and demonstrating a scalable, upgradable, FPGA-based computing platform and

software design methodology that targets a range of real-time signal processing applications.

To-date, CASPER-designed boards have been used for numerous beam-forming, correlation

and spectroscopy projects all over the world, including theUniversity of North Carolina's

PARI Observatory, Harvard/CfA's SMA and the NASA/JPL Deep Space Network (DSN)

(8).

With the ready availability of CASPER hardware, and the author's familiarity with

the CASPER tool
ow, selection of CASPER hardware for the Fly's Eye Instrument was
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an easy decision. Additionally, rapid construction of the system could be facilitated by the

numerous existing CASPER instrument designs similar to theproposed Fly's Eye System.

2.3. FPGA Hardware

The core of the Fly's Eye Instrument is made up of eleven CASPER Internet Break

Out Boards (IBOBs Fig. 2) each of which is connected to two CASPER iADCs via the

IBOB Z-DOK interface.

Fig. 2.| CASPER Internet Breakout Board and ADCs

In addition to the Z-DOK interface, each IBOB provides two CX4 connectors, a

10/100 Mb Ethernet interface and a RS-232 serial connection. The computation engine of

each IBOB board is a Xilinx XC2VP50 FPGA which provides 232 18x18-bit multipliers,

two PowerPC CPU cores and over 53,000 logic cells. In addition to the FPGA, the

board includes 36Mbit of on-board ZBT SRAM. Fig. 3 shows a block diagram of IBOB

components.

Each of the iADCs contains an Atmel AT84AAD001B dual 8-bit ADC chip, capable of

simultaneously digitizing two analog streams at 1 Gsample/sec.
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Fig. 3.| IBOB Block Diagram, Courtesy of UC Berkeley SETI Gro up

2.4. FPGA Gateware

Each of the eleven IBOB / iADC systems in the Fly's Eye processes 4 of the 44 total

inputs to the instrument. Four parallel time samples per input, acquired at four times the

FPGA clock rate (838.8608 MHz), are passed from the ADC to a digital down converter

where the signal is mixed at 209.7152 MHz and then low-passed�ltered to a bandwidth

equal to 209.7152 MHz. The signal is then decimated to a sample rate equal to 209.7152

MHz. The resultant signal is complex, 8 bits I and 8 bits Q, representing the signals from

104.8576 MHz to 314.5728 MHz.

The down converted and decimated digitized data is passed into a Polyphase Filter

Bank (PFB) / Fast Fourier Transform logic block which together implements a 128 point 4

tap Polyphase Filter Bank on each of the 4 inputs (labeled internally as A, B, C, D). The

frequency domain data is then passed into an equalization block which can selectively allow

each frequency channel to be scaled by an individual coe�cient. This allows a non-
at

passband to be 
attened digitally and provides for dynamic gain control over the pre-power
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spectra. A schematic diagram of the Fly's Eye signal path is shown in Fig. 4.

2.5. Instrument Operating System

Individual IBOBs in the Fly's Eye Instrument use a highly modi�ed version of

the open-source TinySH operating system for debug and testing (11). The TinySH

interface is accessible via a telnet server running on each IBOB. TinySH allows probing

of FPGA-PowerPC shared memory regions, access to network con�guration information

and execution of a variety of debug commands. Scripted operation of the instrument

(i.e. boot-up sequences) is accomplished by automated interaction with the TinySH

interface. Equalized spectra from each of the four inputs are passed into individual 64 bit
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Fig. 4.| Fly's Eye signal path schematic diagram.

accumulators, where spectral values are accumulated for a period of time given by the value

of an accumulation counter software register.

A non-standard and novel method was devised for storing accumulated spectra to
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allow individual byte-boundary octets of the accumulated values from each input to be

output at high speed (� 7 Mb/sec.) Each 64-bit accumulation is split into 8 byte-boundary

bytes, which are concatenated with corresponding bytes from other inputs into a 32 bit

word and stored, in channel order, in one of eight BRAMs See Fig. 5. This allows 8-bit

resolution spectra to be read contiguously by the FPGA's integrated PowerPC processor,

nearly cutting in half the minimum accumulation time. For temporally narrow signals (less

than our minimum accumulation length), this e�ectively doubles our observed SNR.
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Fig. 5.| Byte arrangement system used in the Fly's Eye Instrument to enable fast UDP

data output.

The complete top-level diagram for the Fly's Eye gateware isdepicted in Appendix

Fig. 17.

2.6. The Instrument System

The eleven IBOB/ADC systems are housed in two modi�ed rack-mountable

CompactPCI chassis, 6 in chassis `ALPHA' and 5 in chassis `ZULU.' The cabling diagram

for an individual IBOB is depicted in Fig. 6.

At the conclusion of a spectra integration sequence, a user selectable byte-boundary

8-bit portion of the accumulated spectra from each of the four channels on an individual
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Fig. 6.| IBOB Cabling Diagram, Courtesy of Matt Dexter, UCB R AL

IBOB is packetized via the FPGA PowerPC processor and outputusing UDP protocol over

the IBOB's 10/100Mbit Ethernet port on a closed network. Thepackets from all eleven

IBOBs are captured en masse on a single data collection machine. The total aggregate data

rate for the entire system is approximately 7 Mb/sec x 11 IBOBs � 80Mb/sec. High rate

data capture and output to �xed disk is accomplished using anopen-source tool, `gulp'

(10), designed expressly for this purpose,.

An additional network interface card on the data collectionmachine allows connection

to a 12 Terabyte gigabit-network attached RAID system for medium term data storage.

All critical components of the Fly's Eye system are fed powerthrough an Ethernet

controlled power switch to enable remote power cycling and monitoring. Fig. 7 depicts a

diagram of the complete Fly's Eye System.
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Fig. 7.| Fly's Eye Instrument System Schematic Diagram Not shown is remote power

connection to ATA-42 Walsh Switching system.
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3. Preliminary Results

3.1. Installation

The Fly's Eye Instrument was installed at the ATA on December20, 2007. Fig. 8

shows an image of the Fly's Eye instrument installed in the ATA Correlator Room. At the

time of installation, only 26 of the 42 built dishes were available. The best polarization

of each of the 26 available dishes was connected to the Fly's Eye instrument, with the

remaining 18 inputs �lled by the highest quality opposite polarization feeds. Although we

had initially sought to use all 42 dishes, the opportunity tomake polarization measurements

of a candidate pulse is scienti�cally interesting in its ownright.

3.2. Diagnostic Sources

To date, approximately six hours of Fly's Eye observation time has been dedicated to

observation of several bright pulsars, shown in Table 1. Our�rst attempts at data analysis

have consisted of reconstituting each of the 44 individual IFs from the gulp-produced data

�les and performing folding analysis at barycentric corrected periods. Figs. 9 - 14 show

images generated through folding analysis. Note, these images represent a composite sum

of 36 polarizations12.

On careful inspection, the well described triple peak pro�le of PSR 0329+54 is visible

in Figs. 9 - 11 (Seiradakis et al.). Dispersion pro�les for pulsars PSR 0329+54 and PSR

0950+08 are consistent with published values. Pulsars PSR 0355+54 and PSR 0450+55 are

1Only 36 polarizations were summed due to instrumental malfunction caused by inclement

weather

2Amplitude scale is arbitrary
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Table 1: List of Bright Pulsars Observed as Diagnostic Sourcesa

Name RAJ2000(hms) DECJ2000(dms) Period(s) DM( cm3pc) S1400(mJy)

B0329+54 03:32:59.368 +54:34:43.57 0.7145 26.833 203

B0355+54 03:58: 53.7165 +54:13:13.727 0.1563 57.1420 23

B0450+55 04:54:07.709 +55:43:41.51 0.3406 14.495 13

B0531+21 05:34:31.973 +22:00:52.06 0.0330 56.791 14

B0950+08 09:53:09.3097 +07:55:35.75 0.2530 2.958 84

B0329+54 03:32:59.368 +54:34:43.57 0.7145 26.833 203

aValues from (7)

not readily distinguishable in similarly produced images,likely owing to their much reduced


ux.

Appendix Fig. 18 shows a plot of averaged spectra for all 44 inputs to the Fly's Eye

Instrument over a 18 minute observation of PSR 0329+54. The 21-cm line is clearly visible,

as are moderate RFI features near the edge of the band.

3.3. Proposed Analysis

Analysis of the Fly's Eye diagnostic data has increased our con�dence in the Fly's Eye

Instrument and enabled us to begin preparations for reducing the close to twenty hours of

observation data taken with the ATA antennas pointed in a close pack hexagon pattern.

While all of the analysis presented here has been completed manually using in-house

code, we expect to begin using the open-source SigProc (6) tools for exhaustive searches of

our hexagon-pattern data. Fig. 16 shows a proposed processing pipeline for our �rst-pass

analysis.
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Fig. 8.| Fly's Eye Instrument Installed in ATA Rack
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Fig. 9.| PSR 0329+54 Observation 1 - 18 Minutes Folded at Barycentric Corrected Period

Fig. 10.| PSR 0329+54 Observation 2 - 18 Minutes Folded at Barycentric Corrected Period
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Fig. 11.| PSR 0329+54 Observation 3 - 18 Minutes Folded at Barycentric Corrected Period

Fig. 12.| PSR 0450+55 - 18 Minutes Folded at Barycentric Corrected Period
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Fig. 13.| PSR 0355+54 - 18 Minutes Folded at Barycentric Corrected Period

Fig. 14.| PSR 0950+08 - 18 Minutes Folded at Barycentric Corrected Period
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Fig. 15.| PSR 0329+54 Pulse Pro�le at 1.4 GHz, Courtesy of (Seiradakis et al.)
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fft_shift: bits 0-15
sync_rst: bit 16
arm_rst: bit 17

use_fft_tvg: bit 18

acc_phs: bits 0-10
acc_len: bits 16-18

cross_bit_sel: bits 24-25

eq_coeff: bits 0-16
coeff_en: bit 17

coeff_addr: bits 20-30

This design is set for a maximum
clock rate of 210 MHz (sampling
from the ADCs at 800 Mxps).  It

runs on an IBOB with 2 ADC boards,
and uses ModelSim to simulate an

SRAM interface.

Four parallel time samples (acquired at 4x the 
FPGA clk rate) are passed from the ADC to the

Digital Down Converter, where the signal is mixed
at 1/4 of the ADC clock rate (200 MHz if sampling

at 800 Msps), and then low-pass filtered to a
bandwidth of 1/4 the ADC clock rate, and decimated 

to a sample rate of 1/4 the ADC clock rate.  The 
resultant signal is 8 bits I, 8 bits Q, representing the

band of signals from 1/8 the ADC clock rate to
3/8 the ADC clock rate (100 MHz to 300 MHz at

800 Msps).

The "pfb_fir" and "fft" blocks together implement a 128 point,
4 tap Polyphase Filter Bank.  Between the two blocks, a "downshift"

divides the output of the "pfb_fir" by 8 so that the first 2 stages of
the FFT cannot overflow (see FFT documenation for details on why

this is necessary).  Because the effective signal resolution out of
the "pfb_fir" is 8 bits, we are free to choose the placement of

these 8 bits within the 18 bits of the FFT without adversely affecting
our signal.  However, one should avoid placing the signal in the LSB

of the FFT word because of rounding effects.  Thus, we downshift
only 3 bits.

The "equalizer" allows each frequency channel of the
FFT to be scaled by a different number.  This allows passbands which are
not flat to be flattened digitally to allow for optimal quantization to 4 bits.

These coefficients can also be updated dynamically for gain control.

Coefficients can be dynamically written into the "equalizer" by
specifying the channel ("coeff_addr") and the value of the
coefficient ("coeff"), and then using "coeff_en" to write the
new coefficient into the equalization table.  In this design,
this can be done either through the "eq_coeff" software

register, or through the XAUI.

To provide a means for measuring the magnitude of the signals
coming in to each ADC channel, we have a "calc_adc_sum_sq"
block which uses a single multiplier and a regsiter to calculate
the sum of the square of 2^16 samples.  To do this with one

multiplier, only a single sample of the 4 provided is used
per clock, and then different samples are used each clock (in

a non-periodic order) to avoid favoring certain frequencies.
Of the output 32 bits, 16 represent "whole bits", and 16

are sub-bit resolution.

This is the "Fly's Eye" specific portion.    64 total bits are accumulated from each auto-correlation, 
but 8 bit octets from each of the four  input streams are concatenated and stored as 32-bit words in blockrams 

labeled 0-7, 8-15, 16-23.....56-63.  This allows very rapid 
data dumps over 100Mbit ethernet of all four input streams at 8bit resolution.

"acc_num" is a counter that is
incremented every new accumulation.
This allows a computer to know when

a new accumulation is available.

This, the "control" portion of the design, uses
32 bits of "eq_coeff" to program the equalization
coefficients, and 32 bits of "ctrl" to set fft shifting

and choose which ADC to use for calculating
input power (see "adc_sum_sq").
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Fig. 18.| 44 Averaged Spectra from 18 Minute PSR 0329+54 Observation
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