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Abstract. TheElectronicMulti-beamRadioAstronomyConcep{EMBRACE)is the rst full-scaleprototypeof anSKA phased
arraystation.This singlepolarizationdemonstratooperatebetweerb00and1500MHz. Thestationthatis currentlybeingbuilt
at the site of the WesterborkSynthesisRadio Telescopewill ultimately consistof 144tiles with 72 single polarizationVivaldi
antennagachgiving atotalof 10* elementsThestationis equippedwith a LOFAR stationbackendwith 192input channels,
which canbe exploited for real-timedigital beamforming in 248frequeng channelsof 195kHz (48 MHz total bandwidth)
andcorrelationin a single195kHz frequeng channelln this paperwe presenthe resultsfrom a numberof systemvalidation
measurement@ndthe rst fringeson anastronomicasourcethesun.Thesenitial measuremenisdicatea systemtemperature
betweenl03K and117K. Theseresultscorroboratehe feasibility andapplicability of phasedarraytechnologyat frequencies
belov 1500MHz. They alsoprovide valuableinsightsfor theaperturearrayveri cation programthe next stepin aperturearray

developmentowardsthe SKA.

1. Introduction

The Electronic Multi-beam Radio Astronomy Concept
(EMBRACE)is the rst full-scaleprototypeof anSKA phased
array station.EMBRACE is a single polarizationdemonstra-
tor operatingbetween500 MHz and 1500 MHz. The antenna
hasbeendesignedor two polarizationsto includeall electro-
magnetice ects. The stationthat is currently being built at
the site of the WesterborkSynthesisRadio TelescopdWSRT)
(Kantetal. 2010),will ultimately consistof 144tiles with 72
receve channelsach giving atotalof  10* active elements.
A similar 80-tile stationwill be constructecht the site of the
Nan@y radioastronomyfacility.

In this papemwe presentesultsobtainedusingthehardware
thatwasavailableby theendof Decembe2009in Westerbork
asdescribedn moredetail in the next section.Theseinclude
validationof the analogbeamformingusing Afristar, aninter-
ferometricmeasuremerin GPSSatelliteSVN49andthe rst
fringesobsered with EMBRACE on an astronomicakource,
thesun.Thelastobsenationindicatesthatthe systemtemper
aturelies betweenl03K and117 K. Furthermorethe redun-
dang in the array may be exploited for calibrationpurposes.
This demonstrateshe feasibility and applicability of phased
arraytechnologyat the EMBRACE operatingfrequenciesaind
providesa nice startingpoint for more detailedtestingwithin
the aperturearray veri cation program,the next phaseof the
aperturearraydevelopmentpathtowardsthe SKA.

? This work was supported by the European Commission
Framevork Program®6, Project SKADS, SquareKilometer Array
DesignStudies(SKADS), contractno.011938.
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Fig. 1: EMBRACE con gurationin WesterborkThecoloredtiles are
installedandthe 10 tiles usedfor the fringe experimentsn this paper
andthe4 4 arrayof tiles equippedwith high pass Iter have been
indicated.

2. Measurement setup

By the endof October2009,72 out of 144tiles wereinstalled
atthe WSRT sitein a6 12 regulararrayasshowvn in Fig. 1.
To minimize the antennasensitvity towardsthe nearbyradio
andtelevision tower in Smilde,the main diagonalsof thetiles
malke an angleof about6 with the quartersof the compass.
The active antennasare roughly orientedNorth-South.Each
tile consistof 72 antennadistributedover six hexboardsThe
signalsfrom thesehexboardsarecombinedn thecenterboard,
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which providestwo independenbeams A more detailedde-
scriptionof the frontendis provided by Ruiter & VanderWal
(2009).

Eachbeamwill be connectedo a controlanddown con-
version(CDC) board,which mixesthe frequeng rangeof in-
terestto the 110— 190 MHz interval (Bianchi 2010).For the
experimentgpresentedh thispaper 16 CDCboardsvereavail-
able.Initially, we selectedLOtiles on twouniformlineararrays
(ULA) with roughly East-Wést orientationconsistingof four
andsix tiles respectiely. Thesetiles areindicatedin Fig. 1.

During the roll-out of the 72 tiles at the WSRT site, the
power spectrumat the output of the di erentcomponentsn
theanalogsignalpathwaschecled usinga spectrumanalyzer
From these systemtests,we learnedthatthe IP3 of the beam
former chip wastoo high giventhe presencef strongDVB-T
transmissionsearthe WSRT site.At thismomenttheRFI sit-
uationattheNangay siteis muchbetter but digital videobroad-
castingis currentlybeingrolled outthroughout~ranceandwill
starttoa ecttheNang@y sitewithin oneyear This problemcan
besolvedby includinga950MHz high passlter in thesignal
pathbeforethe beamformer chip. Sixteenstill-to-be-installed
tiles weremodi ed accordinglyandarrangedn a4 4 array
to allow obserationsthatarenota ectedby intermodulation.
Thesdiles becane availableby theendof Decembef009and
wereusedto producethe multi-tile Afristar imagesin this pa-
per. Their positionhasbeenindicatedin Fig. 1.

The outputchannelof a CDC boardis connectedo a dig-
itizer board,reusedfrom LOFAR. A full baclendwith 192re-
ceive channelss installedat the WSRT site. This baclendis
equippedwith FPGA baseddigital processindhardware capa-
ble of beamformingwo times48 MHz bandwidthandcorrelat-
ing all 192input channelsn asingle195kHz wide frequeny
channel.lt canalsoproduceautocorrelatiorstatisticsof each
signal path and of the beamformedsignal with 195 kHz fre-
queng resolution.Theintegrationtime canbe speci edin in-
tegral multiples of one second.A detaileddescriptionof the
digital processings providedby Picardetal. (2010).

3. Tile beam former validation

The analogbeamformemwas validatedby scanningthe beam
of one of the rst ten tiles over the sky at 1475.25MHz.
This is within the operating range of the geostationary
satellite Afristar (1469 — 1481 MHz), which is located at
(azel) = (1621 ;281 ) correspondingto direction cosines
(I;m) = (0:27, 0:84) asseenfrom the WSRT site. The result-
ing image,showvn in Fig. 2, clearlyshowvs theimageof Afristar
atthe expectediocationaswell asits gratinglobe closeto the
northernhorizon.This indicatesthatthe analogbeamformeis
working correctly

The image also shavs a few artefacts. The most visible
artefaictsarethe bright blob in the centerof theimageandthe
ripplesrunning over the imagefrom Northwestto Southeast.
Thesefeaturesareproducedby aninterplayof severale ects:

Intermodulation As discussedn the previous section,the
IP3of thebeamformechipturnedoutto betoo highto pre-
ventintermodulationproductsof the DVB-T signalsfrom

S.J.Wijnholdsetal.: EMBRACE: First Resultswith thelnitial 10%of a 10,000ElementPhasedirray

South = m ® North

-0.5

o

0.5 1
West - |® East

Fig. 2: Imageobtainedby a sky scanon an(l; m)-grid with 0.05reso-
lution at1475.25MHz. Theintegrationtime perpointingwasls.The
imageshaws Afristar closeto the southerrhorizonatthe correctloca-
tion, but alsoshawvsthatthearrayis su eringfrom severaldetrimental
e ects.Thecolorscaleis logarithmic (dB).

the nearbyradio andtelevision tower in Smilde from ap-
pearing oerthewhole operatingfrequeng range.

LO power tuning By careful measurementst di erent
pointsin the LO distribution system,we achiezed a con-
siderabldmprovemert in gain andnoiseperformancefter
this measurement.

Re ections The EMBRACE tiles are placedbetweentele-
scopes4 and 5 of the WSRT interferometer A simple
experimentwith the beampointedat telescopet demon-
stratedthatthe pointing of thattelescopehasconsiderable
impacton thesignallevelsobsenedby thetiles.

Edgee ectsTheimageshownn in Fig. 2 wasmadewith atile
atthe edgeof the array Laterimagesproducedusingtiles
which are fully enclosed byothertiles did not shov the
ripple. For phasedarraystations sizedoesmatter

We have madeconsiderableprogresson the rst two is-
suessincethis initial obsenation. This can be demonstrated
usingthe sixteentiles equippedwith a 950 MHz high pass|-
ter to mitigate the intermodulationproducts.Thesetiles were
arrangedn a4 4 grid allowing usto reproducerig. 2 with
arraysof 2 2,3 3and4 A4tiles. Thetiles werescanned
over aregular(I; m)-grid with stepsof 0.02.For eachpointing,
the outputsignalsof all tiles werecorrelatedwith 1 s integra-
tion andstoredto disc. Theadwantageof correlationover beam
formingis, thatwe canapplydi erentbeamforming schemes
andproduceimageswith andwithout calibration.We alsoin-
creasedhe resolutionin the imagedemonstratinghat an all
sky map maybe produceddy mosaicing.

Theresultsshovn in Fig. 3 were obtainedby imagingon
a5 5 grid with aresolutionof 0.004aroundeachpointing.
The arraywascalibratedbasedon a single 1 s obsenationon
Afristar befare the sky scanwasmade.The datamodelfor the
covariancematrix R obtainedn this calibrationobsenrationis

R=Ga a'GH+ (1)

nl;
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Fig. 3: Imageobtainedoy scanningat 1475.25MHz with a2 2 (top),
3 3 (middle)and4 4 (bottom)arrayof tiles with 0.02resolution
usinginterpolationwith imagingtechniquego a resolutionof 0.004.
Theintegrationtime per pointingwas1 s. Theimagesshav Afristar
at the correctlocationwith increasingesolutionandsensitvity. The
colorscaleis logarithmic (dB).

whereG = diag(g) is a diagonalmatrix with the unknavn
comple valuedgainsof theindividual signalpathsonits main
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diagonal,a is the arrayresponse @ctortowardsAfristar con-
taining phasorgdescribingthe geometricadelaysbetweerthe
tiles, is the sourcepower of Afristar and , is the system
noise power of the individual tiles, which is assumedequal
for all tiles and uncorrelatechetweentiles. Since Afristar is
the single dominantsourceon the sky, we can follow the
sameapproactasusedby Wijnholdsetal. (2004)to calibrate
LOFAR'sinitial teststationona RFI sourcej.e. compute
g'g=R ad'a ; 2
where denotegheelementwvisedivision of two matricesand
obtaing usingan Eigervaluedecompaosition.

Figure3 shawvs theresultsfor the2 2 arrayin the center
of the4 4 array forthe3 3arrayin the Southcornerandfor
thefull 4 4 array Theimagesshav agraduallydecreasingr-
ray beamwidth asexpected.The SNR doesnotimprove atthe
expectedrate.A possibleexplanationis that,astheimagesalso
shaw, thesky noiseis structuredjmplying thatit cannofustbe
treatedasspatiallywhite Gaussiamoise.Suchstructureshave
beenobsenred with the thousandelementarray (ThEA), the
precursorof EMBRACE (Wijnholds 2003).For ThEA, simi-
lar structuresould be explainedby gratingresponsepointing
towardsnearbytreeswith atemperatureloseto 300K instead
of to the sky with atemperaturef about3 K. As aresult,the
contritution of the environmert to the noiseis structuredand
producedeaturesn theimage.

4. Fring e measurement on the sun

On October28, 2009the rst tentiles were connectedo the
LOFAR baclendfor the rst interferometricsolarobsenations
with EMBRACE. Solid engineerindgestshave madeit possible
thata solarfringe wasalreadymeasuredn the rst testobser
vation.Thisis veryreassuringn view of the systemintegration
of even larger prototypesystemsand ultimately the SKA. At
the end of the morningthe tiles were pointedone hour ahead
of the sunfor a drift scanthroughthetile beams Someof the
resultingfringesareshavn in Fig. 4. Theobsenationwasdone
in asingle195kHz channelt1179MHz with 10sintegration.

Thecurvesshaw thecorrelationsf thetile attheindicated
distancefrom the rst tile of the4-elementULA (dashedpnd
the6-elemenULA (solid). Thewidth of the ervelopeof these
fringeshasa sizethatcorrespondso the beamwidth of a sin-
gletile, asexpected.The amplitudeof this ervelopeallows us
to determinethe sensitvity, expressedastheratio of e ective
areaAe over the systemtemperatureTs,s, towardsthe sun at
(azel) = (1780 ;239 ) using

Ae 2kb Psun

Tes  SsunPn+ Psun’

where Sgn is the ux of the sun, Pgy=(Pn + Psyn) is the
ratio of the power receved from the sun over the system
noise power including the self-noisefrom the sunandk, =
1:38 10 2 WK !Hz ! is the Boltzmannconstant.At the
time of obsenation, the solar ux at 2.8 GHz wasabout80
10 2Wm 2Hz !, whichcorrespond# 14:2 10 2Wm 2Hz *
at1179MHz assuminghatthe Rayleigh-Jeanapproximation
holdsfor the solarradio spectrumat thesefrequencies.

3)



262

0.3

—151m
—3.03m
—454m
—6.05m

real part of correlation coefficient

-03 1

-0.4

0 20 40 80
time since 11:13 UTC on 28 Oct 2009 (min)

100

Fig. 4: Plot shaving fringeson the sunat 1179MHz on a numberof

baselinesvith theindicatedengthsfrom the4-elementULA (dashed)
andthe 6-elementULA (solid). The obsenationwasdonein a single
195 kHz frequeng channelat 1179 MHz with 10 s integration per

sample.

The correlationcoe cientsshawvn in Fig. 4 arecomputed
by dividing the power in thecrosscorrelatiotetweertwo tiles
by the squareroot of the productof the autocorrelationof
thecorrespondingiles. Fromthis de nition, it followsthatthe
crosscorrelatiorcoe cientis directly relatedto the instanta-
neousSNR of thesun:

PSUI"I IDSUI"I

p— = = 0:25:
P+ Pau?  Pnt Pan

4)

Using Eqg. (3), we thus nd thatthe sensitvity in the direction
(azel) = (1780 ;239 ) is Ac=Tsys = 4:86 10 > m>=K.

In anin nite densephasedarray the e ective areaof an
elementcannot be larger thanits physical areawithin the ar
ray. We canusethis factto nd anupperlimit for the system
temperaturdy assuminghat this alsoholdsfor thetiles that
arefully enclosed bythertilesin thearray The physicalsize
of thetile is Aje = (1:06 m)? = 1:125m?, which we have to
multiply by thecosineof the zenithangleof thesunin themea-
suremen{66:1 ) to accountor projectione ects.We canthus
estimatel ss as

T = Ayile COS(66:1 )
s Ac=Tsy

Thisresultis betterthanwe expected Sincethetiles surround-
ing thetiles usedfor this experimentarenot powered,theedge
element®f theactivetilesmaypick up currentsfrom neighbor
ing tilesthuse ectively enlagingtheire ectivearea.Thisim-
pliesthat A maybesomevhatlargerthanthephysicalareaof
asingletile. Thise ectcouldeasilyincreasele, andtherefore
Tsys calculatedabore, by 10to 25%. Thisimpliesthattheactual
systemtemperatur@robablylies betweerl03K and117K. In
thefuture,this measuremerghouldde nitely berepeatedvith
thefull arraypoweredon to determinethe impactof this edge
e ect more accurately The low elevation of the sun (239 )

= 93:8K: (5)
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might be anothersourceof error, sincethe EMBRACE system
wasonly designedor scananglesupto 45 from zenith.

The LNA noisetemperaturds expectedto be the domi-
nant contribution to the overall systemtemperatureWWe may
thusjudge the reasonableessof our resultby examiningthe
expectedLNA noisetemperaturél ya, Which is describecdby
(Gonzalez1984)

2
opt

1 jacl® 1+ opt

AN act
Tina = Timint+ To

5 (6)

In this equation, op is there ection coe cientwith optimal
matchingfor minimal noise, Tmin is the minimal noisetem-
peraturewhenthe LNA is matchedto op, To = 290K by
de nition, 4t istheactive re ection coe cient,andry is the
normalizedhoiseresistanceTypical valuesfor theEMBRACE
LNA at 1179MHz are Tmin = 44K, ry = 0:031and op =

0:48. Theabsolutevalue oftheactivere ection coe cientof
anin nite arrayin thedirectionof thesunwasobtainedfrom a
full EM-simulationin HFSSandwasfoundto bej ,¢j = 0:77.

Thephaseof .t isnotwell de nedsincethetwore ection
coe cientswereobtainedfromtwo di erentreferenceplanes.
Thisimpliesthatthevalue of 5t opt Mmayvary from 0.29
to 1.25.1n themostoptimisticscenariojn which the phase®of

act and o, arethe same the secondermin Eqg. (6) may be
aslow as27.5K. This givesatotal LNA noisetemperaturef
71.5K. Adding a secondstagecontritution in the systemof
approximately25 K andthe sky noisecontritution of 3 K, the
expectedminimum systemnoisetemperaturaes around100K
for this speci ¢ scanangle.

Given that the accurag of the measuremenis hampered
by the fact that the position of the sunwas outsidethe scan
rangespeci cationfor EMBRACE andthatthe simulationre-
sultsaredi cult to interpretdueto the mismatchin reference
planesfor the re ection coe cients,it is very reassuringhat
thenumbersbtainedrom simulationsandexperimentsareas
closeasthey are.However, it would be niceto furtherimprove
the accurag andcon rm thesenumberson di erentsources.
Seweralattemptaverethereforemadeto obsene CasA having
a ux of about2 kJy at 1179MHz. This should,extrapolating
from the solar results,give acorrelationcoe cient of about
1% at the momentof transit,which happensat only 7 from
the zenith. Unfortunately artifacts producedby intermodula-
tion alreadyappearedt 2% to 3% level. Theintermodulation
productswere thereforeoverpavering CasA, evenin bands
thatlook free of intermodulatiorproductsat rst sight.

There are mary redundantbaselinesin a denseregu-
lar phasedarray like EMBRACE. This can be exploited for
calibration purposesas discussedoy Noordamé& De Bruyn
(1982), Wieringa (1992) and Noorishadet al. (2010). We
thereforechecled the visibilities on several redundantbase-
linesto seewhetherthey shavedsimilarbehaior overtime.As
an example,we showv the phasemeasuredn a numberof re-
dundantl.51m and3.20m baselinesisfunctionof time during
the solarobsenationin Fig. 5. Sincethe arrayis uncalibrated,
the measuregphasesarenotthe same put it is clearfrom this
plot thatthey only di er by a phaseo setthat could be cali-
bratedout. The behaior of visibilities on redundanbaselines
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Fig. 5: Exampleof phasemeasurementduring the fringe measure-
ment onthe sunobtainedfor anumberof redundantL.51m (top) and
3.20m (bottom)baselines.

looks promising, which implies that detrimentale ectslike
mutualcouplingandedgee ectshave alimited impacton the
redundang of thevisibilities, which clearsthe pathfor exploit-
ing it in stationcalibrationandimagingroutines.

Figure 5 shavs a numberof samplesat the edgesof the
time intenal for which the redundanbehaior seemdo break
down. Thesearethe momentsat which the sunmovesinto and
leavesthemainbeamrespectiely. Whenthe sunis outsidethe
main beam,the SNR of the celestialsignalsis solow thatthe
intermodulationproducts dominatethe measurementsthese
signalsmay be subjectto near eld multipathe ectsdueto
re ectionsonthenearbyWSRT dishesdi erentiP3sof di er
entbeamformechipsandedgee ectsdueto thelow elevation
of the sourceof the DVB-T signhalscausingthe redundang to
breakdown.

5. Interf erometric detection of GPS satellites

During oneof thedrift scanobsenationsat 1179MHz we ob-
sened the fringes shavn in Fig. 6 on a numberof baselines
with theindicatedlengthswithin the 6-elementULA depicted
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Fig. 6: Fringesmeasuredh the GPSL5 bandat1179MHz from satel-
lite SVN49.This measurementasdonein asingle195kHz channel
with 30 sintegrationtime.

in Fig. 1. The fringe rate of about22:5 =h is too fastfor an
astronomicakource,which hints at a satellitesignal. It turns
outthaton 24March2009LockheedMartin haslaunchedsPS
satelliteSVN49,whichincludesa prototypetransmitteifor the
GPSL5 band(1176 12 MHz). This obsenationthusturned
outto bethe rst interferometricdetectionof a GPSsatellite
with the EMBRACE system.

At the other widely used,GPSfrequenciesnoresatellites
canbedetectedvhichtraversedi erentpathsoverthesky. This
canbe exploitedfor beammeasurementsy pointingthebeam
of atile ata given positionandwaiting for several GPSsatel-
lites to drift throughthe beamfollowing distinct paths.Such
anexperimentwasconductedwvith atile locatedatthe Nan@y
site using a spectrumanalyzeras reportedy Olofssonet al.
(2010)

6. Conclusions

In this paperwe have presentedithe rst experimentalre-
sults obtainedwith the EMBRACE stationat the WSRT site.
Althoughthe systemvalidationmeasuremeniadicatethatwe
still have to tackle a few challengesmposedby the erviron-
ment(presencef strongDVB-T signalshearbyWSRT dishes)
beforewe canobsere weakastronomicakourcedike CasA
andHl, the rst fringesof the sunobsered at an elevation of
only 24 look very promising. They indicatethat the system
temperatur@robablyliesbetweerl 03K and117K. Moreover,
thevisibilities on redundanbaselineshavedvery similar be-
havior in thissolarobsenation,whichis veryreassurindrom a
stationcalibrationperspectie. Our resultscorroboratehe fea-
sibility andapplicabilityof phasedrraytechnologyatfrequen-
ciesbelov 1500MHz.

In view of further aperturearray developmentstowards
SKA, we canlearna few importantlessonsfrom thesesim-
ple experimentslf the goalis to demonstratehataperturear
raysform an astronomicallyiable and costand power e ec-
tive solutionat thesefrequenciesthe next prototypeneedsto
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bebuild atalocationthathasa RFI environmentsimilar to that

of the candidateSKA sites.This will ensurethatthe high dy-

namicrarge designof the analogsystemcanbetailoredto the

radio astronomicalpplicationinsteadof to the RFI erviron-

ment,whichwill sare alot of manpowerandreducethe power

consumptiorof the analogsystemconsiderablyOperationof

future prototypeson sucha site also helpsto focuson issues
thatareimportantto astronomersike image delity , stability

andpolarizationinsteadof puttingthefocusontechnicaissues
like RFI mitigationandmultipathe ectsthatwill playarole at

muchlower signallevelsin the nal SKA stationsthanat the

EMBRACEsites.
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