METHOD, DEVI CE AND COVPUTER PROGRAM FOR CLASSI FYI NG A RECEI VED SI GNAL
5 Technical Field Enbodi nents of the invention relate
generally to a nethod for classifying a received signal, in
particular, for classifying a received signal into a signal including
data or a noise signal. Another enbodi nent of the invention relates
to a classifier and a conputer 10 program product. Background

A cognitive radio is able to sense the spectral environnent over a

wi de frequency band and exploit this information to opportunistically
provi de wirel e¥ETHOD; DENICEHAND AEBVIPYTER PROGRANM TORITadSSIFYING A
requi renents. What is unique to cognitive radio operation is the
requirenment that the radio i s abl eERECEISEIESIGNAENVI ronment over huge
swat h of spectrum and adapt to it since the radi o does not have
primary rd ghts to any pre-assigned frequencies. That is, it is
necessary to detect the existence of signals of primary users

dynam cal ly. 20Energy (EGQ detecti ony ﬁnq mar!l and basic signal

detection nethod (sensing al gorithm erent detectlon

ener gy detection d ot need any information the Sj g

detected and is ro rﬁe% %B&kﬁéﬁﬁtlqurﬁ g?ﬂ&f:ﬁ {é‘ﬁ%%@ga
detection is vulnerable to the noise uncertaint because the met hod
relies on tigeeikefongedige particales dpiatlessHinga 1p “signabindo asignelipelnding data or
sources of uncertainty: (1) non-linearity of 25 conponents; (2)

t her mal noi swisasigmalpAnetheseribatimemt dfoltaninvention-relatey tmg ylas{ifByr andias@mputer
due to transm ssions by other users (unintentional (close-by) or
ntentiongl wbaemAadic. Hence, in practice, it is very difficult
(virtually inpossible) to obtain the accurate noi se power. Summary 5

Background

A cognitive radio is able to sense the spectral environment over a wide frequency
band and exploit this information to opportunistically provide wireless links that best meet a
15 wuser’s communication requirements. What is unique to cognitive radio operation is the
requirement that the radio is able to sense the environment over huge swath of spectrum and
adapt to 1t since the radio does not have primary rights to any pre-assigned frequencies.

That is, it is necessary to detect the existence of signals of primary users dynamically.

20 Energy (EG) detection is a major and basic signal detection method (sensing
algorithm). Unlike coherent detection, energy detection does not need any information of
the signal to be detected and is robust to unknown multipath fading. However, energy
detection is vulnerable to the noise uncertainty, because the method relies on the knowledge
of accurate noise power. There are several sources of uncertainty: (1) non-linearity of

25 components; (2) thermal noise in components (non-uniform, time-varying); (3) noise due to



An enbodi ment of the invention provides a nethod for classifying a
recei ved signal. The nmethod includes determ ning a covariance matrix
of signal values of the received signal, and determ ning an

ei genval ue matri x of the covariance matrix. The eigenval ue matrix

i ncludes the eigenva u of t trix.
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the covariance matrix. A _second function_is determned from at | east
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t he second function is different fromthe first function. Dependent
froma conparison between a value of the first function and a val ue

of the second function, the received signal is classified into a

signal including data or into a noi se Simfiagpal . Anot her

enbodi nent of the invention provides a classifier to classify a

recei vedssignal. The classifier includes a first determning circuit

to determne a covahnienbodini@l bf the@hventigm plovikRk UeSetRdd foh@lakR M/ ekceived
signal, and a second determning circuit to determ ne an 20

elgenvalue i r i
Cnludos ¢ g Thoh '%}22 1 o@@ﬁéaﬁﬁafr@%n%ﬁ%ﬂ%@r%ﬂfEf’é‘%‘rﬁgﬁﬁ s
al so |ncIudeslv(fh rg te / %gQFuHr totdetg mne a first Th
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covariance matrix, and a four%h deternlnlng circuit to determpne a
second func§HMalps grimiy includes t B RI8CRY e A HReCaypriangs meatien dairadgngiton is
the covariance nmatri x. The second function is deternm ned 25 to be

di fferernt fdetsmningd ffom sftledstipee ¢igenvainieef dicagigénvialies piithe lseyarianed wdbrix. aA
classifier circuit to classify the received signal into a signa

i ncl udi ng datemddundtivhds detaroiised fogralcasteme rikentaltie oftha eipenpaidssdthe
bet ween a value of the first function and a value of the second

function. Aolatdnde a6 aderdinihe @bcdnl FuhdhoR 7S digfRrddk msindtﬁé fist GHERBh e
program product for 5 cIassrfylng a received signal. The conputer

program pr @%bgﬁ%éﬁ ﬁSHﬁ) J(;:&xg{saglgoﬁ ?ﬁ%@f% {Sreﬁslli{? EPﬁ‘nerfﬁg‘?P% el%nsahg H"i‘)al ‘Mh‘?%e
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covari ance natrlx The ei genval ue natrlx i ncludes the eigenval ues of
the covdfi ai®el matrix. A first function is deternmined fromat |east

one 10 ei genval ue of the eigenval ues of the covariance matrix. And a
second function is determined fromat |east one eigenvalue of the

ei genval ues of the covariance matrix, wherein the second function is

di fferent from t heAhothst enibudirhéamf theHavdngion ipy@dd i aiadsifies tctlas iy faireckived
into a signal including data or into a noise signal dependent from a

conpar i son shehverr Ra¥idetBicRided Pard HEt@ﬁnlﬁlH@C&ﬂcﬁﬁ t@ﬂ&eﬁmﬂ@h %@veﬁ‘i‘ané@ﬁlatnx
second function. 15 Brief Description of e Dramngs In

draw ngs, oif Elgn%lq{g £ 0f e?@cae \%ﬁt %i’lx%l gr?&]g Eéﬂéohx d%t%fﬂfn%ﬁ Cil claﬁ t(§ ﬂ&? Tﬁlﬁr taﬁ

throughout eren VI WS, ecessari

scal e, enphasi s ,i nst ead neral.ly bein on. |IIu tin
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various enbodi ments of the invention are described with reference to

t he fol | owchgredoyaiangs mairix. whecHassifier also mofydes adhighdetermuning siverata
illustrating a nethod in accordance with one enbodi nent of the

i nvent i on; determine a first function from at least one eigenvalue of the eigenvalues of the covariance

matrix, and a fourth determining circuit to determine a second function from at least one
eigenvalue of the eigenvalues of the covariance matrix. The second function is determined

25 to be different from the first function. The classifier further includes a classifier circuit to



FIG 2 shows the flowhart illustrating a nethod in accordance with
anot her enbodi nent of the invention; FI GS. 3A and 3B show t he
flowchart illustrating nethods in accordance with the enbodi nents of
the invention; 5FIG shovvs a cI assi fi er according to an enbodi nent

of the inve t| ' ({ ¢ ngo abl|lt§ of . detec hon d
Cesul'ting. FOOTHTA S TRER s Rabi e PROR&E AGgie;signal dependent

FI GS. 6A-6F_shows the probabilit of detection resulting fromthe

si mul at i on BPM@corPRESAN UstWeay agisreof thefirstunption artsa yHuc pf disapeandifynction.
of detection resulting fromthe sinulation in a multiple- input

mul tipl e-receiver system and FIG 8 shows the probability of
detection resulting fromthe sinulation in a single-input

mul tiple-receiver gyfithen enltwldeaeitiofttiediivention providdsriveeigiditpso@hmtgéduct for
invention are based on the difference of statlstlc characteristics

bet ween dat@,gif ?H@la r@&ﬂreﬂ%ig?l@l ST RInpuBY pY&RY r&fﬁ%{'ﬂlc@nﬁ @F@élﬁ@lfg'?he
the characteristics of the eigenval ue d| strl bu Ion deterntned from
recei ved si f entd, on, cl.assi f

recei ved S|Ig 3?&1181[{’9?% ‘{% ¢ 8b&’ aopa %ég%;orr ﬁ%‘?gleals%llyllﬁ%?h%‘?ﬁ%cewed signal

met hod and .devi ce in _accordance with var| ous enbodi.ments of the

i nvent i on rBSUBE WEEFIRE § S YaBaRc PRI glenalot i oég%rﬁefawdoﬂ@al and

wi t hout know edge of the signal, the channel and noi se power.

An enbodi nelsterginingan Figgmaiyesnatris lof thescoy eriancematiin Tl cigenvabicfpatriy includes
received signal. The nethod may include determ ning a covariance

matri x of gheegknvahiesesthefcovireanceaminse dA firgfaictioandddatdnad fromat dsast one
ei genval ue matri x of the covariance matrix. The eigenval ue matrix

i ncl udesiot haegemwasvsﬁih@%s%eﬁtaméseafm/@fvlaﬁm ik ] AndA sbbdrdlt fuhetiptis ON
is 5 determned fromat |east one eigenval ue of the eigenval ues of

the covari AL fof aleRE6R {agésﬁtg@teto%éa AELEEILARE b H1y V\%}nfaﬁ’ﬂ(st

one ei genval ue e el genva he CO ariance matri X,

t he second functl on |s erent the fi ncti.on. den
froma conpult e BErds I!r'ﬁm%{u({?éf ﬂg 65?11 tﬁﬁ’g’ ?lﬁerﬁ;f ff“ﬂl‘#’@Pi eé‘?ﬁfl L‘S
of the second functlon the received signal is classified into a

si gnal i nclAAssifgd #ue & signalpelydias datace g adiofgaignal dependent fipp gpmparison
enbodi ment, the received signal is sanpled. For exanple, the received
si gnal may bsavesn @omatuernf dhasfirst fnetion andc: vaduesetitht setohq functianpl er to be
a discrete signal. The sanpler nay be configured to sanple the

recei vedssignal at a selected sanpling rate. In an 15 enbodi ment when
the signal in a frequency band with a predeterm ned bandwi dth is

desired, the sanpling rate naﬂrﬁemgé%tﬁﬂoftmemamgssnal l er than the
predeterm ned bandwi dth. I n another enbodr ment, € recei ved signal
as received by a receiver may be sanpled at a sanpling rate nuch

hi gher than the sanpling rate for sanpling input signal to a

recelver. %(1) the drawings, like reference characters generally refer to the same parts throughout the

different views. The drawings are not necessarily to scale, emphasis instead generally being
20 placed upon illustrating the principles of the invention. In the following description,
various embodiments of the invention are described with reference to the following
drawings, in which:
FIG. 1 shows the flowchart illustrating a method in accordance with one

embodiment of the invention;



In one enbodi nent, the received signal nmay be filtered by a filter.
The filter may be an analog filter or a digital filter. In one
enbodi nent, the filter may be a bandpass filter with a predeterm ned
bandwi dt h. The filter nmay be selected to other types of filter as

well. I n anot her odi mept ,. th ed recelvdS|

fltered by o fiTEee sy b towihas WRESindagengd s fodred Mangres
filter as well. According to an enbodi nent of the

i nvention, opRodipntof #15dBYFRAIOR; x R(N3) of signal values x(n) of the
received signal is determ ned according to the follow ng equation: 1
N5- 1H R(Ns) =- E K(G%) 2A apd GB)showiise flo@chantaitlestratiNg mkthatsds atdoedanoerbeth the
of signal values x(n) in the covariance nmatrix. The 5 covari ance

mat ri x R( Nsembodiméitgosthe waledgsn:x(n) of the received signal nay be

determined according to an equation in a different formas well. The
ei genval ye matr 'PiG”RBéhé’Ws Q@l%é‘sﬁﬁér%@br@% (%) gﬂ%@ﬁ&ﬁh{&t bGe ﬁﬁr\éﬁ‘ﬁérﬁ”ce
mat ri x to the eigenval ue nmatri x, 5 econposi ng t

covari ance matri n one enb 0 the e al ue. r| X

may be determi ne acc%cmélst g 1D 13 (ij \}MOHéesphw%nasp? tl(}n‘m%‘regfss
R(Ns )(2 - wherein Q denotes a Hermtlan matri x. The ei genval ue

mat ri x R( NSYCHAPORT €8'%e  determ ned according to a fornula in a
different formin another enmbodi nrent of the invention. In one

embodi ment , t he HiepnbAitdrshaws theprapabalyty o€ detectermiendtng from the sinwlaion on

for 15 filtering the received signal. In another enbodi nent, the
Her m ti an nifferext IO Wayenbl; determ ned fromthe covariance matrix of
noi se. According to an enbodinment, the first function is a

combi natjpon of gl méladwgﬂaegfobtabﬂlt}ebmeﬁbw@sultiﬂg %ﬁtt@%@:ﬁﬁf&ﬁon Imaemumpm-
first function may be a linear conbination of a 20 plurality of th

ei genval ueg, n{[‘}gﬂ%@ﬂ%&h}%gy& ;%lh the first function nmay be an

non- | i near on of ity of the elgenvalues such as

even hi Sﬁifrﬁtegﬁ‘é@%‘r‘”"m ' Bﬁ@%&@?ﬁ@?ﬁ&?qc 1 FosPlie B RGP AL P s single-

| east the maxi num ei genval ue of the eigenvalue matrix. |In another
input multiple-receiver system.

15 ' Description

Embodiments of the invention are based on the difference of statistic
characteristics between data signal and noise signal. By way of example, depending on the
characteristics of the eigenvalue distribution determined from a received signal, an

20 embodiment of the invention classifies the received signal into signal including data or
noise signal. The method and device in accordance with various embodiments of the
invention may be used in various signal detection applications without knowledge of the

signal, the channel and noise power.



enbodi ment, the first function includes a predeterm ned nunber of the
| ar gest ei genval ues of the eigenvalue matrix, for exanple, the two,
three, four, five, ..., largest eigenvalues of the eigenvalue matrix.
5Accordi ng to anot her enbodi nent, the determ ning the value of the
first function include eterm.ning the trace of the eigenvagl ue .
i x. Thus. ¢ he. Vil SRt e BrenRcHIRER o malpa T ey egacraivsd
trace of the eigenvalue matrix. The second function may be a

conbi nat i orsigtalaThe methofd maydnclpgedeleryunipg|a se¥ariagey madie ol sigsal malugs of the
| i near conbi nation or a non-linear conbination of a plurality of the
ei genval uestecgvehsigml,eing demrmna at ¢igenyelugmaatiinbf tha coudsiance olayro nt lad

or a polynom al of even higher degree. In one enbodi nent, the second

function i ndjeidaRieatattieafludetherdigbnilieei fgRoy@latienimithe. & GRONAkH6 is
matri Xx. I n another enbodi nent, the second function includes a

predet er i nRgeHREEoR bt fehe ﬁ@@ilgbﬁﬁaﬁueeéfg.ﬁ@é!igkﬁ»t%ﬁ;egfgrfrﬁaﬂlefcgg%&gﬁx Alaex. A

Q
matrix, e.g., the two, 15 three, four, five,

genval ues Osfecélnfefuﬁiztgﬁﬁg ?L:tcgﬁmrﬁg& f"rlfa T at lea]st oneoﬁige?lﬁ%lggggg'jﬁf?%}e&tﬁglt :é\sﬁ?eiﬂpé he

value of the fiITrs ron and e value

made using a scaling factor .according to. an odi nent of the

i nvention. %4 a%ﬁ@%‘%&%i%ﬁ‘i‘? thy C‘é‘@aﬁlp‘r‘ﬂj’“flég’t erﬁgnb@esfg?té&l@@nt 0
meet the requirenment for the probability 20 of false alarm for
exanpl e, t dPerenen;drom peerbpasisph btwesen hakkie of tgrfirstionctiingindra tateerpfghe
predeterm ned probablity of false alarm According to one enbodi nent,
i f the ratisscafd fuheionatheeewivetisizbl isslasfifing iriton sippaltihdudimk Wataafr itithe noise
second function is larger than the selected scaling factor, the

recei vedygsi | is classified as a signal including data. O herw se,
the received signal is classified as a noise signal. The sel ected
scaling factor may be called as a 25 threshold as well.

Anot her enbodi ment of the present invention relates to a classifier

to classify a received si.gnal. . The classifier. my jnclude a first .

ot or i ni Ny ci 1o 18 0 GUTRRRITNE 503 suanes Rt wied bt Seodinls Wizegives
of the received signal, and a second determning circuit to determne
an ei genva|SE@ah@W%§ aGPHIRUE Gead; AKde sarapled RY aPraplsr (bR afiseretesignak The
includes 5 the eigenvalues of the covariance matrix. The classifier

may al so i semptte maythgiconiigiedtordaniphytheireasiver! stenaliastacselected samplingtate. In an
function fromat | east one e genval ue of the eigenval ues of the

covar i anse endiodiment ah@n shef shgirat in dfre@rentybarg with & piddeteemibet ®amdwidtais
second function fromat |east one eigenval ue of the eigenval ues of

the covari esifedTBie sadnplid @RS RGP BE sE1BREd toHt ot sHeN&THANEE ptQleRPmined
different fromthe first function. The classifier further 10 i ncl udes

a classifi ' [ i r | ! [

el udi ng QaPAMgE; In OUE! B35k BT ERNHA! ARLerl B By £ Binay be
between a val ue .of the first function _and, a val.ue of the second .
Punct on- FRmpfra S itEinegteany e Rl SRl b Sopli ganput signal t
understood as including a 15 hard-wired circuit such as e.g. a

circuit indl'€fd¥ifed as an application-specific integrated circuit

(ASIC) or a hard-wired logic gate structure, or a programrmabl e

circuit 28uch as e.g. a field-progranmable gate array (FPGA), or any

ot her progranmable logic, e.g. inplenented as a m croprocessor, being

programmed to provindmetehtbot@sgeahé weeilvud cighslinHf bd filgered b¢ wifllter. 2Dhdfilter
one enbodi nent, the classifier further includes a sanpler to sanple

the recei vechySedRanalol Btes BIPHRItalBYer P& GAEHEHiBENT Bre SRR LBy RS bandpass
received signal at a Selected Sanpling rate. In an enbodlneny when

Lhe, S anal o B SAURRG AN o, ST RS SR RATEMEL DokSec s o

desired, t I"i*ng Tate na sél ec e no
redet erm ne andwi dt h.. I n anot her odinent, the s er e
P weﬂ. tIn another embod?ment, the sam]glgg rece{;rr%d signal may genB{tered g?% ther, which

25 may be an analog filter or a digital filter as well.



sanpl e the received signal at a sanpling rate nmuch higher than the
sanpling rate for sanpling input signal to a receiver. In an

enbodi nent, the classifier includes a filter to filter the received
signal. 5 The filter nmay be an analog filter or a digital filter. In
one enbodi nent, the filter rraymge selected.to a bandpass filter with

a predeternined bandipiding torRembpfiiment ahthe fryeaion theepvaparnemasirix ) of
of filter as well. In another enbodinent, the filter is included to

filter the samplades 864 Iof &t retednal signhPDRCRREAINRE abroRg (8 ﬂﬁﬁgilﬂﬁﬂfg’equaﬁon:

the first determning Circuit is configured to determne the
covariance matrix R(N5) of signal val ues A}((_q) of the received signal

according to the follow ng equatjmn:y_1 IN"$ |#g)= - E x(n)x HNs
n=0 wherein Ns denotes the nunbtel:gr(ﬂg)"sy n£0 g@ﬁ%e@)ﬂn) in the
covariance matrix. The first 15 determining circuit may be confi gured

to determ ne the covariance matrix .of the regeived signal according
to an equat VRS ANsfleapies g‘reé‘ﬁ’fq%%i’ igral yalpes xiag dp the GoyaKiancs matper The
enbodi ment, the second determning circuit is configured to determ ne

the ei genvaloueriamet makibR(Mdnshinal vgucs hés L oMmas raeted BRhil naj Be 88@mined
ei genval ue 20 matrix. In one enbodi ment, the second determ ning

circuit is confiagured to determ e the eigenyal ue matrix k(N5)

accordi ng tagc%{dlsl%ﬁ%g?gﬁuaéiaﬂéqP?ﬁfer@%%oxgk%s%ﬁa! of an equation is as

foll ows wherein Q denotes a Hermtian matrix. Different equation

may be selected to determine the eigenvalue matrix in other exanples.

In one enbodi nent, the Hermtian matrix Q nmay be determined froma

filter for filterihbeeigenvalisenaigy naydealeterinmedrbyttirasfoeningdheremtariandeematrix
Hermtian matrix Q may be determ ned fromthe covariance matrix of

Poi se. 5 Theltjltemigaﬂlvailaberaltfiix]iermbgﬁemmhﬁosmyhdedx@ﬁaﬁmﬁtﬁg. h 66& embodiment,
unction to be a

10 the eigenvalue matrix E(N S) may be determined according to the following formula:

—~

R(vs)=Q7'R(Vs )™,
wherein Q denotes a Hermitian matrix. The eigenvalue matrix R(Ng ) may also be

determined according to a formula in a different form in another embodiment of the

mvention. In one embodiment, the Hermitian matrix Q may be determined from a filter for
15 filtering the received signal. In another embodiment, the Hermitian matrix Q may be

determined from the covariance matrix of noise.

According to an embodiment, the first function is a combination of a plurality of
the eigenvalues. In one example, the first function may be a linear combination of a
20 plurality of the eigenvalues, and in another example, the first function may be an non-linear
combination of a plurality of the eigenvalues, such as e.g. a quadratic polynomial, a cubic
polynomial or a polynomial of even higher degree. In one embodiment, the first function

includes at least the maximum eigenvalue of the eigenvalue matrix. In another

6



conbination of a plurality of the eigenvalues. In one exanple, the
first function may be determ ned to be a Iinear conbination of a
plurality of the eigenval ues, and in another exanple, the first
function may be determined to be an non-linear conbination of a
plurality 10 of.th i genval ues. I n one enpodi nent, the_first :

Puncei on’ i rion skt B SR HHHER Inekten Aper GRAP AT SuBIe o v easy siegyalucs
matri x. | n another enbodinent, the first function includes a

pr edet er mi rifdhseiggpelusmatis Prexpawmle, dhgavy direr Sowt fivhie. - elargepicigenalues of
matrix, for exanple, the two, three, four, five, ..., largest

ei genval ueshotigtiele ganwal ue matri x. 15Accordi ng to anot her

enbodi nent, the third determning circuit is configured to determ ne
the value of the first function using the trace of the eigenval ue
matri x. Thus, the value of the first function is determ ned to be the
trace of :the eigen : i e I i .
deterning t he secoﬁg&#ﬁﬁ't|%H%?%I%gxggg%ﬁg%%g%natlg%ng?g§ﬁéﬁﬁ%g??¥;hndmm
of the eigenvalues, whi.ch be | i near conbi nat.i on, or .a npnl i ro ..
conbi nat 1 oingRod rep i plihe it B eigBRDln B8R T ryRng B Pl tinetion
second function includes at | east the m ni mum ei genval ue of the

ei genval ue 'hegtFIined 1o beihe Hase Aipoeiervaiue m{BExsecond function

i ncl udes a predeterm ned nunber of the snallest eigenval ues of the

ei genval ue matrix, e.g., the two, three, four, five, ..., smallest 25
ei genval ues of the eigenval ue matrix. I n one enbodi nent,
the classifier cirCThétecosd tmofioigmaede b oombmations 64 pingalftact e eigentdiges,
conpari son between the value of the first function and the val ue of

the secqpd WHiAEih(Be a [iBarToAIbimoh 3F h A6n-TRYar REmBEa86H 8fa bRIARE bf fe
perdefined criteria. For exanple, the scaling factor nmay be sel ected

such that a; i L1 gy Qf i r . :
ot edet or m S EHaR, s e AR ARG, 2odhEioolaRifl or s pmgmyic of
one enbodinent,. {f the ratio of the value of the first function to, .
The val e Gret bightreleBita’ s PopofSertafs Sretbainaeing Sep i Ol i Sng igmum
factor, the classifying circuit classifies the received signal as a
si gnal i ncleiggnvRjueiat the cigenvalyg watrix He arqthersnibpdimenti the seond fensgpp jnsdudes a
the received signal as a noise signal. 10A further enbodi nent of the
i nventi on peddgteswined nambet efdhe smiltestieigeroalven of thdiciggnyilee olatss iefg, ehe B,
expl ai ned above. In one enbodi nent, the el ectronic device further
i ncl ude 18 teeeifvel five .r.ceRlallest digeh@ihdds of ke df@ivARe nglhodi ment, the
el ectronic device may include nultiple receivers to receive a signal
151 n one enbodi ment, the electronic device is configured as an
el ectronic device selected froma group of electronic devices.
Exanpl es of the el P j i j cati t ernm nal, or
medi m pl ayer devi ScRBRRe LRI P ofinf BREANSTEh aBis s Bl lecona
vi deo player device. 20A stil]. further enbodi nent of the jnvention
ol aten t o TincBi e s seing Bile cocBng (8L b gt oiuheygeiion. In one
signal . The conputer program product is configured to classify the
recei ved sFgRadimgb rﬁhqo@iaﬁ@g @fe@é maydesglested fomeeidbe requiiementfasihe prohgbility
of the received signal includes determ ning a covariance matrix of
si gnal @@l véklsefaldrhe fresenplkedtosichitat a peotdbiiey ef falseiatgymant dighenthah ae
matri x of the covariance matri x. The ei genval ue

predetermined probablity of false alarm. According to one embodiment, if the ratio of the

value of the first function to the value of the second function is larger than the selected
scaling factor, the received signal is classified as a signal including data. Otherwise, the
received signal is classified as a noise signal. The selected scaling factor may be called as a

25 threshold as well.



25 matrix includes the eigenvalues of the covariance matrix. A first
function is determined fromat |east one eigenval ue of the

ei genval ues of the covariance matrix. And a second function is

determ ned fromat | east one eigenval ue of the eigenval ues of the
covariance matri x, wherein the second function. s different fromthe
FPret function  TheOGE PoBUIReRrRIIns BreL duien e fgso g CHSSHIar o clasify o
including data or into a noise signal dependent froma conparison 5

bet ween a vigF@¥edsignahe The elassificmenyiiopludna fisst defemneingig ailsuit ée detauinine a
function. The conputer program product may be inplenented in
any pr ogr ansvivagarcameatax) of signet nalubsdf the pdeaivad kigyalpdnd nssfcond détemsining circuit
witten in a selected programm ng | anguage may be executed to

classify thg deRe@inees epiedifabe Atrix of the covabibfite MatiROWhe bhi@nddl@MmhAK includes
illustrating a nethod in accordance with one enbodi nent of the

i nvention. B fuds ﬂ{evc%qiiﬁeingg g%rir@ f&vﬂﬁésﬁ{%ig‘f%%)iiéclgée ErﬁHf"

tﬁ@%ﬂ gﬁ
val ues of the ecel ve S| gna erm ne el genval ue

matrix of t covariance rix is.then determ ned in 104, erein

the i genvalodB DR PR e Straning i e f5om ahlEastsne sieshyaliicel the
matrix. In 106, a first function is determned from at |east one

ei genval ue BEVpECEPHBR G2y araacenatiin candgt Rurth determining sitcuyiel datesaing ggecond
function is determined fromat |east one eigenval ue of the

ei genval uesfundtionifeons et/gadt ane eigemtahioofithe digenvabepefithicrngvdrianee matrix. The
conpari son between a value of the first function and a value of the

second f uncktmmn fuhdtnrie dakneidediogralifftienclrasshd figtfunbliéh. allsd @aalfier further
including data or into a noise signal in 110. 20 FIG 2

shows thg fihQUWeRar dladsiich skt toRehs@ 1 REPALIV sRAGOHARNSG EnaMid I @RLHRE o into
enbodi nent of the invention. The réceived signal 1s sanpled and
filtered i - L { I.S: 1 i 0 The

det er i nat {'on 57 AL Eiehfiths SBFLERpbi3iski Bl SR P ey erloifina o
snoot hing factor..and a predeterm ned probablity of false alarmin one
enbodinent‘?gwfﬁﬂ§6§F° %%W%FTance matri x of signal values of the
sanpled and filtered received signal is determ ned, and an

ei genvalue matrix of the covariance nmatrix is determned in 208. The
ei genvalue matrix includes a plurality of eigenval ues, which are
arranged, e.g. in Ihibeoomiert obthiXdesdtiptdon, B, clircuifufay bstinferstobd enirfelyditig a
X2 XL) and a second function F2(kl X2 , , XL) is determned from at

| east one eigewitall vecwf suches e.TFgaeamlimﬁﬂ@ﬁexﬁézﬁasca@\a@gji@ﬁ@ﬁ-sﬁeéiﬁbXnté ated
210. A value Fi of the first function and a value F2 of the secon

function i gibiiepaseher ﬁihﬁﬁldwgéﬁ %o g Qe aﬁgflgraﬁuﬂﬁxb}éaéi ittt o 2

F2 are conpared. |f "F1/ F2> the Tecelved sig I's classified into

a signal i i i he received sign is.classified
Mnto a not S el el ARINEAL B R R aP ARl JoBich A hejtriehrea
met hod in accordance with an enbodi nent ofk%gg inventiggg.The .
recei ved siigfaHCIOBTASERAH OFNERICERPTER &yPiayideghe respretiye Spngtipn gt theGirgpit.

y is determined in 304. In 306, a covariance nmatrix of signal val ues

of the sanpled and filtered received signal is determ ned, and an

ei genval ue matrix of the covariance matrix is determned in 308. The

ei genvalRee matri x nmolewdbsdmmank, thatladsyfiaffutier écdwies alsaapleoto taneple the
covariance matrix. In 310, the maxi mum ei genval ue kmax and the

M ni mum ei geRWal Wizndl. "The samled aiagbeicBLfgurkd Rpdahipid fhe@éc%i\(eﬁf%@%nal at a selected
ei genval ues kmax and Xmn are conpared 1n order to classify the

received s Eﬂﬁﬁ'{ling tafe. 3nan eMbBdinent Hed ﬁl%%iéﬁ%fjinsef- @élﬁilenéfband with a predetermined

bandwidth is desired, the sampling rate may be selected to be not smaller than the

predetermined bandwidth. In another embodiment, the sampler may be configured to



classified into a signal including data. G herw se, the received
signal is classified into a noise signal. 20 FI G 3B shows
the flowhart illustrating a nethod in accordance with a further
enbodi ment of the invention. The received signal is sanpled and
filtered in 352. A snpothjng factor L and a scaling factor are
det er mi ned THPEHE RREFEPIEIA & sumBlbGHEREh bilberdBan thegamakrarataiy
be determ ned based on the snoothing factor and a 25 predeterm ned
probabi | i t ysagflinginpat sibeal he argred%6, a covariance matrix of signal
val ues of the sanpled and filtered received signal is determ ned,
and an eigenvalue matrix of the covariance matrix is determned in
358. The eigenvalue matrix includes a plurality of eigenval ues of the

covariance matriX. i 4h 3Rbdifbs, iHedERsiAeCthclul £HBENY HIEHEBLvedANEhal.
t he m ni num ei genval ue Xm n of the eigenvalue matrix are determ ned.

Final 1y isn 8024 B, tbre%ﬁemgog_fﬁ@fﬂ?gmgﬁgqm}gaw&eg%d%smce%@g@{e%?%e

as to classity t ecel ve i gna inn e receiv

signal is classified into si gpal _including data erw se, the
oo ved: si e dafy Sl Rt dertud it rhE Mty b Sqected 1o
shows a classifier 400 to classify a received signal 401 according to
an enbodi menkerdypes Réfilterasivglbnn aypidecemalodimpnty thedBtepisinplaéed igdiltgr the
first determining circuit 402 to determ ne a covariance nmatrix of

si gnal val wespbfl redvevedescgmialzed si gnal 401, and a second deternining
circuit 404 to determ ne an eigenvalue matrix of the covariance
matri x. The eigenvalue matrix includes the eigenval ues of the
covariance matrix. The classifier 400 nay also include a third

det erm njong ci rcui kcAf%inkQ dfd EhBB MR, fHetRht cfew?ﬁtidiﬁ’% bR %anli%ﬁéﬁ to
15 one ei genval ue of the“eigenvalues of the covariancde matrix, and a
fourth determning circuit 408 't term.ne. a .seco f.unction from at
| ast one. deER R bATRs Brge R AT R AR RuSEOS oot led S8t ne
second function is determned to be different fromthe first

function. TEkeordingdsitfeifelowWng efjuattdner i ncl udes a classifier circuit

410 to classify the received signal 401 into a signal including data
or into a noise signal dependent fron1§ gempari son 20 between a val ue
of the first function and a val RéNgh=the Secefndkd (ction. The
classifier 400 and each of the circui tV&i020 404, 406, 408, 410 may be
a hardwired circuit or a hard-wired logic gate structure, or a

pr ogr ammablygepdin Bldidenoted themnmteh@frsi@{apwé@@@ % 1HRFoCarPRic@thatrix. The first
programmed to provide the respective function'of the circuit as

expl ai ne bove. . The classifier .400 .may be .in¢gluded.in an el ectronic
v ce i5r TBIeRBEITE g AT b BEURE y LEOy T s OT BiRiEs MR TS e gocerved
I n anot her enbodi nent, the classifier may be a conputer program
product 5 iSHERLAraginatempsaratinndn aglifbrentdpm guweld- to classify a

recei ved signal according to the enbodi nents of the invention above
when bei ng executed by a processor. The statistica
covariance matrices of signal and noise are generally different. The
statistical covariac@edifRtd inotidr eAdio8indng thkeseebmd A&ermiiyinghercnie &edoniiagred
filter. Therefore its 10 structure is known to the receiver. Based on

this structy aaenﬁita@ﬂﬁ_%vgeéhbﬁpe Erafd By ¥arltfo HR GBS AR (0GRO eRBnvalue

transforned into an ei genval ue matrix. Wen %e received signal 1S a

noi se si,gn 1 h i L Dl Lgenval L t_ th L genval ue.

ot x40 o b o B AR B BTSRRI s (eI Y e Fine e
t he maxi nrum average and,m pi num ei genval ues of the eigenvalue matrix
are dif f er sizenvataswetrionR{ Mg ) secording éua selertishequation. xOn& exdnede pBan equation is
(RMT), the characteristic of eigenvalue distribution is used for

si gnal det getjipR,s Thus, the nethod in accordance with the enbodi ment

of the invention may be used in various signal detection applications

R(vs)=Q 'R(Ns)Q™",



20 Exanple 1 In an illustrative exanple, let y(t) be the

continuous-tinme received signal. Assum ng that the frequency band

with central frequency L and bandwidth Wis desired, the received

signal y(t) is sanpled at a sanpling rate jes, where f." W Let 71, =
1li1fs be the sanpling period. The received discrete signal is then )
x(n) = y(nTeperetnQr denges  Hermitigmsiaties Helerept equatien muytbeesaleptest togdrgermine
H : data exists. The received signal sanples under the two

hypot hesi Seﬁe%f%%n{/zhﬁé ﬁ‘faﬂ{)@inrtﬁﬁé}eeﬁ&h E%.y I@§ne¥]8{1tt9d’fﬁfen e Iéél@itiffn Pl(aﬂ‘}x Q may
Hl : x(n) =s(n) + g(n) , 5 ere s(n) is the transmtted Signal, —=
e.g. passing through a wirel ess channel (including fading and .

mul ti pat h ebd detenmingghdrony g rijlter Jox fikieniug the teotived signgdl &s andibereembediment, the
s(n) can be the superposition of nmultiple signals. The received

signal is gaaetidht mapda aghayt by dutghimedFeoia pas@vhtiddc8imatiebf #esd 0 f

(k), k =0,1,...,K be the bandpass filter with EIf (k)I =1 . Let g(n)
be the auto- k=0 correlation of the filter, that is, Kg(n) = Ef (k)
f (n + kf, n=0,1..., Kk=0 Define 2 Kp(N =/*(0)1 + 2 E (N -

n) 1g(n) 12

The third determining circuit may determine the first function to be a
combination of a plurality of the eigenvalues. In one example, the first function may be
determined to be a linear combination of a plurality of the eigenvalues, and in another
example, the first function may be determined to be an non-linear combination of a plurality
10 of the eigenvalues. In one embodiment, the first function includes at least the maximum
eigenvalue of the eigenvalue matrix. In another embodiment, the first function includes a
predetermined number of the largest eigenvalues of the eigenvalue matrix, for example, the

two, three, four, five, ..., largest eigenvalues of the eigenvalue matrix.

15 According to another embodiment, the third determining circuit is configured to
determine the value of the first function using the trace of the eigenvalue matrix. Thus, the

value of the first function is determined to be the trace of the eigenvalue matrix.

The fourth determining circuit may determine the second function to be a
20 combination of a plurality of the eigenvalues, which may be a linear combination or a non-
linear combination of a plurality of the eigenvalues. In one embodiment, the second
function includes at least the minimum eigenvalue of the eigenvalue matrix. In another
embodiment, the second function includes a predetermined number of the smallest
eigenvalues of the eigenvalue matrix, e.g., the two, three, four, five, ..., smallest

25 eigenvalues of the eigenvalue matrix.

10



n=1 15 After filtering, the received signal is turned to 7c(n) = Ef

(k)x(n - k), n=0,1,... k=0 Let 1?(n) = E f(k)s(n - k), n=20,1,...
k=0 K 77(n) = Ef(k)77(n - k),n =0,1,... k=0 20 Then HO: 5-c (n) =
(n) Choose a snoothing factor L and define x(n) = [5c- (n) .77(n

-1). 3 (n- L +1)1, n = 1 Werein .denot es .t he numher of signal i
val) ues 5( (n) . 5) Dg}q)rﬁzeer%bolgln?er(tﬂll'ngc{g?m tCrlIiCthé%CODfl@Bl)ed Jopse a scaling factor in

the comparison between the value of the first function and the value of the second function.
The scaling factor may be selected to meet a perdefined criteria. For example, the scaling
factor may be selected such that a probability of false alarm not higher than a predetermined
5 probablity of false alarm is achieved. According to one embodiment, if the ratio of the
value of the first function to the value of the second function is larger than the selected
scaling factor, the classifying circuit classifies the received signal as a signal including data.

Otherwise, the classifying circuit classifies the received signal as a noise signal.

10 A further embodiment of the invention relates to an electronic device including
the classifier as explained above. In one embodiment, the electronic device further include
a receiver to receive a signal. In another embodiment, the electronic device may include

multiple receivers to receive a signal.

15 In one embodiment, the electronic device is configured as an electronic device
selected from a group of electronic devices. Examples of the electronic devices include
communication terminal or medium player device configured to play at least one medium,

e.g., a video player device.

20 A still further embodiment of the invention relates to a computer program
product for classifying a received signal. The computer program product is configured to
classify the received signal when being executed by a processor. The classifying of the
received signal includes determining a covariance matrix of signal values of the received
signal, and determining an eigenvalue matrix of the covariance matrix. The eigenvalue

25 matrix includes the eigenvalues of the covariance matrix. A first function is determined

11
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from at least one eigenvalue of the eigenvalues of the covariance matrix, And a second
function is determined from at least one eigenvalue of the eigenvalues of the covariance
matrix, wherein the second function is different from the first function. The received signal
is classified into a signal including data or into a noise signal dependent from a comparison

between a value of the first function and a value of the second function.

The computer program product may be implemented in any programming
language, such that a plurality of instructions written in a selected programming language

may be executed to classify the received signal.

FIG. 1 shows the flowchart illustrating a method in accordance with one
embodiment of the invention. Having a received signal, a covariance matrix of signal
values of the received signal is determined in 102. An eigenvalue matrix of the covariance
matrix is then determined in 104, wherein the eigenvalue matrix includes eigenvalues of the
covariance matrix. In 106, a first function is determined from at least one eigenvalue of the
eigenvalues of the covariance matrix. And a second function is determined from at least
one eigenvalue of the eigenvalues of the covariance matrix in 108. Depending from a
comparison between a value of the first function and a value of the second function, the

received signal is classified into a signal including data or into a noise signal in 110.

FIG. 2 shows the flowchart illustrating a method in accordance with another
embodiment of the invention. The received signal is sampled and filtered in 202. A scaling
factor vy is then determined in 204. The determination of the scaling factor v may based on a
selected smoothing factor and a predetermined probablity of false alarm in one embodiment.

In 206, a covariance matrix of signal values of the sampled and filtered received signal is

12



JO f (K) Let G = HHH Deconpose the matrix into G= QH , where Qis
a LxL Hermtian matrix. - 10 The method to classify the received

signal according to one enbodi nent of the invention is illustrated in
the followi ng steps: Step 1. Sanple and filter the received signal as
descri bed above. St 2. Choose a sppothing factor L and determnm ne

a scal i ng fOLBENSd '(‘%Fieg’bﬂg%i“'éw&ﬁt’i%o (&e sovasiangs waky igleteypiged ih2q8, elThe
scaling factor y should be determ ned to neet the requirenment for the
probabi | i t yelgvalaE seatax nctindess plurddity Detigenviahies.awlvioly aneiasmogedyaty inxthe order
10-s) of the signal values of the received signal as follows: 1 NriH
x(n)x (n) NFw=0,28.. Skigp MfirsDainetiod RgLan, el .gRNvaldueseadid fukciRENS AR ,. . .,
transformng the covariance matrix according to the follow ng

equation (N, $is detd@nindd(ns 1Qedst ot @RerRralleRirend diPevhiies 6 BERYRHGSe Rfatrix in

the eigenvalue matrix of the receivéed signal and denote them as224.
Step 6. talM N i i S i F2. from
the at | act o afie L} e HHPA. ARG S SO ERIES eep IR Sy G

F2 are positive.functions. with vari apl es, d F1 (N3 (N 3
are the res‘%teé?"ir{? R :l:geﬁ(’}iammf i&@ﬁﬁﬁﬁ@ﬁ@%@r@&ﬁ%w{?ﬂ%&ﬁ 2 W'Mé%e
functions F and F2 nay be a conbination of the plurality of ) )
ei genval uedecaived signal siidaspitied inte Astenalrinclygiagidane (Qtheryise] thgmeceived signal is

classified into a noise signal.

10 FIG. 3A shows the flowchart illustrating a method in accordance with an
embodiment of the invention. The received signal is sampled and filtered in 302, and a
scaling factor v is determined in 304. In 306, a covariance matrix of signal values of the
sampled and filtered received signal is determined, and an eigenvalue matrix of the
covariance matrix is determined in 308. The eigenvalue matrix includes a plurality of

15 eigenvalues of the covariance matrix. In 310, the maximum eigenvalue Ama and the
minimum eigenvalue A, are determined. Finally in 312, the eigenvalues Amax and A, are
compared in order to classify the received signal. If Ayax / Amin > v, the received signal is
classified into a signal including data. Otherwise, the received signal is classified into a
noise signal.

20

FIG. 3B shows the flowchart illustrating a method in accordance with a further
embodiment of the invention. The received signal is sampled and filtered in 352. A
smoothing factor L and a scaling factor y are determined in 354, wherein in one
embodiment the scaling factor may be determined based on the smoothing factor and a

25 predetermined probability of false alarm. In 356, a covariance matrix of signal values of the

13



F2 may also include a plurality of the |argest and the small est

ei genval ues, respectively. Step 7. Cassify the received signal
dependent from a conpari son between F1 (N,) and 10 F2 (Ns). If
1-1(N5) 1F2(N5) > , signal exists (i.e., the received signal includes
data). O herw se, signal not exists (i.e., the received signal is a
noi s)e Si gnaﬁ%np?ﬁé)@ééﬁﬁ@feﬁ:recelm signgk inrfstesmined, ardenreagenialug gnatrix of the
maxi mum m ni nrum ei genval ue (MMVE) detection, wherein 15 the conparison
of the maxidgoyariaicareiay iseleterminet e 358. nThrsigarivglew vadtur incdudss e glurality of
classify a received signal, and is explained as follows. Step 1.

Sanpl e and digdrivelued ditthe edarivedt matgRAIN 360, s aatdedf ihb cleanribemhtirix and the
above. Step 2. Choose a snmpbothing factor L and determ ne a scaling

factor 7 (ahsOmh@fesdheslud 8,,28¢ Be eigentdMiEniekdle ddBSiA&R! RG] ﬁicfrﬁ?[ ‘h3é trace
is determned to nmeet the requirenment for the probability 20 of Talse

I ' : | | Qi i on; 2 f1LNs + V

A E T A e S v L e
cal l ed Tracy- W sdom.di 'y . :

o obabi || ¢ JbTeCERPL e 4 o o et igiatt, e oAb e Bosienal
chosen to neet the requirenent for the probability of false alarm

The val ues idflagsildedrintpcanaigesdgmldi st ri bution are given in Table 1. 5
-3.90 -3.18 -2.78

FIG. 4 shows a classifier 400 to classify a received signal 401 according to an

10 embodiment of the invention. The classifier 400 may include a first determining circuit 402
to determine a covariance matrix of signal values of the received signal 401, and a second
determining circuit 404 to determine an eigenvalue matrix of the covariance matrix. The
eigenvalue matrix includes the eigenvalues of the covariance matrix. The classifier 400
may also include a third determining circuit 406 to determine a first function from at least

15 one eigenvalue of the eigenvalues of the covariance matrix, and a fourth determining circuit
408 to determine a second function from at least one eigenvalue of the eigenvalues of the
covariance matrix. The second function is determined to be different from the first
function. The classifier 400 further includes a classifier circuit 410 to classify the received
signal 401 into a signal including data or into a noise signal dependent from a comparison

20 between a value of the first function and a value of the second function.
The classifier 400 and each of the circuit 402, 404, 406, 408, 410 may be a hard-

wired circuit or a hard-wired logic gate structure, or a programmable circuit, or any other

programmable logic being programmed to provide the respective function of the circuit as

14



-1.91 -1.27 -0.59 0.45 0.98 2.02 Fi (t) 0.01 0.05 0.10 0.30 0.50 0.70
0.90 0.95 0.99 Table 1: Nunerical table for the Tracy- Wsdom
distribution of order 1 The determ nation of equation (1) for the
scaling factor will be described in a |ater portion. Step 3.

Determ ne the covariance nmatrjX: ) , _ i .
expla?ned above. Thenﬁasaﬁer 400 may be included in an electronic device for classifying

a signal received by the electronic device.

In another embodiment, the classifier may be a computer program product
5 including instructions to be configured to classify a received signal according to the

embodiments of the invention above when being executed by a processor.

The statistical covariance matrices of signal and noise are generally different.

The statistical covariance matrix of noise is determined by the receiving filter. Therefore its

10 structure is known to the receiver. Based on this structure, the covariance matrix of the
received signal can be transformed into an eigenvalue matrix. When the received signal is a
noise signal, the maximum and minimum eigenvalue of the eigenvalue matrix are equal.
However, when the received signal includes data, the maximum, average and minimum
eigenvalues of the eigenvalue matrix are different. Based on the so called random matrix

15 theories (RMT), the characteristic of eigenvalue distribution is used for signal detection.
Thus, the method in accordance with the embodiment of the invention may be used in
various signal detection applications without knowledge of the signal, the channel and noise

power.

20 Example 1

In an illustrative example, let y(¢) be the continuous-time received signal.
Assuming that the frequency band with central frequency £, and bandwidth W is desired,
the received signal y(¢) is sampled at a sampling rate f, , where f, > W . Let T, =1/ f, be

the sampling period. The received discrete signal is thenx(n) = y(rT.) . There are two

15



Ns-1H x(n)x (n) A s n=0 10 Step 4. Transformthe covariance matrix to
determ ne the eigenvalue matrix: = Q-1 R(Ns )Q-H Step 5. Determ ne

t he maxi nrum e genval ue and m ni nrum ei genval ue of the eigenval ue

matri x R(N) and denote themas /Lax and Amin , respectively. Step 6.
Determ ne the presence of the signal based on a conparison of the 15
maxi mum ei JoRPEICHEesad: dateneh axishiu @il e dotalonists. The reeaived sigaplgamiples under
exists. Otherw se, signal does not exist. Exanple 3: Since the

average valiHe t0b hyiifhdiseeasahdieord RsiREeRey hi Aldlwst 0 the trace of the
covariance 20 matrix, the trace nay be conpared with the m ni num

ei genval ue to detect whether the Qek¥§g gbgnal i ncludes data or
not. This enmbodinent of the inventi%ori ‘s &dfled the trace with

m ni mum ei genval ue (TME) det ectjon ni ch, | xpl ai ned in detail

bel ow. TME detection is also rgfé%Qid”ﬁg)%goﬁhe energy with m ni num

ei genval ye {RVE} (1584 lﬁl%tttiaﬁﬁniftt%ii @%ﬁal% B8, fds@68 tl‘[r@ﬁ’él?§§f'ﬁ%&s§ aﬁnﬁ‘éﬁflﬁgﬁlﬂ}%

energy. Step 1. Sanple and filter the received Signal as describ

Ex le 1 ve. Step. 2, hi fact L det '
amp'’ € gl\ﬁg)z}ni? a%ﬁwar%%F Z%cfrg%ggso e Iw% te 1’1%1%6 gerlmple(sa.%ote teha?sr(g]) (r:]aei\l l% the

scaling fa

superposition of multiple signals.

The received signal is generally passed through a bandpass filter. Let

K
10 f(k), £=0,,.,K Dbethe bandpass filter with Z|f(k)12 =1. Let g(n) be the auto-
k=0

correlation of the filter, that is,

2(n) = § k) fn+k), n=01,..K
k=0
Define
2 K 2
u(N)y=N |g(0)| +2 3 (N~ n)|g(n)|
=]

15 After filtering, the received signal is turned to

X(n) = gf(k)x(n -k),n=0,,..
k=0

Let
K
Fn)= 3 fk)s(n—k), n=01,...
k=0
Any= Y. fkm(n—k),n=0,],...
k=0
20 Then

Hy: %(n) = 7(n)
H, = %(n) =3 (n) +7(n)

16



5 threshold). The scaling factor y is determned to neet the

requi renent for the probability of false alarm Step 3. Determ ne the
covariance matrix: 1 Ns-1H x(n)x (n) Ns n=0 Step 4. Transformthe
covariance matrix to determ ne the eigenvalue matrix: 101-i (N s) =
tri R(N s )%@ Step 5. Determ ne the trace p of the covariance matrix
of the recéihpete afgpehingdadot Aeandidsfintim ei genval ue . 1.n of the

ei genvalue matrix (N s) . Step 6. Determ ne the presence of the
signal based on a congat)=s@inpf xthellt race(and 1 he' m-nomimmei-genval ue.
If p/Arin > 7L, the received signal is classified to include data. 15
O herwi se, the received signal is classifi eg&(fil a noi se signal.

Si mul at i onsVRGETWYy PRALSS th BPEPsIPE sigbrbyplpes for DTV signals using
the netheds in according with the enbodi nents of the invention in

Exampl e 2 andinBsaiml e +X pRaYiR «8re presented in the following. 20
Sinmul ation for wreless mcrophone signal In an enbodi nent of the

i nvention, the FM nodul ate i.reless mcrgphone signal can_-be witten
as W(t) = cos (2 tr 10( f fm)))f 7= vﬁ%gr)ef Ps the cBntral
frequency, L is the frequency deygi®tions(@nd)W f(Ky)..is bhe source
signal. The frequency d&fation is chosen to be 100 KHZ. w'|,(r) is
generated as evenly 5 distfibuted real nunber in”(-1,1). assune
that the signal has been dpowl conferted t&0)he FB)(Intef@Ed ate
Frequency) with central frequency f =5.381119 MHz. The sanpling rate

L e S O G L
passed t hrough the sanme filter. Sensing tine
10
The method to classify the received signal according to one embodiment of the invention is
illustrated in the following steps:
Step 1. Sample and filter the received signal as described above.
Step 2. Choose a smoothing factor L and determine a scaling factor ¥ (also referred to as a
15 threshold), wherein the scaling factor ¥ should be determined to meet the requirement for
the probability of false alarm.
Step 3. Determine a covariance matrix R(Ng ) of the signal values of the received signal as

follows:

RW,)=——"§ x00x" ()

s n=0
20 Step 4. Determine an eigenvalue matrix _ﬁ_(N S) by transforming the covariance matrix
according to the following equation
R(Vy)=Q ' RWV)Q ™7
Step 5. Determine the eigenvalues of the eigenvalue matrix of the received signal and

denote themas A =24, >...2 4,.
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is 9.30 mlliseconds (ns). The snoothing factor is chosen as L=10.
The scaling factor or 10 the threshold is set based on the
predeterm ned required probability of false alarmPfa = 0.1 (based on
random matri x theory), which is fixed for signals. The scaling factor
is not related to noise power. FIG 5 shows the probability of

det ecti on r¥&not Peigring ﬁfﬁrﬁeﬁlg?twml?ata%ﬁ,seqmé ferghion s’ Tom thept leass pre
the energy detection with x-dB noise uncertainty. Table 2 bel ow shows
t he probabidigenyalyes:fal se alarmresulting fromthe method of energy
detection and the nethod according to the enbodi nents of the

I nvention, wherein MVE is the naxwp@qygﬁgugugLQQgﬁction I n Example 2
above and TME is the trace with m ninum el genval e detection in

Exanpl e 3 above. 20 EG 2dB EG 1.5dB EG 1dB EG 0.5dB EG QdB (no

uncrenr)t ainty) TME/ EME MVE 0. 497 0. heV.0=4e6L0h483.b. 108 0. 081

5 where F and F, are positive functions with L variables, and I'\(NV,) and I,(V,) are the
respective value of the first and the second function. The functions F, and F, may be a
combination of the plurality of eigenvalues, e.g. a linear combination. The functions F, and
E, may also include a plurality of the largest and the smallest eigenvalues, respectively.

Step 7. Classify the received signal dependent from a comparison between T, (N,) and

10 TL(N,).If T (N )T,(N,)>y,signal exists (i.e., the received signal includes data).

Otherwise, signal not exists (i.e., the received signal is a noise signal).

Example 2:

This example is referred to as maximum-minimum eigenvalue (MME) detection, wherein
15 the comparison of the maximum eigenvalue with the minimum eigenvalue is used to

classify a received signal, and is explained as follows.

Step 1. Sample and filter the received signal as described in Example 1 above.

Step 2. Choose a smoothing factor L and determine a scaling factor y (also referred to as a

threshold). The scaling factor ¥ is determined to meet the requirement for the probability

20 of false alarm according to the following equation:

(\:‘“s ' VL)2 ('\/Ns t VL)_2/3 -1 [#(N ))0-’
= 1+ F, 1- Py 282082 1

8

18



0.086 Table 2. Probability of false alarm (sensing tine 9.63 ns)
Fromthe sinulation results in FIG 5 and Table 2, it is shown that
the nethod in accordance with an enbodi nent of the invention achieves
hi gher probability of detection and |ower probability of false alarm
than the nmethod of energy detection. In FIG 5, the MMVE even perforns
better thanvheie fedehgyo daliescirpenWisdom digttutianpEerdpolel, i iet hout

noi se 5 uncertainty). In practice, noise uncertainty is usually

present. Asprea¥hihéd frbbabilty of Faldeh@hdh, | shdhk 488 hotildOnEnBYB N YIRE be
uncertainty, the detection probability of the énergy detection Is

much worse C [ the e di nent s of

t he i nvent i%ﬁ%&?ﬁ%&r %%Qﬁregﬁép%?é%é%%%}%gl&ggg?qlg ag%mh%%a i Ofﬁg
met hod in cordance with the 10 enbodi ppnts of the invention and the
met hod of 2ﬁ@?§$ﬁﬁ@¥%g%F “ﬁP?ﬁﬁﬁﬁmﬁBﬂggﬁhhcertainty meet the

requi renent for the probability of false alarm (Pffi <= 0.1).

However, the resulting probability of false alarmfor the energy

det ecti on net hods wi | h3.80i{s8.18nce?.7&i|[nthy01f ar-1.8%cledds { h@45i nitosas 2.02
shown in Tabl e 2. Therefqre, the netlhod of ener|gy detectiopn is
unreliable in oF:agt apd1 91 best | @I W Hondi eso Ungert ai mby cemparied.og
with the nethed in 5 acqgordance w tlh the|enbodi nents of the

i nvention. SimHatienrs—fer—capturedDP-stghrals-—TFhelsimul-ati-onsare

based on the " SpaabldmMensdiag tﬂilmlaﬂlbmaﬁ?dﬁsﬂem-ﬂiﬁrm%ﬁro‘f@rﬂf'\'i
signal is passed through a raised cosine filter (bandwdth 6 Mz,
rolling factor 1/2, 89 tapes). 20 Wi te noises are added to obtain

t he vari ousl "SNRtqr@{natien offpguakembla forghe seakipe dactorswdl hegleagdpdan a later portion.
(corresponding to 18.60 ns). The snmoothing factor is chosen as L-10.
The t hr eshditep BsDefetmibadedovariankemmagqui red Pfa = 0.1 (using random
matrix theory), which is fixed for signals. The threshold is not
related to noi se power. Tabl g B,-shows _the probability of

false alarmresul ting from t He(Mgk$ed of g(ﬁf};‘ajn)}let ection and the

met hod in accordance with the enbodiMents of the invention. FIGs. 6A
to 6F show the probability of detection for different DTV signals.

EG 2dB BG Bt&§s Fensiohh tHe-ddvattidce matrix to determine the eigenvalue matrix:

R(V,)=Q7'R(V,)Q™"
Step 5. Determine the maximum eigenvalue and minimum eigenvalue of the

eigenvalue matrix R(N,) and denote them as Aae @0d 2

x min » TESpECtively.
Step 6. Determine the presence of the signal based on a comparison of the

15 maximum eigenvalue and the minimum eigenvalue. If 2, /A

‘min

>y, signal exists.

Otherwise, signal does not exist.

Example 3:

Since the average value of the eigenvalues is proportional to the trace of the covariance
20 matrix, the trace may be compared with the minimum eigenvalue to detect whether the
received signal includes data or not. This embodiment of the invention is called the trace

with minimum eigenvalue (TME) detection, which is explained in detail below. TME
19



EG OdB (no uncertainty) TME/ EME MVE 0.496 0.496 0.491 0.481 0.095

0.029 0.077 5Table 3. Probability of false alarm (white noise,

sensing tine 18.60 ns) Fromthe sinmulations results from Tabl e

3 and FIGs. 6A to 6F, it is shown that the TME/ EME and the MVE net hod

in accor dance with the enbodi ments of the invention have a better

per f or mance ¢ HARN ihAlstEsHEy 8RS difetgiaydutieatiniprm cigenvalueT(iddE) dajecsion, since
enbodi nent of the invention, it is provided to sense or detect a

signal in athcaﬁi:@'epxesmﬁhﬂrai/eragttmrg)ystem e.g. to detect the

exi stence of data in a received signal w thout the prior know edge of

the signal,Stepd. Shaplaahd filer the gnaived sighflsk desgibed irfPghrhle 1M8bse power
of the received signal. In the follow ng, the enbodl ment of the

i nvention i h Lirp
illustrat ed@ﬁeﬁ zga%@lg%@oﬂﬁﬁﬁagn%léﬂ g 4: L@%{%A@E%ené%aﬁp% ft her %mogreéel—wd toasa

signals s ( P) and Mreceivers. This is als .
appl i cabl’e %S@?lﬁb@e S@%‘é}&fé?t% %<8 deerpiped F%@?t\;bﬁregmjﬁamtifer @sﬁmbéhlhty
at the sanpling rate of Mtinmes the sanpling rate of the input

signal s, i .d&ffalst Hlerm.ecei ved signal is oversanpled. In the

Step 3. Determine the covariance matrix:

N1
R(V,) =-j§— S x(mx? (n)

s n=0
Step 4. Transform the covariance matrix to determine the eigenvalue matrix:
10 R,)=Q'RWV)Q7
Step 5. Determine the trace p of the covariance matrix of the received signal, and the

minimum eigenvalue A, of the eigenvalue matrix R(V s)-
Step 6. Determine the presence of the signal based on a comparison of the trace and the
minimum eigenvalue. If p/A;, > 7L, the received signal is classified to include data.

15 Otherwise, the received signal is classified to a noise signal.

Simulations for wireless microphone signal and for DTV signals using the methods in
according with the embodiments of the invention in Example 2 and Example 3 above are
presented in the following.

20 Simulation for wireless microphone signal

In an embodiment of the invention, the FM modulated wireless microphone signal

can be written as
w(t) =cos (QHJOI(fC + wam(r))dr)

20



followi ng, the two situations are treated as the same. The received

signal for receiver i is x ,(n), (i =1,2,...,M, p NX (n) = E E hi.
(k)s (n - k) +g(n), n=0,1,... j=lk=0 where h u(k) is the
channel response fromuser j to antenna i, Ny is the order of channel

hij(k), 5 and th (n) is the channel noise. Note that the signal,
channel respbeis e/, dbdhanesingel Gagpepey.cfefs the ficauencealeviation,omd ex(r) is the source

nunbers. Let NI = max(Nij) , zero-padding h u(k) if necessary, and
define clefgxfn) = [xi (n), x2(n), clef h (n) =[hi (n), h2 (n),, h
(nN)lT , - J clef TO = [711(0 712(4>77 m (77)i T p N The expression of
x (n) = EEHII (kysl1 (n- k) +qg¢(n), n=20,1,... may be witten

into j=1 k=0 vector formas N

The frequency deviation is chosen to be 100 KHZ. w, (7) is generated as evenly

w

5 distributed real number in (-1,1). We assume that the signal has been down converted to the
IF (Intermediate Frequency) with central frequency f,-=5.381119 MHz. The sampling rate

is 21.524476 MHz. The passband filter with bandwidth 6 MHz is the raised cosine filter
with 89 tapes. The signal and white noise are passed through the same filter. Sensing time
1s 9.30 milliseconds (ms). The smoothing factor is chosen as L=10. The scaling factor or
10 the threshold is set based on the predetermined required probability of false alarm Pr, = 0.1
(based on random matrix theory), which is fixed for signals. The scaling factor is not related

to noise power.

FIG. 5 shows the probability of detection resulting from the simulation, wherein

15 “EG-xdB” means the energy detection with x-dB noise uncertainty. Table 2 below shows
the probability of false alarm resulting from the method of energy detection and the method
according to the embodiments of the invention, wherein MME is the maximum-minimum
detection in Example 2 above and TME is the trace with minimum eigenvalue detection in

Example 3 above.

20
EG-0dB
EG-2dB | EG-1.5dB | EG-1dB | EG-0.5dB TME/EME | MME
(no uncertainty)
0.497 0.497 0.496 0.483 0.108 0.081 0.086

Table 2. Probability of false alarm (sensing time 9.63 ms)
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Pj x(n)

EEhi (K)s (n- k) +q(n), n=0,1,... j =1 k =0

Consi dering L consecutive outputs and define clef LI(n) = [xT (n), xT
(n -1, xT (n- L+ 1D]T, def /KO=[7771 (0, 77T (n (n - L +1)]T ,

def i(n)

p(n- Np

= [si(n), s 1(n -1),s (n -- L+1) . Sp(ll) Sp(n-1),S

- L +1)]T. Then ii(n) = HS1(n) def p Wiere His an

M.x(N + PL) (N = From thy sipaylation gesulfsniadF SJ @ble 2,1t ES shown that the method in

10

15

20

accordance with an embodiment of the invention achieves higher probability of detection
and lower probability of false alarm than the method of energy detection. In FIG. 5, the
MME even performs better than the energy detection with exact noise power (without noise
uncertainty). In practice, noise uncertainty is usually present. As shown in FIG. 5, if there
is higher than 0.5dB noise uncertainty, the detection probability of the energy detection is

much worse than that of the method according to the embodiments of the invention.

Furthermore, the probability of false alarm for the method in accordance with the
embodiments of the invention and the method of energy detection without noise uncertainty
meet the requirement for the probability of false alarm (Pg, <= 0.1). However, the resulting
probability of false alarm for the energy detection method with noise uncertainty far
exceeds the limit as shown in Table 2. Therefore, the method of energy detection is
unreliable in practical situations with noise uncertainty compared with the method in

accordance with the embodiments of the invention.

Simulations for captured DTV signals

The simulations are based on the “Spectrum sensing simulation model”. The captured DTV
signal is passed through a raised cosine filter (bandwidth 6 MHz, rolling factor %4, 89 tapes).
White noises are added to obtain the various SNR levels. The number of samples used is
400000 (corresponding to 18.60 ms). The smoothing factor is chosen as L=10. The
threshold is set based on the required Py, = 0.1 (using random matrix theory), which is fixed

for signals. The threshold is not related to noise power.
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H =112,

10

15

20

., Hp],  (NJ)0O 0Ohi (0)0 00...(0)...) def H =

Table 3 shows the probability of false alarm resulting from the method of energy
detection and the method in accordance with the embodiments of the invention. FIGs. 6A

to 6F show the probability of detection for different DTV signals.

EG-2dB | EG-1.5dB | EG-1dB | EG-0.5dB EG-0dB TME/EME | MME
(no uncertainty)
0496 | 0496 | 0.491 0431 0.005 0029 | 0.077

‘Table 3. Probability of false alarm (white noise, sensing time 18.60 ms)

From the simulations results from Table 3 and FIGs. 6A to 6F, it is shown that the
TME/EME and the MME method in accordance with the embodiments of the invention

have a better performance than the method of energy detection.

Thus, in an embodiment of the invention, it is provided to sense or detect a signal in
a radio or communication system, e.g. to detect the existence of data in a received signal
without the prior knowledge of the signal, the channel the signal is residing in and the noise

power of the received signal.

In the following, the embodiment of the invention in a multiple-input multiple-

output (MIMO) system is illustrated in Example 4.

Example 4:

Assume that there are P signals s,(n), (j=1,2,...,P)and M receivers. This is also

applicable to single receiver case if the received signal is sampled at the sampling rate of M

times the sampling rate of the input signals, i.e., the received signal is oversampled. In the
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5 The foll ow ng assunptions for the statistical properties of
transmtted synbols and channel noise are made: (1) noise is white

noi se, (2) noise and transmtted data signal are uncorrel ated Let
R(Ns) be the sanple covariance rratrix of the received signal as
follows: 10 def 1 L-1+NsH R(N3) = - E(n) Ns n=L_ where AT is the
nunber of c%ﬂllpé/@%geéhestaﬁmt@%tlonﬁfﬁr%eareg %%fém%é@@de%qumbﬁmwmmw
(1) and (2) above, it can be verifed that def R(N5) R = E(1(n)x (n))=
HR HH --s whdrnk (R=§2j.sMhe statistical covariance matrix of the input
signal, R5 =(n)) , o- 15 the variance of the noise, and LIE, is the
identity matrix of order M. Let the eigenvalues of R and HRsHH be 2,

22 Aml . and 0 p2PAi I, re&gec% \%I (k)gbw okljs_L)é (n? = Uip '+ o-,

j=lk=

where 4y(k) is the channel response from user j to antenna i, Ny is the order of channel /;(k)

>

5 and 77,(n)1s the channel noise. Note that the signal, channel response and noise can be

def
either real or complex numbers. Let N j= m?x(N i7) » Zero-padding #;(k) if necessary, and

define
aef T
x(n) =[x1(n), x(n), .. ,xp(n)]",
def T
_J (?I) [hlj (n) hzj(n)a :hﬂd)(n)] 3
def r
10 n(n) =[m@), 1), ... (W],
. P Ny
The expression of x;{n)= Y > hij(k)s j(n—k)+n;(n), n = 0,l,... may be written into
F=1k=0
veétor form as
PN
x(n)= X Z hj(k)s (n—k)+n(n), n=0,,.
Jj=1k

Considering L consecutive outputs and define

o 7 T T
15 i) = xT ), xF@m-1, .., xL(m-L+DV,
.Y T T T
i) =" () n (=1, ., n° (@-L+D]",
def
8(n) = [sy(n), sy(n-1, ., s (r—-N—-L+1), ..,
sp(m), sp(n=1), .. sp(n-Np-L+D]F
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> P AIL and If there is no signal, i.e., (n) = 0,= A2= =2M. = o.
If there is signal, pl therefore .1.1 > Aka . Thus, by determning if
AL | /IA/L >y (where y is a threshold), the existence of signal can
be detected. 5 The nmethod to classify the received signal according
to the maxi mum m ni num ei genval ue (MVE) detection of an enbodi nent of
the inventiBin &)+ H&Watdd in the fol l owing steps: Step 1.
Determ ne a covariance matrix R(N5) of the signal values of the
received signal as follows: 1 L-13K\g3A HR (Ns)=- Eilc(n)Lc (n)
Ns n=L 10 Swepred iff eIIR(Ne: pmm&,}(lm?.ﬂﬁn{ﬂ qifreauei genval ues of
the covariance matrix R(Ns), i.e. 2,zax and Amin. Step 3. Cassify
the received signal dependent froma conparison between the nmaxi num
and m ni num ei genval ues. If 2", 6 a" If Am n >7, signal exists (i.e., the
recei ved signal includes datl_ff._ lghel[Iwi se, ﬁéﬂranal does not exi st
(i.e., the received signal is a™oi sighal )7 ey >1 15 and the
determ nation of 7 is explained in the foll ow ng. Determ nation of
the scaling factor or thrd_s}(O]d Ly In.‘pr}_u}c(Mjge, wsual Iy onlgy fjnite
nuber of sanples are ayaiI'gbl e, Hence, the’sa _k@_}:ovari ance
matrices R(N5) may bgywel| away=fromthe statistical covarianc
matrices It. 20 The érfenval ue distribution of R(Ns ) ‘becones pery
conplicated. Let Pd be the grobalylity of, .ggtection, thah_gﬁ,_ i f
there is signal, the probability of "yes*/déternmination Th tf{he
recei ved signal includes data. Let PA be the probability of false
al arm t BatThedpllowinghesueptionnor shegptatisticdl peopmrtbdsalfitdandnyitted syyBsls and channel
determ nation that the received signal includes data. For a

noise are made:

(1) noise is white noise,
(2) noise and transmitted data signal are uncorrelated

Let R(N; ) be the sample covariance matrix of the received signal as follows:

dEf 1 L-—].+NS H
10 R(Ny) = 2 XmiT (n)

s n=L
where N, is the number of collected samples. If ¥ _ is large, based on the assumptions (1)

and (2) above, it can be verifed that

def
R(N;)~R = EGmz” (m)=HRH? +521,,

where R is the statistical covariance matrix of the input signal, R, = E (Q(n)ﬁH =), 0“; is

15 the variance of the noise, and I, is the identity matrix of order ML.

Let the eigenvalues of R and ﬂgsgf” be A=A, 224, and p 2p,2--2p,,,

respectively. Obviously, 4

n

2
=p,+0o,.
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good detection algorithm Pd should be high and Pfa should be | ow.

Obvi ously, the larger the threshold y is, the lower the Pfa is, but

at the sane tine, the lower the Pd is. It is a kind of "zero-sun

ganme. The choice of the threshold y is a conprom se between the Pd

and Pfa. In the nethod according to the enbodi nent of the invention,

a |imt forlfithere issnossignal.tileats(#)ss 0 PRa= 8, =PO= Afherr,a Mithwre istshegres hgl>do;f0and
can be determ ned such that Pfa = PO Therefore, the threshold

sati sfying > -1 b etermi.ned to. e threshol d th

scal i ng fac@l(eﬁef?fge’ﬁgirhwﬂt lgusaﬁ%%ewg%l}gg }ﬁﬂ >a?’c@‘§1pﬁ‘? g aﬁ@refl?f’id% the
enbodi nents of the invention. In the follow ng, the determ nation of
To is expl agmgehcedf piglaan bhdetected no signal, 12. (N5 ) becones 12,7
(Ns ), the sanple covariance matrix of the noise is defined as,
L-1+N,H 117(Ns)=.E 10)1li (n) n s n=L R (N5) is a special Wshart
random matri x. The study of spectral (eigenvalue distributions) of

random Nt rije fnsthed YEENssIO thd 1RBLiGed Hod8GE&BLAINERS B! xgﬁlfllﬁgﬂfﬁ h&s, Afenvalue
wel | as 15 conmuni cati on and physics. The joinht probability densit

function (P f r [ vV f._the rando I b (Ns .
has been k n@\llfzx%ﬂl{j Iglgt\%{étgo g‘roﬂg %ﬁ%@a{nﬁé@? g)ﬁ%‘r% é%"seﬁng%n 5f1ﬁflﬂ}eaq%t[5ﬁ tﬁ%}bil/l‘g%pg deps:
conplicated, no closed form expression has been found for the )
mar gi nal POHeRl- BEGERISE 2SPyRiARSE Malix Msar% thejstgnal vHuesfofithereceivebsignal as
ei genval ue for real and conplex matrix, respectively, my be
descri bed ifallbhe foll ow ng theorens. 20 Theorem 1. Assune that the
noise is real. Let A(Ns) = R77 (Ns ), ,U=(]N-1 + M)2 and C,7 v =
(iNs-2+M)(, 11 +,)1/ 31iNs -llL_l{JM;A .

B(NS)=N— 2 X(n)R" (n)

5 n=L
10 Step 2. Determine the maximum and minimum eigenvalues of the covariance matrix

R(Ng},ie 4

max

and A, .
Step 3. Classify the received signal dependent from a comparison between the maximum

and minimum eigenvalues. If 1__ /A

max min

>y, signal exists (i.e., the received signal includes
data). Otherwise, signal does not exist (i.e., the received signal is a noise signal). Here y > 1

15 and the determination of y is explained in the following.

Determination of the scaling factor or threshold y

In practice, usually only finite number of samples are available. Hence, the sample

covariance matrices R(Ng ) may be well away from the statistical covariance matrices R .
20 The eigenvalue distribution of Q(N S) becomes very complicated. Let P, be the probability

of detection, that is, if there is signal, the probability of “yes” determination that the
received signal includes data. Let Py, be the probability of false alarm, that is, if there is no
signal, the probability of “yes” determination that the received signal includes data. For a
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Amax(A(Ns))- P Assune that urn-M. y (0 <y <1) , thenconverges (wth
Ns ->co Ns 5 probability one) to the Tracy-W sdom di stribution of
order 1 (W). Theorem 2. Assune that the noise is conplex. Let N
A(Ns) =-41177 Os pi =+ M)2 C 111/ 3 andF.rs + A/ M) ( ."Ns VAIL

10 M.aA (A(Ns As t hat < th
(i £ N >GBORGEISPBRRBEPTI. dHeyioBld bR Yo ouls bt rpBUETAan Tt larger

order 2 (\W2). Note that for large Ns, p and p', v and v are al npbst

t he sane. Thathresbaldsy ist the lonsentheafd ig, By at thaseme figre, thedovar thesky is. It is a kind
ei genval ue of real and conplex matrix are alnost the sane. However,

their |im tof dabssiibtighmesTies énodlief Sfeliemieshdldey i Iarﬁohlpﬁimisbﬁeﬁf&hhlﬁpd and Py,

ei genval ue may be described in the follow ng theorem 3. Theorem 3.
Assume t hatp kiidthetbd FodbrdiREtd/ths Enbbiglent bfth&TVAnhbr, 2q MR Pz Qet, that is, P
5 =Py Then a limit threshold yy can be determined such that Pz = P, Therefore, the
threshold satisfying vy > yp can be determined to be the threshold or the scaling factor used in

the above examples 1-4 according to the embodiments of the invention. In the following,

the determination of vy, is explained.

10 When there is no signal, _R(N S) becomes BW (N S ), the sample covariance matrix of the

noise is defined as,

1 L-14+N;
R, (N )—— > A (n)

s n=L

R, (NS) is a special Wishart random matrix. The study of spectral (eigenvalue

distributions) of random matrix is a very hot topic in recent years in mathematics as well as
15 communication and physics. The joint probability density function (PDF) of ordered

eigenvalues of the random matrix R, (N S) has been known. However, since the expression

of the PDF is very complicated, no closed form expression has been found for the marginal
PDF of ordered eigenvalues. The distribution of the largest eigenvalue for real and complex
matrix, respectively, may be described in the following theorems.

20
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7.12ji )2 . Here, the ML is treated as fixed and N, tends to be
infinite. Based on the theorens, the following results may be
obtained: 2 crn Amax ct(INa +Z2)2 Ns 2 a?, .1 (X --IM)2 Ns 5 Let F1
be the cunul ative distribution function (CDF) (somcaitirresbsinply f
called distrjbution function) of the Tracy-Wsdomdistribution o
order 1. Th%?“rF@rl-ﬁééqm%Yh@h%'Fnoisﬁé‘grﬁiﬂobétbl lity of false alarmis Pfa
= P(Amax > Plmn 2 = PELL Arnax (A(Ns))> YAm n) Ns P(Amax(A0Vsp>

AilNs -M Z)Apr)( A ( WL?},L&(>/NS—1+M)2 and

2-n

+ 1/3
v=_/N, 1J_)(\/_J_ :

Assume that lim ML =y (0<y<l),then converges (with

Ny—wm Ns

Amax (A(Ns)) —p
vV

5 probability one) to the Tracy-Wisdom distribution of order 1 (W1).

Theorem 2. Assume that the noise is complex. Let

A(N)—N o (Ns)ha'=(INg +MLY

and v'= (I, + VML) JJIV;Jrﬁ)u;

10

Assume that =y (0<y<1),then Amax (AN ) - u

converges (with
Ng—o N V'

probability one) to the Tracy-Wisdom distribution of order 2 (W2).

Note that for large N;, gand g', v and v' are almost the same. That means, the mean and

15 variance for the largest eigenvalue of real and complex matrix are almost the same.

However, their limit distributions are different.

The limit of the smallest eigenvalue may be described in the following theorem 3.

Theorem 3. Assume that lim ML_ y (O<y<l) then lim Ay, = o',% (1- \[}7)2.
N;—o Ng—o0
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y(iNs --?111)2 - 11) =1 Fi( In order to obtain Piathe threshold
shoul d be determ ned such that 101 Fi (WBO This leads to
F1(yci Ns-i M.)2-p or, equivalently, y(X-IFMN2 -P 15 Fromthe
definitions of js and v, the threshold or the scaling factor

det er mi ned cordlngtothefollowln equat i on: nﬁélKJrl@I\%Ld)

(j 1+1[ 1170- the L g teeated aélﬁxlﬂé)acié {(tANHE tq Re Aefiyites Bagad oo s tigorems, the
signal, the only difference is that the function F1 should be

repl aced byfokowinghesutpimayfoetdbtainedacy- W sdom di stri bution of order 2.

5 The Tracy-Wsdom di stributions were found as the [imting | aw of

the |argest eigenvalue of certain ran natrices There is no cl osed
form expression for the distribu | 0N~ NOQ ver based on
nunerical conputation, values of F, atMsome poi nts are shown in Tabl e

1 in Exanple 2 above. Table 1 can be used to conpute the Fil(y) at
certain points. For exanple, F1' (O. 9) »~ 0.45, F1' (0.95) = 0.98. 10

Therefore, the threshold or the ah_g; %Torﬁy— ed in the
enbodi ments of the invention (f )uzs

5 Let F; be the cumulative distribution function (CDF) (sometimes simply called distribution
function) of the Tracy-Wisdom distribution of order 1. Then, for real signal, the probability

of false alarm is

Pfa :P(Amax > 7ﬂmin)
2

= P(%i Amax (A(N)) > ¥Amin)

~ P(max (A(N)) > y({Ng =VML)?)
_ plam AW yQ[N; —VML) -~ i
v

v
y([Ny —VML)* -
v

=1-F(

In order to obtain Py, <Py, the threshold should be determined such that

y(JNg —~MLY? - 4
vV

10 1- Fi( )< By

This leads to

>1-B

- (y(w/NS —MLY* - 1
! v
or, equivalently,

>F7 (- Ry)

y(fNs —MLY* ~
v

15 From the definitions of p and v, the threshold or the scaling factor y is determined

according to the following equation:
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i ncludi ng the Exanples 1-4 as descri bed above may be determ ned
according to this section, wherein the equation of 7 may be slighted
anended accordingly in different situations, e.g. as the equation
(1) presented in Exanple 2 wherein the signal is received by a single
15 receiver. Sinmulations in a rrultl | e-recei ver _system accordi ng to
Exanple 4 In the fol | owing (3l ondhaind no@’_na;/-_y( NII% peans

rati o of the average ’reter > pb elndbs povver(2)
according to the equation: (Vs P)s npl es(f\ésrﬂé/:hsed for comput i ng

t he sanple covariance matrix. Al the results are averaged over 1000

Mont e Car | OFer@hipz@tgl%mﬁ theTé}ﬂy Bffﬁ;@&{c@’iﬂhﬂﬁﬂe ReRUbA 89 S}H&&’@@félplédd 8% £, the

fal se al arm Pf' Then the threshold yo is determ ned
based on e F'o?ma(ﬁ%cf%lsc{%dfs%u%o Itdgloig For Corrparlson the

ener gy (EG) etection He Sarme system1s al so sinul at ed.

For energy detection, the threshold is determ ned based on the theory

as described 5 e.g. in A Sahai and D. Cabric, "Spectrum sensing:
fundamental |imts_and practical challenges,” in Dyspan 2005. The

energy dét etts bacyrNigdom Histriitiens weikdpurdasthe limsting lapuef the largest pigesvaluc of
uncertainty, the estimted noise power nmay be different fromthe real

noi se powercerthigtranden asticent Bokre i se cloesdeforhbexpeesioddsuire didndbutmn(functions.
dB) is evenly distributed in an interval [-B, B], wherein B is

referred tdH@sevchebabal Genuheial a(biﬂﬁuysafﬁ(ﬂﬁﬁr@mes 30F 1( ) sofRNVIE brefshown in Table
2 |nput 4-receiver system (M= 4, P = 2). The channel orders are NI =

4 (5 tjapSExanifie 2S{HR0E himgief 13851956 LiSed“BAREPuBSthe 79y at certain points. For

example, £, (0.9) = 0.45, F;™' (0.95) = 0.98.

10
Therefore, the threshold or the scaling factor y used in the embodiments of the invention
including the Examples 1-4 as described above may be determined according to this section,
wherein the equation of y may be slighted amended accordingly in different situations, e.g.

as the equation (1) presented in Example 2 wherein the signal is received by a single

15 receiver.

Simulations in a multiple-receiver system according to Example 4

In the following, signal to noise ratio (SNR) means the ratio of the average received signal

power to the average noise power according to the equation:

20 —— ) "W(;)ﬂz)
E(n(|")

10000 samples are used for computing the sample covariance matrix. All the results are
averaged over 1000 Monte Carlo realizations. The predetermined required probability of

false alarm Py, <0.1 (Po = 0.1). Then the threshold ¥ is determined based on equation (2)
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The probabilities of detection for the MVE nethod and energy

detection (with or 15 wi thout noise uncertainty) are showmn in FIG 7.
If the noise variance is exactly known (B = 0), the energy detection
nmet hod has a good perfornmance. The MVE nethod is slightly worse than

t he energy detect ] thod with ideal noise power (by about 3 dB). .
However, noi% @ﬁﬁ@m&”ﬁﬁgﬁf@@a’aﬁwthﬁreégrgm(.BGMe%ﬁ&Mor thesprae system s

there is noise uncertainty (B> 0), the energy detection is nuch worse
t han the netlppgimuktedecor dance with the enbodi nent 20 of the

i nvention. The probabilities of false alarm (P.n) are shown in
Table 4. As seen, the Pfa for the MME nethod in accordance with the
enbodi nent of the invention neets the requirenent of Pfa 0.1. The Pfa

for the energy dﬁr%ﬁéﬂg?@eﬁ%ﬁélﬁ'ﬂ{e HARkBAd WERSThA M BastBof R SEedr P ad Mcribed
required 25 Pfa , but the Pf a for the energy detection wth noise

UnEer L1495 R GR EREA S T TR B o i
[ . . . . d .5 dB) EC1
R e M SR MR o CERE R

to the noise uncertainty, the estimated noise power may be different from the real noise

power. Let the estimated noise power be 6',% = acrg . Assume that @ (in dB) is evenly

distributed in an interval [-B, B], wherein B is referred to as the noise uncertainty factor.
10
(1) Consider a 2-input 4-receiver system (M = 4, P = 2). The channel orders are N =

No = 4 (5 taps). The smoothing factor is chosen as L = 5.

The probabilities of detection for the MME method and energy detection (with or
15 without noise uncertainty) are shown in FIG. 7. If the noise variance is exactly known (B =
0), the energy detection method has a good performance. The MME method is slightly
worse than the energy detection method with ideal noise power (by about 3 dB). However,
noise uncertainty is usually present. As shown in FIG. 7, if there is noise uncertainty (B >
0), the energy detection is much worse than the method in accordance with the embodiment

20 of the invention.

The probabilities of false alarm (Pg,) are shown in Table 4. As seen, the Py, for the
MME methed in accordance with the embodiment of the invention meets the requirement of
Pry =0.1. The Py, for the energy detection without noise uncertainty is close to the required
25 Py, but the Py, for the energy detection with noise uncertainty far exceeds the limit. This
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0.101 0.095 5 Table 4 Probabilities of false alarm (M4, P=2) (2)
Consi der a single-input 2-receiver system (M= 2, P =1). The
channel s have 8 taps. The snoothing factor is chosen as L = 9. 10The
probabilities of detection for the MVE nmethod and energy detection
(with or without noise uncertainty) are shown in FIG 8. The

pr obabi | i t i'Beangthat HhecmergyLietactiprissispnprrkablen rragical %lmagoreﬁo@éb pelge
fromFIG 8 and Table 5 that the MVE nethod in accordance with an
enbodi nent wicerthrtyi nventi on has a better perfornmance conpared with

t he energy detection nethod. nethod ECI (2 dB) EG (1.5 dB) EG (1 dB)
EC (0.5 dB) EG (no uncertainty) NLME Pfe 0.479 0.474 0.441 0.473

method | EG (2 dB) | EG {1.5 dB) | EG {1 dB) | EG (0.5 dB) [ EG {no uncertainty) | MME
Pra 0.478 0.479 0.451 0.430 0.101 0.085

Table 4: Probabilities of false alarm (M=4, P=2)

(2) Consider a single-input 2-receiver system (M = 2, P = 1). The channels have 8 taps. The

smoothing factor is chosen as L = 9.

10 The probabilities of detection for the MME method and energy detection (with or
without noise uncertainty) are shown in FIG. 8. The probabilities of false alarm are shown
in Table 5. It is observed from FIG. 8 and Table 5 that the MME method in accordance with
an embodiment of the invention has a better performance compared with the energy

detection method.

method | EG (2 dB) | EG (1.6 dB) | EG (1 dB) | EG {0.5 dB} | EG (no uncertainty} | MAME
Pra 0.479 0.474 0.441 0.473 0.094 0.098

15 Table 5: Probabilities of false alarm (M=2, P=1)

Compared with coherent detection method, the eigenvalue based detection in
accordance with the embodiments of the invention does not require any information on

20 signal and do not need synchronization. The embodiments of the invention are also robust
to multipath propagation. Compared with energy detection method, the embodiments of the
invention is not influenced by the noise uncertainty, and achieves a better performance as

shown in the simulation result above.
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0.094 0.098 15Table 5: Probabilities of false alarm (M2, P=1)

Conmpared with coherent detection nmethod, the eigenval ue based

detection in accordance wth the enbodi nents of the invention does

not require any information on 20 signal and do not need

synchroni zati on.__The enbodi pents of the invention are also robust to .
mul tipath propaghiioffe eBRMEMEHS Atthe dpephon aet Brovids Retenssdor lpfect a signal
enbodi nents of the invention is not influenced by the noise

uncert ai nt yWithow iformaticasridhe signals thp shdreehsinceoisslestlovad SNRt Aibe embodiments
simul ati on result above. Thus, the enbodi nents of the

i nvention asfether owestésh tan dengpelied toledllesionals e@nadTW thildss microphone, etc.).
information of the signal, the channel, the noise |level and SNR The

enbodi nent spi@thefdi6re] MCiOMr&ABIADE dRRE FakibOca be ThaN@rSall SigHals PiNee the
wi rel ess m crophone, etc.). Furthernore, the sanme threshold or

scaling fa ; f | h . S I - C threshold is
independgnﬁ r%%?t gﬁgﬁéﬁg?ngﬁgﬁﬂ%F§ﬁ pgf%?.é eggﬁggdﬁggnggg%ﬁnF%% of the
i nvention also show a,good rformance wi.th regard to,th ropabi lit

of ot ect i qRVER elfe P8R eftoBRaeg el el npiobei R S pipB AR the
has been particu[arl¥ shown and described with reference to 10

speci fic erpobAbwENoETalsealgdibul d be understood by those skilled in the
art that various changes in formand detail may be nmade therein

wi t hout departing fromthe spirit and scope of the invention as

defined by the appended cl ainms. The scope of the invention is thus

i ndi cated by the apfigRdeelin®tmitionthadbeeriddrti@anosewihtingles@imed WithteRrence to
t he neani ng and range of equivalency of the clains are therefore

i nt ended gt Qpbg1ie ERbAGERRNLs, F5RIB be WitREstbR 1?3} t@bg@s%l'le;i intne 4 BB Redukor

classifying a received signal, the nmethod conprising: determning a
covari ance I f._Si .4\ es . recei ved sj.gnal ; .
5det er mi ni Ni gﬁ ¢S )ésll g‘)@ﬁl\/&é}? 31 ?aﬁa X %?Jetthgr%%no‘y/gﬁ?ugﬁg%mhg% %P];? th fpirit and scope

ei genval ue trix conpri,sLng . the eigenvalues of the coyariance
mairi X et RECToR 1A SRR e APRERGH iineabie BAES 6] Berntien iithus
t he ei genval ues of the covariance matri x;
indicated by the appended claims and all changes which come within the meaning and range

of equivalency of the claims are therefore intended to be embraced.
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determ ne a second function fromat |east one eigenvalue of the

ei genval ues of t

he 10covari ance matri x, wherein the second function

is different fromthe first function; and classifying the received

signal into a si

gnal conprising data or into a noise signal dependent

froma conpari.son between a value of the first function and a val ue

of the sec 1

nction. 15 2. The nethod of claiml, further

conpri si ng: waaMRlclanged Re received signal. 3. The nmethod of claim1l
further conprising: 20filtering the received signal. 4. The nmethod of

claim?2, further
25 5. The nef hod
signal val ues x(
the follow ng e
wherein Ns denot

matrix. 5
5

10

15

20

25 5.

conprising: filtering the sanpled received signal

RimEhdt B it e 0 R L OB RE 0o o
PG BABUFIBP° BPBAT BRSNS ReTHS S8V ance

determining an eigenvalue matrix of the covariance matrix, the eigenvalue matrix
comprising the eigenvalues of the covariance matrix;
determine a first function from at least one eigenvalue of the eigenvalues of the
covariance matrix;
determine a second function from at least one eigenvalue of the eigenvalues of the
covariance matrix, wherein the second function is different from the first function;
and
classifying the received signal into a signal comprising data or into a noise signal

dependent from a comparison between a value of the first function and a value of the

second function.

The method of claim 1, further comprising:

sampling the received signal.

The method of claim 1, further comprising:

filtering the received signal.

The method of claim 2, further comprising:

filtering the sampled received signal.

The method of claim 1,
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6. The nmethod of claim1l, wherein the eigenvalue matrix is determ ned

by transform ng the covariance matrix to the eigenvalue matrix. 10

7. The method of claim5 and 6, wherein the eigenvalue matrix R(Ns) is
determ ned according to the following formula: 17t(Ns ) = Q 1R(N5S
)01)-11 wherein deenotes a Hermtian (ﬂa)rC 15 8. Th@ met hod of . .
claim 1, wherei nheteinrth eqvariancermalrixi BN bohsgnmhvalses 86r) #f hasessived signal is

of the eigenvalues. 9. The nethod of claim@8, 20wherein the first

function is a | |d&@mlmrﬂ@bm{dgqm}m‘foﬂomﬂg@lhhﬁdh of the ei genval ues.
10. The method of claim1l, wherein the first function conprises at

| east the maxi num ei gen alNge of the ei genval ue matrix. 11.The net hod
of claim 10, WneRg 2 ion conprises a predeterm ned
nunber of the |arges dVgemaaTues of the eigenvalue matrix. 5 12.The
met hod of claim 11, wherein the determ ni ng the value of the flrst

function conpri Sﬁﬁer%gtl@ﬁ%hg‘fegg}]txgﬁbfef Qfs@l 1151%& ;%“%H‘(r? 88 Rloe rlMirix.

ei genval ue matri X

5
6. The method of claim 1,
wherein the eigenvalue matrix is determined by transforming the covariance matrix

to the eigenvalue matrix.

10 7. The method of claim 5 and 6,
wherein the eigenvalue matrix E(N ) is determined according to the following

forimula:
R(Ns)=Q'R(Vs )77,

wherein Q denotes a Hermitian matrix.

15
8. The method of claim 1,
wherein the first function is a combination of a plurality of the eigenvalues,
9, The method of claim 8,
20 wherein the first function is a linear combination of a plurality of the eigenvalues.

10. The method of claim 1,
wherein the first function comprises at least the maximum eigenvalue of the

eigenvalue matrix.
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10wherein the second function is a conbination of a plurality of the

ei genval ues. 14. The nethod of claim 13, wherein the second function

is a linear conbination of a plurality of the eigenvalues. 15 15. The

met hod of claim 1, wherein the second function conprises at |east the

m ni nrum ei genval ye of the_eigenvalue matrix. 16. The nethod of claim

15, 20wher et t hEasBeBAdof ¢ld® {Qn conprises a predeternined nunber of
the snmal | est ei genval ues of the eigenvalue matrix. 17. The net hod of
claim1, wherginethei firsh Boaliomgopeisesr aj predstedmingdt hembanphirths dargest
bet ween the value of the first 25function and the value of the second
function. 18. Aigdhaslaed éfahe tigemlahigeshityixa recei ved signal, the
classifier conprising: a first determning circuit to determne a
covariance matri x of signal values of the received signal; 5a second
determning circuit to determ ne an eigenvalue matrix of the

covariange pRtrix,. Iﬁaﬁoﬂ)igc‘?ﬂi{ﬂi ue matrix conprising the eigenval ues

of the covariance matrix; a Ird determining circuit to determne a
first function from.at. |east .one eigenval t he eigenval ues of the
covariance mat rj%herein th%ﬁ%S’ﬁ?lPﬁlgd@f’ge{’ra en‘?fﬁtgeg{r‘f't PeLiq, CopRpraeRidgteryning the
second function fromat |east one 10ei genval ue of the eigenval ues of

the covariance riace pkihegtaspealpesifdhaeigenvalueamaititon is different from
the first function; and

13. The method of claim 1,

10 wherein the second function is a combination of a plurality of the eigenvalues.

14. The method of claim 13,

wherein the second function is a linear combination of a plurality of the eigenvalues,

15 15. The method of claim 1,
wherein the second function comprises at least the minimum eigenvalue of the

eigenvalue matrix.

16. The method of claim 15,
20 wherein the second function comprises a predetermined number of the smallest

eigenvalues of the eigenvalue matrix.

17. The method of claim 1,
wherein a scaling factor is used in the comparison between the value of the first

25 function and the value of the second function.
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a classifier circuit to classify the received signal into a signal
conprising data or into a noi se signal dependent froma conparison

bet ween a value of the first function and a value of the second
function. 15 19. The classifier of claim18, further conprising: a
sanpler to sanple the received signal. 20. The classifier of claim

18, further conprising: 20a filter to filter the received signal. 21.
The classifier of claim19, further conprising: a filter to filter

t he sanpl ed 8 ecel vleskifsdrdmalassifyzprecaines sgmd shé clessifidr cohmirinings,

wherein the first determning circuit is configured to determ ne the
covari ance mat riaxfil MenmiafngSiigonlto Valetgihie X dhvatiindenBatii® G Y@l ShigBAbS the
according to the 5following equation: N5 -1 RANSs) - E x(n)LcH (n),

S n=0 wherein Nscdenratgsai.he nunber of signal values x(n) in the
covariance matrix. 23. The classifier of claim18, towherein the

second determ ni ' Lt .8 C [.aur determ ne the, ei val ue .
mat ri x b)g/ trans gsf% ﬁ?dndéﬁé{h%mé%\gac?ﬂglﬁgg &r%gietntrnl%é3 %nog]tgﬁ%vaz?egréﬁggﬁ gg ¢ covanance
matrix. 24. The classjfier of clai.m22 and e second

3, .wherein .
det er ni ni ng ci r &ATEXi18C BEHTYA r%?f“f‘GOEBEI@P%%W@%%”@P@%&?BSF?l‘éa“a“ce matrix;

a third determining circuit to determine a first function from at least one eigenvalue

of the eigenvalues of the covariance matrix;

a fourth determining circuit to determine a second function from at least one
10 eigenvalue of the eigenvalues of the covariance matrix, wherein the second function

1s different from the first function; and

a classifier circuit to classify the received signal into a signal comprising data or into

anoise signal dependent from a comparison between a value of the first function and

a value of the second function.

I5
19.  The classifier of claim 18, further comprising:
a sampler to sample the received signal.
20.  The classifier of claim 18, further comprising:
20 a filter to filter the received signal.
21.  The classifier of claim 19, further comprising:
a filter to filter the sampled received signal.
25
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15matrix ii(Ns) according to the following fornmula: wherein Q

denotes a Hermtian matrix. 25. The classifier of claim18, 20wherein
the first function is a conbination of a plurality of the

ei genval ues. 26. The classifier of claim?25, wherein the first

function is a linear conbination of a plurality of the eigenval ues.
27.The classifier of claim18, wherein the first function conprises

at | east the nmaxi num ei genval ue of the eigenvalue matrix. 5 28. The
classifier 28f clTicrplayifienpicdlaiml& he first function conprises a

predet er mi ned nunber of the |argest eigenvalues of the eigenval ue

matri x. 29. The vileassithe dirsofietetnaininglSircultOwhesfigurddn o tddiefidine the covariance
determning circuit is configured to determ ne the value of the first
function using t qr f et | ggnsakyas i.ge u gl

30. The cl assi fing%n%fggjle‘%?r%flgg?nﬁher el nk?ﬂeogg%%ﬁﬁeﬁfgcg or% ?%ngﬁﬁé o the
conbination of a plurality of the eigenvalues. 15 31. The classifier

of clai n’30, V\hef?]z?‘ﬁmgﬁ@“%’@ébnd function is a |inear conbination of a
plurality of the eigenvalues. 32. The classifier of claim18,

20wherei n the sect)nd fupctsen c)olr,gprﬂses at | east the m ni num
ei genval ue of trﬁNS)=N—S ZO x(n)x*(n),
=

wherein N denotes the number of signal values x(r) in the covariance matrix.

23. The classifier of claim 18,
10 wherein the second determining circuit is configured to determine the eigenvalue

matrix by transforming the covariance matrix to the eigenvalue matrix.

24, The classifier of claim 22 and 23,

wherein the second determining circuit is configured to determine the eigenvalue

15 matrix R(Ng) according to the following formula:

R(Ng)=Q 'R(Ns)Q™,

wherein g_ denotes a Hermitian matrix.

25. The classifier of claim 18,

20 wherein the first function is a combination of a plurality of the eigenvalues.

26. The classifier of claim 25,

wherein the first function is a linear combination of a plurality of the eigenvalues.
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ei genvalue matrix. 33. The classifier of claim32, wherein
the second function conprises a predeterm ned nunber of the small est
25ei genval ues of the eigenvalue matrix. 34.The classifier of claim
18, wherein the classifier circuit is configured to use a scaling
factor int co,ﬁgegrisjgin bﬁtween the value of the first function and
t he val ue -t hell¥edeiider aheltinhS: 5 35. An el ectronic device
conprising the classifier of any of the clains 18 to 34. 36. The

el ectroni ¢ devi cehesgincthgj fwsgFundtignt eremprisesati sasigthe ampwigainy eviganwalue of the
receive a signal. 10 37. The el ectronic device of claim 35, being
configured as areigdneelue antrix.devi ce sel ected froma group of

el ectroni c devices consisting of: - communication termnal; 15-

medi um pl ayer device configured to play at |east one nedium 38. A
conput er program product for classifying a received signal configured

to conprissed he Hal Qw0 sLgRs,hen being executed by a processor:
determ ning a covariance nmatrix d6f signal values of the received

i | ; 20det 1.Ni ' | tr.i ft var i | X,
the i genval e nSFAY B8 STAEHYh EOBPERRY 1 HESSISFTIRG Raasi ah he largest

matrix; determne a first function fromat |east one ei genval ue of
t he ei genval ues SigenvaBesfvibe pigpnvalupanstyix;

29, The classifier of claim 18,
10 wherein the third determining circuit is configured to determine the value of the first

function using the trace of the eigenvalues of the eigenvalue matrix.

30. The classifier of claim 18,
wherein the second function is a combination of a plurality of the eigenvalues.
15
31. The classifier of claim 30,

wherein the second function is a linear combination of a plurality of the eigenvalues.

32. The classifier of claim 18,
20 wherein the second function comprises at least the minimum eigenvalue of the

eigenvalue matrix.

33. The classifier of claim 32,
wherein the second function comprises a predetermined number of the smallest

25 eigenvalues of the eigenvalue matrix.
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determ ne a second function fromat |east one eigenvalue of the

ei genval ues of the covariance matrix, wherein the second function is
different fi-omthe first function; and classifying the received
signal into a signal conprising data or into a noise signal dependent
froma conpari son between a value of the first function and a val ue
of the second function.

34. The classifier of claim 18,
wherein the classifier circuit is configured to use a scaling factor in the comparison

between the value of the first function and the value of the second function.

35.  Anelectronic device comprising the classifier of any of the claims 18 to 34.

36.  The electronic device of claim 35, further comprising:
a receiver fo receive a signal.
10
37. The electronic device of claim 35,
being configured as an electronic device selected from a group of electronic devices
consisting of’
- communication terminal;

15 - medium player device configured to play at least one medium.

38. A computer program product for classifying a received signal configured to
comprise the following steps when being executed by a processor:
determining a covariance matrix of signal values of the received signal,
20 determining an eigenvalue matrix of the covariance matrix, the eigenvalue matrix
comprising the eigenvalues of the covariance matrix;
determine a first function from at least one eigenvalue of the eigenvalues of the

covariance matrix;
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determine a second function from at least one eigenvalue of the eigenvalues of the
covariance matrix, wherein the second function is different from the first function;
and

classifying the received signal into a signal comprising data or into a noise signal
dependent from a comparison between a value of the first function and a value of the

second function.
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