N
skaDSs IR\

Design Study 8 Task 1 Deliverable 0.5

Aperture Arrays for the SKA:
the SKADS White Paper

Authors

The SKADS Teams

System Group:
Andrew Faulkner (Chair) Arnold van Ardenne
Steve Torchinsky Andre van Es
Paul Alexander Rosie Bolton
Steve Rawlings Jan Geralt bij de Vaate
Dion Kant Jaap Bregman
Stelio Montebugnoli Mike Jones
Philippe Picard Peter Wilkinson
Doc.nr.:
*o.q_‘w* Project supported by the Dl‘aft DS8 T1.: Rev: 0.91
European Commission - Date: 17 March 2010
(;’ Contract no. 011938 Aperture Arrays for
the SKA Class.: Public

1 of 146



N
SKADS ﬁ\\

Distribution list:

Group:

Others:

DS-Manager
Task Leaders

SKADS-MT
SKADS Project Office

Document history:

Revision Date Chapter / Page Modification / Change
- Creation
Approvals:
First Author: Andrew Faulkner Date: 18 March 2010
Task Leader: ééeééecéeeecéeeée. Date:. ééééééeééeé. .
Design Study Leader: é éééééééééeéééé. Date: éééeééeééeée. .
Doc.nr.:
Project supported by the Dl‘aft DS8 T1.: Rev: 0.91
European Commission - Date: 17 March 2010
(“, Contract no. 011938 Aperture Arrays for
the SKA Class.: Public

2 of 146




N
SKADS ﬁ\\

Contents:
AN o 1 - T PP 8
2 EXECULIVE SUIMIMAIY ...oiiiiiiiiiieitiitt ettt ettt ettt s et e e s st e e s s et e s e b bt e e e aa bbb e e e aas e e e e aasbe e e e enbneeeenbneeeennne 8
2.1 SYSEM AESIGN PrOCESS ....ciiviiiiiiee e e e ittt e e e e e e se ettt e et e e e e s ss st e e e e e eeesssaatataeeeaeeseansntaaeeeeaeeseaasnranneeeees 8
2.2 Science EXperiment REQUIFEMENTS ........uuuiiiiiiiiiiiiiieeie e e e s s sttt e e e e e e s e ssataaereeeeesessnterreeeeeessssnnranneeeees 9
2.3  SKADS-SKA proposed implemMeEntation ............ccccuuiiiiieeeii e e e s s s e e e e e e s s snararre e e e e e s e s nnnanneeeees 9
YA S AV AN o (=Y To | I o0 ) 4 1Y o [=T = 1o o 1SS 10
2.5  AA 0VErall SYStEM AESIGN . .uuiviiiiiiee e e it e e e r e e e e s s e e e e s e st e e e e e e e e e s nbaraeeeeeeeeaanrrnaeees 11
A I Y AN T of 1 1= Tod (1] £ 2SRRI 11
2.7 CeNral PrOCESSING .. .veiieiiiiiiee ittt ettt e e e s it e e e e b et e e e aa bt e e e aa b et e e e anbr e e e s anbreeeeannes 12
2.8 IMaging/ANAIYSIS PrOCESSON ......veiieiiitiieee it e e ettt e et e ettt e e e st et e e e et et e e e aab et e e e asbe e e e e anbr e e e e anbeeeeeannes 13
S T O o L PP PP PPPPPPPPPPPRPPPPPRt 14
2.10 POWET FTEOUINEIMEINES ...ttt ettt e et e e e ettt e e e as bt e e e anbn e e e e anbre e e e annns 14
211 TECNNOIOGY MEAUINESS ....coiiiiiiie ittt e et e s e e e e nbn e e e e e 14
2.12 (070] o [ox (1] (o] o LS F TP PP POPUPPPRPPTN 14
I N [ 11 (oo [1Tox 1o o DO TP TP PT PO PPPPPPPP 15
S Yo 1= o 1ol =T [ 1T (=T ¢ L= 1 TP PPPPPPNt 17
4.1 The study of baryon acoustic OSCIllations (BAQO).........uuuuuuuiriirieiiieireieeeeerererererreereerrererer——. 17
4.2  Galaxy formation and ©VOIULION ...........uuuuieieieiiieirieeeeeeeeeeeeeeeeeeeeeereeerereeeeerererarrrrrerrrrrererer. 17
4.3 SearChing fOr MS-PUISAIS. ........uuuuiiiiiiiiiiiiieieieieeeeeeeeerereeeeereeeeeeeeeareeerereeeeeeerarareerrrrrerrrrerarerrrrrrrnrrnrre 18
N I - E] [T | AR L o] = PR 18
T o] F= T ST LT I3 (0 T Lo PR 18
4.6 AA SCIENCE OPPOITUNITY ..eeeiitiieeiiiteiee ettt e sttt e st e e bt e e e s bb e e e e sbe e e e e aabb e e e e sabeeeeeanbbeeeeanbreeeeanes 18
5  Producing an SKA SPECIFICALION .......coiieiiiiiiiie ettt e e e e e e st e e e e e e et nreeeeeaeeeas 20
5.1 SYSIEM AESIGN PIOCESS ....eveeeeiiitiieeiiitiee ettt e ettt e e sttt e e e sttt e e e e be e e e e e st et e e e aab et e e e asbe e e e e anbe e e e s anbneeeeannes 20
5.2 SKA Specifications from the DRM........ccoiiiiiiiiii et 21
5.3 AA and Dish+SPF implementation ............cueiiiiiiiiiiiiiiiiiiiiieieieeeeeeeeeeeeeeeeeeeseeeeeaeeeaaaeseaesssesesesesenenenes 24
LT S (WA o =T o= L o] o Yo =213 1 o A .4 F= Vo 11 Vo PPNt 28
5.5 SKA central processing: NON-IMAQING........cuuiiiiiiiiiieieieieiiieeeeeeeeeeeeeeeseeeesrerereeeerrerrrerererer————————.. 34
6  SKADS desigh methodology ..o 40
L0 R N I T =Y To | I Y o V1 (=T o (U PPNt 40
6.2 Central ProCeSSING AESIGN ....c.ouuiiiiiiiie ittt ettt e e e et e e e et e e e e anbeas 46
LRSI © 1= - | o 013 £SO 51
6.4 Non-Recurring Expenses, NRE, & TOOING COSES .......ccoiiiiiiiiiiiiieiiiiee et 52
6.5 Cost scaling with major deSign ParamMELErS.........ccoiiiiiii it 53
6.6  POWET USAGE........eeiiieiiieee ettt ettt e ettt e e e e et e et e e e e e s e e et e e e e e e e et e e e e e 63
6.7 OPEratioNal ASPECES. .. .iii ittt ettt e et e e e e b 67
A N =Tod T qTo] (oTo VA £ Y= To [ g ST TP UP TP POPPPPPPPTN 72
7.1  AA SKA technical SPECITICALIONS........c.iiviiiiiiiiiiiiiiiiieeeeeeeeeee ettt e e e aeaeseaeseseseseseseaenenes 72
7.2  SKA Central ProCcessing reqUIrEMIENTS .........ueviiiiiiiieieeeieieeeeeieeeeeeeeeseeeeesseesssesesseeeererererererererer.. 82
7.3  Technology REAAINESS LEVEIS ......coovviiiiiiiiiiiiiiiiieieeeeeee ettt e e e saaasesesssasesesesssesssesssennnnnes 86
8 Design and costing Methodology & T0O0IS .......coiiiiiiiiiiie e 88
8.1 SKACost: the SKA Design and CoStiNG t00] ..........uuiiiiiiiiiiiiiiiii e 88
8.2  SKA: Hierarchical deSIgN UNILS. ........cueiiiiiiiiieiiiiee ettt et et e e s e e e e 89
O DEMONSITALOrS & RESUILS .....eviiiieeiiiiiiiiie i r e e s r e e e e s st e e e e e e s s snsntaeereeeeessansnsnneneeaeesaannnes 97
LS TR R 1Y/ A G 97
Doc.nr
*._‘_‘,,* Project supported by the Dl‘aft DSS_T].: Rev: 0.91

Date: 17 March 2010

European Commission

(‘, Contract no. 011938 Aperture Arrays for
‘ the SKA Class.: Public

3 of 146



N
SKADS ﬁ\\

0.2 2-PAD e — e e e — it e e et et e e e E——ee e e ta—ee e e taeee e e tbeeeeataaeeearraeaeaes 101
LS T =1 N SRR 105
O TS (o R 1= (o [ 0] RSP 115
10.1 Summary of detailed FESUILS......uuiiii e e e e s e e e e e e e annes 115
10.2 ANGAIYSIS OF FTESUILS ..o e e e e e e s e e e e s e st e e e e e e e e e e s sanrenneees 115
10.3 (2T=T Tl {0 gaallalo o] fo o711 o To [ PSRRI 115
10.4 Y=Y e T=T =T = L (=0 PSR 123
10.5 (T | a1 a T aTo I o] o) (=] 1] o IS PERR 125
10.6 Reliability and availability .............c.oooiiiiii e 129
10.7 Risk management and MitIGation ............eeoiiiiiei i 131
11 From SKADS 10 SKA ... .ttt s e e e st e e e st e e e et e e e e s ta e e e e stbeeeestaeeeesntaeeeesnsbeeaesnsraeeeanes 135
111 PrEPSKA: AAVP ..ottt ettt e e st e e e et e e e e e ta e e e e e ta e e e e e tra e e e antbeaeeanrraaaeans 135
11.2 S (AN ] T 7= SRR 136
11.3 SKA PRESE 2.ttt ettt e e b re e e e naree s 136
12 BiblOGrapRy ... . e e 137
L3 APPENAICES. ...t s 138
131 (7013 (] plo i (oTo] Mo [=TTol 111 (o] o FUUUR TP PPPTPUPRPPRRN 138
13.2 Detail of Technology ReadineSS [EVEIS ........coooiiiiiiiiii e 139
Doc.nr.:
Project supported by the Dl‘aft DSS_T].: Rev: 0.91

Date: 17 March 2010

European Commission

(" Contract no. 011938 Aperture Arrays for
' the SKA Class.: Public

4 of 146



N
SKADS ﬁ\\

Figure

S.

Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:

SKADS-SKA implementation using AAs and single pixel feeds on dishes...........ccccocoeeiniiieennn 9
Overall AA performance showing low frequency sparse AA, with higher frequency AA-hi......... 11
O TN Ty N - T PSPPI 11
Central processiNg arChIitECIUIES. ... ..uuiiii e e e e s e e e e e s s raeeeeeeae s 12
YA oTo ] =1 =Y (o] o [= T T [ PSSR 13
Simplified dish COrrelator dESIGN .........cuviei i e e e e e e e ee s 13
Structured approach to developing an SKA deSigN ........uuuiieieeiiiiiiiiiiee e e snrrree e 20
Graphical requirements analysis of the Design Reference Mission, DRM ver0.4. ..................... 23
[llustration of the SKA Common FrameWOrK. ..........c..uueiiiiiiiiiiiieece e 24

Figure 10: SKADS-SKA implementation using AAs and single pixel feeds on dishes. ...........ccccocoveenne. 25

Figure 11: SKADS-SKA performance overlaid onto the DRM requirements ...........cccoecvveeeiriineenniiee e, 27

Figure 12: General structure of the processing chain at the central processing facility ...........ccccoccceeennee. 29

Figure 13: Outline proCesSing MOUEL..........coiuiiiiiiiiiie et 33

Figure 14: Pulsar search central processing SITUCIUE ..........uuviiieeiiiiiiiiir e ee e e s e e e e e 36

Figure 15: AA performance showing low frequency sparse AA, with higher frequency AA-hi................... 43

FIgure 16: OULINE AA STALION. .......uui s 44

Figure 17: Station beams in a Tile beam. Stepped beamforming for off-centre beams on the right. ........ 45

Figure 18: Central processing arChitECIUMES. ... ....uuuuuiui s 46

Figure 19: A possible physical implementation of AA sub-correlator...........ccccooeeiiiiiiiiiiiiiiicerc e, 48

Figure 20: Outline design of diSh COIMTEIALON ............uiiiiiiiieee e 49
Figure 21: Cost breakdown for the def awul.t..t.el.eS8cope d
Figure 22: Cost scaling with dish diameter for fixed collecting area. .........ccoccceeeiiiiiieiniieei e, 54

Figure 23: Scaling number of AA stations (AA-hi & AA-10), fixed AA collecting area. ..........cccceevviveeennne. 55

Figure 24: Cost scaling with AA-hi antenNa SPaCING. .......cccoruiiiiiiiiii e 55

Figure 25: Cost scaling with the number of 15m diShes. .........ccooiiiiii e, 56

Figure 26: Cost scaling With AA-Ni @rea ONY...........uuin s 56

Figure 27: Cost Scaling with AA-lo collecting area, ranging from 2 to 10 square kilometres. ................... 57

Figure 28: Cost scaling with whole SKA area scale faCtor. .........ccccoooiiiiiiiiiiiiiiciccr s 57

Figure 29: Cost scaling with the AA station data rate. .........ccccoooiiiiiiiiiiici 58

Figure 30: Cost scaling with AA Bmid, radial distance encompassing 95% of the AA stations.................. 58

Figure 31: Cost scaling with dish Bmid, radial distance encompassing 80% of the dishes. ..................... 59

Figure 32: Cost breakdown ofanon-b e a mf or med SKA i n 0M.... The..t.0t.850 i s 01
Figure 33: Cost breakdown SKADS-SKA, with 1200 di s h.e.s...t.ot.al.l.i6f u1s3

Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 40:

Figure 39

Figure 41:
Figure 42:
Figure 44:
Figure 43:
Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:
Figure 53:

(;’ Contract no. 011938 Aperture Arrays for

Varying the number of AA Stations with fixed SSfoM and sensitivity. ...........cccccccveeeeiiiciinnnen. 61
An SKA design with 3000 12m dishes to give the default SSFOM. ..........ccocociiiiiiiiniiece, 61
Cost variation for fixed Dish SSFoM telescopes using different dish diameters. ..................... 62
Effect of 4x correlator & post-processing costs on the Cost-Dish dia. curve..........ccccoeeeeeennnn. 62
Effect 2x dish costs on the Cost-DiSh di@. CUIVE............coveiiiiiiiieiiecc e 62
Signal Path through AA STALION .......eoviiiiiiiiieieeeeeeeeeeeee ettt e e aeresaseseseseresesenenenes 65
SKA POWEr BUAQEL ... 65
Analysis of AA StatioN POWET USAQE ........uuuurureruiiniriiiniiiiinnnnanannn s 67
TRL relationship t0 SKA @CHVILIES .....uuuuuiiiiiiiiiii s 86
Sample SCreenShOot Of SKACOST .......oiuiiiii i 88
Delineation of the interfaces, the costing engine and the telescope design data. .................... 88
A data link "parameter survey" with a fixed data rate costed for varying lengths. ................... 89
Top level design blocks in the SKADS AA and Dish system design. ..........ccccevviiveeiniiieeennne, 90
Hierarchy diagram for the AA-hi Outer design DIOCK.............ocoeiiiiiiiiiii e 91
Schematic cut-away diagram of an AA-hi Station. .........cccoociiinii e 92
The EMBRACE antennas and tileS. .........cooo i 92
The AA-lo station model, as it appears in the hierarchy of the SKA Costing tool..................... 93
Example of one of the low frequency antennas designed in SKADS. ........ccccccoiiiiiiiiiiiennnnnn, 94
System level overview of the EMBRACE station architeCture. ............ccccceeviiiiiiiieiiee e, 98
Westerbork EMBRACE station, a large curved radome and shielded processing shelter. ...... 99
Doc.nr.:
Project supported by the Dl‘aft DSS_T].I Rev: 0.91

Date: 17 March 2010

European Commission

the SKA Class.: Public

5 of 146


file:///C:/Users/Andy/Documents/SKADS%20Management/System%20Group/White%20Paper/Single%20file/SKADS_White_Paper_100317b.docx%23_Toc256594868
file:///C:/Users/Andy/Documents/SKADS%20Management/System%20Group/White%20Paper/Single%20file/SKADS_White_Paper_100317b.docx%23_Toc256594870
file:///C:/Users/Andy/Documents/SKADS%20Management/System%20Group/White%20Paper/Single%20file/SKADS_White_Paper_100317b.docx%23_Toc256594872
file:///C:/Users/Andy/Documents/SKADS%20Management/System%20Group/White%20Paper/Single%20file/SKADS_White_Paper_100317b.docx%23_Toc256594876
file:///C:/Users/Andy/Documents/SKADS%20Management/System%20Group/White%20Paper/Single%20file/SKADS_White_Paper_100317b.docx%23_Toc256594877

N
SKADS ﬁ\\

Figure 54: EMBRACE inside the radome showing contiguous connection of the tile elements. ............... 99
Figure 55: 2-PAD installed at Jodrell Bank ODSEIVALOIY ..........cociiiiiieiiiiiee ittt et 102
Figure 56: 2-PAD general blOCK Qiagram ..........oociiiiiiie e rrr e e e e s s ee e e e e e e e ennes 103
Figure 57: Vivaldi Style FLOTT @NtENNA......ccccciiiiiiiiieeieeeieiiiiieeeee e e s s ssntaaeeeeeessssssnnaaseeeesesssssssssnseseesssansnns 104
FIQUIE 58: ORA GNEENNA........uuuiiiiiee i ittt e e e e e e st e et e e et e st aereeeeessaasstaaeeeeeeesaasssteaeeeeaeessaasnrennneeaeesaansnes 104
Figure 59: 2-PAD anNalogUE SYSTEIM .......uuiiiiieeiiiiiiiiiei e e e e se sttt e e e e e e s s ssstarereeeeesssssstaaeeeeeeesassnraeneeeeeesaansnes 104
Figure 60: Eight cylindrical concentrators of BEST-2; new receivers installed in the focal lines. ............ 105
Figure 61: RF transported with an analogue optical link from the front end directly to a protected room.106
Figure 62: RF transported by cable to A/D in cabin, then via digital optical link to processing................ 106
Figure 63: Analogue and digital optical link system MTBF vS. TEMPErature. ........cccccovvvveeeeiiiieeeeiiineeeennns 107
Figure 64: Block diagram of the reCeiver Chain .............cuiii i 108
Figure 65: Layout of the balanced front-€Nd ..o 108
Figure 66: Main characteristics of the FroONt-ENd. ............ccooiiiiiiiiiiieii e 108
Figure 67: Good matching of S21 for several front @Nds. ........ccccceeeii i 108
Figure 68: ANDREW custom OPLICAl lINK. ....ccceiiiiiiiiieiie et e e e s rere e e e e s s ne e e e e e e ennnes 109
Figure 69: Di fferent views of the I F boar.d...andl08 boar
Figure 70: Details on the digital CONTIOL. ........ccoiiiiiiiiiiii e e e s rrar e e e e e e e annes 110
Figure 71: View of an assembled IF DIOCK. ... s 110
Figure 72: Schematic block diagram of the LO diStribUtOr. ..........ccccoiiiiiiiiiiiicccc e 111
Figure 73: Schematic block diagram of the Berkeley-CASPER BEE-2 FPGAS ClUSter. ........ccccoevvveeeenns 112
Figure 74: ADCs+iBOB (left) and BEE-2 board (Fght). ........cccueeiiiiiiiiiiiieee e 112
Figure 75: Overall view of the Medicina FX correlator based on the BEE-2 FPGA cluster. .................... 112
Figure 76: Preliminary block diagram of the FX correlator to be implemented on the BEE-2 cluster...... 113
Figure 77: BEST-2 first light (2007) and first radio map, Cas A (2008) ........ccceeriiiieeeiiieee e 114
Figure 78: EMBRACE beamformer chip arChiteCtUIe ...........c.eoiiiiiiiiiiiiiii e 116
Figure 79: Outline digital DEaMIOIMEN ...... ... s 117
Figure 80: Illustration of lightning diSCRArge. ... 126
Figure 81: Typical lightning discharge Current VS time ..........ccooooiiiiiiiiiiciiccc e 126
Figure 82: RiSK REQISIEr INVENTOIY .......uuuiiiiiii s 134

Doc.nr.:

Project supported by the Dr aft DS8 T1. Rev.: 0.91

European Commission Date: 17 March 2010

‘, Contract no. 011938 Aperture Arrays for
‘ the SKA Class.: Public

6 of 146


file:///C:/Users/Andy/Documents/SKADS%20Management/System%20Group/White%20Paper/Single%20file/SKADS_White_Paper_100317b.docx%23_Toc256594909

N
SKADS ﬁ\\

Tables:

Table 1: Proposed SKADS-SKA IMPIeMENTALION ...........uiiiiiiiieiiiii et 10
Table 2: Aperture arrays based SKA science, derived from the SKA Design Reference Mission............. 19
Table 3: SKA scenario from SKA Memo 111, Design and COStiNg = 2 ......ccooviciviieeeeeeisiiiniieee e e e s ssivnneees 25
Table 4: Proposed SKADS-SKA iMPIEMENTALION ........coiiiiiiiiiie e e e e s e e e e e e snnrane s 26
Table 5: Summary of data rates INto the COITEIALOr............uvviiiii i 30
Table 6: lllustration of data rates out Of the COITElator.............ouiiiiiiiiiii e 32
Table 7: Dynamic range rEQUIFEIMENTS ........cciiiciiiieieee e e s iiiitire e e e e s s sstare e e e e e e s s snastaraeereeesssannrsaereeeesssansrnneees 41
Table 8: Power requirement per correlator DOArd ...........cccuveviriiiiiiiiiee e 50
Table 9: Accumulated COMTEIALOr POWET ..........uiiiiiiiii ettt st e s e e e e b e e e 50
Table 10: 'Default’ teleSCOPE TESIGN........uiiiiiiiiieiie ettt e s s s e e et e e e e e 53
Table 11: Estimated SKA sub-systems power budget, Phase 2..........cccccooiiiiiiiiiie e 64
Table 12: AA receiver chain power budget (8x8 dual polarisation tiles) ..........cccocvvieiiiiiie i, 66
Table 13: Data product size for selected eXPeriMENTS .........c.uuii i 70
Table 14: Principal front-end technical parameter reqUIrEmMENLS ..........eeeveeeiiiiiiiiieeeee e re e e e e 73
Table 15: Principal analogue chain technical parameter requIremMents ..........cccocveeeeeeinccicinieeeee e 75
Table 16: Principal digitisation technical parameter reqUIrEMENtS............uuuuveeeeerererereeerereeerereeererereree. 76
Table 17: Principal digitisation technical parameter reqUIrEMENtS............uuuuvueeeerereeeeerererererereeererererere.. 79
Table 18: Principal local optical links technical parameter requUIremMeENtS.............uuvvvrevereeeeeeeeereieeereeerennnan. 81
Table 19: Principal UV processor blade technical parameter reqUIremMents ..............eveveeeeeveeeveeeeeeeeeeennnnnns 83
Table 20: Principal Imaging/Analysis processor technical parameter requirements.........cccccceveeeveiinvvenenn. 85
Table 21: Technology Readiness Level deSCHPLIONS .......cciiuriieiiiiie ittt e 87
Table 22: EMBRACE Demonstrator Mmain reqUIFEMENTS .........ccoiuiiieiiiiieeeiiiee et et e e e 100
Table 23: 2-PAD SPECITICALIONS ......ceeiiiiiieiiiiie ettt e et e e et e e s anbne e e e e 103
Table 24: ANDREW custom optical iNK fEAtUIES. ..........cooiiiiiiiiie e 109
Table 25: RF and digital beamforming COMPAriSON ...........ccuviiiiiiiiiiiiie e 117
Table 26: Outline tradeoffs between dedicated ASIC developments and programmable devices.......... 121
Table 27: Lightning current probability (fOr EUFOPE) ........uuuuieiiiiiiiiiiiiiiiiiieiiieeeseeseeesssesesesesesasesssesssssssennnnnes 127
Table 28: LiSt Of RISK CAt@QOIES .......uuuureriueieeereeeeeiseeseereeeeeeeeereeeersaeerarerereeeeeee....——————————————————————.. 132
Table 29: List Of Probabilities ............eueiiiiieiiii e e e e e e 132
Table 30: List Of IMPACt ON PrOQIAM ........uiiiieiiiiiiiiieeeieeeeeeeeeeeeseeeeasesesaseseseseeesaeereeresrerererererarerererrrrrrrrrrrn 132
JLIE= Lo L= B I 1 2 o = SRS 133
Table 32: REQUIFET GCHIONS. ....ccci ittt ettt e e e e bt e e e anbe e e e e aabr e e e e anbbe e e e nnenes 133
Table 33: Technology readiness levels from SKADS ... 139

(“, Contract no. 011938 Aperture Arrays for

Doc.nr.:

Project supported by the Dr aft DS8 T1. Rev.: 0.91

European Commission Date: 17 March 2010

the SKA Class.: Public

7 of 146


file:///C:/Users/Andy/Documents/SKADS%20Management/System%20Group/White%20Paper/Single%20file/SKADS_White_Paper_100317b.docx%23_Toc256594941
file:///C:/Users/Andy/Documents/SKADS%20Management/System%20Group/White%20Paper/Single%20file/SKADS_White_Paper_100317b.docx%23_Toc256594942

N
SKADS ﬁ\\

1 Abstract

The SKA specification demands high sensitivity with fast survey speeds on a very well calibrated
instrument to achieve the necessary observational performance. The results from SKADS shows that a
highly capable SKA can be designed and built which meets most if not all of the international science
goals within the expected budget at the scheduled time of construction. Analysis of the requirements for

the science experimentsd with detailed cost meed e |

substantial aperture phased array technology up to 1.4GHz. Consideration of the overall system design
specifies communication data rates, the requirements of the central processing facility and an outline,
realistic power budget. The implementation of aperture arrays is essential to meeting the performance
requirements at low frequencies. Substantial digital signal processing is anticipated to be performed using
multi-core processors rather than dedicated ASICs making the implementation timeline viable. The design
of the SKA relies on the availability of improved processing and communication components meeting the
construction timeline; analysis of industry gr
potential suppliers and SKADS research show that devices of the required performance are expected to
be available to meet the schedule.

There is considerable work to be done for all aspects of the SKA, particularly in processor technology with
the associated software development, and the advanced calibration techniques needed. SKADS found no
fundamental blocks to building the SKA to perform the science experiments.

2 [Executive Summary

SKADS has been a successful programme which has advanced the knowledge and design of high
frequency aperture arrays, AAs. There is still considerable work to be done in bringing an SKA capable to
production, but the capabilities of AAs for high survey speeds, high dynamic range and extreme flexibility
can be highlighted.

The science case for the SKA reflects the goal of building a discovery instrument. This implies the search
across the universe for new objects, the effects of magnetic fields etc. for categorisation, analysis of
individual objects and a better theoretical understanding of the underlying physics. The deep search
aspect makes AAs the ideal collector since high sensitivity coupled with a very large field of view
requirement can then be achieved.

This paper discusses the work done in SKADS both for individual sub-systems: antenna, processing,
communications etc and the demonstration systems constructed. The work is developed into a proposed
implementation of the SKA drawing on the strengths of AA and dish based collectors. The SKADS-SKA
scenario starts by considering the science requirements, proposing a system design for the SKA,
budgeting cost and power, identifying the components required for implementation and roadmapping the
availability of the appropriate technologies on the timescale of the SKA.

The conclusion is that a very capable SKA that matches most of the science requirements can be built for

i n

oupsb®o

aroundt he proposed budget of 01. Bdie availablegn thedirnesaale of hey y t

SKA.

2.1 System design process

The starting point for the design of the SKA comes from the desired science experiments. These have
been considered by the international community over some years and are now encapsulated in an
evolving Design Reference Mission, DRM (Lazio 2009). The target requirements are derived from the
science experiments translated into the physical parameters to be measured or scanned e.g. flux,
polarisation, sky area etc. By also considering the operational requirements such as observation time,
power and scheduling, the ability to make these observations is formed into a technical requirements
specification. Some of the specifications may be unattainable, whereupon the science experiment or
operational requirements have to be re-examined to produce a revised technical specification.

Using a realistic technical specification, putative SKA implementations can be proposed. While the target
science is specified by the DRM, flexibility is a vital characteristic of the SKA, provided the costs incurred
are not prohibitive. Apropo s ed desi gnds tgstedrafamst tineaerperaneritabrequirements and
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the cost estimated using the cost tool developed in SKADS: the SKA Design and Costing tool (Ford 2009)
see section 8.1. This process is liable to highlight cost issues and lead to performance limitations that
may restrict some experiments. A combination of re-evaluating the affected experiments, prioritising
experiments or reviewing the operational model is then undertaken and the process repeated. This will
provide an effective means of comparing different implementations of the SKA.

2.2 Science Experiment Requirements

A summary of the principal DRM requirements is discussed in section 5.2 and illustrated in Figure 8. The
experiments are not prioritised, however, that process may need to be undertaken to develop the optimal
SKA if the predicted cost exceeds the budget. There are some immediate observations that may be made
at this stage:

1. The major surveys are almost entirely conducted below 1.4GHz, the rest HI line.

2. Only the AGN experiments require baselines above 500km, specifying 3000km.

3. A sensitivity of 10,000 m°K™ for many of the experiments does not appear to be a calculated
requirement.

4. Some of the experiments may be viable with reduced sensitivity.

5. The transient search and exploration of the unknown is assumed to use as much parameter
space as is provided by the key science experiments.

2.3 SKADS-SKA proposed implementation

The overall structure of the SKADS-SKA system is shown in Figure 1 and includes the collector systems
on the left, communications and control network in the centre and correlation and processing on the right.
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Figure 1. SKADS-SKA implementation using AAs and single pixel feeds on dishes.

Considering the science experiment requirements as the basis for the SKADS-SKA suggests:

1. Implementing aperture arrays up to 1.4 GHz to cover the majority of high speed survey
requirements. Also, the forming of many beams is ideal for timing of many new pulsars.

2. Dish design is simplified by raising the low frequency operation to ~1.2GHz, covering up to to
10GHz using a single or a few wideband feeds.

3. The experiments which require longer baselines and higher frequencies do not require
sensitivities above 5,000 m*K ™.
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4. The merits of very long baselines up to 3000km are being considered. The SKADS-SKA limits the
baselines to 500km, which may compromise the AGN experiments.

Table 1: Proposed SKADS-SKA implementation

Freq. Range Collector Sensitivity Number / size Distribution
70 MHz to Aperture array 4,000 m/K at 250 arrays, 66% within core 5 km
450 MHz (AA-lo) 100 MHz Diameter 180 m diameter, rest along 5
2 spiral arms out to
400 MHz to Aperture array 10,000 m/K at 250 arrays, 180 km radius
1.4 GHz (AA-hi) 800 MHz Diameter 56 m
1.2 GHz to Dishes with wide- | 5,000 m?/K at 1,200 dishes 50% within core 5 km
10 GHz band single pixel | 1.4 GHz Diameter 15 m diameter, 25%
feed between the core and
(SD-WBSPF) 180 km, 25% between
180 km and 500 km
radius.

2.4 AA design considerations

AAs have many advantages over conventional, reflector based systems which can be summarized as the

almost total flexibility in much of their parameter space. A key cost driver for the AAs is the highest
frequency supported, due to each el ement zhhiENdeE,thg an e
number of elements required for a given sensitivity increases quadratically with frequency. Below is a list

of the principal parameters which are considered in the system design:

Frequency Range. The AAs are good at low frequencies and will operate from the lowest SKA
frequency, specified as 70 MHz, up to the highest frequency for which they are a cost effective solution.
The AAs are a system of more than one array to accommodate the frequency range of the elements and
the effects of increasing sky noise at the lowest frequencies.

Sensitivity. The sensitivity of the system is a function of frequency and is determined from: size and
number of arrays, system temperature, scan angle and the apodisation employed. This is also the reason
for having a sparse array at low frequencies to try and overcome the ever increasing sky noise.

Bandwidth. Bandwidth can be traded together with humber of beams (FoV) up to the full frequency
range of a station, within the available data rate. With some of the technologies that may be employed at
the front end e.g. RF beamforming using phase shifting has limited instantaneous bandwidth before beam
distortions get too great. The aim in the final, SKA Phase 2, implementation is that there are no such
restrictions.

Dynamic range. The ability to meet the dynamic range requirements of the SKA is very difficult. AAs are
capable of meeting this specification. This requirement influences the diameter of the stations (to provide
small enough beams), the ability to calibrate and the intra-station data rates to provide sufficiently good
beam purity.

Survey speed. AAs can provide arbitrarily high survey speed capability. The requirement is for an output
data rate that supports the number of beams necessary to meet the specification.

Polarisation purity. This will be calibrated, but will be limited by the underlying stability of the array front-
end design and the ability to measure and remove polarisation leakage.

Number of independent sky areas. Due to the hierarchical nature of the beamforming systems, which

mitigate the analogue/digital processing load, there are likely to be some limitations on the absolute
flexibility of the arrays. The tiles wil!/l produce a |
independent areas of sky that can be observed concurrently.

Output data rate and flexibility. The amount of data produced by the array is a consequence of required
bandwidth, survey speed and sample resolution coupled with cost.
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2.5 AA overall system design

The AAds in the SKA tprevidethemgcsstaeyrechdielsperiprmande to meet the
science goals between their lowest frequency of operation and their high frequency limit. Over the
frequency range 70MHz - ~1400MHz there are two distinct regimes: sky noise limited and relatively low
sky noise; these benefit from a low frequency sparse array or a high frequency dense array respectively.
The outline of the arrays©6 r eiguet2i Abave theehighest rfregaemay e
practical for the AAs the observations will need to be performed by dish based solutions, with some
overlap for continuity and possibly enhanced sensitivity.
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Below approximately 450MHz sky noise starts to increase dramatically and T, becomes dominated by
sky noise, hence having A increasing as o° use of a sparse array is required to maintain the required
sensitivity, although there are inherent issues with sidelobes. Above 450 MHz the sky noise is low and
relatively constant and T is largely determined by the arrayd sechnical performance, making a dense
array the right choice for the highest dynamic range.

2.6 AA architecture

Each AA-hi station consists of ~75,000 dual polarisation elements. Beamforming will require a
hierarchical processing structure to mitigate the computational requirements. An outline design of the AA
system is shown in Figure 3. The design consists of four main blocks:

1. The front-end collectors. Each element of the AA-hi and AA-lo is positioned as part of the array
design and tightly designed with its associated LNA for the lowest noise front-end design. This is

amplified and passedtot he o6Til e processor6 for iinitial beamf

2. Tile processor. The first stage of hierarchical beamforming where ~8x8 dual polarisation elements
for the AA-hi using the most effective mix of RF and digital techniques, to form a number of tile
beams. The bandwidth between the Tile processors and the Station processors will be a key
determinant of the performance of the AAs.

3. Station processors. These bring together the output of all the AA tiles. They form the beams for
transmission to the correlator. The calibration algorithms to form high precision station beams will
be handled primarily by the station processors.

4. The control processors keep the operation of the station coupled to the rest of the SKA. They
also monitor the health of the arrays, detect non-functioning components and adjust the
calibration parameters appropriately.
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2.7 Central Processing

The central processing requirements are very high, for fast survey speeds AAs are the only practical way
of making the processing tractable. The reason is that AAs are effectively very large diameter collectors
with many beams. The processing scales linearly with numbers of beams and quadratically with numbers
of collectors. So, having a small number of large collectors with many beams is advantageous.

The implementation of the central processor needs to support imaging and non-imaging requirements,
illustrated in Figure 4.
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Figure 4: Central processing architectures

The different stages of processing for imaging and non-imaging observations are very similar in
performance requirements thus the same hardware can support all observations. A unified central
processing system provides opportunities for concurrent observations of imaging and non-imaging
science experiments and enables innovative new observing techniques to be used.

2.7.1 Correlator/beamformer i C/B

It is assumed that the correlators are FX type and that the frequency division has already been done by
the station processors or local dish processing.

There are major structural differences between the correlation of the AA signals and the dish signals. For
the AA there are relatively few, ~250, stations each forming very many beams, >1000, with a 16Thb/s link.
Whereas, the dishes are providing one beam from up to 2400 collectors over 80Gb/s links. This implies
that it is cheapest to implement two C/Bs. There are a humber of advantages: all the collectors can be
used concurrently; there is no need for large amounts of switching of raw beam data and mass production
can be used efficiently for the AA C/B.

2.7.1.1 AA correlation/beamforming implementation

The AA correlator lends itself to a highly modular implementation. By splitting the communications into
10Gb/s channels, the AA correlator can then be designed as 200 identical shelves of eight sub-
correlators. The processing rate required per sub-correlator is ~250TMACSs.

An outline physical design is shown in Figure 5. It is constructed as a double-sided shelf in a rack, where
a multiplexed fibre from each of 250 AA stations is connected using sixteen input cards, each with 16
fibre inputs each carrying 8 10Gb/s channels. A 10Gb/s channel from each station is presented to each of
the eight sub-correlators per shelf. The visibilities are routed to the appropriate UV processor. The full AA-
correlator of 200 shelves is a system of ~70 racks.
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2.7.1.2 Dish correlator/beamformer implementation

The dish correlator topology has 2400 collectors each with one beam, so the correlations have to be split
over many narrow frequency bands. The corner turning function is with 8 10Gb/s data switches. The
switch provides a total of 240Gb/s of narrow bandwidth channels to each of the correlator cards.
Assuming the data are presented as 10Gb/s channels then the system can be considered to be eight
identical systems covering the full frequency range. An outline of the dish+AA correlator is shown in
Figure 6. In this layout there are 100 correlator cards per data switch, or 800 correlator cards to cover
4GHz, at 5MHz per card. The performance required for each correlator card is ~230T MACs. This is
conveniently close to the performance requirement of the AA sub-correlator giving the possibility of
combining the designs into one type.

J

Optical beam inputs Correlator [ant
16 cards each: 16inputs of 8x10Gb/s 8 cards each: 256 inputs of 10Gb/s

T youms
180 S/G90T

Visibility Output e
Local optical links
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| ! _D _D O Processors
it
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) ]
Figure 5: AA correlator design Figure 6: Simplified dish correlator
design

2.7.2 UV Processor and data buffer

Imaging processing requires the visibility data to be buffered at the data rate of the correlator output. This
is then followed by a requirement for a lot of largely independent processing on many parallel blades. The
availability of processing capability using multi-core, GPU like, processors and temporary storage is key
to the performance of the central processing system. The UV processor has to support an observation
time >2.4 hours or 8,600 secs and ~20,000 processing cycles per sample with 5 loops per observation or
100,000 operations per sample

The expectation is for a~50Tflop (single precision) processing capability per device in the 2018
timeframe. With an expected utilisation of 50% then each processor supports a data rate of 10Gb/s
assuming 32-bit single precision data. This requires a buffer of 8,600 x 10Gb/s x 2 for a double buffered
arrangement or ~20TB.

The very long baseline observations with many dishes are the most demanding for processing, requiring
an ExaFlop of raw processing capability and the ability to process ~200Tb/s of data from the correlator.
This is a UV processor with 20,000 processing + buffering blades. The power requirements for each
blade must <500W due to dissipation capability of the processors. Hence, the UV processor power is
<10MW.

2.8 Imaging/Analysis processor

The complex algorithms for imaging and time series analysis have to have access to all the data which
has been bulk processed through individual channels by the UV processors. This has to be handled by a
conventional style supercomputer with many intra-processor communication links. It is assumed that this
processor will need to be of order 10PFlops
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2.9 Cost
The total cost of the SKADS-S K A i sO N®\WL Bhere is a full scaling analysis in Section 6.5.

2.10 Power requirements

An estimate of the power requirements for the SKADS-SKA can be made and is shown in Table 11. The
AA power is discussed in detailed in Table 12. It is generally agreed that the SKA must be less than
100MW. As can be seen the SKADS-SKA meets this criteria.

2.11 Technology readiness

Section 0 has a thorough review of the availability of the technologies to implement the SKADS-SKA. The
requirement is for components and sub-systems to meet the performance criteria after 2016 when the

Phase 2 is starting to be built and in many of the cases after 2018. The analysis uses the work within

SKADS and the associated community, plus industry generated roadmaps e.g. for the semiconductors

the globally acknowl edgeRoddmaprhan i 9 a /lieaniysis $hmuwsd ro g §
that it is realistic to project meeting the key technical parameters:

Tsys for AA-hi <40K 50m optical links, pluggable >120Gb/s
Scan angle +45° 50m 120Gb/s link power 2.5W
Analogue system power 100mW per Rx Flash storage module capacity 20TB
>3GS/s 6-bit ADC power <100mw GPU style multi-core processor 50TFlop
DSP processor performance >20TMACs 50TFlop processor power <300W
DSP Power for 20TMAC ~25W Super computer performance 10PFlop
DSP chip comms, 1/O count >128 x 11Gb/s Super computer power 1MW/PFlop
DSP-digitiser integration Possible

2.12 Conclusions

The SKADS-SKA is a realistic design for the SKA which is capable of being implemented in the SKA
timeframe and provides an extremely versatile instrument.
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3 Introduction

It was realized very early on that the very wide frequency range for the SKA is realizable only as a
combination of receiving technologies e.g. with sparse arrays, dense arrays and with dishes. While
sparse narrow-band phased arrays are as old as radio astronomy, the new electronically steered,
widefield multi-octave sparse and dense arrays hold immense scientific potential through their flexibility
and widefield multibeaming capability. However, with this frequency and performance these array
concepts being new are relatively immature technically and scientifically essentially unproven. Radio
observatories, in particular in Europe, became increasingly convinced that a structured and broadly
supported Research and Development programme on phased arrays was necessary to advance the
emerging requirement on wide field astronomy as a key characteristic for the SKA. This requirement was
identified by most of the Key Science Projects mentioned in the SKA Science book (Carilli 2004). Earlier
technical R&D activities planned as exploratory steps of the high performance array concept supported

the feasibility of the approach resultinginfiear | yo techni cal d eawvteel endpomttent s f o

nineties.

A proposal emphasizing aperture arrays for the SKA was therefore submitted to the European
Commi s s i -6 Rd&earchpPogram on behalf of the European SKA Consortium. The focus was on the
dense array concept, noting the need for functional integration, low cost, low power and manufacturability.
In the dense array concept, the distance between neighbouring antenna element is less than half a
wavelength at the maximum frequency, thereby limiting the maximum frequency for practicality and cost
reasons.

The developments and results for low frequency arrays such as LOFAR and MWA act as pathfinders for
the larger and global context of SKA. They provide important information for the Aperture Array approach,
for example, with respect to calibration and processing techniques. Other parallel developments explore
the use of dense focal plane arrays. In Europe activities started through the Radionet EC-FP5 program

AFARADAYO foll owed by thé&PRadndnestubBRIAROE YEGAPERTI

program for the WSRT. Similar developments took place in the US, Canada and for the Australian SKA
Pathfinder, ASKAP. These arrays enlarge the field of view of reflector telescopes as well as providing a
fifield enhancingd candidate techniqgue for t he
Proceedings (Torchinsky 2009) for a recent overview of new phased arrays for radio astronomy in
general.

With this as background, the key objectives of the proposed SKA Design Studies, SKADS, were to:

1 Demonstrate SKA Scientific viability and readiness of dense aperture arrays for frequencies
below 1.4GHz,

1 Demonstrate cost-effective engineering solutions and Technological Readiness and
1 Arrive at a costed SKA design.

Other objectives are to place SKADS into the framework of the SKA planning and engagement models
and to endorse a European SKA activity, involving industries in some key areas to establish a relevant
and distributed R&D environment.

Approved to start in mid-2005 as an EC supported FP6 program, SKADS was planned to last four years.
It involved 26 institutes and industries in 9 European countries with additional participants in the Russian
republ i c, South Africa, Canada and Australia.
supplemented by contributions from national funding.

SKADS was structured to bring together the various aspects of Research & Development across multiple
institutions necessary for optimum results as a series of studies. SKADS focused on concept specific
elements emphasizing the AA station, the configuration, the network and the associated technical costs.
See the SKADS website for references (www.skads-eu.orq).

The huge potential for SKA science return by using phased arrays has fundamental instrumental reasons.
The large field of view availability for large surveys is limited only by the element beam pattern, the
available processing power, communications and associated cost. The extreme flexibility is provided by

SKA.

SKADS
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electronic control and the many digital beams. It is possible to trade FOV with frequency bandwidth using
constant data rates and processing capability to tailor the instrument for specific science experiments.
Using reasonable, projected assumptions for technical performance of e.g. achievable array system
temperatures, costs and maximum frequency, estimated around 1.4GHz; many science key experiments
mostly for the HI universe are best implemented using AAs.

This SKADS White Paper is one of many SKADS deliverables. It describes an SKA system scenario

taking into account SKADS results. It serves as the consolidated, final deliverable i.e. the SKADS overall
system design as wel |l as input to the next pdsignse of
power, (both scientific and technical) performance and cost perspective.
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4 Scientific Requirements

The SKA will play a pivotal role in answering fundamental questions in physics which are currently the
focus of the worldwide physics research community. The key science goals of the SKA fit into this global
effort to focus on several inter-related topics. These include discovering the nature of Dark Energy, the
origin of magnetism in the universe, the limits of the General Theory of Relativity, and the formation of the
first structure, and the first stars in the Universe. The SKA will also answer questions related to the origin
and formation of complex molecules and planetary systems, leading to life on Earth. All these key
science goals are described in detail in the SKA Science Book published in 2004 (Carilli 2004). An
overview is given below.

4.1 The study of baryon acoustic oscillations (BAO)

The 21-cm line of HI can serve as a scale tracer for cosmological studies as well as a probe of galaxy
evolution. A key SKA project is the "Billion Galaxy Survey", which will track the evolution of the HI mass
function (HIMF) over cosmic time and provides a database of galaxies detected in HI emission which will
serve as scale tracers for baryon acoustic oscillations (BAOs) as a probe of dark energy. As an
intrinsically spectroscopic survey and detecting the gas rather than stellar component of galaxies, this
survey should be subject to fewer (or at least different) systematic biases than those of galaxy surveys in
the optical/near-IR. Such a survey needs to probe a volume of 10 Gpc®in order to improve the precision
of the cosmological parameters significantly. To be able to perform the survey in a few years a high
sensitivity coupled with an instantaneous FOV of many tens to hundreds of square degrees is required.

4.2 Galaxy formation and evolution

Below are details of a few specific science cases requiring a large FoV at z=0 HI (1400 MHz). This list is
not complete but clearly high survey speeds are essential.

4.2.1 Imaging the cosmic web in HIi

Current theory shows that galaxies acquire their baryons through gaseous accretion, not through
merging. A simple observational fact is that the slope of the HI mass function shows that most HI in
galaxies, is already in large galaxies; so galaxies cannot grow by accumulating gas from smaller galaxies.
A big puzzle is the connection between the evolution of the gas content and star formation. This is
puzzling because the gas consumption timescales by star formation is short (currently a few times 10° yr,
at z=1 this is about a factor 3-10 shorter). Yet the gas content of galaxies has hardly changed since z=1.
Therefore, galaxies have to accrete gas continuously. Ultra-deep HI imaging of nearby galaxies starts to
show the brightest parts the interface between galaxies and the IGM (e.g. NGC 891) and the accretion of
gas from the IGM. The SKA will allow us to image the extensive gaseous envelopes of galaxies down to
column densities below 10"’ cm? and may reveal how galaxies acquire their gas. This is an essential
aspect of galaxy formation and evolution. A large field of view is required because these HI envelopes
extend over several degrees. This accretion is likely to be a strong function of environment consequently
many objects/environment will have to be imaged requiring a large survey speed.

4.2.2 Searching for the smallest HI objects.

Galaxy formation models predict that there is a lower limit to the size of baryonic condensations from
which stars can form. Understanding this is important not only for the nearby galaxies, but also it is
directly related to what happens when the first galaxies form. The SKA can directly test these models.
The star formation efficiency drops sharply when going to small dark matter (DM) halo masses. The
smallest DM halos may contain baryons but no stars. The baryons could be ionized, but could also be
neutral. Observations of Leo T, one of the smallest galaxies known, shows that 90% of the baryons in Leo
T are in the form of HI and only 10% are locked up in stars. The properties of galaxies smaller than Leo T
will be even more extreme: there could in fact be objects with only gas and no stars. Current telescopes
do not enable observations to go below the mass limit of star formation in galaxies because the cosmic
volume they can survey for these small masses is too small - these objects can currently only be detected
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out to about 1 Mpc. Even the SKA can only detect these objects out to ~10 Mpc. The survey volume
therefore will have to come from observing large areas of the sky because longer integrations will not give
the required volume along the line of sight.

4.3 Searching for ms-pulsars

Sub-microsecond timing of a dense network of fast (ms-) pulsars in order to detect the nanoHz
gravitational wave background is a key science driver for the SKA. The all-sky search for suitable
candidate pulsars for such a timing array is best done at relatively low frequencies (500-1400 MHZz)
because of the steep spectra of pulsars (especially ms pulsars) and the inherent survey speed
advantages of low frequencies. Working largely in the time domain the real challenge for the pulsar
application will probably lie in the search algorithms discerning actual pulsars from interference.

4.4 Transient searches

The large FOV of aperture arrays is a key performance indicator in the search for transients (whether
Cosmological, Extragalactic, Galactic or ET's). However, in addition to the FOV, the extremely short
response time is a second key asset of aperture arrays. Indeed the speed of aperture arrays for locking
onto a new celestial radio source may well be crucial; we may have to react within seconds to external
(e.g. robotic optical telescopes or orbiting satellites) or internal SKA triggers. Only aperture arrays provide
that capability. With dish arrays the technique of sub-arraying will be required to cover large parts of the
sky at any moment. This, however, will carry a significant sensitivity penalty. It is important to note that
this application is almost unexplored parameter space. The real significance of transient science will be
known within 2 years when the LOFAR Transient KSP, aided by Transient Buffer Boards, have started
observations of the 'dynamic' Universe.

4.5 Polarisation studies

The use of radio polarization for the study of cosmic magnetic fields has seen an enormous expansion in
the past decade. It is generally believed that the optimum frequency range for this application lies above 1
GHz, however, this may well not be the case. Our Galaxy is a source of 'polarization confusion' when
trying to measure a dense RM grid using extragalactic sources. We therefore need to image this
foreground in great detail to separate intrinsic, extragalactic foreground and Galactic foreground RM
contributions. This is best done at low frequencies where the surface brightness sensitivity is much better
than at 2 GHz, for example. The Galactic foreground is also a very rich source of information in itself. The
recent re-analysis of the NVSS discrete source polarization properties has been an eye-opener (Taylor et
al, 2009). Obtaining an all-sky RM grid, a key component of the SKA Magnetism driver, requires a large-
sky imaging program. Survey speed is therefore of the utmost importance. Polarimetry and RM synthesis
at low frequencies (at e.g. 500 MHz rather than 1500 MHZz) yields much better accuracy in the RM
(typically by a factor (1500/500)3). A related issue, which will be addressed within the LOFAR Magnetism
KSP team, is whether beam or depth- depolarization within the emitting sources will limit the number of
polarized sources that can be detected and used. If so, this is going to be more of an issue at low
frequencies. This needs to be investigated. Long(ish) baselines may then be needed of a few hundred
km's (recall LOFAR has BL's up to 1000Kms). Settling this 'depolarization’ issue early is therefore
important as part of the SKA design studies.

4.6 AA science opportunity

The purpose of building the SKA is to perform challenging science; aperture arrays provide access to
extended parameter space for radio telescopes which can enable experiments not possible with other
technologies. Table 1 below shows an analysis of the SKA Design Reference Mission, DRM, to highlight
the areas in which AAs will make an important contribution.

The principal areas that AAs have the greatest impact are:

91 Very high survey speed capability
1 Low frequency operation with very large collecting area capability
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1 Multiple beams for expanded FoV, concurrent observations, and minimisation of correlator and

central processing resources

1 High dynamic range capability due to small beams (large diameter collectors), unblocked
aperture and good physical stability

1 Flexibility to observe short time period transients over large areas of the sky, coupled with the
possibility of keeping history information to view precursors to a transient.

Table 2: Aperture arrays based SKA science, derived from the SKA Design Reference Mission

Experiment | DRM KSP Redshift Frequency AIT Survey AA Capability
z Range m’K  Speed
MHz m*K*deg®
Epoch of 8 6-20 70-240 4,000 - Low frequency capability
Reionisation 20,000 Very large collecting
area
Baryonic 12 02 460-1400 >10"®  Very high survey speed
Acoustic Can tailor FoV(f)
Oscillations
HI deep 7 3 350-1400 >10,000 Multiple beams for
field multiple experiments
makes long integrations
practical
HI 11 8 150-1400 ~10° Low frequency capability
Absorption High survey speed
Exploration 14 - all high high Tailor FoV vs. B/W
of the All sky, high time
Unknown resolution
Continuum | 6 ~7 300-3000 20,000 Low frequency capability
Deep field Ability to trade Acq/Tsys
with FoV.
Pulsar 13 - 400-1400 >5,000 Large FoV.
Survey High core filling factor.
Pulsar 13 - 400-3000 >10,000 Many beams for bulk
Timing timing
High capacity long term
timing
Cosmic 4 - 500-1500 Can achieve good
Magnetism polarisation performance

The science experiments to be performed by the SKA are inherently technically challenging and need
technology targeted at meeting the requirements. The AAVP is designing the AAs to meet the survey
specifications agreed with the science community. An illustration of the range of science experiments that
fall within the AAs frequency range and maximum practical baseline is shown in Figure 8. As can be seen
AAs cover a substantial number of major experiments.
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5 Producing an SKA specification

The science goals summarised in the last section cover various topics, but have in common the desire to
understand fundamental aspects of physics and the nature of the universe. As a result, the required
observations are necessarily global in nature, one must observe as much of the universe as possible.
The result is a requirement to conduct large scale surveys.

Surveys serve two main functions. In one case, the statistics of the survey itself is the primary interest.
This is the case, for example, with the Baryonic Acoustic Oscillations experiment, and the all-sky rotation-
measure survey. Inthe second case, the survey serves as a tool to discover extreme objects. This is the
case for the pulsar survey looking for exotic binary systems to test theories of gravity, or looking for
isolated pulsars to use in the Pulsar Timing Array, as is the search for new classes of transient sources.
The science projects for the SKA are presented in the DRM where they are analysed in detail, producing
their requirements for survey speed, which is based on completing the survey in a reasonable time.

Surveys with the goal of discovering new objects often require follow-up observations of the newly
discovered objects. Such observations may demand more refined observations e.g. high angular
resolution, pushing out the SKA baseline length requirement; high polarisation purity; exquisite time
resolution etc. as well as significant time on the instrument.

There are many competing technical requirements for the SKA from the different science cases; resolving
the engineering, cost and power pressures requires an analytical approach which is discussed below.

5.1 System design process

The starting point for the design of the SKA comes from the desired science experiments. These have
been discussed and considered over some years and are now encapsulated in an evolving Design
Reference Mission, DRM, produced internationally. The version of the DRM analysed in this paper is 0.4.
An outline approach for determining an optimal design for the SKA is shown in Figure 7.

Key
Science

Experiments

Physical Instrument Potential Modelling:
Parameters: f——N] Technical Designs: g-
— | Specification: ;
_ A Variants
A Flux density A Sensitivity > A Collector type | A Performance
A Area of sky A Survey speed A Frequency A Cost
A Polarisation A Configuration range /1 A Power
A Dynamic range A Stability A Data rates N\ —| A Risk
A etc A etc A etc
\ y \ J J

N

Operational
Constraints:

A Time allocation
A Storage

A Power

A Operations

budget y

Figure 7: Structured approach to developing an SKA design
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The target requirements are derived from the science experiments agreed internationally which are
translated into the physical parameters to measure or scan e.g. flux, polarisation, sky area etc. By
considering the operational requirements for observation time, power and scheduling the ability to make
these observations is formed into a technical requirements specification. At this stage it may be clear that
some of the specifications are unattainable, whereupon the science experiment or operational
requirements need to be re-examined and a revised technical specification produced.

After producing a realistic technical specification, putative SKA implementations can be proposed. It
should be kept in mind at this stage that while the science specified by the DRM is key, flexibility is a vital
characteristic of the SKA, provided the costs incurred are not prohibitive. At this stage, a proposed
desi gnds p eanfbe tested mgaiest each of the various experiments and the cost can be
estimated using the cost tool discussed in 8.1 SKACost: the SKA Design and Costing tool. This process
is liable to highlight cost issues and performance limitations that may restrict some experiments. A
combination of re-evaluating the affected experiments, prioritising experiments or reviewing the
operational model will need to be undertaken and the process repeated. There will need to be
considerations for the experiments in losing desired parameter space due to a mixture of lower sensitivity,
restricted frequency range or resolution from shorter baselines etc. This will provide an effective means of
comparing different implementations of the SKA.

Of course, the process also has to consider the detailed performance of a range of parameters, risks,
timeline, power requirements, upgradeability etc associated with the possible solutions evaluated. By
discussion, the most appropriate implementation can be developed.

I'n this paper a proposed SKADS i mpSkKAme,nttahii sodiosesc qpmr skis
a viable solution to maximise the science output for the cost and risk.

5.2 SKA Specifications from the DRM

The underlying scientific experiments for the SKA are laid out in the DRM. The requirements for each
experiment are considered in terms of fundamental physical parameters: flux, frequency, area of sky to
cover, polarisation etc. By applying reasonable operational constraints, the ideal technical performance of
the SKA can be derived for each experiment. This is an ongoing task as the science and operational
aspects become more clearly understood. A summary of the principal DRM requirements is shown in
Figure 8. The experiments are not currently prioritised, however, that process will need to be undertaken
to develop the optimal SKA.

There are some immediate observations that may be made at this stage:
1. The major surveys are almost entirely conducted below 1.4GHz, the rest HI line.
2. Only AGN experiments require baselines above 500km, specifying 3000km.

3. The specification of 10,000 m2K™ for many of the experiments does not appear to be a calculated
requirement.

4. Some of the experiments will yield progressive improvements for the science output with
increasing sensitivity, resolution or survey speed e.g. continuum observations; pulsar timing.
These experiments may be viable with reduced sensitivity.

5. The transient search and exploration of the unknown is assumed to use as much parameter
space as is provided by the key science experiments. The scaling over current instruments is
high, so there is very likely to be significant science that can be performed.
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Figure 8: Graphical requirements analysis of the Design Reference Mission, DRM ver0.4.
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The SKA fACommon Fr ame Wwigurek9pdescribds Ithe principaltparametéraof all the
collector types: AA-lo, AA-hi, dishes fitted with FPAs and dishes fitted with single pixel feeds. These can
be implemented in alternative scenarios and analysed for relative cost, performance and risk. The
parameters being considered are:

1 Low frequency operation
1 High frequency operation
1 Maximum baseline
1 Sensitivity
1T Each collectords own parameters e.g. diameter, co
TOMHz 300MHz TO0MHz 2GHz 10GH=z
10km
PAF
Arrays

Sparse Dense
Aperture ‘ Aperture
Arrays Amrays

& &
180km ‘ ‘ 0 WBSPF

3000+km ‘
‘ = potentiometer

Figure 9: lllustration of the SKA Common Framework.

This restricted set of parameters is still a very large parameter space to examine, which is part of the
SPDO6s remit within PrepSKA. This analysis 8ail/] mak e

Here we consider an implementation consisting of just AAs and dishes fitted with single pixel feeds,
similar to the AA scenario in SKA Memo 100.

5.3 AA and Dish+SPF implementation

The i mplementation being analysed here is based on
Benchmark Scenario Design and Costing i 2 o(Bolton 2009), shown in Table 3. There are further
considerations, derived from the further work done in SKADS and the clarifying of the science
requirements in the DRM.

The outline of the system is shown in Table 3, and consists of low and high frequency AAs and an array
of 15m diameter dishes. The dish diameter is not calculated, but taken from Memo 100 (Schilizzi 2007).
In this paper the details of frequency range and sensitivities will be reconsidered from Memo 111, and will
be used as a basis for the following discussion.
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Table 3: SKA scenario from SKA Memo 111, Design and Costing - 2

Freq. Range Collector Sensitivity Number / size Distribution

70 MHz to Aperture array 4,000 m’/K at 250 arrays, 66% within core 5 km

450 MHz (AA-lo) 100 MHz Diameter 180 m diameter, rest along 5
2 spiral arms out to

300 MHz to Aperture array 10,000 m/K at 250 arrays, 180 km radius

1.0 GHz (AA-hi) 800 MHz Diameter 56 m

700 MHz to Dishes with 10,000 m%K at 2,400 dishes 50% within core 5 km

10 GHz single pixel feed 1GHz Diameter 15 m diameter, 25%

between the core and
180 km, 25% between
180 km and 3,000 km
radius.

The overall structure of the SKA system is shown in Figure 10 and includes the collector systems on the
left, communications and control network in the centre and correlation and processing on the right. These
subsystems are considered in some detail in this paper.

0.4-1.4 GHz
Wide FoV

70-450 MHz
Wide FoV

1.2-10 GHz
WB-Single
Pixel feeds

15m Dishes

- = —— i ——— — — — — — — — — — — ——

To 1200 Dishes

|
! \
Tile & : To 250 AA Stations Central Processing Facility - CPF |
Station | |
Processing : L I p :
| 16 Tbis o) Mass Storage :
3 $355  &aa |
QD e
I 5 |
Optical | = |
Data | . |
links | ; |
} |
: S Post Processor |
I lw) |
I - 0 |
I- = |
| |
| |
LTI HAy
| |
1 Control Processors |
J : & User interface :
. | |
! Tima :
| Sjiznielzirel |
A |
V ‘ N e e e e e e e = = ——— S e <

User interface
via Internet

Figure 10: SKADS-SKA implementation using AAs and single pixel feeds on dishes.

In the light of the science experiment requirements shown in Figure 8 the SKA design in Table 3 has
been reconsidered to match to the strengths of the collector technologies. This would suggest a natural
crossover in collector technology at 1.4 GHz with a reduction in sensitivity/survey performance close to
the top frequency of the AA, which will happen naturally if the array becomes sparse at a frequency below
the top frequency:

1. If aperture arrays can be economically implemented up to 1.4 GHz then this technology would be
best placed to cover the majority of high speed survey requirements for the SKA. Also for the bulk
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timing of newly discovered pulsars operating to 1.4GHz makes the AA appropriate for forming
many beams to time pulsars with good precision concurrently.

If wideband feeds can be made to operate efficiently, then a relatively straightforward dish design
operating from ~1.2GHz to 10GHz with a single feed could be implemented. The fallback is the
use of multiple narrower band feeds with a changeover mechanism.

The experiments which require longer baselines and higher frequencies do not require
sensitivities above 5,000 m’K™*, there may be a case for pulsar timing with a higher sensitivity
between 2-3 GHz with baselines as short as possible, this could be accomplished with a relatively
narrow band, efficient feed using as close packing as is practical T reducing communication
costs.

There needs to be substantial debate on the merits of very long baselines up to 3000km. In this
implementation we will limit the baselines to 500km, which will compromise the AGN experiments
described in the DRM chapter 2.

Taking the comments above to prepare a revised implementation specification the result is shown in
Table 4; which has:

1.

Raised the top frequency of the AAs to 1.4 GHz to match most survey requirements, albeit with
sensitivity reducing from ~1.0 GHz.

Raised the bottom frequency of the WBSPF to 1.2 GHz to make implementation more
straightforward and costs lower due to reduced size.

Reduced the sensitivity of the array between 1.4 GHz and 10GHz to 5000 m?/K which matches
the science requirements at reduced costs.

To test how closely this matches the science experiments an overlay of the array performance on the
requirements is shown in Figure 11. As can be seen this represents a reasonably close match to the
DRM requirements.

Table 4. Proposed SKADS-SKA implementation

Freq. Range | Collector Sensitivity Number / size Distribution
70 MHz to Aperture array 4,000 m?/K at 250 arrays, 66% within core 5 km
450 MHz (AA-lo) 100 MHz Diameter 180 m diameter, rest along 5
2 spiral arms out to
400 MHz to Apertl_Jre array 10,000 m“/K at 250 arrays, 180 km radius
1.4 GHz (AA-hi) 800 MHz Diameter 56 m
1.2 GHz to Dishes with wide- | 5,000 m?/K at 1,200 dishes 50% within core 5 km
10 GHz band single pixel | 1.4 GHz Diameter 15 m diameter, 25%
feed between the core and
(SD-WBSPF) 180 km, 25% between
180 km and 3,000 km
radius.
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Figure 11: SKADS-SKA performance overlaid onto the DRM requirements
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The SKADS-SKA implementation represents the best performance compromise that brings the SKA
construction within the published budget. There are clearly some science experiments that are affected
by the reduction in high frequency sensitivity and the shorter maximum baselines. Many experiments will
either take longer or have results that are not as precise as may be desired. These factors will all need to
be discussed within the community to establish the priority of the experiments and the financial value that
is put on them. Clearly, each individual experiment could be accommodated by building out the SKA to
cover their requirements at an incremental cost. For example:

1 Increased sensitivity >1.4GHz. The main impact will be for high precision timing of pulsars for
the detection of gravity waves. Also, continuum measurements have specified more sensitivity at
these frequencies.

1 Baselines to 3000km. These are expensive in terms of the communication and processing
costs. They can also be added as a long term upgrade. However, the AGN experiments may be
difficult without these baselines. There may be a VLBI solution.

1 Increased sensitivity <400MHz. This is specified by the EoR experiment. This would require
2.5x more collecting area for the sparse AAs covering some 16km? total.

5.4 SKA central processing: Imaging

The general SKA layout shown in Figure 10 has three principal areas:
1 Collector technologies: AAs and dishes forming beams on the sky for observations
1 Communication links carrying the beam information to the correlator

1 Central processing facility that forms the beams into images or other useful data sets for scientific
investigation

In this paper the collector technology being considered in detail is AAs, the communication network while
extensive is relatively uncomplicated; however, the implementation of the central processing has a
profound influence on the architecture, cost and capability of the SKA. The ability to efficiently process the
data from the collectors is central to the SKA performance and was the subject of substantial investigation
within SKADS.

The imaging central processing requirements are not homogenous and can be broken into several stages
each of which benefits from using the appropriate technology. The overall structure of the central
processing is shown in Figure 12, the nature of the data and functions are discussed below with the
rationale for the processing.

5.4.1 Incoming Beam information

The incoming data from the AAs and dishes will be formed as beams. This is essential for the dishes,
since that is the function of the reflecting surface; in principle the AAs could produce data in alternative
formats. In this description it is assumed that everything is beam data.

The amount of data is directly related to the sensitivity of the SKA (for a given Tsys); bandwidth; field of
view (FoV) and number of bits per sample. Since the aperture arrays have a very large FoV their total
data rate is large, ~4Pb/s. The dishes while numerous have a smaller FoV and have a total data rate of
~200Th/s.
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Figure 12: General structure of the processing chain at the central processing facility

5.4.2 Correlator input data rate

All observing modes use full polarization with data sampled at a specified number of bits and at the
Nyquist rate for the required bandwidth.

Assuming the signal is Nyquisvt sampled, the data rate, "Q, from each collector depends upon number of
polarisations, 0,; bandwidth, ¥'Q number of bits per sample, U gq; and number of beams, 04 and is given
by:

Q= Zﬁhyﬁ)ggﬁﬁg, = 4Y' B a0
The data rate for a dish with a single pixel feed is 64 Gb/s for the maximum 4 GHz bandwidth and
assuming two polarisations with 4 bits per sample. The total input data rate is:

@ = €£.£"Q000M Q= Q.
For a dish with a single pixel feed 0= 1. For aperture arrays, U is the average number of beams over
the bandwidth given by:

o1 Qi s me

Ug = oo_Q‘Qum qj‘QS‘b QQQ
If necessary, dishes can be grouped into stations and beamformed within the station. The maximum
number of independent beams that can be produced for an AA or station of dishes is equal to the number
of independent collecting elements. For a station of dishes this is the number of dishes in the station at
all frequencies. At and above the frequency for which the AAs are Nyquist sampled this is equal to the
number of elements in the AA. At lower frequencies the number decreases as | 2,

For the AA, the number of elements is so large (>65,000 in an AA-hi station) that the number of beams
formed by the AA beam-forming processor is very much less than the limiting case. The specification
anticipated for the survey speed requires 250 square degrees across the band, which defines the AA
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station data rate. Once this data rate is defined, the station processor at the AA has the flexibility to re-
use this data bandwidth in any way giving an arbitrary &€ ;("Q, chosen in this case to maintain a constant
FoV. This specification gives a total data rate of 14Tb/s and an average 0 g~1200.

The AA-hi and AA-lo stations share bandwidth into the correlator, in practice the core stations have
separate communications channels, these will need to be configured carefully entering the correlator.

Table 5: Summary of data rates into the correlator

N Nb G, Gin
AA stations 250 1200 14 Thbis 3,500 Th/s
Dishes + SPF 1920 1 64 Gb/s 122 Th/s
12-dish stations 40 1 64 Gb/s 2.5Th/s

5.4.3 Correlator processing requirements

For a detailed discussion on the correlator processing see SKADS deliverable DS3-T2.1b. If it is assumed
that the correlator is supporting two polarisations with both cross-polarisation products and the auto
correlations then the processing load is given by:

0 0+1 o
> YQ

O i = 4
The operations are complex MACs over a bandwidth B. Considered in terms of the data rate per collector,
arbitrarily trading bandwidth and number of beams, then the load becomes for 2 polarisations:

q
20 5o

l:jér‘]gz'i:l,j 0+1

5.4.4 Correlator output data rate

The output data rate from the correlator, Go, determines the amount of data which must be processed
post-correlator and together with the complexity of these calculations determines both the computational
and financial cost of the post-correlator system.

The output rate from the correlator depends on the configuration of the telescope and the astronomical
experiment being performed. The configuration for the SKA is currently being developed PrepSKA. The
expected configuration consists of a core of 5 km diameter, outside of which the distribution of collecting
area is distributed logarithmically with distance from the core. While the precise configuration of
collecting area within the core is still to be determined, it will not affect this data rate significantly. It is
assumed that the aperture arrays are distributed out to a maximum baseline of 180 km, with dishes out to
further, possibly to 3000 km. The distribution of baseline lengths is crucial to Ggy.

Itis likely that dishes are grouped into stations on the longer baselines so that these dish-stations may be
beam-formed into an effective single antenna of diameter equal to that of the station, with the option of
producing multiple beams per dish-station.

Samples from the correlator are time-accumulated compared to the input data. The integration, or dump
time, for samples from the correlator are set by the requirement that the fringes from sources at the edge
of the field of view are properly sampled. Even in continuum experiments, the output data must have a
frequency resolution very much smaller than the full bandwidth in order to reduce the effects of bandwidth
smearing away from the field centre. The accepted standard requirements on integration time and
frequency resolution for an interferometer with maximum baseline & and collector diameter O are:

10 « O (0]

?— (.Q)g =~ 1200 g
1"Q_ . O _ 10
o 95T T 06
For 0 identical collectors, the correlator output data rate for an experiment in which baselines are output
to a baseline length 6 is then given by:
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Qu = W) L6 2620,19%,
Qoo QO)ZU UqU% 5 .‘QZUU

Where "(0) is the fraction of baselines less than 6 and 0, is the word length from the correlator.

Applying the continuum constraint on the channel width and integration time for a baseline 6 gives:

o o on wow 1 Q8 2

The ratio of correlator input to output data rates, "Ois:
" Qod _ meqrmy O 21 Gy Oy
G o) 0 Q260 Ga
Note the input and output data rates scale linearly with the number of beams, 0,
Inserting typical values gives:

6 2 o 2 mq 1

0= 009"®0) 36 Tom  Tom GHz
With existing interferometers the correlation stage has always brought a substantial reduction in the data
rate from input to output. For the SKA this will not be the case for many experiments and furthermore the
imaging requirement for the channel width will in very many experiments exceed the scientific
requirements for spectral resolution in spectral-line imaging.

To illustrate these results: the dish configurations in SKA Memo 100 with observations at 1 GHz, the
output data rate from the correlator exceeds the input rate for baselines longer than 32 - 40 km. Whereas
"Ois always less than unity for the aperture arrays assuming a longest baseline of ~180 km.

Simply put, this is due to the large number of small diameter dishes compared to a relatively small
number of large AAs, both having roughly equivalent collecting area.

The expressions just considered for the output data rate assume the same integration time and channel
width for all samples as is usually implemented. An obvious data reduction technique is to use an
integration time and channel width which is baseline dependent. In this case the output data rate from
the correlator is then given by:

o~ mom wmon 1 @Q 62 85, s B

Qéb_ V] UUUhU("‘)(X)b_(IyQTQ o »0 E W 3
By using baseline dependent integration times and channel widths the data rates from the correlator are
reduced to between 1/3 and approximately 0.06. Taking this into account this increases the baseline at
which the data rate from the correlator equals the data rate into the correlator by about a factor of 4, to
~130km.

A summary of data rates out of the correlator using baseline dependant integrations and channel widths
plus associated FoVs for some selected experimental parameters are shown in Table 6.
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Table 6: Illustration of data rates out of the correlator

Experiment 3000 Dishes + SPF 250 AA stations
Description Bimax of fmax Achieved Data rate Achieved Data rate
(km) (MHz) | (MH2) Fov' (Tbls) Fov! (Tbls)

Survey: High surface 5 700 1400 0.78 0.055 108 0.03
brightness continuum
Survey: Nearby HI high 5 700 1400 0.78 1.0 108 2.6
res. 32000 channels
Survey: Medium spectral 30 700 1400 0.78 1.2 108 54
resolution; resolved imaging
(8000)
Survey: Medium resolution 180 700 1400 0.78 331 108 14.1
continuum
Pointed: Medium resolution 180 700 1400 0.78 33.1 0.78 0.15
continuum deep observation
High resolution with station 1000 2000 8000 0.0015 334
beam forming®
High resolution with station 1000 2000 8000 0.0015 429
beam forming®
Highest resolution for deep 3000 4000 10000 0.001 391
imaging?
Notes:

1. 3000 dishes would be for a dish only solution. There will only be 1200-2400 dishes when using AA-hi

2. Achieved FoV is at fmax and has units of degrees squared. For the AA the data rate assumes constant FoV
across the band.

3. Assuming that for the dynamic range the FoV of the station only has to be imaged

4. Assuming that for the dynamic range the FoV of the dish must be imaged

5.4.4.1 Post correlator data rate scaling

The data rates from the correlator are a key driver for the cost and power requirements of the post-
correlation processing. The strong inverse scaling with collector diameter (at fixed total collecting area or
survey speed) is apparent in these results.

Taking the post correlator data rate equation:

Qo = 0203620592 07 Op g @
QOO - v ¥n (A)(Ab(l)‘g " o >0 5

For a fixed configuration:

6 2

Q. 8 020~ =
Qoo @ U Vg o

For a fixed sensitivity, Ac/Tsys, at constant Tes; the number of collectors and number of beams required
for a fixed survey speed, V\/D(Aeff/Tsys)z, scales as:

68 0? & 050 O
Hence, for survey experiments, the data rate scaling is:
2
Qe ® (022 £ ¢ 04
For pointed observations, using only one beam, then the scaling is even more severe, with "Qg; & 'O 6.

These are clearly important considerations and have a major impact on the post processing costs.
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5.4.5 Processing requirements

A detailed discussion of different algorithmic approaches to imaging the data is beyond the scope of this
paper. However there are a number of properties of current algorithms which have important implications
for the data flow. All approaches require both an imaging and deconvolution step. The basic procedure
is an evolution of the Clark algorithm (Clark 1980) and is described in e.g. Cornwell et al. (2008), or
Bhatnagar et al. (2008). The model is illustrated in Figure 13 and operates as follows:

1. Aninitial sky model is defined either as a blank sky model or taken from a global sky model, Im.

2. Model visibilities are computed from the sky model as V" = A I™ where A is the observation
matrix and represents the process of going from sky to UV data including instrumental errors.

Residual visibilities are calculated as VR = Vi V" and a residual image as I = AT (Vi V7

4. Minor loop: A deconvolution on IR is performed using e.g. CLEAN or multi-resolution clean or
MEM. Leading to an updated sky model

Major loop: Assess current accuracy and if necessary Goto 2
Update calibration model, and assess accuracy if required Goto 2

7. Output astronomical data

Subtractcurrent sky
modelfrom visibilities
using currentcalibration

model h
\:

Grid UV data to form e.g.
W-projection UV data store

1 UV processors

Major cycle

p
Image gridded data
(& \L J
4 K 2\
Deconvolveimaged data Update
(minorcycle) currentsky
L ) model
4 J/ N\
Astronomical Solve fortelescopeand Update
quality data image-plane calibration calibration
\_model ) model

Imaging processors

Figure 13: Outline processing model

Different algorithms differ in the accuracy with which steps 2 and 3 in particular are performed, the main
issues being how to deal with the non-planarity of the sky and the treatment of direction dependent
calibration effects. In the simplest traditional case A and AT are simply a Fourier-like kernel with
telescope-dependent gains and therefore fast algorithms make use of the FFT which requires the data to
be gridded. This process of gridding/degridding dominates the operation count, certainly for wide-field
imaging. There are some key points:

1 Many of the operations act on the original UV data, these data must therefore be buffered during
the algorithm if greatest accuracy is to be maintained.

1 The largest operation cost is local to individual UV data, therefore the basic algorithm can be
distributed over a large humber of processors i the UV processors in Figure 12 i and provided
the UV data are properly ordered onto these processors (e.g. so that contiguous regions of uvw-
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space sit on a given processor) then the processing will scale linearly with the number of UV
processor units.

There has been no attempt in SKADS to calculate directly the operations count needed in the UV-
processor. Instead we use the values given by Cornwell (2006) of approximately No, ~ 20,000 operations
per UV sample per calibration cycle. This number is in fact not too critical in determining the overall
requirements of the UV processor and in particular the costs, which are likely to be dominated by the
costs of the data buffer. If we assume a maximum length of observation over which data needs to be
buffered, T, then the total amount of data that needs to be buffered is 2 Tqps Gou the factor of two is
due to buffering an incoming observation while processing the current observation. The total number of
operations that need to be performed on a data sample is therefore Ng, Nigop Where Nigqp is the number of
calibration loops required to reach the required dynamic range. If we further assume that for the highest-
dynamic range observations it will be necessary to buffer data so that the UV-plane is nearly fully
sampled, then the maximum value of T,,s will be of order 12 hours divided by the number of evenly
spaced arms in the configuration, expected to be 5, giving a Tops ~ 2.4 hrs ~ 8600s, longer baselines are
unlikely to be symmetrical with fewer baselines and may well require longer observations.

5.4.6 Intermediate and final data products

At present the output data product of an interferometer is usually un-calibrated UV, visibility, data.
Consider the required size of an image for a given experiment. If we have a wide-field (survey-type)
experiment, then the resolution is ~ | /B and the field of view ~ | /D, hence the size of each dimension in
the image-space domain is ~ a B / D where a is a number of order a few which determines the over-
sampling. The resulting fiimaged is then of size:

WFOad 6] 0)20¢
where we have assumed that each beam is non-overlapping on the sky, and 0 is the required number
of channels in a 3" dimension and will be the product of the number of Stokes parameters, frequency
channels and other parameters (e.g. Faraday depth) required in the final data product. This will result
from each observation of length T,,s. Comparison to the expression for the data rate from the correlator
shows that the ratio of data in the astronomical data product compared to the UV data used in its
production is:

~ 006"y 0206 $2L LT

0.06 Yz U“Q0 0 oot B i

The factor of 0.06 comes from assuming baseline-dependent integration times and channel widths.
Inserting numerical values, approximating the factional bandwidth to be 50%, taking an oversampling of
4, and assuming a typical value of 50% for the faction of baselines used in an experiment we get:

1

i 6 2 bgo

=210 T Tooo 32000

It can be seen that going from UV to image-plane data represents in all cases a very significant reduction

in data volume. Final imaging data products from the SKA are very unlikely to be anything other than

astronomical data products. Furthermore, even allowing for faceting-based algorithms in the imaging

process, there is also a very significant reduction in data volume to the intermediate image products used
in the imaging algorithm discussed in section 5.4.5.

5.5 SKA central processing: Non-imaging

The SKA non-imaging science covers pulsar search and timing, plus transient searches. These are time

based experiments and largely require high time resolution beam data. The requirements of the pulsar

science is highly developed and understood. Transient searc hes and more generally @l
Unknowno requirements are much | ess well defined an
processing algorithms at the central processing facility.
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5.5.1 Pulsar search

An analysis of pulsar search process has been done in SKADS' which considers the data rates and
processing speed required to perform on-line searches for pulsars. The outline of the processing structure
for a pulsar search is shown in Figure 14. The following considers the practicality of a useful pulsar
search using the central AAs within a 1km diameter core.

The stages in a typical pulsar search are:

1. Beam(s) from the individual col |l betams® ampe tme d mfeo
the collector.

2. The SKA-beams are split into sufficiently narrow frequency channels, N, to make dispersion
smearing at the sample rate negligible.

3. Each frequency channel is integrated and sampled at Tsamp. The sample rate needs to be fast
enough to detect the fastest pulse but slow enough to make the pulsar search processing
reasonable. Typically Tsamp is ~100eS.

4. The SKA-beams are de-dispersed at intervals close enough to limit maximum dispersion
smearing to be negligible.

5. All the frequency channels for a particular series are summed for each dispersion measure.

Every de-dispersed time series is re-sampled for a range of different accelerations of possible
binary pulsars at different phases of an orbit. The spacing between acceleration searches needs
to be small enough such that there is little sensitivity loss for any linear acceleration.

7. The frequency spectrum for each of the resulting de-dispersed and acceleration corrected time
series from every beam is formed by an FFT. This is to separate out individual pulsar frequencies
and their harmonics.

8. The spectra are analysed to identify the pulsars in the beam through a process of finding all the
peaks in each spectrum and summing appropriately with harmonics. Each possible pulsar needs
to be checked that it:

a. is not already a known pulsar either at the fundamental frequency or a harmonic;
b. is not interference through RFI or other sources;
c. meet criteria that are likely to identify a pulsar.

9. Potential pulsars are evaluated, either automatically or manually or by a combination, and re-
observed for confirmation.

10. Confirmed pulsars are put into a timing observation plan.
It can be seen that the pulsar analysis is entirely separate on a beam by beam basis, so is ideal for
independent processing chains.
5.5.1.1 Beamforming
The processing load for beamforming is given by:
Oen an= @ Oneay Baia

Where, F.is the fraction of collectors used at the centre of the SKA; N is the total number of collectors i
AA, dish or a combination; Ny is number of polarisations; bandwidth of and number of SKA-beams Nyga.

The number of beams formed determines the instantaneous field of view given the frequency. Due to the
SKA-beam size being a function of the distance across the core size being used only collectors within
~1km are expected to be part of the search due to the number of beams required for a reasonable search
speed. For example, at 1GHz the size of an SKA-beam using a 1km diameter core area is ~ 0.017° hence
to covera 3 deg2 FoV requires ~10,000 SKA-beams.

! SKADS deliverable DS2-T1.6
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Assuming a bandwidth of 700MHz and 125 of the 250 AAs within 1km, the number of operations for
beamforming 3 deg2 is ~1.75x10" complex MACs. This is slightly less than the correlation load for the
same FoV and the same number of collectors.

The beamformer integrates each frequency channel for Tsmp. The data rate after beamforming and
integration is given by:

. . 1 wQ |
Qi = Odia m— =P el
cd n
Where N, is the number of bits per sample.
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Figure 14: Pulsar search central processing structure

The data rate from the AA beamformer using 10,000 beams, 100eS sampling of 8-bits, 2048 channels,
and 2 polarisations is of the order 3 Tb/s. This is a very similar data rate as some of the imaging
experiments using AAs, see Table 6. Each of these SKA-beams has a data rate of 330Mb/s.

It can be seen that the beamforming and integration function is very similar to the correlator function in
the imaging processing: it uses the full data rate of the collectors, the beamforming is simple, integer and
uses complex MACs to perform and the data are integrated into samples, albeit much faster than required
for imaging.
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5.5.1.2 Buffering, de-dispersion, retiming and spectral conversion

The SKA-beams need to be buffered in channelized form for the length of an observation in order to de-
disperse at various dispersion measures and to resample for alternative accelerations. A typical search
observation time T,ps Would be ~30mins long with the number of samples accumulating to a 2" value for
optimising the subsequent FFTs. The buffer size for an observation is given by:

_ Vs 99

O g i = = — O
{ ax nAQ \l(unr]] Qnsu

A single SKA-beam for 2** samples (28 minutes with 100e S sample time) and 2048 channels is ~70GB
assuming 8-bit samples. This should be halved by summing the polarisations, typical for a pulsar
search. The data will be double buffered such that one buffer is filling while the other is being processed.

The subsequent processing is dominated by the spectral conversion FFTs. For each observation the
number of FFTs required is the product of the number of trial DMs, Npy and trial acceleration searches,
Nace. Hence, an estimate of the processing operations required is:

Ueq it = Uop Ui X S0igun 1092 Vigay

Using the typical values in deliverable DS2-T1.6 where N, is 100 and Npy of 100 for a 1677 second
observation requires ~10Toperations to perform. If this is increased by a factor of two to cover all the
other overheads including de-dispersion and re-sampling, then to continually process incoming beams
through to spectra is 20T operations in ~2000 secs. This is a processing performance of 20Gops. The
total for 10,000 beams is ~200Tops. This is clearly well within the capability of the UV processor used
for imaging.

The creation data rate of spectra for analysis processing with N, bits per sample, which will be 32-bit
for single precision floating point, is given by:

_ Vo VggVio

L Yo

So, for the survey discussed, this would be 3.2Gb/s per beam. This is significantly higher than the
incoming data rate from the beams, so is not practical to move off the local processor at this stage.

The division of the pulsar search and identification between the very fast, but relatively hard to
programme UV processor and the more conventional and widely connected analysis processor is a
subject of study in PrepSKA.
5.5.1.3 Pulsar search and analysis
The search for potential pulsars includes processing for:

1. Scanning through the spectra to identify the maximum signals

2. ldentifying harmonic relationships and performing harmonic summing
3. List the strongest signals in each spectrum
4

Compare spectra from the same beam for maximum signals as a function of DM and
acceleration

o

Identify signals that are already known pulsars and eliminate them from the search

6. Produce optimised profiles in time, DM, acceleration, and precise beam direction; probably in
the time domain

7. Reject similar signals which are detected in too many beams as probably being interference

8. Identify remaining profiles which meet most of the pulsar signal criteria and send for catalogue
for verification, ether manually or through re-observation
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It is clear that the analysing of spectra for harmonic relationships and the initial search for signals
maxima over frequency, DM and acceleration should be performed on the UV processor. ldentifying and
sending profiles and the necessary data to the analysis processor for comparison with adjacent beams
and final verification.

Automatically identifying new pulsars from data is notoriously difficult and liable to miss exotic new
objects; however, with the volume of data to be produced it will be necessary to automate at least to
some level to reduce the volume of candidates. There is considerable work ongoing with, for example,
neural networks which are ideally suited to running on regular super-computer as illustrated here.

The details of the pulsar identification are beyond the scope of this paper and subject to work in the
PrepSKA era.

5.5.2 Pulsar timing

Pulsar timing is less intense on resources than the pulsar search work, but still has critical features for
the central processing. Pulsar timing has several categories:

1. Bulk timing of newly discovered pulsars, to determine the essential parameters
2. Ongoing timing of pulsars selected for more detailed study

3. Very precise timing of a limited number of millisecond pulsars to test theories of gravity, detect
gravitational waves etc.

4. Semi-continuous monitoring of some selected pulsars.

Timing uses far fewer beams than the survey, eventually one per pulsar timing observation, so much
more of the SKA can be used to form SKA-beams onto the object. This will increase the signal to noise
ratio, enable shorter timing observations and improve timing precision. Timing observations use both
polarisations independently, unlike search which can sum the two polarisations for efficiency.

Considering the different requirement in more detail:

5.5.2.1 Bulk timing newly discovered pulsars

For this work there are likely to be many new pulsars which require a fairly intense timing programme to
determine their basic parameters with any precision e.g. period, period derivative and position. The lack
of a precise position, it will initially be as good as the size of the discovery beam, makes the immediate
timing more challenging since using very small beams derived from a large percentage of the SKA
collecting area using longer baselines than 1km may actually miss the pulsar! It will therefore be
necessary clusters of beams around the pulsar to find a more precise position.

The use of the AA-hi array, particularly operating up to 1.4GHz, makes the very good use of the multi-
beaming capabilities of the AA. The AAs can form many independent beams, which will have some
constraints due to the data rates between the Tile processors and station processors which may
restricted the number of areas of the sky. However, the AA can form up to 14Th/s of data per station
which equates to 1200 completely independent beams, derived in section 5.4.2.

The beamforming requirements are the same as in pulsar search:
Oer so= @ 0nea D

In this case the system will use all of the AAs. However, the number of beams to form can be
substantially fewer. The beamforming processing capability is therefore already covered.

The processing requirements for analysing the data are relatively trivial. It involves folding the timeseries
at the known pulsar period and improving the timing model. The main challenge will be to automate the
timing solution to handle the volume of new pulsars.
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5.5.2.2 Ongoing timing of pulsars

After the timing solution for new pulsars is found it is anticipated that a subset will be selected for long
term study. For most pulsars the timing precision required is not difficult to achieve and can be satisfied
with timing using the AAs. This work can be integrated with the timing of new pulsars. The number of
observations required falls after a good timing solution has been found; only one beam will be required
since the position of the pulsar will be known precisely.

There is the opportunity with the very high number of beams and sensitivity from the AAs to continually
monitor all pulsars for the life of the SKA. This approach, provided that suitable analyses can be
performed will yield considerable and unexpected science even from apparently mundane pulsars. The
amount of data to be stored is trivial.

5.5.2.3 Precise timing of millisecond pulsars

To investigate detailed relativistic effects exquisite timing precision needs to be achieved over extended
time. There are only expected to be around 100 pulsars which meet the criteria for this investigation.

It has been stated® that the observation frequency should be 2-3GHz and at as high a sensitivity as
possible. This implies using all the dishes beamformed into a single beam at <1GHz bandwidth. This
leads to beamfoming processing requirement of ~5x10"? complex MACs. This is well within the
capabilities of the correlator/beamformer.

There are many details that will need to be considered for the extreme precision required for this
experiment, including:

91 Polarisation purity. This requires 40dB polarisation separation, but only on one beam in the
centre of the dish FoV.

91 Ensuring that the phasing of all the dishes is absolutely precise and calibrated

5.5.2.4 Semi-continuous pulsar monitoring

Pulsars change in real time and some exhibit characteristics that would benefit from being observed as
they occur e.g. glitching, nulling, pulse characteristics etc. The multi-beaming of the AAs make it
practical to dedicate a beam on specific pulsars and monitor them while they are observable.

If this is done using the whole of the SKA then it would require significant additional bandwidth to
transport the beams to the central processing facility. This would be high sensitivity, however, many
pulsars are observable with individual AA-hi stations, which are >50m collector systems. If additional
beams, are created by the AA-hi station then since the analysis is very little processing requirement
(well within the capability of a normal PC) they could be processed locally, with just profile and timing
information being returned centrally. Many pulsars could be observed this way by distributing them over
many AA stations.

2 SKA Reference Science Mission
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6 SKADS design methodology

6.1 AA Design Architecture

The underlying aim when designing the AAs is to match as closely as possible the scientific goals of the
SKA with the architecture of the AAs. This necessarily requires a complete SKA overview, with a strong
focus on the frequency range likely to be covered by the AAs. The science requirements/aspirations are
expressed in some detail in Section 4, Science requirements. The costing of the system is described
below, here the design of the AA system is considered.

AAs have many advantages over conventional, reflector based systems which can be summarized as
almost total flexibility in much of their parameter space. This makes decisions more difficult due to the
many options that are available. However, if the starting point is the science requirements then the
decision process becomes clearer.

All of these systems must be built within acceptable cost and a key cost driver for the AAs is the highest
frequency that they can support. This is due to each element having a limited A which is a function of &,
hence, to first order, the number of elements required for a given sensitivity increases quadratically with
frequency. One of the major benefits of AAs is a very high survey speed, one of the conclusions of the
SKA scientific requirements is that the demanding surveys are mostly below the hydrogen line at 21cm;
hence we will limit the potential upper frequency of AAs to 1.4GHz.

Below is a list of the parameters which we actively consider in the system design and some discussion on
their implications:

6.1.1.1 Frequency Range

The AAs are good at low frequencies and hence will operate from the lowest SKA frequency, currently
specified at 70 MHz, up to the highest frequency for which they are most cost effective solution. The AAs
are a system of more than one array to accommodate the frequency range of the elements and the
effects of increasing sky noise at the lowest frequencies.

6.1.1.2 Sensitivity

The sensitivity of the system as a function of frequency and is determined from: size and number of
arrays, system temperature, scan angle and apodisation employed. This is one of the main design criteria
and determines the total Ay for the arrays. This is also the reason for having a sparse array at low
frequencies to try and overcome the ever increasing sky noise.

6.1.1.3 Bandwidth

There is a natural maximum to the bandwidth, which is to observe at all the active frequencies of the
station. The bandwidth can be traded together with beams (FoV) to use the available data rate from the
station. With some of the technologies that may be employed at the front end e.g. RF beamforming using
phase shifting has limited instantaneous bandwidth before beam distortions get too great. The aim in the
final, SKA Phase 2, implementations is that there are no such restrictions.

6.1.1.4 Dynamic range

The ability to meet the dynamic range requirements of the SKA is a very difficult criterion. AAs have at
least the ability to meet this requirement at frequencies below 1.4 GHz, the characteristics that make AAs
most suitable are shown in Table 7. This requirement has impact on the diameter of the stations (to
provide small enough beams), and the data rates within the stations to provide sufficiently good beam

purity.
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Table 7: Dynamic range requirements

Requirement AA Characteristic Remarks

Operation at low AAs operate at low This is a difficult frequency range due to the number of

frequency frequency sources and atmospheric effects

Physical stability Very good With no moving receptors, carefully designed the AA can
be completely stable.

Unblocked aperture Inherently unblocked Blockages in front of the aperture cause scattering and
other hard to predict effects, which will reduce the dynamic
range.

Small beams The diameter can be very The small beams restrict the amount of sky to process and

large ~60m the effects of the atmosphere. Small beams means large

diameter arrays, the AA is very large diameter with many
independent beams.

Narrow band Uses narrow frequency Restricting bandwidth makes calibration more precise. The
channels AA system operates as many independent channels.
Calibration Can be calibrated by The AA has exquisite calibration capabilities. This is very
element, by frequency and important.
by direction
Trade DR for Can change the apodisation ~ The AA can operate as high dynamic range or high
Sensitivity when required sensitivity by modifying the beamforming weightings.

6.1.1.5 Survey speed

This is a major benefit of AAs, since they can provide arbitrarily high survey speed capability. The basic
requirement is to have an output data rate that can handle the number of beams necessary to meet the
survey speed. After a reasonable amount of sensitivity is built, the required survey speed at a particular
frequency can be provided with a sufficiently large number of beams. Providing more FoV in the form of
beams is relatively cheap to implement compared to raw sensitivity, provided that the system is stable
enough.

6.1.1.6 Polarisation purity

The ability to provide very precise polarisation information is fundamental to a number of the science
experiments. This specification is after calibration, but will be limited by the underlying stability of the
array front-end design and the ability to measure and remove polarisation leakage. This may well be a
determining factor for the element choice.

6.1.1.7 Number of independent sky areas

Due to the hierarchical nature of the beamforming systems, which mitigate the analogue/digital

processing load, there are likely to be some limitations on the absolute flexibility of the arrays. The tiles

wi || produce a number of itile beamso, this restrict
can be observed concurrently. If the tiles are using any level of RF beamforming, then the amount of

hardware available for that function will restrict the number of areas. Within these tile beams station

beams will be formed within limits set by beam purity for dynamic range. Other than transient searches,

which can be tailored for different ranges of parameter search, there is no driving science case for

anything other than contiguous areas of sky to observe. However, this may impose limitations on the

maximum survey speed available at any specific frequency. An all-digital array does not necessarily have

this restriction within the electromagnetic performance of the elements/array design.

6.1.1.8 UV coverage

The configuration studies consider the layout of the stations, which also includes the number of stations
required. This is obviously closely tied to the total collecting area and diameter of the arrays. The trade-
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offs are the UV coverage generally improves with more stations, however, the beamsize would increase
with smaller diameter stations which may bring dynamic range limitations; also more stations increases
the correlator and post processing requirements. While this will be studied, it is likely that around 250
stations is appropriate since that will give good UV coverage and the central processing requirements are
already significantly less than expected for the dish system.

6.1.1.9 Output data rate and flexibility

The amount of data produced by the array is a decision that can be made at design time and is a
consequence of required bandwidth, survey speed and sample resolution. Having defined the most
demanding survey requirement, the flexibility that can be provided by AAs makes other experiments
readily achievable. It is anticipated that the AAs will be very flexible in terms of trading off bandwidth,
beams and resolution; this will need to be designed in at the outset.

6.1.1.10 Number of arrays and diameter

As is discussed in 6.1.1.8 this trade-off has some wide system implications.

6.1.1.11 Scan angle

Observations at increasing scan angles and consequent sensitivity loss, coupled with likely impact on
polarisation performance limits the amount of sky that the AAs can observe North-South, further it limits
the length observation time available. Increased scan angle range is clearly a benefit and substantial
work is ongoing on element/array configuration development that will maximize it. However, it needs to be
incorporated into cost-performance modally tool to see if the possible cost implications are worth it.

6.1.2 AA overall system design

The AA6s in the SKA are a system designed to provide
science goals between their lowest frequency of operation and their high frequency limit. Over the

frequency range 70MHz - ~1400MHz there are two distinct regimes: sky noise limited and relatively low

sky noise; these benefit from a low frequency sparse array or a high frequency dense array respectively.

The outline of the arraysd r Eiguetld. Amoveghe highest frequencye i s i
practical for the AAs the observations will need to be performed by dish based solutions, with some

overlap for continuity and possibly enhanced sensitivity.
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Figure 15: AA performance showing low frequency sparse AA, with higher frequency AA-hi

Below approximately 450MHz sky noise starts to increase dramatically and T, becomes dominated by
sky noise, hence increasing A with reducing frequency is required to maintain the required sensitivity,
Al Tsys. Above 450 MHz the sky noise is relatively constant and the T is largely determined by the
technical performance of the array.

A sparse array is the obvious candidate to operate below 450MHz because with the elements widely
spaced the array naturally increases A in proportion to o down to a frequency where the spacing of the
elements is approximately &2 and the array becomes dense. A sparse array, however, has a number of
disadvantages over a dense array:

1 The control and knowledge of the station beams is reduced through undersampling of the
incoming wavefront. The array will produce grating lobes;

1 The design of an sparse antenna element with sufficient sky coverage and bandwidth is
complicated;

1 The beam size is reduced for a given sensitivity due to the filling factor being <1.

The result of the above is to potentially reduce the available dynamic range and increase the data rate
required from the array. However, the economics of implementation at low frequency dictate that a sparse
array is the only viable technology. The science experiments at low frequency are still demanding high
dynamic range and results from LOFAR and other sparse arrays will guide the ongoing developments.

At higher frequencies with stable sky noise the dense aperture array, with elements at least fully sampling
the incoming wavefront up to a frequency shown as faa in Figure 15 is the most likely configuration of an
array. Above faa the array starts to become sparse, which can be used to stretch the highest operating
frequency with some loss of sensitivity and potentially dynamic range, this is expected to be tailored to
the science requirements. The dense AA benefits are that it has the highest dynamic range capability and
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minimum data rate for the beam data due to being a fully filled collecting area. It arguably underutilises
the elements for sensitivity at lower frequencies in its range.

Finding the precise trade off in frequency and technology for the AA system is a major goal of the AAVP.

6.1.3 AA architecture

SKADS has concluded that the most appropriate type of AA for the higher frequencies is a dense
aperture array. This is a system that is fully sampling most frequencies in the range of the array. The
reason for this is that the sky noise is both stable and reasonable; hence T is limited by the front end
noise of the array. With the science based performance constraints of the SKA in this frequency range a
dense AA is the most appropriate solution. The lower frequency solution is a sparse array, ideally using
just one element type for cost and simplicity. The AA-lo will have substantially fewer elements but be far
more spread out. For stations outside of the SKA core the processing will be combined to efficiently utilise
the same processing network. Within the core the high and low frequency arrays are likely to be within
their own areas, so will have their own station processing. The communications over a short range is
substantially cheaper than over longer distances, so this will be an efficient implementation.

Each AA-hi station will consist of ~75,000 dual polarisation elements i 150,000 receiver chains. To form
beams will require a hierarchical structure in order to mitigate the computational requirements. An outline
design of the AA system is shown in Figure 16; it includes some possible data rates and processing loads
which will need to be reviewed as part of the detailed design.

. TH_n
N 12 fibre lanes 12 fibre lanes
g @10Gh/s each @10Gh/s each 71 \
e ——
% | TH. 1 | I -
I ole o o f—»
ﬁ_ TH_O > ! iR N
ole
- Tile e ; Station g
. — elo ] 1 ole
o P - i} P{n[ ] ole % i
N/ rocessor_ | @ |, Processor 3 :—L
_ - hi elo T
o == o o | 0 b
eloll . , g 0o b—
“— ol %“’f i B 5 =—>
ole S ,
i i I S
fj ofe il (N il =
1.0-1.4GHz (J fore M- 0 18 P .
analogue %me S pical : D % i = F)
fjore AA-hitiles: 300 | D o n= 4 . '®)
@ AA-lo tiles: 45 ol . I 2
A D Total: 345 E — a
elo ] o | I/p data rate: 42Th/s E M &,._’
! el I . 10Gb/s fibre
. . Lol . 4 —— )
: Tile ..qg g - :
. i Il
Processor i ‘B :
f— 0 il g
-lo [ i
0b— 1]
Max 4 Stati ; .
a— TL 0 E_' pax 4 Station Station Processor n _
S 0b—
«Q
1.0 GHz | i DistribuFed to all ] _r % % :D\
analogue processors in the Station i
YN YYYWWS o3 .
2 i i 2 .2. i. 2. .2. .2. Local Pro_(;ssing % ES
TL_m . e.g. Cal; pulsars 5 g >
Station control cor /
processors N To Central control
systems

Figure 16: Outline AA station
The design consists of five main blocks:

1. The front-end collectors. Each element of the AA-hi and AA-lo is positioned as part of the array
design and tightly designed with its associated LNA for the lowest noise front-end design. This is
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then amplified appropriately and transported as an analogue signal, either through cables or
circuit board tracks to the O6Tile processord for

2. Tile processor. This is the first stage of hierarchical beamforming and all AA-hi tiles (and
separately AA-lo tiles) will observe identical areas of sky for subsequent station beamforming. A
number of elements are combined, likely 8 x 8 dual polarisation elements for the AA-hi using the
most effective mix of RF beamforming and digital beamforming, appropriate at the installation
time, to form a number of Tile beams. The tile beams determine a number of areas of sky that the
AA is observing for subsequent station processing. The bandwidth between the Tile processors
and the Station processors will be a key determinant of the performance of the AAs.

3. Station processors. These bring together the output of all the AA-hi tiles (and the AA-lo tiles).
They form the beams for transmission back to the correlator. The ability to form high precision
station beams from the tile beams is critical to having a high dynamic range instrument. The
station processor can also steer beams for local processing e.g. calibration use or pulsars. The
calibration algorithms will be handled primarily by the station processors.

4. Long distance drivers. These processors plus optical drive sends the data back to the correlator.
There are likely to be alternative boards for stations at longer distances from the correlator having
different laser drivers.

5. The control processors link to the central processing control and keep the operation of the station
linked to the rest of the SKA. They also monitor the health of the arrays, detect non-functioning
components and adjust the calibration parameters appropriately.

A major element of the design is the ability to move a lot of data around the station economically in terms
of cost and power. Emerging high speed standards for local optical communications appear to meet this
requirement.

A more detailed discussion on the design of the individual blocks is in section 8.2.
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processor J
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Figure 17: Station beams in a Tile beam. Stepped beamforming for off-centre beams on the right.

While the station design needs to have a hierarchical structure due to processing overhead, as with most
reduction techniques there will be a level of compromise involved. By processing elements in groups, as
tiles, limited numbers of tile beams are used to create a large numbers of station beams. This structure
leads to errors in the beamforming which increase the further off-centre from a tile beam it is. This is
illustrated in Figure 17. The fAperfecto station beam requires |ine
array which is illustrated in Figure 17; in the hierarchical system each Tile has the same local delay slope,
these are then put together by the station processor to form station beams. Of course, the station beam
that has precisely the same delay slope as the tiles can produce a perfect beam; this will be the central
station beam with a tile beam shown in Figure 17 left hand illustration. However, for station beams off-
centre from the tile beam a series of steps in the element delays across the array is created shown in the
right hand illustration. The consequence of these regular steps is to produce substantial sidelobes and
reduced beam sensitivity.
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This is where much simulation work will be required to find the performance, processing and
communication trade-off. By processing elements in groups, as tiles, limited numbers of tile beams are
used to create a large number of station beams. This structure leads to errors in the beamforming which
increase the further off-centre from a tile beam it is. This is illustrated in Figure 17. The solution is to form
a larger number of tile beams than a simple model would anticipate, or find an alternative structure.

6.1.4 AA station layout

The outline AA station in Figure 16 does not specify the physical position of the sub-systems. There are
two main options:

1 Centralised. Provide analogue gain and signal transport to one or a few processing bunkers.
This limits the amount of RFI screening required for the digital systems and keeps the sampling
clocks and their timing precision requirements in a small area. However, it will require a lot of
analogue gain systems and signal transport which may be expensive. This is the approach used
by 2-PAD.

1 Distributed Tile beamforming. Each beamformer is placed close to the Tile elements, limiting
the interconnect power and costs required; only beamformed data is transported to the station
processors. This layout will require many RFI shielded enclosures with consequent power, clock
and cooling distribution. However, there are significant benefits in limiting the analogue
complexity. This approach was adopted by EMBRACE, using RF (low interference) beamforming
which removes the need for a distributed digitisation clock.

The centralised approach makes upgrading the Tile processors simpler; however, given the availability of
low cost, low power high speed short range optical links the distributed approach appears the more
effective solution. This will need to be shown through further cost and power modelling.

6.2 Central Processing design

Note: The figures here consider the implementation of 2400 dishes. This may be revised for 1200.

The implementation of the central processor follows from the discussion in sections 0 and 5.5 discussing
imaging and non-imaging requirements respectively. The central processing configurations discussed are
reproduced side-by-side in Figure 18.
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Figure 18: Central processing architectures

The similarity of requirements for the different stages of processing for both systems imply that ensuring
that configuration or programming can support imaging and non-imaging observations will be highly cost
effective. Using a unified central processing system avoids extensive data switching for raw collector
data; provides opportunities for commensurate observations of imaging and non-imaging science
experiments; enables innovative new observing techniques to be used; avoids duplicating development
effort and is an easier maintenance environment.
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The descriptions below discuss the requirements in pairs.

6.2.1 Correlator/beamformer i C/B

It is assumed that the correlators are FX type and that the frequency division has been done to the
appropriate level prior to the beam data arriving at the C/B. This can readily be achieved by the AAs in
the station processors. The dishes will need an amount of processing after digitisation, which will include
frequency division.

Correlation and beamforming both perform a very large quantity of simple operations, efficiently
implemented using integer arithmetic and use a great deal of communications 1/0. The processing is
dominated by complex MACs.

Whilst being the same process, there are major structural differences between the correlation of the AA
signals and the dish signals. For the AA there are relatively few, ~250, stations each forming very many
beams, >1000, over 1600 10Gb/s data links or equivalent. Whereas, the dishes are providing one beam
from up to 2400 collectors over 8 10Gb/s links. This inherently implies that there are two C/Bs which
confers a number of advantages: all the collectors can be used concurrently; there is no need for large
amounts of switching of raw beam data and mass production can be used efficiently for the AA C/B.

The number of complex operations for a correlator operating on two polarisations, providing cross-
polarisation and auto-correlation products is given by:

5 _ 0 0+1 e
O @i =4 —— YDg

It is convenient to re-state this in terms of incoming digital sample rate, which covers any mixture of
number of beams and bandwidth as with an AA:
q

Ugzy i = U U+12'3(B'ﬁ

G, is the total data rate per collector for both polarisations.

6.2.1.1 AA correlation/beamforming implementation

The AA correlator lends itself to a highly modular implementation split by beams or matched incoming
data channels.

It is assumed here that the communications are use 10Gb/s (8Gh/s actual data rate with 8:10 encoding)
channels, the most cost effective data rate currently and fits conveniently with the available data rates for
optical and copper communications. Eight of these 10Gb/s channels are colour multiplexed onto a fibre,
delivering 80Gb/s per fibre. The AA cor r eh vith eight
identical sub-correlators.

Each sub-correlator can be characterized as having:

1 250 stations, N
1 4-bits per sample, Ny;;
1 Incoming data rate per collector of 8Gb/s, G,
Hence, the processing rate required per sub-correlator is: 63x10" complex MACs or ~250TMACs.

An outline physical design is shown in Figure 19. This is aimed to make construction and interconnect
straightforward. It is constructed as a double-sided shelf in a rack, where a multiplexed fibre from each of
250 AA stations is connected using sixteen input cards, each with 16 inputs. It is assumed here that each
fibre carries 8 off 10Gb/s channels. The demultiplexed optical signals from the demultiplexer are ordered
to march each of the sub-proceeor cards to minimise signal distribution. A 10Gb/s channel from each
station is presented to sub-correlator card via a mid-plane, which routes the incoming signals
appropriately. There are therefore eight sub-correlators per shelf. The visibilities are output via local fibre
from the sub-correlator boards to a data switch for routing to the appropriate UV processor.
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Each sub-correlator needs to be capable of processing 250TMACSs. In this layout, this could be provided
by an array of fifteen of the 20TMAC multi-core processing chips, as used in the AA-processing.

The full AA-correlator would use 200 of these shelves; at three to a rack the entire system is 70 racks.
Improvements in processing performance or communications throughout this sub-system could reduce
the power or number of boards involved. There are a total of 1600 sub-correlator boards in the system.

Figure 19: A possible physical implementation of AA sub-correlator

The beamforming requirement for the AAs covering 3 deg2 is a total of 1.25x10™ complex MACS. This is
a beamforming load of <1T complex MAC per sub-correlator; this is much less than the 63T complex
MACSs required for correlation.

6.2.1.2 Dish correlator/beamformer implementation

The dish correlator is a different topology with 2400 collectors or 2650 collectors in the cross-over
frequencies of the dishes and AAs. There is one beam, so there are not full frequency sub-correlators.
Instead the correlations have to be done over many narrower bands.

The total data rate for the dish system is far lower than the AAs so it is practical to consider using eight
very large, but relatively standard, 10Gb/s data switches in order to perform the corner turning function.
Each of the beam inputs for 10Gb/s from 2400 dishes is connected to each switch. On one switch, data
from 250 AAs is also presented; this is to include AAs for the overlap frequencies for high sensitivity
observations. The switch provides 240Gb/s of narrow bandwidth channels to each of the correlator cards.
These could be similar to or maybe even the same design as the sub-correlator boards for the AA.
Assuming the data are presented on 10Gb/s channels then system can be considered to be eight
identical systems covering the full frequency range. An outline of the dish+AA correlator is shown in
Figure 20. In this layout there are 100 correlator cards per data switch, or 800 correlator cards to cover
4GHz, or 5MHz per card.
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