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. 'The use of the subspace decomposItion in bearing estll1fation is studied,

Opera~or;decomposit1on approach is used to provide a more basic and unified
:.....

framework to the spe~~umrepresentation.This_~f1ed approach is then utilized

to' study the geometric relationships between the conventional. high 'resolution.
. . ,"

and super resolution spectrum esti.ation ~echniques.

Be~rini:'estimationunder c~herent signal environment is considered. A

methodolo~' is dev~loped to estimate the number of incoming signals and the

.'.'
.'

optimum number of subarra}~ concurrently.

Beamforming is presented in a more general framework.
\

The concept of

"'. beallforrdng as a process· of joint bearing estillation and interference cancel-:-
, ,

lation is proposed,

Finally, a restart to the array processing and digital signal processing
'. .'
"

problellls in general. is initiated.
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A set of sensing elements placed in a known spatial pattern .19 ~nerally refe~red

·to ...nar";~The aim· or arr~y proc.sslne Is to-extract the enviroMental

information of interest from the signals r~ce.i\.'ed by the arra}'. Array processing
r. ' . .

has proved. to be useful In cUrt'erent discIplintis such as radar. sonar. communIca- ,

•
tion. seislloloino·. and astronolllY, The In!oI"lllation to be e:ttracted lIIay in. i;ener31. ,

" ,

" :.

.....

be different in dIfferent contexts.
.. \..

". I

In ~eneral. the task of array processing can be divided into two major
\

cate~ories. v-iz;

(a) Bearin~ estillation : Estilllation of the angle of arriv-al of the signal

(b) Beallt.'or-1I1n~ Reception of a particular si~al of interest while

suppressing.others.

BealDt'orllllng can further' be ~lvided into two sub c3.te~ories. naJllel~:

(1) Reception of a signal coming from a known cUrection while suppressing other

Inte!"ferenc~s.

(2) Reception of all the incolll.1ng signals troll distinct and unknown cUrections

separately while suppressing the rest of the sif:Tlals which appear as inter-:-

ferences to the signal chosen to receive.

Adaptive array processln~ has received a ~eat deal of attention in many

areas such as. radar. sonar. couunication and seisJllology as a lIIeans of

perfoMlin~ the above tasks. One or the pr-illlalj' reasons for this fast ~wing

interest in adaptive array is its capability to autollatically perforlll on-lineI'·
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''' ..

, .......

....

-." ......

~ \?" " "~ .,... .. ....~. .,......,:-.. . .....

:',,,,,,.~ "=-;" ." .~.: .:~~"<.:";:~ ~~~:; '-., ... .....~... '"

.~.,,_."-!:'~~"'.'::~~.':.'.'.~.'~"'~.~"".~.:..:~.',6,',.,',. _:"~ ~':...~ 2~",-.•. " ::.,~ } «c.:'
", ,- -. -' C~- ;", ~ ·-.;.:.~~~·····>~:t

......;.. ~ .,".: '<l, ~_.~ ...~. .</, ..'" -, a 0"':, .:~,;.
p ......... t.... ..' . ~ ,,- ..... .~. -'''~..... :~~

.. .~"'''''''''' ... .......... . , .. ....; :..... '.. .. '" .. 'J\.~'" ,.,
process1,n£ 1n.·.~i~ sl~al ~~v!,rOna~~:~.?~eH' adjustin~ o.t· adaptive'.~apabi-

."'~": ..... ~e..·l)~ra~~~"'Ot ..~ChS~t~S~~~.~l1able and flexible and. more
.... ,,' ....~. ~: ").\:, ~. ' ...,~ ........:~ ~ ~;. -. .... "-'...~ .~" ~':~~~ ~~' ..:'.:~ ~~~..~. .'

: .. ~: •~"1.pOi'tant1Y.;-'ot!ers•..J..proved reception performanCe..·· .
:- ~ :~.' .~~:..,~." ....::.~ -" ,'7; ~>:~.~.~ ~\~~,..,-~.~..;.:'> ."~" .
-'::.~:.~t~\~' ..:-·~~,~··~":or. ~~.~ 'ope~es .iIi th:e- inevitable presence or undesirable

';~'.. __ .... ,: ~ : •.•~ ... '.:'~. .': ..... :...........~..~"" . ~'w~..... .... ..... ' ......., ..... 0 ......, • 0 •

. ' .~." inter!ereD~ 'wll1ch aay '~nsls1"'Qr~~de116erate'-e'lecttonic countermeasures.
~"'~' -::.~~.~~~: -..~~:..~.:.:. .';-. . "''..::;>'~.'' ...~~~~-" .
. ~. . nonho;tiie. interferences: ~)utte~~'~Catter"Tetarnsand natural noise sources.
..... -: ...;;....:·.0.... ';-::'::,,,.~'> ...._ ~, . 'c.. ~...... , :-":.'.:~:::... . ... '. ..
~..~ .. De~rada~foh ot _. tll~'W'~ay,,=. p·el"lormancedue..-:: to such noise lIay be further 'ag-

t". '''~''~~'~... _'" ~; , ~:' ..... ........ ." ~ ~

. ....·~~iI'~wated byrandoll sensor'~· aotion-: poor' sjtin~ conditions.' multipath ray ettects
~ ..... .... - 'o~::"".o .. "- - '- -., ........., ..... . . .....

." llOd a constllOuY changin~·lntel'ference~enviroruient.:There!or'e. the suppression
.••. .. . '. o ...

............. '" ."", ." .. . .
.. of interference '1s quite illlportant 1na11: applications. Adaptive array systelll has

• 0', ..:.... -', • """... • •

the ability to automatically s~~~e the ~resence oi\ntel'rer~'nce noise sources and

suppress tneseJ noise sources whii~"'siiDultaneousl)'enhanC.1n~ 'the desired sign~l. .
reception without a priori knolll'led~e or 'the s·ikiml....o~ noise environlllen~.

.. .":'" .,~.......

After reviewing the task~ ot the ar.~~'y"proce~singand the advantages of
..- '"

the adaptive array processing bt"ietly"lll'e.next·con~1der.'thefirst. art"ay processing

.. .~ :: ..
In bearing estimati~on= high' resolution techniques _SUCh' as -maXimum

.', '. ..,~- ~ ".,...... . . ' .-",
likelihood (ML) [Capon(1969)]•.and th'e l.inear. prediction:.{LP) !9troduced an~_
'. • '.. .... • • ..;....... ~ ~ .... ,.... ....."... .... • ..... 0 •••• ......

task: Bea=.in&' Est.a8t1on~ ..... '..
.~

o ...... , .....

.....

developed by Yule. Walker.~WieOf;r-~and Le~inson. and' furthe'r developed by, Surf:-. .. .' .... -.. .

(1967.1969), McOonou~h (19lj'4) and lIlany:others.ha\Oe been used. unt"ii- the reeent-:- "
...... .... -'... -. .. ~ -

development of super resolution techniques. SUper resoiution techIi:1que;·.·such as" '~. -:' -;
. .;......... ...... ......... . '.: .:: _....... - -_ 0:.. .... -.. :,....:: ....._.

Plsarenko har1lonic' decolrlpositio'n (PHD) [pfsar-enko "U.972){·MOdi·!li<t"f~rwar'd and '"
• • '.' .:. <00 .. .. :--- ...... " .

..

backward lin~m'·prediction (MFBLP),[Tutt and'Kumar-esan (1982)J.·Multiple signal

ClaSS!ncati~ri'(MUSIC)' tsc~~~ (1~'i9.~9~2)j ~(r'~l~lIlUJl~~~~a ',~) Ileth~ --
. . .... '.. ~ ....-:.. , .. - .

[KUllaresan and..Tuft (1983)] .are' baSed on the subsPace-:aeco.posltion of cross
4 "'" ~'": .. .4" '. ....... ...... • .. .. ~....

.spec~ density .atrlx. o~ or all the aboVe .supe~ resol!J,tl~n techniques. the -'.'

' ..
..

-. ..'
r ...- ... ~.......

"

.:,r
/ .
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.~.: .~,:.,.~:.-:..~.. ::~ /.>::':' ..~/:;~.-.,.'..;·:><t'_ ..:.: .~'~ .\;;:.:..:~-:;;.~": .. ,." .~. ~O··.:.~",' .,:~ '.:.;.' ~;~...::" ',.•;;<" "'~~=-~ : ,-.~_; ~:;"~~" ..;:~~'
' ....' "-;'" .',": - version Ot·"thE!' Plsarenko':harllon!c ·decoDl~ps.ition. -. ,<,;~" -:: .......... .• :: ..>;y.. .-.~.;"

',';, :~~:::::~·/:.:<··~··;.'·· ..7-/·::~:~.::;:.>:.:·~ ..·:·-::./·,:':..~'- :i: ~~.......~~~~" ",~ .~. : ~-.~.' ·:;;2~.~- ..~ ....,,:.:. '<.....~.y.".;, .....
•' '-:~ ;::~" :~.. ~ .;..• ~•••. :=.:: :: ~':Mo['~'--re.cenlly/ariothe·~.aperqach t()~ec.:bea~.~ • estiniatio~, probn~lll,.?r" -0;" _ •.r.~ ~ .:.-:';.'.~" ~": ;,:"-,]:~-!:.•;: ..... ,~::: ;'~~~'.;~ ~:;.' .:. ..:..:.-.'::-':>. ,-. ,:.:2. .,.C= '. !' .~,.~ • : .• ~.,~~:...~:. _ ~.:;.~ ~4.. :. ,_:'''C:'.;,..:..~: :~"::,"'~' :~,:._ :.:"

.' '~., . . ,-'. >. ca11ed.-the ,·.estiilatiori:9f~·.s1gnal: parameters·,by rotatiopal' \1nvarjant.J;~ch,ni1'lUe·. '.' .: ::-.,; ;
:';.;'" <;..;. '-, ~: ,.:.- :/'~'" : .,.._'.~ :.:~-:<:~. ':'., ,~, -.~ ::~,: ..::" :':_ ,.' .:. . .. '~~.'. _. "., -..' .t"~~' .::.<~: :: :~.. '. '..-~ ,.:',

J ~:: ; .. " ,," -, (ESPRIT}' lltas' .propo'sed .QY ·Paitlraj....R..oy.. and.~ Railath i 1.986). : E$PRIT ~ Ja~k.es- the.·- ."~ '., .•
..... r. :." ....:. ",:':: .. _.: "'... ., ••~ ~.: ••~ ....,~..... '.'. '. I ...._'llf •• ~••" ~. '.::; .. ~.; ........:: . ~~., :.7··~· •.:.... _ ......: .~........ :,.. ....~ .~~. ,.- 0"

:. ;'" .'. '. ~ .8ss~p~ori:~~(th~·-noise"is spat1~lY'~~orrel~~.ed and :;he~ var:j~ceof tb~·.n~~~~ ..:·.>·
: r", •••• :'-:'~" .• ',;.". ". _'~ -:.,4 r, .. '.. J •• '.-~ :. ':". ~.'.- ~ ' .. ~:" ~.~ : - ~ __ ".:.,.. - ~ .._ " ..

- ~. ".< :". 1s :knoWn.~·1'h..e ·-va..r1ance,.of the no1s-e:is~ nof:known .. in: practice '. and ~henc·e.,the· .:.' .- .
• ,.'.. : •••••• ~. :-••'.~ •• , _ \" .... • r •• .. : • : •••• " :' ':. .' .~_.~: : : ••••• :. ''':'"_: ,: _ , ..

. -','.::: .':':. ., _applicability. ~r' the; ESPRIT .::.will be, .1iauted::· A-'~ new' appro"ach'ji'-·. the: 't(e~ing: ':". '.,
:. ~'.' >:'<-.--; ~ ~'.' .' .., ~'. ~.. ':.';- ..... c_ ' .":; ' ..'. .:... _-" - ..-.: . ~,:-:.'~.::_'i~: .. ~-' _.. '" ~.'.. . ': '. .
',- ,.,' ~ : :·~s'~JIIa.t1~:m.• l:lroblem.'WithlainiJDuJa a~mption can~be ...f~und:.10.Da!,~~~.a~e.::-(:~~~7}:·-·-:.:~~· C" •. '.,

.~.~, .. ' .>: .-' :..:.; '. '~.:' .' ; :' '.._) :~.-..~.: ,:..<.,~,,~:--,::,:~../.:.:> :.:. .. , "
.. ~ ,:.:, ,.', : : : "Subspace aecoapoSlt1on of the... cr'oss-.spec;.ral ,density·:lIIa.trix·.1~gerie·raI~·, .

• ....' ~ , . ~. ..:-. . •. r· ...-~ ~ ': .~ . ... . ,.' ..... _ .• , ':'- .:::'~"" .~: ...- ;:'__..~.""~:. '~:::~; ..~~.~::: ~~:.'~~.~'.~<': .;, ..:~:, ,;_ .... -~ .
.. ' ... " ~'.. , o.bta:ined by·.' uSin~ ~e 'generalized 'e!2'envai~ii·efgen~,~§!o~:~e~C?~~osU;iq!l~u~,(· the'·. J

·-·:·:;.:-~~~iXci.~~(.i~ + ~j.e.:c~~..~~~.;,.-!'~e';si~m~~;~;,:n~!;~t~~~~~:::':·:'< .. '.
,. ,.... -,. ~ :.~:;. ··'-~·p~ctral. ~e~sity" '-:matrL"(}.. 'Algorith~~:-fo~. ~~~erallZ~:~i~ri~ai~~~~ri~~~~r.··: ... -

..........~ - '._. .. ••__ .. ~._"•• '. -" , ." 4

H

• :~.~~~" :';'''~'''''.' ~"•••-., __ ..;<~'.: ~~; :;-,~ ,~.; ._.~.:--.~ .
., , decomposition can be found in Moler :-and.·Stewart·- (1973);- Peters -.-and Wilkinson'·

' •.. ' :',::(19-70;/'~~Ufm'an'(-1~74:19~7):.~~~·ift~·.(i~~~;;·~~.~d~,:w~~d·~;i:~75/:I~~./~~L~.~·~~".th~.·:.;· ....~-
. . .' , ..... ?'.'" ' .......;...: :a~:~ "':, .~:. \,~ ...... ,'::

-eeneralized e1genvalu~ e.i~envectbr decomposJt1on 'pr'ohi~m"~'~~gh'~heiene~alized .
.. .... ... ..' ~ ... '~,...~:. ~ .... ".:' ~:: ';" . -: . ,- . -~.. ", .~.,. -~.~ ... ~ ..

. s1n~larvalue sin!iularvec'tor' d~coll.poslti~n o'perated ~n- the':mattlx 'p~ncil' (sr~al -jo.~ •
. .. . ' .. ..' ..''''.' ~. -.'~ ". ' ,,:"' .. ' -' .. -~ "-..-.

no.i'se data matrix: noise only data matrix).has.·bee~·of>interest. re~e.nt!l'·du~ .to
,-

..'

" ~ its numerical stability. Algorithms for. cOlnptit1~g ·the~.e-~ner~zed.s~gula;:-.~lue .
. ,.,,: -- ---, .'

" ,

-.

's1ngularvector de~om~Sit10~can be. foun.d in Van ~?~n (1~?5.~1J76~. :Chan (1982),
l' r· '. :'" - . . '.'_

LUk·(l,980). A' Ilore ~enet'al arid computationallyaJlle'ilable: solution has' been iiveri..' - .. ...... '. .

.'

...", .. , "

obtained' throu~h. the' g~ner.al1zed' -~iienviU~e :eige~ve~t.~; ~decolllp.os,ition or

generaIized s:ingwarvalue_singul.arv~ct~t ~·decom·Positiori. -Si~aI anl~ rioise subspaces. ~ , . . ..
..' .,'-

~. . . ..
.'

...
.... .. ': : ~

..' ...
.. ',-'. . .....

- 1,- .- .-.. --

'. '

~.'
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·,~·ar; '~rierali?--:'s~~ated 'based on an,. iritorllation:tneoretic':criterion' SUCh,JlS
.,. '.,' .. :' .... . ".,::: .

.,','" ~,·Akaike Inforaation ..theoretic criterIon.. : (AIC) '. or .1Iln1Jiua 'desc~'lpt1~n -lenetl\'.•... " .. ..... "'.... .' .'

...,.>~~·~:~~1~e~~.6~· ~~C). "'~: the', ~~y:,~~~SSin£·'.context. ~C' and MOLe had' been'

;.>::.~.. l~~esti~~~ b;' Wax ~d Kaila~::u984). Ma~~ok~·and .Ulrych (1986).~Wan~ and
'.'''~'" .... f'. . .' . ." • '. . • '.,

...

.'~..::

"' ..... .:-:' '" -
" -

Ka\ieh,1l986). Kaveh and' W8n£ (1987).
, ..'

. _." .
As lo[" .beutorainZ. w~ find thatlllany criteria have been deveioped in

·r·

the past years; out o( whIch' the .inl.WI variance·.dlstortio~lessresponse. . "" .. .... . .' .

.... , .

(MVDR) beam1'ormer . due toC8pon' (1969) has been 01' Interest to many resear:'"

'. cherS [MonzingO and Miller (1980). Haykin (1985. 1986)]. S~rprislngly. to our
.kDowledge 'all the existing ~8.IlI!ormers are capable 01' ·receiv.1ne signals coming

· ,. . . ~

,fror; a 'known direction while suppressin£ the rest of the sl~als and none of the

,available beamformers are, capable .of receiving the' signal reaching from unknow~

· and distin'ct directions .while suppressine the interferences. Some constru~tiv~

" : p~losophica1'thoughts about adaptive array processing beyond the beamforllling

..
.- -

....
Neither oearlng estimation nor beamio~ing techniques would'perform

, '

.. '

.-

successfully when the inconiing sienals are coherent. Solution to the difficulties

associated "'ith the coherent signal environment has been achieved by spatial

· ,smoothing of the ci-.oss spectral d~nsi~' matrix [Evans et al (1982)J. Further

~scusslon on the spatial smoothing' 01' ·the cross spectral density matrix 'can be

fo'und in recent papers by Shan and Kailath (1985). Shan. Wax and Kallath(1985) .

. .Having brie~ly'd1scussed the adaptive 'array processing as a whole. now

. " .we 'consider the u.pleaentation measures. In general high performance special
. - ..'

purpose:co~puter sy~tems ~e used to' meet sPecific application requirements or

to 'o1'! load computations that are specially. taxing on general purpose cOlllputers,

. To achieve thIs in adaptive.army processing, the concept or systolic architec-
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tures'- a~'~ra.l :'lIleth~~ol~gy fO. lIla~ing high l~vel cOlllputations into the

har~e 'struct~s has been the 1Il0st ~c~tinterest ot many disciplines. In a

.... "

",'

','

systolic. s~telll, data flow frolll ·the cOIllPuterllellory in a r-hyt,hll:lc fashion,

passl~thi'ough.. lIlany p~cessl~ elements t>etore they return to the Ilemory.

Such architecture and -algorlthJis provlde,.llodular· ~rallelislll, re~ar data flow,

, . . and hi~ efficiency, while us1~ only local interconnectioA$.Sinceessentially

co~tan~ efficiency is lIlaintained "as' the - 'parallelism is increased, theY,are
. -

especially attractive for the' intensive, and' highly regular computations needea in.. '

bearing estiJiation and bealltonting in adaptive array process1'ng, More .detailed
. .. "

ctlscuss.ton about the systolic arch1tectur~ can be"fOurid in Kung (1982);

In adaptive array processing, a m~r portion. of the resulting com'Puta

tional load can :be reduced' to a commoD-setof basic matrix operations including

m~lrlx - vector m'ultiplication, matrix - ~atrix multiplication and addition, 'linear

equation solution arid ,least squ.are,s ;approximate solutions, solution of Hermitian

eigensystems and g~neral1zed eigensystems, singularvalue decomposition and
. .,. -

generalized.singularvalue d~cOlDposit.ion.. and' general matrix eigenvalue'decom-.- . ~ -.

position..Extensive discussion on the use of syStofic • architecture 1n 'signal

" -
proces~ing can be found in Speiser and Whitehouse (1981,1983), Bromley, anc:i. .

+

Whitehouse -(1981), Kung, Whitehouse. and Kailath (1985),
.

Gentleman and Kung

(198]), Mcwhirter (1981), Ka1lath (1~83) and Haykin (1986). Kung (1986). Solution,

to;· the singularvalue singularvector decomposition and generalized symm~tric
-' '

..

ei~envalue eigenvector decomposition on multiprocessor arrays can be found in

Brent and Luk (1985).

Up to this point we have briefly presented the task of arr,ay processing,

advantages of adaptive array processing, bearing estimation techniqUes. beam-
. . .

forming techniques. use of the s~tol1c architecture 1n implementation. Therefore.

,
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. now ~t is the ti.e to...presen~ our conti-1b~~ri.:·:J~~:-'~~~~~i:·';e-!~~~~~e·.~ew
:.~~..... ,'::' .. "... . ... " .~

techniques along.with .ore ~neral .un1tlcatlon to bOth' "be~ing esti~atlon and>';,)
. " ~ • ,.'" ' ."'! ' ". ' •.~. ..~. l' ~, •

~ ":.., .'
. . ..,;". ,.... • "·f '.'1.• ' .' ..

beamtorming in adaptive. array ·processing.•These techniques are developed'in the
•. • - ,," •• ' •• • ~~ • ~':. :.,. .: , ::~. t .;.:.... "......,. ' r ;:'.~ '. .:... • '.

tOrDIor systolic array strUctilres ...~~ch-~ ·.1S~:-suitable· '!or':lI8p'ptng ·the. into
. ", .' . .

... :-- .... ""'; , .• ;h •

.hardware structures. This theSis is· organj.zed ·jz{such::a way that' each, ch8pter -as-.
.. ". ,"'~' ;. :.'.~' "., -: ~ .-' .~. '.;~ .: .',:". .. • '..l .;,' .

well as each: section .w,1th1n J.t'pre·sent,sollle contr1bution,·to the !1eld·'Or'8l'ray
'. . · ·u ,:" .•••.',' , ;.•.•':.:~•.~..:, .••.••.• ' •.• '" ", .•
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SUBSPACE DECOMPOSITION IN'ADA~TrvE
.......

.'

ARRAY PROCESSIN$

' ..

Preview' Anax-ray of sensors, wh.1ch' Is excited by 'narrow baJl(f or b['?ad. b.and

signals COiling from distinct directions is ~onside;ed. Asienal:'m.odel is
~ ~ ..

• ' t'

..'. ,

suitably formulated to make use of the frequency dom~n proces~.ing in
. . , ~ ""...r ..,.' ': .:~ ',.

bearing estimation and beamforming in adaptive arraY..'-Processing. ..' .'

rrator deco.position 'approaCh is used•m,S~lVing'thearr~Y p;.oceSsin~· ..

problell. . . _ •. ".. . . . "

Vectors 'that' represent· the:si~al'and"noises~ceareobtai~ed'. . " . .. ,.

;.

by ~ingth.e., generalized' eigenvalue elgenveqtor'.decompos'ltion. Sig- '.

. 'n1ficance or the .gene:ralize? eigerivalue~ ariq .~enera1izedeigem;'e.ctgrs is
~ ...

'1,,,-"

.~. '..' ..

,stu~ied~ Proper orthogonal proJection multiple classification .(POp"':: ....-...-.:..-..

:. MUSIC) spectrUlD estimation technique is 'introduced. It isshowri that

the POP-MUSIC is a more generalized versioIt' ·of the' MUSIC, ~ethod. '

~atipnary sl~~l and noise .environment is ~ssumed ~ro~ghout

thIs forllulation. Slow varyIRg nonstatlonary -environments can be

handled by.using a forgetting factor.

:'1

2.0 .Prob1~. Definition .

In -the space if we have signals com.in£ from diff~rent directions. it is·

the interest of lIIany~discipnnes tc? find out' the directions they co~e frolll an.~

obtain. the inforllation contain in those signals. To receive the incoming .signals
. . . . - - .'

7
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:,: ,',' ,,''~d:, to ,dls~r1Jllinate a~nst.:'theil' we USe an array ot" sensors. In': ite~et"al art"ay ot
. .., ; " ..... , ..~ ..' . ~. .... . .., . :.. . '. ...".~ ~ --: .:' .:-

"~:,,,~,:,~~ '~e~sors 'can IUive ;my' arbitrary ~ollletry~ But' !o~ si.Pl1city we 6oris1der'8 linear ",
..' '...... "'~ .,." '.' , .. ,~., .' ~o; , '/'.

8t"ray of uniforllly>spaced sensors. The basic natut"e ot, the art"ay is· ~1ven below:
" . • _._. ". • I •.~ .... ,.

...."'..

'-

•

S\_/S.. . ,. .~

:.,<.l.
\), s~nsot"'output

,'. -.. '

array of sensors,~:~

,'.

'.

,',

." ...
" -

..'.

~. '

, " '. ,

,~.., .
" Our task ~s: to obWn.the information related to "the incoming signals

I " .

"-.

. . '.
, , .

from 'the sensor output. In our study we only consider the far field sources so ~ ";..
. .

that we, can asswne the incoming signals are 'pla~es: waves. We further restrict

ou~ st~esi~als'In' the plane ~f the array: In ',the 98se where the '..

incoming sign~~s are not ,in the ~lane of'the array, a set of~~ray that' are,
, .

'"

perpendi~ular to ,each other has to be used.

,,'

':.. ..,

'2.1 Signal Model
..

We consider a linear array ,consisting of M isotropic, sensors with a.. ' ,

, "

_uniforll separation of distance 2. A ,signal model. for the case of narrow band

sigyial can t>e foun~ in' Monzingo and Miller: (1980). and HaYkln (1985). In. the
'" , :.

case 'of the broad band.signals a s~gnal model has been given in'~a~g and Kaveh

P985).- Suppose we-have K. signals Sk(t). ·k-l.2.....K each' being either a narrow

band or a broadband'signal th~ spectrum of which covers the discrete frequen-

,.-

k~ signal received at the m~ sensor s_(t) can be expressed as..
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~-~~ 2~m£

s_(t) - r Ak(CD) exp[j{CLlt +' - sIn 8k ... ¢k(~)}]

CD·~o ~(CD)

, "

..;:

(2.1.].)
where, .t(CD) Is the wave length (should, not be confused with normalized·

'.' .. wavelength) 'and lPk(ciI) ,~s the phase of thekth signal at fre~ency w, CLlkO
'. . .-

" and ~~ are the" lowest ~d' highest frequency components of the k~signal

frequency band. ~(Ql) Is the ~plitti'de of th~ kth signal- at frequency Ql and
" , '

'. W repr.~s,ents the dIscrete frequenc'les CDkj" i.O.l.2.~ ...L~ for ,allk. , '

'.".,

.....K are uncor"related. The output of ,the ,~thsensor due to "thE(in~oming signals
• '.. OJ....

-.' ,.0 .~.

......

K
x..(t) .. L s",..(t) + lJ..(t)

k-l

.......
"

where. v..(t)is the noIs~ at the output of the mth se~sor,
" ,

The outP~t sIgnal x..(t) from all the: 'sensors: Is sampled to faciUt~te- .- . ,- , :

, .
process1ne. To obtain the frequency Information; we divide-, the ~a!npled signah'. .. 0..· .'

, ..
into b,locks of ,I samples and apply"the dJs'crete Fourier t'ransform'(DFT) which "

•• ° 'a

can be r"ealized usine the fast Four"Ier transform (FFT) algorithm or the Winograd
,"

Fourier tr.ansform (WFT) algorithm. 'to each block of data. The nth block of data

is generally call as the nth snapshot. For the n't:h block of data' ':<..[(n-1)1+i]. i~-
, "

0.1.2.....1-1. after applying the 'OFT, 'the amplitude ~dphase information of the
.' r ..~

"

sI~al at the frequency: 41 Is contained in u..(n) where,

'.

;

, "

K
u..(n) ., L[Ak(n) expUljlk(n»:

k-1

.
,~ 2lt1ll2" • ,_,

expU, --' sin 8 k ')] + v ..(nl.,
, .t. ,-

, .¥ k. ~ Is the wavele~ at"' frequenc.y ClI.

K
i.e, u.(n) - LSk(n)zk" + lI..(n)

k-1 .

'"

(2.1..4)

, . .
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"(2.1.5) .
Ii ·~-J,-J+1, ....J. J • (M~1)/2. and 1I.(n) 1s the frequency 'comPone'nt QI of,· " "-

. "

where. s.. (n} - A.(n) expU"~(n».'

2d,

z.. a exp(.r --' sin .Sic)
',t

'.
','

..

, ,

t. "

~

.~."-. ,.' " ,,', .

"

'.

" '

the Fourier transform or the nth block of the sampled version 'of v...(t).· Ml;
• r ' . .. ~ •. . ' ........... ~

chosen to be odd.
.~ .. '

The quantity ~.(n) .at' nth snapshot from' all the sensors can be arrang~d. . ' ... -. , ~ ,

.' ,

'into vector t'orm,i.e.•

, ,

"

K . ,

!d(e..)s..(n) .. ~(n). cvE[QI~J.noQl ...-.l
k.. !

Ii(n) '.

": .

:: . '.

'.. : ...
... .....

. .... .... :

, .,

.'

wher'e'd(S ) .,.. 'u-"'(z -03 z -J"i. z -.J'-a " z' J)T'
. • ~_fi k·.k k.

, -
... lI(n)"- ~v:-J(n}.v~~_1(n)•. ~ .•LJ;(n»T,'· :
.arid, [.]'1" denotes the transpo~e of [.].'

. . . . .

','

... ' ~

, (2.1~7)

," (2.1.8)

." ..

. '

, .
Eqn. ~2.1.6) ~anbe written ,into a matrix form so th~t.

, '

, ..... ,{D(s,)9(n>.+
,u{n) ~.' ' '"
. . '.' v(n)..

.' '

where. -

, .,.
, ,'.

" ,

(2.1.9)

..:,.:: ,,'

.....

,ri~a) ::', [d(e1}.d(e2)' d(e~}].' ::

:9(n) ~ (s1(n).s2(n) s~(n»'1".,'

-,
• :1 .....

, (2.1;10)

~ " (2.1.11)··

.'

~=E[~(n).uK(n)]. where 'E" d~~o1;es th~' e?C~c~~on opera.tor. U~d~r ~e. stationar;,

sign~l and 'noise eRvlronlnent, exPectation op.eratOr'~an. t>e' replaced by the' time'

'".. :'"

, . "

,,'



,that th~'cross spect~a1': d~nsity matrix at a given trequencY"canbe more ari- ..' ..
'.' .

curatel~; esti..ated. 'rhus us1n~ eqn. (2.1.9) we can tirst' form the data matrix."" .
. . . ...... . . .' .. .•.. .~:.' '" '.. '.

'L~

0(0) such 'that. " ';

U(n)" - [~(l).U(2) .....u(n)]: ','

....

... ~.~ .

:.'

.... ' .
.' ".

-,
.' "

, '

. ".., '~'.

....... ,

"

......

.' .:

n·

, . '.
"

. .,. .. ~ ..... . ....

.....

.'1.

" .
. ' .. :~::~

"" :

'.. '.' '. .... -. .. .. '., .... .. :. .~ . .. : '.' .' ' - .'....
where. D(e) is a" Vanderll'londe ll'I.atrl~ determined by, e k • k"'1,2.3......K and 'the

~(n).E C-CNn • ~(e) E,CMN.IC: • S(o) E C~N"': and N(n) E C~~.. .

cJ.>e.;l denotes the complex spac~ of ,dimension (j,j).,.

,The estimate ~(n) ·'ofthe 'cross .spectral density .Jnatrlx ~ after n snap- ".. .'. . . . '. .

~ [D(e)S(n)" + N(~)_ •

, H(n). - "

.,.'..

frequency 0,;'

Sen) -- [s(l).s{2) s(n)] ,

N(n)-[...(l )....(2) (n)]

, \
., ....

..- ....

(2.1.12)
,.

(2.1.13) :

(2.1.14)

(2.1.15)

'~.

','

~. ....

, .,., shots can be obtained as.
'. ' .

; ..

....

-,

~(n) E C-CNM.
, ,

, Substituting tor U(n) in eqn: (2.1.16) from eqn. (2.1.13) we obtain,
.....::. ...~ .. ' 1'.: ..\.... "',' ." .

"(n) -•. { n~:((D(9)S(n) '. N(n))[D(9)S(n) .N(n»)"}: "E(",-.~." ] .

n N(n)W'(n), " . (lj~[<u...s.n,<u",• .J
, ",,\ . -

{
n-1{D(e)s~n)~"(~)D"(e) + D(B)S(nlNK(ni + [D(e)~(~)N"(n)]"

+ N(n)N (n)}. ,<UE[<U• .s.n.cv.-.J
. ... : ."

n-~ ,N(ri)W'(n~, . , -, 4IEf[CV;".s.n,CV__.]

where, (.]" denot~' ~e Hermitian ,transpose of [.]:. .... .

Now 'let,

.'

"

(2.1.16)

(2.1.17)'

2.1.18)

(2.1-:19)

(2.1.20) ,

. ;.






























































































































































































































































































































































































