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f-‘:;fo TEsel eofc Jostationary gna]s[SZ},anddetecuo‘v A'?Lf;

?fbf signai‘ijarﬁimetérs fbf"ca'scs'vi}h re

-,_;épphcabxhty of the EM "lggrx

‘ ”77 ; 'Twenty ycars after DL : pul

txstlk:al ﬁltcr outputs [452],‘7.;;'

77209], matched-ﬁltcr multl’

s;gnai—to-no:se ratio '(SNR)
1ates [101]' group dclay sta-

prmmple i
,er broad cendmons, cg, «L

s ;ercd in [273]

~ The intuition behmd EM‘ s simple

o an observatlon Y

Jog-likelihood /, (6) =1

" rameter; 0. However,

'comphcattd form of the log- hkeh :
~rather maximize the simpl (

' «,t‘ ®) = ln f « (x 9), of a morc mformatwe

- make i
‘ble in apphcatlons 1) th GLR =
b n thc clutter Covariance has o
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The muludunensmnal integrations
valv¢d in Bayesmn mcthodom

- of Bayes’ theorem an cvalua’cmno :
ch ; uires. muludx- o
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on' the apphca n,‘ , ‘
ade n the stgna[ Waveform ‘
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nodogram ts' 'asympténcaliy o
Engineers learn that the only eggmcoeﬁ‘iczmm
uble and cxpcnst gf collect- -

: thre 15("‘5 (N W) is’thclz”’S -pia
wed: dat Where the pcrtodogram was ters N and W fork=0,1,.
ctor of 10%° over most of the fre-
'odogram is inconsistent because its

ple, was too large by a factor of

‘lthough these problcms Wlth the G ' :
oW tld ; ,;Whtch is s:lmply an average of K
 (Eq. (3)) made using the same data b

. ‘pers Because the dtffcrent taper,

the ]yk
~and [403]

> ‘WlIldOWS are the cigenfiu
perspective, Tukey’

mately the first term of thc s¢

As part of thls theorctlca “

lvmg 5 ( f‘), thh a secondj ‘f -
rmdows gtvc amuch less btascd CStI-

: OdlC component at frequency‘
1 -energy in the frequency band ( f
.‘{401] [400], [187], and: [408]

. Thls esttmate, how- :g,
1erc apart from Iohn‘

Multzple-wmdow‘,or muitqyle—mper spectrum Cstlmatcs- .

: 'Were mtroduccd in [398] inan attempt tocorrect many of S

he fY ‘

: and atime duranon of N samples is K = ZNW Because‘
- our goal i is to estimate the energy in a frequency band
A=W, f +W as accurately as posstble,, we must
: 'choose the K sequences of duratmn N whose cnergy con- -
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ﬁuctuatlons brmgs abou

pulse function over tme.

'tlme-avcrages and ass

, pr{)posed by Baramuk and
self- adapts its shapc based o
cteristics. In

i W
;omv in. The recedmg of the noise s
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1cat10n, compressmn [207],
; wcll as the analysis of sclf-similar processes [112]
A WWWlmk s tmz muthor of the abave section:

€. 1ICS) du/people/facﬂty/blos/ahk html

f »kradar (SAR) unagc clas: ic

‘ Channel Estlma1t|on lnd Equahzatlon o
: "Gemyzax Giannakis, Dmver 1y of Virgin + : (LVvr;ﬁecccuésgwl[lggét]hzn%ro[%aoga
: ,Conunumx:anons and 1. pamcular, channel esnmatlon s
- and equalization are areas that offer a. fertile ground for
‘statistical signal-processing. tools and algorithms. Infor- ;
mation sources are mapped to (generally complex) sym- 'li‘:IZC : dl' ctly usmg outpﬁt data ol
bols that take values from a finite alphabet and are thus s when information i
non-Gaussian signals. They undergo distortions that in- - 'l)nterru ted for training, as
~troduce mtcrsymbol or interchannel interference (ISTor = P g4
ICI) as they propagate through channels before being re- :

celved by single or muluple sensors in noise. Receiver

; 1 ; led well as additive
‘ Gaussxan although ‘nm sive. models appear also with
- ambient and atmosphﬁnc noise sources in underwater

acoustic and radio communications. ISTand ICI arise due
to bandlimited transmit- and receive-filters, amphﬁers o
~ delay- and multxpatl propagation, relatwc transmit- 40
 ter-receiver motion, coupling effects, and mulnplc access

‘mterference (MAI) [323]. Dependmg on the transmis-

sion rate, the propagation conditions, the number of ‘sen““é’hnd ‘demﬁcat‘“
‘transmlttms and receivers, the complex discrete-time Ay D€ unkn0wn 1o h
equivalent bascband channels can be: (1) deterministicor
random constants over one ot more information symbols‘fv .

(modeling flat fading effects); (2) single-input sin- ,;wherethemput"

by deagn
Ei

gle-output (SISO) linear time-invariant (LTD) FIR filters
'(accountmg for fthut ncy-selccuylty) (3) multtpllcatlve i

i P

multi- outp MIMO) ﬁlters (for muluuser scenanos),f A

o, p0331ble combinations of (h- (6) Equahzers, on the

. other hand, undo channel effe the trans

ted sequence : and, dependmg on complexi versus pe

formance tradeofts, they can be: (1) linear or nonlmear

- (2) FIR or IIR, and (3) batch for bloek—by block equal-
1zation, or adapnve for efﬁcmnt onlme processmg andg
trackmg of slowly varying channels, Gl

Channel estimation, equalization, o ,

ery algorithms are founded on detection-estimation and
system identification principles, and their advanccs paral
lel and cross-fertilize id diverse signal- processmg
applications mcludmg seismic deconvolution, sonar
de-reverberation, image restoration, signal reconstruc-
tion, time-series modelmg, and various inverse problems
involving d1spers1ve media [162] Estimation of channels <

—usmg the recewed (omput) samples can'be v1ewed asan “;‘

input- output system identification problem if a known ¢

‘ ftmmmg sequence (input) is tra.nsm1ttcddurmgthc acquti- ff“

i smon m()de In : »erauonal stage receivers usually, ~channels becau
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v cham’}el vamtlon
o Thc lattcr can also

d ng)‘i‘or nonzcra mean; -
n whether line-ofsight

) or
' Lot cheerMSE [177] and
tput encrgy [423] counterparts, offer af_"

orrclations. ofi-"%

1 character-‘

~ Blind appma 1es
are yet to be de IOPC‘ -

SEPTEMBER 1998

c channels that are assumed to have been csn— o

“niatcdy) [323] Frcquency sclecnve rpulnpath mduces .

m1t1ganor1 of asynchfomsm and mulnpath effe(:ts wereii“
reported recendy in [420] and [423] using a multirate
equivalent discrete-time model (sce al 58] and

‘[459]) Bhnd approaches are well
i h .

{420] [473] [383], [241} [25] and [419] They capi- fl; '
Fah ie"on codc dwersity offered by the user code(s) and the. .

i“f : 6vcrsaturatt:d CDMA systcms) o
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.‘Cauchyr ¥, has mf i‘c::

nsi :1b11ographyma
ceess af HOS-basc methods c
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e ) modcls with noisy ontput measurements as well as to
i mulnvamate nme serles (“stochastlc” models):; o

) ,output mé‘ I ;‘
! "ldomam approaches) have also re-

3 cewed consuicrable Attcnmon in recent ycars Some repre- i Severl tests have been g
) . rthc hlgher-order :

utpur measurements arc nmsy
havc‘bccn used in [135] [431] -

7 ‘mcntal Varlable methods 1ﬁ [381], and cychc‘ and/o :
higher- order spectral analysis in [135] and 415]. o 7
tems: | ;ra‘ systems have attractged' ,;;;; e

icréd in [327] :
detall in) [4:12]

© as ML estimators. A stanonary Gaussmn process is com
pletely characterized by its second-order statistics
(autocorrelation functio requivalently, its power spec- -
- tral density—PSD) and it can always be represented by a
linear process. Since the PSD depends only on the magni-
tude of the underlying transfer function, it does notyield =
information about the phase of the transfer functlon De—l” ;:',; —:'f,jf
“termination of t phase charactensnc 1s crucial in L
séveral applications such as seismic deconvolution and -
s bhnd equahzamon of ‘dxgltal commumcatlonb channels.
“Useof hlgher—order statistics allows one to umqucly iden-
tify nonminimum-phase parametric models. tmduccd and comb1 ed
nghcr-ordcr cumulants of Gaussian processes vanish;  sor- array—processmg methods.
hence, if the data are stationary Gaussian, a mini-  more physical information and ar
mum- phase (ormammum phase) modelis the “best”that  more sensitive than traditional sensc
onc can cstlmate lecn thcse facts 1thas becn of some m—f : ,proved the,pcrfq;manccgf gurrﬁ:ﬂt
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 velocity-fi | s st : :
. as grating lobes. Thi  the use of simple structures aczomphshed by moving the sensor in dm:cuons opp’
forw nation alge € o the gradients of the Cramer~Rao boun

spatially corrclatcd noise, pre—‘
*,dommantly duc to sporadxc background activi

in research in the &gnal—processmg com; oy for wer Vcr ~
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‘ ‘collectmg more data rom
 sources spaccd doscly in6j

tlonsrpmmarﬂyl‘ | adar and sonar In thcs apph uons,i:“ tior
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could”easxly‘“be rccovercd by dlrcct mversmn
o s(H=A "

nor A is available in the model x = As(t)

~ Algorithms for the blind scparatlon of soutces try to? o
. detcrmmc a separating magrix, B, to un-mix the observa-‘ - 5 g
i (see Fig. 7). Ideally, the separat-
 ing matrix should pproximate the inverse of the mixing
ot ( ion outlines some statistical ideas for

also 1mphes that Corr(y .,y,)=0.

namely #(

. are not sufficie
 to express statis

al mdcpendcnce in a stronger sensc.

: consequcnce Recal
i decorrclanon i
- Gaussmn sour

non-Gaussianity of the: signals and measurements.

- Some ideas for derwmg source separation algorlthms‘ S

"are to adjust B in such a way that:

A The probability d15tr1but10n of'yis as close s possxble{ o
' tosome prespeqﬁed chstmb ”non of mdependcnt compo—f 5

"nents or
A Thec outputs, 9’1 >

possxble or as low-entropic as possible. -

All these objective functions can be derwcd from thel L
application of the ML principle [50] under various as-

sumptions. The first ob]cctwc function results from fi-

-tingx to the linear model x = Aswhere Als unknown and
s has a fixed (hypothetxcal) distribution of non-Gaussian
 independent components; the second Qb]ccnvc function
: *results from ﬁttmg to the model X= A.s With respcct to

SEPTEMBER 1998

lixing and separatmg Source stgnals s array output X, es- :
ated. - ables “tends” to produce amorc Ga

A ‘were known source s1gnals
~ original source signals.

”;V,ence non-Gaussianity and entrop:

ing matrix could be easﬂy cstxmated by
E Wthh are based on mformatlon-theor

a sxmple mput-butput identification procedure. The chal-
lenge of BSS is that of “double bhndness” neither s(t-)

}‘sorts in praCtICC o more tractable app

- 'Beforc hstm afewofthe 1dcas behmd BSS algorlthms 1‘t" . high-order correlarions (tnp I, quadmp

~ is instructive to explain why the simplest idea—findinga
separating matrix . th\at ‘makes the outputs i
uncorrclatcd—-docs not work. The reason is that :
decorrelation is a symmctnc‘ property: Corr(y, 5Y,)=0  Pe
'Thercforc therc are
only as many decorrclatlon conditions as pairs of sources, .
1)/ 2, WhICh is about half of the constraints
- needed to determine the n? entries of a separating matrix.
: ‘»'Thus pairwis cyorrelatlons"ﬁ(second—order mformanon)’* :
areno 0 solve the BSS problem: it is necessary.

fhlgh ordcr cumulants ot pau~w1se corr

Tsuch as nmsy Qbservanons CO plex o

: "lem of channcl equahzanon and of
~ (seethesections by Giannakis and T
 That decorrelation is not sufficient has an important
| that for Gaussian variables,

ies mdependence it follows that =
cannot be blindly separated because
 their mdependence boils down to pairwise decorrelation.
~ Therefore, some non—Gaussxamty is needed to achieve
BSS. One may see BSS as the art of explomng the q

where the BSS model does ot hold
be 1mp1emented as a data exploration

A WWW hnks to 1ndependent components analys
: - (JcA):

7, ¥, are asmdcpcndentasposs1ble, or

A The outputs are decorrelated and as non- Gaussian as Technology http://www.cis.hut fi/projects,
: ,leen Institiite:
‘ httP //WWW blp

derstood as follows summmg ndepen'

- Gaussmiity may be thoughj: ofas a way o

The ML principle g‘ch?s"‘r‘iééft

mxxturcs and convolunve mixt

Another interesting extension

one is mtercsted in ﬁndmg the hnear‘

i W WW lmks rzlemnt n the above xectwn:
Thc author’s web pages.

“ httpi//sig: enst. fr/ ~cardoso/stuff Vhtml
——ICA rcscarch group at the Helsi

',—Laboratory for Open Information

tute: http [hww enl sall;.ed
A MLsceHaneuous WWW 11
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"an 3) rtarget localization in
: thf;-honzop (OTH) radar

. de\}e Qpekd t_hat usés an 1onosphcr1c propaganon odcl W
: pred Ct the, sngnal 1 complex delay Dopple space due o 2500 k”ame s.
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;aj éﬁncipléé s Pmczﬂf the
in ‘tum, 1998 o appcar e
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channels u
g meg, vol :

§ for‘nomy ﬁir :
,nmmunggqnmx, pp 22 12:22- 17,
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