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ABSTRACT

Here we present a preliminary report on the design, constrien, deployment
and testing of the \Fly's Eye," a 44 input, 128 channel, 209 MHE bandwidth,
600 microsecond accumulation time spectrometer and analysystem designed
to detect powerful dispersed radio transients using the Adh Telescope Array
(ATA). The Fly's Eye has been successfully installed at the PA, and to-date
over 24 hours of observations have been performed using thetiument. Of the
extant 24 hours of observation time, approximately 18 houtsas used the antenna
beams con gured in a close-pack hexagon (" y's eye') patter with the remain-
ing observations using a single-position pointing of sewrdiagnostic sources.
Although analysis of the close-pack hexagon-con guratiodata is still at a very
early stage, cursory examination of the diagnostic data inchtes the system is
functioning within expectations. Here we explore the backgund and motivation
for the experiment and describe development details, inading speci cations of
the instrument hardware and testing procedures. Early angsis of diagnostic

observations are also included. Future analysis of Fly's Eydata 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?®) radio pulse has dramatically renewed interest in transig¢mradio
phenomena. The Lorimer Pulse was found during a re-examima of Parkes Pulsar Survey

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

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

Vio 2 Vhgh 2 DM
t =4:15ms —— — 1
GHz GHz cm 3pc (1)
Where t is the time delay between the portions of the pulse at frequen vi, and Vg .
With the dispersion measureDM given in units of cm 3pc, de ned as:

Zd
DM =  ngdl (2)
0

Where n 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 aamtitions to the integrated

electron column density along the line of sight to the source

The extraordinarily large dispersion measure of the LorimmeéPulse, and the apparent
absence of any ISM or SMC contribution that could have geneed it, led Lorimer to
conclude that the pulse may have originated well outside owalaxy ( 500Mpc.) Analysis
by S. R. Kulkarni et al. (4) of other potential sources of thedrge dispersion measure, such
as a suitably arranged ionized nebula, has been unable to agnt for the large dispersion
of the pulse and frequency dependence of the pulse width viayaother mechanism than

the pulse's extra-galactic origin.

The strongest known sources of radio pulses, RRATs and pulsgiant pulses, are
incapable of producing a pulse of the power of the Lorimer Faé at such a great distance.
Thus, if we accept that the Lorimer Pulse is indeed extra-gacttic, this pulse and others
like it hint at the existence of a previously unobserved, higy energetic, transient radio

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

One of the most intriguing possible sources of the Lorimer e can be found in a
suggestion by Martin Rees in 1977 (9) that primordial black dles, evaporating via the
Hawking Process, could release a large electromagneticgaubf short duration. According
to Hawking (2), a black hole of mas#1 emits radiation like a blackbody with a temperature

Tgn given by:
-
~ 8kGM

This radiation emanates from the black hole event horizon @hcomes completely from the

TeH =10 ®* — K (3)

black hole's mass. For a non-accreting black hole, StefarslB&mann yields a lifetime of:

3
sn = 10¥years

M
10%kg “)

For stellar mass black holes, this theory predicts lifetimseof order 18* years, much too long
to ever expect to observe. However, some cosmologies priethie creation of numerous

small (M  10%g) primordial black holes in the early universe, which accding to theory

should be evaporating now (3).

The speci ¢ mechanism by which the evaporating black hole pduces a strong radio
pulse has not been fully elucidated, but in short, it is thoulgt that the process is similar to
the EMP that accompanies supernova explosions. In such a pess, a highly conductive
plasma reball expanding into the ambient magnetic eld of pace can exclude the eld and
create an electromagnetic pulse. For typical values of theterstellar magnetic eld, this

pulse would be peaked near 1GHz (1).

An observation of these pulses would not only provide a sigcaént con rmation of
Hawking radiation, but would also give strong evidence of thexistence 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 pilses. It provides
the ability to cover a large fraction of the sky and also o erghe opportunity to easily
search multiple frequency regimes via its tunable IF. In th@ominal close pack hexagon

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

Although the Parkes-multibeam system used to discover thedtimer Pulse has a
much larger collecting area than ATA-42, the potential narowness of the intrinsic pulse
width may allow detection of a comparable pulse with a singl&TA dish. The hardware
used in the Parkes system could only limit the Lorimer Pulse ith to 5 ms. If the pulse
were narrower, which it may very well have been, and the instment integration time
commensurately shortened, a similar pulse could indeed bbserved 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 Laner Pulse, we desired
to attain a spectral integration time of no more than 1 milli€cond. It was also desired to
be able to utilize at least one polarization for each of the 4&ntennas currently in place
at the ATA. We were also constrained (on a per-spectrometdrasis) by the available 209.5
MHz bandwidth provided by the ATA IF system. The nal short-list called for computing
auto-correlations on approximately 128 spectral channetsrer a bandwidth of at least
100MHz for at least 42 separate IFs. It was planned to perforoe-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 ElectronidResearch (CASPER),
seeks to speed the development of radio astronomy signal geesing instrumentation by
designing and demonstrating a scalable, upgradable, FPG#ased computing platform and
software design methodology that targets a range of reahte signal processing applications.
To-date, CASPER-designed boards have been used for numesdaeam-forming, correlation
and spectroscopy projects all over the world, including th&niversity 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 Flis Eye Instrument was
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an easy decision. Additionally, rapid construction of theystem could be facilitated by the

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

2.3. FPGA Hardware

The core of the Fly's Eye Instrument is made up of eleven CASHEInternet Break
Out Boards (IBOBs Fig. 2) each of which is connected to two CAZER 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 connectiomhe computation engine of
each IBOB board is a Xilinx XC2VP50 FPGA which provides 232 18L8-bit multipliers,
two PowerPC CPU cores and over 53,000 logic cells. In addiido the FPGA, the
board includes 36Mbit of on-board ZBT SRAM. Fig. 3 shows a btk diagram of IBOB

components.

Each of the iIADCs contains an Atmel AT84AADO001B dual 8-bit ADC chip, capable of

simultaneously digitizing two analog streams at 1 Gsamplséc.
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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 process 4 of the 44 total
inputs to the instrument. Four parallel time samples per inpt, acquired at four times the
FPGA clock rate (838.8608 MHz), are passed from the ADC to agltal down converter
where the signal is mixed at 209.7152 MHz and then low-passééred to a bandwidth
equal to 209.7152 MHz. The signal is then decimated to a sarapiate equal to 209.7152
MHz. The resultant signal is complex, 8 bits | and 8 bits Q, reqgsenting the signals from

104.8576 MHz to 314.5728 MHz.

The down converted and decimated digitized data is passediana 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 ietnally as A, B, C, D). The
frequency domain data is then passed into an equalizationdak which can selectively allow
each frequency channel to be scaled by an individual coe ai¢ This allows a non- at

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

2.5. Instrument Operating System

Individual IBOBs in the Fly's Eye Instrument use a highly mod ed version of
the open-source TinySH operating system for debug and tesgi (11). The TinySH
interface is accessible via a telnet server running on eadBOB. TinySH allows probing
of FPGA-PowerPC shared memory regions, access to networknaguration information
and execution of a variety of debug commands. Scripted op&mn of the instrument
(i.e. boot-up sequences) is accomplished by automated irdgetion with the TinySH

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

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

of an accumulation counter software register.

A non-standard and novel method was devised for storing acoulated spectra to
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allow individual byte-boundary octets of the accumulated alues from each input to be
output at high speed ( 7 Mb/sec.) Each 64-bit accumulation is split into 8 byte-bouadary
bytes, which are concatenated with corresponding bytes froother inputs into a 32 bit
word and stored, in channel order, in one of eight BRAMs Seed:i 5. This allows 8-bit
resolution spectra to be read contiguously by the FPGA's imtgrated 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.

[ raswar() [ r#s%’!*(+ [ M#$%&+(/ [ #$%&L.0(+ | M#$%EI.(/1 | "#$%&I0'(0) M#$%&I0*(, [ IH#$%a!,-(-/ | 3567789"-01$%816::;<;96%$=7

120#5%&1() [ 12148%&1(+] 121#$%8&!+-(/] 121#8%&!1.0(+] 121#3%&1. (/1 | 1214$%&10'(0] 121#$%&I0%(,, [ 121#$%&!,-(-/ | 3567789121-0H$%&16::;<;96%$=7

135%&I() [ 13148%&!(+] 131#$%0&1+-(/ [ 131#5%&).0(+] 131%$%&V. (/1 [ 131#$%&10'(0] 131#$%&I0%(,. [ 131#6%&! -(-/ | 3567789!31-014$%&16::;<;96%6$=7

1414$%8)'() | 141499681 (+] 1414$%6&1+-(/ ] 141#5%&L0(+] 141#5%&. (/1 | 141#$%810'(0] 141#$%810*(,, [ 141#8%&!,-(-/ | 3567789141-014$%&16::;<;96%$=7

22'@!'(* 22'@! (-1
[rwswer) [ 12ws%w&r() [ 13#$%&r() | 14#$%&’() | 3567789" [rso%s, (-1 | 121#5%&,-(-/ | 131#$%&!,-(-/ [ 141#$%&! (- | 3567789!"
[ rmaswar() [ 12ws%arl() [ 13#s%ar() [ 14145%&!() | 35677891+ [rs%al,-(-/ [ 121#5%&!,-(-/ | 131#5%&!,-(-/ | 141#$%3&!,-(-/ | 3567789+
>>>>
>>>> >>>>
[[rswar) | 1214s%8&r() | 131#$%&!0) [ l4$%&r() | 3567789!+.) [r#s%8,-(-/ | 121#8%&!,-(-/ | 131#8%8&),-(-/ | 141#$%8&!,-(-/ | 3567789!+.)

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 idepicted in Appendix

Fig. 17.

2.6. The Instrument System

The eleven IBOB/ADC systems are housed in two modi ed rack-muntable
CompactPCI chassis, 6 in chassis "ALPHA' and 5 in chassis EU.' The cabling diagram
for an individual IBOB is depicted in Fig. 6.

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

8-bit portion of the accumulated spectra from each of the fawchannels 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 outpuising 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 mawhi The total aggregate data
rate for the entire system is approximately 7 Mb/sec x 11 IBOB 80Mb/sec. High rate
data capture and output to xed disk is accomplished using ampen-source tool, ‘gulp’

(10), designed expressly for this purpose,.

An additional network interface card on the data collectiormachine allows connection

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

All critical components of the Fly's Eye system are fed powethrough an Ethernet
controlled power switch to enable remote power cycling andaonitoring. Fig. 7 depicts a

diagram of the complete Fly's Eye System.



{12

K5L5#M3/N# K5L5#M3/N#
80HD8 RSOS
TPQ#@#7>B T>PH@#7>T
(DD

I HBYHE' () +)'H#, - U (

N ® F

BC"#=DE#8$:#8'(<6+
+891&(<+%& () 7T#523+=)

848@>B

CEE (MM A

I SYGHE ()+) H -

(O WJEIWE) W) (W)

& ()*+) HFB+46<<)GHHB-) ™ | —
! P psilings
+891&(<+9%6& () TH#5=">&3) Bt #2@ )"A)
i+ 891&(<+%& ()#"36"728& T#9&:)

000

IUSYHR (F) — =

I"HSYoHE () +)'

KHH#F6++6<<)G#II"U#BF#H6-)*

848#8+3<6THKV 0)123+#1"#45#,'6+37)#8*39
I"#$9%&'()*+,-)

LO(/"123"#(45(#"36"728& 7#9&:

Fig. 7.] Fly's Eye Instrument System Schematic Diagram Not shown is remote power

connection to ATA-42 Walsh Switching system.



{13{
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 AKX Correlator Room. At the
time of installation, only 26 of the 42 built dishes were avible. The best polarization
of each of the 26 available dishes was connected to the Fly'geEinstrument, with the
remaining 18 inputs lled by the highest quality opposite ptarization feeds. Although we
had initially sought to use all 42 dishes, the opportunity tanake polarization measurements

of a candidate pulse is scienti cally interesting in its owrright.

3.2. Diagnostic Sources

To date, approximately six hours of Fly's Eye observation the has been dedicated to
observation of several bright pulsars, shown in Table 1. Ourst attempts at data analysis
have consisted of reconstituting each of the 44 individuaFs from the gulp-produced data
les and performing folding analysis at barycentric correied periods. Figs. 9 - 14 show
images generated through folding analysis. Note, these iges represent a composite sum

of 36 polarizationg?.

On careful inspection, the well described triple peak prod of PSR 0329+54 is visible
in Figs. 9 - 11 (Seiradakis et al.). Dispersion pro les for gears PSR 0329+54 and PSR
0950+08 are consistent with published values. Pulsars PSB®5+54 and PSR 0450+55 are

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

2Amplitude scale is arbitrary



Table 1: List of Bright Pulsars Observed as Diagnostic Sougg'
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Name RAJ20006ms) DECJ2000@dms) Period(s) DM(cmipc) S1400(MmJy)
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 imagedjkely owing to their much reduced

ux.

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

Instrument over a 18 minute observation of PSR 0329+54. Thel2zcm 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 ouowr dence in the Fly's Eye

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

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

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

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

our hexagon-pattern data. Fig. 16 shows a proposed procesgspipeline 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 Baycentric Corrected Period
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Fig. 11.| PSR 0329+54 Observation 3 - 18 Minutes Folded at Baycentric 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 (Seradakis et al.)
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Fig. 18.| 44 Averaged Spectra from 18 Minute PSR 0329+54 Obswation
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