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PREFACE

Thisthesisconcernsastudyontheapplicationsofantenna

arraystosatellitetrackingbyinterferometryandtoadaptiverejec-

tionofinterference.Theantennaarrayshavethefeaturethattheir

specificcharacteristicscanbespecifiedbyappropriatelycontrolling

theamplitudeand/orphaseoftheexcitationofeachelement.According

tothisfea七ure,antennaarrayshavebeenstudiedbymanyresearchers

forvariousapplications｡Oneofthemostremarkablefeaturesofantenna

arraysis,forexample,fastscanningcapability.Therefore,studieson

thephasedarrayshavebeenflourishedinantennaarrayengineering｡

工naddition,antennaarrayshavetheparticularfeatures

whichcannotbeaccomplishedbyasingleantenna.Theyare,forexample,

(1)accuratedirectionfindingofanincidentwavewithfrequencybelow

VHF(veryhighfrequency)duetothelimitationofphysicaldimension

and(2〉nullsteeringwhilemaintainingtheantennaresponsetowarda

certaindirection.Twoproblemsdiscussedinthisthesisaremainlyre-

latedtothefeaturesmentionedabove｡

Thisthesisconsistsoftwoparts,whichareasfollows｡

工nPART1,theinterferometersystemforsatellitetracking

isdevelopedforhighprecisionmeasurementofsatelliteorbits.

Discussionsarefirstmadeonthenewtypeofreceiverforinterfero-

metersystem.Someeχperiencesontheinterferometermeasurementof

iii



satelliteorbitsgaveustheideaofmodifyingthephase-lock-loopwhich

isusefultotheinterferometerreceiver.Next,unequalspacingofthe

elementsoftheinterferometeritselfisalsoinvestigatedtoresolve

theambiguityinangularmeasurementsforsatellitetracking.工nad-

dition,thestar-shapedbaselinearrangemen七forsatellitetrackingis

proposedthatgivestheoptimumcompromisebetweenthecostandaccu-

racy.Theinterferometersystemandthereceiverareimplementedina

Sma].1station,whicharedevelopedinthisthesisandshowthesuf-

ficientperformanceforsatellitetracking.Erroranalysisonaninter-

ferometerisalsocarriedout,especiallywithrelationtotheinfluence

'ofthesecondarywaveoriginatingfromscatteringobjectsintheen-

vironment.

PART2dealswiththeotherapplicationofantennaarrays/

whichiscalled,ingeneral,theadaptivearrayforinterferencere-

jection.Thissystemcancelsouttheinterferencesfromtheexternal

sourcesbymakinguseoftheircoherenceateachelement.Aftersurvey

ofthepreviousworksonthistopic,adaptivearrayundernewconstraint

conditionnamed"directionalconstraint"isestablished.Detaileda-

nalysesonthisandextendedsystemgivetheperfectunderstandingof

oursystemsintransientandsteadystate.Theanalysisgivesonly

themeanbehaviorofthesystem,andsomecomputersimulationexperi-

mentsarecarriedouttoinvestigatet二hebehaviorundermorerealistic

environment.Theusefulnessof七heanalysesisthusverifiedwith

goodagreementbetweenthetheoryandtheexperiments.
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Chapter1 GENERAL工NTRODUCT工ON

Aftersuccessfullaunchofthefirstartificialsatellite

"SPUTN工K1",alargenumberofsatelliteshavebeenoperatingonorbits.

Thesesatelliteshavetheirownmissionobjectives,practical,tech-

nologicalorscientific｡

Fortheirmissionobjectives,measurementsofapositionof

thesatelliteareindispensablefororbitcontrol,accuratepointingof

ahigh-gainantennaofanearthstation,referenceofthephysicalpara‘

metersinscientificexperimentsandsoon｡

Themethodstomeasuresatelliteorbitsaredividedintotwo

categories,i.e.theactivemethodsuchasrangeandrangeratemeasure-

mentmethodand七hepassivemethodsuchasDopplerfrequencycounting

methodandinterferometermethod.Theactivemethodtendstobelarger

scaledbecauseitrequiresatransmitterintheearthstationanda

transponderont:hesatellite,whichmakesthismethod100kmoresuita-

bletoalargeearthstationwhichaccedestogeostationarysatellites｡

Ontheotherhand,passivemethodsutilizeonlyareceived

signalsothatrelativelysimplesystemmaysufficeforthepurpose

describedabove.Amongthem.Dopplerfrequencycountingmethodis

notself-supportingandrequiressomecomplementarymeasurements･0n

thecontrary,theinterferometermeasurementsgivetheangulardata

versustimeinself-containedmanner,soitmaybeespeciallysuitable

tosmallindependentstations.
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Thewellknownsystemforsatellitetrackingbyinterferometry

istheminitracksystembyNASA
(2)

工nJapan,anexperimentalinter-

ferometersystemwithsimplifiedconfigurationforsatellitetracking

wasconstructedandtestedatKyotoUniversity
(3)

.Basedontheexperi-

enceofthelatter,thisPART10fthepresentthesisdescribesthe

advancedinterferometersystemforsate:Llitetracking.工nthefollowing

chapters,theeffor七stoaccomplishthesystemaredescribed｡

Chapter2dealswiththereceiversystemwhichpossessesan

improvedphase-lock-loopdesignedfortheuseininterferometermeasure-

ments.ThesignalfromasatellitesuffersfromDopplerfrequency

shiftssothatthefrequencytrackingbyaphase-lock-loopisneces-

saryforsignalreceptionwithhighsignal-to-noiseratio.工naddition,

thesignallevelfromaninterferometervariesaccordingtothetravel

anda七七itudeofasatelliteandFaradayrotationeffect,andsometimes.

fallsbelowthenoiselevel0fareceiver.Therefore,theimproved

phase-lock-loopneedstobemodified七〇ensurethestationaryreception

ofthesignaldescribedabove｡

工nChapter3,anoptimalbaselinearrangementofaninterfer-

ometersystemforsatellitetrackingisdescribed.First,acomparison

betweenseveralbaselinearrangementsiscarriedoutthrougheva:Luation

ofthetrackingsensitivity.Forratingthesebaselinearrangements,

theotherapproachisalsocarriedout七hroughcomparisonof七heranges

oforbi七alinclinationandrightascensionofascendingnodeforwhich

asatellitepassesacrosstwoormorearraynormalplanesofinterfer-

2
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ometers.Inaddition,aninterferometercomposedoffourunequally

spacedantennasisproposedwhichiseffectiveforambiguityresolution.

Theexperimentalresultsusingtheinterferometerreceiverandtheinter-

ferometersystemdevelopedinthischapterarediscussedbriefly｡

ErroranalysisofaninterferometeriswritteninChapter4.

Ourdiscussionisconcernedmainlytotheproblemofsecondarywaves

retransmittedfromsurroundingobjectsoftheinterferometer.Togen-

eralizethetreat:jnentofthisproblem,statisticalapproachisproposed.

Numericalanalysisisdescribedforthecaseoftwo-elementinterfer-

ometer｡

Siommaryandconclusionaredescribedinthefinalchapter

todropacurtainforPART1.

3



Chapter2

2.1

AN工NTERFEROMETERRECE工VERFORSATELL工TETRACK工NG
(4),{5)

Introduction

Aswidelyknown,aninterferometersystemmakesuseofthe

interferencephenomenontomeasuret二heincidentdirectionofaviave.

Amongthem,simpleadditiveinterferometerutilizesthefeaturethe

amplitudeofcombinedsignalvariesinaccordancewiththeangleof

incidenceofawave.Foreasyunderstandingofthefollowingexpla-

nations.七heprincipleofaradiointerferometerisgivenhere.

Forsimplicity,wetreatthecaseofaninterferometercon-

sistingoftwoelement-antennas.AsshowninFig.工.2.1,assimiethat

theradiowavewithawavelengthof入,isincomingfromthedirection

ofangleototheantennasystem.thenwehavetheamplitude,VS″as

thesvimoftheoutputsofbothantennasproducedbythehybridcircuit,

whichisgivenasfollows.

vsc゛lcos2'

ゆ=平COSO

(工.2.1)

(工.2.2)

Whereψisthephasedifferencecausedbythepath-lengthdifference.

dCOS6,anddisaseparationbetweentwoantennas.Theamp:LitudevS

isshowninFig,工.2.2intermsof＼l).Thus,iftheincidentangleofa

wavevarieswithtime,amplitudedetectedsignalmaygivearelation-

shipbetweentheincidentangleofawaveandthetime.Accordingto

4
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SUMOUTPUT

Fig.工.2.1Two-elementinterferometer

Vs(relativevalue)

ψ→

Fig.I.2.2Interferogramofatwo-element
interferometer
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thisprinciple,thepat二hofasatelliteonthecelestialspherecanbe

measuredbymeansofaninterferometersystem｡

Then,itistobenotedthatthefrequencyofawavetrans-

mittedfromasatellitegenerallysuffersfromDopplerfrequencyshifts

andturnstobehigherwhenasatelliteisapproachingtotheobserver

andlowerwhengoingaway(uptothepartof±3×10‾50ftheprimary

frequency).Therefore,itisnecessarytosetaphase-lock-loop(PLL)

int二hereceivertocompensatetheDopplerfrequencyshifts.Bydoing

this,wecandesignanarrowbandwidthofareceiverbecauseofthe

functionofaPLL,whichresultsinbettersignal-to-noiseratio

reception.Whenweemploythistechniqueinaninterferometersystem.

however,wegetagreatdisadvantage.Asdescribedinthissection.

becauseoftheexistenceofnullpointsintheinterferograms,con-

ventionalPLLmayrunoutoflockingatthesepoints,andthefrequency

ofvoltage-controlledoscillator(VCO)maychangefreelyfromt±ie

frequencyofincidentsignal.Wehadtodevelopanewtechniqueto

preventthismalfunctionofVCObyinsertingaswitchingcircuitinto

thePLLandmanufacturedanimprovedreceivingsystem｡

工nthefollowingsections,theoutlineofanewPLLis

described.

2.2 ConventionalPhase-Lock-Loop

Phase-locksystemisanapplicationoffeedbackcontro:L

concept.工nFig.工.2.3,七heblockdiagramofabasicphase-lock-loop

6
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(a)

(b)

Fig.I.2.3Comparisonbetweenabasicphase-lock-

loopandanautomaticcontrolsystem

(a)Blockdiagramofabasicphase-lock-

loop

(b)Blockdiagramofanautomatic
controlsystem
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andanautomaticcontrolsystemareshownforcomparison.Theoper-

ationofaPLLisexplainedaccordingtothesefigures.

Thereceivedsignalistranslatedintotheintermediate

frequency(工F)byamiχingcircuit.Theoutputofvcoisusedasa

localoscillatorsignal.The工Fsignalobtainedbyamixeriscompared

withareferencesignal0nfrequencyandphase.Thiscomparisonis

madebymeansofaphasedetectorwhoseoutputisproportionaltophase

differencebetweenthe工Fsignalandthereferencesignal.Thephase

detectorcorrespondstothecomparatorint二heautomaticcontrolsystem

showninFig.工.2.3.Thefrequencyandphaseofvcosignalarecon-

trolledbytheDCcomponentoftheoUt:;putofthephasedetectorwhich

isproportionaltothephasedifferencebetweenthosetwosignals

(errorsignal)tominimizeit.Bythisoperation,thefrequencyand

thephaseof工Fsignalaremadeequaltothoseofthereferencesignal.

LoopfiltershowninFig.工.2.3eliminatestheremaining工Fsignalcom-

ponentfromthephasedetectoroutputandextracts七heDCcomponentto

drivethevco.工tistobenoted,however,tomaintainthecontrol

voltageneededforlocking,itisgenerallynecessarytohavenonzero

outputfromthephasedetectorThus,theloopoperateswithsome

phaseerrorpresents.Asapracticalmatter,however,thiserrortends

tobesmalliftheloopgainissufficientlyhigh.

工ntheabovediscussion,we･assiomedthattheDCcomponent

oftheoutputofthephasedetectorisproportionaltothephasediffer-

encebetweentwoinputsignals.Theamplitudeofthereferencesignal

8
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･

maybeconstant,but,ifthefieldstrengthofareceivedsignalis

small,theDCcomponentmaynotbeproportionaltothephasediffer-

encebecauseofnonlinearcharacteristicsofaphasedetector.When

thecontrolvoltagedrops,thefrequencyoftheVCOshiftstorunout

oflockingandwemissthesignal.Thus,itisnotalwayssuitableto

adoptthephase-locktechniqueintoaninterferometersystemforsatel-

litetracking.

Say,theoutputofaninterferometer,asshowninFig.工.2.2,

hasmanynullpoints(atthesepointstheinputsignaldisappears),

anditiseasytoloselockingasmentionedabove.Anditisimpossible

todeterminethepathofasatelliteontheCe:Lestialspherewhent二he

loopisoutoflocking.Toavoidthisfault,master-slavemethodis

effectiveinwhichthereceiverconnectedtothebroaddirectivity

antennasuppliesthestablevcosignaltot二heinterferometerreceiver

asshowninFig.工.2.4(7).However,inthismethod,anadditionalan-

tennaandreceiverarenecessary,andthesyS七emwillbemorecompli-

catedanditisadisadvantagefromtheeconomicalpointofview.

So,wemustdevelopanewphase-locktechniquewhichissuitableto

theinterferometerreceiver.

2.3ImprovedPhase-Lock-Loop(4),(5)

2.3.1Principle

Asdescribedpreviously,anoutputfromaninterferometer

suffersfromalargeamountofvariationinitsamplitudewhenreceiving

9



Fig.工.2.4Exampleofaphase-locksystemforan
interferometerreceiver
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asignalfromasatellite.But,wenoticethatthetimeinterval

duringwhichtheinputsignallevelislowerthanthethresholdlevel

0ftheloopisveryshortintheneighborhoodofthesenullpointsof

theinterferogram.工七is,therefore,tobeconsideredthatthediffer-

encebetweenthereceivedsignalfrequencybeforeandaftertheinter-

valdescribedaboveisnegligiblysmallduetotheshortperiodof

time.But,closed100pmayrunoutoflockingevenifthetimeinter-

valwhenthesignallevelundergoesbelowthethresholdlevelisshort.

Thus,theloopmustbeinterruptedwhentheinputsignaldropsbelow

thepredeterminedlevel.Whentheinputsignalagainarisestoexceed

thepredeterminedlevel,itsfrequencyvariesonlyslightlytothe

valuebeforethetimewhent二he100pisinterrupted.Thecontrolvoltage

holdsthepreviousvaluebecauseitstimeconstantofdischargeis

verylarge,sothatbothfrequenciesofVCOandthereceivedsignalare

almostidenticaltoeachotherandthe100piseasilyrelocked｡

工nFig.I.2.5,ablockdiagramoftheinterferometerreceiver

withimprovedphase-lock-loopisshown.Thissystemiscomposedof

thereadymadedoubleconversiontypereceiverandthefrequencycon‘

versionsectionfromUHFtoHFbandconsistingofthePLLmentioned

above.Fortherecording,theAGCvoltageandthephasesensitive

detectoroutputareprovided.Referenceoscillator(REFOSC)supplies

the455KHzsignalwhichisgeneratedbyfrequencydividingtheoutput

ofthecrystaloscillator.Andtostabilizethefrequency,weusea

voltaae-controlled-crvstal-oscillator(VCXO)asalocaloscillator.

11



SYNC

DET

OUT

AGC
OUT

Fig.工.2.5Blockdiagramoftheinterferometer
receiver
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TheexternalviewofthereceiverisshowninFig.工.2,6and

theperformanceofthisreceiverissummarizedinTable工.2.1.

2.3.2 Operation

TheblockdiagramofthePLLforinterferometerreceiveris

showninFig.I｡2.7andtheoperationisexplainedinaccordancewith

thisfigure.Atfirst,the"FORCEDLOCK"switchisclosed.Sotheflip-

flopcircuit(FF)isdriventoclosetherelay-2andtoopenthe"OR"

gatebythispulsesignal,andtherelay-1isclosedbytheoperation

oftheDrive-circuit.Thus,‥theloopisclosedbytheseoperations.

Next,thebiasedvoltageofthevcxoiscontrolledtotuneintheinci-

dentsignalbyadjustingthe"MANUALSLEW"knob.Atthistime,the

outputvoltageofthephasesensitivedetector(PD2)appearsandthe

Schmidt-circuitsaredriven.Therelay-2isalsodrivenbytheoutput

oftheSchmidt-circuit.Whenthefieldstrengthoftheinputsignal

decreasesbecauseoftheinterference,theintermediatefrequency(工F)

signalalsodecreasesandasdescribedin2.3.1,theoutputvoltageof

thePD2becomessmaller.Assoonasthisvoltagebecomessmallerthan

thepredeterminedvoltage,the"OR"gateisclosedandtherelay-2is

opened,astheoutputvoltageoftheSchmidt-circuitdecreasestozero.

Thus,the100premainscutoff.工ntheseintervals,thevcxoiscon-

trolledbythevoltageheldbythe"CHARGE"circuit.Thisvoltageis

dischargedwithsufficientlylargetimeconstant.工fthesatellite's

signalrecoversverysoon,thefrequencyvariationsofthevcxoand

13



Fig.工.2.6Externalviewoftheinterferometer

receiver
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FREQUENCYRANGE
OFRECEPTION

TYPEOFRECEIVER

SENSITIVITY

NOISEFIGURE

INPUTIMPEDANCE

FREQUENCYSTABILITY

FREQUENCYRANGE
OFTRACKING

EQUIVALENTNOISE
BANDWIDTH

NUMBEROFCHANNELS

OUTPUTVOLTAGESOF
PHASESYNCHRONOUS
DETECTOR

HFSECTION

399-403MHz

THREECONVERSIONTYPE
PHASESYNCHRONOUSDETECTION

-140dBm(S/N10dB)

LESSTHAN3dB

50ohms

LESSTHAN10'8/10min.

15KHz

50Hz.200Hz

女3

2volts
(inputpower-140dBm)

NRD-IEL

女
Threeinterferometersareprovided

Table工.2.1Performanceoftheinterferometerreceiver
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Fig.工.2.7Blockdiagramoftheimprovedphase-lock-loop
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thesatellite'ssignalaresoslightthatitissufficientforrelocking･

Then,thevoltageappearsattheoutputterminal0ftheSchmidt-circuit.

Bythisoutputvoltage,theOR-gateisdriventoopenandthere:Lay-2

isclosed.Andtheloopisreconnected.Aspreviouslydiscussed,the

frequencyof工Fsigna:LmaybewithinthecapturerangeofPLL,relocking

willbeperformedwhenloopisreconnected.WhenthePLLisinlocking,

theindicator"LOCK"islightedupbytheoutputvoltageoftheSchmidt-

circuitandwhenoutoflocking."LOSS"islightedupbytheNOToutput

voltageoftheOR-gate｡

工fthePLLisstilloutoflockingbysomereasons.retuning

willbeperformeda'Sdoneininitialacquisitiondescribedintheprevi-

ouspartofthissection.

2.4PerformanceoftheSystem

ToverifytheperformanceofthisnewdevelopedPLLsystem,

someexperimentalobservationswerecarriedoutbyreceivingthesignal

fromthesatelliteOGO-6(1967-5:LA).Theantennasystemusedinthis

experimentconsistsoftwohalf-wavelengthdipoleantennaswhosespacing

isabout15metersorientedalmostinthenorth-southdirection.As

thesatelliteOGO-6isapolarorbittingsatellitesothatthereare

manyoccasionswhenitspathonthecelestialsphereliesalmostinthe

north-southdirection.

Therecordoftheinterferogramobtainedbytheexperimental

observationofthesignalfromthesatelliteOGO-6isshowninFig.工.2.8.
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Fig.工.2.8Observedinterferogramusing

thesignalfromOGO-6.
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Anyeffortsarenotgiventothephaseadjust:mentandimpedancematching

procedures,however,theeffectofinterferenceisindicatedclearly

inthisfigure.Nonuniformityofnulldepthsintheinterferogramis

causedbythephasecharacteristicsoftheantennasandtheeffectof

standingwave｡

工nthisexperiment,wedidnotseethetimelagoftherising

ofrecordingvoltagejustafterthenullpointsoftheinterferogram

whichmighthaveaffectedourpurpose.工七istobeconsideredthatthe

reconnectionoftheloopiswellperformedtorelockintothesatel-

litesignal.Thus,thisprovedtheusefulnessofthistechniquede-

scribedabovetotheinterferometerreceiver.

2.5 ConcludingRemarks

Theprincipleandoperationoftheimprovedphase-lock-loop

aredescribedfortheinterferometerreceiverforsatellitetracking･

工naccordancewiththemotionofsatellites,theoutputofaninter-

ferometersystemvariesperiodicallysothatitisdifficulttooper-

ateaphase-lock-loopstably.However,itisnecessaryforcompensating

thefrequencyshiftofsatellitesignalduetoDopplereffect.By

makinguseofaveryshortperiodduringwhichthesignallevelis

lowerthanthethresholdforholdingPLLinlocking,improvedphase-

lock-loopisdevelopedinwhich100pisconnectedorcuttedoffbythe

logicswitchinaccordancewiththelevel0freceivedsignal｡

Areceiversystemisdesignedandmanufacturedincludingthis
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conceptofPLL,andthisexhibitsthesufficientperformanceasan

interferometerreceiverforsatellitetrackingthroughsomeexperi-

mentalobservations.
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Chapter3 BASEL工NEARRANGEMENTOFARAD工○工NTERFEROMETERSYSTEM

FORSATELL工TETRACKING

3.1 工ntroduction

Todeterminethepathofasatelliteonthecelestialsphere,

twoangularparameters･(theelevationangleandtheazimuthangle,for

example)areusuallynecessary.Thequantitymeasuredwithaninter-

ferometeristhephasedifferencecausedbythepathlengthdiffer-

enceofpropagationtoeachantenna.Thisphasedifferenceispro‘

portionaltothedirectioncosineoftheanglebetweentheraydi-

rectionofincidentwaveandthebaselineofaninterferometer.As

showninFig.工.3.1,measuredphasedifferenceforA-Bbaselineinter-

ferometerandC-Dbaselineinterferometeraregivenbythefollowings,

respectively･

‰B°2r!COSeCOSφ

ψCD°2ぞ!COSOsinφ

(工.3.1)

(工.3.2)

wheredisaspacingbetweentwoelement-antennas,λisthewave-

lengthoftheincidentsignal,6istheelevationangleandφisthe

azimuthangleofasatellite.Asthespacingdandthewavelength入

aretheknownparameters,bymeasuringthephasedifferenceswecan

calculatethetwodirectioncosines.But,directioncosinegenerally

consistsoftwoangularparameters.Therefore,byarrangingtwobase-
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C

Fig.工.3.1Baselinesofaninterferometer

systemandanincidentwave
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linesofaninterferometersystematrightangleasabove,wecan

calculatethedirectioncosineswithrespecttobothbaselinesand

obtaintheelevationangleeandtheazimuthangleφofasatellite

asfollows.

0=cos‾1{

入巾AB

}

2πdCOS(tan-r⊆!2j)

紋B

(工.3.3)

(工.3.4)

ThemeasurementsofthephasedifferencesψABandφCDcanbeperfo:rmed

throughevaluationsoftheinterferogramswhicharegeneratedbythe

motionofasatellitecrossingthelobesofinterferometers｡

However,ifthepathofasatelliteisassumedtobealmost

perpendiculartot二hebaseline,i.e.almostparalleltothelobesofan

interferometer,itisimpossibletomeasurethechangesofdirection

cosineaccurately.Say,thesystem'ssensitivitytothechangesof

satellitepositiondecreasesinsuchcase."Trackingsensitivity"was

definedbyTakaoandAbe
(8)

toevaluatetheperformanceofsatellite

trackingsystemtothechangesoforbitparametersofasatellite.

Accordingtotheirpaper,trackingsensitivityforaninterferometer

decreasesastheanglebetweenthepathofasatelliteandthebase-

lineofaninterferometerincreasesfromodegreesandfinallyfallsto

zeroat90degrees｡工nthecaseofconventionalcrosstypebaseline

arrangement,wehavesuchchancecertainlywhentheanglebetweenthe
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pathofasatelliteandthebaselineofaninterferometerisalmost

perpendicular.Especiallyiftheorbitalinclinationofasatelliteis

near90degreesoralmostequaltotheobserver'slatitude,veryoften

occursthisphenomenon｡

Therefore,wemustdevelopanewinterferometersystemwhich

canmeasurethepathofasatellitewithanyorbitalelements｡

3.2 SpacingDesignofaLinearFour-Element工nterferometer
(9)

Priortothediscussionsofthebaselineorientation,compo-

sitionofaninterferometerisdescribedbriefly.Thetotaldi-

rectivityofanadditivetypeinterferometerconsistingoftwoantennas

isgivenbythefollowings.

μﾙ)゜EICOS2' (工.3.5)

wheref()iSthedirectivityofaninterferometersystem,Eisthe

elementfactorandlJJis七hephasedifferencedescribedas(工.3,1)or

(工.3.2),|cos2'isthearrayfactorproducedbytwoantennas.

Aspacingbetweentwoantennasisgenerallychosenlarge

enoughcomparedwiththewavelengthofoperatingfrequencysothatthe

beamwidthoftheelement-antennaiswideenoughcomparedwiththebeam-

widthofgratinglobes.Thus,asshowninFig.工.3.2,thegratinglobes

withalmostequalamplitudeappear,whichresultsintheambiguityto

detenninetheangularparametersofasatellite.
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Vs(relativevalue)

ψ→

Fig.I.3.2Interferogramofatwo-element

interferometer

dl
←d2-→

Fig.工.3.3Four-elementinterferometer
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Toresolvet二hisambiguity,itissufficienttoaddonemore

element-antennatoaninterferometercomposedoftwoelement-antennas
(:LO)

Fortheeaseofadesignoffeednetwork,however,itisconsideredto

deve10paninterferometercomposedoffourelement-antennasbyadding

apairofelement-antennas.Theinterferometerisdesignedtobe

symmetricwithrespecttothemidpointoftwosub-arrays.Thear-

rangementisshowninFig.工.3.3.工tisdesirabletodetectthetimewhen

asatellitecrossesthearraynormalbecausethemeasurementinthis

directioncanbeperformedaccuratelythantheothers
(9)

.Thus,thedi-

rectivepatternwithnulltowardthearraynormaldirectionissuitable

forthispurpose.Thisfeaturecanberealizedbysubtractingthe

outputsof七wosub-arraystoeachother.Thus,thefarfieldpattern

ofaninterferometercomposedoffourantennaswithsubtractivebeam

canbedescribedreferring七〇Fig.工.3.3,asfo:Llows.

f(6)゜EIcos(･笞cos6)xsin(7r2AcosG)1(1.3.6)

whereEistheelementfactorandisassumedtobeidenticalateach

element-antenna.d1 andd2aretheseparationsofouterandinnerpair

ofantennas.λisawavelengthofincidentsignalandoisanincident

angleofasignalmeasuredfromthebaselineofaninterferometer.

Todete°linetheoptimall°atiod/d,wedefinetheaddition-

a1七wovariablesasfo1:Lows.
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17°d./d^'d1>d2

φT゛(27Td2/入)cose

(工.3.7)

(工.3.8)

Thus,thearrayfactorof(工.3.6)canberewrittenbythefollowing

equation.

Fa°ICOS

≒

(r-1)Xsin

?4

(r+1)| (工.3.9)

InFig.I.3.4,thearrayfactorsareshownasafunctionofφwith

changingtheparameterr.Referringtothesefigures,depictedpatterns

consis七〇f七wospatialfrequencycomponents,i.e.acomponentwithshort

periodrepetitionwhichcoi°respondstotheten゛containing(d十d2)/2

andacomponentwithlongperiodrepetitionwhichcorrespondstothe

termcont°ining(d^-d2)/2°工nadditiontothem,muchlowerspatialfre-

quencycomponentintroducedbytheelementfactoris,inpractice,multi-

pliedtot二hesefigures工nthecasewithlargerr,itiseasyto

distinguishthehigherspatialfrequencycomponent,however,onthe

contrary,itisdifficulttoidentifythelowerspatialfrequencycom-

ponentbecauseoftheapproachofthesecomponentstoeachother.0n

theotherhand,withsmallr,thecontraryeffecttotheabovestatement

occurs.Thestrengthofthesignalfromasatellitevarieslargelydue

totheeffectofspinfadingand/orFaradayrotationofpolarization
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angle.Thusfortheaccurateidentificationofanincidentangle

andanulldirectioninaninterferogram,itisnecessarytohave

sufficientdifferencebetweenthepeakandthenullinaninterfero-

gram.Withconsiderationtot二hesepoints,spacingratiorischosen

tobeequalt01.5.Thus,(工.3.9)isrewrittenasfollows.

Fa°lcosψΓxsin5i|;Γ|

‰
一

一

TTd
遜cos6

(工.3.10)

(工.3.11)

Thearrayfactorof-(1.3.10)isagaindepictedinFig.工.3,5asa

functionoflpr‘工nFig.工゜3.5,solidlinedenotesthearrayfactorFa″

brokenlinedenotesthetermsin5ljjandchainlinedenotestheterm
｢

cosゆrin(工゛3°10),respectively°Thetermcosij;isanarrayfactorof

sub-arrayswhicharecomposedoftwoantennaslocatedononesidewith

respecttothemidpointofthefour-elementinterferometer.Andthe

termSin5ゆrisanarrayfactorofanarraywithtwoimaginaryantennas

whicharelocatedatthemidpointsofeachsub-array.工npractice,the

arrayfactorshowninFig.工.3.5ismultipliedbyanelementfactorso

thatitiseasytoresolvetheambiguityofthisinterferometersystem.

Thus,itiseasytoidentifythenullsofinterferogramwithincident

anglesofasignalfromasatellite.
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3.3 工nsensibilityofan工nterferometeragainstaCertainSatellite

Path

Measurementsofsatellitepathonthecelestialsphereby

meansofaradiointerferometersystemaremadebyobservingasignal

fromasatellitewhichisamplitudemodulatedduetothemotionofa

satellitepassingthroughtheinterferometerpattern.Theinterfero-

meterpatternisfan-shapedwithmultiplenullpointsalongthebase-

linelikeacomb.Andtheinterferometricobservationiscarriedout

byreadingthetimewhenasatellitepassesacrossacertainnulldi-

rection.Thesteepnessoftheinterferometerpatternnearnullpoints

isalmostproportionaltothecosineoftheanglebetweenthebaseline

andasatellitepathprojectedontotheground.Thus,itisdesirable

thatthebaselineorientationisparalleltoasatellitepathbecause

ofthesteepnessofthenullpattern｡

Toevaluatetheaccuracyofthemeasuredquantitybymeansof

aninterferometer,theconceptof"trackingsensitivity"wasintroduced

byTakaoandAbe.工ntheirpaper,trackingsensitivityforDoppler

measurementwasalsotreated,however,onlyforinterferometermeasure-

mentisdiscussedhere.Trackingsensitivitywasdefinedasapartial

derivativeofthemeasuredquantitywithrespecttotheorbital

element.Namely,trackingsensitivityisameasurehowthemeasured

quantityismodifiedwhentheorbitalelementsvaryslightlyfromtheir

nominalvalues.Amongthem,trackingsensitivityfortimeissuitable

todiscussthebaselineorientationofaninterferometer.
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Calculatedresults･oftrackingsensitivityfortimeisshown

inFig.工.3.6
(8)

.Ca:Lculationsweremadeundertheassumptionsthatthe

satelliteorbitiscircularandtheearthisasphericalbody.Inthese

figures,¶isacosineoftheanglebetweenthebaselineandthedi-

rectionofasatellite.Θisamaχimumelevationangleofasatellite

seenfromtheobserver,risanorbitalradiusnormalizedbytheearth's

radiusandaistheanglebetweenthebaselineandasatellitepath

projectedontothetopoplane.Apparently,inthecasewitha=O°,in

whichsatellitepathispara:Lleltothebaseline,trackingsensitivity

ismaximized.Andasincreasinga,trackingsensitivitydecreasesfor

a11cases.Comparingwiththesefigures,itcanbeseenthattracking

sensitivityintheneighborhoodofthepeakisalmostgovernedwith

cosa.Therefore,inthefollowingdiscussions,wewillbemainlycon-

cernedwith(X.

3.4 Three-BaselineArrangementofaRadio工nterferometerSystem
(9)

Todeterminethepathofasatelliteont:hecelestialsphere,

twoangularparameters,foreχampleazimuthandelevationangle,are

needed.Accordingtothisreason,aninterferometersystemisgenerally

composedoftwobaselineswhicharearrangedorthogonallytoeachother

(2),(3)
.Thesebaselinesareusuallyorientedinthenorth-southandthe

east-westdirection.Inthisconfiguration,ifasatellitepathlies

paralleltooneofthebaselines,trackingsensitivityismaximized,on

thecontrary,whenasatellitepathisorthogonaltotheotherbaseline,
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thetrackingsensitivityisminimized,sothatitisdifficulttode-

terminethesate:Llitepathonthecelestialsphere.Toavoidt:his

fault,itissufficienttopreparealargenimiberofinterferometers

whosebaselinesareorientedinseveraldirections.Butitisin-

appropriatebecauseofthecomplexityofda七aprocessingandtheeco-

nomicalpointofview｡

Now,letusconsidertheinterferometersystemwithnbase-

lineswhichcrossatequalanglewitheachother.工nthiscase,the

anglebetweentheadjacentbaselinesis･/n(n=2forexample,corresponds

totheconventionalcrosstypebaselinearrangement).Wecansetthe

angleこbetweenthepathofaSa七elliteandabaselineas,

TT/n≧こ≧0

--
(工.3.12)

Bychoosingthepropertwobaselinesoutofn,(1.3.12)isvalid.

ThegeometryofthisrelationshipisshowninFig.工,3.7.Asdescribed

previously,thetrackingsensitivityisaboutoneha:Lfofthemaximiom

valueattheangleこequaled七〇了T/3.Therefore,forrestrainingthe

decreaseoftrackingsensitivitywi七hinahalfofitsmaximiomvalue,

itisdesirablethatthenumberofbaselinesnshouldbeequaltoor

greaterthan3.Alargernumberofbaselinesnwillmakethecondition

ofobservationbetteraccordingto(工,3.12).However,thesystemwill

bemorecomplicatedanditsexpensewillbelarger.

工nnbaselineinterferometersystem,theelevationanglee
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Fig.工.3.7Geometricalrelationshipbetween

interferometer'sbaselinesanda

pathofasatellite
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andtheazimuthangleφofasatellitecanbecalculatedeasilyasa

followingmannerfromthedirec七ioncosinesaandbobtainedbytwo

baselinesou七〇fn.

a=cosGCOS(φ一気)
n

b=cos9COS{φ-!吐1iT)
n

(工.3.13)

(工.3.14)

From{工.3.:L3)and{工.3.14),thefollowingequationisobtained.

一
一

a
一
b

COS(φ-%)
'n

COS(φ一価T)

(工.3.15)

Then,expanding(工.3.15)andsolvingwithrespecttoφ,theazimuth

angleφcanbe･derivedasfollows.

φ=tan

-aCOSE!とLrr十bcos%

‥n

.m+1asin一一可｢
n

-

n

bsin町r
n

(工.3.16)

Astheazimuthangleisobtained,theelevationang:LeOcanbeobtained

bysubstitutingthisinto(工.3.13)or(工.3.14)asfollows.

0=COS

-1
a

COS(φ-ｼ)

-1
=COS

COS(φ

b

一

一
m+1
づ)
n

Bysumminguptheseresults,wechoosen=3,whichmeansthatthebase-

linesarecrossedoneacho七herwiththeangleof7T/3intheshapeof
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asterisk.｢rhisselectionisbaseduponthestudyonthetracking

sensitivityintermsoftime.

Here,letuschangeourstandpointandpayourattentionto

thenumberoftimeswhenasatellitecrossesthedirectionof七hearray

normalplaneoftheinterferometersystem.Thereasonofthisisas;

(1)Forthelinearfour-elementinterferometerdiscussedin3.2,

inthearraynormaldirection,interferometerpatternhas

nullwhichisindependentof七heerrorofthespacingbe-

tweenelement-antennas.

(2)Byassumingthatthestructureofthetroposphereandthe

ionosphereisconcentricspherical,theinfluenceofthere-

fractioninthetroposphereandtheionosphereappearsonly

intheelevationangleandwehavenoerrorsinthemeasure-

meritsoftheazimuthangle.

Thecomparisonismadeforthecaseofn=2(十),n=3(ﾈ)andn=4(米)with

acriterionwhetherasatellitemayormaynotcrossthearraynormal

planesatleasttwice,becauseoftheangularpositionofasatellite

canbeexpressedbythetwoangularparameterssothatmorethantwo

errorfreemeasurementsarerequiredforaccurateobservation.

Forn=3,thecharacteristicsaredifferentwhenoneofthe

baselinesisorientedinthenorth-southdirectionorintheeast-west

direction.Therefore,inthecaseofn=3,wewillconsiderthesetwo

conditions.工nFig.工.3.8,baselinearrangementsofaninterferometer

systemunderconsiderationareshown.
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n=2

n=3

(case2)

n=3

(CaSel)

n=4

Fig.:r.3.8Somebaselinearrangementsofan
interferometersystemunderconsider-

ation
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Forevaluation,wechoosethecoordinatesystemsshownin

Fig.工.3.9.Satelliteorbitisassxamedtobecircularforsimplicity

oftheanalysis.Then,apositionofasatellitewithcircularorbit

seenfromanarbitrarypointontheearthcanbederivedintheto-

pocentriccoordinatesystemasfollows(12).(seeAppendix)

＼
一

一 R{cosωtsinOcos(<l>十ω
一一

t)十sinωtcosisin0X
eS

sin(Φ十ω

e
t)-sinωtsiniCOS0}

S

＼°Ro{sinωscosicoS(Φ+ωet)‘cosωs゛

sin($+ωe七)}

(工.3.17)

(工.3.18)

＼゛Ro{sinωsCOS0COS(Φ十ωet)十sin£A3stcosiCOS0X

sin(Φ十ωet)十sinωssinisinO}-R(工.3.19)

whereRistheorbitalradius,Ristheearthlsradius,ΘistheOb-
OE

server'slatitude.Φisthedifferencebetweentheobserver'slongitude

andthelongitudeoftheascendingnode{forconvenienceoftheanalysis,

referencepointforlongitudeischosentotheascendingnode),iisthe

orbitalinclination.ωsistheangularvelocityofsatellitemotion.ωe

istheangularvelocityofearthrotationandtisthecurrenttime

withreferencetothetimewhenasatellitepassesacrosstheequatorial

planenorthward.Azimuthandelevationanglecanbederivedusing

(工.3.17),(工.3.18)and(工.3.19)asfollows.
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φ=tan

0=COS‾1

(-
万

xh2

xh

2十Y

h

2

十Yh

2十Z

h

2

(工.3.20)

(工.3.21〉

Theazimuthandtheelevationanglecoordinatesystemistranslatedinto

thecharacteristiccoordinatesystemforantennaarrays{^,r＼)asfollows.

E,=cosesinφ

n=cos6cosφ

(1.3.22)

(工.3.23)

whereξandnarethedirectioncosinesattheobservationpointforeast-

westdirectionandthenorth-shouthdirection,respectively.InFig.工.3.10,

characteristiccoordinatesystemforantennaarraysisshown.

Using(工.3.17),(工.3.18〉,(工.3.19),{工.3.20)and(工.3.21),

computationsarecarriedouttofindarangeofadifferenceangle

betweenthelongitudeofobserverandthelongitudeofascendingnode

inwhichasatellitepassesacrossthearraynormalplanesatleast

twiceintermsoforbitalinclination.Theregionsinwhichtheneces-

saryconditionissatisfiedareshowninFig.工.3.11forfourcases

discussedpreviously.工ncomputations,observer'slatitudeischosen

tobeequalt034.9064°Nwhichisthelatitudeofourtrackingstation

inUjicity,Kyoto.

Asaresultofcomputations,theshapeofaregioninwhich

thenecessaryconditionissatisfiedisslightlychangedwiththealti-‘
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tudeofasatellite.Onlyitsareaincreaseswhent二healtitudebecomes

higheranddecreaseswhenlower.0ntheotherhand,withrespecttothe

observer'slatitude0,theamplitudeofthesefiguresintheorbital

inclinationdomainincreaseswhenΘapproachest00degreeanddecreases

whenapproachesto90°NorS.Therefore,betterobservationsmaybe

expectedforasatellitewithsmallorbitalinclinationastheOb-

server'slatitudeapproachestowardtheequator.

Now,referringtoFig.工.3.11,theareainwhichthenecessary

conditionissatisfiediswiderforaninterferometersystemwithlarge

numberofbaselines.Thecalculatedareasinangulardomainsare11000

(deg2)forn=2,20200(deg2)forn=3,case1,20200(deg2)forn=3,

case2,and23200(deg2)forn=4,respectively.Thenitistobenoted

thattheimprovementoftheperformanceisremarkablewhennisin-

creasedfrom2to3thanwhen3to4.Specialattentionispaidtothe

arrangementn=3,caselbecauseofthewidercoverageoftheacceptable

rangeoforbitalinclinationthanthearrangementn=4.

Summarizingtheabovediscussions,itisconcludedthatthe

nimberofbaselinesmustbechosentobeequalto3andoneofthebase-

linesmustbeorientedinthenorth-southdirection.Thisconclusionis

supportedbytheinvestigationsonthetrackingsensitivitydiscussed

previously･

3.5
ResultsofObservations

Baseduponthediscussionsintheprevioussection,theinter-
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ferometersystemforsatellitetrackingisdesignedandconstructedfor

thefrequencybandof400MHz.Thearrangementofelement-antennasand

theviewoftheinterferometersystemareshowninFigs.工.3.12and1.3.

13,respectively･Spacingsbe七weenelement-antennasdandd(see3°2)

arechosenas40metersand26.7meters,respective:1-y.Eachelement-

antennaisacircular:lypolarizedone,i.e.five-elementcrossedYagi-Uda

typewiththreedirectorsandoneplanarreflectorasshowninFig.工.3.

14,topreventthefadingduetotheFaradayrotationofpolarization

ang:Leofasatellitesignalthroughtheionosphere.signalsub-

tractionbetweentwosub-arraysisperformedbyusingthefeatureofa

circularlypolarizedantennathatthephaseoftheoutputsignalshifts

withtherotationofanantennaarounditsaxis.Thiscanbeperfomnied

independentlyofthefrequencyinthebandwidth.

Usingtheinterferometersystemdescribedaboveandtheinter-

ferometerreceiverdiscussedinChapter2,someobservationsofsatellite

pathsarecarriedout.工nFig.工.3.15,anexampleoftheinterferogram

obtainedthroughobservationofthesatelliteOGO-6(1967-51A)isshown.

BycomparingFigs.工.3.5and工.3.:L5,correspondencebetweenlargelobes,

mediiimlobesandsmalllobesmaybeclearlyindicatedwhichissuf-

ficienttoresolvet二heambiguity.Thesatellitepathcanbecalculated

fromthesethreeinterferogramsasdiscussedin3.4.Figs.工.3.16and

工.3.17showtheobservedpathsandthepredictedpathsofthesatel-

:LiteOGO-6byNASA(NationalAeronauticsandSpaceAdministration,

U.S.A.)insolidlinesandbrokenlines,respectively.Thenumbers
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oELEMENTANTENNA

Fig.工.3.12Arrangementofelement-antennasofthree-
baselineprototypeinterferometersystem
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Fig.工.3.13viewofthethree-baselineprototype
interferometersystem
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Pig.I.3.14Element-antennaofthethree-baseline

prototypeinterferometersystem
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seeninFigs.I.3.16and1.3.17showthetimesinU.T.whenthesatel-

litepassedacrossthosedirections.Predictedandobservedpathshownin

Fig.工.3.16and工.3,17agreewellexceptfortheshiftintimedomain.

Thismaybeinterpretedasthevariationoftheperiodofsatellite

motionisS0largecomparedwiththeremainingorbitalelements.This

isduetothefac七七heperiodofrevolutionmaybeeasilydisturbedby

theeffectsofearth'suppera七mosphere,irregularitiesofearth'sgravi-

tationalconstantandotherexternalforces.Therefore,predictionof

satelliteorbitsmaybeconsideredtohavesomeerrorsintimedomain.

ThesatelliteOGO-6isoneofthepolarorbi七七ingsatellites

whosepathlaidalmostin七henorth-southdirection.Forsuchsatel-

lite,itwasdifficulttodeterminethesatellitepathbymeansofa

conventionalcrosstypein七erferometersystem.However,throughthe

experimentalobservations,sufficientperformanceofthethree-base-

lineinterferometersystemisprovedevenforsuchpolarorbitting

satellites.

3.6ConcludingRemarks

工nthischapter,discussionshavebeenfirstmadeont二he

problemtoresolvetheambiguityinaninterferometer.Theoptimum

spacingratioisdeterminedforfour-elementinterferometer,andthe

experimentsshowtheeffectivenessofitsperformanceofambiguity

resolutioninspiteofitssimpleness.

工nadditiontothem,systematicstudyforoptimumdesignof
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aninterferometersystemforsatellitetrackinghasbeencarriedout.

Considerationsaremadebasedontheconceptoftrackingsensitivity･

Optimumnxmiberofbaselinesisdeterminedthroughcompromisebetween

thetrackingsensitivityandtheexpense.Thesameconsiderations

arecarriedoutfromtheotherpointofview,saytheniimberofarray

normalcrossingofasatellitemayormaynotexceedtwiceforsome

baselinearrangementsbecauseofthepeculiarityofitsdierction.

Thisresultalsoshowsthepredominanceofthree-baselineinterferometer

system.工naddition,itisindicatedclearlythatoneofthreebase-

linesmustbeorientedint二henorth-southdirection｡

Accordingtot二heresultsobtainedint二hischapter,thethree-

baselineinterferometersystemisdesignedandconstructedfor400MHz

band.Someobservationsarecarriedoutanditssuperiorperformance

isprovedevenforapolarorbittingsatellite.Thisarrangementof

baselinescanavoid七hefaultoftheconventionalcrosstypeinter-

ferometersystemwhosetrackingsensitivityisvery10Wforasatel-

litewitJipolarorbitorsmallorbitalinclina七ion.
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Chapter4

4.1

PHASEERROROFARAD工OINTERFEROMETERDUETOA

SECONDARYWAVE

:Introduction

Asitiswidelyknown,aradiointerferometerisapowerful

toolformeasuringtheincidentangleofapropagatingwave.Wehave

carriedouttheinterferometermeasurementsofsatellitepathsas

describedinthepreviouschaptersandprovedtheperformanceforangu-

larmeasurement.Fordesigningaradiointerferometer,evaluationson

themeasurementerroraresignificantwhosesourcesmaybeconsidered

astheinaccuracyofhardwaresandtherayrefractionintheionosphere

andthetroposphere.Amongtheerrorscausedbyinaccuratehardwares,

differenceofphasecharacteristicsinantennasandinfeedcables

maycausethephaseerrorinmeasuredvalueasaconstantbias.Thermal

noiseinreceivermaycontaminatenullsintheinterferogramwhich

resultsintheerroneousmeasurementofincidentangle.Theseeffects

werediscussed,foreχample,byTakao
(14)
.Theeffectsoftheiono-

sphereandthetropospherewerediscussedintermsofseasonalvari-

ationsandsolaractivities,forexample,byTao
(15)
andshibata

(16)

Somestudieswerepublishedontheeffectofrefractionofawaveto

aradiointerferometer
(17),(18)

Inaddition,itistobeconsideredtheexistenceofsecondary

wavesreflectedorscatteredfromsurroundingobjectsofaradiointer-

ferometeralsoresultsintheerroneousangularmeasurements｡0nthis
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problem,Duncan
(19)
studiedtheeffectofgroundreflectedwavesona

radiointerferometer.Hepointedoutthatforaninterferometerwith

horizontalbaselinelocatedonanidealizedground,thesecondarywave

reflectedfromthisspeculargrounddoesnotcauseanyphaseerror.But,

diffuselyscatteredsecondarywavesmaycauseerrorbecause,theymaybe

incoherenttoeachother.Thediscussionswerealsomadeonavertical

interferometerinwhichnotonlythediffuselyscatteredbutalsothe

specularlyreflectedsecondarywavesmaycauseerrorinradiointerfer-

ometermeasurements｡

工nthischapter,wewi11presenttheeffectofreflectedwave

frominclinedgroundonahorizontalinterferometer,Neχt,thedis-

cussionwillbeextendedtowardthestatisticaltreatmentofphaseerror

duetothesecondarywaveforgeneralunderstandingoftheproblem.

4.2 EffectofaSecondaryWavefromEarth'sSurfaceonaRadio

工nterferometer(20)

Foraccuratemeasurementsofincidentangleofawavebymeans

ofaradiointerferometer,spacingbetweenantennasmaybechosenlarge

enoughcomparedwithwavelengthofoperatingfrequency.工n136MHzor

400MHzband,wavelengthisoftheorderofameter,sothatphysical

separationbetweenantennasgenerallybecomesoftheorderof100r102

meters.工tmaybe,therefore,consideredthattheeffectofinclined

groundabovewhicharadiointerferometerislocatedexists,which

resultsintheerroneousmeasurements｡
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Tosimplifytheprob:Lems,aradiointerferometerisassumed

toconsistoftwoantennas.Themodel0fasituationisshownin

Fig.工.4.1.AsdepictedinFig.工.4.1,aseparationbetweentwoantennas

isexpressedbyd″handhareheightofantennasland2measured

fromground,respectively.Theinclinationoftheearth'ssurfaceis

denotedby6andtheincidentangleofawaveisdenotedbye.The

relationbetweenh andh2 canbeobtainedthroughconsiderationofa

geometricalconfigurationasfollows｡

h.､=h､十dtanB (工.4.1)

Additionalassumptionismadethatraydirectionisalongabaseline,

saytheproblemisintwodimensions.Todeterminetheincidentangle

ofreflectedraytobothantennasandreflectionpointsXlandx2″we

willutilizethef01:Lowinggeometricalrelationship･

D

｢

) N

a
(工.4.2)

whereD.andDaretheunitvectorofincidentrayandthatofre-
1｢

fleetedray″respectively,andNaisaunitnormalvectortoare-

flectionsurface.ReferringtoFig‘工゛4‘ﾕ4DiandNaregivenas

follows,respectively･

D｡
･
=-lCOS0-JsinG

N=-lsinB-Jco邱
a
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ANT1

→X2
＼

Fig.工.4.1Effectsofreflectedwavefromaninclined
groundonaninterferometer
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wherelandJareunitvectorsinxandydirection,respectively.

Si±)Stituting(工.4.3)and(工.4.4)into{工.4.2),DrCanbecalculatedas

D=-lCOS(9-26)十Jsin(e-26)

｢

(工.4.5)

Therefore,referringtoFig.工.4.1,followingequationisobtained.

tana=-tan(6-26)こ=

h-x
1t゛司
-

X1

こ=

h2‾ (x-d)七゛1邱

X2‾d

(工.4,6)

Theadditionalpathlengthsintroducedbythereflectionfortwoan-

tennasare,thus,obtainedthroughgeometricalconsiderationasfollows,

respectively･

11°{x12十(h1 ‾゛1t゛1卵)2}1/2[l-cos2(0-6)]
(工.4.7)

12°[(X2‾ d)2゛{h2‾(゛2爽d)t゛6}211/2-[l-cos2(e-B)](ｴ'4°8)

Thephasesofreflectedrayattwoantennasarelaggedcomparedwith

directraybecauseoftheadditionalpathlengths.工naddition,phase

shiftduetoreflectionisalsointroduced.Reflectioncoefficientfor

verticalandthatforhorizontalpolarizationaregivenasfollows

%

R
V

-d21/2si⇒‾【(Cr‾j゛)'cos2ψ]1/2
゛(eﾔ)

si㈲十[(£-:μ)“cos2引1/2

皿
- (e‾dψ

2

)1/2(%‾j)c)si㈲

■ [(Er‾:μ)‾COS
2司1/2

(e-jx)sinii;+[(e-jx)
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(工.4.9)

-COSil;]1/2

(工.4.10)



dゆ゜畿'△hsi㈲ (工.4.11)

where^isanincidentanglemeasuredfromgrazing″risanequiva-

lentspecificinductivecapacityandxisafunctionoftheconductivity

ofearth,whichisexpressedby1.8×104(J/f(inMHz).△histhestandard

deviationofearth･ssurface.入isanwavelengthofoperatingfrequency･

Usingthesecoefficients,receivedsignalsattwoantennas

arewrittenasfollows｡

V1°F(O)e]TcosO十F(e-a)R.(orRv) e']

号1ｴ

(工.4.12)

.TTd.27T

V2°F(0)e"]―T-cos9‘l゛F(e-a)IV(orRv)e‾]T12(工.4.13)

whereF()iSthedirectivepatternofantennaswhosemainbeamsare

assumedtodirecttowardthedirectraydirection.Twoantennasare

assumedtobeidenticaltoeachotherandphasecharacteristicsare

neglectedhere.Phasediagramshowingtheeffectofreflectedrayto

thephasedifferencemeasurementisshowninFig.工.4.2.

Forconvenience,absolutevalueandphaseanglenotationofre-

flectioncoefficientpeφisintroducedtoderivethephaseerrorformula.

Substitutingthisnotationinto(工.4.12)and(工.4.13),thefollowing

formulatogiveaphaseerrorduetothereflectedwavecanbederived.

Φ
error

=tan

pF(9-a)sin(φ+号11)

F(O)゛pF(e-o‘)COS(φ十号11)
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Fig.工.4.2Phasediagramshowingtheeffectof
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-

tan

pF(6-a)sin(c卜斗12)
(1.4.14)

F(O)゛pF(0‾(゛)cos(軒号12)

Byusing{工.4.14),phaseerrorcanbecalculatedunderthegivencon-

ditions.

Firstofall,therelationbetweentheabsolutevalueof

reflectioncoefficientandt二hestandarddeviationofsurfaceexcept

fortheeffectsofconductivityandequivalentspecificinductiveca-

pacityofgroundisshowninFig.工.4.3.Ca:Lculationsaremadeunder

theconditione=9o°and入=2.2m.Apparently,absolutevalueofre-

flectioncoefficientdecreasesmonotonicallyasthestandarddeviation

increases.

Toverifytheeffectofgroundreflection,someexamplesare

showninthefollowings.工nFigs.工.4.4,工.4.5and工.4.6,calculated

incidentangleswhichconsistoftheerrorsduetothesecondarywave

areshownintermsoftheinclinationangleofearth'ssurface.True

incidentanglesarechosentobeequalt0300,60°and90°,respectively･

Directivepatternsofbothantennasareassignedtobeacosineshapewith

front-to-backratioof20dB.Operatingfrequency,spacingbetweentwo

antennas,standarddeviationoftheearth'ssurface,equivalentspe-

cificinductivecapacityandconductivityoftheearthareassumedto

be136MHz,10λ,0.05m,30and1,2×10‾2mho/m(23),respectively.This

conditionofearth'ssurfacecorrespondstoadampground.Apparently,

asvaryinganinclinationoftheearth,calculatedincidentanglevaries

61



(
0
3
0
)
3
1
9
N
V
i
N
3
(
)
一
‥
)
Z
'

○
i

S

昌

Σ

●
1

一一
4-3-2-1012345

INCLINATIONOFGROUND(DEG)

Fig.工.4.4Variationofmeasuredincidentangle

asafunctionoftheinclinationof

thegroundabovewhichaninterfer-

ometerislocated,(actualangle:30°)

0
6

(
0
3
a
)
3
1
0
Z
V
i
N
3
(
)
a
Z
'

a
>

a
a
d
n
s
v
a
w

Fig.工.4.5

-4-3-2-1012345

INCLINATIONOFGROUND(DEG)

Variationofmeasuredincidentangle

asafunctionoftheinclinationof

thegroundabovewhichaninterfer-

ometerislocated,(actualangle:60°)

62



0 1
9
0

(
9
3
(
)
)
3
1
9
Z
^
i
Z

1
1
1
1
0
P
Z
}

9

a
3
a
n
s
v
3
H -5-4-3-2-1012345

INCLINATIONOFGROUNDJf¶DEG)

Fig,工.4.6Variationofmeasuredincidentangle

asafunctionoftheinclinationof

thegroundabovewhichaninterfer-

ometerisloca七ed.(actualangle:90°)

63



a]Lmostsinusoidally.Thevariationforhorizontalpolarizationseems

tobeoutofphasewiththatforverticalpolarization,becausethe

reflectioncoefficients＼andRhavealmostthesameabsolutevalues
v

withoppositesignwhenincidentangleishighfromgrazing.Thus,

phaserelationshipsareseemedtobeoutofphasewitheachother.

Thisfeatureisnotmaintainedforincidentangleof30°.Thestrengths

ofthesecondarywavesare-6dB,-26dBand-20dBcomparedwiththose

ofthedirectwavesfor30°,600and900ofincidentangle,respectively･

withsmallsecondarywavesuppressions.phaseerrorislargesot二hat

readingsofincidentanglecontainrelativelylargeamountoferrors.

工nFigs.工.4.7,工.4.8and工.4.9,theeffectsofantennasepa-

rationonthephaseerrorareshownfor30°,60°and90°ofincident

angle,respectively.Asshowninthesefigures,largertheantenna

separationbecomes,smallerthemeasurementerrordecreases.Thisis

duetothefactthatconstantphaseerrormayresultinthesmaller

measurementerrorforlargerseparationoftwoantennasbecausewhose

phasedifferenceislarger.工nthesefigures,measurementaccuracies

boundedbytheimperfecthardwares
(24)
aredepictedbybrokenlines

Again,thestrengthsofsecondarywavesareabout-6dB,-26dBand-20

dBfortheincidentangleof30°,60°and90°,respectively.Thus,it

istobesaidthatwithsecondarywavewhosestrengthis-20dBcompared

withthedirectwaveforthecaseunderconsideration,phaseerror

causedbythesecondarywaveisa:lmostthesamewiththoseduetoim-

perfecthardwaresandcanbeneglectedinpractice.
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4.3 statisticalDescriptionofaPhaseErrorduetoaSecondaryWave

Asdiscussedintheprevioussection,signalswhicharere-

(25)

fleetedfromearth'ssurfacemaybringontheerroneousmeasurementsofthe

incidentangle.Thesequantitiescannotalwaysbeneglected.However,

theresultsdiscussedpreviouslyincludetheparameterswhichdenotethe

arrangementofelement-antennassuchastheantennaheightfromthe

groundandthespacingbetweenantennas,andtheincidentangleofa

signalsothataninterferometersystemmustbedesignedincasebycase.

Thusfforthebenefitofaneasydesignofaninterferometersystem,we

willpresentthestatisticalapproachtothisproblem.

4.3.1 CaseofNearFieldReflection

Foreaseoftreatment,againweconsiderthecaseofaradio

interferometercomposedoftwoantennas.Asketchofthecaseunder

considerationisshowninFig.工.4.10.工nthedefinitecaseasinthe

previoussection,phaseofasecondarywavewithrespecttothatofa

directwavecanbeestimatedundersomeassumptionssuchasthecondition

oftheearth.工ngeneralcase,however,thisquantitymaydistribute

statisticallyaccordingtoitsenvironmentinwhicharadiointerfero-

metersystemlocatesandtheincidentangleofawave.Therefore,we

willtreatthephasesofasecondarywavewithrespecttothatofthe

directwaveattwoantennasasrandomvariableswhicharedistributed

uniformlyovertherange[0,2TT]andareindependentwitheachother.

Theassumptionsaremadethatonesecondarywaveispredominantandthe
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Fig.工.4.10Sketchshowingtheeffectsofsecondary

waveswhichbringont二hephaseerrorin

anglemeasurements.
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otherscanbeneglected｡

Phaseerroristhendefinedasthedifferencebetweenthephase

differencesbe七weentwoantennasinthecasewithandwithoutsecondary

waves.Now,wedenotetheamplitudeofdirectwavesasPandPand

theamplitudeofsecondarywavesasSlandS2ateachantenna,respective-

1y'ψp1and巾p2°rethephasesofdirectwavesandψS1and中s2are

thoseofsecondarywaveswithrespecttoacertainreference,ateach

antennarespectively.Sufficiesland2refertotheantennaland2,

respectively｡

ThephasediagramofthissituationisshowninFig.I.4.11,

vlandv2inthisfigureshowthesimivectorsofdirectandsecondary

waveattwoantennas,respectively.Theamplituderatiosrandr2are

nowintroducedasfollows｡(Theyshouldbecalled"secondarywavesup-

pressionratio"hereafter.)

r1

r
2

一

一

一

一

S1

-
P1

S2

-
P2

(工.4.15)

(工.4.16)

Itisobviousthephaseerrordoesnotexistwhenthesecondarywave

doesnotexist.工naddition.undertheconditionofr^°r2and中S1°

中s2″thephaseerrordoesnotalsoexist.Thiscorrespondstothe

caseinwhichthesecondarywaveisreflectedfromanidealizedhori-

zontalgroundabovewhichhorizontalinterferometerislocated.

No■w,twodirectwavevectorsdenotedasP
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Re

Fig.工.4.11Phasediagramoftheprimaryandthesecondary

wavesatantennaland2.
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1.4,11areturnedaroundtheorigintillwhichcoincidewiththeposi-

tiverealaxiswithfixedrelationshipbetweenthedirectwavevector

andthesecondarywavevector.Asaresult,weobtainthephasedia-

gramasshowninFig.工.4.12,Referringtothisfigure,theangle6

betweenthevectorsv°゛d゛2isthet)h゛iseel°l:oritselftowhichwe

arepayingourattentions,Theanglesbetweenthesecondarywaves

andthepositiverealaxisaredenotedaSφ1andφwhichrefer七〇

antennaland2″respectively°φ1andφaregivenbythefollowing

equations.

φ1°ψs:I-*P1

φ2°‰2‾ち)2

(工.4.17)

(工.4.18)

φ1andφ2arethefunctionsoftheshapeandelectromagneticproperties

ofreflectororscattererandthedistancebetweentheinterferometer

systemandt二hesourcesofdirectwaveandsecondarywave.Thevari-

ationsoftheorderofwavelengthinthedistancebetweentheinter-

ferometersystemandthesourcemaybringoutthelargedisplacement

inφ1andφ2｀工tcanbetherefore″consideredthatφ1andφ2are

randomvariableswhoseprobabilitydensityfunctionsareuniformover

therangebetweenoand2π.

FoﾋLlowingdiscussionsareperformedbyreferringtoFig.工.4.12

Thephaseerror6isgivenbythefollowingequation.
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Fig.工.4.12Phasediagramshowingthe

observedphasedifference
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6=tan

r1

-
1十r

si副)1

-

1COSφ1

-tan

r2

-
1十r

si励
2

-

2COSφ2

(工.4.19)

undertheconditionsofr1く<1andr2く<1″(工.4.19)canbewellapproxi-

matedasfollows.

6
"

一
一 r^sine))-rsin(() (工.4.20)

Now″letusconsiderthemaximumphaseerror6max″i°e.the

worstcaseunderthegivenconditions.AspointedoutbyDuncan(19),

theworstcaseisrealizedwhenthesecondarywavevectorshavephases

asshowninFig.工.4.13.6canbewrittenasfollows.
maχ,

6
max

.-1.-1
こsmr1+smr2 (工.4.21)

工nFig.工.4.14,contoursofmaximumphaseerrorwithvarioussecondary

wavesuppressionratiosareshown.Again,undertheconditionsof

r1くく1andr2く<1″6maχcanbealsowellapproximatedasfollows.

6
max ゜r1

十r2 (工.4.22)

Asdiscussedpreviously″φ1andφ2mayhavevalueswithrandom

naturesothatstatisticalconsiderationswillbeimportanttoevaluate

theperformance.Therefore,firstofall,considerationsontheprob-
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Fig.工.4.13Diagramshowingthephasesofthesecondarywaves

relativetothatoftheprimarywavesattwo

antennasthatproducethemaximumphaseerror.
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abilitydensityofaphaseerroraremadeinthefollowings.

工nourcase,however,itisimpossibletoderivetheprob-

abilitydensityfunctionforaphaseerroranalytically.Numerical

techniqueis,therefore,adoptedforunderstandingsoftheproblem.

Calculationsaremadeundertheassumptionsthatφ1゛dφ2arerandom

variableswithuniformprobabilityofoccurrencewithintherange

[0,21T]andindependentwitheachother.Theresultsfor七:wocases

areshowninFig.工.4.15.工nthecasewithequalsecondarywavesup-

pressionratioattwoantennas,onlyapeakofprobabilitydensityex-

istsatzerophaseerror.0ntheotherhand,withdifferentsecondary

wavesuppressionratios,doublepeaksappearwhicharesymmetricwit二h

respecttozerophaseerror.Thiscanbeinterpretedqualitatively

asfollows.

Asφ1°11dφ2haveunifo°lprobabilityovertherange【O″21T】'

theprobabilityth°1tφ]andφhavethevaluesnearthetangentsto

thetrajectoriesofsecondarywavevectorsmayberelativelyhigh.

If,withthesamesecondarywavesuppressionratios,theregionswith

highprobabilityofoccurrencearecoincidentwitheachothersothat

probabilityofnoerrorincreasesthantheothers.Withdifferent

secondarywavesuppressionratios,theregionsofhighprobability

ofoccurrencediffertoeachotherwithangledeterminedbyt二here-

lationshipbetweenrlandr2°Fromthisreason″doublepeaksappear

intheprobabilitydensityasshowninFig.工.4.15.Theimportanceof

equalizingthesecondarywavesuppressionratiosattwoantennasis,
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therefore,clearlyindicatedforincreasingtheprobabilityofsmall

errors.

Forevaluatingthestatisticalnatureofthephaseerror,

letusconsidertheRMS(root-mean-sauare)valueofit.TheRMS

valueofthephaseerror'(SRMSisgivenbythefollowingequation°

RMS°

π2
0
f

π2
0
f
r
l

ﾕ
ｰ
2

tan爽1
r2

(tan'
1

sincj)

1十r2

yLsin())

〃
1十r1COSφ1

)

2

COS
dφ1dφ2}1/2 (工.4.23)

Againundertheconditionsofr1<<1andr2く<1″(工,4,23)canbewell

approximatedas,

RMSll
ま{

27T

0

27T

0

(゛1sine})-I:2si゛φ2)
2
dφ1dφ2}1/2

(1.4.24)

Analyticalcalculationof(工.4.24)givesthefollowingexpression.

RMS
l(

2
r1

+

2

2
r2
)1/2 (工.4.25)

工tisthusprovedthatapproximatedRMSvalueofthephaseerrorisa

halfofthemaximumvalueofitwhenthesecondarywavesuppression

ratiosattwoantennasaresettobeequal°工f″rlorr2orboth
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exceed-10dB,theapproximationsaboveleadtotheerroneousresults

sothatevaluationsmustbeperformedbyusing(工.4,23).Numerical

integrationsarecarriedoutandtheresultsareshowninFig.工.4.16

withsomecontoursasafunctionofr^andr2'Then,letuspayour

attentiontotherelationshipbetweenthemaximumandtheRMSvalue

ofthephaseerror″i゛e‘6maχandRMS

rwhichisdefinedas(工.4.26).

rご

r1

-
r2

.Theparameterischosenas

(工.4.26)

Theassumptionismadethatr≧r2″however,generalityisnotlost

becauser1 andr2 canbeexchangeabletoeachotherasshownin(工,4.23)

Fig°工゜4°17shov゛sthe6RMS/6maχinte°ISofl°'Theupperofthearea

withhatchingshowsthecasewithlargerr1 andr2 thanthelowerwith

equalvalueofr'Whenr°OdB(r°r2)″6RMSisaboutahalfof6max

andisminimized.Thisresultalsoindicatestheimportanceofequal-

izingthesecondarywavesuppressionratiosattwoantennas｡

Forevaluatingtheadmissiblelevelofsecondarywavesup-

pressionratios,comparisonofphaseerrorismadewiththe136MHz

interferometerforsatellitetracking(24).Thephaseerrordueto

imperfecthardwares,i.e.errorofantennaimpedancewas5degrees

andoffeedercablewas2mminelectricallength,was0.1radians

sothatr1

RMS

andr2 mustbereducedsmallerthan-20dBfordecreasing

smallerthanthephaseerrorduetoimperfecthardwares
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4.3.2 CaseofFarFieldReflection

工nthecase,however,thesourceofsecondarywaveislo-

catedfarawayfromtheinterferometersystem,thesecondarywave

isalsoregardedasaplanewave.Theincidentdirectionofthe

secondarywaveisgenerallydifferentfromthatofthedirectwave.

ThemodelconsideredhereisshowninFig.工.4.:L8.Undersuchsitu-

ation,phasesofthedirectandthesecondarywavea七七woantennas

canbewrittenbythefollowingequations,respectively･

ψp1°ψd‾
雫cosop

ﾙp2
゜%

十
!rdp.

入p

ψs1°ﾔs‾

雫coses

‰2 ゜ψs゛
亙lcose

s

(工.4.27)

(工.4.28)

(工.4.29)

(工.4.30)

whereλisthewavelengthofincidentwave,distheseparationbe-

tweentwoantennas,and4ﾉdandψsarephasesofthedirectandthe

secondarywaveatmidpointoftwoantennas,respectively.0pandos

aretheincidentanglesofthedirectandthesecondarywavemeasured

fromabaseline｡

Therefore,independencebetweenφ1and(1)2islostwhichre-

suitsinthefollowingre:Lationship･

φ2°φ1゛0‘
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whereaisexpressedusing(工.4.27)-(工.4,30)as

a°弓F!(cos6-cos6) (工.4.32)

TheRMSvalueofphaseerrorinthiscasecanbeformulatedasfollows｡

Vs
･=

-

-

/2Tf

-1
tan

(tan"""

1

r2

-
+｢

勺.si節1

〃
1十r1COSφ1

si�φ1゛o‘)

2
COS(φ14‘(l)

)2dφ1}1/2(工.4.33)

Undertheassumptionsthatr1<<1andr2くく1″approximatedresul七〇f

(工.4.33)canbewrittenasafollowingequation.

RMS
ll(

､2
r
1

-

2

2r
l
r
2COS(X+r2

〃

2

)1/2 (工.4.34)

Assiimingtheequalcharacteristicsoftwoantennas,wecanputr1°r2

becauseoftheplanewaveassumptionofthesecondarywave.Under

thiscondition,{工.4.25)and(工.4.34)canberewrittenbythefollowing

equations.

"^RMS

■^RMS

゜rl=^2

゜r1
(1-cosa)

1/2

(工.4.35)

(工.4.36)

Withthesamesecondarywavesuppressionratios,thephaseerrorforfar

fieldreflectioncanbeexpressedbythatfornearfieldreflection
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multipliedby(1

manner.

- cosa)
1/2
WedefineaquantityYinafollowing

Y°

j!型翌二=(:L-cosa)

RMS

1/2
(工.4.37)

ThoughtherangeofYisfromoto/2,thevalueof(χvariedrandom-

1yaccordingtoitssituationanditisimpossibletoestimateit.

Again,therefore,weregardaasaral:ldomvariablewhoseprobabilityis

uniformovertherangeof[0,2TT].Theprobabilitythat(SRMS'exceeds

6RMSis0.5andintheworstcase,(SRMSiisequaltosquarerootof

2timesRMS°

4.4 ConcludingRemarks

Wehavepresentedtheconsiderationsontheproblemforevalu-

atingthephaseerrorofaninterferometerduetoasecondarywave.The

formulationsarefirstmadeonthesituationthatsecondarywaveisre-

transmittedfromgroundabovewhichaninterferometerislocated.Some

resultsindicatethatwithsecondarywavewhoseamplitudeislessthan

-20dBofthatofthedirectwave,thephaseerrormaybeneglectedin

comparisonwiththatduetoimperfecthardwares｡工ntheaboveformu-

lations,however,theparameterstodescribethearrangementofantenna

elements,theelectromagneticpropertiesofgroundandsoonarein-

eludedsothatitisdifficulttoevaluatethephaseerrorduetothe

secondarywavegenerally.Toovercomethisproblem,thestatistical
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approachesareintroducedtodescribetheinfluenceofsecondarywave

generally.First,evaluationsaremadet二hroughprobabilitydensity

ofphaseerror,whichindicatesthatwit二hthesamesecondarywavesup-

pressionratiosa七七woantennas,七heprobabilitythatphaseerrorhas

ivaluenearzeroismaximized.Withdifferentsecondarywavesup-

pressionratios,doublepeaksappearintheprobabilitydensitywhose

valuesofphaseerroraredeterminedinherentlybythesecondarywave

suppressionratios.ThisresultcanbefullydescribedbytheRMS

valueofthephaseerrorwhichisminimizedincomparisonwiththe

maximimivalueofthephaseerror,ifthesecondarywavesuppression

ratiosareequalizedat七woantennas｡

Thus,itcanbeconcludedthatforreducingthephaseerror

duetothesecondarywave,itisimportantnotonlytoreducethe

secondarywavesuppressionratiosattwoantennasbutalsotoequalize

them.工npractice,equalizationoftheradiationpatternofeach

element-antennaisatfirstsignificantnotonlyinthemainbeamregion

butalsointhesideloberegionfarapartfromboresight.工naddition,

touniformtheconditionofthegroundabovewhichtheinterferometer

islocated,coveringithorizontallybythewiremeshorwaveabsorber

isthegoodwaytoreducetheerrorcausedbythesecondarywave.
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Chapter5 SUMMARYANDCONCLUS工ON

InthisPART1,wehavedescribedt二heinterferometermethod

forsatellitetracking.studiesarecarriedoutmainlyconcerningwith

areceiverwhichisusedininterferometermeasurementsofsatellite

orbitsandanoptimalarrangementofbase:Linesofaninterferometer

system.Erroranalysisofaninterferometerduetothesecondarywave

retransmittedfromsurroundingobjectsisalsomadeinastatistical

manner.工nthefollowings,siimmariesofeachchapterareshown｡

Atfirst,areceiverforaninterferometersystemhasbeen

developedwithPLL(phase-lock-loop)ofnewconcept.Theoutputlevel

ofaninterferometervarieslargelywit:htimeandoftenfallsbelow

thethresholdlevelforlockingofaPLL.工七canbeconsidered.

therefore,thatatthispointtheloopmayrunoutoflockingwhich

resultsinmissingthesignal.Toovercomethisfault,sample-and-

holdcircuitriesareinsertedintothelooptocutitoffduring

fadingwhileholdingthesignalforVCO(voltagecontrolledoscil-

lator).Theexperimentalobservationsusing七hisreceiverattachedto

thetestinterferometershowsufficientperformance｡

Considerationsonaninterferometersystemhavebeenmadein

thenextchapter.Priortothediscussionsonbaselinearrangement,

problemofambiguityresolutionisdescribed.Conventionaltwo-element

interferometerhasgra七inglobessothatitisdifficulttodetermine

theangularpositionofthesatelliteuniquely.Toovercomethisfault.
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four-elementinterferome七erisproposedwiththespacing0ftheouter

pairofelements1.5timesthatoftheinnerpair.Thedesignismade

withconsiderationsonthespatialfrequencycomponentsoftheinter-

ferometer｡

Next,baselinearrangementsofaninterferometersystemhave

beeninvestigatedthroughtwomethodsofapproach.Discussionsare

firstmadeonthesatellitepathonthecelestialsphere.Acon-

ventionalinterferometersystemwithtwobaselinescrossedperpen-

diculartoeachotherisinsensitivetoacertainsatellitepath.

Thisfaulthasbeenunderstoodthroughobservationsofsatellite

paths.Toevaluatetheperformanceofaninterferometersystem,the

conceptoftrackingsensitivityisutilized.Thisresultsinthe

three-baselineconfigurationofaninterferometersystemforsatel-

litetracking,inwhichbase:Linesarecrossedwithangleof60de-

grees,intheshapeof･six-pointedstar.Theotherapproachforeval-

uationisalsointroduced,inwhichthecriterionischosenasthe

numberasatellitecrossedthearraynormalplane.Thereasonfor

thisisaccurateobservationforazimuthanglecanbeperformedinthe

arraynormalplane,fortheeffectofrefractionexistsonlyint二he

elevationangleundertheassumptionofconcentrictroposphereand

ionosphere.Thus,anglemeasurementcanbedonewithouterror.

Throught:Jiisevaluation,predominanceofthree-baselinesystemisalso

provedint二hesenseofcostperformance.Usingtheprototypeinter-

ferometersystemofthreebaselinesandthereceiverdiscussedin
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Chapter2,someobservationsaremadeonthesatellitepathsofOGO-6

(1969-51A),Theseresultsprovethattheinterferometersystemwith

threebaselineshasasufficientperformanceevenforapolar

orbittingsatellitesuchasOGO-6andthereceiveractsverywellfor

receptionofasignalfrominterferome七ers｡

Thephaseerrorcausedbythesecondarywavehasbeenalso

considered.Theeffectofinclinedgroundisanalyzedtoshowthat

forhighelevationangleofincidencethemeasurementerrorsfor

horizontalandverticalpolarizationarealmostthesameabsolute

valueswithoppositesign.Toclarifytherelationshipbetweenthe

phaseerrorandt二herelativestrengthofthesecondarywavetothe

directwave,statisticaltreatmentisintroduced.Somestatistical

propertiesofphaseerrorintermsofprobabilitydensityaredis-

cussed.Throughthisstatisticalapproach,phaseerrorduetothe

secondarywavecanbeevaluatedsimplyandeffectively,andtheerror

oftheinterferometermeasurementsmaybereduced.Fromthis,itis

pointedoutthatRMS(root-mean-square)valueofphaseerrorisagood

measureforprobabilitydensityanditsminimizationcorrespondsto

raaximizetheprobabilityofzeroerror.Thiscanberealizedthrough

equalizationofsecondarywavesuppressionratiosattwoantennas.

Therefore,indesigningtheinterferometersystemforsatellitetracking,

caremustbetakennotonlytoeachelementantennatobemanufactured

assameaspossible,butalsotouniforrothegroundabovewhichthe

interferometerwillbelocated.Tothispurposeitisdesirable
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tocoverthegroundhorizontallywithwiremeshorwaveabsorber

largeenoughcomparedwiththesizeoftheinterferometersystem｡

Summarizingtheresultsdescribed,onedesirableformof

simplesatel:Litetrackingstationisestablished.工nthis,three

baselinesareincluded,eachofwhichisafour-elementinterfer-

ometerwithspacingratioof1.5,whicharecrossedwitht二heangleof

60degreeswithoneanotherintheshapeofsix-pointeds七ar.wire

meshorwaveabsorbercoversthegroundhorizontallyabovewhichthe

interferometerislocatedtouniformthegroundcondition.The

outputsofthreeinterferometersareintroduced七〇threereceivers

withimprovedphase-:Lock-loopforrecordingtheinterferogramsdueto

thetravel0fasatellite｡

Networkofmanynumbersofthissimplestationmaygivethe

abilitytomeasuresatelliteorbitswithhighaccuracy七hanasingle

largestation.
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Chapter1 GENERAL工NTRODUCT工ON

Anantennaarrayhasmanyadvantagesoverasingleantenna

becausethefeaturesoftheantennasystem,forexample,themainbeam

direction,beamwidth,sidelobelevelandpatternnulldirectionscan

beeasilycontrolledbychoosingthephaseandamplitudeofelectrical

excitationofeachelementantenna｡

工nrecentyears,applicationsoftheantennaarraystoa

specificobjectivehavewidelybeenstudiedandtheconcept"signal

ProcessingArray"(26)haslbeeneStablished.Asignalprocessingarray

isdefinedasanarrayofantennas(sensors)whoseoutputsareprocessed

individuallyinthebestwayforaspecificsystemobjective
(26)

signalprocessingarraysaredividedintosomeclassesaccordingto

theirmodesofoperation.Theyare,forexample,syntheticarrays,

correlationarrays,decisiontheoreticarrays,selfforcusingand

retrodirectivearraysandadaptivearrays｡

Amongthesesystems,adaptivearraysarethemostsuitab:Lefor

communicationspurpose.Aterm"adaptiveness"isusedtodescribe

theabilityofasystemtochangeitscharacteristicsinaccordance

withtheconditionunderwhichitisoperating.Adaptivearrays

mustconsistofantennasthatdetectthesignalsofinterestand

feedbackloopsthatkeptchangingthesystem'soperationasafunction

oftheinformationobtainedbytheantennas.

Aphase-lockedarray
(27),(28)
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adaptivearray.Thephase-lockedarrayhasthefeaturethatitcan

trackasourceoftransmissionautomaticallybymeansofthefeedback

controlcircuitry.Although,thisdesirablefeaturemaybespoilt

bytheexistenceofstronginterferencewithfrequencya:Lmostequal

tothatofthedesiredsigna:L.Notonlytothephase-lockedarrays,

existenceofinterferencesmaygenerallydegradet二heperformanceof

communicationlinks｡

工ncommunicationengineering,reductionofnoise(which

signifiesthewholeunwantednoise,inc:Ludingtheinterferences,the

systeminternalnoiseandsoon,)isoneofthemostsignificant

purposesofinvestigations.Amongthem,applica七ionsofanatureof

theantennasystemasaspatialfi:Lterisoneofthepossiblewaysfor

interferencerejection
(29)

工ftJieincidentdirectionsofinter-

ferencesarefixedinangularcoordinate,deterministicdesignpro-

cedurescanbeapplicabletorejectinterferencesbysteeringnulls

towardthem.工ngeneral,however,theincidentdirectionsand七lie

timeofoccurrenceofinterferencesmaybeundeterministicsot二ha七

conventionalprocedureforarraydesignfailstorejectinterference｡

Onesolutiontothisproblemistheadaptivearraysforin-

terferencerejec七ion.Generallyspeaking,thissystemconsistsofan

arrayofantennasfollowedbythe七apped-delay-linefilters,the

processorandthefeedbackloops.Somesystemsareproposedwith

differentperformancecriteria,all0fwhicharedesignedtominimize

theoutputnoisepowerundercertainprotectionofthedesiredsignal
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componentattheoutput.

Afterinvestigationsofthepreviousworksonthisadaptive

arrayforinterferencerejection,wehaveproposedtheadaptivearray

actingunderthenewconcept,"directionalconstraint".工nthispart.

wewillpresenttheconceptofthesystem,detailedanalysesofthe

transientbehaviorandsteadystateperformance,andtheresu:Ltsof

simulationexperimentsbyadigitalcomputercomparedwiththetheory.

工nChapter2,surveyofthepreviousworksonthisproblem

willbemadefromcriticalpointofview.Basedonthecriticism

describedhere,wehaveestablishedanewconstraintconditionnamed

"directionalconstraint".Thisconceptutilizestheaprioriknow-

ledgeoftheincidentdirectionandthefrequencyofthedesiredsignal.

工nChapter3,derivationoftheoptimalweightvectorand

theiterativealgorithmforcontrollingtheweightvectorarepresented.

MethodofanalysismakesuseoftheusualLagrangemultipliers.

工terativealgorithmisbasedonthesteepestdescentmethodwith

gradientprojection.Amodificationismadeforpreventingthe

accumulationoferrorswhichareinherentinniraiericalcomputations

ondigitalcomputerThesufficientconditionforconvergenceof

thealgorithmisalsopresentedinthischapter.

Chapters4and5aredevotedtothedetailedanalyseson

singleanddoiobledirectionalconstraintsystem,respectively･

工terativealgorithmwiththeform.0fdifferenceequationistrans-

latedintotheformofvectordifferentialequation.Thisdiffer-
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entialequationisdefinedint:hemulti-dimensionalhyperspace･

Therefore,orthogonalprojectionofthevectorsarenecessaryfor

solvingthisequation.Thereisaneffectivemethodtodothisand

byusingit,analyticalsolutionsforseveralconditionsofenviron-

mentcanbeobtainedinaclosedform.Throughtheanalysesinthese

chapters,itbecomespossibletotrackthebehaviorofeachweight

perfectly.工nsidethescopeoftheauthor'sknowledge,nopublications

haveshownsuchpredictionofthebehaviorofeachweightwhenexposed

toagivenenvironment.Theanalysesshowthatthetimeconstantof

convergencedependsont:hepowerofinterferencesandtheangular

conditionbe七weentheconstraintdirectionandtheinterferencedirection.

Theinfluenceofthepredictionerrorontheperformancesoftheadaptive

arrayisalsoanalyzed,andcalculatedresultsforsomeexamplesare

shown｡

InChapter6,comparisonsaremadebetweent:hetheoryand

theresultsofsimulationexperimentsoncomputer.Analysesinthe

previouschaptersshowthemeanbehaviorofthesystembecauseofthe

averaging.工npractice,however,samplingfeedbackconceptwillbe

appliedbymeansofadigitalcomputer.工nspiteofthisdifference

be七weenanaloganddigitalconcept,thet±ieoryandtheresultsof

computersimulationexperimentsagreefairlywellexceptforthesmall

quantities,whichmaybeduetotheexistenceofinternalnoisesimu-

latedbyGaussianrandomvariablesandtothecontrol0fweightsusing

thesampleddata.
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工nChapter7,summaryandconclusionaredescribedtodeclare

theperfoinnanceofthepresentsystem,whichareverifiedbytheanaly-

sesandthesimulationexperimentsoncomputer.
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Chapter2. ACRITICALSURVEYOFTHEPREV工ousWORKSONTHEADAPTIVE

ARRAYS

Manyauthorspresentedsomeadaptivearraysforextracting

thedesiredsignalinthenoisyenvironmentwhichimpliestheiso-

tropicnoiseandinterferences.工nthesesystems,tapped-delay-line

(nonrecursivedigital,transversal)filterswithvariablegainampli-

fiersassociatedwitheachelementaregenerallyusedtoobtainthe

combinedfilterinspatialandtimedomain,which'isshowninFig.工工.

2.1.Thetapped-delay-linefiltersareprecededwithorwithoutthe

spatialcorrectionfilter(thistermwasintroducedbyGriffiths
(3幻

),

whichcompensatesthemisalignmentbe七weenthewavefrontandthearray

geometry.工nnarrowbandedapplications,aphaseshifterandanampli-

fierwit二hvariablegaincanbeemployedinplaceofatapped-delay-line

filter｡

工ntheadaptivearraysystems,theaprioriknowledgeabout

thedesiredsignal,i.e.thecenterfrequencyand/orincidentdirection

andsoon,areeffectivelyutilizedforextractingtheactualdesired

signalfromnoisyenvironment.Ontheotherhand,itistobenoted

thatnoaprioriknowledgeabouttheconditionsofunwantednoises(in-

terferencesandisotropicnoise)canbeusedforarraydesign.Thus,

thearraysystemneedst0learntheinformationoftheelectromagnetic

environmentandchangeitsspatialandfrequencycharacteristicsto

matchtheenvironment.-
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x:input,y:output,w:weigh↑,?:timad●lay

Fig.工工.2.1Generalconfigurationofanadaptivearray･

Eachelementisfollowedbyatapped-delay-

linefilter.FeecJbackcircuitriesare

omittedhereforsimplicity･
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Forthispurpose,arraysignalprocessingschemebasedupon

theleast-mean-square-error(LMSE)criterionwasintroducedbyBurg

inseismology.Heproposedthetﾆhreedimensional(timeandtwodi-

mensionalspace)filteringandshowedthathismethodgiveshigher

(32)

signal-to-noiseratio(SNR)thanconventionalarrayprocessingtech-

nique.AlternativetechniquewaspresentedbyLevin
(33)
forobtaining

themaximum-likelLhood(ML)estimateoftheseismicsignalinthe

presenceofseismicnoise.Maximimi-likelihoodestimatecanbeprovided

byconstrainingthetapped-delay-linefiltersprecededbyaspatial

correctionfilterasafollowingmanner.Thesumofonlyonecolumn

ofweightsisconstrainedtobeequaltounityandtheothercolumns

tozero,whichisoftencalled"fidelityconstraint".工nthissystem,

theamplitudeandphasecharacteristicsinthedirectiontowhichthe

beamissteeredbyaspatialcorrectionfilterareconstantandinde-

pendentofafrequencyoftheincidentsignal,inotherwordsthetrans-

ferofthesignalcanbemadewithoutdistortionandthisisthereason

oftheabovenaming.Underthe"fidelityconstraint"condition,mini-

mizationofthesystemoutputpowergivesthemaximum-likelihood

(minimumvarianceunbiased)estimate

WigginsandRobinson
(35)

(34)
oftheseismicsignal.

presentedderivationsoftherecursiveso-

lutionof七heleast-mean-square-error(Wiener)filter.

工nseismicarrayapplications,purposeoftheprocessingis

toextracttheseismicsignalfromtheseismometers'recordswhich

includenotonlythedesiredseismicsignalbutalsotheunknownand
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undesiredseismicnoises.工nthis,off-lineoperationscanbeemployed.

工nconmunications,radarandsonarapplications,however,

realtimeprocessingsarenecessary.Therefore,asystemwhichcon-

vergestoitsoptimalconditionthroughobservationsofanenvironment

willberequired.Shor
(36)
presentedtheadaptivetechniqueforsonar

applicationswhichmaximizestheoutputsignal-to-noiseratio(SNR)by

meansofafamiliarsteepestdescentmethodusingthemeasuredcorre-

lationsofthedesiredsignalandthenoise(whichconsistsofthe

thermalnoisesateachelement,isotropicnoiseandinterferences).

工nhismethod,separatemeasurementsofthedesiredsignalandthenoise

correlationwererequiredforobtainingthedesiredperformance.For

measuringthesignalcorrelations,strongsignalwiththesamefrequen-

cyandincidentdirectionofthedesiredsignal,whichisgeneratedat

thereceiver(thisconceptwasutilizedbyWidroweta1
(38)

as

apilotsignal),isimpingedtothearraysystem.Butmeasured

signalcorrelationsmayincludesomeerrorscausedbytheunwanted

noises.Noisecorrelationscanbemeasuredbeforetransmittingthe

sonarsignal.However,ingeneral,thesystemcharacteristicsarede-

terminednotonlybytheconditionsofnoisesbutalsobythecon-

ditionsoftheactualdesiredsignal,thusthesystemobtainedbythe

proceduredescribedabovemaynotmatchtotheactualenvironment.

Applebaxim
(37)
presentedthealternativeadaptivemethodforrealtime

processingofthearraysystemwhichmaximizestheoutputsignal-to-

noiseratiobasedupontheconceptofsidelobecancellation.His
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schemeisshowninFig.工1.2.2.工nhismethod,thenoisecorrelation

matrixrequiredforprocessingisapproximatedbythereceivedsignals

ateachelement.Andthecontrollawcanbeapproximatedbytheactu-

alimplementationsonlyifthefeedbackloopgainissufficientlyhigh

enough.Ashepointedout,hov7ever,instabilitiesinfeedbackloops

mayoccuriftheloopgainsareallowedtobecomeexcessive:Ly･Widrow

eta1.(38〉presentedtheotheradaptiveschemeusing

theleast-mean-square-errorconcept.BasicschemeisshowninFig.工工.

2.3.Theadaptivealgorithmofreference(38)adjuststheweights

basedonasteepestdescentmethodwhichisallowedtoapplyiteratively

forconvergingtheweightstotheiroptimalconditioninasymptoticsense

Thisalgorithmissodesignedforthepurposeofarealtimeprocessing

bymeansofadigitalcomputerthattheweightadjustmentsareper-

formedtoadirectionofthenegativegradientoftheinstantaneous

valueofsquarederror.Artificiallygenerated(pilot)signalwhichis

areplicaofthedesiredsignalisimpingedtothearraysystemasa

trainingsignaltokeepthearraysystemresponseasacertainvalue

inthedirectionoftheexpecteddesiredsignal.Thepilotsignalis

alsousedasareferencesignal,thustheminimizationoftheerror

betweenthearrayoU七putandthereferencesignalcausespatternnulls

inthedirectionsofinterferences.Griffiths
(31)
pointedoutthelimi-

tationofthismethod,i.e.inadaptationprocess,theoccurrenceof

theactualdesiredsignalmaycauseabiasofweightsfromtheiroptimal

(Wiener)so:Lution.Heproposedthealternativeadaptivealgorithmfor
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least-mean-square-errorprocessingusingtheestimatedcorrelation

vectorbet:weenthereceivedsignalsateachchannelandthereference

signal.Estimationofthecorrelationvectorrequirestheapriori

knowledgeaboutthespectraldensityandtheincidentdirectionofthe

desiredsignal.Thus,hismethodmaybeeffectiveforrealtime

processingiftheestimationscouldbeperformedeasily.Zahm(39),

however,pointedoutthatitresultedinthelargeamountofdeterio-

rationsinoutputsignal-to-noiseratioiftheestimationofthe

incidentdirectionofthedesiredsignalincludessomeerrors.

Griffiths(40)alsoproposedtheadaptivealgorithmbasedonthemaxi-

mum-likelihood-ratio(MLR)criterionandthenaximum-signal-to-noise

ratio(MSNR)criterion.ThealgorithmforachievingtheMLR

processorisderivedbasedonthefactthatunderthehighsignal-to-

noiseratioenvironment,theLMSEprocessormaytendtoit.Thus,the

highpowerpilotsignalwasusedforadaptation.Thealgorithmfor

achievingtheMSNRprocessoralsousesthesteepestdescentmethodas

afollowingmanner.Atfirst,negativegradientdirectionoftheper-

formancemeasure(theoutputpowerinthiscase)withrespecttothe

weightsmaybechosen.Then,thegradientcomponentswhichminimize

thedesiredsignalmaybeestimatedandbesubtractedfromthegradi-

enttowhichtheoutpu七powermaybereduced.Detailedanalysisfor

MSNRprocessorwasnotperformedbecauseofthecomplexitydueto

thenonlinearityoftheproblem.Computersimulationswerecarriedout

tocomparetheperformancesofthesystemsobtainedbymeansofthe
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LMSE,MLRandMSNRalgorithm.TheseresultsshowedthattheMSNR

algorithmgivesthehigheroutputsignal-to-noiseratiothan七he

LMSEandMLRalgorithm,however,thefrequencycharacteristicispoorer

thantheothers.

工nthefieldofseismology,Caponeta1.(41)propoSedthe

proceduresfordesigningthemaximiam-likelihoodestimatorintimedo-

mainandfrequencydomain.Theirmethodis,however,sousedforthe

seismometers'recordsthattheoff-lineprocessingmaybesignificant.

Lacoss
(42)
presentedtheadaptivealgorithmwhichconvergestothemaxi-

rnxom-likelihoodestimator.Thisalgorithmisdesignedforminimizing

thesystemoutputpowersubjecttoaconstraintbymeansofasteepest

descentmethodwithgradientprojection.Healsoproposedtheclipped

gradientmethodforreducingtheinfluencesofsignificantlyanomalous

dataontheweightsofprocessor.Hismethodrequiredtheoccurrence

ofthesamewaveformofthedesiredsignalatthesametimeateach

element,thusspatialcorrectionfilterwasindispensable.Claerbout
(43)

summarizedandextendedthefilterdesignmethodsubjecttoconstraints.

ConstraintconditionsdescribedabovearebasicallythesamewithLevin's

condition
(33)

Kobayashi
(44)
presentedtwoiterativesynthesis

methodsforaseismometerarrayprocessor.Theyarebasedonthe

steepestdescentmethodwithgradientprojectionandontheconjugate

gradientmethodwithgradientprojection.工nthesemethods,thespatial

correctionfiltermustalsobeincludedforprovidingtheinphasecon-

ditiona:Longthearray.Theabovedescribedsystemsareallfordigital
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processingsorsimulatedonadigitalcomputer.

0ntheotherhand,RieglerandCompton(45),Riegler

Compton
(47),(48)

(46)
and

reportedtheexperimentalsetupswithanalogfeed-

backloopsratherthancomputercontrolleddigitalloopsonthesame

concept,i.e.minimizationofthemean-square-error,withWidrowet

a1
(38)
.Thus,thebasicschemeisthesamewithFig.工工.2.3.The

experimentswereperformedwithorwithouttheamplitudemodulated

desiredsignalwhilethereferencesignalisonlyacarrierofthe

desiredsignal.Theyshowedthatthepatternnulldepthdependson

thepoweroftheinterference,thentheamplitudemodulatedinterfer-

enceswithhighpowersmaycausethefluctuationsofweightswhich

resultintheadditionalundesiredfluctuationofthedesiredsignal

output.工nadditiontothem,theamplitudemodulateddesiredsignal

mightdecreasethearraysystemresponseinthedirectionofthede-

siredsignal.

ChangandTuteur
(49)
proposedtheadaptivealgorithmbased

ontheleast-mean-square-errormethod.Theirmethodrequiredtheauto-

correlationfunctionandtheincidentdirectionofthedesiredsignal

ratherthantheactualreferencesignal.Thisconceptresemblesto

Griffiths
(31)
.Brennaneta1

(50)

presentedtheeffectsofcontrol

100pnoiseontheperformanceoftheadaptivearray,i.e.the

degradationoftheoutputsignal-to-noiseratio.Theyderivedthe

expressionsforthefirstandthesecondorderloops.Forreducing

theeffee七sofcontrolloopnoise,BrennanandReed(51)introduced
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theconceptofhardlimitinginthecon七rolloopsandshowedthis

techniquedoesnotaffectｾﾞheperformanceoftheadaptivearray･

BookerandOngdiscussedtheadaptivemethodforprocessingthe

seismometerarraydatasubjecttoconstraints.Theexamplesofsome

constraintconditionswereexpressedandanalyzed.Theysuggestedthe

possibilityoftheconstraintconditionwhichUti:Lizestheinformation

abouttheexpectedincidentdirectionofthedesiredsignal.Frost

(53)summarizedandanalyzedindetailtheleast-mean-square-error

(30),

methodsubjecttoconstraintsandconsideredsomeapplicationsofthis

method.Hepresentedthenewconstraintconditionwhichdesign∂i.tes

thefrequencycharacteristicsofthesystemindigitalfilterformin

thedirectiontowhichthebeamissteered(lookdirection)bymeans

ofaspatialcorrectionfilter.Healsopresentedthemethodtopre-

venttheaccumulationoferrorsintheiterativeapplicationofalgo-

rithmondigitalcomputerduetothetruncationorquantizationofthe

projectedgradient.ButcherandSims

eta1
(38)

(54)
extendedtheworksofWidrow

.Theyintroducedtheconceptofsubfrequencysampling

methodinwhichthesamplingandtheweightsadjustmentarecarriedout

sufficientlyslowerthantheperiodofasignalcarrier.工tmaybe

suitableforhighfrequency(radiofrequency,RF)applications｡

Gabriel
(55)
proposedanalternativemethodusingthefactthatthe

eigenvectorsoftheinputsignalcorrelationmatrixcorrespondtothe

linearcombinationofsignalvectorsalongtheelementsdue七〇thede-

siredsignalandtheinterferences.Theappropriatecombinationof
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theseeigenvectorsmaycausepatternnullsinthedirectionsofinter-

ferences.Zahm
(56)
presentedtheanalyticalmethodforevaluatingthe

dynamicbehavioroftheadaptivearraywhenexposedtotheactual

environment.Heshowedthatthetimeconstantofdecreaseofthe

outputinterferencepowerdependsontheinputpowerofit.Brennan

summarizedtheprincipleofadaptiveradarwhichmaximizestheproba-

bilityofdetection.Thismethodwascloselyrelatedtotheworksof

Applebaum
(37)

andGriffiths
(31)
.Baird

(58)
reportedtherecursive

algorithmforminimizingthemean-square-errorbetweenthesystemoutput

andthereference.Though,hismethodincludesthedirectinversion

oftheinputsignalcorrelationmatrix,thematrixinversionlemma

providesthesomewhateasyimplementations.Thecomparisonofthis

algorithm,thealgorithmbasedonthesteepestdescentmethodandthe

algorithmbasedontherandomsearchmethodshowsthatthefastest

convergencerateisachievedbytherecursivealgorithm.But,the

recursivealgorithmincludessomewhatcomplicatedprocessings,thus,

thecomputationtimeforoneiterationmaybelongerthantheothers.

Healsopresentedtherecursivealgorithmusingtheestimatedcorre-

lationsbetweentheinputsignalsandthereferencesignal.There-

lationbetweentherecursivealgorithmandtheequationdefiningthe

Kalmanfilterwasalsodiscussedindetail｡

Followingthestudiessummarizedbrieflyinthissection,we

proposedanewconstraintcondition,namely"directionalconStraint¨(59)

工nthefollowingchapters,wewillpresentthedetailedanalysisonthis
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directionalconstraintsystemandsomesimulationresultsondigital

computerfordemonstratingtheperformanceofthissystem.
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Chapter3 ADAPT工VEOPTIM:IZAT工ONOFANARRAYSUBJECTTOCONSTRA工NTS

3.1Introduction

工nthischapter,wewillpresenttheadaptiveoptimization

procedureofanarraysystemwhenexposedtoanoisyenvironment.

AsreviewedinChapter2,severalperformancecriteriawereproposed.

Amongthem,wepaidourattentionstotheleast-mean-square-errormethod

andtotheconstraintoptimizationprocedures｡

Aleast-mean-square-errormethodrequirestherefer-

encesignalwhichmustbesynchronizedwithcarrierofthedesired

signal.工fthisrequirementmightnotbesatisfied,normaloperation

oftheadaptivearraysystemmaynotbeachievedbythismethod.And

ifthedesiredsignalisfrequencymodulated,thearraysystemresponse

towardthedesiredsignaldirectionmaybecomeunstableduetothelack

ofsynchronization｡

Onthecontrary,theconstrainedoptimizationproceduresdo

notrequirethedetailedinformation,i.e.thewaveform,ofthedesired

signal.Constrainedoptimizationmethodswerewidelyusedinseis-

mologyforobtainingthemaximiom-likelihoodestimateoftJieseismic

signalusingthefidelityconstraint(seeChapter2).Frost(30)″(53)

proposedthealternativeconstraintconditionwhichdesignatesthe

frequencycharacteristicsint二helookdirectiontowardwhichthearray

beamissteered.Theconstrainedoptimizationproceduresdescribed

previouslymustincludethespatialcorrectionfilterfollowedbythe
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processor.Thus,thesesystemsconsistoftwoprocessingstages,i.e･

thebeamsteeringstageandtheinterferencerejectionstage,inother

wordsthesesystemsareredundant.

Thus,wewillproposethenewconstraintconditionnamed"di-

rectionalconstraint"anddemonstratet二heperformanceoftheadaptive

arraywiththisconcept.Inthissystem,twoprocessingstages

(beamsteeringstageandinterferencerejectionstage)canbemerged

intooneinwhichtwoprocessingoperationsareprovided.

3.2

3.2.1

DescriptionoftheConcept

ReceivingSystemofanArrayandProcessor

Priortot二hemaindiscussionon七henewsystem,descriptions

ofthereceivingsystemaregivenhere.Typicalconfigurationofan

adaptivearrayisshowninFig.工工.3.1.工n七hisfigure,itistobe

notedthatthefeedbackloopsarenotdepictedforsimplicity.The

amountoftimedelaywhichissymbolizedbyてinFig.工工.3.1ischosen

tobeequaltoonequarteroftheperiodofthecenterfrequencyof

thedesiredsignal.Thus,thephaseofthedesiredsignalislagged

throughthetimedelayelementwiththeamountofTT/2,SOthatdelayed

andundelavedsignalareorthogonaltoeachother.

TheWk(k°1″2I･･･rK)representsthegainofeachamplifier

inFig.工工.3.1whichshallbecalledweight.Thepointstowhichthe

weightsareconnectedarenamedastappoints‘The＼{k=l,2,.゜‘'K)

representst±iesignalateachtappointasdepictedinFig.工工.3.1.

110



参1

>:input,y:ou↑put,w:w≪lgh↑,t:tlmadtlay

Fig.II.3,1Configurationofanadaptivearray

underconsiderationexceptforthe

feedbackloops.
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Undelayedanddelayedsignalateachtappointareweightedandadded

toproducethearraysystemoutput,y.Forsimplicityofformulations,

weightsarewritteninvectorformasafollowingmanner.

WT゛(゛1 w2″゜゜゜″wKL)

signalsarealsowritteninvectorformas,

XT

゜(x1″x2″゜"″XKL)

(工工.3.1)

(工工.3.2)

wheresuperscriptTdenotesthetranspose.Thisnotationwillbeused

commonlyinthispart｡

Usingthevectornotationsdescribedabove,arraysystem

output,y,canbeexpressedbytheinnerproductoftheweightvector

bythesignalvector,i.e./

y°
XTW=WTX (工工.3.3)

Theabovedescriptionsarefreefromthearrangementoftheantenna

elementssothatwemakenoreferencetot:heantennaarrayitself.

3.2.2 Expressionofsignals

Thesignalsxkateachtappointconsistofthedesiredsignal

componentsandtheundesirednoisecomponentnas″

χk°＼十＼″k=1,2,...,KL (工工.3.4)

Theundesiredsignalcomponentgenerallyconsis七softhree
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kinds.theinterferencesandisotropicnoisecomingfromtheexternal

sourcesandtheinternalnoisegeneratedinthesystem.Again,vector

formsareadoptedasfollows｡

ST=(s,s‘゜"sKL)

NT°(n..n,...,nKL)

(工工.3.4)canalsobeexpressedinavectorform,as

X=S十N

(工工.3.5)

(工1.3.6)

(工工.3.7)

Thecorrelationmatrixofthetap-pointsignalsisdefinedasfollows｡

Rxx°E[XXT] (工工.3.8)

whereE[]denotestheexpectedvalue.ItistobenotedthatRχχis

aKL-dimensionalsymmetricmatrix,whichcanbeeasilyprovedbythe

directapplicationoftransposeoperationon(工工.3.8).工七maybeduly

assumedtha七七hedesiredsignaldoesnotcorrelatewiththeundesired

noise.Theassumptionismadethattheinternalnoisedoesnotcorre-

latenotonlyWit二hthedesiredsignalbutalsowiththeinterferences.

Then,weobtain.

Rxx゛゜E[SST]十E[NNT] (工工.3.9)

工tistobenotedthatE[SST]isacorrelationmatrixofthedesired

signalvectorsothatitispositivesemidefiniteandE[NNT]consists
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oftheinterferenceandInternalnoiseswhichareindependenttoeach

othersothatitispositivedefinite.Summarizing七heabovedis-

cussions,correlationmatrixRχχispositivedefinite.

3.3 ConstraintConditionandOptimalSolution

Here,wewillintroducethe"directionalconstraint"con-

dition.Theconditionaimst0guaranteetheresponseofthearray

systemtothedesiredsignalinputthatiscomingfromaspecified

directionatacertainfrequency.Thegeneralformofcons七raintwith

regardstotheweightsmaybeexpressedasf0110wS(30)'(53).

CT
W=H (工工.3.10)

whereCisa(KLXM)matrixcalledthe"constraintmatrix"andHis

anM-thordercolumnvector,whichwillbeCa1:Ledthe"responsevector"

hereafter.MisanintegerequaltoorgreaterthanLandequal七〇〇r

smallerthanKL.(工工.3.10)definestheM-dimensionalhyperplaneinKL-

dimensionalhyperspaceforWthatwillbecalled"constraintplane".

工nthefollowinganalysis,weconsiderasimplesystemthat

hasonlytwotapsforeachchannel(thecaseL=2inFig.工工.3.1).

工七isalsoassumedthat七:heantennaelementsarelocatedlinearlywith

equa:Lspacingofahalfwavelengthandtheelementfactorisisotropic.

工tshouldbenoted,however,thattheseassumptionsaremadeinorder

tosimplifythephysicalmeaningsoftheresultsanddonotessentially

affectthevalidityoftheanalysis.
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Theco°plex(i‘e'゜iplitudeandphase)1°esponseYh(0)ofthe

arraysystemunderconsideration七〇thesignalwithnormalizedampli-

tudeandtheangleofarrival,9,canbeexpressedbythefollowing

formula.

where

＼
(e) -

-

K

ﾕ

:L

叫
ke可)[勁k(o)]‘'‘｀゛k4^Ke可)[j{ψk(e)゛/2}1}

(工工.3.11)

＼(e)=剽k‾警)COS6' k=l,2,°゜●rK

(工工.3.12)

whichdenotesthephaseofthesignalarrivingfromthedirectionoat

eachelementwiththephasereferencetakenatthecenterofthearray･

Thesephasedifferencesresultfromtheanglebetweent二hewavefrontand

thearraybaseline.Then,thecomplexresponseofthearraysystemto

acertaindirectione(whichwi1:Lbecalledthe"constraintdirection")
C･

issetundertheconstraintasfollows.

Yh(Oc)゜1 (工工.3.13)

Thisconstraintspecifiesthetransferfunctionofthesystemtobe

unitytothesignalwiththespecifiedangleofarrivalandfrequency･

Using(工工.3.11),realandimaginarypartoftheconstraintcondition

(工工.3.13)canbeexpressedbythefollowingequations.

K
Re[＼ (e)]=Σ{w

ck=1 kco帥k(Oc)‾゛゛k+Ksi㈲k(0
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工m[Y
h

K

(Oc)]゜､Σ.佞kSi吋k(ec)゛゛k+KCOSψk(Oc)}゜0

(工工.3.15)

whereRe【】andIm[]denotetherealandtheimaginarypartofthe

valueinbrackets,respectively.(工工.3.14)and(工工.3.15)canbere-

writteninavectorproductformasfollows.

Re[＼

工゛[＼

(e

C

CO帥1(OC)

CO帥2(OC)

co帥(e)

)]゜(゛1'ﾌﾞ2″゜゛゜'゛゛K'゛K+1'''k4‘2'゜｀゛'゛2K)-sinに(ey)'゜1

“si叫2(ec)

‾si㈲K(oc)

(工工.3.16)

(O

c
)1°(゛1″｀゛2' ″WK″ ゛'K+1″wK+2″゜‘゜″w2K)

si㈲1(Oc)

si㈲2(ec)

e
e

si叫K(ec

CO帥1(OC)

CO吋2(OC)

co帥K (e C)

=0

(工工.3.17)

Thus,withregardto(工工.3.10),(工工.3.16)and(工工.3.17),CT

givenby(工工.3.18)and(工工.3.19),respectively.
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co帥1(Oc)¨‥'c°帥K(ec)'“si励1(Oc)¨‥'‾si叫K(Oc)

si㈲1(Oc)'‘‥″si㈲K(ec)'co帥1(Oc)¨‥'co帥K(ec)

HT
=(1,0)

(工工.3.18)

(工工.3.19)

Inthesamemanner,extensiontomultipledirectionalcon-

straintssystemcanbeeasilyperformedinastraightforwardmanner.

工ftheoutputpowerofthisarraysystemisminimizedunder

theconditionoftheaboveconstraint,thenoisecomponenttendstobe

nullifiedwhilethesignalcomponentismain七ained,withtheresultof

maximumsignal-to-noiseratio.

Meanoutputpowerofanarraysystem,Q,isgivenby,

Q°E[WTXXTW]゜WTRxxW (工工.3.20)

Qof(工工'3°20)is°quadraticfunc七ionwithrespecttoW°AsRχχis

positivedefinite,QgrowsupwheneverytermofWincreases.

Now,theproblemistofindWwhichminimizesthesystem

outputpowerQof(工工.3.20)subjecttotheconstraintconditionof

(工工.3.10).Geometricalinterpretationofminimizationofoutputpower

subjecttotheconstraintisshowninFig.工工.3.2.Constrainedminimi-

zationproblemcanbesolvedbymeansofthewe11knownmethodof

Lagrangemultipliers.ThefollowinganalysisisafterFroSt(30)ﾊﾞ53)

ThecostfunctionA(W)isdefinedasfollowsbyintroducing

M-thordercolumnvectorofundeterminedLagrangemultipliers,Λ.

117



CONTOURSOF

OUTPUTPOWER
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W2

CONSTRAINT

PLANE

Fig.II.3.2Geometricalinterpretationofminimization

ofoutputpowersubjecttoconstraint.

Theweightvectorisassimiedtobetwo

dimensionalfori1:Lustration.Theoptimal

solutionisshownbyxontheconstraint

plane.
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A(W)゜}WT＼kW十AT(CTW‾H) (工工.3,21)

wherecoefficientlisintroducedformathematicalsimplicity.Taking

thegradientofA(W)withrespecttoW,thus,

∇WA(W)゛RxxW十CΛ (工工.3.22)

(II.3.22)representsthegradientofthesystemoutputpowerwit:hre-

specttoWintheconstraintplane.(工工.3.21)isaquadraticfunction

ofWwithpositivedefinitematrixcoefficientsothatithasunique

minima.Thus,theoptimalweightvector″Wopt″canbeobtainedby

equating(工工.3.22)tozero.Asdiscussedpreviously'Rχχispositive

definitesothatRXX‾1exists°TheWoptcanbe゛ritten゛ISfollov゛S'

W
opt

一

一
- Rxx‾1CΛ (工工,3.23)

Then,wemustdeterminetheexpressionofAintermsofthepreviously

definedvectorsandmatrices.TheoptimalweightveCtorWoptmuStalso

satisfythecons七raintconditionof(工工.3.10).Substituting(工工.3.23)

into(工工.3.10),followingexpressionisobtained.

CTW
opt°‾C

TRxx‾1CA°H
(工工.3.24)

Solving(工工.3.24)withrespecttoA,wecandeterminetheLagrange

multipliersvectorwhichiswrittenasfollows.

A゛“(CTRxχ'1C)‾1H
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Theexistenceof(CTRχχ‾1C)‾1canbeprovedeasi:Lybecauseofthef°ct

thatRχχispositivedefiniteandChasfullranks.

Thus,substituting(II.3.25)into(II.3.23),wecanobtain

theexpresSionofWoptasfollows.

W

opt
゜Rχχ'1C(CTRχx‾1C)“1H (工工.3.26)

工f,theenvironmentcondition,i.e.Rχχisperfectlyknownorcanbe

estimatedwithsufficientaccuracy,directcalculationof(II.3.26)may

beperformed.Theseinformationsare,howeveringeneral,inavailable.

Then,wemustdevelopthealternativemethodinwhichweightvectoris

updatedthroughobservationsoftheenvironmentandconverges七〇its

optimalwhichmatchestotheenvironment.

3.4 工terativeAlgorithmforSamplingFeedbackLoop

Renewa:Loftheweightvectorsubjecttoconstraintsisgener-

allyperformedbymeansofthesteepestdescentmethodwithgradient

projection.Thistechniquewasadoptedbymanyauthors.Wesuppose

thecomputercontrolledfeedbackloopsforchangingtheweightvector

sothattheiterativealgorithmisrequiredtoconvergetheweight

vectortoitsoptimal.工n七hes七eepestdescentmethod,changingof

theweightvectorisperformedtowardthedirectiontowhichthegradi-

entofthecostfunctionwithrespecttotheweightvectorissteepest.

Thus,thebasicalgorithmcanbeexpressedasfollows.Thetemporary

assumptionsaremadethatRχχisknown‘
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W(゜+1)=W(r゛)‾u∇WA[W(゜)] (工工.3.27)

wherepiscalledastepsizewhichdeterminestheamountofincrements

ofweightsandmisaniterationnumber.工nthefollowinganalysis,

alsot二hemethodofLagrangemultipliersisemployedfortheformulation

CostfunctionisafunctionofW,andWvarieswithiterationsothat

Lagrangemultip:Liersarefunctionsofiterationnumber.

Thus,costfunctioniseχpressedinplaceof(工工.3.21)as

follows.

A[W(m)]゜手WT(゛1)RxxW(m)十AT(゜)[CTW[頑‾H]

(II.3.28)

whereΛ(m)istheundeterminedvectorofLagrangemultipliersatm-th

iteration.Gradientof(工工.3.28)withrespecttoW(m)canbethusOb-

tainedasfollows.

∇WA[W(゜)]゜＼xW(゜)十CA(m) (工工.3.29)

Substitutionof(工工.3.29)into(工工.3.27)givesthefollowingadaptive

algorithm,yet,VJhichincludestheundeterminedLagrangemulti-

pliersvector.

W(゜+1)゜W(m)-u【＼kW(in)十CΛ(m)l (工工.3.30)

TheconstraintconditionmustbesatisfiednotonlyforW(m)butalso

forW(m+1).Thus,
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and

CTW(m+1)゜CTW(Irl)‾則CT･^xxW(m)十CTCΛ佃)]゜H(工工゜3‘31)

CT
W(m)=H

Then,wehave,

CTRxxW(゜)十CTCA(m)゜0

(工工.3.32)

(工工.3.33)

Solving(II.3.33)withrespecttoA(in)givesthefollowingexpression.

工tistobenotedthat(CTC)existsbecauseofthefactthatChas

fullranks.

A(m)゜“(CTC)‾1CT＼xW(゜) (工工.3.34)

Iterativealgorithmforconstrainedoptimizationcanbeexpressedthus

bysubstituting{:[工.3.34]into(工工.3.30)asfollows.

with

W(m+1)゜W(in)-yPRχXW(111)

P=U-C(CTC)‾1CT

(工工.3.35)

(工工.3.36)

Pisaprojectionoperatorwhichprojectsavectorontotheconstraint

planeanduisaunitmatrix.Thealgorithmof(工工.3.35)whichisa

steepestdescentalgorithmwithgradientprojectionwasusedbyLacoss

(42),WinklerandSchwartzandothers.But,aspointedoutby
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Frost
(30),(53)

fsmallcomputationerrormayoccurateachiteration

becauseofthetruncation,roundofforquantizationerrorinanimple-

mentationofthisalgorithmondigitalcomputer.Thus,alargenumber

oftheiterativeapplicationsofthisalgorithmmayaccumulatethecom-

pu七ationerrorscausingthedeviationoftheweightvectorfromacon-

straintplane.Thesefaultsbecomemoreseriousifaprocessormay

adoptashortbitcomputer.Frostproposedaconstrainedleast-mean-

squarealgorithmwhichhastheerrorcorrectionfeature.Referring

to(ｴｴ.3.32),formulationofagradientprojectionalgorithm(ｴｴ.3.35)

isbasedonapremisethatW(m)issatisfying七heconstraintcondition.

y
However,ifoncetheweightvectordoesnotsatisfythecon-

straintconditionbecauseofthecomputationerror,theweightvector

offollowingiterationsmayrunawayfromaconstraintplane.Toavoid

thisfault,thealgorithmwitherrorcorrectionfeaturewasproposedby

FrostthatLagrangemultipliersvectormustbedeterminedfromthe

followingequationratherthan(工工.3.33).

CTW(゜)'μ[CT＼xW(m)十CTCΛ(m)]゜H(工工゜3‘37)

Solving(工工.3.37)withrespectﾆtoΛ(m),thefollowingequationisOb-

tained.

A(m)=
1
-
p
(CT

瓜
―
一
ｐ

C)
-1

CTW(I゛)‾(CTC)‾1CTRxxW(m)

C)‾1H
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Substituting(工工.3.38)into(工工.3.30)andmakingsomearithmeticalma-

nipulations,theconstrainedleast-mean-squarealgorithmcanbeobtained

asaf0110wingmanner(30)'(53).

with

W(゜+1)゜P[W(゜)“p"xxW(m)]十F

F=C(CTC)“1H

(工工.3.39)

(工工.3.40)

ThevectorFof(II.3.40)istheshortestone,inotherwords

perpendiculartoaconstraintplane,whichsatisfiestheconstraintcon-

dition.Theproofisgiven°Sfolio゛゛SI'(61)ThevectorWSisassumed

tobetheshortestvectorwhichsatisfiestheconstraintcondition.

ForobtainingtheexpressionofW,V゛emakeuseofthemethodof

Lagrangemu:Ltipliers.Thus,thecostfunctionforWsisdefinedas,

M(Ws)
一

一

y

sWs十ΛT
(CT W-H)

S

(工工.3.41)

Apparently,(工工.3.41)isaquadraticfunctionofWShavingunique

minima.FromthedefinitiononW

S
,gradientof(工工.3.4:I)withrespect

totheweightvectormustbezero.Thus,

∇WM(Ws)゜Ws十CA°0

Therefore″Wscanbewri七七enasfollows.

Ws°‾CΛ
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Wmustalsosatisfytheconstraintcondition,then.
S

CT
W=-CT

S
CΛ=H (工工.3.44)

From(II.3.44),undeterminedvectorofLagrangemultiplierscanbe

solvedasfollows.

Λ=-(CT

Existenceof(CT

C)'1H (工工.3.45)

C)‾1isdiscussedpreviously.Substituting{工工.3.45)

into(工工.3.43)givestheexpressionofWS″theshortestvectorwhich

satisfiestheconstraintcondition.

Ws゛C(CTC)“1H (工工.3.46)

whichisthesamewith(工工.3.40).Therefore,Fof(工工.3.40)isproved

astheshortestvectorwhichsatisfiestheconstraintcondition.

Thouqh,in(II.3.39),correlationmatrixRχχisincluded″in

practice.Rχ^maybeinavailable.Then,weapproximateRχxbytheouter

productoftheinstantaneousvalueofthesignalsateachtappoint,

namely,X(m)XT(m).Thepracticalformofthealgorithmisthus

writtenasfollows.

where

W(m+1)=P[W(m)-yX(m)y(m)]十F

y(m)=XT (m)W(m)=WT(m)X(m)
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whichisaninstantaneousoutputofthearraysystem.Blockdiagram

representationoftheoperationof(工工.3.47)isshowninFig.工工.3.3.

Theconstrainedleast-mean-squarealgorithm(工工.3.39)is

thesamewithgradientprojectionalgorithm(ｴｴ.3.35),if

W(m)=PW(m)十F (工工.3.49)

issatisfied,whichindicatesthat1･J(m)isinaconstraintplane.

Here,wepresenttheproofof(工工.3.49)whenW(rti)satisfiesthecon-

straintcondition.WeassiomethatW(m)satisfiestheconstraintcon-

dition,name:ly,

CT
W(m)=H (工工.3.50)

Using(II.3.36)and(ｴ1.3.50),projectionoperationwithPonW(in)

givesthefollowingequation.

PW(m)=[U-C(CT C)“1CT]W{in)

=W(m)ごC(CTC)‾1H (工工.3.51)

ThevectorFisgivenby(II.3.40)andisthesamewiththesecondterm

oftherighthandsideof(I工.3.51).Aftersubstituting(工工,3.40)into

(工工.3.51)andrearrangingtheequation,ityielsthesameexpressionwith

(工工.3.49).GeometricalrepresentationisgiveninFig.工工.3.4.From

Fig.工工.3.4,theweightvectorwhichsatisfiestheconstraintcondition

canbedividedintotwoparts;oneofthemisthecomponentwhichis
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Fig.工工.3.3Blockdiagramrepresentationoftheconstrainedleast-mean-

squarealgorithm.Inthisfigure,Σ,nandDrepresentthe

sum,multiplicationandtimedelayoperation,respectively･

Thedoublelinedenotestheflowofvectorsandsingleline
denotestheflowofscalars.

Fig.工工.3.4Divisionofaweightvectorintothecomponentsparallelto
andperpendiculartotheconstraintplane.
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paralleltotheconstraintplaneandtheotherisaperpendicularvector

whichsatisfiestheconstraintcondition.

Thenext,fordemonstra七ingthefeatureoftheconstrained

least-mean-squarealgorithmincomparisonwi七hthegradientprojection

algorithm,geometricalinterpretationsaremadeinFigs.工工.3.5and工工.

3.6.AsshowninFig.工工.3.5,ifW(m)mightdeviatefromaconstraint

planebecauseof‘thecomputationerrors,theconstrainedleast-mean-

squarealgorithmcancorrecttheerrorsinthenextstep,thatisW(m+1)

willsatisfytheconstraintcondition.But,inthegradientprojection

algorithm(seeFig.工工.3.6),projec七ionoperationisappliedonlytothe

additionalterm,andW(m+1)cannotsatisfythecons七raintcondition

ifW(m)mightdeviatefromaconstraintplane.Takingintoconsider-

ationoftheabovediscussions,wewilladopttheconstrainedleast-

mean-squarealgori七hmhereafter.

工nadigitalloop,theproblemofstabilitymayoccur.The

loops七abilityinadigitalloopdependsontheloopgainwhichcorre-

spondstoastepsizeμinourproblem.AfterFrost
(30),(53)

,forthe

proofofconvergenceofthealgorithm,thebehavioroftheEuclidian

normbetweentheweightvectorandtheoptimalweightvectorisex-

aminedwhichmustdecreaseaccordingtotheincrementofitera七ion

numbers.

Taking七heexpectedvalueofbothsidesof(工工.3.47)gives

thefollowingequation.

E[W(m+1)]°P{E[W(m)-yRχχErW(゜)]}゛F(ｴｴ‘3°52)
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CONSTRAINEDLEASTMEANS2UAREALGORITHM

W(m･n=P【W(m)-uy(m)X(ra)l+F

Fig.工工.3.5Errorcorrectingfeatureofthe

constrainedleast-mean-square

algorithm.

GRADIENTPROJECTIONALGORITHM

Fig.工工.3.6Errorpropagationfeatureofthe

gradientprojectionalgorithm.
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Wedefinethevec七〇rV{m)asafollowingmanner

V(m)=E[W(m)]-W
opt

(工工.3.53)

Subtractingtheoptimalweightvectorfrombothsidesof(11,3.52)

andusing(工工.3.49)and(工工.3.53)givethefollowingequationinterms

ofv(m).

V(m+1)゜【U-uP･^xxP】V(゜)

゜[U-yP'^xxP]lll+1V(O) (工工.3.54)

TheinitialdifferencevectorV(0)canbeexpressedbyalinearcombi-

nationoftheeigenvectorsofPRχχPwhoseassociatedeigenvaluesare

nonzero.Then,V(0)isexpressedbythefollowingform.

2K'
V(O)゜

k=l
゛lkGk

(工工.3.55)

wher:eGk(k=l,2,,..,2K')isan･eigenvectorofPRχχPwithnonzero

eigenvalue°a(k=l,2,...,2K')isanundeterminedcoefficientand

K'isanumberequaltoorsmallerthanK.Substituting(工工.3.55)into

(工工.3.54)andoperatingsomearithmeticalmanipulationsyieldthefollow-

･ngexpression.

V(゜+1)゜

jEl

ak(1‾u入k)゜+1Gk (工工.3.56)

where入kisaneigenva:LueassociatedtotheeigenvectorG.工fwe
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chooseptosatisfytherelationO<1“p入kく1forallk,convergence

of(工工.3.47)totheoptimalweightvectorinaneχpectedvaluesense,may

beguaranteed.Thus,umustbechosenasfollowsforconvergenceofthe

algorithm.

OくUく -
max

゛'hereλmaxisthemaximumeigenvalueofPRχχP
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Chapter4 TRANS工ENTBEHAV工ORANDSTEADYSTATEPERFORMANCEOFTHE

ADAPT工VEARRAYW工THS工NGLED工RECT工ONALCONSTRA工NT

4.1Introduction

AsdiscussedinChapter3,Frost'sanalysisgivesonlythe

sufficientconditionthatthestepsizepmustbesatisfiedforcon-

vergenceofthealgorithmandalsoshowsthattheconvergencerate

dependsontheproductofthestepsizeandtheeigenvalueofthe

matrixPRχχP°工nthischapter,forclarifyingthebehaviorofeach

weightintermsoftime,wewi:LIanalyzetheexpectedbehaviorofthe

systemindetailanddiscusstheconvergencepropertiesofthesystem

intermsoftheconditionsoftheenvironment.Forconvenienceof

theanalysis,adaptivealgorithmof(工工.3.47)developedinChapter3

isreformulatedtothealgorithmwiththeformofvectordifferential

equationwithmatrixcoefficient.Thus,forsolvingsuchvectordiffer-

entialequation,diagona:Lizationofmatrixcoefficientmustberequired.

Astothede七aileddynamicbehavior,Zahmpresentedan

effectivemethodtosolveavectordifferentialequation.Hisobjective.

however,aimedattheadaptivearrayoftheleast-mean-square-error

style.Thus,wewillutilizehismethodtoanalyzeindetailthecon-

vergencepropertiesofoursystemofdirectionalconstraintwhenitis

exposedtoacertainenvironment.工nZahm'sanalysis,･astheeigen-

vectorsconcernedwiththeinternalnoisecomponentscannotbeevalu-

atedexplicitly,theperfectpredictionofthebehavioroftheweight
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isimpossiblegenerally.But,intheapplicationsofthismethodto

ourproblem,practicalandreasonablechoiceoftheinitialweight

vectormakesitpossibletoevaluatethechangeoftheweightvector

4.2 GoverningEquation

ForutilizingZahm'smethod,wemustreformulatetheadaptive

algoritﾆhmof(工工.3.47)toaformofvectordifferentialequation.

First,wetaketheexpectationof(II.3.47)withtheaidof

(工工.3.49).

E[W(m+1)]=E[W(m)]-μPRxxPE[W(゜)]‾μPRxxF

(11.4.1)

WithTsasthenotationforthesamplinginterval,{工工.4.1)canbere-

●
writtenasfollows.

E[W(III+1)1‾E[W(m)]十卜PR
xxPE【W(m)]゜‾ﾄP"xxF

SSS

(工工.4.2)

Wereturnfromthediscretequantitytothecontinuousquantityand

obtain･adifferentialequationbytendingTstozeroin(工工.4.2).For

simplicityoftheexpression,E[W(m)]isrewrittenasW(t).

dW(t)
十qPRxxPW(t)゛｀qPRxxF
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dt

whereqistheeq゛ivalentstepsizeperunittille(μ/TS)゛111d゛11゛ays

positive.Bysolving{工工.4.3),behavioroftheweightvectorinterms



oftime,t,canbepredictedwhenexposedtoagivenenvironment.The

informationsabouttheenvironmentareincludedinthecorrelation

matri°cRχχandabouttheconstraintconditionint二heprojectionoper-

atorPandthevectorF.As(工工.4.3)hasaformoflinearfirstorder

differentialequation,itisexpectedthattimeconstantofthecon-

vergencemaybegovernedbytheeigenvaluesofPRχχP‘Asdiscussed

previously,PandRχχaresymmetricmatricessothatPRχχPisasym-

metricone.Thus,2Keigenvectorsexistwhichareorthogonaltoeach

other.Usingtheseeigenvectors,wecandividethevectordiffer-

entialequationof(工工.4.3)into2Kscalardifferentialequa七ions.

Solvingtheseequationsandagainrecomposingtheweightvectorgive

thesolutionof(工工.4.3).

4.3 AnalysisontheCasewithAccuratePredictionoftheDesired

SignalDirection

Forconvenienceofthefollowinganalysis,comp:Lexnotationis

introduced.Then,matricesw,candHmustbemodifiedas,

WT

CT

HT

゜(w1十jw1十K'w2十j゛2十K¨｀‘″wK十jw2K)

=(Z
C1

=1/O°
-

^c2 ″゜'゛″zcK)

where

(工工.4.4)

(工工.4.5)

(工工.4.6)

^ck°e゛p[jψk(ec)],k=1,2,..･,K(工工.4.7)
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Theconstraintconditionof(工工.3.10)isthusmodifiedas,

CW=H (工工.4.8)

wheresuperscript(*)denotesthecomplexconjugatetranspose.Itis

tobenotedthatthevalueofHcanbechosenarbitrary,however,we

putHequaltobe1∠旦ofor七heeaseoftheanalysis.Usingtheex一

pressionof(工工.4.5),(工工.3.36)and(工工,3.40)arealsoreformulated

asfollows.工tistobenotedthatthecomplexconjugatetranspose

operationofmatricesmustbeemployedinplaceofthetranspose

operationin(工工.3.36)and(工工.3.40)

P=U-

F 一

一 -

K､

-

C

CC゛
(工工.4.9)

(工工.4.10)

Thek-thchannel0ftheadaptivearrayunderconsiderationisshownin

Fig.工工.4.1.Thedesiredsignalcomponentandtheinterferencecom-

ponentateachchannelcanbeexpressedinavectorformusingthe.

familiarcomplexenvelopenotation
(62)

ST(t)゜s(t)ZsT°s(t)(2s1″2s2"゛゛″zsK)(工工.4.11)

BT(t)゜b(t)ZbT゛b(t)(2b1″zb2"'¨2bK)(I工.4.12)

^sk°e゛p[jψk(es)],k=l,2,..･,K(工工.4.13)
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Fig.工工.4.1B:Lockdiagramofthefeedbackloop
associatedtothek-thelement.
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^bk°e゛pEjゆk(ob)],k=1,2...･,K(II.4.14)

wheres(七)andb(t)arethecomplexenvelopesofthedesiredsignaland

theinterference,respectively.zSkandzbkarethephasorsatthek-th

elementcorrespondingtothedesiredsignalandtheinterference,re-

spectively,whichinturnarearrivingfromtheanglesesandeb″ re一

spective:1-y.Theinternalnoisecomponentisassumedtoberandomand

independentateachchannel.工tsaveragepowerperchannelisdenoted

byPr‘ThecomplexcorrelationmatrixRχχcan,therefore,beexpressed

inthefollowingmannerbyusing(I工.3.9),(工工.4.11)and(工工.4.12).

wherePandP
sb

Rxx°PrU十Pszs十PbZbZb (工工.4.15)

aretheaveragepowersofthedesiredsignalandthe

interferenceandgivenbythefollowingequations｡(Thedesiredsignal

andtheinterferenceareassumedtobeergodic,)

P=lim

Srlり･(x･

P
b

一
一

1

-
T

T

ls(t)12dt

0

T
O
f
―
一
T

仁

(工1.4.16)

lb(t)12dt (工工.4.17〉

Though,intheanalysis,onlyoneinterferenceisassumedtoexist,

extensionstomultipleinterferencescanbeperformedinastraight-

forwardmanner.RχχisHermitianbecauseofthefollowingrelation-

shipof(工1.4.:18)and(工工.4.19).
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(ZZ゛)゛=ZZ
･

SSSS

(Z
b
Z
b

゛)゛゜Z

b

Z

b

゛

(工工.4.18)

(工工.4.19)

Thus,Keigenvectorsexistwhichareorthogonaloneanother.Itisto

benotedthattheeigenvaluesofHermitianareallrealvalues.工n

additiontothem,asdiscussedpreviously,Rχχispositivedefinite°

First,weassumethattheangleofthedesiredsignalfallsonthe

constraintdirection,whichmeansOS°Oc(ZS°C)゜Using(工工'4‘9)'

(工工.4.10)and(工工.4.15),expressionoftheforcedtermof(工工.4.3)

exceptforqcanbewrittenasfollows.

plC゛Z12

PRxxF°‾bb C十
% CZb
- Z

b
(工工.4.20)

Inordertosolve(工1.4.3),wemustfindtheeigenvectorsof

PRχχP°By(工工.4.9)and(工工.4.15),weobtaintheneχtformula.

PRxxP°PrU

-

Pb

-

K

･

('zj

乙
.zz≒

Kss

Z
b)ZsZb

゛

回

(Zs゛Zb)2ZsZs゛十%ZbZb゛

-

Pb

-

K

大大
(ZbZs)ZbZs(工工.4.21)

Fromtheassumptionthatthearrayislinearwithequalspacingofa

大女
halfwavelength.Z

S

Z
biSarealfunctionandthesamewithZbZS゛

Directoperationofthecomplexconjugatetransposeon(工工.4.21)shows
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thatPRχχPisHermitian.Thus,PRχχPof(工工.4.21)hasKeigen-

vectorswhichareorthogonaloneanother.Frostprovedthatthecon-

straintvectorCisoneoftheseeigenvectorswhoseassociated

eigenvalueiszero.Thisfactcanbeeasilyinterpretedasfollows;

eachrowvectorofPRχχPisintheconstraintplanesothattheinner

productoftheconstraintvectorandeachrowvectorofPRχχPiszero

whichresultsinthezeroeigenvalue.Wewi11denotethiseigenvector

21SG1 andeigenvalueasλ1

G1°C

入

1

一

一 0

asfollows.

(工工.4,22)

(工工.4.23)

Next,weassumeanothereigenvectorasa･linearcombinationofCand

Zb゛ls″

G
2｡゜゛IC十bZb (工工.4.24)

Forobtainingtheexpressionsofthecoefficientsaandb,(工工.4.24)is

substitutedintoacharacteristicequationforPRχχPof(工工゜4.21).

工tistobenotedthatCandZarethesamevectorsbecauseoftheas-
S

sumption″ec゛es‘

bP

P≪xxP(aC゛゜bZb)゛{÷y

aK

y(C゛Z

b)
3

“
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十{P十KP
rb ゛

包

'(C゛Zb)2}bZb°入(aC゛bZb)

K(工工.4.25)

Equatingthecoefficients0f8C8゛dbZbi“(II°4‘25)″lCanbede-

terminedasafollowingmanner

bK

-こ皿〃
8C゛h

Theeigenvalueλ2

入

2

canbe,thus,obtainedasfollows.

=P十K
｢

P
b (cb

)

wherewehaveintroducedanewnotationas,

＼b°

CZb
-

(工工.4.26)

(工工.4.27)

sin[―(cosec‾coseb)]Zb゛C

Ksin【―(cosoc“COSob)]

-=
χ

%c

(工工.4.28)

WeputbequaltolsothattheeigenvectorG2canbeexpressedasa

followingmanner.

G2°“AcbC十Zb
(工工.4.29)

cb
or＼cin(工工゜4°28)happenstobethevalueinthedirectionofthe

illtel'ferellce(Ob)oftheradiationpatternofauniformlyexcitedarray

whosemainbeamissteeredtothedirectionofthedesiredsigna:L(e)
S

thatisequaltotheconstraintdirection(ec)1111del｀thepresentas-

sumption.TheremainingeigenvectorsGi(i=3,4,..･,K)mustbeinthe

constraintplaneandmaybechosentobeorthogonaltoG2'Thesefacts
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canbeapprovedthroughconsiderationsabouttheK-dimensionalhvper-

space.Orthogona:LitybetweenGi(i=3,4,...,K)andG.(j=3,4,..･,K,

iﾒj)canbealsoapprovedthroughthesamereason.工tcanbederived

from(工工.4.21)thatalloftheirassociatedeigenvaluesy

K)have七hesamevalueofP.Arbitraryweightvectorcannowbeex-

pressedbyalinearcombinationoftheseeigenvectorsas,

K

W(t)=
―

W
I
I

･
r
H

a｡(t)G.
1･

(工工.4.30)

wherea.(t)(i=l,2,･･･IK)aretheundeterminedcoefficientsforeach
l

eigenspacespannedbyG^(i=l,2,....K).工tistobenotedthatthe

coefficientsai(七)arevaryingWi七htimewhichcorrespondtothechange

ofweightsintermsoftime.

Atfirst,fordeterminingthecoefficientsofeacheigenvector

fortheinitialweightvectorW,followingconsiderationsaremade."o

canbewrittenfrom(工工.4.30)as,

"o

K
Σ

=

i=1

a.(0)G.
･1

(工工.4.31)

Makingtheinnerproductsofeacheigenvectorby(11.4.31),following

equationsareobtained.

Thus,

Gﾌﾞ
･ "o

a.(0)=
1

゜a.
･

G.

1

大

Gﾌﾞ

1

(0)G.

1

"o
-
Gi

Gi
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f i=l,2,･･･fK

i=l,2ﾀ･･゛fK

(II.4.32)

(工工.4.33)



Givingourmindtotheresultsoftheabove,weturnourattentionto

theproblemforsolving{工工.4.3).

Substituting{工工.4.30)into(工工.4.3)givesthefollowing

equation.

K

dΣa.(t)G.
.･･
七1/‥二

dt

K

十qPRxxP.Σ゜i(t)Gi°‾qPRxxF

】.=1

(工工.4.34)

Thus,thebehavioroftheweightintheeigenspacespannedby6.(i°1'

2y°･゜,K)canbeobtainedbyoperatingthecomplexconjugatetranspose

ofGi七〇(工1.4.34)fromthelefthandsideofitas.

da.

.1_

dt

(七)

十q入.

1

工tistobenotedthatG.
･

女
町.(t)゜-qG.PRxx^' i=l,2,°゜゜ﾀK

(工工.4.35)

(i=3,4,...,K)areintheconstraintplaneand

orthogonaltotheveCtorZbsothattheyareorthogonaltoPRχχF

Thus,(工工.4.35)canbewrittenasfollows

da1

dt

da^

dt

(t)

(t)

da.(t)
1_

dt

=0

十qλ2a2(t)
肯

゛゛qG2''"kk'^

(工工.4.36)

(工工.4.37)

十qλiai(t)゛O″i°3,4,...,K(工1.4.38)
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Solvingtheaboveequations,followingexpressionscanbeobtainedusing

theresultsof(工工.4.33).

嚢

a(t)゜

a2

a.(t)=

1

G1
大

G

1

G

G2

嚢

Gﾌﾞ

尚

Gi

WO
-

G1

W

O
-

G

2

WO
-

Gi

(工工.4.39)

exp(-qλ2七)“ ぜ 1-exp(-q入2 t)}
G2

*

F

G2G2

exp(-qλit)'i°3,4,K

(工工.4.40)

(工工.4.41)

Using(工工.4.30),(工工.4.39),(工工.4.40)and(工工.4.41),solutionof(工工.4

3)canbewrittenasfollows.

大

W

G1 G1

G.-

1

肯
KG.W

十Σ

i=2G.

1

女

工nitialweightvectorW

dition.Thus,

大
C"o =H

一入
2

○

G｡
･

Giexp(-qλit)

女

P

G2

"XK

-

G2

F

G2

(工工.4.42)

mustbechosentosatisfytheconstraintcon-

(工工.4,43)

工nordertoverifytheconstraintcondition,wemaketheinnerproduct
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of(工1.4.42)bytheconstraintvectorC.AstheconstraintvectorCis

eq皿1toG1andisorthogonaltotheeigenvectorG.(i=2,3,.",K),

(becausetheeigenvectorG.(i=2,3,...,K)isintheconstraintplane),

thefollowingequationisobtained.

(ｿW{t)゜G√WO°(ｿWO =H (工工.4.44)

Thus,itisprovedthattheweightvectorwhichisthesolutionof(II

4.3)satisfiestheconstraintconditionineverytime.sinceallA.
ﾕ.

arezeroorpositivesothattheweightvectorof(ｴ:I.4.42]converges

astimeelapses,resultingin.

limW(t)=

t->oo

1

-
K G1‾

P十KP
rb

1

-

(1-A2)
cb

PbAcb G2

(工工.4.45)

whereA
cb
isgivenin(工工,4.28).

Now,theproofthat(工工.4.45)givestheminimiimoutputnoise

powerispresented.ArbitraryweightvectorWacanalsobeexpressed

bythelinearcombinationoftheeigenvectorsG.(i=l,2,...,K)as

follows.

K
Σ
=

W
a

i=1

b.G.･･
(工工.4.46)

whereb.iｓtheundeｔerminedcｏeffiＣientandG.iｓtheeiｇenｖeＣｔｏr
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CW
a

-

-

K

Σb.

.･
･=1

女

C G｡

･
=H (工工.4.47)

AsCisequaltoGandisorthogonaltoGi(i=2,3,...,K),bcanbe

obtainedas,

b
1°

―
一
K

(工工.4.48)

ThearraysystemresponsetowardtheinterferencedirectioncanbeOb-

tainedbymakingtheinnerproductof(II.4.46)byZasfollows

女･2
Zba1ZbC十b2K(1‾Acb)

Thus,theoutputinterferencepowerisgivenby.

(工工.4.49)

P
b

(zjw

a)2°Pb{Acb゛Kb2(1‾Acb2)}2(II.4.50)

工naddition,theoutputinternalnoisepowercanbewrittenasafollow-

ﾕｰngmanner.

P

｢

W゛
a a r.

1=1

Gﾌﾞ
･
G.

1
(工工.4,51)

Substituting(工工.4.22〉,(工工.4.29)and(工工.4.48)into(工工.4.49)and(工工

4.50)andrearrangingterms,wegetthefollowingeχpressionforthe

totaloutputnoisepower″Pt'

P=

上

十PA2十PE..^
tKbcbri=3･
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十b2

2

K(1‾Acb
2) {P+KP

rb
(1‾%b

2)}(II.4‘52)

(工1.4.52)canbeinterpretedasaquadraticfunctionofbwhosesecond

ordercoefficientispositive.becausetheACbisalwayslessthanl

exceptfortheconditionthattheinterferencedirectioniscoincident

with七hecons七raintdirection.工nadditiontothem,(工工.4.52)ex-

pressesthetotaloutputnoise"powerしthus,whichispositiveina11

casesthroughdimensionalconsiderations.Forfindingthecoefficient

b
2
whichgivest±ieminimvimoutputnoisepower,differentiating(工工.4

52)withrespecttob

obtained.

Pb
cb

Therefore,wehave,

2
andequatingtozero,thefollowingequationis

十b2
{P

r
十KPb (1‾Acb2)}゜0

Pbcb

b=-
2P

r十KPb(1‾ACb
2)

(工工.4.53)

(工工.4.54)

(工工.4.48)and(工工.4.54)arethecoefficientsofG^andG20f(工工゜4°45)

themselves,respective:i-y.Undertheconditionsof(工工.4.48)and(工工.

4.54),totaloutputnoisepowerP

P=
t

Pr(Pr十KPb)

K{P+K Pb

canbewrittenasfollows.

K

十PΣb
2 嚢

G.(I工.4.55)

(1‾Acb

I』.･Jふ.j.-'●一一●
2
)}17i=3･･,･
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AsGi(i=3,4,...,K)isorthogonaltoZtheydonotinfluencethe

functiontoreducetheoutputinterferencepower.Theyonlyrelatewith

theoutputinternalnoisepower.Referringto(工工.4.55),minimization

ofoutputnoisepowercanbeprovidedbychoosingb.(i°3′4¨゜.,K)

as.

b.

1

=0 i=3,4,°゜゛fK (工工.4.56)

Siimmarizingtheresultsoftheaboveconsiderations,itis

provedthat{工工.4.45)givestheminimumoutputnoisepower.Theoutput

desiredsignalpowerisguaranteedbytheconstraintconditionsothat

minimizationoftheoutputnoisepowercorrespondstomaximizethe

outputsignal-to-noiseratio.

Thearraysystemresponsetowardtheinterferencedirection

convergestothefollowingvalue.

Y(e)=
Pr^cb

bP
r十KPb(1‾Acb

2)

(工工.4.57)

InFig.I工｡4.2,thearraysystemresponsetowardtheinterferencedi-

rectionisshownintermsoftheinterferencedirectionwithparameter

oftheratiooftheinterferencepowertotheinternalnoisepower･

工nthecalculations,constraintdirectionischosentowardthearray

normaldirection,i.e.e{=9｡)=90°,andfourelement-antennasystem

isassumed.Referringtothisfigure,thearraysystemresponsede-

creasesastheinterferencedirectionremovesfromtheconstraintdi-
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rection.Thisresultsuggestsusthattheeffectoftheconstraintde-

creaseswiththeincrementofthedifferencebetweentheconstraintdi-

rectionandtheinterferencedirection.工tis七〇benoted,referring

to(工工.4.57),thatiftheinternalnoisepowermightbezero,thearray

systemresponsewouldfalltozero.Nulldepthtowardtheinterference

directionisdeterminedalsobytheratiooftheinterferencepowerto

theinternalnoisepower.AlsoreferringtoFig.工工.4.2,higherthe

ratiooftheinterferencepowertotheinternalnoisepoweris,lower

thearraysystemresponsetowardtheinterferenceis,withthesameangu-

larconditionsoftheconstraint,thedesiredsignalandtheinterfer-

encedirection.工naddition,theinterferencerejectionfunctionof

thissystemis'notaffectedbytheexistenceofthedesiredsignal,

anditisrelatedonlytot:heinternalnoise.

TheoutputinterferencepowerP

out

noisepowerP

｢
out

andtheoutputinternal

undertheoptimalweightvectorcanbederivedfrom

(工工.4.45)and{工工.4,57)asfollows,respectively.

out

P

out

一

一

一

一

{P

r

P

｢
-
K

p/P
bAcb

2

｀'｀KPb(1‾Acb
2)}2

KPr%'
+

■^J

{P+KP
rb

(1-A

out

andp

out

(1-A
2

cb

Cb

2)

-

)}2

(工工.4,58)

(工工.4.59)

aredeterminedonlybytheinterferencepower,thein-

ternalnoisepowerandtheangularconditionoftheinterferencedi-
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rectionandtheconstraintdirection.Theoutputinternalnoisepower,

P

out

,isgreaterthanthatundertheequalweightcondition,whichhad

beencalled"maximalratiocondition"
(63)

Underthemaximalratiocon-

P
dition,theoutputinternalnoisepowershallbe-^andthesecondterm

oftherighthandsideof(工工.4.59)istheadditionalonewhichisin-

troducedbythedeviationofweightsfromthemaximalratiocondition

forrejectingtheinterference.工七mustbenoted,however,theex-

istenceoftheinternalnoisepreventsthesystemtofallintothecon-

ditionsimilartothesupergainantenna.

Theoutputsignal-to-noiseratioSNRout

using(工工.4.58)and(工工.4.59)asfollows.

SNR
out

一

一

P

‥‥･‥･夕‥
P(P十
r｢

K{P十KPb

K
-

(1

Pb)

- 2

“Acb

cannowbederived

(工工.4.60)

)}

Astheoutputdesiredsignalpowerisguaranteedbytheconstraintcon-

dition,itisnotaffectedbytheinterferenceandtheinternal

noise.since.theinterferencedirectiondiffersgenerallyfromthe

constraintdirection,thereforereferringto(工工.4.28),wehave,

cb
く1 (工工.4.61)

Therefore,thedenominatorof(工工.4.60)isboundedasafollowingmanner.

Pr(Pr十KPb)

K{Pr゛KPb (1‾Acb2)}
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Fromthefactof(工工.4.62),maximumobtainablesignal-to-noiseratio

usingtheadaptiveantennaarrayunderthedirectionalconstraintis

boundedbytheinternalnoisecomponentasf01:Lows.

SNR
out

W(t)=
―
一
K

く

KP

(工工.4.63)

151

S
-
P

｢

Although(工1.4.42)representsthedynamicbehaviorofthe

weightvector,theeigenvectorsG.{i=3,4,...,K)arenotgivenin

closedforms.Now,theinitialweightvectorWmaybechosenco‾

incidentwiththevectorF.Asprovedin(工工.3.41)to{工工.3.46),the

vectorFsatisfiestheconstraintcondition.Thischoiceisvery

practicalandreasonable,foritcorrespondstotheuniformexcitation

ofthearraywithitsbeamsteeredtotheconstraintdirection.since

Fisorthogonaltotheconstraintplane,itsinnerproductsbyGi

(i=2,3,･･･rK)mustvanish.With{工工.4.10),{工工.4.20),(工工.4.22)

and(工工.4.29),(工工.4.42)willbecomesimplifiedasfollows.

G1‾
≒{1‾e゛p(‾qλ2t)}Pb＼bG2(II.4.64)

Thisequationshowsthattheweightvectorchangesinanexponential

mannerwhosetimeconstantdependsontheproductoftheequivalentstep

sizebytheeigenv°lueofPRχχPwhichinturnisaffectedbytheradio

environmentwherethesystemislocated.Asalltermsof(工工.4.64)can

beexpressedinclosedforms,wecantrackthechangeoftheweight

vectorexplicitly.Theresponseofthesystemtowardthedirectionsof



thedesiredsignalandtheinterferencearegivenby

Z*W(七)=G*W(t)=1
S:L

Z

b

゛

W(t)゜cbAb

(工工.4.65)

cb
(1‾Acb

2){1“exp(-qλ2 t)}

(工工.4.66)

工nmostcases,theinternalnoisepower,P″ismuchsmal:Lerthanthe

interferencepower″Pb″andcanbeneglected.Then,theeigenvalue

入
2
in(工工.4.27)maybeapproximatedas,

入2=^^b (1-A2)
cb

(工工.4.67)

whichresultsinthat(II.4.66)tendstovanishastimeelapses,i.e.

cancellationoftheinterference.(工工.4.67)alsoshowsthat七hecon-

vergencerateofeither(工工.4.64)or{工工.4.66)isapproximatelypro-

portionaltothenumberofe:LementsKandtheinterferencepowerPb°

Thelattermeansthatthesystemactsfastertothestrongerinterfer-

ence,whichis･preferab:Lepropertyoftheadaptivesystem.Theterm

^cb
of(工工.4.66)is,asdescribedin(工工.4.28),anorma]Lizedarray

factor,whichismuchsmallerthanunitywhenthedifferencebetween

theconstraintdirectionandthedirectionoftheinterferencelec“%l

islargerthanthebeamwidth.Morespecifically″Acbdoesnotexceed

0.25forthearraywithmorethanfourelements.Therefore,theterm

(1‾Acb
2)iil(:[工゜4.67]isgreatei°than0.93.

Using(工工.3.3),{工工.3.7),(II.4.11),(工工.4.12),{工工.4.16)and

(工1.4.17),thesignal-to-noiseratioattheoutputofthesystemiseχ-
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pressedasfollows.

SNR
out
(t)=

PS

PblZb゛W(t)12十PrlW(七)゛ W(t)|

(工工.4.68)

Somecalculatedresultsbasedontheformuladerivedprevi-

ouslyareshowninthefollowings.Thearraysystemunderconsider-

ationsisagainassumedtohavefourelementslocatedlinearlywith

equalspacingofahalfwavelength.Parametersusedintheexamples

aresummarizedinTable工工.4.1.ThedirectionalparametersforEN(ex-

amplenumber)1arechosenforcorrespondingtotheconditionthatthein-

terferenceisimpingingtothesideloberegion.EN2correspondstothe

conditiontheinterferenceisinsideofthemainbeamandEN3tothe

conditionthattheconstraintdirectionisofffromthearraynormaldi“

rection.Thechangesoftherealandtheimaginarypartofeach

weightforENlareshowninFigs.工工.4.3and工工.4,4,respectively.As

theconstraintdirectionisthearraynormaldirection,inotherwords

90°,nophasingoperationisrequiredforsettingtheinitialcondition

sothata110ftheimaginarypartsoftheweightstakethesamevalue

ofzero.Fromtheconstraintcondition,all0ftherealpartsofthe

weightsare0.25.Astimeelapses,theweightschangeexponentially

andconvergetotheiroptimalvalues.Historyoftheoutputpowers

fromeachsourceandtheoutputsignal-to-noiseratioduringadaptation

areshowninFigs.工工.4.5and工工.4.6,respectively.Accordingtothe

changeoftheweights,outputinterferencepowerdecreasesexponentially,
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Table工工.4.1Parametersforcomputationsofatransient
behavioroftheadaptivearray･
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however,theoutputdesiredsignalpowerismaintainedasaconstant

value Ontheotherhand,theoutputinternalnoisepowerincreases

inaccordancewiththedeviationoftheweightsfromtheequalweight-

ingcondition.Thus,minimizationoftheoutputinterferencepoweris

providedwithsacrificeoftheincrementoftheoutputinternal

noisepower.Astheincidentdirectionoftheinterference,i.e.the

directiontowardwhichthepatternnullmustbesteered,istowardthe

sidelobeoftheinitialarraysystempattern,theabsolutevaluesof

theinnerpairoftheweightsincreaseandtheouterpairdecreasefor

wideningthemainbeam.(seeTable工工.4.2)

Figs.工工.4.7and工工.4,8showthechangeoftheweightsunder

theconditioncorrespondingtoEN2intermsoftime.Astheconstraint

directionis90°,theinitialweightsarealsothesamewiththoseof

EN1.工nthiscase,however,theincidentdirectionoftheinterfer-

enceis75°,namelytowardinsideoftheinitialmainbeam.ThuS″A
Cb

of(工工.4.23)forEN2issmallerthanthatforENlsothatthetime

constantforconvergenceforEN2islargerthanthatforEN1.工t

istobeexpectedthatlongtimeisrequiredforconvergence.工nFigs･

工工.4.9and工工.4.10,historyoftheou七putpowersfromeachsourceand

thehistoryoftheoutputsignal-to-noiseratioareshown,respectively･

Thedecrementoftheoutputinterferencepowerisalsoexponential

andtheoutputdesiredsignalpowerisalsomaintainedasaconstant

value.but,t二heincrementoftheoutputinternalnoisepoweris

largerthanthatofEN1.Thisisduetothefactthatthesteering
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Table工工,4.2Finalvaluesoftheweights

ofthaadaptivearray･

(absolutevalueandphase)
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nulltowardthedirectionneartheconstraintdirectioncausestheshift

ofmainbeampeakfromtheconstraintdirectionhavingalargerdirection-

alresponsethantheinitialonebecauseofthelimitationofthebeam-

width.工nadditiontothem,fornarrowingthebeamwidth,asshownin

Table工工.4.2,absolutevaluesoftheouterpairoftheweightsincrease

andtheinnerpairdecrease.Theoutputsignal-to-noiseratioobtained

intheconvergedstateisthuslessthanthatofEN1.

工nFigs.工工.4.11and工工.4.12,thehistoriesoftheweights

undertheconditioncorrespondingtoEN3areshownfortherealandthe

imaginarypart,respectively.Settingoftheconstraintandtheinter-

ferencedirectionforEN3isreverselyprovidedcomparedwiththatfor

EN1,i.e.thecons七raintdirectionforEN3isthesamewiththeinter-

ferencedirectionforENlandtheinterferencedirectionforEN3isthe

samewiththeconstraintdirectionforEN1.Astheconstraintdirection

isofffromthearraynormaldirection,theinitialweightsaresetto

steerthemainbeamtowardtheconstraintdirectionsothattheabso-

lutevaluesofeachinitialweighthavethesamevalueof0.25,butthe

realandtheimaginarypartofeachweightprovidethephaseshiftfor

steering.工七istobenotedthatasthedirectionsettingcondition

forEN3isreversedforEN1″ACbforEN3isthesamewithAcbfor

ENlfrom(工工.4.28).Therefore,undertheconditionsofENlandEN3of

Table工工.4.1,theconvergencepropertiesoftheoutputpowersofeach

sourceandtheoutputsignal-to-noiseratioforENlandEN3arethe

samewitheachother.
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Asshownintheaboveexamples,thetransientproperties

oftheadaptiveantennaarraywi七hsingledirectionalconstraintcanbe

predictedperfectlywhenexposedtoacertainenvironment.

4.4 AnalysisontheCasewithPredictionErroroftheDesiredsignal

Direction

工ntheprecedinganalysis,theconstraintdirectionisassimied

tocoincidewitht二hedirectionofthedesiredsignal.Inotherwords,

itisassiamedthattheangleofarrivalofthedesiredsignalispre-

dietedaccurately.工npractice,however,thepredictionusuallyin-

volvessomeslighterror(seeFig.工工.4.13).Thissituationwillbe

treatedinthissection.工nt二hissituation,however,thedifferential

equation(工工.4.3)isstillvalidexceptfortheformsofthematrices

PRχχPandPRχχF°The°atrixPRχXP゛hichisslightlydifferent

from(工工.4.21)canbederivedusing{工工.4.9)and{工工.4.15)as,

PRP=PU-

な

CC゛-ﾄPA2CC゛+PA2CC゛+PZZ゛
χχΓKscsbcbsss

十PZZ゛-PACZ-pAZC゛-PACZ゛
bbbscssscssbcbb

where

-

Pb ＼b

A=
cs

女CZ
s

K

(COS

(COS
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0

2

e

C

-

COS

COS

e

S

〉

-

Θ

S

)

]

(工工.4.69)

(工工.4.70)



andA
cb
hasbeengivenby(II.4.28).(I工.4.69)isalsoHermitianwhich

canbeprovedthroughthedirectoperationofthecomplexconjugate

transposeon(工工.4.69).TheconstraintvectorCisagainoneofthe

eigenvectorsofPRχχPwhoseassociatedeigenvalueiszero.Without

sacrificinggenerality.itmaybeassumedthattwooftheremaining

eigenvectorsareexpressedbytheformsoflinearcombinationofthe

constraintvectorC,thedesiredsignalphasevectorZs°ndtheinter-

ferencephasevectorZb‘Then″theassumedeigenvectorissubstituted

intothecharacteristicequationwith{工工.4.69)asfo1:Lows.

P＼xP(C十aZs+bZb)゜λ(C十aZs十bZb)(II°4.71)

whereaandbaretheundeterminedcoefficientsandλistheeigenvalue

associatedtotheeigenvector(C+aZ十bZb)゛Calculatingandequating

termsofbothsidesof(工工.4.71),weobtainthefollowingeigenvectors

andtheirassociatedeigenvalues.

G2

O｢

G

3

λ

2

O｢

λ

3

=C十

+

2

"3

-2

OC5 十(X
6“土(2a十Cχ5)(X6

(X:L(a5±a6)+20C2a4

2

2a
1

゛a3士

a3a4±°'4

-

((X5士CX6)

1

-2
(X6

OC6
-

+2a
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wheredoublesignsintherighthandsidesareinorder,corresponding

tothetwoquantitiesonthelefthandsidesofeachequation.Thenew

notationsintheaboveequationsareshownbelow.
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(x6°(a52十

七
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KPb
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＼b sb

-KPAA
scssb

(1‾Acb
2

(1-A2)
cb

sin[弩(coses'COSeb)]

Ksin[;(cosos‾coseb)J

Theorthogonalitybe七weentheeigenvectorsG, G2 andG3

十K% K.'Acs

(工工.4.74)

十KPA
Scs

A
cb

2

(工工.4.75)

(工工.4.76)

(工工.4.77)

(工工.4.78)

(工工.4.79)

(工工.4.80)

canbeeasily

confirmedbymakingtheinnerproductsoneachother.Fromtheconsid-

erationsonthedegreesoffreedominthehyperspace,therestofthe

eigenvectorsG.,iﾘ'5,...,K)mustbeintheconstraintplaneand

alsoperpendiculartoZsandZb'aswell.Thus,alloftheirassoci-
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atedeigenvaluesarePr″similart(jtheprevioussection.Usingthe

eigenvaluesand七heeigenvectorsderivedhere.thesolutionof(工工.4.3)

fortheweightvectorundertheconditionconsideredherecanbewritten

asfollowswithinitialweightvectorWwhichsatisfiestheconstraint

condition.

W(t)=

-

+

G1

-
大
G1

1

%
-

G1

G1
-

1

一
入
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{1-exp(-qλ2t)}ｺ
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(P^xxF)

" 大
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(工工.4.8:L)

where

PRχχF°'(PsAcs

2十PbAcb 2)C+PsAcsZs十Pbcb＼

(II.4.82)

Astheinitial゛eightvector"oischosentosatisfytheconstraintcon-

dition,thus,

女

G

1 "o ゜C"o
=1 (工工.4.83)

Theeigenvaluesλi(i=2,3,...,K)areallpositiveandqischosento

bepositivesothat(工工.4.81)mayconverge七〇thefollowingvectorafter

aninfinitetimeofoperation.
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(工工.4.87)
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(工工.4.84)

Becauseofthesamereasonintheprecedingsection,theinitialweight

vectorischosenasFwhichisgivenby(工工.4.10).Thus,(工工.4.81)is

simplifiedasafollowingmanner.

W(t)=

-

1

-

K

一

入3

G1‾ 一

入2

{l-exp(-q入2
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(工工.4.85)

Apparently,(II.4.85)convergesto(工1.4.84).Byusing(II.4.85),we

findtheresponsesofthesysteminthedirectionsoftheconstraint,

thedesiredsignalandtheinterferenceasfollows,respectively･

喩
CW(t)=1

Z゛

S

1

W(七)=A{l-exp(-qλ2
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一
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G3G3

Theconvergencerateofthesystemisalsogovernedbytheeigenvalues

ofPRXχP'Asshownin(工工.4.86),theconstraintconditionisalso

satisfiedinsuchacase.Notonly七heresponsetowardtheinterfer-

encedirectionbutalsotowardt二hedesiredsignaldirectiondecrease

astimeelapses.sincetheexactcalculationsoftheaboveequations

wouldbemuchcomplicated,weadoptthefollowingapproximations.The

firstoneisbasedonthesmallpredictionerror,i.e.thattheangle

ofarrivaloftheactualdesiredsignalisveryclose七〇theconstraint

direction Thus,inplaceof(II.4.70)and(工工.4.80),wehave,

CZ

A=
cs

sb゛'

K

ZsZb
-

CZb
-

(工工.4.89)

(1+6)゛Acb (1+6)(工工.4.90)

whereCand6aremuchsmallerthanunity.Second,theinternalnoise

isassumedtobesmallsothat.
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KP>P
S ｢

(工工.4.91)

Thelas七approximationassumesanadverseradioenvironmentwhere;

Pb>>PS

Withthese,wecanobtaint±ieresu:Ltsasfollows
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(工工.4.95)
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}

Approximatedvalueofλ20f(II.4.93)isdifferentfrom(II.4.27)only

inthethirdtermof{工工.4.93)whichisnegligiblysmallbecauseof(工工.

4.92)andthesecondordertermofEand6.Thenewvariableinthissec-

tion.入3'givenby(工工.4.94)isverysmallwhichisconsistinqofsuch

smallquantitiesasP,Cand6.工tistobeconsideredthatthisquantity

correspondstotheeigenvalueofPrforthecaseintJieprecedingsection.

Thisresultsinthatthenewtime-dependenttermvariesverySlowly

andscarcelyaffectsthetransientbehavioroftheadaptationprocess.

Forevaluatingtheapproximatedarraysystemresponsetoward
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thedesiredsignaldirectionandtowardtheinterferencedirection,we

mustperformtheorderestimationofeachtermof(工工.4.95)and{工工.4.96).

Aquantityinthefirstbracesofthethirdtermoftherighthandside

of(工工.4.95)hastheorderofKPb

whichisthesameorderofλ2

becauseof(工工.4.91)and(工工.4.92)

sothatthethirdtermisverysmallcom-

paredwithunity.Thecoefficientof{l‘exp(-qXt)}ofthefourth

termislargecomparedwith七hatof{l-exp(-qλ t)}ofthethirdterm.

butasdiscussedpreviously″λ3isverysmallsothatitscontribution

canbeneglectedinanormaloperation.Summarizingtheabovedis-

cussions,thearraysystemresponsetowardthedesiredsignaldirection

decreasesscarcelyfromtheinitialvalueundertheassvunptionsfrom

(工工.4.89)to(工工.4.92).Asforthearraysystemresponsetowardthein-

terferencedirection,thefirstterminthebracketsofthesecondterm

oftherighthandsideof(工工.4.96)isthesamewiththatof(工工.4.66)

andwhichismuchgreaterthantheremainingtermsbecauseoftheex-

istenceofe+6.工tis,however,difficulttoestimatetheorderof

thecoefficientof{l-exp{-qλ3七)}inthethirdtermoftherighthand

sideof(工工.4.96)becauseoftheexistenceofe/λ3 and6/λ
3°But″as

discussedforthecaseof(II.4.95),thethirdtermof(工1.4.96)varies

veryslowlycomparedwiththesecondterm,itscontributionaffects

scarcelytheconvergencepropertyofthearraysystemresponsetoward

theinterferencedirection.Asabove,thebehavioroftheadaptivean-

tennaarraywithdirectionalconstraintundertheconditionsfrom{工工.4

89)to{工工,4.92)isalmostidenticalwiththecasewithoutprediction
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errorofthedesiredsignaldirectionandcanbeapproxima七edbyit.

工nthefollowings,theexamplesofthebehavioroftheadaptive

antennaarraywithdirectionalcons七raintundertheconditionwithslight

predictionerrorofthedesiredsignaldirectionaregiven.Thecompu-

tationsarecarriedoutusing(工工.4.85),{工工.4.87)and(工工.4.88).The

parametersusedinthecomputationsarelistedinTable工工.4.3.工tis

tobenotedtha七七heseparametersforEN4,EN5andEN6arechosencor-

respondinglytoEN1,EN2andEN3,respectively.Computedresultsfor

thebehaviorofweightsarealmostthesamewiththoseforEN-1,EN2

andEN3,respectively.Differencebetweenthecorrespondingtwoex-

ampleshidesbehindthelinestodenotethebehaviorofweightssothat

thefiguresareomittedhere.Figs.工工.4.3,工工.4.4,工工.4.7,工工.4.8,工工.

4.11and工工.4.12shouldbereferedforunderstandingthebehaviorof

weights.Apparently,theapproximationsundertheconditionsfrom(工工.

4.89)to(工工.4.92)arevalid.Thehistoriesoftheoutputpowersfrom

eachsourceforEN4,EN5andEN6arealsoagreedwiththoseforEN1,

EN2andEN3,respectively,andthusthehistoriesoftheoutputsigna:L-

to-noiseratioareagreedwiththem.Therefore,thefigurestoshow

thesequantitiesarealsoomittedhere.Siammarizingtheresultsde-

scribedabove,itisprovedandverifiedthattheadaptiveantenna

arraywithdirectionalconstraintoperatessatisfactoryevenifthepre-

dictionofthedesiredsignaldirectionincludessomeslighterror

undertheconditionof10Wsignal-to-noisera七ioofthefieldstrength

But,inthehighsignal-to-noiseratioofthefieldstrength.theap-
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Table工工.4.3Parametersforcompu七ationsofatransient

behavioroftheadaptivearray･
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proximationsfrom(II.4.93)to(工1.4.96)arenolongervalidanditis

notexpectedtoimprovetheoutputsignal-to-noiseratiobymeansof

theadaptiveantennaarraywithdirectionalconstraintunderprediction

errorofthedesiredsignaldirection.Toverifytheaboveconsider-

a七ions,calculationsarecarriedoutusing(工工.4.85),{工工.4.87)and

(工工.4.88).TheparametersforcalculationareshowninTable工工.4.4.

Calculatedresultsofthehistoryoftheoutputpowersfromeachsource

andoftheoutputsignal一七〇-noiseratioareshowninFigs.工工.4.14and

工工.4.15,respectively.ReferringToFig.工工.4.14,Theremarkablefeature

ofthisexampleisthelargeamountofincrementoftheinterna:L

noisepowerattheoutput.Thisisduetothefactthat,inthiscase.

thedesiredsignalisregardedasaninterferenceratherthanthereal

interferencesothattheoperationisperformedforreducingtheoutput

desiredsignalpoweratthesacrificeofincrementoftheoutput

in七ernalnoisepower.Thiseffectislikeasupergainantenna.But,

theguidingprincip:Leofthissystem,i.e.minimizationoftheoutput

powersubjecttothedirectionalconstraint,isstillsatisfied,asshown

inFig.工工.4.14(thehistoryofthetotaloutputpower).Corresponding

tothedecreaseofthedesiredsignalpowerandtheincreaseof

theinternalnoisepower,theoutputsignal-to-noiseratiodecreases

andfinallythedesiredsignalhidesbehindtheinternalnoiseasshown

inFig.工工.4.15.Attheinitialstage,however,theoutputsignal-to-

noiseratioincreasestemporarily.Thisiscausedbythedifferenceof

timeconstantsofconvergenceineachterm.But,aftertheoutput
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internalnoisepowerexceedstheoutputinterferencepower,theoutput

signal-to-noiseratiodecreasesmonotonouS:lywhichresultsintheUn‾

acceptablesteadystateperformance.However,undersuchconditionde-

scribedabove,theapplicationsoftheadaptiveantennaarrayarenot

required.Thus,theadaptiveantennaarraywithsingledirectional

constraintiseffectiveinpractice.

工nadditiontothem,itistobenotedthat(工工.4.85)canbe

regardedasthebehaviorofweightsonthecaseincludingtwointerfer-

enceswithaccuratepredictionofthedesiredsignaldirection,i.e.

theconstｺraintdirectioniscoincidentwiththedesiredsignaldi-

rection.Thus,forclarifyingthephysicalmeaningsofthissituation,

somevariab:LeswritteninTable工工.4.5areusedforrewritingtheequa-

tionforweightsandsoonasfollows.
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Table工工.4.5Guideforunderstandingthenew

variableswithrenewedconcept

ofdoubleinterferencescase
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Table工工.4.6Parametersforcomputationsofatransient
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Using(II.4.97)-(工1.4.107),behavioroftheweightsundertwoinﾋer-

ferencesconditionandthehistoryoftheoutputpowersfromeachsource

andoftheoutpu七signal-to-noiseratiocanbecalculated.Parameters

usedinthefollowing七woexamplesareshowninTable工工.4.6.工nFigs.

工工,4.16and工工.4.17,thehistoryoftheoutputpowersfromeachsource

andoftheoutputsigna:L-to-noiseratioaregiven,respectively,corre-

spondingtoEN8inTable工工.4.6.ReferringtoFig.工工.4.16,output

interferencepowersdecreaseinanexponentialmanner.工tistobe

notedthattwointerferencesareimpingingtothearraytowardthedi-

rectionswhicharesymmetrictoeachotherwithrespecttothecon-

straintdirection.工nadditionto七hem,thepowersof七wointerfer-

encesarechosentobethesamevaluesothattheeigenvalues,inother

wordthetimeconstantsofconvergence,takethesamevalue.Thus,the

historiesoftheoutputpowersfromtwointerferencesarejustcoinci-

dentwitheachother.Asintheprecedingsection,theoutputinternal

noisepowerincreasesbecausetheweightsdifferfromtheuniformexci-

七ationcondition.Theoutputsignal-to-noiseratiois,asshowninFig･

工工.4.17,improvedalsoinanexponentialmannerandconvergestothe

valuewhichisalmostdeterminedbythedesiredsignal-to-internalnoise

powerratio.

ThesamekindsoffigureswithparametersgiveninTab:Le工工.

4.60fENgareshowninFigs.工工.4.18and工工.4.19.工nthiscase,as

twointerferencedirectionsareno七symmetricalinspiteofthesame

interferencepower,outputpowersfromtwointerferingsourcestake
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differentvaluessothattwo:Linesaredrawnforinterferences.The

timeconstantsforthesetwolinesarealmostequalsothattheyare

regardedasparalleltoeachotherintherangeofthisfigure.The

outputsignal-to-noiseratioisalsoimprovedinanexponentialmanner.

ComparingwithFigs.工工.4.17and工工.4.19,thecaseforENg

convergesfasterthanforEN8.Thisdifferenceiscausedbythefact

thatoneinterferencedirectionofENgisfarapartfromthecon-

straintdirectioncomparedwiththatofEN8,sothat,inqualitative

sense,theeigenvaluesofENgarelargerthanthoseofEN8.Thus,

fasterconvergenceisprovidedforENgthanforEN8.

4｡5ConcludingRemarks

Transientbehaviorandsteadystateperformanceoftheadaptive

antennaarraywithsingledirec七ionalconstrainthavebeeninvestigated

indetail.Theadaptivealgorithmwrittenintheformofdifference

equationistranslatedintotheformofdifferentialequationand

whichissolvedbymeansofthemethodutilizingtheconceptofmulti-

dimensionalhyperspacewithorthogonalprojection.Analyticalresults

showtheconvergencepropertyofthesystemisgovernedbytheeigen‘

valuesofPRχχP゛Practicalandreasonablechoiceoftheinitial

weightvectormakesthetransientbehavioroftheweightvectorpre-

dictableinagivenenvironment.Asaresult,historyoftheoutput

powersfromeachsourcesandoftheoutputsignal-to-noiseratiocan

bewritteninaclosedform.工tisalsoprovedthatthemaximumOb-
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tainableoutputsignal-to-noiseratioislimitedbytheratioofthe

desiredsignalpowertotheinternalnoisepower｡

TheeffectoferrorinSe七七ingtheconstraintconditionis

alsoinvestigated.Approximatedresultsandcalculatedresults

fromtherigoroussolutionshowthatsucherrordoesnotaffectthe

goodperformanceoftheadaptivesystemunderconsiderationifthe

errorissmallcomparedtothebeamwidthoftheantenna･arrayandthe

interferencepowerislargeenoughcomparedtothedesiredsignalpower･

工nthehighsignal-to-noiseratioenvironmen七,however,outputsignal-

to-noiseratiodecreasesbecausethesystemregardsthedesiredsignal

asaninterferenceandsteersnulltowarditsdirectionwhichresults

int二heeffectlikeasupergainantennasothatlargeamountofincre-

raentoftheoutputinternalnoisepowermaybeobtained.工npractice.

however,theadaptiveantennamaynotrequiredundersuchenvironment｡

工七isalsopointedouttha七七heanalyticalresultsonthe

casewithsettingerrorintheconstraintdirectioncanberegarded

asforthecasewi七houtsettingerroroftheconstraintandincluding

twointerferencesasitis,byregardingphysicalmeaningsofsome

variablesfromthestandpointofnewsituation.Twoexamplesareshown

whicharecalculatedusingrigorousanalyticalresultsanddiscussions

aregivenbycomparingtwocases｡

Throughoutthischapterexceptforthefinalcaseofdis-

cussion,thenumberofinterferencesisassumedtobeone,however,the

analysiscanbeextendedtothecasewithmuchmorenumberofinterfer-
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ences.But,ifthenumberofinterferencesexceedsthenumberofremain-

ingdegreesoffreedomofthesystem,theproblemchangesinqualityto

findthesuboptimalsolution.Thisproblemexceedsthesightofthis

thesisandthediscussionsonwhichareno七includedhere.
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Chapter5
TRANS工ENTBEHAV工ORANDSTEADYSTATEPERFORMANCEOFTHE

ADAPT工VEARRAYW工THDOUBLED工RECT工ONALCONSTRA工NTS

5｡1Introduction

工ntheprecedingchapter,detailedanalysisontheadaptive

antennaarraywithsingledirectionalconstraintisgiven.Theanaly-

sisandsomeexamplesshowthatsingledirectionalconstraintsystem

actswe1:Ltorejecttheinterferenceswhilethedesiredsignalcom-

ponentisa:Lmostguaranteedfromdecrementifthepredictionerrorof

thedesiredsignaldirectionissmallcomparedwiththebeamwidthand

thesignal-to-noiseratiooftheincidentfieldstrengthisverylow.

But,undertheconditionwithhighsignal一七〇-noiseratio,thesystemmay

fallinthepoorperformanceevenifthepredictionerrorofthedesired

signaldirectionissmall.Thisisduetothefacttha七thedesired

signalcannothidebehindtheinterferenceandsufferelimination｡

Onemethodtopreventthisdifficultywouldbetoinserta

strongexternalnoiseintentionallytoassure:Lowsignal-to-noiseratio

situationoftheinciden七fieldstrength.Theshortcomingofthismethod

isthatitdeterioratestheoutputsignal-to-noiseratiounlessanoth-

ersetofprocessorispreparedforsignaltransmissionwithoutthein-

七entionalnoise(asetofmaster-slavesystem).Here,wedeve:Lopthe

anotherf:Lexiblesystemforsolvingthisproblem.
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5.2 Analysis

工ncircuittheory,wide-bandwidthfrequencycharacteristics

canberealizedbythestaggeredtuningtechnique.Thus,inanalogy

tothecircuittheory,multipleconstraintsareappliedtowardtﾆhedi-

rectionswhicharecloselyarrangedsurroundingthepredictedincident

directionofthedesiredsignal.工tis七〇beconsideredthatserious

degradationofthereceptionperformanceofthedesiredsignalmaynot

beintroducedbecauseoftheconstraintssurroundingthedesiredsignal

direction.Thispropertycanbepredictedfromthefactthatitis

impossibletosteeranulltowardt二hedirectionnear,andespecially

between,theconstraintdirectionsbecauseofthelimitationsofre-

solvingpoweroftheantennasystem.工nadditiontothem,algorithmto

minimizet二heoutputpowerpreventsthesystemfromfallingintotheef-

feetlikeasuper-gainantenna.

工nthefollowinganalysis,onlythedoubledirectionalcon-

straintssystemistreated,becausethischoicemaybesufficientfor

smallangularambiguityofthedesiredsignal.However,extensionto

muchmoreconstraintssystemcanbeperformedinastraightforward

manner.工nalmostallthecases,itisfavourabletopreparethe

doubledirectionalconstraintssystemrathert二hanthesystemwithmuch

moredirectionalconstraintstoremainthedegreesoffreedomfor

rejectinginterferences.Thesketchshowingtheconceptofthedouble

directionalconstraintsisshovminFig.工工.5.1.

Forthedoubledirectionalconstraintssystem,theadaptive
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188



algorithmof(II.4.3)isstillvalid,buttheconstraintmatrixandthe

responsevectormustbemodifiedasfollows.
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(工工.5.1)

(工工.5.2)

whereeandoaretheconstraintdirections.Forextendingtomuch
clc2

moreconstraintssystem,onepairofrowvectorsmustbeaddedtothe

constraintmatrixCforoneconstraintdirection,alsototheresponse

vectorH,realandimaginarypartofthearraysystemresponsemustbe

added.

Similartothesingledirectionalconstraintsystem,avector

differentialequationisformulatedforthisproblem.Forthis,(工工.5.

1)and(工工.5.2)arerewrittenincompleχformsas.
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Using(I工.3.36),(II.3.40),(I工.5.3),(II.5.4),(II.5.5)and(II.5.8),

thecomplexformofprojectionoperatorandoftheshortestvectorto

theconstraintplanearederivedasfollows.
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:[tistobenotedthatAof(工工.5.11)denotesthenormalizedarray
^l'=2

systemresponsetowardoneconstraintdirectionwhenanantennaarray

issteeredtowardtheotherconstraintdirectionwithuniformampli-

tudeeχcitation.

Atfirst,forclarifyingthereceptionperformanceforthe

desiredsignal0fthedoubledirectionalconstraintssystem,wecon-

sidertheradioenvironmentincludingthedesiredsignalonly.Thus,

followingtheproceduresdescribedintheprecedingchapter,thecor-

relationmatrixRχχcanbewrittenasfollows.
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女
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χχΓsss

(工工.5.12)

wherethevariablesin(II.5.12)denotethesamemeaningsasappeared

precedingly.Thus,thematrixcoefficientof(工工.4.3)canbederived

byusing(工工.5.9)and(工工.5.12)asfollows.
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(工工.5.13)

Forevaluatingthebehaviorofthesystem,eigenvaluesandtheiras-

sociatedeigenvectorsmustbederived.AsdiscussedbyFrost,each

columnvectorofthecons七raintmatrixistheeigenvector0fPRχχP

whoseassociatedeigenvalueiszero.ThevectorsCandCarethus

theeigenvectorsofPRχχPwi七hassociatedeigenvaluesofzero.As

(工工.5.13)isHermitiansothattheeigenvectorscanbechosenorthogo-

nalwitheachother.UsingCandC,wederivetwoeigenvectorsand

theireigenvaluesbythenextequations.
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一
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(工工.5.14)

(工工.5.15)

(工工.5.16)

工nordertodeterminetheoneoftheremainingeigenvectors,weforma

setoflinearcombinationofC, C2 andZs｀Bysubstitutingitinto

thecharacteristiceq゛ationforPRχχPof(I工.5.13),V゛eobtainthe

f0110゛ingeigenvectoi°Ganditseigenvalueλ3'
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(工1.5.19)

(工工.5.20)

{i=4,5,,K)arechosentobeinthecon-

straintplaneandtobeorthogonaltoC1″C2andG,sothattheiras-

sociatedeigenvaluestakethesamevalueofPr°Thus,thesolutionof

(工工.4.3)forthepresentcasecanbewrittenasfollows.
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(工工.5.22)

istheinitialweightvectorwhichischosentosatisfythecon-

straintcondition.Astheeigenvectoi°G2isorthogonaltotheweight

vectorwhichsatisfiestheconstraintcondition,thetermconcernedwith

G2 hasvanishedin(II.5.21).

since,theeigenvalueλi(i=3,4,..･,K)ispositiveandthe

equivalentstepsizeqischosentobepositive,(II.5.21)convergesto

thefollowingequation.
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Thearraysystemresponsetowardthedesiredsignaldirectioncan

bederivedbymakingtheinnerproductof(工工.5.23)bythedesired

signalphasevectorZsasfollows.
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Calculatedresultsofthearraysystemresponsetowardthedesired

signaldirectionusing(工工.5.24)areshowninFigs.工工.5.2and工工.5.3.

工nFig.工工.5.2,arraysystemresponsetowardthedesiredsignaldi-

rectionisshownintermsofitsdirectionwithparametersofthecon-

straintdirections.Forclarifyingthephysicalmeanings,thecon-

straintdirectionsarechosentobesymmetricwithrespecttothearray

normaldirection.Apparently,astheangularseparationbetweentwo

constraintdirectionsincreases,thearraysystemresponseatthemid-

pointoftheconstraintsdecreasesseriously.But,neartheconstraint

directions,theresponseisalmostequaltounity.0ntheotherhand,

ifdoubleconstraintsareappliednearerinangularseparation,

decrementofthearraysystemresponseissmallevenifitsdirectionis

outsideofthedoubleconstraints.Thisconditioncanbeinterpreted

thattheinterferencerejectionperformanceisaffectedduetotheap'

plicationsofthedoubledirectionalconstraintsneartoeachother.

工nFig.I工.5.3,thearraysystemresponseisalsoshownwithparameterof

theratiobetweenthedesiredsignalpowertotheinternalnoisepower.
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Fig.II.5.2Arraysystemresponsetowardthedesired

signaldirection.
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Fig.II.5.3Arraysystemresponsetowardthedesired

signaldirection.Constraintdirections

arechosenas87°and93°
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Asincreasingtheratiobetweenthedesiredsignalpowertotheinternal

noisepoweris,thearraysystemresponseisdecreasing.Thisisdueto

thefactthatforminimizingtheoutputpowerofthearraysystem,itis

effectivetoreducethearraysystemresponsetowardthedesiredsignal

directionwithhighpowerdesiredsignalthansmallamountofincrement

oftheinternalnoisepowerintroducedbythedeviationoftheweight

vectorfromuniformexcitationcondition.ReferringtoFig.工工.5.3,even

ifthedesiredsignalpower-to-internalnoisepowerratiois30dB,the

decrementofthearraysystemresponseatthemidpointofconstraintsis

only4dB.

Siimmarizingtheabovediscussions,newdoubleconstraints

systemmayactswe:LIforinterferencerejectionandforguaranteeingthe

desiredsignalcomponent.工nadditiontothem,itisadequatefromthe

qualitativeconsiderationstochoosetheangularseparationofdouble

constraintstobeequaltoaboutonetenthofthebeamwidthofthearray

systemwithuniformexcitation.

Now,wewillconsidertheradioenvironmentincludingthe

desiredsignalandoneinterference.Usingthesamenotationsasinthe

precedingchapter,thecorrelationmatrixRχχisgivenasfo1:Lows.
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Thus,thematrixcoefficientPRχχPcanbeca]Lculatedusing(II.5.9)

and(工工.5.25)andwhichcanbegivenasfollows.
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AsdiscussedbyFroSt(30)'(53),againthecoliamnvectorsofthecon-

straintmatrix,i.e.ClandC2'血etwooftheeigenvectorsofthe

°itri°cPRχχP'bothofwhichhavet二heassociatedeigenvaluesofzero.

Sincet:hematrixisHermitian,Keigenvectorscanbechosentobeor-

thogonalwitheachother.UsingCandC,wecanderivetwoofsuch

eigenvectorsandtheireigenvaluesshownbythefollowingequations.

GI°C1 十C2

G2°C1“C2

工nordertodeterminet:wooftheremainingeigenvectors,weformaset

oflinearcombinationofC, C2'Zs°ndZb゛Bysubstitutingitintothe

characteristicequationfol°PRχXPof(II.5.26),weobtainthefollowing

eigenvectoi°SG3andGandtheirassociatedeigenvaluesλ3and入4‘
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wherethedoublesignsintherighthandsideof(工工.5.36)areinorder.

accordingtothelefthandsidesof(工工.5.32)and(工工.5.33)withcor-

respoindingvaluesof(工工.5.34)and(工工.5.35)whichdependon(工工.5.36)･

Theremainingeigenvectorscanbechosenwithintheconstraintplane

andor七hogonaltoZSandZbbeCaUSeofthepropertiesoftheeigen-

vectorsofHermitian.Followingthesameproceduresdiscussedinthe

precedingchapter,thesolutionofthedifferentialequationofW(t)

of(工工.4.3)forthedoubledirectionalconstraintssystemisgivenby

thefollowingequation.Theinitialweightvectorischosentobe

equaltoFinaccordancewiththefactdiscussedpreviously.
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ln(工工.5.41),thereisnotermcorrespondingtotheeigenvectorG

becauseG2isorthogonaltoFanditscontributionhasvanished.

Toclarifythedoubledirectionalconstraintscondition,

innerproductsof(工工.5.41)byCandC,whicharecolumnvectorsofthe

constraintmatrix,arecalculatedwiththeaidoftheorthogonalproper-

tiesoftheeigenvectorsas,
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(工工.5.43)

(工工.5.44)

TheseresultscanbederivedinaccordancewiththefactthatC^
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areorthogonaltobothofG^andG4°]:tisprovedthatatanytime,the

doiibledirectionalconstraintsconditionissatisfied.工nthesame

fashion,thearraysystemresponsetowardthedesiredsignaldirection

andtowardtheinterferencedirectioncanbecalculatedasfollows.
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F

Closedformsof(11.5.45)and(II.5.46)canbeobtainedbyusingsome

equationsderivedpreviously,however,theyaretoomuchcomplicated

andcannotclearlyindicatetheirphysicalmeaningssothattheyare

omittedhere｡

工nordertoevaluatethetransientbehaviorofthesystem,
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somecomputationsarecarriedoutbyuseof(II.5.41).Firstofall.

theconditiondiscussedintheprecedingchapterinwhichtheoutput

signal-to-noiseratioisseriouslyaffectedduetothepredictionerror

ofthedesiredsignaldirectionistreatedtoverifytheperformanceof

doubledirectionalconstraintssystem.Theparametersarethesamewith

thoseoftheprecedingcaseexceptfortheconstraintconditionwhich

aresummarizedinTable工工.5.1.

工nFigs.工工.5.4,工工.5.5and工工.5.6,transientbehaviorofthe

weights,theoutputsignal-to-noiseratioatthearrayoutputandthe

historyoftheoutputpowersfromeachsourceduringadaptationare

shown.Fig.工工.5.6indicatesclearlytheperformanceofthedoubledi-

rectionalconstraintssystemtorejecttheinterferencecomponentat

thearrayoutputwhilemaintainingthedesiredsignal.工naccordance

withthereductionofthenoisepowerattheoutputofthesystem,the

outputsignal一七〇-noiseratioincreasestoitssaturationlevelasshown

inFig.工工.5.5.

Summarizingtheresultsdescribedabove,thedoubledirectional

constraintssystemactswellcomparedwiththesignaldirectionalcon-

straintsystemundertheconditionwithpredictionerrorofthedesired

signaldirectioninthehighsignal-to-noiseratioenvironmentofthe

fieldstrength.

AdditionalcalculationsaremadewithparametersshowninTable

工工.5.2.Transientbehavioroftheweights,theoutputsignal-to-noise

ratioandthehistoryofthedesiredsigna:L,theinterferenceandthein-
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TableII.5.1Parametersforcomputationofatransient

behavioroftheadaptivearray,(highsignal-

to-noiseratioofafieldstrength)
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ternalnoiseoftheoutputpowersareshowninFigs.II.5.7,工工.5.8,I工.

5.9and工工.5.10forEN110fTable工工.5.2andinFigs.工工.5.11,工工.5.12,

工工.5.13andl工.5.14forEN120fTable工工.5.2,respectively.Comparing

theresultsinthischapterwiththoseofthecorrespondingcasesap-

pearedintheprecedingchapter,thedoubledirectionalconstraints

systemactsalmostthesamewiththesingledirectionalconstraintsystem

undertheconditionwith10Wsignal-to-noiseratioofthefieldstrength.

5.3 ConcludingRemarks

Thetransientbehaviorofthedoubledirectionalconstraints

systemisanalyzedincomparisonwiththesingledirectionalconstraint

systembyuseofthemethoddiscussedintheprecedingchapter.The

analysisshowsthearraysystemresponsestowardeachofdoubleconstraint

directionaremaintainedasunityintheprocessofadaptation.Atthe

sametime,intheinterferencedirectionthearraysystemresponse

decreasesinanexponentialmannerwhileinthedesiredsignaldirection.

inspiteofthedeviationfromtheconstraintdirections,thearray

systemresponseissupportedalmostequaltounitybythedo＼±ile

directionalconstraintswhichresultsintheincrementofthe

outputsignal-to-noiseratio｡

Thisperformanceissuitablenotonlyundertheconditionwith

10wsignal一七〇-noiseratioenvironmentbutalsowithhighsignal-to-noise

ratioenvironmentunderwhichthepredictionerrorofthedesiredsignal

directionforthesingledirectionalcons七raintsystemmaycausea
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Table工工.5.2Parametersforcomputationofatransientbehaviorof

theadaptivearray･
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largeamountofdegradationoftheoutputsignal-to-noiseratio｡

Theoneshortcomingofthedoubledirectionalconstraints

systemisthedegradationoftheinterferencerejectionproperty

comparedwiththesingledirectionalconstraintsystemwheninterfer-

encedirectionapproachestotheconstraintdirections.However,this

propertyrelatescloselytotheguarantyofthedesiredsigna:Lcomponent

whoseincidentdirectionisofffromtheconstraintdirections｡

Therefore,theselectionofthesystemmustbeperformedin

accordancewiththeconditionsunderwhichthesystemshouldbeoperated,

i.e.theconditionsofthesignal-to-noiseratioand/orexpectedaitibi-

guityofthedirectionofthedesiredsigna:L.
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Chapter6

6.1

COMPUTERS工MULAT工ONEXPER工MENTS

工ntroduction

Thedetailedanalysesonthesingleandthedoubledirectional

constraintsystemaregiveninChapters4and5.Theseanalyses

givetheexpectedmeanbehaviorofthesystemsbasedontheanalogfeed-

backcircuitryconcept.0nthecontrary.thepracticalsystemmayadopt

thesignalprocessorimplementedondigitalcomputersothatsignalsfor

processingsmustbeindigitalforms.Thus,samplingfeedbackisSig‘

nificantforthepracticalapplications｡

Digitalfeedback100pmaygenerallyincludetheproblems,for

example,theloopstability,ratherthananalogfeedbackloopsasdis-

cussedinChapter3.工nadditiontothem,practicalsystemwillutilize

theinstantaneousvaluesofthereceivedsignalratherthanthecor-

relationmatrixofthereceivedsignalsothatitwillbeexpectedthat

thesystembehaveswithsomedifferencesfromthetheoreticalresults.

工nordertoverifytheabovedescribedpoints,someexperimentsby

meansofcomputersimulationsarecarriedout｡

工tistobenoted,however,inthefollowingcomputerexper-

imentsonlysignalgenerationsaresimulatedbycomputer,asthesignal

processorissupposedtoimplementoncomputer.

6.2 DescriptionofsimulationExperiments

Theantennaarraysystemusedinthecomputersimulations
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includesfourelement-antennaslocatedlinearlywithspacingofahalf

wavelengthofthedesiredsignalbetweenadjacentelements.Though,an

elementfactorofeachan七ennaisassumedtobeisotropic,thisas-

svimptiondoesnotaffectthegeneralityoftheresultsdiscussedin

thischapter,becausetheeffectofanelementfactorrelatesonlyto

thesignalamplitudessothattheresul七Sherecanbeeasilyinterpreted

tosuchsituationsbyweightingappropriatelythesignalamp:Litudes.

Thetappeddelaylinesforprocessoraresupposedtoconsist

ofonetimedelayelementandtwoweights(variablegainamplifiers)

whichareconnectedtobotharmsoftimedelayelement.Theamountof

timedelayisonequarteroftheperiodofthecenterfrequencyofthe

desiredsignalwhichproducesthequadraturecomponentsofthedesired

signalateacharmofthe七imedelayelement.Thistypeof

tappeddelaylineactsasanampﾕ.itudecontroldeviceandaphase

shifter.ReferringtoFig.工工.6.1,七hegain,A,andtheamountofphase

shift.φ,throughatappeddelaylinewithtwotapscanbewrittenas

follows.

A=(
2

W
｢

2

+W.
･

φ゜tan‘T一子

W｢

)1/2 (工工.6.1)

(工工.6.2)

Fig.II.6.2showstheconceptualdiagramoftheadaptivearrayusedin

thecomputersimulationexperiments.Thisfiguredoesnotincludethe

feedbackcircuitryforcontrollingeachweight.Theweightsshownin
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Fig.工工.6.1Tapped-delay-linefilterwithtwo

tapsasanamplifierandaphase

shifter.
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Fig.II.6.2shouldbecontrolledas(II.3.47)throuqhobservationsof

theradioenvironment｡

Thedesiredsignalandtheinterferencesaredesignedtobe

sinusoidalwaveswhosephasesarerandomlyfluctuatedoverot027Twith

respecttothesamplingclockforobservingtheradioenvironmentand

forcontrollingtheweights.Thisfeatureaccomodatesasituationin

whichthe:Lackofsynchronizationbetweenoscillatorsand/oracertain

modulationsuchasfrequencyorphasemodulationissupposed.Thephase

differencebetweenadjacentelements,however,isdeterminedonlyby

thefrequency,thespacingbetweenelementsand七heincidentangleof

arrival0fasignal.Thefrequencyoftheinterferenceisnotexactly

thesamewiththatofthedesiredsignal,butthedeviationisnotso

largeastocauseanydifferentresponseof七hesystem.Theinternal

noiseateachtappointisindependentrandomvariablewithGaussian

distributionwhichisgeneratedbythecomputer｡

Theiteration(ofsamplingandfeedback)periodistakento

belongerthanthatofthesignalstoprovidetheapplicationsofthis

systemtoaradiofrequencyrangeandcarewastakennottocauseany

beatfrequencyphenomenon
(54)

Undersuchconditions,somecomputersimulationsarecarried

outbychangingtheparameterssuchasthepowersandtheincidentdi-

rectionsofthedesiredsignalandtheinterferences.Theresultsof

computersimulationsarediscussedindetailinthefollowingsection

comparedwiththetheory･
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Fig.工1.6.2Anarraysystemusedinthecomputersimulation
experiments｡
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6.3 ComparisonbetweentheTheoryandtheResultsofsimulation

工nthefollowingfiguresindicatingtheadaptationprocess.

solidlinesandsymbolizeddotssignifythetheoryandtheresultsof

simulations,respectively.Firstofall,wewi11payourattentionto

thesimplestcaseinwhichaccuratepredictionofthedesiredsignal

directioncanbeprovided,thatis,thisconditionimpliesthecaseof

Θ=9.TypicalexampleofthiscaseisshowninFigs.工1.6.3to工1.6

6withrespecttotherealandtheimaginarypartsofeachweight,the

outputpowersfromeachsourceandtheoutputsignal-to-noiseratio,

respectively.AsshowninFig.工工.6.3and工工.6.4,thedatapointsfor

eachweightbytheexperimentagreewellwiththetheoryexceptforthose

ofnegligiblesmal:Lvalues.Accordingtothisfact,notonlythehistory

oftheoutputpowerscausedby七heinterferenceandtheinternalnoise

butalsooftheoutputsignal-to-noiseratiofitssowellwiththetheory･

工七istobenotedthatthedesiredsignalpowerattheoutputisguaran-

teedasaconstantvaluebymeansoftheconstraintconditionsothatit

isnotdepictedinFig.工工.6.5.Slightdeviationsofthedatapoin七Sby

theexperimentfromthetheoreticalcurvesmaybeintroducedbyapproxi-

mationofthecorrelationmatrixRχχbytheinstan七aneousvaluedmatrix

XXT andapplicationofthesamplingfeedbackconcept.工naddition.

though,variationsoftheinfluenceoftheinternalnoisemaycause

suchdeviations,whichmayintroduceonlyminoreffectunderthecon-

ditionsconsideredhere.Forreducingsuchdeviations,asdiscussedby

Widroweta1
(38)
asamisadjustment,itissufficienttochoosethe
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c,sand工inthefollowingfiguresdenote

theconstraint,thedesiredsignalandthe

interferencedirection,respectively･
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stepsizepasSma].1aspossible.However,stepsizeμis,asdiscussed

inChapters4and5,directlyproportionaltotheconvergencerateof

thesystemsothatsmallchoiceofthestepsizerequiresalargea-

mountofadaptationtimeforconvergence.Additionalcomputerexperi-

mentsclearlyindicatetheeffectsofstepsizeonaconvergencerate

andadeviationofdatapointsfromaresultofthetheory.Thus,in

practice,se:Lectionofthestepsizemustbeperformedinacompro-

misedmannerbetweenaconvergencerateandadeviationofdatapoints.

Fig.工工.6.7showstheradiationpatternwhichiscalculatedfromthe

weightsafter940timesofiterations.AsexpectedfromFigs.工工.6.5

and工工.6.6,deepnullissteeredtowardtheinterferencedirectionfor

reducingtheinterferencepowera七七hearrayoutput,whiletowardthe

constraintdirection,whichisthesamewiththedesiredsignaldi-

rection,thearraysystemresponseismaintainedasunity.

Toverifytheeffectsoftheincidentdirectionoftheinter-

ferencewithrespecttothedesiredsignaldirection,somecomputer

simulationexperimentsarealsocarriedout.Thelistofparametersand

theperformancesofthecomputersimulationexperimentsaresummarizedin

Table工工.6.1.Here,theprocessorgainisdefinedastheratioofthe

outputsignal-to-noiseratiotoinputsignal-to-noiseratiowiththe

meaningofimprovementbythesystem.Thetendencyofsmal:Lerproces-

sorgainwithlargeobisinterpretedthatthearraytendstobecome

morelikeasupergainantennainordertoproduceanullattheinter-

ferencedirectioninitsradiationpatternasebappi°oachesto!ﾆhe
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originalmainbeamdirection(90°),thusenhancingtheinternalnoise

powerrelatively.工nFigs.工工.6.8to工工.6.12,radiationpatternscorre-

spondingtotheexperimentsdescribedinTable工工.6.1areshown.工七is

apparentthatdeepnullissteeredtowardtheinterferencedirectionin

eachfigure.工naddition,asapproachingtheinterferencedirection

towardtheconstraintone,mainbeamisshiftedtowardtheoppositeside

withrespecttotheconstraintdirection,while,attheconstraintdi-

rection,thearraysystemresponseismaintainedasunity.Thus,the

arraysystemresponseatthemainbeamgenerallyexceedsunity.But,it

istobenotedtha七七hissituationmaximizestheoutputsignal-to-noise

ratiounderthegivenradioenvironment.Thisfeaturecanbeeasily

understood,ifwewi11calltoourmindstheguidingprincipleofthis

system,i.e.minimizationoftheoutputpowersubjecttotheconstraint

condition.工notherwords,thissystemminimizesthenoisepowerat

theoutputofthearraysystemonthebalanceoftheinternalnoiseand

theinterference.AsshowninTable工工.6.1,largernumberofiterations

isrequiredforconvergenceasapproachingtheinterferencedirection

towardtheconstraintdirection.Thisreasonis,asdiscussedindetail

inChap七er4,onthefactthattheeigenvaluewhichisinverselypro-

portionaltothetimeconstantofconvergenceisreducedasthedecrement

oftheangularseparationbetweentheinterferenceandtheconstraintdi-

rectionunderthesamestepsize.Though,itisnotshownhere.

thebehaviorsofweightsoftheexperimentsagreewellwiththetheory･
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Thecasewithtwointerferencesisalsoexperimentedbymeans

ofcomputersimulation.TheparametersusedaresummarizedinTable工工.

6.2.Againinthesecases,･thebehaviorsofweightsobtainedbycomput-

ersimulationexperimentsagreewe1:Lwiththetheoreticalpredic七ions.

Radiationpatternscalculatedfromtheweightsafter1300timesand3800

timesofiterationsobtainedbytheexperimentsareshowninFigs.工工.6.

13and工工.6.14,respectively.Inbothfigures.deepnullsaredirected

towardt:hedirectionsofeachinterference.Especially,itisinterest-

ing,asshowninFig.工.工.6.14,bothlobesoutsideof七heinterferencedi-

rectionswithrespecttotheconstraintdirectionexceedthelobeto-

wardtheconstraintdirection.Thiseffectmaybecausedbythebeam-

widthlimitationofthegivenarraysystem.But,thisconditionisalso

introducedthroughtheguidingprincipleofminimizationoftheoutput

powerundertheconstraintcondition.

工ntheabove,wetreatthecaseinwhichthedesiredsignal

directioncoincideswiththeconstraintdirectionsothatattheoutput

ofthearraysystem,thedesiredsignalpowerisperfectlyguaranteedas

aconstantvalue.But,inpractice,itisconsideredthattheperfect

aprioriknowledgeabouttheincidentdirectionofthedesiredsignalis

notavailable.Onlytheapproximateddirectionmaybeusedforprocessing

Thus,somecomputersimulationexperimentsarecarriedout

toverifytheanalysisinChapter4onthisproblem.First,wepaid

ourattentiontothecaseinwhichtheinterferencepowerislarge

enoughcomparedwiththedesiredsignalpowerandtheinternalnoise
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powerandthedifferencebetweentheincidentdirectionofthedesired

signalandtheconstraintdirectionissmall,i.e.onefifthofthe

beamwidthofthesameantennasystemwithequalamplitudeeχcitation.

TheparametersusedintheexperimentsaresuminarizedinTab:Le工工.6.3.

Fig.工工.6.15showsthehistoriesofthedesiredsignalpower,interfer-

encepowerandtheinternalnoisepoweratthearraysystemoutput

duringadaptation.Referringtothisfigure,theoutputinterference

powerdecreasessteadi:1-Yalmostinanexponentialmanner,whilethe

desiredsignalpowerisalmostmaintainedattheinitialvalue.This

resultverifiesthediscussionappearedinChapter4,4.4,i.e.the

arraysys七emresponsetoward七heinterferencedirectiondecreases

rapidly,becauseitisregardedasamaintargetwhichmustbesup-

pressed.Contributionofthedesiredsignalcomponenttothecontrol

signalforadaptiveprocessingissosmallcomparedwiththeinter-

ferencecomponen七七hattheinterferenceisrejectedalmostatthe

arrayoutput.Thisfeatureisintroducednotonlybythefactthe

interferencepoweris:Largeenoughcomparedwiththatofthedesired

signalbutalsobythedesiredsignalphasevector.Z,is2ﾕ皿ost

perpendiculartotheconstraintplanesothatitsinfluencehasbeen

scarcelyeffective.Fig.工工.6.16showstheradiationpatternobtained

bythesimulationeχperimentdescribedhere.Deepnullisplacedto-

wardthedirectionfromwhichtheinterferenceisincident.Thearray

systemresponsetowardthedesiredsignaldirectionisslightlysmall

comparedtounity.Thisisduetothefactthedesiredsignaldi-
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rectionisofffromtheconstraintdirection.However,thiscondition

doesnotresultinthemajoreffectonthedegradationoftheoutput

signal-to-noiseratio.工tisapparentfromFig.工1.6.15,theoutput

signal-to-noiseratioisimprovedsteadilyasshowninFig･工工.6.17.

Underthecondi七ioninwhichtheinterferencepowerislargeenoughcom-

paredwiththedesiredsignalpower,asdiscussedinChapter4,the

smalldifferencebetweenthedesiredsignaldirectionandtheconstraint

directiondoesnotaffecttheperformanceof七heimprovementofthe

outputsignal-to-noiseratio.

But,caremustbetakentotheradioenvironmentinwhich

signal-to-noiseratioofthefieldstreng七hisrelativelyhigh.Asana-

lyzedinChapter4,differencebetweentheconstraintdirectionandthe

incidentdirectionofthedesiredsignalmayresultinthelargeamount

ofdegradationoftheoutputsignal-to-noiseratiounderthecondition

discussedhere.Toverifythiseffect,comparisonsaremadebetween

the七heoryandtheexperimentalresultsbycomputersimulation.Fig.工工.

6.18showsthehistoriesoftheoutputpowersrelatedtothedesired

signal,theinterferenceandtheinternalnoise,respectively.Again,

theexperimentalresultsagreewe:LIwiththetheoreticalcurvesexcept

forthesmallquantitieswhichcanbeneglected.Thedirectionalerror

inthiscaseisthreedegrees,whichisonehalfofthepreviouscase

inwhichgoodadaptationisobtained.Thelearningcurveofthe

outputsignal-to-noiseratioofthiscaseisshowninFig.工工.6.19.At

afirststageofadaptation,oncethesignal-to-noiseratioisimproved,
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bu七,afterthetimewhentheoutputsignal-to-noiseratioismaximized.

itdecreasesmonotonously.Thisresultsfromtheexistenceoftwotime

varyingtermsasshownin(工工.4.85).

Throughthetwoexperimen七Sdescribedabove,itisverified

thattheparameterwhichgovernsthecatastropheoftheadaptivearray

discussedhereisnotonlyadifferencebetweentheconstraintdirection

andthedesiredsignaldirectionbutalsothesignal-to-noiseratioof

theradioenvironment.

Tosolvethisproblem,doubledirectionalconstraintssystem

hasbeenproposedinChapter5.工nthefollowings,resultsofcomputer

simulationexperimentsofthissystemareshowncomparingwiththe

theory.Firstofall,thesituationinwhichsingledirectionalcon-

straintsystemfallsintotheunacceptablefeatureistreated.The

differenceliesonlyinthepresenceofdoubledirectionalconstraints.

TheparametersusedinthecomputersimulationexperimentsaresxiiTima-

rizedinTable工工.6.4.工nFig.工工.6.20,behaviorsofweightsintermsof

iterationnvunberareshownfortherealandtheimaginarypart.Asthe

interferencepowerissosmallthatnullsteeringisnotcomplete,but.

asdiscussedlatter,itissufficientforimprovementoftheoutput

signal―to-noiseratio.Therefore,thedeviationsofeachweightfrom

theinitialvalueareSma:L1.Again,goodagreementsareexhibitted

betweenthetheoreticalcurvesandexperimentaldatapoints.According

tot二hisfact.historiesoftheoutputpowersfromthedesiredsignal,

theinterferenceandtheinternalnoiseagreewellwiththetheoretical
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Table工工.6.4Parametersforcomputerexperiments(double
directiona:Lconstraintssystem)
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curves,whichareshowninFig.II.6.21.Asshowninthisfigure,the

desiredsignalcomponentismaintainedwhiletheinterferencecomponent

decreasesS七eadily,andlargeenhancementoftheinternalnoisepower

attheoutputdisappears.Thisadvantageisresultedfromtheintro-

ductionofthedoubledirectionalconstraintscondition.Thehistory

oftheoutputsignal-to-noiseratioisshowninFig.工工.6.22.

工nspiteofthedifferenceofthedesiredsignaldirection

fromeachofbothconstraintdirections,thearraysystemresponseis

maintainedalmostequaltotheinitialvalue.Thisisduetothefact

thatsteeringnulltowardthedesiredsignaldirectionwhichisclosely

locatedtotheconstraintdirectionsbringsonthelargeenhancement

oftheinternalnoiseatthesystemoutput.Astheguidingprincipleof

thesystemconsideredhereistominimizetheoutputpowersubjectto

theconstraintssothatthesystemdoesnotoverrunningtosuchextreme

condition.ConceptualsketchofthisfeatureisshowninFig.工工.6.23.

工nadditiontothem,thetimeconstantwhichgovernsthedecrementof

thearraysystemresponsetowardthedesiredsignaldirectionislarge

comparedwiththattowardtheinterferencedirectionsothatitdoesnot

affecttheinterferencerejectionproperty.

Undertheradioenvironmentofthesufficiently10wsignal-to-

noiseratioofthefieldstrength,thedoubledirectionalconstraints

systemactsalsoverywellforrejectingtheinterferenceasthesingle

directionalconstraintsystem.Thedatapointsobtainedbythecomputer

experimentsfitwellwiththetheory.Thetransientbehaviorof
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theweights,theoutputpowersfromeachsourceandtheoutputsignal-

to-noiseratioduringadaptationareshowninFigs.工工.6.24,工工.6.25,

工工.6.26and工工.6.27,respectively,withparameterslistedinTable工工.

6.4.

6.4 ConcludingRemarks

Asdiscussedinthischapter,theexperimentalresultsby

meansofcomputersimulationagreewellwiththetheory.Somedevi-

ationsoftheexperimentaldatapointsfromthetheoreticalcurvesexist.

Thiseffectmaybeintroducedthroughthedifferencebetweenthefeedback

a:Lgorithms,i.e.thesamplingfeedbackloopsandthecontinuousfeedback

loops.Theoryshowsthemeanbehaviorofthesystem,onthecontrary,

theexperimentsarecarriedoutusingthesampleddataforthefeedback

signalsothatthebehaviorofthesystemmaybedisturbedbythesampled

valueofthenoisewhichissimulatedtoberandomlyfluctuated.工n

spiteoftheeffectsdiscussedabove,thetheoreticalandtheexperi-

mentaldatapointsagreewe:LIexceptforthenegligiblysmallquanti-

七ieS｡

Somecomparisonsofthetheoryandtheexperimentalresults

clearlyindicatetheusefulnessofthetheorydescribedinChapters4

and5topredictthebehaviorofthesystemwhenexposedtoacertain

radioenvironment.Though,･inthecomputerexperimentsfoneinterfer-

enceisassumedtoexistexceptfortwocases,experimentcanalsobe

performedwithmu:Ltipleinterferencescondition.
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Chapter7 surmARYANDCONCLUS工ON

InthisPART2,theconcept,analysesandexperimentsby

meansofcomputersimulationarediscussedontheadaptivean七enna

arraywithdirectionalconstraint.Thenewconstraintconditionnamed

"directionalconstraint"isintroduced,inwhichtheaprioriknowledge

abouttheincidentdirectionandthecenterfrequencyofthedesired

signalisutilizedfordiscriminatingthedesiredsignalfromsome

interferences.Thedistinctivefeatureofthissystemdiscussedinthis

partliesinthattheaccurateaprioriknowledgeaboutthedesired

signalisnotnecessaryforprocessing.Toenlargethemarginforthe

desiredsignaldirection,theconceptofdoubledirectionalconstraints

hasalsobeenintroducedafteranalogywiththedoublepeakedtuning

circuitwithwidebandwidthcharacteristics｡

TheadaptivealgorithmdevelopedbyFrostisadoptedto

minimizetheaccumulationoftheerrorsoccuredinthecomputingprocess

suchasthequantizationerrororroundofferror.Thisalgorithmis

excellent,buthedidnotshowthebehaviorofthesysteminaclosed

form.Onlytheconditionswhichguaranteetheconvergenceofthesystem

canbededuced｡

Thepresentauthorappliesthedifferentialequationapproach

toclarifythetransientbehaviorofthesystem.Theadaptivealgorithm

isreformulatedintheequivalentdifferen七ialequationwithcoefficin七S

whichrepresenttheexpectedradioenvironment.Theweightvectoris
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definedinthehyperspace,whichcanbedividedintosomeeigenspaces

spannedbytheeigenvectorsofPRχχP″thecoefficientofthefirst

ordertermofW{t)ofthedifferentialequation.Thesolu七ionofthis

differentialequationcanbecalculatedthroughtheprojectiononto

eacheigenspacespannedbytheeigenvectors.工nadditiontothem.

appropriateandpracticalchoiceoftheinitialweightvectorelimi-

natestheundeterminedterms.Theperfectpredictionofthebehavior

ofthesystemisnowpossiblewhenexposedtoacertainradioenviron-

mentwithknownparameters.Thesamemethodisalsoappliedtothe

doubleconstraintsystemandagaint二hesolutionisobtainedinaclosed

form.Thesolutionclearlyindicatesthefeatureofthesystem,i.el

theconvergenceisgovernedbytheinterferencepower,andtheconfig-

urationoftheconstraintandtheinterferencedirections.Thefirst

propertyshowsthattheadaptiveantennaarrayactsfasteragainstthe

strongerinterference.steeringnullstowardtheinterferencedi-

rectionscausesthedeviationofweightsfromtheequalamplitudeex-

citation,resultingintheenhancementoftheinternalnoisepowerat

theoutput.Althoughthisenhancementbecomesremarkableastheinter-

ferencedirectionapproachestotheconstraintdirection,ithasalimit

sincetheguidingprincipleofthissystemistominimizethetotal

outputpowersubjecttoconstraintsothattheoutputsignal-to-noise

ratioismaximizedeveninsuchcondition.Theeffectoft二hepre-

dictionerrorofthedesiredsignaldirectionisalsoanalyzedandit

isprovedthatundertheradioenvironmentinwhichthesignal一七〇-noise

250

1

か



●

ratioofafieldstrengthislowenough,thesystemactsalmostidentical

withthecasewithoutpredictionerror.工tistoberecalledthatthe

adaptiveantennaarrayisoftenneededespeciallyundersuchradioen-

vironment.However,undertheradioenvironmentinwhichthesignal-

to-noiseratioofafieldstrengthishigh,thepredictionerrorof

thedesiredsignaldirectioncausesthelargeenhancementofthein-

ternalnoiseattheoutputwhichresultsinthelargeamountofdegra-

dationoftheoutputsignal-to-noiseratio｡

0ntheotherhand,thedoubledirectionalconstraintsystem

actswellundersuchradioenvironmentinwhichsingledirectionalcon-

straintsystemfa:Llsintheunacceptablefeature.Thedoubledirection-

alconstraintconditionguaranteesthearraysystemresponsetowardthe

desiredsignaldirectioninspiteofthedifferencebetweenthedesired

signaldirectionandeitherconstraintdirections,fordecreaseofthe

arraysystemresponsetowardthedesiredsignaldirectionwhichis

closelylocatednearthetwoconstraintdirectionswouldbringabout

thelargeenhancementoftheinternalnoisepowerwhichwouldbeagainst

minimizationoftheoutputpower.Theperformancetothe10wsignal-to-

noiseratioenvironmentisalmostidentica:Ltothesingleconstraint

system.Thus,thedoubledirectionalconstraintsystemismoreflexible

overthesingledirectionalconstraintsystem｡

Someexperimentsbymeansofcomputersimulationarecarried

outtoverifythefeaturepredictedbythetheory.Thedatapointsof

experimentfitwellwiththetheoryinspiteofthedifferenceofthe
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feedbackconcept,i.e.thesampledfeedbackandcontinuousfeedback.

Deviationoftheexperimenta:Lresultsfromthetheorydependsonthe

feedbacksignalwhichisdeducedfromtheinstantaneoussampledvalues.

Thesedeviationsarecloselyrelatedtoproductoftheinputpowerand

thestepsizeofthefeedbackloop.Choiceofthesmallerstepsize

decreasessuchdeviations,butrequireslargeamountofconvergence

time.Automaticsettingofastepsizetofollowtheinputpowervar-

iationfromtheenvironmentmustbestudiedinfuture｡

Throughoutthispart,arraysystemisassumedtobelinear

withhalfwavelengthspacing,butextentionto七±iearraysystemwithtwo

orthreedimensionalarrangementcanbetreatedinastraightforward

manner.工naddition,thetheorycantreatthecasewithlargernumber

ofinterferences.However,itistobenotedthattheequationof

higherthanfifthdegreescannotbesolvedanalyticallyingeneral.

Theaidofcomputerisindispensabletoanalyzeforsuchconditions｡

Siimmarizingtheresultsdiscussedinthispart,thesuf-

ficientperformanceofthepresentsystemhavebeenverifiedthrough

analysesandcomputersimulationexperiments.Todemonstratethe

favorablefeatureofthepresentsystem,additionaldiscussionsare

givenasfollows.Theproportionalrelationshipbetweensomeadaptive

arrayshavebeenproved,whichshowsthissystemattainsthesame

resultswithothersystemsunderthemostfriendlyenvironment.0nthe

otherhand.undermoreadversecondition,thepredominanceofthe

presentsystembecomesobvious,i.e.theflexibilityontheapriori
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knowledgeaboutthedesiredsignal,whiletheadaptivearraywithleast-

mean-square-errorcriterion,forexample,requiresperfectsynchroni-

zationbetweenthereferencesignalandthereceiveddesiredsignal.

Thepresentsystemisapplicabletothecaseinwhichtheincidentdi-

rectionofthedesiredsignalisapproximatelyknownapriori.工nad-

dition.ifthesourceofthedesiredsignalmoveswithtime,thecon-

straintdirectionmaybechangedinaprogram-trackingmannertomain-

tainthereceptionwithhighsignal-to-noiseratio.
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APPEND工X

Asatellitepositioncanbederivedusuallyfromso-called

thesixorbital-e:Lements,whicharesemimajoraxis(a),eccentricity

(e),orbitalinclination(i),riqhtascensionofascendingnode(Ω),

argumentofperigee(ω)andmeananomaly(M).But,wewilltreatthe

circularorbitofasatellite,sothattwoofthem,eccentricityand

argumentofperigeewhichareinherentintheellipticalorbit,are

nottakenintoconsideration｡

Intheorbitalplane,asatelliterevolvesaroundthegeo-

centerwithconstantangularvelocityωS゛Sphericalearthisassiiitiedin

thefollowingderivation°XωaxiSoftheorbitplanecoordinatesystemis

takentowardthedirectioninwhichasatellitepassesacrosstheequa-

torialplanenorthward.Therefore,attimet,thepositionofasatel-

liteintheorbitplanecoordinatesystemcanbewrittenas.

3
3
3

X
Y
Z

-
- R

○

cosωt

S

sinωt

S

O

(A.I)

Itistobenotedthatreferenceoftimeistakenattheinstancewhen

thesatellitepassesacrosstheequatorialplanenorthwardforsimplicity

ofthederivation.Ristheradiusoftheorbit｡
O

Fo1:Lowingtheassumptionsabove,therightascension-decli-

nationcoordinatesystemandtheorbitplanecoordinatesystemare

relatedtoeachotherasshowninFig.A.I.Transformationbetween
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thesecoordinatesystemsisasfollows

=

IX
Y
Z

cosQ-sinΩcosisinΩsini

sLnQcosΩcosi-cosΩsini

osinicosi

ω

y

ω

Z
ω

(A.2)

Substituting(A.I)into(A.2),thepositionofasatelliteintheright

ascension-declinationcoordinatesystemcanbeobtainedasfollows.

X=R(coSΩcoSωt
OS

- sinΩcosisinω七)

S

Y=R(SinΩcoSω七十cosncosiSinωt)
OSS

Z=RsiniSinωt

OS

(A.3)

(A.4)

(A.5)

Thepositionoftheobserverintherightascension-declinationcoordi-

natesystemiswrittenas,

χ゜ReCOS0CosΩ0

Y°RecosGsinΩ0

Z°Resin0

whereoisthelatitudeof七heobserverandQ.

(A.6)

(A.7)

(A.8)

isthelocalsidereal

timeoftheobserver.Ristheradiusoftheearth.Astheangular
e

velocityofearthrotationisnotedbyωe″thelocalsiderealtimecan

beexpressedbythefollowingequation.

ΩO°Ωi十ωet
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whereΩ.isthelocalsiderealtimeatthereferencetime.Subtracting
･

thepositionvectoroftheobserverfromthatofasatellite,thepo-

sitionvectorofasatelliteseenfromtheobserverisobtainedas.

X°RO(cosΩcosωst‾sillΩcoSiSinωSt)'ReCOS0coSΩ○(A.10)

Y°Ro(sillΩcosωst十cosΩcoSiSinωst)“ReCOS0sinΩ0

Z=Rsinisinωt
OS

- Rsin0
e

(A.11)

(A.12)

Bytheway,therightascension-declinationcoordinatesystemandthe

topocentriccoordinatesystemarerelatedtoeachotherasshownin

Fig.A.2.Andt二herelationshipbetweenthemiswrittenasfollows.

=

j
h
h
h

χ
Υ
Z

sin(E)cosΩ
0

‾sinΩ
0

cosΘcosΩ
0

sin(E)sinΩ
0

cosΩ
0

cosΘsinfi
^

-COS0

0

sin0

X

Y

Z

(A.13)

Therefore,substituting(A.10),(A.11)and(A.12)into(A.13),(1.3

17),{工.3.18)and(工.3.19)ofPART1,Chapter3canbeobtainedas

follows.

X=R{cosωtSinΘcos(φ十ωt)十sinwtcosisinOsin(Φ十ωt)
hosese

- SinωtsiniCOS0)}
S

Y=R{sino)tcosicoS(φ十ωt)-cosωtSin(φ十ωt)}
hosese

(A.14)

(A.15)

Z=R{sinωtcos9COS(Φ十ωt)+sinωtcosiCOS0sin{Φ十ωt)
hosese
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雫

十sinωtsinisinO)

S

- R
e

(A.16)

whereφisthedifferencebetweentherightascensionofobserver's

meridianatthereferencetimeandtherightascensionofascending

node,whichcanbewrittenas,

Φ゜ΩO‾Ω
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