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Abstract. TheElectronicMulti-beamRadioAstronomyConcept(EMBRACE)is the�rst full-scaleprototypeof anSKA phased
arraystation.Thissinglepolarizationdemonstratoroperatesbetween500and1500MHz. Thestationthatis currentlybeingbuilt
at thesiteof theWesterborkSynthesisRadioTelescope,will ultimatelyconsistof 144 tiles with 72 singlepolarizationVivaldi
antennaseach,giving a totalof � 104 elements.Thestationis equippedwith aLOFAR stationbackendwith 192inputchannels,
which canbeexploited for real-timedigital beamforming in 248 frequency channelsof 195kHz (� 48 MHz total bandwidth)
andcorrelationin a single195kHz frequency channel.In this paperwe presenttheresultsfrom a numberof systemvalidation
measurementsandthe�rst fringesonanastronomicalsource,thesun.Theseinitial measurementsindicateasystemtemperature
between103K and117K. Theseresultscorroboratethefeasibility andapplicabilityof phasedarraytechnologyat frequencies
below 1500MHz. They alsoprovide valuableinsightsfor theaperturearrayveri�cation program,thenext stepin aperturearray
developmenttowardstheSKA.

1. Intr oduction

The Electronic Multi-beam Radio Astronomy Concept
(EMBRACE) is the�rst full-scaleprototypeof anSKA phased
arraystation.EMBRACE is a singlepolarizationdemonstra-
tor operatingbetween500 MHz and1500MHz. The antenna
hasbeendesignedfor two polarizations,to includeall electro-
magnetice� ects.The station that is currently being built at
thesiteof theWesterborkSynthesisRadioTelescope(WSRT)
(Kant et al. 2010),will ultimatelyconsistof 144tiles with 72
receive channelseach,giving a total of � 104 active elements.
A similar 80-tile stationwill be constructedat the site of the
Nançay radioastronomyfacility.

In thispaperwepresentresultsobtainedusingthehardware
thatwasavailableby theendof December2009in Westerbork
asdescribedin moredetail in the next section.Theseinclude
validationof theanalogbeamformingusingAfristar, an inter-
ferometricmeasurementon GPSSatelliteSVN49andthe�rst
fringesobservedwith EMBRACE on anastronomicalsource,
thesun.Thelastobservationindicatesthat thesystemtemper-
aturelies between103 K and117 K. Furthermore,the redun-
dancy in the arraymay be exploited for calibrationpurposes.
This demonstratesthe feasibility and applicability of phased
arraytechnologyat theEMBRACE operatingfrequenciesand
providesa nice startingpoint for moredetailedtestingwithin
the aperturearrayveri�cation program,the next phaseof the
aperturearraydevelopmentpathtowardstheSKA.

? This work was supported by the European Commission
Framework Program6, Project SKADS, SquareKilometer Array
DesignStudies(SKADS),contractno.011938.
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Fig. 1: EMBRACE con�guration in Westerbork.Thecoloredtiles are
installedandthe10 tiles usedfor thefringe experimentsin this paper
andthe 4 � 4 arrayof tiles equippedwith high pass�lter have been
indicated.

2. Measurement setup

By theendof October2009,72 out of 144tiles wereinstalled
at theWSRT site in a 6 � 12 regulararrayasshown in Fig. 1.
To minimize the antennasensitivity towardsthe nearbyradio
andtelevision tower in Smilde,themaindiagonalsof thetiles
make an angleof about6� with the quartersof the compass.
The active antennasare roughly orientedNorth-South.Each
tile consistsof 72 antennasdistributedoversix hexboards.The
signalsfrom thesehexboardsarecombinedin thecenterboard,
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which provides two independentbeams.A moredetailedde-
scriptionof the frontendis providedby Ruiter& VanderWal
(2009).

Eachbeamwill be connectedto a control anddown con-
version(CDC) board,which mixesthe frequency rangeof in-
terestto the110– 190MHz interval (Bianchi 2010).For the
experimentspresentedin thispaper, 16CDCboardswereavail-
able.Initially, weselected10tileson twouniformlineararrays
(ULA) with roughly East-Westorientationconsistingof four
andsix tiles respectively. Thesetilesareindicatedin Fig. 1.

During the roll-out of the 72 tiles at the WSRT site, the
power spectrumat the output of the di� erentcomponentsin
theanalogsignalpathwascheckedusinga spectrumanalyzer.
From thesesystemtests,we learnedthat the IP3 of the beam
formerchip wastoo high giventhepresenceof strongDVB-T
transmissionsneartheWSRT site.At thismoment,theRFI sit-
uationattheNançaysiteismuchbetter, butdigital videobroad-
castingis currentlybeingrolledout throughoutFranceandwill
startto a� ecttheNançaysitewithin oneyear. Thisproblemcan
besolvedby includinga950MHz highpass�lter in thesignal
pathbeforethebeamformerchip. Sixteenstill-to-be-installed
tiles weremodi�ed accordinglyandarrangedin a 4 � 4 array
to allow observationsthatarenot a� ectedby intermodulation.
Thesetilesbecame availableby theendof December2009and
wereusedto producethemulti-tile Afristar imagesin this pa-
per. Their positionhasbeenindicatedin Fig. 1.

Theoutputchannelof a CDC boardis connectedto a dig-
itizer board,reusedfrom LOFAR. A full backendwith 192re-
ceive channelsis installedat the WSRT site.This backendis
equippedwith FPGAbaseddigital processinghardwarecapa-
bleof beamformingtwo times48MHz bandwidthandcorrelat-
ing all 192input channelsin a single195kHz wide frequency
channel.It canalsoproduceautocorrelationstatisticsof each
signalpathandof the beamformedsignalwith 195 kHz fre-
quency resolution.Theintegrationtime canbespeci�ed in in-
tegral multiples of one second.A detaileddescriptionof the
digital processingis providedby Picardetal. (2010).

3. Tile beam former validation

The analogbeamformerwasvalidatedby 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
(az;el) = (162:1� ; 28:1� ) correspondingto direction cosines
(l;m) = (0:27; � 0:84) asseenfrom theWSRT site.Theresult-
ing image,shown in Fig. 2, clearlyshowstheimageof Afristar
at theexpectedlocationaswell asits gratinglobecloseto the
northernhorizon.This indicatesthattheanalogbeamformeris
workingcorrectly.

The imagealso shows a few artefacts.The most visible
artefactsarethebright blob in thecenterof the imageandthe
ripples runningover the imagefrom Northwestto Southeast.
Thesefeaturesareproducedby aninterplayof severale� ects:

Intermodulation As discussedin the previous section,the
IP3of thebeamformerchipturnedoutto betoohighto pre-
vent intermodulationproductsof the DVB-T signalsfrom
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Fig. 2: Imageobtainedby a sky scanon an(l;m)-grid with 0.05reso-
lution at1475.25MHz. Theintegrationtimeperpointingwas1 s.The
imageshowsAfristar closeto thesouthernhorizonat thecorrectloca-
tion,but alsoshowsthatthearrayis su� eringfrom severaldetrimental
e� ects.Thecolor scaleis logarithmic(dB).

.

the nearbyradio and television tower in Smilde from ap-
pearing over thewholeoperatingfrequency range.

LO power tuning By careful measurementsat di� erent
points in the LO distribution system,we achieved a con-
siderableimprovement in gainandnoiseperformanceafter
thismeasurement.

Re�ections The EMBRACE tiles are placedbetweentele-
scopes4 and 5 of the WSRT interferometer. A simple
experimentwith the beampointedat telescope4 demon-
stratedthat thepointingof that telescopehasconsiderable
impacton thesignallevelsobservedby thetiles.

Edgee� ectsTheimageshown in Fig. 2 wasmadewith a tile
at theedgeof thearray. Later imagesproducedusingtiles
which are fully enclosed byother tiles did not show the
ripple.For phasedarraystations,sizedoesmatter.

We have madeconsiderableprogresson the �rst two is-
suessincethis initial observation. This can be demonstrated
usingthesixteentiles equippedwith a 950MHz high pass�l-
ter to mitigatethe intermodulationproducts.Thesetiles were
arrangedin a 4 � 4 grid allowing us to reproduceFig. 2 with
arraysof 2 � 2, 3 � 3 and4 � 4 tiles. The tiles werescanned
over a regular(l;m)-grid with stepsof 0.02.For eachpointing,
theoutputsignalsof all tiles werecorrelatedwith 1 s integra-
tion andstoredto disc.Theadvantageof correlationoverbeam
forming is, thatwe canapplydi� erentbeamforming schemes
andproduceimageswith andwithout calibration.We alsoin-
creasedthe resolutionin the imagedemonstratingthat an all
sky map maybeproducedby mosaicing.

The resultsshown in Fig. 3 wereobtainedby imagingon
a 5 � 5 grid with a resolutionof 0.004aroundeachpointing.
Thearraywascalibratedbasedon a single1 s observationon
Afristar before thesky scanwasmade.Thedatamodelfor the
covariancematrixR obtainedin this calibrationobservationis

R = Ga� aHGH + � nI ; (1)
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Fig.3: Imageobtainedby scanningat1475.25MHz with a2� 2 (top),
3 � 3 (middle)and4 � 4 (bottom)arrayof tiles with 0.02resolution
usinginterpolationwith imagingtechniquesto a resolutionof 0.004.
The integrationtime perpointingwas1 s. The imagesshow Afristar
at thecorrectlocationwith increasingresolutionandsensitivity. The
color scaleis logarithmic(dB).

whereG = diag(g) is a diagonalmatrix with the unknown
complex valuedgainsof theindividualsignalpathson its main

diagonal,a is the arrayresponse vectortowardsAfristar con-
tainingphasorsdescribingthegeometricaldelaysbetweenthe
tiles, � is the sourcepower of Afristar and � n is the system
noisepower of the individual tiles, which is assumedequal
for all tiles and uncorrelatedbetweentiles. SinceAfristar is
the single dominant sourceon the sky, we can follow the
sameapproachasusedby Wijnholdset al. (2004)to calibrate
LOFAR's initial teststationonaRFI source,i.e. compute

gHg = R �
�
aHa�

�
; (2)

where� denotestheelementwisedivisionof two matricesand
obtaing usinganEigenvaluedecomposition.

Figure3 shows theresultsfor the2 � 2 arrayin thecenter
of the4� 4 array, for the3� 3 arrayin theSouthcornerandfor
thefull 4� 4 array. Theimagesshow agraduallydecreasingar-
ray beamwidth asexpected.TheSNRdoesnot improve at the
expectedrate.A possibleexplanationis that,astheimagesalso
show, thesky noiseis structured,implying thatit cannotjustbe
treatedasspatiallywhite Gaussiannoise.Suchstructureshave
beenobserved with the thousandelementarray (ThEA), the
precursorof EMBRACE (Wijnholds 2003).For ThEA, simi-
lar structurescouldbeexplainedby gratingresponsespointing
towardsnearbytreeswith a temperaturecloseto 300K instead
of to thesky with a temperatureof about3 K. As a result,the
contribution of the environment to the noiseis structuredand
producesfeaturesin theimage.

4. Fring e measurement on the sun

On October28, 2009the �rst ten tiles wereconnectedto the
LOFAR backendfor the�rst interferometricsolarobservations
with EMBRACE.Solidengineeringtestshavemadeit possible
thata solarfringe wasalreadymeasuredin the�rst testobser-
vation.This is veryreassuringin view of thesystemintegration
of even larger prototypesystemsandultimately the SKA. At
the endof the morningthe tiles werepointedonehour ahead
of thesunfor a drift scanthroughthe tile beams.Someof the
resultingfringesareshown in Fig.4.Theobservationwasdone
in asingle195kHz channelat1179MHz with 10sintegration.

Thecurvesshow thecorrelationsof thetile at theindicated
distancefrom the�rst tile of the4-elementULA (dashed)and
the6-elementULA (solid).Thewidth of theenvelopeof these
fringeshasa sizethatcorrespondsto thebeamwidth of a sin-
gle tile, asexpected.Theamplitudeof this envelopeallows us
to determinethesensitivity, expressedasthe ratio of e� ective
areaAe over the systemtemperatureTsys, towardsthe sunat
(az;el) = (178:0� ; 23:9� ) using

Ae

Tsys
=

2kb

Ssun

Psun

Pn + Psun
; (3)

where Ssun is the �ux of the sun, Psun=(Pn + Psun) is the
ratio of the power received from the sun over the system
noisepower including the self-noisefrom the sun and kb =
1:38 � 10� 23 WK � 1Hz� 1 is the Boltzmann constant.At the
time of observation, the solar �ux at 2.8 GHz wasabout80 �
10� 22 Wm� 2Hz� 1, whichcorrespondsto14:2�10� 22 Wm� 2Hz� 1

at 1179MHz assumingthattheRayleigh-Jeansapproximation
holdsfor thesolarradiospectrumat thesefrequencies.
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Fig. 4: Plot showing fringeson thesunat 1179MHz on a numberof
baselineswith theindicatedlengthsfrom the4-elementULA (dashed)
andthe6-elementULA (solid).Theobservationwasdonein a single
195 kHz frequency channelat 1179 MHz with 10 s integration per
sample.

The correlationcoe� cientsshown in Fig. 4 arecomputed
by dividing thepower in thecrosscorrelationbetweentwo tiles
by the squareroot of the productof the autocorrelationsof
thecorrespondingtiles.Fromthisde�nition, it follows thatthe
crosscorrelationcoe� cient is directly relatedto the instanta-
neousSNRof thesun:

Psunp
(Pn + Psun)2

=
Psun

Pn + Psun
= 0:25: (4)

UsingEq. (3), we thus�nd that thesensitivity in thedirection
(az;el) = (178:0� ; 23:9� ) is Ae=Tsys = 4:86� 10� 3 m2=K.

In an in�nite densephasedarray, the e� ective areaof an
elementcannot be larger thanits physical areawithin the ar-
ray. We canusethis fact to �nd an upperlimit for thesystem
temperatureby assumingthat this alsoholdsfor the tiles that
arefully enclosed byothertiles in thearray. Thephysicalsize
of the tile is Atile = (1:06 m)2 = 1:125 m2, which we have to
multiply by thecosineof the zenithangleof thesunin themea-
surement(66:1� ) to accountfor projectione� ects.Wecanthus
estimateTsys as

Tsys =
Atile cos(66:1� )

Ae=Tsys
= 93:8K: (5)

This resultis betterthanweexpected.Sincethetilessurround-
ing thetilesusedfor thisexperimentarenotpowered,theedge
elementsof theactivetilesmaypickupcurrentsfromneighbor-
ing tiles thuse� ectively enlarging theire� ectivearea.This im-
pliesthatAtile maybesomewhatlargerthanthephysicalareaof
asingletile. Thise� ectcouldeasilyincreaseAtile, andtherefore
Tsys calculatedabove,by 10to25%.Thisimpliesthattheactual
systemtemperatureprobablyliesbetween103K and117K. In
thefuture,thismeasurementshouldde�nitely berepeatedwith
thefull arraypoweredon to determinethe impactof this edge
e� ect more accurately. The low elevation of the sun (23:9� )

might beanothersourceof error, sincetheEMBRACE system
wasonly designedfor scananglesup to 45� from zenith.

The LNA noisetemperatureis expectedto be the domi-
nantcontribution to the overall systemtemperature.We may
thus judgethe reasonablenessof our resultby examining the
expectedLNA noisetemperatureTLNA, which is describedby
(Gonzalez1984)

TLNA = Tmin + T0
4rN

���� act � � opt

���2

�
1 � j� actj2

� ���1 + � opt

���2
: (6)

In this equation,� opt is the re�ection coe� cient with optimal
matchingfor minimal noise,Tmin is the minimal noise tem-
peraturewhen the LNA is matchedto � opt, T0 = 290 K by
de�nition, � act is theactive re�ection coe� cient,andrN is the
normalizednoiseresistance.Typicalvaluesfor theEMBRACE
LNA at 1179MHz areTmin = 44 K, rN = 0:031 and� opt =
� 0:48.Theabsolutevalue oftheactive re�ection coe� cientof
anin�nite arrayin thedirectionof thesunwasobtainedfrom a
full EM-simulationin HFSSandwasfoundto bej� actj = 0:77.

Thephaseof � act is notwell de�nedsincethetwo re�ection
coe� cientswereobtainedfrom two di� erentreferenceplanes.
This implies that thevalue of

���� act � � opt

��� mayvary from 0.29
to 1.25.In themostoptimisticscenario,in which thephasesof
� act and� opt arethe same,the secondterm in Eq. (6) may be
aslow as27.5K. This givesa total LNA noisetemperatureof
71.5 K. Adding a secondstagecontribution in the systemof
approximately25 K andthesky noisecontribution of 3 K, the
expectedminimumsystemnoisetemperatureis around100K
for this speci�c scanangle.

Given that the accuracy of the measurementis hampered
by the fact that the position of the sun was outsidethe scan
rangespeci�cationfor EMBRACE andthat thesimulationre-
sultsaredi� cult to interpretdueto themismatchin reference
planesfor the re�ection coe� cients,it is very reassuringthat
thenumbersobtainedfrom simulationsandexperimentsareas
closeasthey are.However, it wouldbeniceto furtherimprove
the accuracy andcon�rm thesenumberson di� erentsources.
Severalattemptswerethereforemadeto observeCasA having
a �ux of about2 kJy at 1179MHz. This should,extrapolating
from the solar results,give a correlationcoe� cient of about
1% at the momentof transit,which happensat only 7� from
the zenith.Unfortunately, artifactsproducedby intermodula-
tion alreadyappearedat 2% to 3% level. The intermodulation
productswere thereforeoverpowering CasA, even in bands
thatlook freeof intermodulationproductsat �rst sight.

There are many redundantbaselinesin a denseregu-
lar phasedarray like EMBRACE. This can be exploited for
calibrationpurposesas discussedby Noordam& De Bruyn
(1982), Wieringa (1992) and Noorishadet al. (2010). We
thereforechecked the visibilities on several redundantbase-
linesto seewhetherthey showedsimilarbehavior overtime.As
an example,we show the phasemeasuredon a numberof re-
dundant1.51m and3.20m baselinesasfunctionof timeduring
thesolarobservation in Fig. 5. Sincethearrayis uncalibrated,
themeasuredphasesarenot thesame,but it is clearfrom this
plot that they only di� er by a phaseo� set that could be cali-
bratedout. Thebehavior of visibilities on redundantbaselines
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Fig. 5: Exampleof phasemeasurementsduring the fringe measure-
ment onthesunobtainedfor a numberof redundant1.51m (top) and
3.20m (bottom)baselines.

looks promising,which implies that detrimentale� ects like
mutualcouplingandedgee� ectshave alimited impacton the
redundancy of thevisibilities,whichclearsthepathfor exploit-
ing it in stationcalibrationandimagingroutines.

Figure 5 shows a numberof samplesat the edgesof the
time interval for which theredundantbehavior seemsto break
down. Thesearethemomentsatwhich thesunmovesinto and
leavesthemainbeamrespectively. Whenthesunis outsidethe
mainbeam,theSNRof thecelestialsignalsis so low that the
intermodulationproducts dominatethe measurements.These
signalsmay be subjectto near�eld multipath e� ectsdue to
re�ectionsonthenearbyWSRT dishes,di� erentIP3sof di� er-
entbeamformerchipsandedgee� ectsdueto thelow elevation
of thesourceof theDVB-T signalscausingtheredundancy to
breakdown.

5. Interf erometric detection of GPS satellites

During oneof thedrift scanobservationsat 1179MHz we ob-
served the fringesshown in Fig. 6 on a numberof baselines
with the indicatedlengthswithin the6-elementULA depicted
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Fig.6: Fringesmeasuredin theGPSL5 bandat1179MHz from satel-
lite SVN49.This measurementwasdonein a single195kHz channel
with 30s integrationtime.

in Fig. 1. The fringe rate of about22:5� =h is too fast for an
astronomicalsource,which hints at a satellitesignal. It turns
out thaton 24March2009LockheedMartin haslaunchedGPS
satelliteSVN49,which includesaprototypetransmitterfor the
GPSL5 band(1176� 12 MHz). This observation thusturned
out to be the �rst interferometricdetectionof a GPSsatellite
with theEMBRACE system.

At theother, widely used,GPSfrequenciesmoresatellites
canbedetectedwhichtraversedi� erentpathsoverthesky. This
canbeexploitedfor beammeasurementsby pointingthebeam
of a tile at a givenpositionandwaiting for severalGPSsatel-
lites to drift throughthe beamfollowing distinct paths.Such
anexperimentwasconductedwith a tile locatedat theNançay
site usinga spectrumanalyzeras reportedby Olofssonet al.
(2010)

6. Conc lusions

In this paper we have presentedthe �rst experimental re-
sultsobtainedwith the EMBRACE stationat the WSRT site.
Althoughthesystemvalidationmeasurementsindicatethatwe
still have to tacklea few challengesimposedby the environ-
ment(presenceof strongDVB-T signals,nearbyWSRT dishes)
beforewe canobserve weakastronomicalsourceslike CasA
andHI, the �rst fringesof thesunobservedat anelevationof
only 24� look very promising.They indicatethat the system
temperatureprobablyliesbetween103K and117K. Moreover,
thevisibilities on redundantbaselinesshowedvery similar be-
havior in thissolarobservation,whichis veryreassuringfrom a
stationcalibrationperspective.Our resultscorroboratethefea-
sibility andapplicabilityof phasedarraytechnologyatfrequen-
ciesbelow 1500MHz.

In view of further aperturearray developmentstowards
SKA, we can learn a few important lessonsfrom thesesim-
ple experiments.If thegoal is to demonstratethataperturear-
raysform an astronomicallyviable andcostandpower e� ec-
tive solutionat thesefrequencies,the next prototypeneedsto
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bebuild ata locationthathasaRFI environmentsimilar to that
of thecandidateSKA sites.This will ensurethat thehigh dy-
namicrangedesignof theanalogsystemcanbetailoredto the
radio astronomicalapplicationinsteadof to the RFI environ-
ment,whichwill save alot of manpowerandreducethepower
consumptionof the analogsystemconsiderably. Operationof
future prototypeson sucha site alsohelpsto focuson issues
that areimportantto astronomerslike image�delity , stability
andpolarizationinsteadof puttingthefocusontechnicalissues
likeRFI mitigationandmultipathe� ectsthatwill playaroleat
muchlower signallevels in the �nal SKA stationsthanat the
EMBRACE sites.
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