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Abstract.

The L2C carriersof multiple GPSsatelliteshave beenusedto traceout a nearly completebeampatternout to 45

away from the main lobe centrefor a horizontallymountedsingle EMBRACE tile. The beamwasformedalongits bore-sight
direction,i.e.,staringatthelocal sky zenith.Theresultis very closeto designspeci cationsalthoughthereis evidencefor atleast
onesideloberising above the achiezed noiselevel. We have alsousedthe olderL2 carrierto estimatethe systemtemperature,
althoughanexact gure in additionrequiresknowledgeof theaperturee ciengy.

1. The EMBRACE instrument

The dense aperture plane phased array system called
EMBRACE is the Electronic MultiBeam Radio Astronomy
ConcEpt.Denselypacled Vivaldi antennaelementsareorgan-
ised into tiles eachconsistingof 72, single-linearpolarised
elements.There are two arrays being constructed.One in
Westerborkconsistingof 144 tiles and onen Nan@ay with 80
tiles. A prototypetile is undegoing characterisatiotestingin
Nan@y.

EMBRACE is a prototypebeing designedfor developing
technologyneededor the mid to low frequeng portionof the
SquareKilometre Array (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 satellitestransmitat a numberof frequenciesand
while the primary carrieris at 1575MHz, it is the L2 signal
at 1227.6MHz which is the mostusefulfor EMBRACE test
obsenations.At this frequeny ( =24.421cm)the largestdi-
mensionof thetile RF beamis about15 if the instrumentis
approximatedvith atraditionaldishwith adiameterequivalent
to thetile sideof 1068mm. The signalis right-handcircularly
polarisedvhichis advantageassincetheprojectionontoalin-
earlypolarisedrecever doesnotchangeovertime.

2.2. Orbit

The GPS satellites are in what one might call “semi-
synchronous’Earth orbits (SSEO),i.e., they performtwo or-
bits in exactly onesiderealday Thustheirgroundtrackwill be

repeatedvery 24handthis putsconstrainton which satellites
will everbeavailablefor directoverheachassesAll GPSsatel-
lites have inclinationsof about55 which is fortunatesinceit
allows zenithpassageatthe Nanay latitude (about47.4).

TheSSEOQOis atalargedistancg 20,000km)whichmeans
thatthey arevisiblein alargeareaonthegroundandthatapass
takesalong time(upto 7h).

2.3. Tracking

The information aboutidentity and positionsof the satellites
can be found from NORAD, e.g.via the webpagehttp://
celestrak.com/NORAD/elements/ . Positionsarecalculated
andextrapolatedrom socalledTwo Line Keplerian Elements
(TLEs) which contain, among other things, orbital parame-
tersanddragcoe cients.Thelatteris moreimportantfor low
earthorbit (LEO) satellitesfor which orbitaldecayoccursmore
swiftly. The TLEs areupdatedegularly whennew telemetryis
available.

At ary giventime, about10 of the satellitesareabove the
horizonin Nan@y. An illustrating snapshotis showvn in Fig. 1.

Furthermoretwo of them passalmostdirectly overhead,
GPSBIIR-11 and GPSBIIA-25 (maximum elevatior>89 ),
andanotherandfulcomeswell within the HPBW. It is worth
reiteratingthateachsatellitecontinuouslyprovidesobsenation
opportunitiesonceevery 24 hours.

3. Method

The “EMBRACE Nang@y Tile”? was put in a recentlyfabri-
catedcradlein thefully horizontalsetting,seeFig. 2. The ne-
pointingof this setupwasnotknown apriori. Thereferenceo-

a A tile retroactvely modi ed to mimick theultimatedesignchosen
andshippedio Nan@y in advanceof standardarraytiles.
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Fig. 1: Globalmapin Plate Carréeprojection(alsocalledEquirectangulaprojection)shaving the groundtrackfor two consecutie orbits of
a satellitepassingoverheadat Nang@y (light-blue line) andthe instantaneousub-satellite-positionf all otheroperationakatellites Also of
interestis theredline shaving theareawithin which a satellite(at this orbital height)mustbe, suchthatit is abose the horizonfrom thechosen

station(EMBRACE-Nana@y, coordinatedat. 47.3819, long.-2.1993)
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Fig. 2: The singleEMBRACE tile mountedon its trolley in the hori-
zontalposition.

tationof thetile wassuchthatthe sideswerealongthe Cardinal
Directions.Due to the diagonalplacemenbf the Vivaldi ele-
ments,that correspondso a linear polarisationof 45 with re-
spectto an east-westine. A 30 MHz bandpassvas sampled
every minutewith 500 channelaisinga spectrunanalysethat
includedthe GPSL2 frequeng at 1227.8MHz. At the time
of writing, 335hoursof obsenationhadbeenperformedusing
two di erentspectrumanalysersas baclends.To ensurethat

the patternwassu ciently sampledin all directions,the tile
wasrotatedin stepsof 15 betweenzeroand 60 inbetween
someof the measurements.

Theintensitywasintegratedover the central2 MHz asthe
L2C (notthewealerL?2) carrierwasstronglyconcentratetiere
andwe attemptedo avoid a pair of nearbyparasiticsignals.

In orderto assignsatellitesto obsened signalsandto pro-
vide sky trajectoriesasafunctionof time (whichwaslatercon-
vertedto tile-centriccoordinates)ywe employedthe older, free
versionof “SatTrack” whichis simpleyet e xible sinceit may
be customisedy the user(aslong asit is not spreadunder
the copyright agreement)The positionswerecalculatedevery
30 secondsindlaterresampledo the pointsin time of the sig-
nal samples.

MatLab was later usedfor numbercrunchingandvisuali-
sationsoncetheidenti cation phasevasover.

4, Results
4.1. Detections

We rst list the satellitesthatwereunequvocally detected (bt

with somecaveats,seebelaw) in orderof successionThe ob-

senedtime signalfrom onemeasurenis showvn in Fig. 3. to-

getherwith satellitemarkersattheir transittimes.
Commentdgo table:

— Thesatelliteswith anM (for “Modernized”)in their desig-
nationwasfoundto have muchstrongersignalso eringa
very large SNRin eachspectrum(andhencein eachpass).
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Fig. 3: A time sequencef theintegratedintensityfrom the rst multi-day measuremergerformedThe signalhasbeenmaiginally 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 maginally
w. R-03A-10
GPSBIIR-02 89.3 L2
GPSBIIRM-4 87.3 L2C (strong)
GPSBIIRM-3 83.9 L2C (strong)
GPSBIIRM-7 79.6 L2C (strong) farfrom
beamcentre
GPSBIIRM-5 86.9 L2C (strong)

This is consistenwith the statedaddition of the C (Civil)
signalalsoat the L2 frequeng in this generationof GPS
satelliteg(previously only usedat L1 at 1575MHz).

— Overlapmeanghat onesatellitehadnot yet completedts
passbeforeanotherapproachedransitandthe correspond-
ing signalis a superpositiorof thetwo carriers.

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

4.2. 2D beam pattern

In orderto producea two-dimensionabeampattern,we com-
binedthesignalsfrom thesatelliteswith theL2C carrier(which
hasa muchhighersignal-to-noiseatiothantheolderL?2) taken
with ve di erenttile rotations.Figure 4 shows the trajecto-
riesfor the portionsof the sighalsequencewe used.We could
make surethat thesesatelliteshad comparablentrinsic line
strengthsy looking at pointsin which their trajectoriesover
lapped.The variationsat the intersectionswve checled were
within 10% of the beam-centratrength Blending—i.e., when
the next satelliteapproacheshe beampatternbeforethe pre-
vious onehasleft it — wassometimesa problemandwe trun-

Fig. 4: Trajectoriesof 5 di erentsatellitesobsered using5 di erent
tile rotations.The coordinatesare x ed with respectto the tile and
shawn aslookingontothetile where =0is alongthelocal x-direction
(alongatile sideincresingto theright). With thetile in thereference
postion,the x-axisis parallelto anW-E line, increasingo the east.

catedthesignalin thesecaseslt is importantto notethatwhile

blendinge ectscanproduceartifacts,it cannotfalselyproduce
a atter —or better— pattern.Thusour resultsareto beconsid-
eredaworst-casescenario.

We have ngglectedto take into accountary variation of
transmitterantennagain when the satellite are farther from
zenith.Evenif weassume “w orst-case’scenarioin whichthe
transmitterhas Gaussiarbeamwhich is pointing to the nadir
(directly down-looking) asseenfrom the satellite,we estimate
thattheHPBWwouldbe&50 ° while theground-stationvould
only be10 away from nadirwhenthe satelliteis at45 eleva-
tion in thelocal sky. Nor would theincreasegathlengthaway
from zenithimposea relevantchangethereceved power has
asquaredependencen the distancebut the high orbit ensures
thatthedi erencds only 1% onefull beamwidth (13 ) away
from zenithandabout15%at45 elevation.

b Basedbnanuncon rmedbore-sightGPSantennagainof 11.5dB.
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However, the GPS transmitting antennaeactually have
beampatternghattry to minimiseboththesee ects.Asisvisu-
alisedin Hurtadoetal. (2001)andreferencesherein.thecen-
tre of the mainlobe— the partthatsubtendscrosshe surface
of theEarth—is “concave” in shapei.e. signi cantly wealerin
the middle comparedo the directionstowardsthe limb of the
Earth.

Theresultcanbeseenin Fig. 5. A 2D circular Gaussiant
givesanHPBWof 12.7 andapointingo setof only abouthalf
adegreein the negative x-direction.We cannothowever disen-
tangle thecontributionsfrom theinstrumentrolley andthetile
hardware itself due to the rotationsperformedbetweenmea-
surementsUsingbothL2 andL2C satellitesn onesinglerota-
tion indicatedano setcloserto 1 . A slight mis-alignmenin
the mountstructurewould alsosene to widenthe beamsome-
whatandthe HPBW estimateabove shouldbe consideredan
upperlimit.

Therearetwo areasof interestaway from the main lobe,
slightly below y=0 androughly symmetricalaroundthey-axis,
seenas elevatedregionsin the Figure. It seemsratherlikely
that at leastthe oneat positive x is a real sidelobe sinceit is
seenin several satelliesanddisappearsvhenthetile is rotated
sothata giventrajectorynolonger passesver thatregion.

4.3. System temperature and aperture ef ciency

Tsysand A canberelatedto therecevedpower through

Tiys - |:)thSnoisel—polAtiIe
A 4 d2P,kB

whereS,ise IS theoutput noisepower measureaver band-
width B, L,=3dB is the penaltylossfor usinga linearly po-
larisedantenndo receve acircularly polarisedsignal,andAgje
isthephysicaltile areaP, G, t, r, andd, represenPower, Gain,
transmittedreceved, anddistancerespectiely. Atmospheric
lossandsky noisehave beenneglected.

Accurate gures for P; are not availablein o cial docu-
mentsasit is classi edinformation,only minimumpower ux
numbersseemto be stated(to allow GPSrecever manufctur
ersto designin adequateSNR budgets).In a few non-o cial
sourcesa gure of 4 W was however mentionedfor the L2
carrierin seeminglyfairly approximatecontets. To obtainan
independenestimate we have usedsomearchived high-SNR
GPSobsenationsfrom the Onsala25mtelescopeThis hadthe
additionalbene t of delivering a templatefor the full L2 car
rier spectralshape(wealer but broaderthanthe L2C) which
wasusedto correctfor abaselineslopein the EMBRACE data
which did notencompasthe signalfully.

Our current best estimatelands on a carrier strengthof
P; 2.5W but cautionthatit could be somavhathighet While
it is certainthatit wastrackinga GPSsatellite theinformation
of the exact telescopepointing at the time of aquisitionwas
not availableandwe assumehatit wasrelatively closeto lo-
cal zenith(GPSsatellitesmay comewithin afew degreesfrom
zenithatthe Onsaldatitude).

As a gaugeof the L2 carrierin the EMBRACE dataset,
we usedGPSBIIR-02 which passewery closeto zenithandis
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Fig.5: a) Interpolateccolourmapof signaltrailstracingoutthebeam
pattern.b) 3D view.

entirelyuna ectedby blendingwith othersignals.Its strength
wasin extremely good agreemenbetweenthe two spectrum
analysersused (the output noise baselinelevel was however
inexplicably abouta factorof 10 too high in one of themand
washottrusted).

Pluggingin appropriatevaluesin the expressiorabore, we
nd aTsd a Of aboutl90,and,shouldtheapertures cieng
for instanceturn outto be 0.5 at this frequeng, we have asys-
tem temperatureof slightly belov 100 K which is consistent
with expectionsgiven the variousuncertainties- which may

easilyamountto 50%—in this simpleestimate.

4.4. Summary

Detailedbeamcharacterisationsing GPSsatellitesis feasible
but crowding andsignalblendingwould be a seriousproblem
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for beamslarger thanthe EMBRACE beam,or for comple
beampatternswith strongside lobes. The high orbits result
in slow progressioron the sky yielding higherinstantaneous
SNR but alsorathercurved trajectories.The stability and re-
peatabilityof boththetile andthe GPSsatellitesignalsappear
excellent.

Preliminary results indicate that the tile performanceis
closeto expectations.
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