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ABSTRACT

In this paperwe evaluatesuitability of several array processingmethodsfor adaptively cancelinginterfering signals
presentin radioastronomy. Theissueof signalcorruptionby orbital satellitedownlink signals,suchasfrom GLONASS
andIRIDIUM, is addressed.Simulationandrealdataanalysisof theachievableSINR improvementandbeammainlobe
distortionfor fivecandidatealgorithmsis presented.Performanceis evaluatedasafunctionof angularseparationbetween
thesignalof interestandtheinterferer, in thepresenceof arraygratinglobes.

1. INTRODUCTION

This paperpresentsa comparative analysisof several candidateadaptive cancellationarray processingalgorithmsas
appliedto radio astronomy. Thesealgorithmsarewell known in the digital signalprocessingcommunity, but their ef-
fectivenesswhenappliedto radioastronomyhasnot beenfully established.We areparticularlyinterestedin canceling
interferencefrom orbital satellitedownlink signalssuchasfrom GLONASSandIRIDIUM. Theseinterferersaffectcriti-
calobservationspectralbandsusedin radioastronomy[1, 2]. For example,GLONASSoperatesin theimportanthydroxyl
ion (OH) emissionband.Satelliteinterfererscanbemoreproblematicalthanground-basedsourcesbecausethey arenot
in fixedlocations,andcanrapidly traverseboth themainlobeandsidelobesof the telescopebeam.This non–stationary
interferencerequiresan adaptive processingapproachfor effective mitigation. Theultimategoal of our work is to use
real-timedigital signalprocessors(DSPs)to dealwith thetimevaryingnatureof signalsfrom satellitesin transit.

Theparticularneedsof astronomicalobservationconstituteanextremelydemandingenvironmentfor arrayprocessing
algorithms,andit mustbedeterminedif theseissuescanbeproperlyaddressed,andwhichcandidatealgorithmsarebest
suited.Comparedwith wirelesscommunicationsor signalinterceptarrayprocessingapplications,radioastronomysuffers
from: 1) extremelylow signalto noiseratios,2) sparseantennaarrayswhich producegratinglobes,3) very high gain
directionalarrayelements,4) significantinterferenceappearingin antennasidelobeswhereresponseis notcalibratednor
uniformacrossthearray, 5) singleantennahighgaintelescopeswhereunmatchedsmallerauxiliaryantennasmustbeused
to form anarray, and6) a needfor absolutegainandbeamshapecalibrationto permitaccuratescienceobservations(e.g.
surfacebrightness,extent,etc.)

Ourresearchapproachis to usealow cost,easilymodifiedtestplatformof smallradiotelescopesandreal-timedigital
signalprocessingto permit rapid developmentandanalysisof interferencemitigationalgorithms. An array(which we
call theBYU Very SmallArray, ‘VSA’) of three10 foot diametertelescopeshasbeeninstalledon a rooftopat Brigham
YoungUniversity. Onceanadaptivetechniquehasbeenvettedon thisplatform,wewill thenevaluateits performanceon
NRAO telescopeswith ourpartnersatGreenBankObservatory.

Theanalysispresentedbelow evaluatessomeof theseissuesusingmostlysimulateddatafor our three–antennaVSA
system. This dataaccuratelymodelssatellitesignalproperties,including bandwidths,motion, andsignal levels, and
permitsusto evaluatespecificscenariosthatwouldbedifficult to reproducewith realobserveddata.A realdataexample
of GLONASSinterferenceexcisionis alsopresented.

2. THE ALGORITHMS

Thissectiondefinestheadaptivealgorithmsthathavebeenanalyzedto evaluatecancellationperformanceandmainbeam
distortionlevels. As othershave noted,useof multichannelarraysopensup somepowerful spatialfiltering optionsfor
interferencemitigation[3, 1]. Algorithmsevaluatedto-dateincludetheLinearlyConstrainedMinimumVariance(LCMV)
beamformer, GeneralizedSidelobeCanceller(GSC),Multiple SidelobeCanceller(MSC), Maximum Signal to Noise
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Ratio (MSNR) beamformer, and beamformingafter SubspaceProjectionSpatialNulling (SPSN).Detailedalgorithm
descriptionscanbefoundin [4, 5, 6, 3]. Thefollowing tablesummarizeshow beamformerweightsarecomputedfor each
method.In all cases,beamformeroutputis formedas ��� �����	��
��� ��� , where
 indicatescomplex conjugatetranspose.

Algorithm OptimizationCriterion Array WeightSolution Comments

LCMV ������� � 
������ ��� s.t. � 
 ��� � 
 ��� � 
 !#"%$&'&%((*) ! "%$&+& ( � containsconstraintarrayresponse
vectors.� is desiredresponsevalues

GSC ,.-0/2143 5�687:9<;25�=?>A@�BCBD3 5�6�7�9<;25�= �E�	��F#G �IH � H �� H � (KJ ) !�L'L ��M(NJ ) !8L+L (NJ � & � asin LCMV. �OH � Null PQ��R .�SFT� �VUW� 
 �IXZY�[ � .
MSC ������\^]N_�Pa` �cbdG^ef
g<� g ` h2R ���jilke gnm �Sbe g � � Yc[gog � g b ��� ���p� qr�csb � ���t�u�csg�� ����v s , �Sb is

any conventional weight to steer
mainsubarrayto source.

MSNR �SwQx � � ) !8yzy �� )8{ !�|�|~}c!��+�C� � ���u��� ���U ���?�D�����C� XZY�[ �V��� � � ��� � � ��� ��� ��� ��� �C� i.e. signal
+ interference,+ noise.

SPSN ��� Null P ���?� R ��� ���� ��F���� � k G^� � �:�� � � � eigenvectorsof �V��� corre-
spondingto � largesteigenvalues.����� � _�P ��� ���?�c
�� ��� R is the full arraycovariancematrix. SubscriptsgCg and g b indicatethe auxiliary subarray, and

auxiliary to mainsubarraycrosscovariancesrespectively. In all analysisto follow, a single(� ��� ) interfereris assumed,
and �Sb and ��F usedin MSCandSPSNrespectively wereuniformamplitudeweightssteeredto thesource.

TheLCMV andGSCmethodsplaceconstraintson thebeamformerspatialresponsesosignalsfrom thedirectionof
interestarepassedwith specifiedgainandphase.Nulls areadaptively formedon interferingsignalsandnoisearriving
from directionsotherthantheconstraints.TheGSCapproachis to transformtheconstrainedminimizationproblemof
theLCMV into anunconstrainedminimization. Up to � G � interfererscanbecancelledfor an � elementarray, and
mechanicaltrackingof theinterfereris not required.Singlemainlobeconstraintswereusedin thefollowing analysis.

The MSC usesa main singlehigh gain channelor a main subarray, � b , andoneor moreauxiliary channels,� g ,
whichhavehigh interferenceto signalratio. Auxiliary antennasareusuallymechanicallysteeredto interferencesources.
TheMSCis well suitedfor a singlehighgainradiotelescopelike theGBT. Thereal–timelmsadaptivefilter reportedby
BarnbaumandBradley, andtheGLONASScancellationexamplebelow areexamplesof a singleauxiliarychannelMSC
with sequentialestimationof ��� and � b g [1].

The primary difficulty in applyingthe MSNR beamformerin a radio astronomyenvironmentis obtainingseparate
estimatesfor �V� } � � U �V�a����� X and ��� . Someassumptionsaboutsignalstructuremustbeapplied.

TheSPSNmethodestimatestheinterferencesubspacefrom thesamplecovariancematrix,andthencalculatesweights
correspondingto beamsin the orthogonalcomplementof this subspace.In SPSN,�:�� � U �4
� � � X�Y�[ �V
� and � is the
estimatednumberof interferers.

3. ALGORITHM PERFORMANCE ANALYSIS

Eachof theabovealgorithmswasusedin Mote Carlosimulationof interferencecancellationfor our small threeantenna
VSA system.SyntheticdatawasgeneratedrepresentingasingleGLONASSsatellitewhileobservingaweakOH emission
sourceobject.Also, a realdatasampleof GLONASSinterferencewasobtainedfrom theVSA. For thesimulateddata,a
varietyof source–interferergeometriesandsignallevelswereusedto determinewhichalgorithmsperformedbestin each
situation. All covariancematricesandotherparametersrequiredby the algorithmswereestimatedfrom the simulated
observeddata.Eachexperimentused100,000samplesof data,correspondingto 12.5msof integration,with 100repeated
randomtrials for eachresultingplot pointpresentedbelow.

Interference Attenuation Near Grating Lobes
Radioastronomicalinterferometricimagingarraysusewidely spacedantennas.Evenasmalltightly packedarrayof high
gain antennashave inter-elementspacingof many wavelengths.This unavoidably (evenwhenreducedby randomized
placementandhighlydirectionalelementresponses)introducesgratinglobesin any beamformingapproachto interference
cancellation.In thissituation,placinga beamformernull in thedirectionof theinterferencesuppressesthedesiredsignal
aswell. Algorithm sensitivity to thiseffect is studiedwith thisexperimentfor theVSA. We assumethesourceof interest
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Fig. 1. Adaptivecancellationperformancein thepresenceof gratinglobes.InputSINRis -60dB,with signal14dB below
noise,andinterferer46 dB above noise.Noisebandwidthis the full 8 Mhz systembandwidthsupportedby the8 MHz
complex basebandsamplerate. Signalandinterfererareindependentnarrowbandsources.a) Calibratedarrayresults.
Note adaptive cancellationbrings the SINR up to approximatelythe SNR level. b) Performancewith multiplicative
complex Gaussianrandomcalibrationerrors,meanof 1.0andindependentrealandimaginaryvarianceof 0.01.

comesfromzenith,i.e.  ¢¡ azimuthand £¢ ¢¡ elevation.Weevaluatedinterferenceattenuationlevelachievedby thedifferent
algorithmsasa functionof theelevationof theinterferenceasit approacheszenithwhile passingthroughseveralgrating
lobes.

Scenarioswereevaluatedfor a variety of signal,noise,andinterferencepower levels, rangingfrom signalto noise
plusinterferenceratios(SINR)of -120dB to 0 dB, andsignalto noiseratios(SNR)of -20dB to +48dB. In all cases,the
MSCwasfar lessaffectedby gratinglobesthanweretheLCMV, GSC,MSNR,andSPSNprocessors.TheLCMV, GSC,
andMSNRperformednearlyidentically, excepttheGSCsuffereda6 dB to 20dB dropin cancellationperformancewhen
theSNRwashighwhile theSINRwaslow. ThesethreealgorithmsandSPSNachievedasmuchas100dB improvement
in SINRat thebeamformeroutput,but asexpected,providedno improvementwhentheinterfererdirectioncorresponded
to a gratinglobe.Figure1 presentstheresultsof two typical scenarios.

Sensitivity to Array Calibration Errors
Array gainandphasecalibrationerrorsareinevitable,yet algorithmslike LCMV andGSCrequireaccuratecalibration
informationto placethe constraints.Our experimentshave shown that thoughrealisticcalibrationerrorscanaffect the
interferenceattenuationlevel, thetotalSINR improvementthesesystemsis still acceptable.As shown in Fig. 1b,perfor-
mancevariesmarkedlyamongthealgorithmsin thepresenceof moderatecalibrationerrors.Still, only theMSCexhibits
immunity to gratinglobeeffects.

Stability of the Main Lobe Shape
A significantconcernin astronomicalobservationis keepingthebeamshapeconsistentsoasnot to biasscientificmea-
surements.With theLCMV, GSC,andmSNRprocessors,thebeamformermainlobeshapecanbedistortedif interference
entersat themainlobeor a gratinglobe. This occursbecausethealgorithmwill attemptto placea null on theinterferer
even if it distortsthe beamshape,so long astheoutputSINR is improved. Thesimulationresultsshow that whenthe
interferenceis exactly in a gratinglobe,themain lobeshapecanbedistortedsignificantly. An exampleof this is shown
in Fig. 2a. However, if the interferermovesoff the gratinglobe directiona few degrees,the main lobe shapeis well
maintainedandgoodenhancementof outputSINR is achieved.

Real Data GLONASS MSC Experiment
Figure2bpresentsresultsdemonstratingGLONASSinterferenceremoval from realVSA datausingtheMSCalgorithm.
Theplot representsa 250msintegration,1024bin powerspectrumoveran8 Mhz band.OneVSA dishwastrackingthe
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Fig. 2. a)Exampleof mainbeamdistortionfor interferencewithin ¤¦¥r§2¡ of agratinglobe.Spikes(left to right) marksource
andinterferencelocations.Notethecentralmainlobepeakis offset from thesourcedirection. b) RealVSA GLONASS
dataMSC example. Note spectralline riding on main channelGLONASS interferenceis retainedin cancelledMSC
output.Largespectrallinesto left andright of GLONASSsignalarelocal interferenceseenin mainchannel.

satelliteasanauxiliary antenna,while themaindishreceivedanothersignalof interestwith GLONASScorruption. In
theMSC outputtheGLONASSsignalappearscompletelyremoved,while thesignalline is preserved. Notethat in this
recentdata,obtainedduringthefirst weekof VSA operation,thedesiredsignalwasa a local groundbasedinterference,
andnota truedeep-spaceOH line.

4. CONCLUSIONS

Ourearlyexperimentssuggestthatadaptivearrayprocessingalgorithmsdoholdpromisefor satelliteinterferenceexcision
in radio astronomy. Problemswith grating lobe interactionsand calibrationerrorsdo exist, but are tractable. These
methodsareparticularlyattractivewhentheinterferencelevel at theantennaoutputis many decibelsabovethesignal.In
thiscasetheinterferercanoftenbedrivendown to thebackgroundnoiselevel.
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