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Abstract. TheL2C carriersof multiple GPSsatelliteshave beenusedto traceout a nearlycompletebeampatternout to 45�

away from themain lobecentrefor a horizontallymountedsingleEMBRACE tile. Thebeamwasformedalongits bore-sight
direction,i.e.,staringat thelocalsky zenith.Theresultis verycloseto designspeci�cationsalthoughthereis evidencefor at least
onesideloberising above theachievednoiselevel. We have alsousedtheolderL2 carrierto estimatethesystemtemperature,
althoughanexact�gure in additionrequiresknowledgeof theaperturee� ciency.

1. The EMBRACE instrument

The dense aperture plane phased array system called
EMBRACE is the Electronic MultiBeam Radio Astronomy
ConcEpt.DenselypackedVivaldi antennaelementsareorgan-
ised into tiles eachconsistingof 72, single-linearpolarised
elements.There are two arrays being constructed.One in
Westerborkconsistingof 144tiles and onein Nançay with 80
tiles. A prototypetile is undergoingcharacterisationtestingin
Nançay.

EMBRACE is a prototypebeingdesignedfor developing
technologyneededfor themid to low frequency portionof the
SquareKilometreArray (SKA) project.For moredetailsabout
EMBRACE seein theseProceedingsPicard et al. (2010);
Wijnolds et al. (2010); Berenzet al. (2010); Monari et al.
(2010);Bianchietal. (2010)

2. GPS – a brief intr oduction

2.1. Frequencies

The GPS satellitestransmit at a numberof frequenciesand
while the primary carrier is at 1575MHz, it is the L2 signal
at 1227.6MHz which is the mostuseful for EMBRACE test
observations.At this frequency (� =24.421cm),the largestdi-
mensionof the tile RF beamis about15� if the instrumentis
approximatedwith atraditionaldishwith adiameterequivalent
to thetile sideof 1068mm.Thesignalis right-handcircularly
polarisedwhichis advantageoussincetheprojectionontoalin-
earlypolarisedreceiverdoesnot changeover time.

2.2. Orbit

The GPS satellites are in what one might call “semi-
synchronous”Earthorbits (SSEO),i.e., they performtwo or-
bits in exactly onesiderealday. Thustheir groundtrackwill be

repeatedevery24handthisputsconstraintsonwhichsatellites
will everbeavailablefor directoverheadpasses.All GPSsatel-
lites have inclinationsof about55� which is fortunatesinceit
allowszenithpassagesat theNançay latitude(about47.4� ).

TheSSEOis atalargedistance(� 20,000km) whichmeans
thatthey arevisiblein alargeareaonthegroundandthatapass
takesa long time(up to 7h).

2.3. Tracking

The informationaboutidentity andpositionsof the satellites
can be found from NORAD, e.g. via the webpagehttp://
celestrak.com/NORAD/elements/ . Positionsarecalculated
andextrapolatedfrom socalledTwo Line Keplerian Elements
(TLEs) which contain, amongother things, orbital parame-
tersanddragcoe� cients.Thelatter is moreimportantfor low
earthorbit (LEO) satellitesfor whichorbitaldecayoccursmore
swiftly. TheTLEsareupdatedregularlywhennew telemetryis
available.

At any given time, about10 of thesatellitesareabove the
horizonin Nançay. An illustratingsnapshotis shown in Fig. 1.

Furthermore,two of them passalmostdirectly overhead,
GPS BIIR-11 and GPS BIIA-25 (maximum elevation>89� ),
andanotherhandfulcomeswell within theHPBW. It is worth
reiteratingthateachsatellitecontinuouslyprovidesobservation
opportunitiesonceevery24hours.

3. Method

The “EMBRACE Nançay Tile”a was put in a recentlyfabri-
catedcradlein thefully horizontalsetting,seeFig. 2. The�ne-
pointingof thissetupwasnotknown apriori. Thereferencero-

a A tile retroactively modi�ed to mimick theultimatedesignchosen
andshippedto Nançay in advanceof standardarraytiles.
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Fig. 1: Globalmapin PlateCarréeprojection(alsocalledEquirectangularprojection)showing thegroundtrackfor two consecutive orbitsof
a satellitepassingoverheadat Nançay (light-blue line) andthe instantaneoussub-satellite-positionof all otheroperationalsatellites.Also of
interestis theredline showing theareawithin whichasatellite(at thisorbitalheight)mustbe,suchthatit is abovethehorizonfrom thechosen
station(EMBRACE-Nançay, coordinateslat. 47.3819� , long. -2.1993� )

Fig. 2: ThesingleEMBRACE tile mountedon its trolley in thehori-
zontalposition.

tationof thetile wassuchthatthesideswerealongtheCardinal
Directions.Due to the diagonalplacementof the Vivaldi ele-
ments,that correspondsto a linearpolarisationof 45� with re-
spectto an east-westline. A 30 MHz bandpasswassampled
everyminutewith 500channelsusingaspectrumanalyserthat
includedthe GPSL2 frequency at 1227.8MHz. At the time
of writing, 335hoursof observationhadbeenperformedusing
two di� erentspectrumanalysersasbackends.To ensurethat

the patternwassu� ciently sampledin all directions,the tile
was rotatedin stepsof 15� betweenzero and 60� inbetween
someof themeasurements.

Theintensitywasintegratedover thecentral2 MHz asthe
L2C (nottheweakerL2) carrierwasstronglyconcentratedhere
andweattemptedto avoid apair of nearbyparasiticsignals.

In orderto assignsatellitesto observedsignalsandto pro-
videsky trajectoriesasafunctionof time(whichwaslatercon-
vertedto tile-centriccoordinates),we employedtheolder, free
versionof “SatTrack” which is simpleyet �e xible sinceit may
be customisedby the user(as long as it is not spreadunder
thecopyright agreement).Thepositionswerecalculatedevery
30secondsandlaterresampledto thepointsin timeof thesig-
nal samples.

MatLab waslater usedfor numbercrunchingandvisuali-
sationsoncetheidenti�cation phasewasover.

4. Results

4.1. Detections

We�rst list thesatellitesthatwereunequivocallydetected (but
with somecaveats,seebelow) in orderof succession.Theob-
served time signalfrom onemeasurentis shown in Fig. 3. to-
getherwith satellitemarkersat their transittimes.

Commentsto table:

– Thesatelliteswith anM (for “Modernized”)in their desig-
nationwasfound to have muchstrongersignalso� eringa
very largeSNRin eachspectrum(andhencein eachpass).
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Fig. 3: A timesequenceof theintegratedintensityfrom the�rst multi-daymeasurementperformed.Thesignalhasbeenmarginally smoothed.

Designation Peak Carrier Signaloverlap

elevation type (or comment)

GPSBIIA-24 86.2 L2 w. A-25

GPSBIIA-25 89.4 L2 w. A-24,

dominant

GPSBIIR-11 89.0 L2

GPSBIIR-03 88.4 L2 w. A-10,

dominant

GPSBIIA-10 89.8 L2 w. R-03

GPSBIIR-04 83.2 L2 marginally

w. R-03/A-10

GPSBIIR-02 89.3 L2

GPSBIIRM-4 87.3 L2C (strong)

GPSBIIRM-3 83.9 L2C (strong)

GPSBIIRM-7 79.6 L2C (strong) far from

beamcentre

GPSBIIRM-5 86.9 L2C (strong)

This is consistentwith the statedadditionof the C (Civil)
signalalsoat the L2 frequency in this generationof GPS
satellites(previouslyonly usedatL1 at1575MHz).

– Overlapmeansthatonesatellitehadnot yet completedits
passbeforeanotherapproachedtransitandthecorrespond-
ing signalis asuperpositionof thetwo carriers.

– Two additional satellites, GPS BIIRM-6 and
GPSBIIRM-8, were also likely detected but only
through their passagethrough suspectedside lobes, see
furtherbelow.

4.2. 2D beam pattern

In orderto producea two-dimensionalbeampattern,we com-
binedthesignalsfrom thesatelliteswith theL2C carrier(which
hasamuchhighersignal-to-noiseratiothantheolderL2) taken
with � ve di� erenttile rotations.Figure4 shows the trajecto-
riesfor theportionsof thesignalsequencesweused.Wecould
make sure that thesesatelliteshad comparableintrinsic line
strengthsby looking at pointsin which their trajectoriesover-
lapped.The variationsat the intersectionswe checked were
within 10%of thebeam-centrestrength.Blending– i.e.,when
the next satelliteapproachesthe beampatternbeforethe pre-
viousonehasleft it – wassometimesa problemandwe trun-

Fig. 4: Trajectoriesof 5 di� erentsatellitesobservedusing5 di� erent
tile rotations.The coordinatesare �x ed with respectto the tile and
shown aslookingontothetile where� =0 is alongthelocal x-direction
(alonga tile sideincresingto theright). With thetile in thereference
postion,thex-axisis parallelto anW-E line, increasingto theeast.

catedthesignalin thesecases.It is importantto notethatwhile
blendinge� ectscanproduceartifacts,it cannotfalselyproduce
a �atter – or better– pattern.Thusour resultsareto beconsid-
eredaworst-casescenario.

We have neglectedto take into accountany variation of
transmitterantennagain when the satellite are farther from
zenith.Evenif weassumea“worst-case”scenario,in whichthe
transmitterhasGaussianbeamwhich is pointing to the nadir
(directly down-looking)asseenfrom thesatellite,we estimate
thattheHPBWwouldbe&50� b while theground-stationwould
only be10� away from nadirwhenthesatelliteis at 45� eleva-
tion in thelocalsky. Nor would theincreasedpathlengthaway
from zenithimposea relevantchange;the receivedpower has
a squaredependenceon thedistancebut thehigh orbit ensures
that thedi� erenceis only 1% onefull beamwidth (13� ) away
from zenithandabout15%at45� elevation.

b Basedonanuncon�rmedbore-sightGPSantennagainof 11.5dB.
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However, the GPS transmitting antennaeactually have
beampatternsthattry tominimiseboththesee� ects.As isvisu-
alisedin Hurtadoet al. (2001)andreferencestherein,thecen-
tre of themain lobe– thepart thatsubtendsacrossthesurface
of theEarth– is “concave” in shape,i.e.signi�cantly weaker in
themiddlecomparedto thedirectionstowardsthe limb of the
Earth.

Theresultcanbeseenin Fig. 5. A 2D circularGaussian�t
givesanHPBWof 12.7� andapointingo� setof onlyabouthalf
adegreein thenegative x-direction.Wecannothoweverdisen-
tangle thecontributionsfrom theinstrumenttrolley andthetile
hardware itself due to the rotationsperformedbetweenmea-
surements.UsingbothL2 andL2C satellitesin onesinglerota-
tion indicatedano� setcloserto 1� . A slight mis-alignmentin
themountstructurewould alsoserve to widenthebeamsome-
what andthe HPBW estimateabove shouldbe consideredan
upperlimit.

Thereare two areasof interestaway from the main lobe,
slightly below y=0 androughlysymmetricalaroundthey-axis,
seenas elevatedregions in the Figure. It seemsratherlikely
that at leastthe oneat positive x is a real sidelobe sinceit is
seenin severalsatelliesanddisappearswhenthetile is rotated
sothatagiventrajectoryno longer passesover thatregion.

4.3. System temperature and aperture ef�ciency

Tsys and� A canberelatedto thereceivedpower through

Tsys

� A
=

PtGtSnoiseLpolAtile

4� d2PrkB

whereSnoise is theoutput noisepowermeasuredoverband-
width B, Lpol=3dB is the penaltylossfor usinga linearly po-
larisedantennato receive acircularlypolarisedsignal,andAtile

is thephysicaltile area.P, G, t, r, andd, representPower, Gain,
transmitted,received, anddistance,respectively. Atmospheric
lossandsky noisehavebeenneglected.

Accurate�gures for Pt arenot available in o� cial docu-
mentsasit is classi�edinformation,only minimumpower �ux
numbersseemto bestated(to allow GPSreceiver manufactur-
ersto designin adequateSNR budgets).In a few non-o� cial
sources,a �gure of 4 W was however mentionedfor the L2
carrierin seeminglyfairly approximatecontexts. To obtainan
independentestimate,we have usedsomearchivedhigh-SNR
GPSobservationsfrom theOnsala25mtelescope.Thishadthe
additionalbene�t of delivering a templatefor the full L2 car-
rier spectralshape(weaker but broaderthan the L2C) which
wasusedto correctfor abaselineslopein theEMBRACEdata
whichdid notencompassthesignalfully.

Our current best estimatelands on a carrier strengthof
Pt� 2.5W but cautionthat it couldbesomewhathigher. While
it is certainthatit wastrackingaGPSsatellite,theinformation
of the exact telescopepointing at the time of aquisitionwas
not availableandwe assumethat it wasrelatively closeto lo-
cal zenith(GPSsatellitesmaycomewithin a few degreesfrom
zenithat theOnsalalatitude).

As a gaugeof the L2 carrier in the EMBRACE dataset,
weusedGPSBIIR-02 whichpassesverycloseto zenithandis

Fig.5: a) Interpolatedcolourmapof signaltrails tracingout thebeam
pattern.b) 3D view.

entirelyuna� ectedby blendingwith othersignals.Its strength
was in extremelygoodagreementbetweenthe two spectrum
analysersused(the output noisebaselinelevel was however
inexplicably abouta factorof 10 too high in oneof themand
wasnot trusted).

Pluggingin appropriatevaluesin theexpressionabove,we
�nd a Tsys/� A of about190,and,shouldtheaperturee� ciency
for instanceturn out to be0.5at this frequency, we have asys-
tem temperatureof slightly below 100 K which is consistent
with expectionsgiven the variousuncertainties– which may
easilyamountto 50%– in this simpleestimate.

4.4. Summary

DetailedbeamcharacterisationusingGPSsatellitesis feasible
but crowding andsignalblendingwould bea seriousproblem
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for beamslarger than the EMBRACE beam,or for complex
beampatternswith strongside lobes.The high orbits result
in slow progressionon the sky yielding higher instantaneous
SNR but also rathercurved trajectories.The stability andre-
peatabilityof boththetile andtheGPSsatellitesignalsappear
excellent.

Preliminary results indicate that the tile performanceis
closeto expectations.
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