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ABSTRACT

In this paperwe evaluatesuitability of several array processingmethodsfor adaptvely cancelinginterfering signals
presenin radioastronomy Theissueof signalcorruptionby orbital satellitedownlink signals,suchasfrom GLONASS
andIRIDIUM, is addressedSimulationandreal dataanalysisof the achiezable SINR improvementandbeammainlobe
distortionfor five candidatelgorithmss presentedPerformancés evaluatedasafunctionof angularseparatioetween
thesignalof interestandtheinterferer in the presencef arraygratinglobes.

1. INTRODUCTION

This paperpresentsa comparatie analysisof several candidateadaptie cancellationarray processingalgorithmsas
appliedto radio astronomy Thesealgorithmsarewell known in the digital signalprocessingcommunity but their ef-
fectivenesavhenappliedto radio astronomyhasnot beenfully establishedWe are particularlyinterestedn canceling
interferencdrom orbital satellitedownlink signalssuchasfrom GLONASSandIRIDIUM. Theseinterferersaffectcriti-
calobsenationspectrabandsusedn radioastronomy1, 2]. For example,GLONASSoperatesn theimportanthydroxyl
ion (OH) emissionband. Satelliteinterfererscanbe moreproblematicathanground-basedourcedecausehey arenot
in fixedlocations,andcanrapidly traverseboth the mainlobeandsidelobeof the telescopdeam. This non—stationary
interferenceequiresan adaptve processingapproachor effective mitigation. The ultimate goal of our work is to use
real-timedigital signalprocessor¢DSPs)to dealwith thetime varyingnatureof signalsfrom satellitesn transit.

Theparticulameedof astronomicabbsenationconstituteanextremelydemandingervironmentfor arrayprocessing
algorithms,andit mustbe determinedf theseissuescanbe properlyaddressedandwhich candidatealgorithmsarebest
suited.Comparedvith wirelesscommunicationsr signalinterceptarrayprocessin@pplicationsradioastronomysuffers
from: 1) extremelylow signalto noiseratios,2) sparseantennaarrayswhich producegratinglobes,3) very high gain
directionalarrayelements4) significantinterferenceappearingn antennasidelobesvhereresponsés not calibratednhor
uniformacrosghearray 5) singleantennaighgaintelescopeshereunmatchedmallerauxiliary antennasustbeused
to form anarray and6) a needfor absolutegainandbeamshapecalibrationto permitaccuratescienceobsenations(e.g.
surfacebrightnessextent, etc.)

Ourresearclapproachs to usealow cost,easilymodifiedtestplatformof smallradiotelescopeandreal-timedigital
signalprocessingo permitrapid developmentandanalysisof interferencemitigation algorithms. An array (which we
call theBYU Very SmallArray, ‘VSA") of threel0 foot diametertelescopesasbeeninstalledon a rooftop at Brigham
YoungUniversity Onceanadaptve techniquehasbeenvettedon this platform,we will thenevaluateits performancen
NRAOQO telescopeswvith our partnersat GreenBank Obsenatory,

Theanalysispresentedbelon evaluatessomeof theseissuesusingmostly simulateddatafor our three—antenn®gSA
system. This dataaccuratelymodelssatellite signal properties,including bandwidths,motion, and signallevels, and
permitsusto evaluatespecificscenariogshatwould be difficult to reproducewith realobseneddata.A realdataexample
of GLONASS nterferencesxcisionis alsopresented.

2. THEALGORITHMS

This sectiondefineghe adaptve algorithmsthathave beenanalyzedo evaluatecancellatiorperformancendmainbeam
distortionlevels. As othershave noted,useof multichannelarraysopensup somepowerful spatialfiltering optionsfor
interferencemitigation[3, 1]. Algorithmsevaluatedo-dateincludetheLinearly Constrainedinimum VariancgLCMV)
beamformer GeneralizedSidelobeCanceller(GSC), Multiple SidelobeCanceller(MSC), Maximum Signalto Noise
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Ratio (MSNR) beamformerand beamformingafter SubspacédrojectionSpatial Nulling (SPSN).Detailedalgorithm
descriptionganbefoundin [4, 5, 6, 3]. Thefollowing tablesummarizefiow beamformemweightsarecomputedor each
method.In all casesbeamformeoutputis formedasy|[n] = w¥ x[n], where! indicatescomplex conjugateranspose.

| Algorithm | OptimizationCriterion | Array WeightSolution | Comments |
LCMV min, wHR,,w, s.t. CHw = fH w=fH % C containsonstrainfrrayresponse
- vectors f is desiredresponse&alues
" w=w, — C,wy,, .
GSC miny [Wo — CrnW]" Ryx[Wo — CrW] _ C.HR.,w. C& fasinLCMV. C,, = Null{C}.
Wn = GiTRaC. | w, = C(CHC) f.
I
MSC minw, E{|x,, - Wx,|?} W= { W, me x[n] = [x%[n], xg[n]]T, Wy, IS
W, =R Run ary corventional weight to steer
mainsubarrayto source.
H AmaxW = . .
MSNR MaXw wr iR e el . R;. = Rys + Ry + Ry, i€, signal
( m (Rii + Ryp) ™ Rosw | interference# noise.
w = Plw, :
SPSN w € Null{R;;} pl—1-U.U U; = eigervectorsof R, corre-
i T e spondingo p largesteigervalues.

R, = E{x[n]x[n]} is the full arraycovariancematrix. Subscripts,, and,, indicatethe auxiliary subarrayand
auxiliary to mainsubarraycrosscovariancesespectrely. In all analysigo follow, asingle(p = 1) interfereris assumed,
andw,,, andw, usedin MSC andSPSNrespectrely wereuniform amplitudeweightssteeredo thesource.

The LCMV andGSCmethodslaceconstrainton the beamformespatialresponseso signalsfrom the directionof
interestare passedvith specifiedgain and phase.Nulls areadaptvely formedon interferingsignalsandnoisearriving
from directionsotherthanthe constraints.The GSCapproachs to transformthe constrainedninimizationproblemof
the LCMV into anunconstrainedninimization. Up to M — 1 interfererscanbe cancelledor an M elementarray and
mechanicatrackingof theinterfereris not required.Singlemainlobeconstraintsvereusedin thefollowing analysis.

The MSC usesa main single high gain channelor a main subarrayx,,,, andone or more auxiliary channelsx,,
which have highinterferenceo signalratio. Auxiliary antennasreusuallymechanicallysteeredo interferencesources.
The MSCis well suitedfor asinglehigh gainradiotelescopéik e the GBT. Thereal-timelms adaptvefilter reportedby
BarnbaumandBradley, andthe GLONASS cancellatiorexamplebelon areexamplesof a singleauxiliary channeMSC
with sequentiaéstimationof R, andr,,,, [1].

The primary difficulty in applyingthe MSNR beamformeiin a radio astronomyervironmentis obtainingseparate
estimategor R, = (R; + R;) andRs. Someassumptionaboutsignalstructuremustbeapplied.

The SPSNmethodestimatesheinterferencesubspacé&om thesamplecovariancematrix,andthencalculatesveights
correspondindo beamsin the orthogonalcomplemenbf this subspaceln SPSN,U;.r = (UHU;)~'UH andp is the
estimatechumberof interferers.

3. ALGORITHM PERFORMANCE ANALYSIS

Eachof theabove algorithmswasusedin Mote Carlo simulationof interferencecancellatiorfor our smallthreeantenna
VSA system . SyntheticdatawasgeneratedepresentingsingleGLONASSsatellitewhile observingaweakOH emission
sourceobject. Also, arealdatasampleof GLONASS interferencevasobtainedfrom the VSA. For the simulateddata,a
varietyof source—interfereggeometrieandsignallevelswereusedto determinevhich algorithmsperformedbestin each
situation. All covariancematricesand otherparametersequiredby the algorithmswere estimatedrom the simulated
obseneddata.Eachexperimentused100,000samplef data,correspondingo 12.5msof integration,with 100repeated
randomtrials for eachresultingplot point presentedbelow.

Interference Attenuation Near Grating Lobes

Radioastronomicainterferometridmagingarraysusewidely spacedntennasEvenasmalltightly pacledarrayof high
gain antennasave inter-elementspacingof mary wavelengths. This unavoidably (even whenreducedby randomized
placemenandhighly directionalelementesponseshtroducegratinglobesin any beamformingpproacto interference
cancellationlIn this situation placinga beamformenull in thedirectionof theinterferencesuppressethedesiredsignal
aswell. Algorithm sensitvity to this effectis studiedwith this experimentfor the VSA. We assumehe sourceof interest
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Fig. 1. Adaptive cancellatiorperformancén thepresencef gratinglobes.InputSINRis -60dB, with signal14 dB belon
noise,andinterferer46 dB above noise. Noisebandwidthis the full 8 Mhz systembandwidthsupportedby the 8 MHz
complex basebangamplerate. Signalandinterfererareindependenharrovbandsources.a) Calibratedarrayresults.
Note adaptie cancellationbrings the SINR up to approximatelythe SNR level. b) Performancewith multiplicative
complex Gaussiamandomcalibrationerrors,meanof 1.0 andindependentealandimaginaryvarianceof 0.01.

comedrom zenith,i.e. 0° azimuthand90° elevation. We evaluatednterferencattenuatiotevel achievedby thedifferent
algorithmsasa functionof the elevationof theinterferencesit approachegenithwhile passinghroughsereralgrating
lobes.

Scenariosvere evaluatedfor a variety of signal, noise,andinterferencepower levels, rangingfrom signalto noise
plusinterferenceatios(SINR) of -120dB to 0 dB, andsignalto noiseratios(SNR)of -20dB to +48dB. In all casesthe
MSC wasfar lessaffectedby gratinglobesthanwerethe LCMV, GSC,MSNR, andSPSNprocessorsTheLCMV, GSC,
andMSNR performecdhearlyidentically, exceptthe GSCsuffereda 6 dB to 20dB dropin cancellatiorperformancevhen
the SNRwashighwhile the SINR waslow. ThesethreealgorithmsandSPSNachiezedasmuchas100dB improvement
in SINR atthebeamformeputput,but asexpected providedno improvementwhentheinterfererdirectioncorresponded
to agratinglobe. Figurel1 presentsheresultsof two typical scenarios.

Sensitivity to Array Calibration Errors
Array gainandphasecalibrationerrorsareinevitable, yet algorithmslike LCMV and GSCrequireaccuratecalibration

informationto placethe constraints.Our experimentshave shavn that thoughrealisticcalibrationerrorscanaffect the
interferenceattenuatiorievel, thetotal SINR improvementhesesystemss still acceptableAs shavn in Fig. 1b, perfor
mancevariesmarkedly amongthe algorithmsin the presence®f moderatecalibrationerrors.Still, only the MSC exhibits

immunity to gratinglobe effects.

Sability of the Main Lobe Shape
A significantconcernin astronomicabbsenationis keepingthe beamshapeconsistenso asnot to biasscientificmea-

surementsWith theLCMV, GSC,andmSNRprocessorghebeamformemainlobeshapecanbedistortedif interference
entersat the mainlobeor a gratinglobe. This occursbecausehe algorithmwill attemptto placea null ontheinterferer
evenif it distortsthe beamshape solong asthe outputSINR is improved. The simulationresultsshav thatwhenthe
interferenceas exactly in a gratinglobe, the mainlobe shapecanbe distortedsignificantly An exampleof thisis shavn
in Fig. 2a. However, if the interferermovesoff the gratinglobe directiona few degrees,the main lobe shapeis well
maintainedandgoodenhancemertf outputSINRis achiesed.

Real Data GLONASS MSC Experiment
Figure2b presentsesultsdemonstratingsLONASS interferencaemoval from real VSA datausingthe MSC algorithm.

Theplot represents 250 msintegration,1024bin power spectrunover an8 Mhz band.OneVSA dishwastrackingthe



Cancellation of GLONASS using MSC algorithm with 20 tap fil ter

Interference Elevation = 83.5028

T T ™
11.6 +vo Aux. chan., GLONASS |
= = Main chan, signal & intf.
—— MSC Output

1141

11.2f

11

Respone in dB
Spectral Density, arbitrary units

- I I I I I I -
1604 1605 1606 1607 1608 1609 1610 1611

Cross Elevation in degrees -10 -10 Cross Azimuth in degrees Frequency' Mhz

(@) (b)

Fig. 2. a) Exampleof mainbeandistortionfor interferenceavithin 2.5° of agratinglobe. Spikes(left to right) marksource
andinterferencdocations.Note the centralmainlobepeakis offsetfrom the sourcedirection. b) RealVSA GLONASS
dataMSC example. Note spectralline riding on main channelGLONASS interferenceis retainedin cancelledSC
output.Largespectralinesto left andright of GLONASS signalarelocal interferenceseenin mainchannel.

satelliteasan auxiliary antennawhile the main dishreceved anothersignal of interestwith GLONASS corruption. In
the MSC outputthe GLONASS signalappearcompletelyremoved, while the signalline is presered. Notethatin this
recentdata,obtainedduringthe first weekof VSA operationthe desiredsignalwasa a local groundbasednterference,
andnotatruedeep-spac®H line.

4. CONCLUSIONS

Ourearlyexperimentsuggesthatadaptve arrayprocessinglgorithmsdo hold promisefor satelliteinterferencexcision
in radio astronomy Problemswith gratinglobe interactionsand calibrationerrorsdo exist, but are tractable. These
methodsareparticularlyattractve whentheinterferencdevel at the antennautputis mary decibelsabove thesignal.In

this casetheinterferercanoftenbe drivendown to the backgroundoiselevel.
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