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Met hod and system for determ ni ng whet her a
transmtted data signal conprising a cyclic prefix is
w@e@emeeie2i n a recei ved signal Field of the i nvRCI/B61008/000291
Enbodi.nents of the invention generally relate to a
met hod and a system for determ ni ng whet her a
transmtted data signal conprising a cyclic prefix is
present in a received signal Background of the
Metheodt and ¥yshemhéorndetasmigingagbethenrvhi transmitted data
communi cations, the el ectromagneti ¢ spectrum has .
BREBAL GORPAABEPECBORYELICIBRBISK, LFoBEREBh dPog Fpoeived
the Federal Conmunicationss@ggahssi on (FCC) show t hat
a large portion of the assigned spectrumis only used
sporadi cally. Methods for allowi ng nore efficient use
nglétg%'%!%§tfﬁUE§H¥§A‘3 spectrum for radio
——eaﬁﬁﬁﬁreé%fﬁﬂ—pﬂfpﬁses are therefore desirable.
Summary of the invention In one enbodi nent, a method

for determ ning whether a transm ssion signa
Embadimedityy of cta’@ ORISR i FTHESEN Thl A ¢ dei ¥ depthod and
IQQ@ [ rd ded 14 : - -
2 %: urall t%ﬂgf&é\r@ecei vilﬁidgﬂr%%%ue%%ﬁﬁﬂiwrﬁa vee nal
cogipgria ind ar mywgl i minafals tis gfrafidrfterienta paecesiodd tdisgnal
recei ved signal val ues based on a predefined
periodicity of the cyclic prefix; determning a
Ba@Xgrehald U teranivaldig ifer each of the plurality of
pairs of the received signal values, wherein the

With the increasing usage of mobile communications, the
electromagnetic spectrum has become a scarce resource.
However, recént studies of the Federal Communications
Commission (FCC) show that a large portion of the assigned
spectrum is only used sporadically. Methods for allowing more
efficient use of the electromagnetic spectrum for radio

communication purposes are therefore desirable.

Summary of the invention

In one embodiment, a method for determining whether a
transmission signal comprising a cyclic prefix is present in
a received signal is provided that includes: determining a
plurality of received signal values from the received signal;
forming a plurality of different pairs of the received signal
values based on a predefined periodicity of the cyclic
prefix; determining a correlation term value for each of the
plurality of pairs of the received signal values, wherein the
correlation term value for a pair is determined based on a
multiplication of one of the received signal values of the

pair with the complex conjugate of the other of the received



correlation termvalue for a pair is determ ned based
on a nultiplication of one of the received signal
wo 200083%560f the pair with the conpl ex conj ugat ePOGF/SGH88/000291
ot her of the receivedsignal values of the pair; and
determ ni ng whet her a transm _ssion signal is present
in the received signal based %n a combination of the
correlation termval ues, wherein the conbinati on of
s itgpe Ic orarleledt iadn the madal uend all@é@nnrﬂtrbirm:omﬁﬁh%m a
t al ue of of at f
tr%)é%grﬁvs:s o\sﬁl & noavlalalgrgﬁsg by nOIeSceel S?’]&) ﬁlgnal based
ordes ardnptiireit iafn tdfe ‘u‘heglﬂc&ﬁrel]]alﬂi&irf atd nre veathosh rediesreofn the
the inventiaon are expl ained below with reference to
CHvd "W g, HsG.oP 1@ diffthiGatioh Sftemnto account
arP GG LR 13k Jdin®Byre |G, 2 l%!a‘y’@ cﬁqe of the
transmtter according to an enbodinment. FIG 3 shows
rege iOROMssmsdl vtluest wid eadent divngticsean enbodi nent
FIG 4 shows a flow diagram according to an
enbodinent. FIG 5 shows a circuit according to an
sheodies®iti pthlda & s iguregei ved OFDM synbol
according to an enbodinment . FIG 7 shows a histogram
according to one enbodi rrent FIG 8 shows a hi stogram
11%%%%&%%&%et%ﬂ%8%1 f%ﬂ?%ﬁﬁg%m%f%§¥%ﬁ¥gined below
according to an e rrent
wigtc aedienrgnice o ¢rh1laaodirraim11ngsF.l G 11 shows a graph
according to an enbodi nent.

FIG.1 shows a communication system according to an

embodiment.
FIG.2 shows a transmitter according to an embodiment.

FIG.3 shows an OFDM symbol structure according to an

embodiment.
FIG.4 shows a flow diagram according to an embodiment.
FIG.5 shows a circuit according to an embodiment.

FIG.6 shows a received OFDM symbol according to an

embodiment.
FIG.7 shows a histogram according to one embodiment.
FIG.8 shows a histogram according to one embodiment.

FIG.9 shows a graph according to an embodiment.
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FIG 12 shows a graph according to an enbodi nent.
Det ai | ed description Cognitive radio is a new paradi gm
W0 p00df02skess comuni cations that hol ds prom seP€D8G2008/000291
utilizing the el ectromagnetic spectrumw th higher
efficiency by nmeans of perceiying the environnent,
| earni ng behavi or and environhental patterns, and
appropriately adapting to satisfy the needs of the
Fiﬁelf%,swés r @ sPeRB R RCCOPRRNT cle? | o erebodiRentind t he
radi o environnment. Recently, the tel evision broadcast
frequency bands have been consi dered by the FCC
FI{Geder sthovGo narugnt @it | aeso Kebimg stse oar)  ¢robbeimenneer ed
for Cognitive Radio usage. The I EEE is establishing an
i nternational standard, |EEE 802.22 Wrel ess Regi ona

FAY e Nedowps ks, gt oitd ddzeaddie d 8l £n sPRSSd Ahep@Nds of

Tel evi si on channel s. The potential interference of
U tra-w deband (UMB) communication to existing or

tur e, W W I el ess systens using the sane and
Dé%led%gg, lr{as\/\i’lvaxor3(?./4Gce||u|ar

net wor ks, have been broadly di scussed. The need for

det ecti on- and- avoi dance (DAA). interference avoi dance _
ngélﬂrﬁfo‘f%gﬁ’aéisl,o ehabt iTHy' e %erFEri’flléﬁl%MB FeMmEpEFAtLons
cHEW %@q%ﬁiﬁ%’@q@r hﬁ:silsi_t{iqnﬂl%é @I@@@le&n%%@t[)l& sa%ectrum

i ndustry alliance WMedia is considering to
wid istharglerd §Uniotiorey rowineres o mardacesng nclidie near
e%ﬁ%%%éiﬁﬁﬁhligéggfgg ééﬁ%%fgr(g%H“éAG§%£¥%E££§H éé@%erns,
and appropriately adapting to satisfy the needs of the users,
the respective communication network, and the radio
environment. Recently, the television broadcast frequency
bands have been considered by the FCC (Federal Communications
Commission) to be pioneered for Cognitive Radio usage. The
TEEE is establishing an international standard, IEEE 802.22

Wireless Regional Area Networks, to utilize the idle spectral

bands of Television channels.

The potential interference of Ultra-wideband (UWB)
communication to existing or future wideband wireless systems
using the same and nearby bands, such as WiMax or 3G/4G
cellular networks, have been broadly discussed. The need for
detection-and-avoidance (DAA) interference avoidance
technologies, enabling the deployment of UWB in Japan, Europe
and elsewhere has strongly increased. The industry alliance
WiMedia is considering to add DAA as a standard function in

wireless interfaces in the near future.

An important task of Cognitive Radio or UWB DAA is that the

communication system senses the channel availability or
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comuni cation system senses the channel availability

orinterference |l evel so as to adapt the communi cation
wamaneteer s accordingly to retain reliable PCT/SG2008/000291

comuni cati ons anongst users. The channel sensing is a

chal | engi ng task since the sensitivity requirenent for

Cognitive Radio or UAB DAA may be nuch hi gher than

that for an i ncunbent receiver and the incunbent
irsﬁ%r%rcrer‘ vieige atse hes s@ws&d@ommhe r@@mmeni/@a\yimak
pa!rtaxﬁesceoke caé’c!red*rbﬁy Peeé‘as %éfﬁa%?e WOL K, eéié‘?&é(s

very OM/S t'0: nol 6 Tati o envi ronment

amttﬁmdtaruseem:ls i hE'leSIcE’ﬁﬂrﬁdéiDm‘é}&Ql’h(j Qs 4 gfted 1 Deh@thdg obask

is based on radionmetry, i.e. neasurenent of received
SIgG dy'e IR Ve iyt ety f Cark 4 HE yRg yRadio or UWB

D@U%Pa%ptﬂémnﬁ;ékp AR SR & it NS & MINGREGAOIRY £dc&iver

unknown or changing noi se | evel). Comuni cation

| ansi gﬁaﬂ sintgymiteait ys dgneel specivling edt wtes sdratimanubet may be

I0|ted or. detecti the per. odicit
At o dIT 5 S ot o i SR St ey o es
rdtltﬂasﬂ;x rid Ns,vdepeadi NG g eadi-Nhiy NOPi A0 SEOHERESS: .
of signals may be used to do cyclostationary detection

in sone applications. Fbmever cycl ostationary

t tat | I .
e B A PR A I 4 ac B0 B i
ba sl enenﬁﬁdﬂametﬂy1LAM&[yMéaHuﬁamyﬂﬁio&aﬂ&nﬁiNQQHﬁmﬁmgy.

it is desirable to have | ower cqnplexity / )
HouswsdratSiGiTdY | deétet19%h B8 Eamwmnw% %
idthe e dat eldian.uiddeaens) firequenndlhyist ¥hanging

mul tiplexing / nmultiple access
noise level). Communication signals typically have special

features that can be exploited for detection. For example,
the periodicity or cyclostationarity embedded in sine wave
carriers, pulse trains, repeating spreading, or hoping
sequences of signals may be used to do cyclostationary
detection in some applications. However, cyclostationary
detection requires much higher computational load as opposed
to energy detection for real-time implementation. In UWB DAA
or Cognitive Radio systems, it is desirable to have lower
complexity / computational load detection algorithms

comparable to the energy detection.

Orthogonal frequency division multiplexing / multiple access
(OFDM / OFDMA) is a popular modulation / multiple access
scheme in current and presumably in future wireless
communication systems, such as WiMax, WiFi, 3GPP LTE, DVB
terrestrial digital TV systems, WRAN, etc. In UWB DAA, the
major incumbent system concerned is also OFDM / OFDMA based

WiMax.
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(OFDM / OFDWVA) is a popular nodulation / multiple

access schene in current and presunmably in future
WORMe0Z®S1 comruni cati on systens, such as W MaxPCW$E2008/000291

3GPP LTE, DVB terrestrial digital TV systenms, WRAN,

etc. In U\B DAA, the major incunbent system concerned

is also OFDM / OFDVA based Wivax. One enbodi nment

relates to the detection of OFDM/ OFDMVA signals for
Or@ogmhqclﬁénq:ea‘di@J@tqw\E@Nh%a%@deqﬁwiqrhea%ﬁW% PHrFRNA

si gﬂ‘g%eldsd% g:rg\gﬁ‘)e %iaq{ﬁac! S F[JV\% lD]%w%ge@d on the cyclic

onnunrca arrangenent accor
pm’ﬁ)odlaaf&rﬁddedl'hm c{tfrmmm)caetzrg)mlasrr angenent | ncI udes a
first comruni cati on device 101, a second conmuni cati on
device 102 and a third communi cati on device 103. It is

F@%U%Jéqaé éd?ﬁanlrc%tlQﬁmB&rBé}ﬁién%htdeM@ea&Q;r@ﬂQg to an

the second conmmuni cati on device 102 are part of
enfadsitmegdrauni cati on system t hat uses cognitive radlo

(e.g. an UWB communi cation systemusing DAA) . In this

exanple, the third comuni cation device 103 has the

THd @timntud USE: idore & trainy detS NirsSl e § €SO €8 @ aurdication
certain frequency band, e.g. due to the fact that the

dehiged 10dmmeni Sefdreh CREEE Gas inar tdeofi Ge slbprand a third
%'HH%JH Q:%.tdnorhe?\yl%eerﬂdﬁatl‘éqalss la[scsqﬂﬁeedj ‘gl'{laet the flrst

transnrssron resource . 0. conmuni cati on syste
cammnmmmau}dn)dﬁvmnelkﬂhﬁpd&ﬁﬂ@e séﬂundrndmmunlcatlon device
ld%gnnunlcatlon de:éce 103 (soneti.nes referred to as an

Gt uer Soft It 159 GO VG TR) T AT 5SS

cyBMmlR &adio (e.g. an UWB communication system using DAA).
In this example, the third communication device 103 has the
right to use a certain transmission resource, e.g. a certain
frequency band, e.g. due to the fact that the third
communication device is part of a second communication system
that has licensed the transmission resource (e.g. a
communication system according to WiMax using OFDM). The
third communication device 103 (sometimes referred to as an
incumbent user of the transmission resource) is for example a
television transmission station or a base station of a mobile

communication system.

The first communication device 101 and the second
communication device 102 detect, before using the
transmission resource, whether the transmission resource is
used by the third communication device 103. Only if the third
communication device 103 is not using the transmission
resource, the first communication 101 and the second
communication device 102 use the transmission resource for

communication. In other words, in one embodiment, the first
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television transm ssion station or a base station of a
nmobi | e communi cati on system The first communi cation
waelewpozs6201 and t he second contuni cati on devi CRCT/8Q@2008/000291
detect, before using the transm ssion resource,
whet her the transm ssion resource is used by the third
comruni cati on device 103. O’]|§/ if the third
comuni cation device 103 is not using the transm ssion
comEspur e iameddv et Thhmand cdté aredeid areinbei secbeml device
nmuni cati on device 102 use the transm ssion our ¢
LG ORI CHTTROIE 7 reOtHer. Gbrthe 1 10 i erb b bty thod
the firstcomrunication device 101 and the second

comuni cation device 102 use for exanple a .
Thfettecdn Bh-SHiRBVIST IR (DadohetHowlerme ¢e ekt sEremrency

bAIRP Y G dordpin VA £ & Al dd gaency. band or a

certain set of carrier freguenci es. e transm ssion

t regsourscel arayred @ordze na y eslar dee [ odessucde asleck such as a
conbi nati on of one or nore carrier_frequencies and one

cHP T 41

i M erRfalW L 62 Teditpl & SR $1§3tand one or

mdx@MuRiLCatitdrwsyisd emis a Wrel ess Regi onal Area
Net wor k (WRAN) or a cellular nobile comrunication

system In one enbodi nent, the first comrunication

y i-s. f exa e i.catiq yst em accor din
FOtsro xl,e’ Ocrﬂe % (%@%&el?}aﬁ isglnS a{?rtlnrgerasﬁv?lpreleqss
Rfrigiredt )Arem qlet3E@RX LTRAN)org EerdalAvalds ilshild n one

enmbodi nent, the third communi catjon device transmts
COFIMYRA S o r i HE 0 [OFOEA) PR S e tifte ©ofr Shn

coFMiRation system is for example a communication system
according to WiMax, WiFi, 3GPP (Third Generation Partnership

Project), e.g. 3GPP LTE (Long Term Evolution).

In one embodiment, the third communication device transmits
signals according to OFDM(A). The structure of an OFDM(A)

transmitter is illustrated in FIG.2.
FIG.2 shows a transmitter 200 according to an embodiment.

The transmitter 200 includes a serial-to-parallel circuit 201
that receives a sequence of data symbols s,Ks,, as input and

maps this sequence to a block (or vector) of data symbols
with block size M. The data symbols are for example complex
modulation symbols according to QAM (Quadrature Amplitude
Modulation) or PSK (Phase Shift Keying). Each data symbol is
for example the modulation symbol of one of M sub-carriers.
Accordingly, the block of data symbols may be seen as the
representation of the signal to be transmitted in the

frequency domain.
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transmtter is illustrated in FIG 2 . FIG 2 shows a
transmtter 200 according to an enbodi nent. The

wo ea@ndmicet er 200 i ncl udes a seri al -t o- par al | el PCT/862008/000291
201 that receives a sequence of data synbols SOK as
i nput and maps this sequence.}o a block (or vector) of
data synbols with bl ock size M. The data synbols are
for exanpl e conpl ex nmodul ati on synbols according to

ThQANITEQRRH e & Ohpfl U TR SRR it S o )aror L FISK (Phesese Fast

rodftifdy KEWHD, m)Eac%T'hQﬁtta 2?@?&%@1 d S d QUi AW BNk of
nDdUIatlon synbol of one o SUb- carriers,

dasec erfdidagiay s vidbeo 1 Gok iofpudataands e cermmmaye bed iseete @s)

. the representatjon of the siqgnal to be transmtted in.

IR BRI ORI ORb o A e DO This may

beC QEN $8S Ardffel (ildeanrse kast ot i®malrgnsf &f Mas the
circuit 202 that receives the block of data of data

geppHssliora® i mpureraRs qrerEftoars of (discriard! itvdrse
tr@%%qnli%rt e-(rir %r}ls ft%remtolrllnet '&%md %Ltna. S.F)f‘lnb .orle stb' %Cko'f -Ig}{es ﬁB@/T is
be“séen as a conversion Into the tine domain, 1.e€. as

acidee dgengratied® rafe . e pre ssmaatdona iof dikgasi gralud o ek
transmtted in the time domain. The result of the |IFFT

whild &3 &06r SRy Helf@rtPe $HHAS N tdofdich WigrdIF R e ieeuit
. . f | . :
1s|b|IJ::%Cflér%'dl &d !3% tf'r%%e‘?}gﬂ%aﬁ%{-{'%% eﬁcl;%ldé’]tﬁ)légke Please

FT circuit is referred’to as omai n sl gnal
novel gaalyl eckluPladdsy mdt e eduaince splafr aattay sofmsdquerge e

of data s ol s n%e rocessed anal qgously to tqgh
Pr a8 Ce FHF LARCH D tig) & o SHRE T O Ta S IO it 2
5, RYTPO! SpdiBYe Den@ OUPLGst ream of data symbols may be grouped
into sub-sequences including M data symbols and each sub-

sequence is processed as it is described for the sequence

SoK 54, -

As an example, the IFFT block size is assumed to be equal to
M, i.e. the output of the IFFT circuit 202 is a sequence
(assuming a serial output of the IFFT circuit 202) of symbols

%K x,_,. In the embodiments described in the following, it is

assumed that no over-sampling is used. Embodiments where
over-sampling is used may be derived by simple extension from

the embodiments described below.

The time domain signal value block generated by the IFFT
circuit 202 is appended with a sequence of K < M symbols to
the beginning of the time domain signal value block by a
cyclic prefix circuit 203 resulting in a sequence of symbols

xxKx,, (in the time domain). This is illustrated in FIG.2.

FIG.3 shows an OFDM symbol structure 300 according to an
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i nto sub-sequences including Mdata synbols and each
subsequence is processed as it is described for the
waegaereel A s an exanple, the | FFT bl ock size PGI/SG2008/000291
assunmed to be equal to M, i.e. the output of the IFFT
circuit 202 is a sequence (assum ng a serial output of
the IFFT circuit 202) of synbdls In the enbodi nents
described in the following, it is assuned that no
epRRILBANDI i ng is used. Embodi nents where over-sanpling
is used may be derived by sinple extension fromthe
enbodi nents descri bed bel ow. The tine donmain signa
Tl s b ek geneymbels by K g | RET heireGwi tre2@2 resl to as a
appended with a sequence of K< M synbols to the
udEhl g™ of yridhel t 30 (@Dnbemg tsh gal  Viad use dphecke byf asymbols
cyclic prefix circuit 203 resulting in a sequence of
x{xéﬂﬂﬁ@hsléi RetRe Nt iRd SISREl KP. 2Phrs PEDY syswedt 90 fof
.l G 3 shows an OFDM synbol structure 300
lé%%%%éﬁ$ to anenbodi nent . The sequence of synbols is
herein referred to as a useful OFDM synbol 301 (of

length M) . The sequence of synbols is herein ,
Thfbigiett (O RS Sasfm@%al\ﬁ%nao%|e>s@@1%d Perryt Gy Mg prefix 302

Tha,aisell., CROM synbiel 20l i spenda, c]
t .
a'plrefix é%%laﬁﬁyLe beglﬁﬁgng of the se(€¥ %%%%4%y%bo?he
cyfllic ipmefihe3@dy cls ctprrefnixt 302 besf dransh ti st hef@reM

the u ul DM synbol .30 is ns e. OFDM synb
=485 S e T0R oD T Syt Hor - T {HEEE82 OFDM
syakd 1l r efdget3 i Wiiheh usef Wyclic prefix 302. The useful
OFDM symbol 301 also referred to as an (OFDM) useful

transmission symbol. The OFDM symbol 300 is also referred to

as an (OFDM) transmission symbol.

The sequence of time domain signal values x K x, forming the
cyclic prefix 302 is a copy of the last K symbols x, Kx,,
of the useful OFDM symbol 301, i.e., x,=x,,, in case that the

(negative integer) index d is in the interval [-K, -1].

The relationship between the frequency domain signal value
block (input to IFFT circuit 202) and the time domain signal
value block (output of IFFT circuit 202) is given by

M-l
= J27(d=K)mI M
X = Y E S, e (1)
m=0

for d = 0, .., M-1.

The time domain signal according to the sequence x, (d = -

K,.., M-1) 1is pulse shaped before transmission. After passing
through a frequency selective fading channel, the signal

received at a receiver (for example the first communication
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OFDM synbol 301 also referred to as an (OFDVM usef ul
transm ssion synbol. The OFDM synbol 300 is al so
W0 efoeewel t o as an (OFDM transm ssion synbol . PATI8G2008/000291
sequence of tinme domain signal values formng the
cyclic prefix 302 is a copy of the last K synbols of
t he useful OFDM synbol 301, i2.e . i case that the
(negative integer) index d is in the interval [-K, -1]
devidde @l avt obishi pebetdeernntiel ¢z egoendyv doeni A2 ssgnaing

b| k | FFT i )
TR S Rgnet ORI R iate Lok e 7S TERT 8 b Bosying

ddtsa given by Jhectémeaslonai n signal according to the

sequence xd (d = - Kl..., MI) is pulse shaped before

transm ssign. After passing through a frequency

sgl=et;t4 nye=Dadj_nd, €hannel , the signal received at a (2)

recei ver (#or exarrpl e the first conmuni cati ondevice

101 or,_ the secon atlo devi ce 102 sensing
KTt 1S et & commimiidatiegn v de Topna s b

gpﬁ!'g 1ing ) te ar eristic

c%% e %Oénposélj?geﬁc anne(%%?/\nvg Ech%aﬁ%rlle? aﬁ] tha &hneT length

Lt addighd nirox € o stiedeatd i htﬁ'leeféﬁﬁéc’@fopL{blsEséh@ﬂa@gng
Here, a sI ow fadi ng channel which does not change from

Helfrb Gl TSy I Y S 'Ibsdh ViRF D e refeangs from symbol

t RASSHIRS Jhe Dol Sefdies recel yied, SAENR! 1 ¥l 488ned : ®rhe noise-
t he signal values as which the are received after

frdveire dgiarmshi sisjonl (enididsei nig. &f oo @tubyal healues as which
channel% are_ denot ed as rd (d The

Rortaanichat i hdmoi &4 saafseslﬁ%ew%ea%eamwr transmission

(and being affected by the channel), are denoted as 7, (d = -
K,.., M-1). The contaminating noise is assumed to be additive

Gaussian white noise (AWGN) with zero mean and variance o)

and is modeled by the n, (d = - K,.., M-1).

As mentioned above, the first communication device 101 and
the second communication device 102 detect whether the third
communication device 103 is transmitting data before using
the transmission resources that may only be used when the
third communication device is not using them (e.g. due to
licensing). The detecting communication device receives a
signal on the transmission resource for which it performs
this detection (for example for a certain frequency band) and
determines whether this signal holds a data signal
transmitted by the third communication device 103. This
detection problem can be formulated as a binary hypothesis
testing problem:
H,:r,=n,

H,:r,=r,+n,
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Gaussi an white noise ( nd variance sn 2 and i s nodel ed
by the As nentioned above, the first conmunication
w@lea90256201 and t he second communi cati on devi cCRCT/8Q2008/000291
detect whether the third comruni cation device 103 is
transmtting data before using the transm ssion
resources that nay only be u when the third
communi cation device is not using them (e.g. due to
The deipsitipsis themgenecthad§ eomrcrivatd sagdevi v@lue only

. T j Ve i I t.he transm ssi,on.resqurce f
AR A e AR R T B g Frgreans
theer ttdien dacequent s ikard) vand:eddtrerinidees tseetrhersd hirsee
signal holds a data sjignal transmtted by the third .
regEmed caned daliuge 72038nNdTRPS S@et(ééonah prebkeam cane. in
be fornul ated as a binary hypothesis testing
thisokiee® ThelhypdvREsRS HD REHAS1PRat2d)recei ved signa
val ue only includes noise (signal absent) and the
hypot hesis Hi nmeans that the received signal val ue

Il RelUdas ddhaen@l, se Hd e@nReaiceed o3 gRali ddlus 1 ANdut the
noi se (signal present, i.e. in this case rd is given
deg¢citd cagggtticam1i®ys) whijah gfe tégbddiomnothisses is true
ni [ devi ce carryi.ng _out. the detection .
usggl er ms%gtéle\%%ec%fof%t eervlt m&oﬁlfpgtlhées‘eé—j issequreﬁleceysq%gteacelved
sigRAUER a0fic@hS el Vabogs= (K @1$80¥eRCeLaL FRG-INET indow
signal values) with the observation w ndow | ength W.

lehypat Esesybltaedeld Hyassdne, tAsEigndle i $i@RSEM s absent

and present, respectively.

Energy detection may be carried out based on the hypotheses
as in formulation (3). However, since energy detection
typically does not exploit features of the signal to be
detected and the signal power to noise power is of importance
for the enerqgy detection, the reliability of energy detection

typically suffers from interference or noise uncertainty.

In one embodiment a method for determining whether a
transmission signal (e.g. a transmitted data signal)
comprising a cyclic prefix is present in a received signal is
used as 1t is shown in FIG.4. The method is for example used
by the first communication device 101 or the second
communication device 102 to detect whether the third

communication device 103 is transmitting a data signal.
FIG.4 shows a flow diagram 400 according to an embodiment.

In 401, a plurality of received signal values are determined

from the received signal.
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and present, respectively. Energy detection may be

carried out based on the hypotheses as in formulation
w@ 3)o9/0tisever, since energy detection typical |l pCTI®€H08/000291

not exploit features of the signal to be detected and

t he signal power to noise power is of inportance for

the energy detection, the rel%%bll|ty of energy

detection typically suffers frominterference or noise
Trurfte? t & minrahi onecferdiodisrant doaethodf fore received signal

dﬁiee r{% 2%3%@?& t13(:“arseadt r?%s%rsescﬁé)fllﬁécgﬁﬁ{od901% of the

Fransm a signhal X'Ts
cyrleisenirefisa. received signal is used as it is shown in
FIG 4 . The nethod is for exanple used by the first
comuni cation device 101 or the second comruni cation

rHeM£e Q% 10 AateGT Mgt Al Jde d faétdeﬁﬁ%@'f?@f's h of

device 103 is transnitting a data signal ows
the fplowmlluagr an 400 e o dilg e aivetbodimentvaluesl0lyherein
lural.it

o B O reselve e ahaL aLbes, 206, LA on

a %Jﬁﬁgﬂrﬂca&aldrs of drhe dﬁ&&ié/eﬂiiaé’éngf@i YRYUES W Bies of the
formed based on a predefined periodicity of the cyclic

pamrefw%h IWQLGBDT“FBI%%J&M%W tafr mhal e 9 s Qfettdrer rrepived

ale Lfg vt\lﬁl :rgag Jjty of pairs of the received
gnal val ues, eréinthe correlation termvalue for
a pair is determi ned based on a mul tiplication of one

of the recelved Si of th air wwth the
Ire gt -ext fcon (e Fech st FecE Ay signal is

present in the received signal based on a combination of the
correlation term values, wherein the combination of the
correlation term values takes into account an expected value
of a measure of at least one of the received signal values

affected by noise.

For example, the combination of the correlation term values
takes into account an expected value of a measure of at least
one of the received signal values of each pair of received
signal values affected by noise. In one embodiment, the
determination of each correlation term value takes into
account an expected value of a measure of at least one of the
received signal values of the pair affected by noise such
that the combination of the correlation term values takes
into_account an expected value of a measure of at least one
of the received signal values of each pair of received signal

values affected by noise.

In one embodiment, the transmission signal comprises a

plurality of transmission symbols, wherein each transmission
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signal values of the pair. In 404, it is determ ned
whet her a transm ssion signal is present in the
w0 e@elorwell si gnal based on a conbi nati on of thePCT/SG2008/000291
correlation termval ues, wherein the conbination of
the correlation termval ues takes into account an
expected val ue of a neasure of at | east one of the
recei ved signal values affected by noise. For exanple,
SYIH o s1fRE S oh dfugdii o orras) sitd i arersymie begrepgeded with

&ia&??q}gl;‘fién expected val ue of a neasure of at
ast orie of ‘the received signal values of each pair

of received signal values affected by noise. In one

enbodi t, the determ nation of each correlation term
Eardl dbse(rﬁﬂlest’?arﬂ%“h%?ﬂhtsyéwchﬁéﬁ SFYR e GFrEesponds to a

pIBASIUNE, fr afatLasimine of the received signal val ues
of the pair affect'ed by noise such that the

conbi nation of the correlation termvalues takes into

account. an expected val ue of. a .neasur f at | east one
RS %Wéglfé gived® sigral Rﬁﬂﬁﬂ%fsafnbéﬁﬂﬁ%é%rfhﬁ.?§§ﬂ§FV%d
cE @sonddl ues afdact e hdiae JymdNeg ebadidliderul
the transm ssion signal conprises a plurality of
L AT RSI SN0 P Y&AfHol &0 Tnfetaditn Seadi e raaiislni & sl a

trfa%ryaﬁ]is%%na ! %@Lﬁﬁﬁ%méyﬂ%&@ poee“dcgrfe ﬂogglc

a cyclic prefix. transm ssion synb
(aexcampliegc oo éspind ridera ofl urransimi safi gt alasyartoimbols of
en% DA ¢ LR o @0 ssion synbol for exanpl e

The predefined periodicity is for example the number of data

symbols to which each useful transmission symbol corresponds.

In one embodiment, each pair of received signal values is
formed such that between one of the received signal values of
the pair and the other of the received signal values of the
pair there is a number of received signal values according to

the periodicity.

In one embodiment, the predefined periodicity is the
transmission time of a useful transmission symbol. Each pair
of received signal values is for example formed such that the
transmission time of the received signal values of the pair

differs by the predefined periodicity.

For example, the transmission signal is an OFDM signal
comprising a plurality of (useful) OFDM symbols, wherein each
(useful) OFDM symbol corresponds to a sequence of data
symbols in the time domain and wherein each useful OFDM

symbol is prepended with a cyclic prefix. The received values
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corresponds to a part of the data synbols of the

useful transm ssion synbol. For exanple, the cyclic
wee@poxsedf a transm ssion synbol corresponds tRCESG2008/000291

nunber of the last (according to their order of

transm ssion) data synbols of. fhe useful transm ssion

synbol . The predefined perio&i ity is for exanple the

nunber of data symbols to which each useful

4G i BN S I rEdried Foridie  Terore @b nemibols of
[ f qggiv i val nes;is. formed such
tﬁ%cﬁﬁr{/\%égno%n (?foeltdﬁwzlrggtg{eﬁ vedﬁjegi%dnrg?lr\g'al ues of the
pair and the other of the received signal val ues of

the pair there is nunber, of receiyved signal val ues
T G0 TR LS e O G 7 E 197 Gt ifbod et 1ife term
valredefinad paf iadiLidun s the tdanaissian ddae wf1&s, e.g.
useful transm ssion synbol. Each pair of received
digiigitsl bualthes depeadecevanipice dlorammbsuute thatatt Heeast one of

tr 1. SSi iJre of the received signal values of the
thﬁa%ﬁ%aﬁf evgag“teys ‘the predefined periodicity. For

exanpl e, the transm ssion signal is an OFDM si gnal
conprising a plurality of (useful) OFDM synbol s,
Fofheréir eac i Uit SO DMISisdl & aesioh it 13 deast one
oS eaence ff; daha Synols,d %S%J%%Eéd‘%adﬂj@'éﬁ AN9\orm of one
I ol ed With a

wher ei n "'each useful OFDM sy I'S prepen

ofcydlel ¢igrefli wallles rddeicred! \ral uesiaree f or exanpl e
determ ned as the received data synbols of the
sequence of synbols in the tine donmain. In one

InehediciRidi ridhe ,camel matisen i@f tHe eardelafdton d &dPected to
affect the data signal in course of the reception (and/or

affecting the transmission).

The determination whether a transmission signal is present in
the received signal for example comprises the calculation of
a decision value from the combination of the correlation term
values and wherein it is determined whether a transmission
signal is present in the received signal based on whether the

decision value is below or above a predefined threshold.

The method illustrated in FIG.4 is for example carried out by

a circuit as illustrated in FIG.5.
FIG.5 shows a circuit 500 according to an embodiment.
The circuit 500 includes a first determining circuit 501

configured to determine a plurality of received signal values

from the received signal.
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val ues is based on a sumof the correlation term
val ues, e.g. divided by the expected value of a
wore@siew2pf at | east one of the signal val ues.PED8G2008/000291
exanpl e, the expected val ue of a neasure of at | east
one of the signal values is the expected value of a
norm of one of the signal vallfes affected by noise. In
one enbodi nent, the noise is the noise that is
Fusstdested- oo @iffastt tHY datd wiemal fir codreaniig thercuit
} or cti e [ ransii.ssi N
S e A A P i S MR LT B g or ee
rdaeitvesl reeicgialedrasligimlbdord exanplper etfirae pdtieodicity of
cal cul ation of, a decision value fromthe conbination
R P oM@ Eion term val ues and wherein it is
determ ned whether a transm ssion signal is present in
the received signal based on whet her the decision
A \sslqeand sladed rovirom albsoives wd tpriddefdhdédhea rieshol . S0rthel s

hod iJlustyated.in FIG 4 is f.or exanple carried
oo B i Ty Ao e G L eacn of
thshemralcigyc Wit 0 Aeonrthiangdae iareRBigHdental e, wherein
circuit 500 includes a first determning circuit 501

theo Aageried 18 derd iadalea fouramady dfs ded@aweldiad drged on
a Yrﬂl%%}llrc%@fcl?le o.rfe%%eveoqf .Stlh%nql.eéze{r é?)‘é%’zlgé%ﬁf ﬁ}g%lﬁiégdst tof the

500 includes a first formng circuit 0 .
pafior midhpltiealddmp lefx didrfjergerte pei theofottheer reet gihredreceived
.Si %I al val ues gna%ed on a predefined periodicity of the
s1 i YaHES the pair.

The circuit 500 further includes a third determining circuit
504 which is configured to determine whether a transmission
signal is present in the received signal based on a
combination of the correlation term values, wherein the
combination of the correlation term values takes into account
an expected value of a measure of at least one of the

received signal values affected by noise.

In an embodiment, a "circuit" may be understood as any kind
of a logic implementing entity, which may be hardware,
software, firmware, or any combination thereof. Thus, in an
embodiment, a "circuit" may be a hard-wired logic circuit or
a programmable logic circuit such as a programmable
processor, e.g. a microprocessor (e.g. a Complex Instruction
Set Computer (CISC) processor or a Reduced Instruction Set
Computer (RISC) processor). A "circuit" may also be software
being implemented or executed by a processor, e.g. any kind
of computer program, e.g. a computer program using a virtual
machine code such as e.g. Java. Any other kind of

implementation of the respective functions which will be



10

15

20

25

30

A second determning circuit 503 of the circuit 500 is

configured to determne a correlation termvalue for
we@awb/ozfe2t he plurality of pairs of the recei veRCHEEGH@A/000291

val ues, wherein the correlation termvalue for a pair

I's determ ned based on a nultjplication of one of the

recei ved signal val ues of théfgair Wi th the conpl ex

conjugate of the other of the received signal val ues
degfcrifreaily .momfe d8fasiul tosonY Mgt ersd vt udede st dpd s a

" %@&H’E 'niir}‘g acé%o%agnc'ﬁeO%iW 94% iasltceof.qut[git{zreedentl@odir%ent .
eterm ne whether a transm ssion signal 1S present in
the received signal based on a conbination of the

correl ation tern1va%¥§s,,mherein t he combi nati on of

A {IEQTet SIS i 6h He PEERE ELY D ActOtitt Ly memory,
FAXREGEA & & Uk @ﬁ%ﬁt& Mo Aeasts Sty the a non-

recei ved signal val ues affected by noise. In an
vadriifadienemmmory / i wxampiey s Rt efRtaanthrasakaly Béaw Only

el & A B Ay BRI At I ST

Eviaadl iRl ) Tedr A £1GISHC Wdmo By 8y.9 _haaffﬂl_'d/!ﬂied;h gate
logic circuit or a programmable logic circuit such as

MERPYogPaffel% prioeesssr MeBF.Y -a afi ¢HEPt odBgntqueggistive
I | o) t t ( 0
R e et acl o St Gt S (T S Bbdaatar Hecess

Mefdryi)r.cuit” may al so be software being inplenented or

executed by a processor, e.g. any kind of conputer
program e.g. a conputer programusing a virtua

Illustratively, in one embodiment, the fact is used that the
signal for which it is to be detected whether it is present
in the received signal (or, for example, the received signal
only comprises noise) has a cyclic prefix, for example as it
may be used in data transmission according to OFDM. By
forming pairs of received signal values according to the
periodicity of the cyclic prefix, the fact may be used for
detection that the correlation between the cyclic prefix and
the data symbols in the transmitted signal that the cyclic
prefix corresponds to (e.g. is a copy of) is high. This means
that if the pairs are formed according to the cyclic prefix
periodicity of the transmitted signal, a high correlation of
the received signal values in a pair may be expected (e.q.
the received signal values have a similar phase) if the

transmitted signal is present.

The correlation term value is for example determined for the
pair of received signal values, which are, for example,
complex numbers, by a projection of one of the received
signal values onto the other received signal value. This is

for example achieved by a multiplication of one of the
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machi ne code such as e.g. Java. Any other kind of
i npl ementati on of the respective functions which wll
wheweszisebed in nore detail bel ow may al so be PCT/SG2008/000291
understood as a "circuit" in accordance with an
alternative enbodinent. A nmenory used in the
~enbodi nents nay be a volatil nory, for exanple a
DRAM (Dynam ¢ Random Access Menory) or a non volatile

r RS, Sﬂ@maéxar@wl@Sawpm\/lt@rar CPREHPED | COTHarR tn|gf the
ot qD%%)t’ a%e%PRgM %%%%Nﬁal%g@ Hq %ﬁRnge of complex
as €. g.

Iectrlc rasa
nuanbfelr@at i ng gate nenory, a charge trapping nenory, an
MRAM ( Magnet or esi stive Random Access Menory) or a
PCRAM ( Phase Change Random Access Menory)

Thel ldéstikalny @nt hie? @R %'Ité%@'mq%@e-d tsl'i%na@LCtlé gzrlé%eéiilt in the
that the signal for which it is to det ect ed whet her

reﬁElN§deeg®ﬁﬂ uﬁ tflogr ee@@p&edC@mgn@H pmt uaaed»annﬂhg

celve al ris s no has a i
cohBE PR i8hy B atitaattoh, CRTR kB Thens bin kolfa Ard i
colbafglissl oF aecekdiargoho trBMvaByiefsor(.igd pai fei@fhted) sum
recei ved signal values according to the periodicity of
oft k&ecyerire lptarx f ete VRAEE Smayf Ole cfs8E 1o eféEtn &9 as a
cog%ﬁa&&‘% Csz ﬁ%@t L,QRnbet ‘ﬁ'ﬁ%‘%shg%%%'lh% PLgf! Icﬁx gnd d he
in‘the transnmitied signal that the cyclic
expmpﬂexpaedeespmmdsdtba@edgonl$ha pmpba@ﬁﬂlmy muytrlbutlon
his nean the pairs arﬁ rmed _accordin

t i f
FuPeSoPe) Pe bPer FRTBGPRGAPE £ Ghot FETEFAAeEr caIm values
un8ie@nN@he AyPb8Resakr ehati @ReOk rhRemieeeivad g8iladnals present
values in a pair { be expected (e.g.
in the recelved signal or not. For example, a likelihood
ratio test (LRT) is designed and used for the decision. An
optimal test (according to some criterion, e.g. the optimal

LRT test) may be used or a sub-optimal test may be used.

The transmitted signal, the presence of which is to be
detected, is for example (if it is transmitted) transmitted

via a frequency selective fading channel.

In one embodiment, the method illustrated in FIG.4 is used to
detect whether a communication device, for example the third
communication device 103 in FIG.1l, is transmitting OFDM
signals that have cyclic prefix. This means that in one
embodiment, the special feature of OFDM signals having a
cyclic prefix is exploited for signal detection. The
detection of OFDM signals is in this embodiment based on the
cyclic prefix, i.e. makes use of the usage of a cyclic

prefix.
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the received signal values have a simlar phase) if
the transmtted signal is present. The correl ation
W eroamgskue i s for exanpl e determ ned for the PEi/8G08/000291
recei ved signal values, which are, for exanple,
conpl ex nunbers, by a projection of one of the
received signal values onto tile ot her received si gna
value. This is for exanple achieved by a
Anmglxiainiliec @tfi @n sefr ueriel ref qﬂw@m@éwﬂe@i@ir@dalraﬁaﬂmw at a
he conmpl ex Lan at of the other f,
de\geegé:ll& dcevr‘{%% vald uJesl{%i n%t ne case 0 coorrcﬁoenx dﬁeur%‘bce 101 or
the Eh@o@@ﬁb@hﬂﬁnWhﬁﬁhﬁﬁ1kﬁ@JkEQUQEIHEEQHESﬁ&ﬂmddﬁcatlon
present in _the received signal is for exanple carried

aré&@?ﬁ&@@& IR R EdfbilndtSi od loe tetesl atliCorP t ditmis noted
erifl Ues i < %?ﬂ%rdl%ntch%hgom BAkhon 06 SO Al Y 2 single
term val ues : a (wei gh teg) sum of the correlation
pattér mavahge shahoe lexanplea siyefidlued rea imn .a correl ati on
value) with a threshold value, which is for exanple
predet erm ned based on the probability distribution
rIbuBCEheRS of rkhe iqerbioraM eyn@bit B8 ocakehalion t«8MYle path
val ues under the hypotheses that the transnmtted
fa@ﬂgﬁapha§nﬁﬁe§§@prﬁnn@héOré@eﬁm@@dgmgﬂél dit Agt noated that
X | rati RT | and
B R e e o
a supErpbsheﬁb@npfem@itﬁb&eOﬂbﬂﬁgdeEBphestbfwaytb%nm&adted

or a sub-optinmal test may be used. The transmtted
OFSMy ﬁéﬂ“botlhe DﬁF€§§ﬁ8§ B‘ret%ﬁfjéh arsorgipg §ot sRPedimests may

a1kerpexapphecl fin taise bragsmtitephhr apstibh@@nt, i.e. in

case that transmitted signals are affected by multipath

fading.

A first received OFDM symbol 601 and a second received OFDM

symbol 602 are shown.

The first OFDM symbol 601 includes a first useful OFDM symbol
603 of length M and a first cyclic prefix 605 of length K.
The first cyclic prefix 605 corresponds to the last K symbols
of the first OFDM symbol 603. These last K symbols are
referred to as a first tail section 607 of the first OFDM
symbol 603.

The second OFDM symbol 602 includes a second useful OFDM
symbol 604 of length M and a second cyclic prefix 606 of
length K. The second cyclic prefix 606 corresponds to the
last K symbols of the second useful OFDM symbol 604. These
last K symbols are referred to as a second tail section 608

of the second OFDM symbol 604.
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via a frequency sel ective fading channel. In one

enbodi nent, the nethod illustrated in FIG 4 is used
W@ ood@rwet whet her a conmuni cation devi ce, forPERSGIIN000291
the third comunication device 103 in FIGI, is

transm tting OFDM signals that have cyclic prefix.

This neans that in one enbodﬂﬁ%nt, the special feature

of OFDM signals having a cyclic prefix is exploited
As grarsiggnaleatet ddid orv.clfle mdetfaict i ,of6 DM @i gat isth 2

in thi [ t ba t cyelic prefix, A
perrrgkoeds"}L Ciistzrrgof%dtbﬂg r}Lu'sea'g é%ger 0‘% nc%t/]C ?1 ic%:/fc ptrhe i3 uxlexdaFrr]%\il e ymbols
600, &®t.ructure of an OFDM signal received at a

detecting device, e.g. the first communication device

101 or the second comuni cation device 103 in the

t Cat J ak L at nt foFI L5 | r agte

AR OO A TR EE LA TRar T Thi% enbdl henl The =-C. data
syoirerdrsd| virsi ds wamed 4 od bet ansée ngf eMpathbbadi. ng nckerireed words,

for_easy il tratjon. FIG_6 shows a receiv DM .
e REFORB0 AL RRRG AR pabR PG Shinel he  received
si3@EAr diiith thnadl Epogimendistinés Bot 8det hdk e oFDM symbol

recei ved OFDM synbol in a nultiple fading channel wll .
dug@td osupdip6si t FBA ofYRRPLi pllerael ayedoeopies adding cyclic
pr%%qgagitted OFDM synbol . Detection net hods accordi ng

to enbodi mrents may al so be applied in case of a

mul ti path environment, i.e. in case that transmtted
Insignals re affected by multipath fading. A first

re

Bfved™ HrooltED1 T2t at8etonthfeddidmBEBM  cyclic

prefix 605, 606 corresponds to the respective tail section
607, 608, or, in other words, is a copy of the part of the
signal with sampling time distance M to the cyclic prefix is

used for the detection.

For example, the following hypotheses are examined for the
detection (this may be seen as an alternative to the

examination of the hypotheses according to (3)):

H,:{ :ZZd :znd ’n;ud /E[| r, ]
d d

H, :;:sz =Z(fd +1) (g + 1. 0) Bl 7, + 1y ]
d

d

(4)

* . ' .
where z,=r,-r,.,/E[lr,’], ‘*’ stands for the Hermitian operation

(transposition and complex conjugation), and the summation is
over the observation window of length W (i.e. d=12KW),

which is for example a single continuous value range (i.e.
corresponds to a single continuous time interval) or includes

multiple discontinuous sub-windows.

This means that the value ¢ 1is calculated from the received

signal values based on a summation of the 2z, over the
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synbol 602 are shown. The first OFDM synmbol 601

i ncludes a first useful OFDM synbol 603 of length M
wapadg2goer st cyclic prefix 605 of length K. TPEr/$G2098/000291

cyclic prefix 605 corresponds to the |last K synbols of

the first OFDM synbol 603. These | ast K synbols are

referred to as a first tail settion 607 of the first

OFDM synbol 603. The second OFDM synbol 602 includes a
olswoorat iuse fwil ndd+DM syarbof o160 =3f2K Bhgt hadh ang as secoadsure

cyclic prefix 606 of length K. The second cyclic

ofprigis X BUB Lo &S grataead e JaRleas syl digfaner M in the

second, usef ul OFQ?!S nbol 604.. These |ast K synbol.s .
T E Bt ¢S o WOt tHi 9" SectiBifs08 6° cHeen in

econd OFDM s ol, 604..A s can be see he cyclic .
(Rrerilic SR PR Tt Gy o T o Giiriad rome Fade of
réégidéaugfb 1tJHad5§¥Fdhé¥§¥%f%H%“quéﬁ%ivé%ﬁésAEH&WWEre
609 each indicate a pair of signal values (e.g. data
pasymtod] Shenpacir leene selditteahee afrdirsy nbiol the Ipeotddircity of
wor ds,. the arrows 609 each indicate two sanples of the
e &Sef 8 Xw th sanpling tine distance of one
useful OFDM synbol duration (i.e. the synbol duration
bef ore adding cyclic prefix) . In one enbodi nent, the
Thieaota ltusatd t eyt Panseent ed epchogrpgetiexcé@fele@bon value

corresponds to the respective tail section 607, 608,
fogmed wiother Zwor dd11qhs Mave sy St ke paredfatipn term

values. According to the model of the transmission, the value

of ¢ should be equal to zszn;M/Eﬂglﬂ if there is no data
d

signal present (hypothesis H;) and equal to

Z(fd+nd)-(f;4+d+nL+d)/E[|fd+nd '] if there is a data signal present
d

in the received signal (hypothesis H,).

It may intuitively be expected that the correlation as given
by the value ¢ is at its peak when an OFDM signal having a
cyclic prefix (with the periodicity on which the forming of
the pairs of received signal values is based) is present in

the received signal.

On the other hand, if the received signal only contains noise
or a signal without cyclic prefix the paired signal values
may be expected to be uncorrelated and there should be only
minor, if any, correlation between the paired signal values

(samples) .

Accordingly, based on the value ¢, it may be determined

whether in the received signal an OFDM signal is present or
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signal wth sanpling time distance Mto the cyclic
prefix is used for the detection. For exanple, the
wo a00boeny hypot heses are exani ned for the detRCI/EG1008/000291
(this may be seen as an alternative to the exam nation
of the hypot heses according to (3)): where stands for
the Hermtian operation (tra osition and conpl ex
conjugation) , and the sunmation is over the
wheidery enilon wmﬁ@owrofonhemtsliwva(hs e(wimioclt iss dysrlic prefix
wiBEIRLE A S GP SONLNAUS VAl d 308 ©
correspon 0 a e cont’i nuou Ime |nterval) or
|ncludes nultlple dlscontlnuous sub-wi ndows. This
means that the value z is calculated fromthe received

Ingiogalt™PRoidsfas @ ot e SEmatatdrortt Re Lidkedvidiood ratio
tetsl%eqaﬁ@rv%ro'%h\@ AWt He s a@co@%ﬁl?ngQO' S48 "MeAP dbability

of the correlatlon between two sanples with 'di stance M
d1|smmh>eltu@m1elf\u@«tta|oglnalPDM)t lofr et wed usi ghalindatrueschd
as given in (2) This. means that each zd is
hy@@ﬁ%@ﬁ&ﬁedsf@@ﬁﬁ&mﬂéﬁﬂ-of recei ved signal val ues,
wherein the signal values that are part of the pair
are selected according to the periodicity of the
A)cYOlE ofprefurdefhe, val ue z may be seen as an aggregate
correlation value fornmed of the zd , which nay be seen
as correlation tern1va|ues Accordi ng to the nodel of

' t | d
on, SRR B,V B 017 OB S 0
prédudk st o8 two normal distributed variables. The

distribution of the products of two normal distributed
variables, i.e., zdéryqﬂw is the complex Normal Product

Distribution. It has two parameters, one being a delta
function and the other being a modified Bessel function of
the second kind. The distribution of the sums of the products
is more complex but may be approximated. In this context
here, an approximation based on central limit theory may be

used.

In the context of signal detection for DAA or cognitive radio
systems, the detection time required is usually at the level
of hundreds of milliseconds. This corresponds to an
observation window with thousands to hundreds of thousands
samples. Based on central limit theory, ¢ can be assumed to
be a Gaussian distributed random process. Referring to (4),

the mean and variance of ¢ under hypothesis Hg can be

computed as

my A E[¢ |Hy]= Y Eln, -n},,1/0? =0 (5)
d
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i f there i s a data signal present in the received
signal (hypothesis H1). It may intuitively be
wepentwel t hat the correlation as given by theP@UBEGH08/000291
is at its peak when an OFDM si gnal having a cyclic
prefix (wth the periodicityzan whi ch the form ng of
the pairs of received signal “values is based) is
present in the received S|gnal On the other hand, if

td'ﬁeAr Efi¢i (¥t} ]si PrmIE[onl y,coNbal ng, M e or a si gnal

wi t hout cyclic ‘pr&fix the paired S|gnal val ues may be
ex d ! related and there should be only
nigggﬁﬁi gﬂeﬁ“ﬁgﬁ8%1agfon bet ween the paired signa
values (sanpl es) . Accordingly, based on the value z ,
Yrdb%ﬁ% rorf‘l" Q%d \@ﬁetl@e 'trls%q%dr %ci%c\ée%lsf' nt?hoise
S present orwhet her onl'y noi se or other
sampgealsr@wumh@wmeaa¢¢dl|c prefix with the expected
periodicity) are present. In one enbodinent, for the
derivation of a likelihood ratio test (LRT) for the
B)Nypet beses aggerdipg to (4), a probability
dlstrlbutlon function (PDF) of the value z under each
hypot hesis is determned. A) PDF of z under HO Under

t he hypot heses Ho, z may be seen as the sum of the
Reﬁ?éé&@ﬂs Gt (o néltnaCFa%ll 8¢y i ed vak i dBPesS¥aHe PDF of ¢

tributio th du ts of kb nornal str but ed
va? ab’Iesé ?Fg‘ Fgmﬁ%g cghp mal %?odu@t AW, an
approximation by using Gaussian distribution may be used as

(6)

is shown in the following.

The signal values in the frequency domain (e.g. modulation
symbols according to QPSK, 1i.e. quadrature phase shift
keying, or QAM, i.e. quadrature amplitude modulation)
s, (m=0..M-1) may be assumed to form an independent identical
uniformly distributed random process with mean and

autocorrelation function given by

E[s,]1=0
: :{Ensm Ao} (m=n) (7)

E[sm ) n *
Els,]-E[s;]=0 (m#n)

where of is the variance of the frequency domain signal.

After FFT according to equation (1), the signal values in the
time domain x; can be approximated by a Gaussian distributed
random process when M is large according to central limit
theory. M is for example 256 in OFDM mode and 2048/1024/512
in OFDMA mode in IEEE 802.16 or WiMax and up to 8096 in DVB-T
systems and 1is thus in these cases large enough for this

approximation.
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Distribution. It has two paraneters, one being a delta
function and the other being a nodified Besse

wo eveveeen of the second kind. The distributi onP@F/SGHE8/000291
sunms of the products is nore conplex but may be
approximated. In this context, here, an approxi mation
based on central limt theorf2nay be used. In the
context of signal detection for DAA or cognitive radio
systens, the detection tinme required is usually at the

Bas%\(:lel f pﬂndr?ésnrgg § J.hlS_LeCBQdSa ds-mtllesd C%%%SPQHQS rtecelved

an observatlon W t housands t o hundreds of
sﬂglm@qsargdassamiﬁ.aﬁaﬁ@tﬁrb@@u rebr| At veRediawl ization of
can be assuned to be a Gaussi an distributed random
ther ofeds‘;ngReﬂ&rrrrieﬂg t 8ifd)lart heo nedre andsvapitdpae ofde under
hypot hesi 0 can be conputed asThe third

d
hy%&&gﬁ%ﬁ?|¥9(6§'|%nsé€|sﬁ%ﬁig?négpgpﬁﬂgﬁéﬁdrﬁﬁsé Gaussian
di%%?&%%ie%r%a% %&% ated. B ) PDF of z under Hl
: il

rr|ng can ‘be seen that the exact PDF of
z under i is nore conplex than that under HO.
wever, an approxi mati on by usbgg Gaussi an

:“ﬂ|§??Vﬁatﬂﬁ1 vefe JMPVES i sTEROWTS PREIVEILEGR ngft mean

al values In the fregue in.(e
nggéﬂgg on synbol§n5bcord|nd%?o%éﬁgﬂefﬁ ! uggratgre under
hy%g%%sﬁ'%' KQYifigy— 915 QAM ddgee t Ué‘ﬁé%%ﬁé@ﬁp'f r‘ﬂr%et of ¢
ulation) smmy be assu to forman i epen
undéentH,cadnd the cross correlations amongst the terms once

(4) is expanded. It involves computation of fourth moments of

complex variables.

The mean and variance are given by

m =E[{ |H,]=aW -2 /(6> +02) = aW - SNR/(SNR +1) (8)
=E[| ¢ |H,]-m (9)
=W [1+2a’c} (o} +52)*1=W -[1+2a* - SNR* /(SNR +1)*]
where
X . L-1 L1 .
o =E[f - 1=ElQ x, k) QO x;;-h))]
i=0 j=0 (10)

L-1 5 5 L-1 5 ,
:Z”lil E[de_i| ]ZZlhi‘ Oy
i=0 i=0

is the received signal power at the detection device,
SNchﬁ/af is the received signal-to-noise ratio, and
a=K/(M+K) is the ratio of the cyclic prefix duration over

one OFDM symbol (including cyclic prefix) duration. Details
of the derivation of (8) and (9) are given below. It may be
verified that (6) can be treated as a special case of (9)

when the signal power is zero.
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uni formy distributed random process wi th nean and
autocorrelation function given by where s] is the
wa a00p/aersel of the frequency domain signal. AftePCFEG2008/000291
according to equation (1), the signal values in the
time domain xd can be approxinmated by a Gaussi an
di stributed random process V\ﬁgﬁ Mis | arge according
to central limt theory. Mis for exanple 256 in OFDM
Wirpbd et fen dPRD4 8 L0224 B2 i rh ORDNYe sesleHo rernidEEER 882, gérgred in
W Max and up to 8096 in DVB-T systens_and is thus in
abOyEse Easest i gy Shougt ¥r ng*s appRoki miPFon OrBsefignal
de® ddhon H{ayaﬁeStdéﬂi\@j.assngeq,RtTha@)ft hed eseivebeics ¢ in
signal rd 1s Gaussian distributed for a given
1 ogealiithatiicor cafl et kanf adi wgichannals. Simlar to the
assunpti on made under hypothesis Ho, z in (4) can be
appr oxi by a Gaussi anmgisiri buted random process.
IA=§gé’agzzggl%g§r§@alﬁ%ver;afth t the derivation of 1,
nean gqlg(émﬂiopnce of iz updes” hypothesis Hi is
non-trivial due to t#e conpbex format of z under H i
and the cross correl ati ons anongst the terns once (4)
Afiterexpaceddngl commesl egmsenpieathiaen of fourth nonents
of conpl ex variables. The nmean and vari ance are given
b e|the, necei yed signal power at the detection
V}{%—%g]ﬁg—f a? ved signal -to-noise ratio, and (12)

Based on (12), the optimal LRT is

2 _ 2 H,
A_|§| | g-m| +1n9_-_0_21n77 (13)

- 2 2
20, 20, o) H,

where 7 1is the threshold of the LRT. Since m 1is real and

ol >0., (13) may be rewritten in an equivalent format as

H,
Sz (14)
H,y
where
FA) =+l (15)

c=—2m—‘21=(W/2a)-(1+1/SNR) (16)
o /0'0"

and the corresponding threshold is

2 2 2 2
o; In(p* - o} /ao)ml]_mz_ (17)

=l

m,

In one embodiment, to do OFDM signal detection according to
the LRT, f(A) 1is computed according to . (15) wusing the

samples (received signal values) observed in the observation
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is the ratio of the cyclic prefix duration over one
OFDM synbol (i ncluding cyclic prefix) duration.

w@etoalrs2of the derivation of (8) and (9) are BUWEG2008/000291
below. It may be verified that (6) can be treated as a
speci al case of (9) when the sjgnal power is zero.Wth
the PDFs of z under hypothesé%ikn and Hi as derived
in above, a likelihood ratio test (LRT) for OFDM

wigidgnal wilehectdrggthmay - belloen | vbe. Jompurddof/ffMe is compared
statistics z in Iogarithnic scale can be witten a

) S
wijherg RIPYCEREMLIARESAATE I heVa e G ncel§ WiA)s1s larger
real ,and .and the correspondi ng eshold. is | n one. .
eHaR e s (A G SARR LRI RIS BRER Ist sty in che

re2difRd i ghall) okharqeaRut 8d acgordiRgel AH® there is no
usi ng the sanples (received signal values ) observed i
OFPM helgbser paesenii ddoviive t hetehyed WignEden(qthethere is no

uted ./ (L) i s canpared w.th a.predeter.m ned
o RIS Pl s T pars Kae dr T el e ¥ e
an OFDM signal is present in the received signal.

Qherwise, it is decided that there is no OFDM signal
Inpcase pmbad imea te ddisy éd ragedld (Bl uchel e 1iss 566 @Drding to
signal present . with.the predefi periodicit ) .
e i AT G RaRE, RIUT hFecRol QAT ueta Feclple following
thaCCREgmAg -PeatrRenr equikedibal seigkaeaurase (FéRg, fOr) for

exanpl e follow ng _the Neyman-Pearson Criterion,
seitfdt@ad her thsiesdole?) for setting the threshold. In
the followi ng, the theoretical probability of
detection (PD) and false error rate (FAR) are derived
Inf othd héollRPwing, the theoretical probability of detection

(PD) and false error rate (FAR) are derived for the LRT
according to (14). For this, the distribution of the test

statistics f(A) under hypotheses Hp and H; is used.

Above, it was derived that § is a Gaussian random variable
under both hypothesis Hg and hypothesis H;. The square of a
sum of a real Gaussian variable and a real scalar follows a
non-central chi-square distribution. However, it is not clear
whether it is still the case for a complex Gaussian variable,
as f(A) in (15). sSince this is not straightforward and

nontrivial, the distribution of f(A) 1is derived first as

follows.

The complex random variable { is defined as the sum of two

independent real random variables a and b, i.e., {=a+jb.

Thus, with (15),

f(A)=la+ jb+c|*=(a+c)* +b? (18)
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according to (14). For this, the distribution of the
test statistics / (L) under hypotheses HO and Hi is
W@ g@d02s6bove, it was derived that z is a GaussPERSG2008/000291
random vari abl e under both hypothesis H o and
hypot hesis Hi . The square of a sum of a real Gaussian
variable and a real scalar f6Plows a non-central
chi -square distri kilEJti on. However, it is not clear
W t hgt At i6n StilE) t hg cg or aseonpl ex i )
nehe e O o by U Ty PP e TR S Shor e of ¢
anglt rr@!aquﬂr ward and ROnLEi vkal, ah'aebd'rsé@@é%i\%‘ldff /
(L) %is derfved first as follows. The conplex random
variable z is defined as the sum of two independent
real randomvariables a and b, i .e . Thus, with (15)
Thewhel@dion t hex nviath lance(aof c)2 /<= antls manandcehtate thei-square
nmeans of a and b respectively. The randomvariable is
dipbmibehedal wtth - oqugar @ediser idiut édendoh omed degneeeoftrality
freedom and non-centrality paraneter Simlarly, b/ -
Parematifcentral chi-square distributed with one degree
of freedorr21 anzd non-centrality parameter To obtain the
di, st2(imputc) olwof / (L) , the following Proposition is (19)
used. Proposition 1 : A sum of independent random
variables yl:r2K rN with non-central chi-square | _
SigideriBut i i s18t i F SNt FAE-8APagQuaiestributed with
Ongi 8tri buted variable with egree of

egree © reedom and non cegtgality parameter
2 2
Ay =2m," [o; (20)

To obtain the distribution of  f(A) , the following

Proposition is used.

Proposition 1: A sum of independent random variables #,n,Kr,

with non-central chi-square distribution is still a non-

N
central chi-square distributed variable with 2:& degree of

i=1

N
freedom and non-centrality parameter E:Zi, where k&, and A4

i=1
are the degree of freedom and non-centrality parameter for

r,, i=1IKN.

H

The proof of Proposition 1 1is given Dbelow. Based on

Proposition 1, it may be concluded that the distribution of
jKA)/%¥=Ka+cf-+bﬂ/é§ is non-central chi-square distributed

with two degrees of freedom and non-centrality parameter

i:ﬂu+lb=2«mf+d2+nnﬁ/aé (21)
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freedom and non-centrality paraneter where kt and Al
are the degree of freedom and non-centrality paraneter
W0 o009/0es2pr oof of Proposition 1 is given bel owCBsGEH8/000291
on Proposition 1, it may be concluded that the
di stribution of is non-centrg% chi -square distributed
wth two degrees of freedom and non-centrality
paramet er The cumul ative distribution function (CDF) of
Th tduksPa €8es eas sef ibueedam antenpen cqapral i &y f(A)/"z—‘ with
paranmeter | is where Qx,k) is the CDF of the centra
k €Di dsguaeedodi stekbuhi aAdghvaRrchyitiras ithepgaameter A is
function, andubzf the inconplete Ganma function. Under
gt hes<ss, -0 ‘has.,zey0 mean with variance sO ,
&%ggh fﬁg%ies and22§§é§%fituting this in (21) the (22)
non-central ity paraneter under hypothesis Ho is
wheleai n@6x;a% Udder tHypot B&Si s ¢, the meentnalt hehi-squared
.variance is Substjtuting this in (21) gives the
dig6RiLEAtPR PLYSPaPdnet er under hypothesis Hi as
Replaciﬂaél in (22) with 0 in (24) and in (25)
RSpsct YWePy/ 2 he CDFs of under hypotheses H o and Hi L 03)
€ obt aimedyasWth (26) and (27), the FAR and PD of
the LRT according to (14) may be cal cul ated. Under HO,

the . false alarmprobability is .
I'(k)= 0ﬁ4e”dt is the gamma function, and )(k;0==Ltb%4dt is the

incomplete Gamma function.

Under hypothesis Hg, ¢ has zero mean with variance oﬁ, which
implies m,=m,=0 and 0'§=0'§=W . Substituting this in (21)

the non-centrality parameter under hypothesis Hy is obtained

as

A, =2¢% /o2 = (W /2a*)(1+1/SNR)* . (24)

Under hypothesis H;, the mean is m; or n%:=ml=a-of and m, =0,
and the variance is o; =0 =W [1+2a’-SNR* /(SNR +1)*]

Substituting this in (21) gives the non-centrality parameter

under hypothesis H; as
A =2m +c) ol =W+ 4, (25)

Replacing 4 in (22) with 4, in (24) and A4 in (25)

2
respectively, the CDFs of f(A)/%i, under hypotheses Hp and Hi,

are obtained as

P(x2, 4, | H )_ie—(wuaﬂ(m/sm)z .(W/4a2)i(1+1/SNR)2i
e 1] o/ — .

i=0 i

O(x;2 +2i) (26)
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where is the result of substituting x with in (26)

Simlarly, under H, the probability of detection is
Wab@pe23681 t he result of substituting x with i nPCRIG2008/000291

It should be noted that under Neyman-Pearson Criterion

in practice, (28) can be use? to conpute the

theoretical threshold h' of tHe optimal LRT (14) for a

given FAR In fact, the threshold h' ggy be conguted

where - OrQ@ denal:fas sthe WienBe 4of ) he/ SNR)'T Y

?gﬁphfhg}%Iho%isqﬁare CDF with k degregs of freedof{»2+?2)

and non-centrality paraneter |10 , at a particul ar

probability in P . Generating or conputation (27)

algorithnms for non-central chi-square CDF and inverse
Witthat (2#r)e awdlel(27ayaithablFAR nandiePDi odr athe eLRNdaccording to

mer cial software may be used, for exanple
(1%/& f“ﬁ‘%f(&ﬂ% Faiﬁb’:ﬁr\g,tefihe FAR and PD of an LRT for the
detecti on of OFDMsignal s has been derived. It has been
shown that the LRT threshold can be set according to
Undg@) Hp, | theésfabpar Radre povkeskeilihatishe LRT is
dependent on the received SNR (signhal to noise ratio)

s ' 6) — . & dei eplign o rnon
e iy RS e R SRS B7%d] Oy 2
be negl ected. |In enbodi nents, however, where there are ,
whegak Fi'gfar.d, g/ ors tiee ureertiai of SNROGURtUDioRangmigh 7'/
. _nhoise power or interference the optinmal LRT based OFDM
ingde&étion as derived above may be ineffective.

Therefore, in one

Similarly, under H;, the probability of detection is
P,=P(A>Inq|H)=P(f(N)/%>n' /2| H)=1-P@' /52,4 | H) (29)

where IKnV%gziﬁlﬂ) is the result of substituting x with q/?—

in (27).

It should be noted that under Neyman-Pearson Criterion in
practice, (28) <can Dbe used to compute the theoretical

threshold 7' of the optimal LRT (14) for a given FAR. In

fact, the threshold 7' may be computed as
W/ . pl -
n= A Pk=2,/10=2c2/w(1 PFA) (30)

where _ﬂj(y) denotes the 1inverse of the non-central chi-
square CDF with k degrees of freedom and non-centrality
parameter A,, at a particular probability in P. Generating or

computation algorithms for non-central chi-square CDF and
inverse that are widely available in the literature and

commercial software may be used, for example Matlab (TM).

Above, the FAR and PD of an LRT for the detection of OFDM
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enbodi nent, tests together with the threshold setting
i ndependent of the SNR are used. Neverthel ess, the
w@erboessance of LRT detection may serve as a PCT/SG2008/000291
per formance bound for other suboptinmal tests. In the
following, a suboptimal test ghat is robust to unknown
noise/interference and that is used in one enbodi nent
escri bed. Bef |V|n osed test

t he
Sl&ﬁrtft iS5t 185 The ﬁ§1 fd- ‘iaHegs %h FEQBBctt%ttﬁ@e LRT
t hiNRHINGET cLhe Hypgblaeszfécckpdﬁm@ Hd age) exar ned. HRkable

(5) and (6) it can be seen that the nmean and variance
hogfeve nyridert I’Fy]@otll?@selsi r@p@r@awtde?pvertd@ntrecﬁeltw ﬁ\nFR assignal

h11101§$)£h§ ég%%l sho ghC%e 5676 Irrll tdr?t acg etectlon

presen he "nol'se has b forial i zed as (

fOAS gt ohqurdendlyspaese SNH ,id h@mﬁa,n tared tveadni alrytsmfarlaq (16)
functions_of the SNR as shown in (8) and (9). They are
mayn pacheABREESAe fihcBRBALIRRRALF ne HoYSY O%irt HWISNEE ~ There are

h S d | S ep.b
TSR N RS AR RS 8 S ROty nosss

poeant ext ioft gr&)e ramat o &)h,e @ptsmrad dgidattersech@¥F )] Vedrection as
£.0.2 in.an OFDM s stemaccor ing.to one_enbo imsnt. .

D or S oREventitn aoRRERd 8, P in one

enlﬂa)bm‘irlé%&l S Hdsyari @@g@@hé@w WlVMH hlﬂfhé)ppeﬁeésh@lﬁhe setting
wi de range of nmean varia Based on this observation, it

inggpepeleadsuned t Hdte t hNBar iaie Msephi chNgyeathgless, the
pé?ﬂ@@ﬂé%k%§c&h%Rﬁe%%tection may serve as a performance bound

for other suboptimal tests.

In the following, a suboptimal test that is robust to unknown
noise/interference and that 1is used in one embodiment is

described.

Before giving the proposed test statistic, the means and
variances with respect to the SNR under the hypotheses Hy and
Hy are examined. From (5) and (6) it can be seen that the
mean and variance of ¢ under hypotheses Hy; are independent of
the SNR as this is the signal-free case (i.e. no data-signal
is present) and the noise has been normalized as in (4). As
to {under hypotheses H;, the mean and variance are functions
of the SNR as shown in (8) and (8). They are in fact monotone
functions and increase with SNR. The limits of the means and

variances are given by

0 SNR > -
= (31)
aW SNR - +o
5 |4 SNR — —0
oy = (32)

W(l+2a’) SNR — +w
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statistics. The LLR according to (11) can then be

approxi mated by After mathematical mani pul ations, the
wappeoxiceat ed LRT beconmes where Re (.) stands POF/SG2008/000291

taking real part operation. From (34) it may be seen

that the test statistic Re( ggﬂ be cal cul ated sol ely

t hrough the sanpl ed signal wthout prior know edge of

the SNR In the following, its theoretical FAR to be
Itusednf obet heeshol @rswt t { BY) | samkdri (B baserk o0 £hg <alW  and

Neyman- Pearson Criterion. Since the distribution of z
WisoGaWEliate Unddvs alafiarechyigotttesicoHoeor ¢f, (81 aad (9), «a
. be shown that the distribution of Re(O.is still ,
1scA\R FEER TS t FRehel appPoxidaliont df 2RePEPHasYstem according

toV ¥ARGR i meht .2 Td JTRANRS 26f QANA I e, WHETvariance
hypot heses HO and H i respeéctively. Therefore 't he FAR

unffe rRe{ D St €1 s Hi t @Arasvherze e ot IR NIRAKYGBKN@BW , as
function is defined as Based on the Neyman- Pear son

opPoisteelr | ba, e tWHdeshobdgef dhemkacanvbeiaalionl ad&dn <0.2W .
for any given PFA using (35) as From (36) it can be

Bageeh PRat thhe tﬁPé§ﬁ6P§l§@tt|h@ |%aan®ereﬁ%ﬁQmﬁd()Qhﬂ$ the

i,ven FAR and,obgervatio ndow si
vatndbendent OF S e PReEhor oreet iy (hrmbigieai rhe test

stggh%%ﬁ% Int d%?a?%@ etl%@' f¥59f tcan then be

subo can
approx1mated by

1 ( (§=m)(&— ml) )

K:ln 270y 204 gé’H _(é’—mlz)(é’—ml)H (33)
20,

27[0'

After mathematical manipulations, the approximated LRT

becomes
H, 02
f(A) Re(() 2 m +—21n7y (34)
Ho m,
where Re(.) stands for taking real part operation. From (34)

it may be seen that the test statistic Re({) can be

calculated solely through the sampled signal without prior
knowledge of the SNR. In the following, its theoretical FAR
to be used for threshold setting is derived based on the

Neyman-Pearson Criterion.

Since the distribution of ¢ is Gaussian under either
hypothesis Hy or H;, it can be shown that the distribution of

Re({) is still Gaussian. With the approximation of o) =W =0},

Re(¢{) has a variance of o¢/2 and means zero and m, as in (8),

under hypotheses Hp and H; respectively. Therefore the FAR of

Re({) can be written as
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In the follow ng, results of sinulations are shown to
illustrate the performance of the proposed detection
WO 009082 si gnal s under frequency sel ective faRET§G2008/000291
channels. In the sinulations, an OFDM based W Max
systemis considered which i?%ﬁf a major concern for a
UVB system i npl enenti ng DAA. e system bandw dth (BW
of the W Max consi dered ig 7 MHz aﬁjathewagnpling rate
i B4 B@e(ENE g?;l@‘”* 00 &7 8 INFR (VD trT/ 7. The FFT(35
si'ze iglégg gﬁg heiééggs of agwgggwlggkbolj (35)
corresponding to receivers being far fromthe _
whakfhsnt R€er COTRE SMEPEREYs Eraintel sTanpet B@Rumed t slsfédned as
sl ow Ray] ei,gh fadi ng channels with frequency
erfkeeth yidydt TheBandd i pat lthael Bgymanf Péarsen assurmed ittm, the
be exponential. Throughout the sinulations, the
t RGP £ | B | 57 agaupRd 4:Q RE QM Add SeePnekYORIP.  using
which is corresponding to the durationslightly over
(3300 «FDM synbol s or a wi ndow size W= 80000 sanples . A
first set of sinulations is to evaluate the
[»St Ifi Fon,gf ythe decision statistics derived above
f f‘#ﬁg%ﬁﬁTq%g%grding to (13) ("optimal LRT") under (36)
bot h hypot heses H o and Hi_. For each run of , _
Frgmuf 28) ohs GRABePehyFGthdd: Hoe nbls8sBAlY s&iprieg is only
reAlf dip 6 tengabeybat earhe \pl des Of v AN HeEE SO0 size. 1t is
statistic. Baséd on 10000 runs of sinulations, a
indepteogeah fof IR aedi sneensibivstte has besertain noise or
iﬁﬁg} é%é%%e A s to the sinulations under the hypothesis
i a signdl with SNR =0 dB is added to calculate the

val ue of the

The theoretical PD of the suboptimal LRT can be obtained as

Py = PRe($)>n" | H)) = [ e ™ S dt = Lerfel (" - m)INW ] - (37)

In the following, results of simulations are shown to
illustrate the performance of the proposed detection for OFDM
signals under frequency selective fading channels. In the
simulations, an OFDM based WiMax system is considered which
is of a major concern for a UWB system implementing DAA. The
system bandwidth (BW) of the WiMax considered is 7 MHz and
the sampling rate 1is floor (n*BW/8000)*8000 = 8 MHz with
n=8/7. The FFT size is 256 and the CP is % of an OFDM symbol
corresponding to receivers being far from the transmitter.
The wireless channels are assumed to be slow Rayleigh fading
channels with frequency selectivity. The multipath delay

profile is assumed to be exponential.

Throughout the simulations, the detection time is assumed to

be 10-millisecond long which is corresponding to the duration
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decision statistic. Simlarly, a histogramcan also be
generated with another 10000 runs of sinulations. The

wo djrsengrans are shown in FIG 7 and FI G 8PCT/$G2008/000291
FIG 7, in the direction of a first axis (x-axis)
701, values of are indicated-gnd, in the direction of
a second axis (y-axis) 702, the correspondi ng val ues

aof .t he histogr a f the theoretical .cymul ative
SR oo T DR i P Er = nst RIFBt e Hig 80000
salAfds .curve and bars; noise-only case) and Hl (right

curve and bars; signal plus noise case) . The two
dashed curves have been generated based on the CDF of

A‘%E%F 2%%§ﬁt&€%$fﬁggﬁﬁgﬁkr§g %%gé%%?ﬂg%éﬂfﬂéié¥géf¥%d§%on of

e two pot heses, respectively

|t .be seen _that .the t deoreticakl curves fit _the
ehg P SR Shag A o ol ) TE ot o LRgived abdfe for
HRr oadi | i I $itdd but i on thenQpti LREpaer i i
¢ abongI|$%§§§ 8‘% g%%ilg?%b, ?nggﬁgﬂggreggFoﬁ o\f(l%gjeIn both
hyfpiotéte sasi sH{ xaxids) H301,Fomal weshof rRe( @ ar esimdiaat@ts under
an int direction of a second axis (y-axis) 802
hYPﬁghséﬁfe?Emd}%g%v-m}evs_%ﬁms_e %sh%t%o@s%i o bpifhgate the
valllieor 8t i cale curuliatiive distisbuti orpfdnetidn apeosShoMihs of
for the hypotheses HO (left curve and bars; noise-only
sipadayigng Ha Nirstgmraguriar afee bdgsisspgnakapiaséinohnes been

ge%@%gkedﬂTM§5é@o%ﬁgt@qmﬂﬁ%%ﬁbgguﬁﬁhég %QS ﬁ%%%%bggis H,, a
statistics proposed above for the suboptinm es -

signdér whahhSNR = 0 dB is added to calculate the value of the
decision statistic. Similarly, a histogram can also be
generated with another 10000 runs of simulations. The two

histograms are shown in FIG. 7 and FIG.8.

In FIG.7, in the direction of a first axis (x-axis) 701,

values of ‘fﬂn/g— are indicated and, in the direction of a
second axis (y-axis) 702, the corresponding values of the
histogram and of the theoretical cumulative distribution
function are shown for the hypotheses Hy (left curve and
bars; noise-only case) and H; (right curve and bars; signal

plus noise case).

The two dashed curves have been generated based on the CDF of
the theoretical non-central chi-square distribution as in
(26) and (27) for the two hypotheses, respectively. It can be
seen that the two theoretical <curves fit the simulated
histograms nicely. It confirms the probability distribution

of the optimal LRT derived in above.

In FIG.8, similarly, in the direction of a first axis (x-
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hypot heses HO and Hi . The histograns may b e generated

a s expl ai ned above. The two theoretical dashed curves
wa@e@gzweer at ed based on the CDF of the theoretPCEHEG2008/000291

Gaussian distribution Re(Ow th a variance of erg/2

and nmeans zero and m as in (8), under hypotheses HO

-and Hi, respectively. A s can be seen fromFIG 8 ,

the t t heoreti cal curv it the sinulated _
aXFHS toﬁalms VEr\ASRel 191 Igfé(léjéo PEFi f O LORHEG hend, in  the
Sicgn stri ' o] t to
slétscr |O?J]utclgj%ngof§%den(%, é%hg s%b%ﬁ?%ﬁamgzt ltﬁ%der l}nlhetsr‘trjondlng
vahyapea@t heSeshid ohastogiam Famnichesf tdhe ttheshetdcaet tdunghlative
sing. the derived formulas for LRT and the

rngnce
1B i GEq et TS LAl B e PORBOGHAT ngif olvPOtheses Hy (Left

cuN@%”aQnEe§k§Qﬂ Chbteelgnlya éi@@ﬁh%h@.”ﬁy Q%lg%. curve and
according to a given FAR "A s an exarrp e, % F

baygsi; cls liggatthe lgpinedisevglage ) quot ed i n | EEE 802. 22
cognitive radio systens and a nore stringent 1% FAR
are used as exanpl es. Under hypothesis HO (absence of

Thti e spiogRalthel GQCQR rSibmttli ati ofFs thaveckesn ocnuRth@istics
cal cul ate the decision statisti cs for LRT and the

f (B opBsed tEé’squT%%beﬂﬁCNﬁéI%Pr reeAntsi Mol 19Tt aprder both

al ues (indicated al on
nypOZRREeGo5s Bpa Hodeiios o HThA Y 1% [9CTRAA e
expoktgddi Abaseendhad tabdenebreenchel Hakded @ilrvalsonGe
the x-axis 901) and formthe solid curve. A FAR 10%
9eRreansechaesedursf thke CPSi Ris tbfoeoe@@@teﬁaio@@@)s sgfan

/(L) _val ues r a
dlgg%l 8kagn0¥&%f) gh a( riance o ?}f means zero and
m, as in (8), under hypotheses Hy and H;, respectively. As
can be seen from FIG.8, the two theoretical curves fit the
simulated histograms very well. It also verifies that the
Gaussian distribution is a good approximation to the

distribution of Re({), the suboptimal test under both

hypotheses Hy and H;.

Further, the threshold setting performance using the derived
formulas for LRT and the proposed test 1is evaluated.
According to Neyman-Pearson Criterion, a threshold may be set
according to a given FAR. As an example, a 10% FAR which is
the typical value gquoted in IEEE 802.22 cognitive radio

systems and a more stringent 1% FAR are used as examples.

Under hypothesis Hy (absence of the signal) 10000 simulations
have been run to calculate the decision statistics
f(A)/%=|§+c|2/% and f(A)=Re({) for LRT and the proposed
test respectively. The results for LRT are shown in FIG.9

where the values (indicated along the y-axis 902) of the
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threshol d. Based on the curve presented, the threshold

hitting the 9000 th point (or corresponding to FAR
waosy/ors2depi cted by the dash-dotted |ine w t hPCT/SG2008/000291

right-pointed triangle markers. Simlarly, the

threshold for 1% FAR (corres ding to the 9900t h

point) is depicted by the dash-dotted line with

| eft-pointed trijiangle rkers. .The other two dashed
ATV | HEET EPTACT YRALI PevE RRENs §RatE dreirk 2 gr@nding order
e i . heoreti cal threshol for 109 :
R PR b9 L EntSEPEY' SR, rE SR Bl ane! A i solid
cuovd 300 WABr € 032, mesnshomati n0g1G) ithobbpained willo out of
known SNR. The theoretical threshglds overlapping with
LG40k hpéshdiedsSgehdr &6y et MRy h fAMulvaiusfs pRreffer ghan a

ev. s, th eshol d .setting through (16) is
t}{reﬁsﬁlgci)]lde' Wi ahg{nové]nedgceheof %Nl%e I tpriegsen% ee%l’ thfa}f('3 threshold
hiermirayi sget o adt€oreiiroal (bhr eshalddmuthe to FAR 10%) is
simulations will give actual FAR 9.73% and 1.05% .
deRrGiesHh i e t 82aBrfRAFefARI DG ARE MhghdseriniiRd ytriangle
0 t S ( fhtd ekt or, c :
T et Uber bEd Sbove By on Bar bt he Aheqrer Tonding
taderher 29N " ( B6)nandisi nepatiteds byExbeptdafsdr-ddieced line with

i fferent cision stati.stics (the val ues of ich are ,
LS Bl TS YIBRE H00 1 i P SR o1t Al Grgres i
FIN® ywaxhs 3002)e adhd OtNAla ONBakk@NSatePaFr&PBLEESting the

notations are the sane as for FIG 9 . It can be seen

theeate e &t hidoFetheldls t ApesABRds Gfatad nFBBI L tnindpnawtively.
Tﬂéy*ﬁﬁgﬂ9&18§P§£é&ech%E8HQB %&“”§Hf°@§ere c?, as shown in

(16) is obtained with known SNR. The theoretical thresholds
overlapping with the thresholds generated through simulations
in FIG.S8 reveals that threshold setting through (16) is
reliable with knowledge of SNR. It is noted that employing
the theoretical thresholds in the simulations will give
actual FAR 9.73% and 1.05%, corresponding to nominal FAR 10%

and 1% respectively.

FIG.10 shows the threshold setting performance for the test
described above based on both the theoretical derivation (36)
and simulations. Except for the different decision statistics

f(AY=Re({) (the values of which are ascending along the x-

axis 1001 and are indicated along the y-axis 1002), all other
conditions / parameters / notations are the same as for
FIG.9. It can be seen that the theoretical thresholds match
nicely with the thresholds generated through simulations.
Similar to simulations in FIG.9, the theoretical thresholds
in the simulations will give rise to the actual FAR 9.73% and
1.05%, corresponding to nominal FAR 10% and 1% respectively.

It is notable that calculating the theoretical thresholds
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Simlar to sinmulations in FIG 9 , the theoretica
thresholds in the sinmulations will give rise to the

W@ea09as6EFAR 9. 73% and 1.05% correspondi ng to PORBG208/000291
FAR 10% and 1% respectively. It is notable that
calculating the theoretical tyyesholdsthrough (36) for
the proposed test does not rely on SNR val ues. This

HER ol . Tact1S PHIRE T GRS orf 5% 1 efe oo (R

vaaukapt i1l s treste s 1t AhoMe dscatierimmes: BefosLse
| ooki ng at the noise uncertainty issue, the
unsEftarfdiite difference of the proposed test as opposed
to the optimal LRT is considered. FIG 11 shows the
probability of detection performance (along y-axis
Lakl?), vehausdSNECtabangpear ximadddl)o ff orhehespboposedl test
detection and the benchmark LRT detection. At each SNR
dgSG/dRed 0BBBV R udS el TRARET onBehaVe HESKIBEr f dF mege noise

unH& 368618} s siat igd %Mrﬁ%"&e heer cal Wl ed Or, v oposed

LRT and t'he proposed ection respectively. For a
tegitvers RAROSedk tal%coroptdnial tIRTS iexamyls, deade.

correspondi ng thresholds are set according to (30) and

(36) for LRT and the proposed detection respectively.

EIEhQrﬂdHBwﬁEﬁh@rﬁbﬁbébiIYtyfo@eﬁé%beﬁohobéﬁﬂaimance (along
met hod, LRT or the proposed, and each given FAR, is
y-@Re 5 ati & lof vt r (dtor@ns-akth S8t stfiog Vdleuggroposed

[ r..t r I t al r_.of
I e M Ticaraes ot GBS proag (1 Tevel.
100RD anthg hef psdpodedibest hear beeaonpatfdrmed. The decision

statistics f(A)/JTg:[é'+c|2 /672 and f(A)=Re(<) have been
calculated for LRT and the proposed detection respectively.
For a given FAR, 1i.e. 10% or 1% in this example, the
corresponding thresholds are set according to (30) and (36)
for LRT and the proposed detection respectively. The
simulated probability of detection for each method, LRT or
the proposed, and each given FAR, is the ratio of the number
of runs with statistic values higher than the threshold over
the total number of runs. Whereas the theoretical detection
prdbabilities LRT and the proposed test can be computed
directly from formulas (29) and (37), respectively. As shown
in FIG.11, the performance curves are clustering in two
groups for FAR 10% and FAR 1%, respectively. Within each
cluster, there are four curves representing LRT detection
with the simulated PD (the solid line with circle markers),
LRT detection with the theoretical PD (the dashed line with
left-pointed triangle markers), the proposed detection with
the simulated PD (the solid line with square markers), and
the proposed detection with the theoretical PD (the dashed

line with right-pointed triangle markers) respectively. It
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directly fromfornmulas (29) and (37), respectively. A
s shown in FIG 11, the performance curves are
wW@bkwsvzsoehg in two groups for FAR 10% and FAR BC4/SG2008/000291
respectively. Wthin each cluster, there are four
curves representing LRT detec{don with the sinulated
PD (the solid line with circle markers), LRT detection
with the theoretical PD (the dashed line with |
CHlef PoiSftEd tHi%ngI I SmmEOrnande plesFesaFion from  the

prégiRed anﬂb&ﬁléﬂet§$nﬁh@tQQﬂPDd@EQ%t§%h'd é'fgﬁéwﬂfhfl both

square markers), and the proposed detection with t
casiesoradt i I EKR(QM@ Hashay. IEheShpuhdrbghmom@wnﬁéwt the LRT
ngl e nmarkers ec |ve [tcap b een that the ,
de%eﬁf&%hanceq&'gradasﬁg % H%ﬁgepr%gos det@ctigh ¢ the
pdﬁﬁ%ﬂdﬁﬁd&ﬂWHﬁﬁdHBIﬁh§ﬂpiép®§e@0£@t§@§§§nOﬁoé@%hEQRneed the
and 1% FAR 1t should be noted that t he LRT detection
&&Mnéé t%f%ﬁmé‘a@e dft SNt 8laehiksefpred that all the

th@% Qﬁ%@ﬁce |t|onal %$1Pr0@8ffd ??EﬁCtEﬂQ qoe%d¥¥e§fondlng

nee the ad ormat 1 on can also be to
simudttald clreetsheoretical curves match well with their

correspondi ng sinulated curves. FIG 12 shows the

detection perfornmance of the proposed test under

FICNter CBLRRCR hAr dRRiese 1 WAC RlelrFioitinckn otth@ hel PHARIJRRS test
it is assuned that there exists weak interference with
unglere At R réE re0 cEB e NGWsEhanckeitman tiyoi d& ftheos iaulid ons,

1ttHgE8gfuhE% q %Ckhgge }Qﬁs%%“%%gko g%?f'”%FEEPQ%Q%P
coul e an e ectrlcal arr con
stewhtchi od a0 dB bkhetw aper ahiehgaél eotsenifd odeviates hien time
th VICInIt The perfornmance
of detection. The source of the interference could be an
electrical fan or air conditioner switching on or other
operating electronic devices in the vicinity. The performance
has been simulated for both 10% FAR and 1% FAR with the
thresholds set according to (36). It can be seen that the
proposed detection can achieve very high detection
probability (indicated along the y-axis 1202) of nearly 100%
at the presence of the interference for SNR (indicated along
x—-axis 1201) as low as -12 dB and -10 dB SNR for 10% and 1%
FAR respectively. The exact FARs (indicated along the y-axis
1202) represented by the dashed lines are also shown in

FIG.12. They are very close to 10% and 1% FARs as set.

Energy detection for the same scenarios fails to work with
actual FAR 100%. The reason is that the energy detection
treats the interference as a signal and thus always decides
that a signal is present. In a cognitive radio system,
especially for the UWB DAA system, it is important to know
whether a signal / interference is from the incumbents or

not. Only in case that there are signals from the incumbents
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has been sinulated for both 10% FAR and 1% FAR with
the threshol ds set according to (36) . It can be seen
w0 baw/o2eel pr oposed detecti on can achi eve very PECTRG2008/000291
detection probability (indicated along the y-axis
1202) of nearly 100% at the pjesence of the
interference for SNR (indi cated al ong x-axis 1201) as
low as -12 dB and -10 dB SNR for 10% and 1% FAR
sYcds Fec i@y . (CFRED exdd @R Ars Y dloacss disathy thelower down
raX1S 1 202)s I éﬁﬁ%ﬂ ' are al so
t%ﬁﬁ?&?ﬁﬁwFH(§§Q%H%$ﬁE%£g?£¥v%$§ C osgg?%lggé?g%d 1%
treARmiss igets.. Energy detection for the same scenari os
fails to work with actual FAR 100% The reason is that
the energy detection treats the interference as a
IrSitgrRalf AndWityg alneayr rdecitdes tdRttr sldhilad® the variance
present. In a cognitive radio system especially for
oft He WWBeDAAYB9Sheaisi Hiiksighortant to know whether a
signal / interference is fromthe incunbents or not.
Only in case that there are signals fromthe
MelaRCWEDeNt §aHER RS ¥ENBX: ORPM signals, UWB devi ces
need to | ower down their transm ssion power or even
Wishutredewenidaeit t(Mansrhssim@as ofl ¥t hadtel hopbBBestiBeH; is
derivation of the nmean and the variance of z under

hypot s Hdo i ive e of « z_ under hypot hesi s

I—'f%[’:§V§féts1llfléf‘e¢[éngg‘t]o_gk}’5@%ﬁ@'ﬁ‘e'm]] of z under (38)

hypothesis Hi is Su stituting (2) in (38) and using
Su%%?%F%E%n%IQQ§|i%nq3%9|%%da$%i%gc%%%%l%%%dsi%%%l and noise

are uncorrelated, one obtains

*

L1 L1
my =E[7, Py g 1=BIO %, 1) QO Xpgrar; 1)
i=0 j=0

L-1

t~

—1

(hi ) h; ) E[xd-i ) x;hd-j‘]

Il
o

i=0 j

A typical OFDM system used in one embodiment has a cyclic
prefix duration longer than the effective channel length,
i.e., L < K. Since K 1is only a fraction of M, it is

reasonable to assume that L < M in the context of signal

detection. This assumption implies the sets {x,,} (i=0..L-1)

and {xy,,;} (=0.L1) are disjoint. For i#j, this translates

to
Elx,; - Xy.u ;1= Elx,]-E[x,., ;1=0 (40)

Applying (39) to (40), one obtains

-1
my = E[7; Py 4]= Z] h; |2 Elx;  Xp4] (41)

i=0

Since

Xa-i = Xppea-i (42)
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A typical OFDM system used in one enbodi nent has a
cyclic prefix duration |onger than the effective

we@b@onzde2l ength, i.e., L < K. Since K is onl yP@r/sG2008/000291

fraction of M, it is reasonable to assune that L < M
in the context of signal detegfion. This assunption
inplies the sets and are disjoint. For it j , this
translates to Sincefor xd_x falling into cyclic prefix
foertaed tand S BadO K8idlg Dl fdes sferdyrd iadi%r ef i x
period, (41) can be sinplified to where P(-) and CP
sgpﬁgnfgr;PﬁEL@jpmﬁgggj}yofunction and cyclic prefix (43)
parf’o he signal respectively. In the |ast equation,
t he channel path |oss is ahsorbed in the received
£ ghal Jeowier OWaridtnod @Y A Aindde Hypdarddd H4l) can be
sf%gf¥fﬁé§”§%”ing the variance of under hypothesis Hi,
i."e.”sone prelimnary results are given used in the
subsequent derivation. Sone of these results are where
the al i Fpei n « follow directly from (39) and
(rﬁ‘4_)%}i’l"hée&ﬁgzlgés%ﬁ%"‘tlh t is used isThe |ast
equation in,(48) holds since for any conpl ex Gaussi an (44)
\aki/elex x| Hipdey? £htgbl arity assunption. The fina
prel i mnarysresult used is the second nonent of
Renovi ng obvi ous zero noise itens, the fornula (49)

whed2 D@() and CP stand for the probability function and

cyclic prefix part of the signal respectively. In the last
equation, the channel path loss is absorbed in the received

signal power.

Variance of ¢ under hypothesis Hj:

Before computing the variance of §=>#§:;, under hypothesis
d

Hy, 1.e. oféEHéﬁﬂ}L]—mf, some preliminary results are given

used in the subsequent derivation. Some of these results are

L-1
E[rd]zE[;d+nd]:E[;d]=E[Zxd—i'hi]=O (45)
i=0
E(|7, "1=E[(, +n,)(% +n)]=E[|7, ']+ Elln, *1=0] +0, (46)
E[f;'PM«s»d]:E[;d 'fl;w]t:ml‘:a'o'r‘z (47)

where the equalities in (47) follow directly from (39) and
(44) .

The next result that is used is
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sinmplified as Since rd and nd are conpl ex Gaussi an
distributed, the fornmula (51) below may be used to
w@ovpiew2t he fourth order nonents in the abovePCT/SG2008/000291

equation, which is valid for conplex random vari abl es
as well: itemi n (50 ) may b3e8devel oped as Substitute
(44) and (46)-(48) in (52), one hasSince the received

signal is uncorrel atedl with the AWGN noise nd , the
condto th items in ( may be obtained as Wth
rd tHet I eé[@S;“éd - !’c} - Jt}%] (56 ) being substituted

n (p0 ) , one arrl\/es at Wth (57 ) at hand, the

__1 —
\@ GEe. under Ry b3 H gay be deri ved.
Ac ”of’ "T‘th‘delf] ﬂﬂg Eg)f"“zg’g’s"'l n (4) , one has!*®’

Renovi ng zerq itens due’ to uncorrel ated noises in

(o8 . 25§[2 cap sighplified as Applying
foréxTa (5}1§1P 89 )"“éhgj substituting (45) , one
has It may be seen that the second termw  thin the

br ace of i_S .no nly when The t erm
rnd 3885 eckiPion RoduEs P usl SRR u?fflﬁ 1(%951 ! oy
nce o

N
coﬁgq %5Eahs 1a%6 a&&@%lves g{%%gﬁ¥ 01rcu r& gbﬁsgymptlon

tarned as in Fows “i's
Preposition 1 . The characteristic function of the
non-central chi-square Since are independent from each
Thet hféir;al herehamacteyi stesuftunosedn icf theCssamd moment of

Z,;=F Py, 1.e.,

E[| z, |2] =E[(, "’1;+d )(r; Ny.a)]=E[(7, +ny )(f]\;+d + n;ﬁ—d )(r:; + n; YFrrsa + Magea)]

A 12 2 A * A% A 2 2 A * ~¥
=E[(7 " +n, " +7, ng+n, 7)) (Pypeg I Bageg |7 +P0p0a Mg + Mg Figea)]
(49)

Removing obvious zero noise items, the formula (49) can be

simplified as

2 ~ 12 2 A
Ellz, P1=E[(7 I +1ng ) Fypaa I +1 74000 )]
A 12 A 2 A 12 2 -
=B 1 Aua IYHEAR T Iy )+ By [P Aga P+ E( 7y P17y )
Since 7, and n, are complex Gaussian distributed, the formula

(51) below may be used to compute the fourth order moments in
the above equation, which 1is wvalid for complex random

variables as well:

E(y,y,0:74]1=

E(y1y2)'E(y3y4)+E(y1y3)'E(y2y4)+E(y1y4)'E(y2y3)_2E(y1)'E(y2)'E(y3)'E(y4)
(51)

Using E[#,]=E[#,,,]1=E[#,1=E[#,.,]1=0 and applying (51), the first

item in (50) may be developed as

A2 A 2
E(7, " 1 7yea 1) =
A% A%

E(|”d| )-E(] rM+a'| )+E(F, - Fyg) By - Fy,g) +EF, - rM+d) E(”d Farea)

Substitute (44) and (46)-(48) in (52), one has
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1. Anethod for determ ning whether a transm ssion
signal conprising a cyclic prefix is present in a

w0 e@elorell si gnal , the nethod conprising: deterPCTIEGLN08000291
plurality of received signal values fromthe received
signal; formng a plurality of,different pairs of the
recei ved signal val ues based on a predefined
periodicity of the cyclic pr;fix; getgrnining a
Rl 781 Afiom JEerimaiat @ect or dael ot g plurality of  (53)
pairs of the received signal values, wherein the

SiGRId el ixirdierdn \algie If ofs arrR@drrd s wdet efmecthdasesh noise
on a nultiplication of one of the received signa

nyvaltdes sgfcande tgaifroumttth itteensc dmpl 0 ) c g wdeet elofaittesd as
ot her of the received signal values of the pair; and

na pi Ng2Wh ep angRi_ssi on signal is present
?%Tﬁﬁe l?’éﬁgimghls}“l E}]gﬁ(}}{iﬁéggl odﬁf?og combi nation of the %
correl ation termval ues, wherein the conbination of

tR(n dor|rel,ab)i=oR( £,e5, th) VE( ugd) + aked i nto account an (55)

expected value of a neasure of at |east one of the

r ived sigpalgyalpes af feefedsby noise. 2 . The
%gﬁﬁddq2666r Fﬂay‘ﬂykigﬁﬂwﬂ 1_ﬁherein the transnission®®
signal conprises a plurality of transm ssion synbol s,

Wikeradin Eaehrepahsf $5P8n (HPibdio cohpri besng gebpglituted in

nansni_ssi | prepended with a cyclic prefix. 3
(Sb)ThE%#e%ﬁb V%%%%&Hing to claim2 , wherein each

Liis[le;ﬂl]z[lﬁ-az]af+20'f20'f+0':=m12+(0';2+0'f)2. (57)
With (57) at hand, the variance of ¢{ under hypothesis H; may
be derived. According to the definition of ¢ as in (4), one
has

B[S P1=-5E[D z,- > z,1=5 > > Elz, -z, ]

d d,

= }%dZ;E[(fdl +1, )Pyg, + Prd, ), + 13, Y Fogaa, + Magia)]
1 2

~ A * nk * N 2
:#ZZ (dlatdz)E[(rdl +n, )(rM+d, +nM+dl)'(rd2 +n, )(rM+d2 T Mys1a, N+%Ellz, ']
4 4

(58)

Removing zero items due to uncorrelated noises in (58),

equation (58) can be simplified as

E[|§|2]=#22(d,¢dz)E[fdl 'fA}+d, ’ f;z ';M+d2]+#E[|Zd |2] (59)

a4 4,

Applying formula (51) to (59) and substituting (45), one has

BUCPI=3 2 Y o L Forrg 1 ELF Figr 1+
d, d, (60)

E[r}, ';;2]'E[;}:1+d1 ":Mw2 I+ E[fd, 'fM+d1]'E[rAA;+dl "Z]}"‘%E[l Z4 lz]

It may be seen that the second term within the brace of (60)

is non-zero only when d,=M+d, or d,=M+d, . The third term



transm ssion synbol corresponds to a plurality of data
synbol s.4 . The nmethod according to claim3 , wherein

wo bmooysski ¢ prefix of a transmi ssion synbol corPCESEINES00291
to a part of the data synbols of the useful
transm ssion synbol. 5 . The g@thod according to claim
4 , wherein the cyclic prefix of a transm ssion synbol

. corresponds t er of the |ast data synbols of

an _ ,
1% ngehcefdncer %{W;ﬁﬁ?%n%‘o%ﬁrd]%o: Fhenadiqigt substituting
cording to.claim.3 , erein the predefined

( per o% )c’l t%/m? s!ﬂ?e Jr{hn‘o% of 9 dath synbol s to which

each zusefti} [ansnissi nbol (:ozlrrespcz)nds.2 7 ; 2The

el 6o d =agcdr Y g, 0 i e etiet i [wadhopai @, o1

recei ved stighal val ues f#is:for#eEl’ such that between one(61)

O%Qtn;)rﬁfe@m[m?d(a—f grAh? vafiues) ¥, 1he? pgi2y2 and the

0

L
er”of the received’s gnal val ués of t'he pair there

is nunher of receive i gnal . val ues according to the
Fisgr ot it VA LA Gethod SaCEORAPRG. 66 oPai (it |
5 wherein the predefined periodicity is the transm ssion
time of a useful transm ssion synbol . 9 . The nethod
Whaedc dradi Ingv ¢ a Claaippdd £, otherspo ssiacilorpai v of recei ved
signal values is forned such that the transm ssion

I
Ths nE%BFaFﬁSriléEéFve FRFGHEP Wl uE8CofNPReCHRFFadi fFiEkSquare
: : [ 1Qdi Cify._ e net hod
dl%c%lr |t%goeg€afdgb§?n‘%%rl,a%aheer é%ﬁlﬁ]g)prgansm ssi on si gnal

I's an orthpgonal frequency division nultiplexing
: 1-2

() =—0— (62
A0 120" )
10 Since r, (i=1K N) are independent from each other, the
N
characteristic function of Zri is
i=1
jAt - )
X lier j(gl')’ JA't
N ! € e 120t Ay
o =[]o.()=5" = (63)

i=1 PN S k12 C(1-2jn)*"

N N
where A'=Y /4 and k'=Xk,, and the proposition follows.
i=l i=1
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signal conmprising a plurality of orthogonal frequency

di vision nmultipl exing synbols, wherein each orthogona
wo eguzseely di vi si on synbol conprises a sequencECDSGZIAS/a00291

synbols in the tinme domain and a cyclic prefix.11. The

met hod according to claim1 ,,wherein the conbination

of the correlation termvalues is based on a sum of

the correlation termvalues. 12. The met hod according
ClagmM% aim 1 , wherein the determination whether a

transm ssion signal is present in the received signha

conprises the cal culation of a decision value fromthe
1 cmeﬁéﬂqdorfq;f Aertee ivigidatvhert tear @ viataresmigal athetigde 1

g J ransnm ssion si
Com ééél%- e re221ve i gnéfxﬁgggﬁ on vw#%ﬁﬁﬁyﬁq151gnal
th@emeﬁm \tﬁ:lmpﬁ:us&rkgel ow or above a predefined
t hreshol d. 13.. The nethod accaording to claiml
defRedind Nhé Slydeldd W A ué%@lé’%acswlofvaaﬂtuqsea%rtom the

re@R8 Ry g siignal values is the expected value of a
norm of one of the signal values affected by noise.

forainghe mpetived idor orfdidid fteaegltaipmil s, osherhe rretdmved signal
se.is the noi se s expected to af t he data
Vaguﬁﬁalbasﬁ c Sl Se p&redFe%té“re&‘cé’&ﬁ icidy RTc iCtYCfld1p

prgghern1n|ng whet her a transn1SS|on S|gnal conprising a
cyclic prefix is present in a received signal,
deggipindNega &ofinedatdenet irei Vg leier doint ecowf |ngurtélet 0

plg?gﬁrQ&n%fapalrs of the received signal values, wherein the
correlation term value for a pair is determined based on a
multiplication of one of the received signal values of the
pair with the complex conjugate of the other of the received
signal values of the pair; and

determining whether a transmission signal is present in the
received signal based on a combination of the correlation
term values, wherein the combination of the correlation term
values takes into account an expected value of a measure of

at least one of the received signal values affected by noise.

2. The method according to claim 1, wherein the transmission
signal comprises a plurality of transmission symbols, wherein
each transmission symbol comprises a useful transmission

symbol prepended with a cyclic prefix.

3. The method according to claim 2, wherein each useful
transmission symbol corresponds to a plurality of data

symbols.
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plurality of received signal values fromthe received
signal; a formng circuit configured to forma
w@bkaparicey of different pairs of the recei ved BCTHGL008/000291
val ues based on a predefined periodicity of the cyclic
prefix; a second determning cjrcuit configured to
determne a correlation termvalue for each of the

lurality of pairs of the received signal values, _. _
4 -m&eem%@ GBI DTSR SR Fe MOETEIFaithg £yclic prefix
ordet erinied £ased s IMH Y RIdELRIdON Ofa E-10fo £ e data
recei ved signal values of the pair with the conpl ex
syoojLisg atfe tdfe tuse fotlhdrr agfsntitses icecsivwdd Isi gnal  val ues
of the pair; and a third determ ning circuit
configured to determ ne whether a transm ssion signa
5.1 gher esehiod Riddwedieeeinedisignal, hasedion the cyclic prefix
conmbi nation of the correlation termval ues, wherein
oft Re LEGMTHESIOR SYMIE COTTESRANGE tor h Vel ke last

i-nt f, of at
dalthy %gﬂ&%ﬂ%n%fth%x%%%k%q %qgg%gﬁSSQO%E%§g%%g

| east one of the received si val ues cted by
noi se. 16. A processor configured to carry out a

hod for determ ni ng whether transm,ssi on signal_.

6O MGG R SEOAE i S £ e prles #AE Mo B GIRHAP £ ined
petiigaali tihe smehRod e®ERT ioH ket delabEiRi kG &l dddhy

of received signal values fromthé received signal
usedidi fgaaspilgsalont ypyebodi fcogrespopdisrs of the received

signal val ues based on a predefined periodicity of the

cyclic
7. The method according to claim 6, wherein each pair of

received signal values is formed such that between one of the
received signal values of the pair and the other of the
received signal values of the pair there is a number of

received signal values according to the periodicity.

8. The method according to claim 1, wherein the predefined
periodicity is the transmission time of a useful transmission

symbol.

9. The method according to claim 8, wherein each pair of
received signal values is formed such that the transmission
time of the received signal values of the pair differs by the

predefined periodicity.

10. The method according to claim 1, wherein the transmission
signal is an orthogonal frequency division multiplexing
signal comprising a plurality of orthogonal frequency
division multiplexing symbols, wherein each orthogonal
frequency division symbol comprises a sequence of data

symbols in the time domain and a cyclic prefix.
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prefix; determining a correlation termvalue for each
of the plurality of pairs of the received signa
W 20000335621vherei n the correlation term val ue f oPCHSGZ08/000291

is determ ned based on a nultiplication of one of the
recei ved signal values of the,pair with the conpl ex
conjugate of the other of the Teceived signal val ues

of the pair; and determ ning whether a transmn ssion

signal is present in the received signal based on a

1 oM Natd Qb Pfaddier SIS & atd o ef myal Wr@iﬁbination
the combination of the correlation term val ues takes

ofi rithe avwoista tbrorexXFact eth Mad uel ofbasakasure ofmatf the

Iea%Eione(¥e£$e recei ved signal values affected by

olo) 6ise;tlon values

12. The method according to claim 1, wherein the
determination whether a transmission signal is present in the
received signal comprises the calculation of a decision value
from the combination of the correlation term values and
wherein it 1s determined whether a transmission signal is

present in the received signal based on whether the decision

value is below or above a predefined threshold.

13. The method according to claim 1, wherein the expected
value of a measure of at least one of the signal values is
the expected value of a norm of one of the signal values

affected by noise.

14. The method according to claim 1, wherein the noise is the
noise that 1s expected to affect the data signal in course of

the reception.

15. A circuit for determining whether a transmission signal
comprising a cyclic prefix is present in a received signal,
comprising:

a first determining circuit configure to determine a
plurality of received signal values from the received signal;
a forming circuit configured to form a plurality of different
pairs of the received signal values based on a predefined
périodicity of the cyclic prefix;

a second determining circuit configured to determine a
correlation term value for each of the plurality of pairs of

the received signal values, wherein the correlation term
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value for a pair is determined based on a multiplication of
one of the received signal values of the pair with the
complex conjugate of the other of the received signal values
of the pair; and

a third determining circuit configured to determine whether a
transmission signal is present in the received signal based
on a combination of the correlation term values, wherein the
combination of the correlation term values takes into account
an expected value of a measure of at least one of the

received signal values affected by noise.

16. A processor configured to carry out a method for
determining whether a transmission signal comprising a cyclic
prefix is present in a received signal, the method
comprising:

determining a plurality of received signal values from the
received signal;

forming a plurality of different pairs of the received signal
values based on a predefined periodicity of the cyclic
prefix;

determining a correlation term value for each of the
plurality of pairs of the received signal values, wherein the
correlation term value for a pair is determined based on a
multiplication of one of the received signal values of the
pair with the complex conjugate of the other of the received
signal values of the pair; and

determining whether a transmission signal is present in the
received signal based on a combination of the correlation
term values, wherein the combination of the correlation term
values takes into account an expected value of a measure of

at least one of the received signal values affected by noise.



