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SQUARE KILOMETRE ARRAY

NS Example Configuration (Phase 2)

RSN
T

u'fnl‘:g?
= "

Memo 100 identifies the
following options:
70-200MHz: Sparse AA-lo
200-500MHz: Sparse AA-lo

500MHz-10GHz: 3000 15m
dishes

Or

500MHz- 10GHz: 2000
15m dishes with PAFs plus
WBSPF

Or

500MHz-10GHz: 25C
Dense AA-hi plus 2400
15m dishes/ WBSPF

Note: On going discussions
15m vs 12m dishes

Example Configuration with Dense AA + SPF
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Reference Design

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

100 MH=z 300 MHz 1 GHz 3 GHz 10 GHz V
el | | | L....
3m Tm 30 em 10 cm 3 cm K

Ry i i | kiiia
70-200 MHz

200-500 MHz

EssEEEEEEES

200-1500 MHz

Phased Array Feeds on Dishes

Wide Band Feeds on Dishes

< 2000 - 3000 Dishes
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Dishes+Single Pixel Feeds

South Africa: 12 Composte Dish
Note:
On going discussions 12m vs. 15m dish
Required sensitivity 10,000%441
Correlator processor and dump rate
proportional to 2
ADC likely to be at antenna (4 bit ?)
Dish O/R,.= fs.4bits
= 160 G bits/s per antenna

Canadian: 10m Composite Dish

Where fs= sample rate likely to be split into
smaller basebands
4 of 35



Central 1 km diameter core ~ 600 WBSPF dishes
Depends on shadow angle tradeoffs

2000

Narrowband case for beamforming:
Bandwidth << 300 kH

1000

Dish Bandwidth 500 MHz to 10 GHz
Pl So Channelization to at least 32 k channels poior t
EERI TR | beamforming

000000

w0 w0 Ayerage Core beam size (at 5.25 GHz): 8.6 RsdDdeg
Potential Layout of the Core Average Dish FoV (at 5.25 GHz): 0.039 sq deg

Number of beams to cover FoV: 4482

Beamformer load one beam:

600 antennas x 10 GHz x 2pol x 2 ny x 4 MACSG-T MACS
Beamformer load 4482 beams:

4482 x 96 T MACS 2430 P MACS

50f 35




2 Stage Central Core Beamformer

P 7 ‘-%\
)
4 SPDO

Processing load can be
reduced by hierarchical
beam-forming

~ 24 dishes in each first
/ AN stage beam-former.

/ \ ~101 beams first stage

~ 24 beams " stage

15' StageBeamforme load one bear

24 dishes x 25 areas x 181 beams x 2pol x 10 GHaxx 4 MACS =17 P MACS

2"d Stage Beamformer load one beam:

(25 areas x 181 beams) x 25 beams x 2 pol x 10GHawx 4 MACS = 18 P MACS
Total =35 P MACS

6 of 35



Channelizer

Narrowband case for beam-forming: Bandwidth << 300 kHz

Dish Bandwidth 500 MHz to 10 GHz

524288 channels (21°) required for < 10% frequency smearing

Estimated 12 taps gives < 60dB aliasing
u S3URFHVVLQJ ORDG a IPMKD®Y [ BORINVK][ 1HO[ SRO [ |
EKDQQHORDHU ORDG
3000 dish x 2 pol x 10 GHz x 2ny x (12taps + 3log,(21°)) x 4AMACs

=27 P MACs
Beamformer load
From previous slide =35 P MACs
Correlator load
(3000 dish)?/2 x 2 pol x 10 GHz x 2ny x 8MACs = 1.4 E MACs
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t /
. /
5 P
- Beam }—\ —
/
/
° > Element#

. Discontinuities at between Stage 1 boundaries
' 1HHG H[WUD EHDPV

|
I QWHUSRODWH DFURVY EHDPV
([ WUD SURFHVVLQJ ORDG
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Dishes+Phased Array Feeds

ASKAP Australia: Checkerboard Array

Note:
Some Channelization and Beamforming

likely to be at antenna.

Maximum Field of View limited b
Array size and focal length of dish.
Achievable field of view limited by
network bandwidth.

9 of 35

PHAD Canada: Vivaldi Array



PAF maximum Field of View :

PAF Beam Size :

Note that the PAF FoV in independent af
Element spacing 10cm/@ at 1.5 GHz)
Fora 9 x11array ,¢ 1 metre
And D, = 15 metre:

oy 46 square degrees

For frequency range 500 to 1500 MHz
Average beam size at 1000 MHz
seam 1.-03 square degrees

The average number of beams across frequ
range of 500 to 1500 MHz to fill Memo 100 FoV
of 20 square degrees = 20 beams

N beam av 20

10 of 35



Channelizer

Narrowband case for beam-forming: Bandwidth << 300 MHz
PAF Bandwidth 500 MHz to 1500 MHz
32768 channels (21°) required for < 10% frequency smearing
Estimated 12 taps gives < 60dB aliasing
Processing load ~ (Ntaps + 3*log,(Nchan)) x Ndish x Nel x 2pol x fs
Nel = 96 x 2pol

Channelizer load

2000 dish x 96el x 2 pol x 1 GHz x 2ny x (12taps + 3log,(2%°)) x 4AMACs

=175 P MACs
Beamformer load
2000 dish x 96el x 2 pol x 20 bms x 1 GHz x 2ny x 4MACs =60 P MACs
Correlator load
(2000 dish)?/2 x 20 beams x 2 pol x 1 GHz x 2ny x 8MACs = 1.3 E MACs
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LWA: USA

LOFAR: Netherlands et al

MWA: USA & Australia

12 of 35

Note:

Possibly two types of
sparse AA required:
/OMHz — 200 MHz
200MHz- 500 MHz

250 stations
4000 to 10000 AK1



Sparse AA

Station Beam

Field of View (FoV)

Hoops H
No. Pointings (full sky)
. (
' # () % T
Sensitivity For:
$ -7-8 #q | Sensitivity =4,000 K-
6 * o 250 Stations

i oo 1234
' Station diameter = 230m
Tsys = 10500 K at 40MHz

d = dipole separation: random logarithmic at loaginency

13 of 35 Naipotles = 37K per station



Channelizer

Narrowband case for beam-forming: Bandwidth << 1.7 MHz
Sparse AA Bandwidth 40 MHz to 500 MHz
270 channels Nb case & (2'7) required for < 10% frequency smearing
Estimated 12 taps gives < 60dB aliasing
u 3URFHVVLQJ ORDG a IIAKDE} 1VWWRIWLRQV ][ 1HO ][ SK
u 1HO [ SRO
EKDQQHORDHEU GSRD G/ WHW L\RWDWLRQ
37,000el x 2 pol x 450 MHz x 2ny x (12taps + 3log,(21"))x 4AMACs =17 P MACs
2 stage Beamformer load (per station)
(37000el) x 2 pol x 450 MHz x 2ny x 1785bms* x 4MACs =2 P MACs

Correlator load
(250 stat)?/2 x 1785 beams* x 2 pol x 450 MHz x 2ny x 8MACs =1 E MACs

14 of 35 *Assumed max FoV 250 dég



MWA Correlator Cost Model

Rides Moore’s Law: Potentially cheaper solution

1012 . !
— MWA-512 30MHz Cost Model |:
- Cost Terms < O(N?)
201 [ o 1/3 of Cost Terms < O(N® ) [i e S S |

— O(N?)Terms, 2010
— O(N?)Terms, 2015
1010 L . ------------------------------------------------ ---------------------------------------------- ------------------------------------------ e
— O(N" ) Terms, 2020 : : :
—  O(N?)Terms, 2025 : : ! ‘

Ao a Cumulative Cost

L e i e e e s e e e e e e s e WL P o e 4

10?

108

Hardware Cost (2009 Dollars)

10?_ ............. ................................................ ‘_‘— ....... ..................... S SR IR IR SRR ............................................... N

10% Loy R e ________ ________________________________________ : ________________________________________________ _______________________________________________ _

i i
10° 103 104 10° 10°
Number of Antennas (N)

10°

What are the hidden costs?

150f35 Regression testing for example.



Processing Bunker

Dense AA Detall
Assumed:

~256 tiles x 256 elements per
Element spacing 19cm

2 polarisations per element
56 m diameter

250 stations

Tsys now 120K

Target 35K Memo 100

16 of 35 Processing Bunker



SK Slmpllstlc View of Dense Aperture

i Array Processing.... . SPDO
Channellzer
Narrowband case for beam-forming: Channel Bandwidth << 5.4 MHz

Dense AA Bandwidth 300 MHz to 1000 MHz
>>129 channels Nb case & (217) required for < 10% frequency smearing
Estimated 12 taps gives < 60dB aliasing
w 3URFHVVLQJ ORDG a HIAKDSN [ ORI[ SRO [ IV
n 1HO WLOHYV HOHPHQWY SHU WLOH
EKDQQHORDHE) GRD G/ WHW L\RWDWLRQ
65536el x 2 pol x 700 MHz x 2ny x (12taps + 3log,(21")) x 4AMACs

=48 P MACs
Beamformer load (per station)
65536el x 2 pol x 1502bms x 700 MHz x 2ny x 4AMACs =1E MACs
Correlator load
(250 stat)?/2 x 2932 beams x 2 pol x 700 MHz x 2ny x 8MACs =2 E MACs

17 of 35



$ Processing load can be
reduced by hierarchical

’n\ beam-forming
/ \\ ~ 256 elements in each first
: \ stage beam-former.
N\
\ ~8 beams first stage
................................... S B B e e e e e e

~ 196 beams "2 stage

% " &

1s' StageBeamforme load one bear

256 elements x 256 areas x 8 beams x 2pol x 702 MBiny x 4 MACS =6 P MACs
2"d Stage Beamformer load one beam:
(256 areas x 8 beams) x 196 beams x 2 pol x 700 MPny x 4 MACS =5P MACs

Total = 11 P MACs

18 of 35



tera-bytes/s)

Data rate

From ‘Pulsar Searches and Timing with the SKA

100 r ————— — r
15 meter dizhes (0.64 degs) ——
AL (3degt) = -

100 -
10 -
1F4.7 x 101 -

0.1 E L
01

001 L

01 1
Core diameter (km)
Note:

Assume AA Station FoV of 3 degrées

AA likely to have FoV ~ 250 degreges
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— o Two—— 8 < =
*.
* g ——1 > ? e
-+ 9: +O - < @
tsamp  sampling time
B bandwidth
! "#ol !
-, BFE' BCDE
9ABC DE . .
Assumes:
DM, .. 1000 cnmipc dish
DM, .. 500 cmpc dish
Tsamp 1066
! % "l I 1 &

Frequency range 500 to 800 GHz AA
Frequency range 1 to 1.5 GHz dish



nd (peta-ops)

Ciparations par seso

10000 ¢ r
15 n eterd hes ||:| 64 u:jeg2

........................................................................................................................................................................ SPDO
From ‘Pulsar Searches and Timing with the SKA
Acceleration processing load DL
A4 (3deg”) - - * * *:: L + O". G + H
@ >' BCDEl :'g BCDP
*
-, BE

N4, IS the numer of trial DM values
N...IS humber of trial accelerations
Scales as Nsamp

Assumes:

Core diameter (km)

Question:

What is included in an OP ?
Is it simply a MAC or FLOP
Or are slower storage access
required?

Needs to be benchmarked

100 trial accelerations

Sample time 1001

Observation time 1800s

DM, ., 1000 cm® dish

DM, 500 cm? dish

Frequency range 500 to 800 GHz AA
Frequency range 1 to 1.5 GHz dish

max

20 of 35



Total data (peta-bytes)

From ‘Pulsar Searches and Timing with the SKA

all-sky (30000 degs) =
galactic plane (200 deg~) - -

Te+dE |

100000 | 4 X 109

10000 -
1000 |

100 -

1 1 1 1 1 MR | 1 1 1 1 PR T
0.1 1 10
Core diameter (k)

Assumes:

Sample time 100us

Observation time 180

DM, ., 1000 cn® dish

Frequency range 1 to 1.5 GHz dish
I\Ipol =

2 bit digitisation

If Exa-Byte storage is available then survey
would need to be in 40 parts to store data.

Data storage requirements for an all-skyMost flexible solution:

survey (35,000 deéyand Galactic Plane
(900 deg)

21 of 35

Allows multiple analysis of data offline



Disk Storage Cost Forcast

------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*
1.E+05 ‘—' 3 t ’ s
1.E+04 * 9%

s R [ 1EB =$1~$10 million |

E 1.E+02 ’ ‘_. \ Y

2 10 . \ \
o’ L'Tf ~ SN\

1.E+00 % \\
e
1.E-01 -

1.E-02 —~—
1.E03
1980 1985 1990 1995 2000 2005 2010

Nominally 50% anual cost improvement

22 of 35

P. Kegge et alia "ExaScale Comguting Study: Technology Challenges in Achieving Exascale Systems”; TR-2003-13, DARPA ExaScale Computing Study, 2008 Sep 22, page 125

Mot nesther RAID, sontrollers, nos intcroonncet sables arc inoluded in these cctmates



23
* Sparse AAs + 3000 15-m dishes with SPFs

Local
Monitoring
Timing — @
Timing — o
Monitoring &
Control
=
I S
. 70 MHz 500 MHz
- Opto- Poly- Opto 28 853 o
Sparse Electrical |_Phase,_| Electrical N Visibilities
Delays i 100 G bit/ ini
AA D Conversion YS' | Filter | |Conversion > DIGS Opto- Multipier || Integrator
Optical === Electrical B >
Connections Conversion
I \ Sparse AA XX, XY,YX,YY
1680 Optical Rx |/ Channelizer P Full Stokes Correlator =
Dishes [~ )
r— — ’_I:
500 MHz 10 GHz
‘ T opto. Poly- Opto 7424 Visibilities
Sl - pic Delays— Phase— Electrical 100 G bit/s Opto- Multipier Integrator
Dishes [[[~ Electrical Filter | |Conversion Optical m==m Electrical m = >
—| Conversion Connections, Conversion
] el . Full Stokes Correlat |
T Optical Rx ||/ Channelizer i SRS SRS =t
Stations [[[~ Pulsar
18 Dishes oul Candidate
per ulsar
station Poly- Opto- 1920 Opto- Search Data
Phase — Beam _ gocpricq 100 G bit/s Electrical = ¢ Timing [ Candidates >
Filter | |FOrmer | conversion Optical Conversion Processing
Connections
Beamformer (core) - Pulsar & Transient Processing



Signal Processing Overview
ORUON.2 SPDO

Local
Monitoring
Timing - |E
Timing — L
Monitoring &
Control
-
‘,_l—
- 70 MHz MHz
. Opto- Poly- Opto 28 853 0 = N
Sparse Electrical |_Phase|_| Electrical e Visibilities
Delays i .
AA | Conversion YS' | Filter | |Conversion 100 G bit/s Opto- Multipier Integrator
Optical === Electrical M m -
Connections Conversion
_ | Sparse AA XX, XY, VX, VY
1080 Optical Rx |/ Channelizer e Full Stokes Correlator I
PAF [F i
———— 500 MHz 10 GHz
7600 Core T opto- Poly- | _OPo fot8 Visibilities
lectrical Delays— Phasg— Electrica 100 G bit/s Opto- Multipier Integrator
PARSE Electrica Filter| |Conversion Optical === Electrical = - .
. Conversion Connections Conversion
] PAF/WBSPF B ' R | i
— Optical Rx |/ Channelizer i Full Stokes Correlator
Stations [[[~ PUl
o ‘ ulsar
18 EeArFS oul Candidate
ulsar
station 1920 Opt(_)- Search | Data
X Electrical = ¢ Timing [ Candidates -
100 G bit/s Conversion 9
Optical Processing
Connections
Pulsar & Transient Processing ]
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* Sparse AAs + 2400 15-m dishes with PAFS & WBSPF



Signal Processing Overview
Option 3

Local
Monitoring
Timing —
Timing IEEIQ o
Monitoring &
| Control
>
. 70 MHz 500 MHz
I o Poly- | | cion 28,853 _—
250 Electrical Jays—Phase | Cectrical T Visibilities
Sparse AA 1 Conversion Delays Filter Conversion 100G bit/s Opto- Multipier Integrator
Optical === Electrical = >
Connections Conversion
. [ Sparse AA XX,XY,YX,YY
Optical Rx || Channelizer N Full Stokes Correlator -
| — P —
300 MHz 1 GHz
- Opto- Poly- | | Lobe- 200,000 Visibilities
= Electrical Delays— phase— Electrica 100 G bit/s Opto- Multipier Integrator
Dense AA || c ¢ Filter Conversion Optical === Electrical = = »-
onversion Connections Conversion
Dense AA XXXY.YX.YY
Optical Rx ||/ Channelizer |H— Full Stokes Correlator ~
Pulsar
oul Candidate
ulsar
TBA EIOptc_)- | Search ] Data
100 G bit/s [~ | ectrica &Timing [] Candidates -
Optical Conversion Processing
Connections
—— Pulsar & Transient Processing L
[
1680 ——
Dishes
Opto- Poly- Opto- 1 GHz 10 GHz
Electrical |_|Phase| | Electrical 2752 Visibilities
Conversion Delays™| ..o ["|Conversion 100 G bit/s Opto- Multipier Integrator
Optical 7] Electrical = - >
‘ T Connections Conversion
‘ Dish WBSPF XX,XY,YX,YY
= i i - Full Stokes Correlat !
Stations Optical Rx |V Channelizer L~ u okes Correlator
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* Sparse AAs + 250 Dense AA + 2000 15-m dishef BiPFs



Strawman FX Architecture
15 m Dish in 2 GHz sub-bands

2280 15 m Dishes

40 Stations

18 15m dishes per station
Total 3000 dishes

2.3 x 10" Macs per subband 6.7 x 10" Macs per subband

2320 Antenna
2Polarizations
2 GHz

2.5 nyquist
4bits

93 T bits/s
Per subband

Subbands [ Subbands ‘
40 Antenna / | \ > / -
2Palarizations Channelizer be J: Correlator
2 GHz — > X e- 1 Acc
. Unit 1 M Unit 1
2.5 nyquist order Ty,
4bits § 32 58
2 T bits/s
58 x 32 Paths
58 Channelizer Passive Optical 32 Correlator
Units Interconnect Units
Total 1856 fibres
per subband

Subbands | : Subbands I
40 Antenna | | ‘ > ;(1\ ‘
2Polarizations . Data

., Channelizer A Correlator
2 GHz Units8 | H Unitz2 | A€
2.5 nyquist order | - N
2 T bits/s ‘

2 Cabinets per subband

W

1.3 x 10" Macs per subband

1 Cabinets per subband

2.1 x 10*" Macs per subband
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Loosely based on the FX architecture proposeddarStiA Memo 25 (D’Addario and Timoc)

16 Cabinets per subband

W



Cabling will be a significantly more complex thdretEVLA Correlator (above)

27 of 35 Picture courtesy of G.Hovey



Technology Options

1 O9LUWH] DYDLODEOH
2016 x DSP slices clocked at 600 MHz -> 1200 G MACS
~ 25 G MACs per Watt
1018 MACS requires ~ 10° FPGAS
=> 48 W per device and ~ 48 M Watts for 1018 MACS
Operating cost 1$ per Watt per year => $48M per annum
Plus cost of cooling and delivering power

ASIC
' QP DYDLODE
Q: 0+] *DWH
I 7 0$&6 ELW SHU GHYLFH !
$VVXPLQJ JDWHV VZLWFKLQJ DW

2SHUDWLQJ FRVW N SHU DQQXP
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ASIC Characteristics

Full Custom ASIC vs Standard cell ASIC
3 to 8 times faste
15 times the density
3 to 10 times more power efficient
Full Custom ASIC vs FPGA
10 times faster
508 times the density

42 times more power efficient
290f35 Fromref1,2,3&4



What would F or X unit look like?

Baseline Board (rear) Station Board
EVLA style boards might be an optiton ?
64 ASICS or FPGAs on board (~1.5 kW
card
~ 190 boards for Dense AA ASIC correlator
14 cards per shelf -> 14 shelves
Is production yield an issue?
Could use smaller 8 processor chip board
As per ASKAP or Uniboard

Inter-board Communication links increase
30 of 35

Baseline Board (front) Pictures courtesy Brent @arls



Multichip Module

«SKADS have developed a promising Multichip Module:
4 x 4 antenna array currently,
Current RFI Protection shows -57dB per M (in air)

Could be developed and used in several areas &Klide
(Note that the key components are ADC and Opti€al although the others

could be useful in some applications.)
31 0f 35

Picture courtesy of Kris Zarb Adami



Correlator Development Path
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Phase 1 Correlator

........................................................................................................................................................................ SI DO

oleolele el lele ]

([DPSOH 1YLGHD *38

olelele el e le ]

( %

a NiSHU *38
a NiSHU KRVWLQJ VHUYHU
a Ni,QILQLEDQG +&$
* ELW (WKHUQHW
XVHG EXW LV PRUH H[SHQV

3KDVH
63) GLVKHV *+] WR *+]

a 3HWD2S : FRUUHODWLR

a 7 VDPSOHV V QHW

a N:GLVVLSDWLRQ

a OlilRU WKH SURFHVVLQJ
6FKL&DEL!

$Q HTXLYDOHQW [ FRUUHC

Assumes: 60% usage x86 & GPU, 80% FPGA, 100% ASIC

GPU I/O capability ~ 240 G bits/s : Needs to Benahked
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