; e3e6T$& WO 00149782 *o~t* PCT/ LTS00/ 04062 1 A SYSTEM AND METHOD FOR
RECOVERI NG SYMBOL TI M NG OFFSET ANQ ok QUENCY ERROR I N AN OFDM
DI G TAL AUDI O BROADCAST SYSTEM BACKKHE \\\ \ E | NVENTI ON FI ELD OF THE

| NVENTI ON The present invention rel'a pthe field of digital

communi cat | WRYAHRI nore specifically, %% rected to a s?g?‘@ﬁ?q%?ﬁz
acquiring or recovering a synbol timng ffset and 5 carrier frequency
error froma digitally nodul at ed, metl -carrl er com‘rum cations signal. The

system of the pre t ty system
for recoverlng gg%gwm r froma

di verse, mufti© WTﬂJ‘In a

di gi tal communication systemA¥ B&lﬁ%ﬁ?éﬁm rrbol synchroni zati on
between the transmtter and receiver nust be achi eved before effective
symbol denodul ation can Comﬁﬁﬁf@‘ﬁ@wﬁﬁwﬁ%@ﬁs’ the prior art in
digital communications is vel op systens directed
to the optimal recovery or acqBIELD OBTHEINVENIIONI synbol timng and

carrier frequency. 15 One such attenp ¥| ded in U S, Patent

#5, 541 , 552, by Biezprerent dnyestion delptss ﬂ%@ﬁ%ﬁ@da &ig18h cgmnegnigations 9“%5'&%51’ at ed
mufti - car r%p%&ﬁééﬁgbw cﬁrectl;t-l% LGSk Eifor hddputrite or Rl Bin2 YRhIR SinGiRE bR

peaks responsive-to an infra-sy correlation, as by conjugate pro uct

f or mat i on, candénfeegquench errmefwmatdxgzelly nfodnlatet, rowltiegatier henmupikations| sgndpa"he ng

exi sting at e leadin nd | a ortl ach received s The
peaks nusts’ﬁfnhg{ﬁ’f 85% '?B’rvaft g %P |(?)F1°saa P s G)é "%IOVF%'%,ge?ved
symbol ti Miyahol keiey Bffset tahalcamr'e.ehaqlieu@ ymfrl fdm aanmberwd@lﬁmguéneﬁ digitally
necessitate their individual integration prior to the peak detection

t her eof . Twodulatedpigpalt i ¢ si gnal processing schene in Suzuki, i.e., nere
integration of correlation peaks priggiopoakiei r detection, provides
sub-opti mal synchroni zation results ©m at teast two accounts. First, as the
nunber 10f fr equianaydigital neoreminscation r syateml they achudsition taf- syarhol syndﬁoxﬁgaﬁbml

the correl ation peak becorre obscure d

integratio °t1"57‘1t8 frﬁnsgﬂ?t?rla('} &HEYY @Hﬁgﬁ&hl?‘ﬁg %%fecﬁ‘éé %%%HE qdulstige ¢ e
pre-det ect ggh m&hau @B reRPKS - TIRRCHS PrioNRE & ﬂl@itaﬂ@bﬁlhhﬁ&aﬁ&idﬁ répRt itk at
wel | known si gnal \gﬁ)agatl on effects, such as scattering WD 00/ 49782 2
PCTI LIS00| 8tepess ¢oe pystenpedikested dacthe Pptmal EecpyRnE gF a@Fﬂ‘Bﬁ“‘P‘hPf geceyed onbat
wel | known ct S, such as scattering, fading, or other
signal i ntg}?‘#er mﬂ&?%&%}%&&é conbine to cause si gnal drop-outs and

fal se peaks. | nOnemtchaﬁtbmpmsSmm&ed iarld SoP#tent #5;546;553,rby Sicaypkii, sliredtexhtostynst ens,

t he system of . 5 resents rrum sche or he
recovery of ntcﬁjn‘? ﬁ'g"qé’nﬂl"g‘g&?‘? eﬁ%‘i}&’qsrhl otﬁf‘?’YﬁJrH’qglﬁ %ﬂtﬁ i's
provided t hm B cérfel @l pesla! regpansive Biag mﬁi’a-:{yhm@E&ﬁ'telwoﬁ L8 bRicanjtgatd pratiictwhen
taken either alone or in conbinatign, inp e over the prior art. These

si gnal pr of@mationy hewmewbmmegtwmfmﬂ?rhémi&ﬁ gmplinnds, tapering pXIsing o the
repeating %aﬂﬂ?hﬁdb g%gmoﬁg of kK RREivEd Sh&iol. "The fem s RuMt e Helelted SbfhbiON

and conblnlng verse, nodul at'ed signals
20 positions are indicative of received symbol timing. However, their relatively flat amplitude

profiles necessitate their individual integration prior to the peak detection thereof.

This simplistic signal processing scheme in Suzuki, i.e., mere integration of
correlation peaks prior to their detection, provides sub-optimal synchronization results on at
least two accounts. First, as the number of frequency carriers is increased in the multi-carrier

25  symbol, the correlation peak becomes obscured by adjacent noise, and mere integration fails
to sufficiently enhance the signal-to-noise ratio of the pre-detected correlation peaks. Second,

mere integration fails to combat well known signal propagation effects, such as scattering,
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The followng is a list of prior art references known to Applicant: U. S.
Pat ents #5, 694, 389; #5, 602, 835; #5, 608, 764; #5, 559, 833; #5, 687,165; *
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and, #3, 780 c&faticnUpdRRY SkcomdEmietdV/inEgration2 tilk ttoi sonsbat okgle dhowh dignel pr esent

i nvention to provjde system for opti.mally recoverin nbol tjim, and

carrier frediRPAgAOR r"gﬁ‘ft& ety Pt %ﬁaftﬁf"‘r%ogqgfa% gﬁ?ﬂe‘?ﬁﬂ‘%‘}at H‘?’?‘fe\é‘frs’sqllg‘?‘fja‘ﬁlag

Parti cul arlxommetcdeaqset%gyd@gwsmms@ipm i's an orthogonal frequency
d (

di vision multiplexe signal that can include a |arge nunber of
frequency carri eliscantrastdp Suzuks agh ethgepries tartggequibition systams, thergystemi afither esent s
a system_for _recaqverij.n 0 Wl fse r error
From an CFORFSTOent i Rag etk Bhethe 5he PSP CRRrmbI SR Bl 0T 12

t he OFDM nodadrist Rebush@n alhis\bptiodun sppreqeh ésgrovided tisough e fapglicatibn 6Fdiddasy nbol s.
Each OFDM synbol _i ncl udes I egdi n po'iitgl{Pgn and a trailing portion thereof.
The | eadi ng pmassmgéﬁthwgesp'g?% V ﬁ%‘aﬁ%\f'é Qe i camination; RRFYsevEiiases 30

and have te I [ hd ;,H%;g ' ; '

t enpor al 8%%{{4317%% S%I%@ST*/O %é%gog 04 6?’3@?”8@9}’%&%3@? P%ﬁﬂﬁ he@gggi ver
modul e pr ovirehesting sigmals, vptimwh gn glatched Aleringt puk divdrsityessiectiathandsgombining| so

i ncl udes, a i?i (g‘{nal eak d v%e%%@ nodul e whi ch devel ops a boundary signal
havi ng &%l GFYISFR V8‘I“’§’i‘°3‘|’1’ peaks representing a synbol boundary s
position for eaclthefollohngies HitwE griFpMefeysibal kowkas Apglicahtht. S iPgiess peaks i s
devel oped responsive to an. %Isrrpl i %g‘gg and ghase correspondence produced

bet ween t he &4 #4982 83 %i"PioA% P88 B ORE16% EerteeP EDRP 5900l . The
system furt *#@f92§,@§¢];%%§6,§8§,'4@!3@h,4922f#@,@%,@ﬂs; we gL ee . BakoL R RG081,81gnal peak

’ e boundarﬁé s;}rgnal. The si gnal” enhanci ng nodul'e i ncl udes

detectability o
a circuit fdb,188d11:i#IRY.534F830B0%HS488 D) e ane.623; 42,880 e AB S50 he

boundary__si [ j t i.gnal

peak corPesinaniad s aas R AR RapR i BT 3 L PR SRR AR S5 B e

and havi ng a#3 65077D\W8$23,/8631a45;550,8 1D i#58506,836;#5,4T118643 ¥SUsImI6I#b3dR361 Ccircuit .

for establishi ng a t errporal.(#oshé'kg%i ndicat i ve 01 .%5 t he s%g?ol boundary

position f r 3APAPG S8 875692 dﬁ&’éaﬁ,é‘ﬁéﬁhﬁ 8p aR.588¢ fromthe

si gnal enhangiyggh®dul e. The tenporal position represents a received OFDM

synmbol timng of’tzset. A circuit for recovering the received OFDM si gnal

carrier frequency error in cMM{ ' ANVIENIEZON t enporal position is

al so included in;the_s - .of t resent. ipyention,

t he si gnia(l)l enhanétl hsganrré%?tg}) d%{r%t h%? [ n%‘{kﬁg%@%?’%’f%h%cf%?ﬁt fea? (#’t(t)lfnapyl tering

fsi g{\ﬁl S Ppr oQedeekinge symbu :tina'ng and rmrrbo;ﬁfedwnyy ﬁ]ognalcﬁgﬂ'dhl@dma@ﬂhlefi ﬁahﬂti}-( er
urther inproves a signal-to-nqQisg.ratio o ephanced sign eaks

out put f r(r)rrE]cPﬁ'@r éiggﬂaﬁpaéﬁ.‘ﬂﬁ‘i?ﬁlé'i ﬁ’ﬁ qﬁ%ﬁi‘ﬂ?’é’.‘“\’lﬁ‘&dnsg&"@ By ?’F@&P’gﬂg@q‘gﬂ“ﬁ%mor al

i npul se 1 espRRSiEn rfﬁdlﬁﬂéﬂed_t ©HDM) SRAl hatd@meAVIRIORGaRE dulifbes o8 "ﬂ%hué?;‘éﬁks 25

present in the boundary signal
carriers therein.

25 One aspect of the present invention presents a system for recovering a symbol
timing offset and carrier frequency error from an OFDM signal. The system includes a
receiver module for receiving the OFDM modulated signal which is represented as a
series of OFDM symbols. Each OFDM symbol includes a leading portion and a trailing
portion thereof. The leading and trailing portions have substantially equivalent phases

30 and have temporally weighted amplitudes according to a predetermined temporal



Anot her obj ect of the present invention is the inprovenent of the synbol
timng and frequency carrier acquisition process through the application of
signal diversity selection and conmbining. In the diversity aspect of the
present invention, a diversity systemfor recovering a sy i m ng of fset
and carri erWPO¥ncy error fromthe 30 OFDM signal incl ugg'g/bgc}o%onﬂggsm tter
for transmtting an OFDM nodul ated signal in both WO 00/ 49782 4

PCT/ US00/ 04062 an upper and a | ower freqdency sideband. Each of the

si debands enconpass a plurality of OFDM nodul ated frequency Garners and a
seri es of OPwNEktingbfimetionThdhejircesivsr myodyles prowides @l weekivedasignal etovasy optputt | on
for receivi ”@eJe OFDM nodul at ed si gnal of the upper frequency sideband and
providing a TIrst or upper 5 sideband received signal output and the ODM
nmodul at ed signal The syiteml|abweinclidesguggny peikdizbelopmen dngiulevivhieh deved@sand or

| ower sideband received si.gnal oufput. The diversity system al so includes a
first recov:‘i“i}mﬁ?'}’cﬂﬂ“f"‘d%’?)v SENE R %g’F’f rPg‘?kdeP’ﬁiFB_E?g & %’913’8}1 °%‘$¢H’_@fol
timng of§s S;Sosﬁx% FSSRANEE HOrec v ORDRYGTRVOR. HacH Hhd Ll pAS N dslopdaonal ,
and a second recovery circuit for developing a second or |ower sideband to
symbol ti mi regsnobsiveto ancanmplitysieand ppse corcEpMmdenasipdducédbetweendelonding alei ved
signal. Further. th i yarsit i ncl.udes a first validation circuit
for vali dati%‘di”?%o ?n%so;‘ﬁlsefﬁ%%‘ieatl m nay% l'set based on a predeterm ned
tenporal consi st eTteysysieny fivther Wobhdes 5 eippAdenhahdifR iriodgleCthatCétibandédIsighall i Ng

sai d second synbol timng_ offset based on_a predetermned tenporal

consi st ency P4ak dsteetability of the boundary signal.  fheisigaalsenhgncings medyle jasludes ¢ o

sel ection, Ci L:ell . érﬂﬂa. 'é]m i r t he
first anél0 se@gﬁg%’;‘ﬁgﬁﬁ%&%?ﬁé ng ggpégpts‘ﬁr esplggr{i: I \Q/Jgs%%ﬁ%?gna %%ﬂou@{% rom
the first ansigmécanhdnoing inkduien guipisc e t eihanoed sigmid npeelkil etrespanidinguid o or
denodul ati ng_at .| east, one of .the,series of DM,synbol s .usi ng, the ti mum
Synbol 1 m PRl rERted Bige? b e pipairy BF stemopla, e TV DR D PProYOL SERICI des
a circuit fogoiskdsd.oping a third or conbi ned synbol tim ng offset

corresponding to a conbination of first and second tim ng signals
respectivel y reprB$eiystam; ipgudss a drsut iforsgstablishinge tampoza) ppgition ndicaivereff set s,

el | 05 o te sPlgbSICbAleD hobiien tbh 4 RSB of WP (balteh Rl PORO G 1O
DRAW NGS FI Giroth the signah exjraagihg cmkule e fhe tenpord positiaf repfesenGFRibaivgi@GFDMn t he

frequency domain; .FLG b is a graphical representation of the OFDM si gnal
in the tinme ORI AMINBQESeYy s a graphical representation of the conjugate

product signal pegksrcdio féreRERRANE tHeOreEaVEAOOFDN Bigad] i @fier fre¥enCP /A8 §2 5

correspondence with said temporal position is also included in the system.

20 In another aspect of the present invention, the signal enhancing module further
includes a matched filter for filtering signals produced responsive to the boundary
signal. The matched filter further improves a signal-to-noise ratio of the enhanced
signal peaks output from the signal enhancing module. The matched filter has a
temporal impulse response matched to the amplitude envelope of the signal peaks

25  present in the boundary signal.

Another object of the present invention is the improvement of the symbol timing
and frequency carrier acquisition process through the application of signal diversity
selection and combining. In the diversity aspect of the present invention, a diversity
system for recovering a symbol timing offset and carrier frequency error from the

30 OFDM signal includes a transmitter for transmitting an OFDM modulated signal in both



PCT/ USO0/ 04062 FIG 1 d is a graphical illustration of the conjugate
products nultiplied by respective anplitude tapers; FIG 2 is a partial

bl ock diagramillustrating the front end portion of the present invention;
5 FIG 3 is a block diagramof a first enbodi nent of the acquisition nodule
of the pres®Qo0i4isention; FIG 4 is a block diagramof a §Egﬂ'ﬁw‘l§%odi ment
of the acquisition nodule of the present invention; FIG 5 is a block

di agram of a third enbodi nent of the acqu sition nodule of the 1 o present
invention; FIGS. 6a, 6b and 6c are graphical representations of synbol
timng for theupeakndieiostcofrprncynodeband. oEachivé thersidebaridsienvoanpasomplufaliGS. 7a,

7b, 7c and 7d raphi.c representati.ons.ill ting.the signal
processi ng pgf@gﬁﬁgﬂog'gatﬁﬁéewggecrﬂn?%%ﬁtSieB?‘f;Ofg)ﬁﬁf%m%l?a 8 is a block
di agram r epr esent TRy diveitf eybeimofRludaNd fetivdt portiod Fai eecbivipktel OFDMIE

di versity conbining | ogic nodule of the third enbodinent (FI.G 5) of the
present i nvefmodslgted pizgeRiobthonprr frequemyEadebap apd/poeyidmegmes sy o enpgt t al

conmmruni cati on. .55k QD= ' ' j
i g tal |y mod PSR A0 BERR! Gl B CEBIF IRl B SE v odiyey
recei ver whesidaband andprovides Dsecafd drileversidebdnd recgived signaontputy or der to
recover the inforpation conveyed thereby, .the receiyver denoduyl ator _can
achi eve successf uﬁ%ﬂ‘ﬂ?‘é‘ﬁf FWfﬁi g%?rﬂ’&[l’s&{‘i‘ bt 6‘1"0‘{%"%’9’;%@{_ ev(?khﬂpgi?ﬁishe
transmitted oy ahsd sidebindGyABEl MRgeSHceRIFMIRE Qo THTNVIFBBR!if thd filshe
receiver. Thus, prior to Such successful denpdulation of the received
synbol s, 25 téreivedsignal.cand gsesond tegoyare ciguitferdoyelpping a seeond pylewersiddband t i mi ng
and carrigr Lfr. . ' i gl | he
denodul atli%onggrfg%gélg{sﬁgq @%ggdr"eegéeﬁk g@gn%%nggfsﬁbﬁnﬂsﬁg ﬂ%ﬁsa%rd e‘%@g‘ég‘ ave been
recovered at the Feter\he dizadity hateanincindes Hfirstedlidatidraditcnit fof valilgting\thidol has
begun, synbol_ timng and carrjer frequency can be tracked by way of a
servoloop in a ’

| oop. | n fisttaEnbal s ﬂ%&r basedhen Pﬂf@g‘ﬁfﬁl efﬂtﬁmpﬂ'@_{ HROHSHRNArEAh axl a
process. The sg¥s4 %i@zkiggrﬁﬁhh%iiﬂétﬁlg' Shid REcoRdl &FRIBbI HMEN kR beSedliohegted to
t he WO 00149782 6 PCINSOO' U4062 transm ssion of a series of digitally
nodul at ed sy prdetsrmipeditempoeral sossistghesrthereofdenodul ati on of the symbols is to
occur. Moyre parti | he,. em,Ln re . ] ikon is.directed
o the acdui orti ontimubibsoht R Sk, hias Biioh EM pihelcSufy &f
phase/ f r equemgimeinr symixd tidiag cffsee ditony ahel diradatidasécond amehbslu sy effkets

tracking of synmbol 5 tim and carrier frequenc an,commence,. The system
and met hod f SYSPERNSi 19 ﬁﬁ“ﬁg_oﬂl@(‘,‘b&@”? ﬁ‘ge %%%1 chﬁ?(ﬁd&é‘%@%tc"éw’ fqngq*hency
error in the eme&aabr diftuR Rl dethollSlatsy 4ti1cas dhelof theBkiiesSHfICFIIM tsPmBéls using
environment wherein the transmtter transmts and the receiver receives an

ort hogonal f theepsimyn sympoktimingeffiseti pl exed (OFDM) signal. Referring to Fig.
1 a th DM oi ; X = ; N o
e DU 1 o 4 SR A A SR,

mul ti-frequency carrier a stantly
spaced sub- carcembinéd symbol Adjimr effitet sortespandingetos, combitmtian of lfirstadd teondir e

separated each.framthe other by a predeterm ned.frequency .increnent such
Chat ad] acent™SEbERY PR B RIRIR 2 Deditirad GPHY Gab mipg oftsets,
orthogonal , iahd laSildBitfér deltafingMnerthipd SRRKAINinWHE BESdt oAV th a phrality of
subcarriers exhibit no crosstalk. In one hybrid
conditional input signals.
25 BRIEF DESCRIPTION OF THE DRAWINGS

FIG. la is a graphical representation of the OFDM signal in the frequency

domain;
FIG. 1b is a graphical representation of the OFDM signal in the time domain;
FIG. 1c is a graphical representation of the comjugate product signal peaks

30  representing symbol boundaries;



~s systemincorporating the instant invention and using both digital and
anal og‘transm ssion channels, there are 191 carriers in each sideband with
a 70 kHz bandwi dth for each sideband. In one all digital inplenmentation of
the instant_]i jon there are 267 carriers in each side i a 97 kHz
bandw dt n 18P ERK O depand. Rof or ng to Fig. 1 b, in C PReDsiiola n,
each OFDM synbol 5 has an effective 20 synbol period or tenmporal width T,
and a full synbol period Ta . The OFDM sudbcarrier orthogonality requirenent
creates a functional interdependency between the effective synbol period T
and the frequenc¥lGpadiing Bwphiednillystration nf throonveye sredustssmultiplied thycal |y,

the frequenc r . en adj acent subcarriers is constrained to be
equi val ent t%sPt%ﬁEe{%iaﬁ@ielﬁ'squ%%%?he ef fective synbol period T of each OFDM

synbol S. 25 ThatFIGs2 istdyartial dipck miagrane istadtingthe Borg @ndpottion df The presenti ng
again to Fig. 1 b, extending across the effective synbol period T of each
OFDM symbol 1BVEIg%3 nredet er ni ned number N of equi distantly spaced tenporal
symbol sapl es (p@é. 5 RWlodk Hikg?5im ¥ § i€ bmbEHMERMTE theSthGISHbR thodfile ¥F Thel NE
full period Ta of each OFDM synbol 5 are a predeterm ned nunber Na

N( 1+oc) of guesedfiipventiohy 30 spaced tenporal synmbol sanples. As will be

descri bed subseq t in t.hi.s di sclosure, 00149782 7. PCT/ 0/,04062 a
is the anmpli tudeﬁﬁp&:ﬁ%@o?l%@?gmogra ¥ élgseiln D %%ﬁeng?ﬁg%gwuggm@dﬁéﬁ ered here
as a fracti of@pressnt invbatioaf - Even further, predeterm ned anplitude-tinme
profile or envel gpe 10, 15,20 is inposed upon the sjgnal |evels of these
sanples. 'this arﬁgf}i } iacbloskgtiggram SEEFIW&@@"%%E ¢fitheaqayisiiop apdplspf thed
descendi pg 2&}@%}1&“ thapers 10, I S at the leading 5 portion and trailing
portion of each synbol 5, respectively, and a relatively flat anplitude
profile 20 extendlGy. éd)éb etk Oeare graphivakrepresentations afisymhpletimeing doiths peakovi ded
inthe time orrlfr%i n serve t substatnti ab.l / reduce undesirabl e side-|obe
energy in t HFVEIoRREN! madulg pf the present ipyeh o%r ovide a nore spectrally efficient
OFDM si gnal . Al t Trag8h74, M, "¢l AndSydriag) glaghitd) depredeafationsiMRbtraing Xhée RipHaloey ond
the el ective synbol period T, 10 orthogonality between adjacent

sub- car ri er sPreeessipgperfosmed by the prasent inveption; andy) i s not conproni sed so | ong
as anplitude tap | : i L ai ihe

t aperi ng“fjuncti O?Ién/%?se"lglﬁg%f‘??‘%o'%&%%@? gl\gélod%gyi}‘% a?é s%%ﬁtlﬁ?é?%ggﬁ?%wt he
present i nvefor iten diviersty ghmbinirgivigivamiodule off tho diird embatimentsFl@. Gkofithe ng (or
anpl i tude ta}g)erigi%g&f transmtted synbols and root-raised cosi ne nmatched
filtering of PPEBEY %Bynbols. 15 The | eading and trailing portions of OFDM
symbol 5 share an addpESORIPTIONPOF 'R PREEERRED EMBEDIMEN!TS first N OFDM
synbol sanpl es extending across the [eading portion _of O-DM synbal 5, which
has a tenporal dupé figitalcommpymication, (ansaussionrTeseplign, Schsme heim aesTiass ok he

| ast aN synbgl; i ; Lo (WaTo¥ synbol
5w ch bl e oA E LRt SEEARE ol Mol S hirdbidk v

anpl i t ude t agewmddulptibmof the sfmbols e tosgaehnin, orderdo cenovirshe infeimitior doheyal as a
fractional ltipljer. .As will be described nore, fully herein, ese

pr edet er ni net© hglq’? Tohever dgmgruater f)"?noaﬁ%‘ﬂ? Sélgcﬁs?ﬁleﬂ'nénotpy‘fnﬁmt%g’ngfﬁﬁ?’h&f and
trailing poriheenabelé ol er thEPMshiitdaclymbbl tiliag RhEEIRE/ fréquiéhoyl dr®fsceriiadle/, t he
tapering of sanple anplitudes in the leading and trailing portions of each
OFDM synbol @rihe raseiverguling Brigr tpsuchesncoessiph latign of Hhg\aseivedsymbpls,
expl oi ted. i ngt.he, . .s: f bj I Y ent.is i der fl.glent |y
R i e e L e A S S R L TR
denodul at i onpluse/fraquessyntboth afawhiclo anegn de utilized byythd slsmpdulaibnt frecess. Once

cyat om for r BGOVE PRUSLBREA Pamac] e Rergrauett oL e B e P s
described. Refetlembdgatich dfithe syfabol has b@h, spmbal aiifithig) aibdaiier frequency can be
transm ssi on-reception WO 00/ 49782 8 PCT/ US00/ 04062 system of the present
i nvention i nEacked by ARYCHIFSTERILAMINGPdeHIQ paintory the, integxity pf the femogdpigtion

modul at ed, t r apamt %Q%gét?,ﬁoo@fmﬁne&a&ﬁutm& heeRAf inviiidahid Sirkdi@nsdnidhd €d to

OFDM signal recelver 1 or denodul ation thereat by OFDM denodul at or 100.

OFDM transmt signal 30 generated by OFDM nodul ator 25 conforns to the OFDM




5 signal specifications shown in Figs. 1 a and | b and descri bed
previously. That is, OFDM nodul ator 25 generates a series of OFDM synbbl s
5, as shown in Fig. Ib, each of which conprises a predeternm ned nunber of
tenporal synbol sanples Na corresponding to full synmbol period Ta, wherein
the first aNG®W#pI82s and the | ast aN sanples of each symbSFTZPEWer ed and
have equal phases. To facilitate further 1 o discussion of synbol signa
processing, it will be assuned that the predeterm ned nunber Na of tenporal
sanpl es extendi ng across each full synbol period Ta is 1080, that the

pr edet er m ne¢ammiiiton O of sérfespof aligimiypedulayd ewmboly RCaosReieac whefehect i ve

synbol period T is 1024, and,that the nupper of nples in each of the
first aN sanffredution ol e Sé{mbggﬁf)fée%“ﬁ% %{e rleP: the 1festem yn thrgressple
merely exeﬁphr@"el\%ﬁ&n dRYed %o 1R ¥RQhishlni I BGHRALIRGE! mnmrg StYt §H carrier
requirenments. te further that information soufce 40 provides Infornmation
signal s to aphaspifiequenty @RDIv thatieffestive daodulation And swbseqnent itracking offmimbokr e
nodul at ed _ont.o.OFDM synbpl s in si Q. OFDMtransmt signal 30 is
transmttéd %‘Hm@'—%%:cg‘i)“ﬁﬁﬁ?quf%%'e%g!r}ﬁ‘&%%eby any nechani sm and through any
medi um known i n pTh@kysthi akbAEod ¢art dcqtiriay St e ver@! syRGoEtAMNY &ffseOmtdV

transmt signal 30 can be provided as an anal ogl signal, a radio frequency
signal such &saugrcieaeroinghe REFEHY t‘“‘?P@?&%S,PaHFc_“ﬁ‘F ¥ Y laiq‘tﬁé 'y an BV 9EHt ovi ded
even as a di ghtal, B2 %ﬁﬂgr Hafkihils: anl egpééﬁ}e??éccﬁ@fhﬂ%ﬁhé?unﬁpﬁ%gﬂnc i ch
signal 30 is transmtted can be atnospheric, optical, wrefine, Or
ot her wi se. Aldivisioramukipleyed (OFiMN)nsignak i Rgferring @ Kig.nl apthe OFDMpsighausekinghat ed
signal suitable far si.nulation purposes, .Lhat is, a .25 .conputer, .generated
signal tHAt PESEY dﬂ’(ﬁ‘?f‘%‘hfseﬂ‘aba&e\%é 3% 81‘"?%%@%9“8’6 F?;fﬁ\errrﬂaﬂqqpézgfnpﬁ'g%g&\een a
conput er pr oghadlitP 3s quidkihdyBAsddaiubrcatiiRe I Fcth. aAdjacent QiFRsLHRs, el based
OFDM si gnal receiver nodul e. None of the foregoing variations affect the
advant ageous 28 2. iatetepaspted each froms the ogher by a predetermiped GeqperydneTeRerisuel t he
present inventli OV [Wag! f gt error
ik %a%eg} %{%cé&rﬁgs SEQM, kach! 15ROt ] orﬁa%ﬁoﬂaﬁ,qgﬁﬁg&}éo t S

acqui sition. PCTI 0/ 04062 OFDM tr ansnvt —si gna
recei ved by @kbkihen propérly Nypmist weighd, thihsubbarriens exhibis nacrbsstalk.- rmhe hgbrid ver

nodul e, not shown,.as is_.known .in the prior art, .an i ch suit.abl
accommodafes SYHE BCHBEaURE tﬁgd‘i“%}'?’ﬁtofnvg?té% r‘?f“i i S’H@C éiﬁg‘?"f) r an&nf?“%?g/ en
appl i cati on. wafsphibforeeHanktiseete 0 191 arridks il Ak silétand waRQ 70a6Ri baadwidtovi des
an analog 5 OFDM signal 45 to the input of anal og-tq- djgﬁ({:;i,tal _converter
(AID) 50. A dprachsidghaed & oes i disfiasmplemeptitipr ebibgdestat gnvsntioothens s
thereto to pregduss, iéé&ggide%damcmm Hahbia i focRERSilctaRY 2 series of

conpl ex signal sanples. e signal sanples are conplex in that each conpl ex
sanpl e actual | y c8eferingte Fig. d&i in the tim¢ dembinseacipOEDM synhhodiShgs an effestive

sanpl e and an_ "| i.nary" sanpl ich s S | ed i a re to. the
Fen o chnprembiBedpeirmRo Ry Tk AP PR Re o, TG et or s
which has a pahegdaali eGRAHRACHeites P GlrRaon:D lifterdepeAdenicy) detiideh akid effetiset of
subcarriers fl-fn present in the received OFDM si gnal. Recei ved conpl ex

signal 60, haymhel Bakd Tang b ety ariag deveen adiacent SQHIRMe gukearieEct ed by
frequency Corsrﬁgfih%;egﬂt ﬁ,('g Hfelhdnc Eepgﬂqb‘xll Betfeen ﬂfﬂ%pﬁt%§b@a§ﬁe@is%ﬂ&éﬁﬁ@¥q Be

corrected sig n time corrected by timng correction circuit or
modul e 70. Trequivalentutertby invage tof the eftectivectyerbol pepinall T of epaht OBDM symbol 5.
correctiof cigcuit, 70 feeds the.i DM denodul at or 100 whi ch
denodul at€s tvlﬁ"gyll’s’r%&%5?1“39“558&&6#@9% uraIrtgc1 e€d received signal input thereto.
Recei ved conpl ex dugfisd agath to FigdH)j dxicndink layrossahié effective $ylsbol pgriod TS each
acquisition 20 nmodule 75, which is the subject of the present jnvention.

Acqui si tion rRERMesymbol Sqarer 2 Predetemuings, aprmvesizelssapsititantly npagedotemparal o
error and earggqf srag@u-gw s RlthOFighted. OF urfHe Rkfehding &G eI fuitfgab @ xirbol s

as represented i n received conplex signal 60, thus providing synmbol timng
of fset ~t andfcach DEPM spybad ricre gffredstermined svinhgruls =t Do of gquidistapty i on
circuit 70 and freguengy. corr 0N G LG r LWVvel Y. 2

Acqui si t1 Oh B STy FREL SblSS ASSE M heSithed SERARINY T s BRoigreny o
is provided as an input to control and tracking nodule 85. Control and
tracki ng nodule 85 controls the operation of denodul ator 100 via

denodul ator control signal 90. Control and tracking nodule 85, in concert
with the timng offset and frequency error provided thereto by acquisition
nodul e 75, permts the accurate recovery of overall synbol




30 timng and carrier frequency by the OFDM recei ver. WO 00/ 49782 10

PCT/ U500/ 04062 Referring to Fig. 3, in a first enbodi nent of acquisition
nodul e 75, received conplex signal 60 is provided to the input of peak
devel opnent, gy ‘?1975 110, which provides the first stage of p&i/g6Rlo4dss OCESSI NQ
for acquiring e synbol timng offset of the received OFDM si ghal. Peak
devel opnent nodul e 110 devel ops a boundary signal 130 5 at an out put

t hereof, which has a plurality of signal7peaks t herei n, each signal peak
representing a, recei de synbal g‘oun argjepositi on, for_ each recejved OFDM
synbol repr ébelftte amplide ApgaRe fclprder 815, symRpl and gary ke corsidegsdobsre A8 anodul e
110 Since Ugfena? nfikilicRBben RABLS SRALCHRRE] KACGAIRAL ROUOIRLNRARR! 1 ONS,
their tenporal positions are indicaftive of recelved synbol timng fset.
More speci fildall53p, isdinpesed tupen thecsignad develaofrthest samplies.i Thisoamplitndegprofile

know edge of, t.he true or actual.receiyved nmbol .. boundar SjLtion,. such a
position is 1f1ﬂ}1?§sgwe§|sc g‘??’rr%’ enéi}ngaapﬁi qu°§?‘|§¥§/a'g]?]étg?%%p?rsxg’ﬁgﬁ} %""?@8 ver
processi ng tdriggeaid Grailidg Optirtiort 06 reatid GiinbBol 75, Rsperlvélghasd aheldwelofiatt i m ng
offset t that exists between this apriori assunption and the true, received
symbol boundceBlitylsgrefile 40 extendingthenspetyygen: Hheseernded or tapesed edgasprayidedt r ack

symbal 11 M - pd tihe! dbafiy Qe 16tk ifjafh HRc AR BRIRHL LR gSy ool
boundari es, peak devel opnent nodul e i- epr0|ts the predeternrned
anpl i t ude t dfpsuemy dending tuthuapwride pmore spectrallyr ¢fficient @FBMesignal.n Atthengheadi ng

and trailin rfions. of . h recei yed OFDM s | . Particularly, npl ex
conj ugat e n&?‘??‘ﬂf ?yé’rgb"bf’erﬁﬁa)'&(?f ?@Ol%fe&Feﬁg%/{’%’é%ﬁﬁgﬁ%wcﬂmb@ ng?é?rc{’& e and
the sanmpige pdrﬂﬁgéﬁaﬂgr bétwhsh NjfeaitPduBarrBHCin BE FGdnSy doRbliEEiZ0aped Haen t he
first aN sanples and the | ast aN sanples in each synbol, Sroduce a signal

peak cor r espROMPBisehsodaRmasAmbigide danep §0sliSrmg symbol Sfolewja ist prioisett s so

formed. WMat cal: ae f I i .

represent ed h%EB% ('tﬁm@%l\}% fun%‘gttﬁl Iﬁ%ﬁgﬁg‘f@g’t ﬁ‘@‘%ﬁg’%@?ﬁggﬁwg :I&g%hglﬂfégrﬁd | et

Ta =(1+a) T dieveaitien threughu dombiratibs yfdoot-raited edsinerweighting (orashplinele eapkfidg)i s t he
OFDM channel acing.an i§ the z5 anplitugde {aperi factor for the
synbol . The %fis%ﬁ%{?mgéﬂﬂg’“?%“a&mﬂ%ﬁ? «p ﬁﬁ‘Ptcg?fbéléFg‘ﬁ‘géE??c&QV Pmbok- of pul ses
or signahs peaks ithet R&dif® Ahd dalithgPpotdbsd 8f GFDN tyndBof 5~ JHare AR dftRAs! t Of

the Nyqui st anplitude tapering inposed on the |eading and trailing portions
of each OFDNmppriae| featurgc Raragly t the fistil HbOFOM symbel| sapipler exiending aceess the

i ne- i b |l % Si (Nt . f
st e ar b Ko, oy el Y. "Ry ) o eetmptht BhibebE EORb, 1"
Furt her, t hesubstatiadly ciquipalefit phiagesads th8Q0ast tolNakyrhisol shinplep @kiending factobe ther ai N of
i gnal ks, .i.s Ta.. i ng. to Fi . the train of si ak
el uded n BelipROR Moo, 3kt A pet s fustione ) NorReabo peaks
are spacgfl biapa Retht ahpRiudd Aperifgefaibf fod $he Ymitbl and csh bd SshsiaeRdhele RLfa t he

overl apping | eading and trailing portion anplitude tapers 10,15 nultiplies
t he squared fregjienalysulgiplier. t Ae valnbaudescabedr matgcfully heesiml thesegpiedetenmindda| f

Si ne-wave, - \Wh) 1: O 1 . Q L

sanpl es. Rer%éﬁf%g glgiapﬁa%% %I(%lég%% e"%g%nf‘\glfr1 q%%%:eﬁa}g g"[}‘]‘gf\é@g’%ﬁ*’@%f’%%ﬁfw}eo peak
devel opnment OFDMmynbod of i@, prexestt ipvention,tnaselypthe thgeriag toff wample amplitudes il | er
circuit 125 representi .4 _conj ugat r.o bet ween .t hat input sanple and
a pr edecesso}heglﬁ‘?f%‘l‘gea’é‘ggﬁlgﬂg?o Q I°g§g‘ihn§>!§h SYH‘\bA%o I'gﬁ e@liﬁF\gﬁta?I@“nPs

devel opebs 12{heRbD A AVathgeblisly BXIGIEY ih R sHaBM| P theCabjedOmbentidh i ofder ionput
sanpl e, which output is provided as one input to nmultiplier 125. The

conj ugat e sasfficiestiyacquiie OFRYiptymbel Eming endyfrequenetyint thet reeeieerd s Hipe the

demodulation of the symbol can commence.

Having described the characteristics of the OFDM symbol used in the the
present invention, the system for recovering system timing in the present invention is

30 now described. Referring to Fig. 2, the digital communication transmission-reception



15 sanple output fromdelay circuit 115. In this way, conplex conjugate
products are formed between the received signal 60 and a del ayed replica
t her eof obtai ned by del ayi ng the recei ved signal 60 by the predeterm ned
time T using delay circuit 5. Referring to Fig. 6, reley r abol
timng for ‘ﬁ@ﬁ%‘s‘aével opnent rmdul e 110 is illustrated. Fi'g" ’%E?B/P‘g% t esent s
consecutive OFDM synbols 1 and 2 provided at the input 20 to peak

devel opnent nodul e 110. Fig. 6b illustraBes the del ayed versions of OFDM
synbols | and 2 as output fromdelay circuit 115. Fig. 6Cc represents the
si gnal peak systemlofphegrésent invention mchidepar@F P medulaér hipduld\RS for genergtimgduct

sanpl es (whi rKi n nt e aI 10 0_sanpl es t train of
si gnal peaksﬁﬂ%]lkﬂﬁlogﬁﬁt\é\gé@f}sq ‘éﬁ&&ﬁ‘g?%‘ 8 ¢ g&?‘g’ﬁpﬂﬁe‘f%‘ﬁmt@& ®on

bet ween t he a)mm Vigflal Sfe6Eidr 130 fargiem@amm tﬁesaea%yderwpdemedmt@nmmer eof
in Fig. 6b. t}‘/of specific ex if the received OFDM synbol period

Tn correspo mit il 39 gﬁ&raté@?bbngM medulatep Zam%fam @sthapF&Mh of
he | di |
the lea 'gggeﬁ&glofs,s&tflchﬁ% %%%g%ﬁds W‘J‘ dERKHES geo %9 ngna

sanpl es, I eac i nput 't dcve orSrrent
nmodul e 110, OFBMemedbater 25 gen&catesemmpﬁﬁﬂﬂ)h@s;sabolm a&@mnpmdﬁgcltb ewhpl es in

boundary sig 0. In.this exa | e, 00/ 49782 | USOO 04 2 del ay
circuit 11 §qaml}éf?‘t £omprisgs 42 (e E%Fﬂﬂeg ppmbey o, gmpper eéy ok 5ABIPkESi Nout t o
nul tiplier %ekgﬁmﬂﬁi b itd Rill 86hHAY péricd P MUBERSHO irdt Qe sahpIeyl M3 tﬁéwt o he
S|gnal peak so vel oped for each corresponding set of 1080 product sanples

conpri ses orfampkg Qfmﬂch@molpar@demrgd fad have paurhpheses.hel factitate furthesst 56
sanpl es ?J SRS | F Egr%'cﬂ' ?&a? ﬁ%@&ﬁ*gb i %i( ?ea\éﬁlni)eﬁnﬁgtt Oégclje?cr%&r?dcan be

i npl emented 1n any he "correspondence ween the
| eadi ng and ﬂtﬁﬁdekNgg)fpﬁﬁﬁdrﬂl’Bﬁmpfes eﬂeﬂidmg/admls eadhefull xpinboltpetod T, tisdogmnner
previously described. Far |nstan%fﬂ%¥ evel opnent . nodul e 1&0 may operate

on each sanpihat the Predetgrmipgdoaumbey, samplesextRping aprosyeash sffegtivet o
sanpl e is proyiydeskl T8 fo hithatthehuiMer of Sahldddt £atR oY the Firft Ikl @kdple¥ Of

sanpl es may be stored, such as in vector form thus creating present sanmpl e
vectors and ahd| lagteziN sanxlbemvfé;ﬂmwgverm::@hvah@em@e@hrnemwplampand mey devect or

mul tipli to Emveq 0 iR a i

Al t er nat F'{/el ‘3'/a,m e acc Cﬁev{hl g&l ? Jggﬁﬁe fgg% el ?r%f le']ir&jltag(ﬁIﬁogrcgégr ate on
conti nuous rprotidés mh&mu'impgﬂeds 00| ach@hEof OFBM ingdalatr 335whichdnfermation such -
an approach, it would esir t jn ecei ved signal 60 also be a
cont i nuous r%t%%é%af?waﬂ‘?‘ateg 03%@? lsmI g@’é’ﬁt:{ boundary signal 130 has
easily identifiabhepgy ﬁd}@tmtrtfga%ﬁso Eeﬁﬁisﬂxtteasto 'dldDMtsf%% EfdcdiverFis0%y dng and
6c, however, in reality, each signal peak is virtually indistinguishable

fromthe und@stham@nrmdﬁbmpglbwovgdlm kgyyp [ Bripndrhepnirpurtention Systenpo I%ql'nbol S.
Si nce pe d Nt . Re

sanpl es Zéitenéﬁ#’g acr oss eaJnEt g‘%&é?@e%“s?@n@‘*‘%ﬁaﬂﬁ‘gé‘%ﬁg‘? eg\r/r\%

del ayed t her fiéquengy d)mhdwmyassangmiio b®addastcdigrak or altetnatitedyi, rcenl be |pgrwaadedpeaks
as well as the noi ate . .For exa . the firs 56)
sanpl es in eBCH %9%&?1%&%%‘9 ﬁltlli' ﬁ’bﬁ"tiag'ae§§’3?ﬁéﬁ“?‘wg W}%\%qs‘%iiyé’%pl es
therein, to RaRAKER dah®e dﬁﬁds mﬂlcsmﬁaﬂ witeRite, aNotRerwiRTA I&sndtield UraiinAn
However, the remaining N ( né)l es are nultiplied against N sanples

fromthe adjHeeahd0s cqx@@mﬂsn% gignal suitablefor simylation purppses.dha i lma del ay
t
ctf oot of £ P anertldd oG B A6 llate SOMAREH SAVBEEEND OGS BT

peaks. An i nbetwaaea ¢o|mpmtee prugrdpebased OF Db meddytoc modulerasd a@nqopmtsn prggradne  OFDM
si gnal produge nd|n r.eas | evel of e, Noi sy
products pr egﬁﬁq %?]ﬁﬁ\d a‘??a'é(?&"’é’?‘é‘ﬁ ﬁo ﬂgﬁ‘ %’f“?ﬁmﬁr‘@ﬂ'ﬁ s s 0/ 49782

13 advantageous application of the system architecture and techniques of the present

invention to provide OFDM symbol timing offset and frequency error acquisition.



PCTI USO0/ 04062 corresponding to OFDM signal s conprising, for exanple,

bet ween 80 and 300 carriers, can be appreciable. Fig. 7a graphically
illustrates boundary signal 130 corresponding to an OFDM si gnal of 1080
sanpl es. Thg, %% corresponds to the number of sanples pafubsokdes S

i ndi cative o? timng, while the Y-axis corresponds to sanple anplitude.
Only the real portion of the conpl ex sng@I is graphed since the inmaginary
portion is simlar thereto. Cearly, the desirable signal peak, present

o oucts. T adai OGN FsTRo B0 R et s SRS el Sreten Sy e

I n boundary inelugésd@dnt-tadrectiserifbdute, HevshyRf, o iORAOMNNR EheSRI0E 8%, AMBIWhidghown i n
the art of digital communications. Such noise is inparted to the signal

duri ng pr opatjitablynaccprapmedates the sreghediand madige gf sansmiggionchesearfomany givint i - pat h
and fadi ng, i angl. COSm:, Hepd.ront - the .necei ver al so
adds noi se t%ﬁ!’g ﬁ%@i gkzﬁl legh%gégﬁeog? & %na %&%gﬁggcﬁgerﬁqg‘ﬁgess haane
present inveOFDdhsigiat 46 ¢slthe dtyed of mmaldgStoptigita) cénverar(daD) 501eAAR PO Shplés NY
effect of the f,o,rerrenii oned noi.se \éyit,h retﬁ ect to the desired signal peaks
i n boundary i EHEes & oegghee signal P rippuy ‘5‘?‘%‘83’ o @803k alay ABPRG - noi se

ratio of themglesf\@mppiRdks sei&TRbmpRx qﬁhmeﬁimgéﬁ&mpﬁg%oﬁ@@nci ng

nmodul e 135 is provided at the output of peak devel opnent 1o and
conpri ses fiinsthatagagh sempled samplgeactiain gpmprides adiairgefcsigneli saneples inpludingess. The

first stage sigh harg] Iy [ .an additive s rpgsitio
circuit or m)rﬁl girﬁég agﬂé‘qt hnéa%g}g?on%}@!cagémenl asncPlﬁgl%ﬂ'ﬂatéFﬂ%?rgﬁ%d?f ched
filter 146, gunpls. dTHe simpldtesigntl fuhextffileed byi pasi-baidaier SBRAREH RG £pdssui t .

Additive superposition circuit 140 additively superinposes a predeterm ned
nunber of si BAP4IreAEengY respepse RIPPrising the colleciiys %?fgvbﬁmﬁﬂt@,Prﬁssn@nﬂmCe

signal peak go.iflef GFbRMNiddal.y DY increasing the signal-to-noise ratio of the
si gnal peaks in boundary signal 130. To inplenent this process of additive
super posi tion, a Ruaceited complercsignal bthdaviog beanrsampled andfibaeiyisviest Héqueneyndar y

signal 130 are fjrst superinposed or .overla i tiye. Each of these
super i npos edcoégﬁﬁ%rsﬁys %8 O S 31§e°g1° ycﬁrt%"l? 06erB|8§uge s6gWo % rﬁpﬁ’é’gnﬁfﬂj’ﬁ{“‘é’
product 3ganptefecRs siphsl iothepltimd covrecpe dk tikdvg taprasd ciftud Wr enchf}, 7030THNd
i ncl udes a desired si g,nal peak surrounded hy undesired naoi s%?‘gr oduct

sanples.  WEPOSPYPrddimecopesirdsenyl oupebbnhe cortrEion s 1 fpdidbe Wanber or
bl ock of si %abpmra%ﬂioglgw%be& ch | d¥Ro@Bks AN SquehlP aﬂaqmgo écmofs

occupying a predeterm ned tenmporal position in the superinposed set
segnent s ar ereaeivedwigmt mgutitherttor m a cunul ati ve signal sanple for that
pr edet er m ned posﬁé ion, In ) a vel. oped

hi . lative signal | ge

conprising a 5 cusirars \?‘émgl}c)énmzﬁn\é\gg%ﬁ %&;ﬂggrﬁ a@’;a(r:(ﬁl%gf to?'ﬁ% e 28 FEFHRY
sanpl e pasi t inodsle 76; evhihn{y the rsabjgctt dfeths Upesehtninvatidnb O fiasitiors hpaak 75
segnents. If, for exangl €0 z) conttJ ilﬁuous oundary sjgnal segnents are to be
super i nposed°HEF QIR X RO HEVREIISLOR s of frgauengy,pEEsst ox 1080
sanpl es, t hegyadelish iheCre SRR OPISM dyRibols! ds Giirbsentdd iP FRAYELSmABOsighiTgbat | ve
sanpl es for each conti guous bl ock

thus providing symbol timing offset At and carrier frequency offset Af as inputs to

timing correction circuit 70 and frequency correction circuit 65, respectively.

25  Acquisition module 75 further develops acquisition status signal 80 which is provided

as an input to control and tracking module 85. Control and tracking module 85 controls

the operation of demodulator 100 via demodulator control signal 90. Control and

tracking module 85, in concert with the timing offset and frequency error provided

thereto by acquisition module 75, permits the accurate recovery of overall symbol

30  timing and carrier frequency by the OFDM receiver.



to of 32 segnents (1080 sanpl es per segnent) input thereto. In this manner,
t he conjugate products of 32 segnents (each segnent including 1080 sanpl es,
a signal peak and noise therein) are additively superinposed or "folded" on
top of one another, by pointw se addi ng the superi nposed nj products
of the 32 sBGMAY® Essentially, in this fol ding process, g‘?ﬂky"gﬁ@gﬁcts of
the 32 segnents, are pointw se added to correspondi ng 15 conjugate products
one synbol period (or 1080 sanpl es) away!® over the 32 continguous synbol s,
to produce a cunul ative signal segnent conprising 1080 cunul ative sanpl es
therein. The si gReferfeotoddigi hginias tShelnbtP(blpaatOécacﬂ\ujsitiomquekﬂScmivgdlous

bl ock of 32 bound | t h t |
seqment . andouBes menat b Rpra R BL bk inh of pR e PR oIR8 gatieh ey
super i mposi pgovids u%mrﬁtrsmiebemgianpfbcmn@m ae&mﬂﬁgwﬂub gyiabist tﬁxﬁﬂgrméesonhe

boundary signal 130 incl]udes an, enhanced 5|Pnal peak therein, whic
€

exhi bi t's an TsGeived SFOM siggpl o Peakydeygiopment sadple }i1 P deyeleps aoupdary ﬁgﬂfﬁllé‘hal

peaks in.ea t Y, reason
o Thi & *onhbAncughP uEROE WERLs & A oY SRkl IS SAEF Mol A€
segnent s al irepresebting a recepd cyinbel bmgdm' noe;akn; forsench hredeiwel cOFDMesysemirent s
are 25 accumul at e each o t he next s achieving a

f or m of cohé?%ﬁiemﬁg&’é@%w‘?@s %é??ﬁoblg%lg fj% eyﬂ%pxy@bgpd{qevlgu Aneedhest t he
boundary si gahl RaRdepre\iefe@ved fanbal belnasty pbal&ls! ﬁ:'eMQeﬁ;bcﬁﬂ%JosnB@ﬁé%e' n the
boundary signal segnents coherent|ly accummulate to forman enhanced

(cunul at i ve)mcbqtegwapfmwdawmbnlehmgﬁff@etonweaﬁenlm sincesthpreceiverigs oo nodul e
140, by gon t [ f J cts

sur' ounciing RS & 4 BN el on il et Bt AR, BOARHAT" °,
00/ 49782 15 sh¢hld piﬁﬁ&i:@slﬁ&&llplamimé or arbitdarlyendateddal eﬁabhrretdtmrpm‘cesﬂmgimg t he

addi tive super 03|t|0n roc the d coherently and
the surr oun(fﬁpﬁrg nof%?“ﬂ ﬂ't"ggle ?deﬁ%%@ r@?‘n%’%b%\ﬁﬂm&gé’ DaePIYRd, the

enhanced si afveek K aptitrPakburhptio dndeheGol, tdckived W&%nﬁda@ 6§ﬁﬂiﬂ| fhud 40
exhi bits, overall, an inproved signal-to-noise ratio. 5 The processing gain

and si gnal - tegablipedhe fF%P@Y%“b’ﬁPF&WE@H’émC gaphodiimipgry the additive

super posjs tion nogule, FORE naI
segnent sf super i rrp(il%se gg ?u%gj ?E% rr%eéltth&vg Si g%}érﬁﬁoslte:‘%rre ey&% Setting
t hi s advant algeelopment nmdnlesipt)ndj)lnig}s e peedetemiingloditideaaesing andiequieldngi t i on
del ay, S|nce nor e boundar al, se re collected to pr t he
cumul ati ve PPFIFHOREUR L g]ﬁ%ﬂ@ ’rc'”i}t? lf?u g}%ﬁr%ﬁfga?orﬂ?r@ eé‘fg?ﬁ‘?‘f@ge‘ﬁ§#@ , for

i nstance 32,syﬁ]B@II‘ GRatuRirly ) cotip¥exaqopjuigata iultiplids Hgrédittsiige REMVEBAWERERE t WO
conpeting interests. In mathemati cal terms t he additive super p05|t| on of

conti guous SEFRENREPlF andhthe mplFgRrecedmeciy byt N sampleentSuch ns afgrmed gnal
130 can He §xRERA #Rnort B fled ddathd st div gan%esrime% “Sybbk gffc}auéfeaa Q@Hl(t T+k

Ta ) k=0 An inportant aspect” of the foregoi sl gha proé ssing 158 that
synbol ti m rpgak eorpespadingdaleach spabdl cgmagssng tﬂleuélodonﬁﬁwpsyinttshtsfoimmjt to peak

devel opnent nodul arg naI rrents input to additiv
super position ci ﬁﬂ# diﬁ%& ﬁ (t:%rm njé'ﬁﬂﬁaﬁr e FPr SRt s
therefrom eondwdawse DE) Ha{a@@malrecpﬁea om)m sné_xﬁl (268Nt a3 PO d)urgiei.&e MeTR80
sanples). In this way, synbol tim ngﬁ of fset, as indicate t he

posi ti oni ng ¥PM¥ “%’P’g‘?%‘!tloﬂé’él?gn%‘b’ rey 17 ig thg QDM shanmsl spacing pmcb%éﬂr‘hEd
th hoyt . Eli t f
rougholl . i t aalzltt ygntﬁgha&@# bo¥ thd byl algs slgh8l SRy @Bbmm;#rggﬁ?aa Jagvelorm

or nore speci e cumul ative signal segnent output tive
super posi t i cippeav@sik gain of pulses or signal peaks in the conjugate products of D(t)*D’(t-T). As

-

{

a result of the Nyquist amplitude tapering imposed on the leading and trailing portions
of each OFDM symbol, each of the pulses or signal peaks has a half-sine-wave
amplitude profile of the form

30 w(t) = { ¥z sin (nt/(aT)), for 0<t < T, and



25 140. Only the real portion of this conplex signal is graphed since the
i magi nary portion is simlar thereto. The cunul ative signal segnment of 1080
sanples is fornulated for a contiguous bl ock of 32 boundary signal input

segnents, hauing.1080 sanples each. In Fig. 7b, enhanced §bﬁ@§60/ﬁ%§k 55 is
nore clearly c?| stingui shabl e fromthe surroundi ng accunul ated noi se

products, whereas prior to additive superf)ositi on (FIG 7a), the WO

001 49782 16 PCTI US00104062 signal peak i A!the boundary signal segnent is

i ndi stingui shable fromits surroundi ng noisy products. Returning to Fig. 3,
in operation, tha@ddiQothervdsper position nodul e 140, sunmation nodul e 160
and feedback del ay nodul e 165, together provide the additive 5
superposition functions. That is, sunmation nodule 160 adds a present input
sanpl e to the redRirthen theaperiadicitynolf aiginalnl 30f tiad isp tieSperiod adthe Ghiaus signabol s,
each of the sanples being. tenpor aIBIéX sg_acgd, by one synbal, Bgri od TQ

( cor r espondi PREKS & TosBetering tedye. Ipdhetrangs signd] praks indiuded in beyndary) sighal i o
del ay betywee At i : te t

ot put by” Sumea amplilt pRRIopshvl G e pEAaiopaGR®) AREIINL T CRAESHE
then fed bacto Eig. Ik thergroduct of the owerlapping leadingeind @Gilingiportion amplisudedaiets t o t he
next input s e...The process repeats.for all inpu anpl s acloss,.each
"put symbor 0.6 Gpisiplicy e MRS aeiiied i e chrbe Potod e ie ¥ PG

currul ati ve siigdhve Q@fyWhichhads eaafidmal HitiRaT eoméspbidiy ©fogMbdmgMs. t he first
sanples of all of the 32 boundary signal 15 segnents. The second cunul ative

sanpl e repr esent sRepningagan taFigie ¢ foneachgignahiample input to-pepk develgpment  of
t he 32 bqoundar [ t . 1Xe.si gnal
sognont . s tedE 130 nerHBER sinplB 3 oo Bom 3IAGRT HEE A2 kg #15
after the presfigatenproduoct nbetdpeen thht sipghabtmple gamdnd prevlacesiyeresangde wpackdtled to

roduce the 20 cunyl ative signhal segnment. For e le, if the predeferm ned
P vbor Cof oty Rerehiot  Sioghhi SO Uik, deyelng 120 Riodugesyat 1F oBAARE
generat or 17@msieechugatd 86 Sich! idphteaeiphs; kviie adtpiol Urevid&b a#vhd npae tei gnal

segnents. Responsive to_assertion of the reset, additive superposition

nodul e 140 awliplient?2ss Thecopsgate pareples &t this autguiasprpuitinbied agpnst theslelayesbundar y
si gnal segne ev.h.Qu : crq , L4

super posi T oTpls SftpS g Stokie 137 TAER s CoffoR onfbpa Yldubil e

cunmul ati ve sfgmad tetwperthe recetved signghnéftandna [deldyedgreplica tieaevd enbtagnegnby peak

155 therein. ,I.n .a high noise L ronnen enhanced. si gn eak ,
al t hough exhfgpYing eg?fefv F’%’ggxi’?’ aﬂrg‘{ “ﬁﬁﬁeégmf’ t‘fSB‘,% @Lﬂﬁgﬁ"f ﬁ%e
virtual l'y indistiResirmgadFey. b/ 1eIvid 8ybsltMAE TR PedktevElophbitmodule 118 is

desirable to further_30 enhance the signal-to-noise ratio of the enhanced
si gnal peak. illustyged oFigofpgepresentsconsegniye SHEEY symbels | ppd? peaided @bthe fnput

si gnal -t q;no i e i gga A J.at | agnal
outpat f ibm S sy fofine IARECEICT) BiREl Ao he deiedVERMGR b OFDMITE,
145. The t enpypnbdls il mpdi2ss augsy Gosedady cenidHda. fHig.téerrefré€enissthernigodlgeak o t he

shape or anpl,itude vel ope of the enh ed.si gpal ak i t.thereto, and
in one 5 enbga‘fex‘ﬁ’ﬁ?%g‘fc ﬁé’oﬁ'f‘s@g 133 F%\Pgiﬁﬁ%ﬁéﬁ?gp'iog S&‘“P@ER‘-”P’:&F&%&“%osi ne
profile. SpegdiifgkmPodiinbit dqiil!1980 safipley)Ste @lain besigiil poAE Yeldg! @oduced
corresponds to the function wW(t),. as shown in

responsive to the conjugate multiplication between the received signal of Fig. 6a and the

25  delayed version thereof in Fig. 6b.

By way of specific example, if the received OFDM symbol period T,
corresponds to N, =1080 signal samples, and the aN samples at each of the leading and
trailing portions of the symbol correspond to 56 signal samples, then for each 1080
sample OFDM symbol input to peak development module 110, there appears a

30  corresponding set of 1080 product samples in boundary signal 130. In this example,



Fig. 1 d, and is determ ned by pointwise nmultiplying the first aN sanples
of synbol 5 with the |ast aN sanples thereof. See Figs. Ib and Id. Al though
a non-matched | owpass filter could be used to snmooth the noise 1o present
in the cunul ative signal, the matched filter 145 provides jmum

si gnal -t o nYPI4978r over aent for the desired signal, enha%%@gsog%drﬁg? peak
155, in a Gaussi an noi se environnment. Matched filter 145 is inplenented as
a finite inpulse response (FIR) digital #3l1ter that provides at an out put
thereof a filtered version of the conplex sanples input thereto. Fig. 7c
i|lustrates dadyycirdwit t Baimpaotsta dA241N) isample| dedayesh dhayreath sampletinputam 15

mat ched filter,.145,..si.nce, the, | i nary.  si | _is.siml thereto, The

i scer nabi | EyrBher 128 iCRRREL LR ARkl FOR spBied ot To “BRE PRl ne
filter, FIG def6lopéd forl €aali lcprresppiidig detCOMPEBOeprotivrt tsampls somptisdsi drily p60f t he
enhanced signal peak at the input tg the matched filter, FIG 7b. The

i magi nary pofamugAte Produris ferged between thedfirstand last S¢ samnlesof each carespondinger 145
is simlagl y%jn{gg[_oved. 20 Briefly summari zing the signal processing stages

| eading up to the output of the matched filter, peak devel opnent nodule 110
produces a pl ur alRealy defelapngnamogwla i) carhbe inprlproerddd jmomnytrivotbsr off wagtsi ash
represent synbol boundar osi.tjons ich represent synbol tim of f set
for each recgfb‘%ésd BEDRAS %?grﬂﬁe.be eﬁﬂgT%%aﬁH%ﬁﬁaﬁWﬁgﬂﬁ%’n? a@hﬂﬁ%&?"t he

det ect abi | i t yphitell tetheingmaér ROAkSHDIestrived! Fofliistahots byaksdepeElopriia@ sioagled 25
predet erm ned nunber of input signal segments to produce a cumnul ative

si gnal segnehto mionga@mwhﬁ@eg‘cﬁéakwﬂM@s &9 that forgeach spmple dBnd produetc hed
filtering,th |_at i SRRt A : : '

mat ched- T t%‘#@%i%‘%‘}é@sﬁéﬁﬂm‘tﬁhat |é%§?ﬁﬁgﬁ$¥%§ Wosg}n@égsfneaat}agnt peak
det ecti on pr siaedssucigas ikhvegtopfoooncthss aeating puatitysarople vatters and dglayed sample

plurality of filter enhanced ,si gnal , peaks at the. oyt put of signal 30
enhanci ng no&‘if?oés’l‘gégh A °rtqe“r?ﬂoqeaﬂ’pbto§qpf‘iv5ﬁt§r d?lh{;lﬁ&go]% SPEEr g‘r’?ﬁﬁﬁced
si gnal peakssampl¥e 04 Suigdt thRreBETAKSRANIY G YeadkNidVelobRenBin6dulé icdah eed,

cumul ative signal segnments output from signal enhancing nodule 13 5, are
i ndi cative ofmpi¢mentad ko aperaleyorh GeRtinuayss rather chaysampisd | disergle fncoseads.. Taken -

i ndi vi dugl | yHo@ﬁge&q;«;aﬁ@'e@ %rda&,qmlﬁ‘% 40 abfenﬁatqﬂﬂhfra[c\eﬁeé Eﬁ@gagrzs@sd&sfoi on 5

nodul e and natc vant'ageously enhance signal pea tectability
i n the presebdtacomieudus oather Thepiarsampled signadt | on subsequent to the peak

devel opnment st ag its the eff ive use o DM si gnal .conprising a
| ar ge number of ﬁdg‘%gﬁwﬂt&% pigg! 21% B liis] etaﬂg’t “{egt?lget?gr: é'ﬁf‘%g&laﬁs g’emrﬂz as
propagat i onajjluytrdi@d %y Fegsgnal ariNGé,r ReWEREH, . in TRENPLS ¥hchS bige® Mfak Sik OAiAhally
processing required to establish synbol timng offset is to to detect the
t enpor al posindistnguishablp dram fhe undestird dgisyuprotyctinet isgmales dyiRaBi adipcaRidul e
135. The,te PasSkLL i i i 1 Folober sanpl e
Mndex, | of sanaiots OEkb bell Btuelopeht DA 170 Cobtmallf Sl Rebck: b RrCr o
cunul ati ve shammié¢s exsendingt acrosspeachf reegivedneymbol cind dpreddcessor samplese deldyedonpl ex

peak sei ect ol RaE BVRIGY ek et e o iRl S TR s ety pear
and the tenpedrihgafQsibductn, Fob exmepiR)ltee filmteN (56)amplek in ¢4th 8p@baltardindesdquar ed
magni t ude generator 195 of peak_ selector 190 squares the magnitude of the
conpl ex si gnEuitiplishpeainst His Jastohb sanprles Bergion iy prpducs ths desrd Wavdmseket t he
out put there in r drNthE kdnairfifle NT(162 ni t ude
gener at o?%Q%ﬂplé?égl.n d%‘}o??ﬁ'?sﬂ%%i'deg asalan% yngutgt%ﬂg%s grr%xlﬁ?iﬂﬁ%e?%gg%% whi ch
exanm nes t heNsamples fronythe adidesnt fymhad reshersivedo ghedlelayamparfiedetberetochyt detryor al
position or sagpl.&-:iad r ) t Si gna K. eeThi .enpor al
position of t ée{}?tslﬁarggﬁe?é%ﬁ' @%gg@@{:@g@&@gm a?‘ﬁb’?‘%gtge ?frﬁcecpétf/fmnpnti m ng
of f set that nsispbadwediakt i maaged cithd desiredigtabpeaks. t An diereasefin theQfunfhydro!
timng correction circuit 70. 1t _sh d be iappreci ated that, the tenporal
posi tion proWFHEAICHETHE coupETing thy Wit eveny H’QQ“"P@&LH°F€SP§P‘$‘§$1'E“°EFG}’%§% ment s
to conpengat ef8¥el YRIH Qi) FE@RE fH6kent in the boundary signal. Thus, noisy products



del ays introduced by the preceding signal processing stages. For exanple,
initializati'on delays in loading filters, etc., can add delays that need to
be calibrated out of the final timng offset estinmte. However, such del ays
are gener a'\béo@méﬂ and i nplenentation specific. WO 00/ $#87/8800h%62

PCT/ L1S00/ 04062 After the tenporal position of the signal peak has been
determ ned (to establish synbol timng oﬁ]jset), t he next stage in signal
processing is to determne the cattier phase error and correspondi ng

nnanced < R ibniot 8 OFDM Ao €lptfihe EP M e Bewelf RO 9B 0P rake. D07T1

or point of cmbeappredatdal -t o-noise ratio, at which to determ ne the carnet
phase error and frequency. error. The phase of the conplex sanple at this
peak position gi Vé& 73reranbifaty diustatgs beyndany signab iRQ caresrandingite @p QFDM: ween
the transmit gl aRfhS0SERPME The KOGE Sdson HARL RuRb@ GG | Qi Nt, as
devel oped by %‘t[aagpdevel oBment nmodul e 113% shoul d have vyi érrm@g%%;i §éira%l- phase
val ue i n % heindioativead tifing avhiletthd Yeaxiscqvongsponds torsample afiipditulen| Qrdyntte aloduct

at this point of t signal .pegk, and.in fact. at. every.other .point in the
si gnal peak,pogﬁ%fh? ?F%ﬁ@e’émg]éiﬁég- Hﬁ@?g sﬁf@?’ﬁ?@'&ﬁ?&*@‘t‘ﬁé‘f%ﬁ%‘%@, t he
conj ugat e proORhudy, thedesiable sy péaks praine Betivaan sagphy 2H0BARINIS0DRSEsduad do t he
sanples at the leading and trailing portions of each received synbol)

el imnates phateaforsmentignedmoEPE®Fscarrier frequency error. Any residual
phase present at jhhafieato e hliSentl Gp e dMorchichibtion 'Britict HEIsdTH BAGHMal | €7
is proportional to carrier frequency error, and t requency error -is

si npl e t 0 casignal A6, tnoeise derivedsfromadthghsmeces svalekaovm e dhe Mt dfedigitalcal |y,
the carnet frequency. errqr Of,. pr.oduces the residyagl .phase shift of 2nOT
bot weon ¢ he STHBRBSARES.( Nacl abisf it IR i 1 rEBb Aur Sropreetin RISy nbol
that form a Gedhgh@it AmdksMECEy schitéiing, hitfi-batk QHE fadingS hh@kighdl ihRAELR&R! ed by
the follow ng 20 equation: 2~T where Gn- 1s the peak of the matched filter
out put and A%@e@@#@@‘égf@ﬁ@cawm@ﬁ#dszwwﬁ8@@)% - a conpl ex nunber - the
conpl ex sanple - i / ra.f is s uk vial gpt. to the
four quadrant ar c%ﬂ%gﬁ%t%%gﬁt@ %&éggﬁ?fgsaﬁggﬁtpwcgg&ﬁ%nggq g%tae\g?]caﬁg’smoutsi de
of a 2~ W ndpast, t¢ bentat deudepregiatisg effet of the aforbingntivned ngisd with respedtitplte of t he
channel spacing,.1 /7. Neverthel ess, .this frequen rror estijpate,

Coget her v ¢ festiesigtal pealS By tewnard SRRl o5 I SRy Dt HemmB R RER ¢ he

si gnal peak, tolfois3 rafidl of tifel §ital ipeald! frevent iﬂebdﬁﬁaﬁi%gl_‘?ﬁﬁlemo. O8igAM "dABhncing
denodul ati on. As denpdul ation =~ WO 00/ 49782 20 / US00104062 pr oceeds,
subsequent rwmedpled35 isrppnddasdoa pauipys of peaksdenglopment mndule 130, andecoprnsisesnt

i nvention, r C g@@ﬁ j Irmdd .

mat ched-fi | tgir%gh},( ‘Fg%c}%gﬁ?éifég%ﬁg é(l’f? a%gfr%%(sa trerr‘gdg?egl 35%433?%5?3{# Qgrﬂggglrrp e

i ndex, are perhandeg ciasnit isput siditvepivperpositiun ciomgror 20&dulePhds ande siter ok 5 205

h ' L ph f h I anpl i h
enhanced si gNAHE SRAEMRCRTY 't § BAPRE ARt LeoTir 2t SRS B tiase 1 o

provided to édWandingeitcudf frequency generator 210 which sinply scales the
extracted phase ingqjut_ thereto to produce the carrier frequency error Af,

which is then proddditve pyperrogitiry;qircyh 148iditively superimposge e pregefermined on

circuit 65. ,eé‘ggg ResisiirQhae A& drbdd ' : 8ak

provi ded at gﬁgﬁ%uoifg%tngo n%fﬁ%:dheg fSHTter f45Jk$’s];i n %Eggf@éﬂ%?&%@a?ﬁggﬂlati m ng

of fset, and fstenattility yhivseasig thvi sigmil-gmadisqetie, ofcthe rsigpal peaks e boyndary or i s

gg H)\cl)ledf i Imnngilénnya]r%_, II“Q em’ﬂi%tm'?a%f’ thqst) ptrohcgsspcrﬂe eslc?drlntgvel snu\{)gr%éi 19n,fa05reﬁeetgr%\1/ilexerd g
number of consecutive segments of boundary signal 130 are first superimposed or

overlapped in time. Each of these superimposed segments comprises a symbol period’s
worth of conjugate product samples as are output from peak development module 110,

30  and includes a desired signal peak surrounded by undesired noisy product samples.



of fset and carrier frequency error fromthe OFDM signal, conprises the
steps of: receiving the OFDM nodul at ed signal representing a series of OFDM
15 synbol s, each OFDM synbol including | eading and trailing portions
thereof, the leading and trailing portions having substantiall egzui val ent
phases and Wa¥¥/4%38% enporal | y wei ghted anplitudes accordi nﬁc‘if'és“ﬁ("“'

predeterm ned tenporal weighting function; devel oping a boundary signal
having a plurality of signal peaks thereith 20 representing a symnbol

boundary position for each received OFDM synbol, each said signal peak

bei ng devel oped r Afipothsipralcteominnd anpbert ordblockndf gibea esegroente bpenbkendane
produced bet vveepf sailgllea&i ng, d tcr%i |.i n% qoo({;i ons Ef eaéh recei.v OFDM
synbol ; enhaf¥REPeh &hesprgivet ?f@g? QEHRYPR B Freqelprnmed femposal ReSEOn dp ey py
addi tively Sﬁgﬁﬁhﬁﬂis%ﬁeﬂhm@hktayc@iulﬁaﬂﬁﬂﬂhﬁ aGhmulkvé sighal ahypRifenal to

i nprove the 25 signal-to-noise ratjio of each of a plurality of enhanced

si gnal peaks thst eEnipd nopitign.elnthisay g2 enalative sigap) is develped coraprsingH
position Qf r I i gnal
eaks, this PRSI Gl J4RHRI e LhbOlne 2aR1niREs Smbl BRI PR o
tim ng of f setcrognthe supeiifp@ed UQNE2ry 2ignpIGEESA0/ 04062 recovering the received
OFDM si gnal carri frequen eryor_correspanding to the tenpor.al sition
est abl i shed previ gj@%&ﬂ%%&“ﬁ@ﬁ“ﬁﬁ”“@%ﬁgﬂ@% cptsare tBi’&EERTEP’é’Bg bility
of the boundghy ifSagi) demeaNHERA&T: SR IpefiePK fofth QF 168 sapldsN e daditive/
superposition of the p%murallty of s segnents of the boundary signal are

mat ched fi | t ewpegposision leireuif 140 treduces HfQcamulptive paginl¢s foveashicontigugns blogk t he
plurality of i oduce e i e

f or egoi ngwrretoﬁgg&%%%gtg %o@ra §%ﬁ€1§$§e§ Sgqu’r]fl é%fégegg@g%&g?%gﬁu%a}% ng

of fset and caprdduets of 3Espgmenty (each sugnfenvincludieg i 880ciamnplés, GFidvad pephahd poisyi de

t he nost basic, .unqualified synbol tim, offset and carrjer freguency
error. Refer HeRgnt e I*—’fi‘a?“'%,' Sy "f‘}?(’%leds(gcgﬁﬂecizrf’d’otﬂp ffe grothery by ?Pgﬂ?ﬁe nmodul e

75, a nore rqRMss ﬂ%ﬁ&a@x’iﬁ%&éd COGaed pragucsty obek i hRent§ FeehuaARd i ats i er
frequency error Ts presented, but at the expense of additional "signal
processi ng. Toldingpeepash, teipoatiugis of thef32:segends, tareoppintyidg laddetiSojcagespdeding i gnal
pr ocessi f eat.u t R . j i, h

Gl Gnal - Adi n U HEREPisHRts GRRGinbbI TR (A1 Sl B A TRCE Al | |
t he absence eymbalh3d priduveca Ewohilative signal segmedtitomprising hO&Y duandative sarhples
filtered enhanced sj.gnal peaks out.put fro ched filter 145 of signal
enhanci ng m%@n'lg'g‘%éﬂgé’agar@ﬁesﬁfeﬁd?gleglrﬁp%gfftg‘sgﬁt’&ﬁ Vl@%g’fm‘fse %‘ikv%éjggynbol
boundary posibbinffardighat SghRER.A0 Piddgte/anotREQinvi4live ¥ighallsedrhétit,h@d 86 bset .  Under
such conditions, a single detected signal cPeak output frommatched filter
145 provi des 2o t Abe reagwlative signak §egmant drodueedyiby gaddgivelyc sunsgimppsing the

demodul atjoon of.S¥HROY Sult¥erFMntiguous segments of boundary signal 130 includes an

enhanced signal peak therein, which exhibits an increased signal-to-noise ratio with

respect to the signal peaks in each of the constituent input boundary signal segments.

The reason for this enhancement is that the superposition of the boundary signal

segments aligns their respective signal peaks, so that when the segments are

25 accummulated, each signal peak adds to the next, thus achieving a form of coherent
processing gain based upon the repetitive nature of the boundary signal peaks.

Whereas the aligned, repetitive signal peaks in the boundary signal segments

coherently accummulate to form an enhanced (cumulative) signal peak at the output of

the additive superposition module 140, by contrast, the random nature of the noisy

30 conjugate products surrounding the signal peak in each of the boundary signal segments



denodul ator 100. On the other hand, in a noisy environnment, nufti-path and
interferers 'have the effect of producing either additional false signal
peaks or of elimnating actual signal peaks at the output of the matched
filter. The Ldkpnal signal processing presented by 2s bpeuSRmaRd

enbodi nment ‘gﬁc&g)é%'hfsi tion nodul e 75 conbats these del eterious @?’?ects by
val i dating the tenporal consistency of the enhanced signal peaks out put
from si gnal enhanci ng nodul e 135. If t hel®enhanced si ghal peaks are

val idated, that is, tenporally consistent in accordance with a

pr edet er mi né&"@cFiﬂ;‘F’h"d‘?mtﬁﬁ‘g O%@E]WP dging $handditive synsEposition processd Sings teer
frequency ergfgfa beks AAS oGy ik s?ffindih ghabat 108 iRbh g0
00/ 49782 22 ‘TELE) PRAE ARG SRty i the AndifiE 2018 DY ek add i etk caui sition
process is caeathusuasraged,ithe sobenced signdl peek ohpus finipothe tadditivg sopdrpasitions

val i dated. Refern to.Fig. 4. the second odi nrent of acquisition nodule
75 i ncl udes ‘Bg(g‘ﬁe B@veé‘ﬁ’g tﬁ’g’ﬁfmlr%b df“é’roffgmgﬂag'q%’%’ﬁ%ﬁag%nhanci ng nodul e 135 as
prelimnasy si gnatheSpidédasifg pahgarmt sighdl-t6inbist @stiot enHahénient Sthievehosli mrnt of

acqui sition nodul e 75. However, subsequent signal processing stages are
added to valaddiiive superpesitignomeaule Jpgrasee Alope JYity the nusmber & boyndprn sienadj gnal

17S out put f I 1@6@ | dyl.e 1 Eﬁé”?yi %ﬁ'g o] i of an
infinite i np%g@]gﬁt%%{slgégn e %{]FdR?g)deﬁ ieﬂrc %@%v?c | ersni't héeﬂ%lnglﬁgwsi nput

t heret o and givantagkeis aaorrédpbhding disadventagegnmincizad ih acquisithort ¢eldy, tines mofe. The
impul se 10 respgnse, of the IIRfilter is such that the nmpst recently
received si g‘i’RHF')’. Wﬁkﬁ?ﬁl steﬁ'é'F’étf grezsolected W‘@é’cﬁﬁ?eecqﬁ%‘ﬁ%tﬂefl%ﬁeaﬁhgfhus’.

previ oushy r@&egaMRdlas priaetkmihePMimbdrefof idtandd 93, reprdgenfOfmt adyeiplitdtivn fal | t er ed
enhanced signal" peaks input to IIRfilter 215 are nost heavily weighted at

t he out put tbrlanstig betvsen theag tNocompeting intetesis! ex signal 175 input to |IR
filter 215 conpri : I . e J: L S nts of
e sampi es. 11R Ampser B B S peBbu L Bhlidinf [elRhisROMEL T
the first sacqmjgategirodiatspesaitirebdindarysignald 30 cadhecexpeesded by aliecfdlléwingt sanpl e.

Simlarly, the secondlg?rrple of the first block is filtered with the second
sanpl es of subsequent ‘BFocks to produce a filtered second sanple, and so

on, to produc n out ppt | il t | ack of cumul ative signal segnents
of NQ I1Rfil EPE 20 anpb@é’f“lllur?e‘?ﬁ?!&mgyf IIR filter 215 can be
considered as a bank gfgNa IR filters operating in parallel, each of the
parallel filters filtering sanples occupying the sane predeterm ned

posi tion within easbmpdrtanhaspesof thgforegoibp sigkal podcessinguis alvdt spmbaldingihg $segnent s
containing Na input sanples. .In detail, wihin | filter 215 are

TSt ot oo Bsyed aeant s wefipfe PEDM sysbols et bk RkeromBetimodtinn.
agai nst sanphag wWunfidryt apedl, scp@smt Gxpdti G aldidved supehsbsRionU bis@atuead, and

accurrul at or 230 whi ch accurul ates the wei ght ed sanpl es out put ,b%

coef fici @t FumMilatie gpna) asemeniy) opput dherefiamy caghihghe @dtcapeml asrisditgfut. by

f eedback del ' [ Q4089684 t B i I¢ Pdslifdicatepy Whi ch
wei ght's accu%’rrg%pgg&ig%%%ﬁt 1sanpﬁlggs)zylﬂgﬁ%§g§g erﬁar)]!l%r;hté Epg%:%t’géﬁlﬁdf? a, Jnd

f eedback del the positioning ofXhe sigiad gerks svithprasigrabsegment] iR préseived thkangboutons wel |

known in the art ]Qlfg |7leg1taipLitcae.l[ys 'i]lul_slg'amggl Ghe gu&nu?a%(\)/g | sclignba wave, on%,O/oAfQZn%IZe 23
specifically, the cumulative signal segment output from additive superposition module
25  140. Only the real portion of this complex signal is graphed since the imaginary portion
is similar thereto. The cumulative signal segment of 1080 samples is formulated for a
contiguous block of 32 boundary signal input segments, having 1080 samples each. In
Fig. 7b, enhanced signal peak 155 is more clearly distinguishable from the surrounding

accumulated noise products, whereas prior to additive superposition (FIG. 7a), the



PCTNSOO/ 04062 appreciated that the tinme delay inparted to feedback sanples
by feedback delay circuit 240 corresponds to the cunul ative period or
duration of the predeterm ned nunber of boundary signal segnments that are
addi tively superinposed by additive superposition nodule 140. For |nstance,
where a bl oM@ W8> segnents are additively superinposed, PSTERE ™% ock
delay inparted by delay circuit 240 is 32 x T (an Na =1080 sanpl e synbol
period}. IIRfiltered signal 220 output f¢omIIR filter 215, sinmlar to the
filtered, conplex signal 175 input to the IIRfilter, conprises conpl ex

si gnal sanpl signad peaknidi the baenderyssignahseapeersti¢s indiRtinguisheble droou its Iserdupdingi gnal
segnents, each Seg t having a full synbol I o period Ta and including a
si gnal peak WﬂgwgﬁﬁESThus, synbol timng continues to be preserved at the
out put of the Il Rdnrhingrto Figaks, St epetadion2dfe, addnbreahipstposition nddduleo 1B ak

sel ector 190 descri bed i ous est abl i shes_t he tenporal position of

) rev ly | (
each IR fi w@mlogil@qﬂai)e 100a0difegshack delayanedule boh. frestirtiiovidaithe additiysr al
position pr y L0 |- d IO i
Vol dat ect + ireRtpSublEtions T u, SahBr RS, [WAIES Bt iELwkueR 10, ¢
and t he phasthe resltaddtasractunadation dfsempleb iind atrdiguaisgayaibolscedch @fi ttpusanfplesm t he
IR filter, js used far determ nin e carrier freguenc I, t he
met hod descrt’%%teﬁ}pg Bﬁg?cﬁgibﬁ OPEISgIPF?r)erCPS‘E Eﬁgﬁ°°§°ﬂ%8§ﬂ$§&?§$ogﬁml’%rs i's
further provpdgf w35 Mipatti B dnd bkl PEHEL Haky 2RBveeNictlindics! aBlateghes the
tenporal position of the enhanced signal peak present in a current
cunul ati ve spteravises eagheseungflated grsult output byrpymmation raedule: Lfis delayed BY dnal
segnent repr a i e 0 i .b] ock of
uper i mpoZed i s Ly S e B a0k & o TR Sl Rl 6 SHER E1s°7
provi ded t o added mpthie nekt impiti sdmpleo r'The puocessmepkatsefo? 81 inpAbsamplesddtdss eatht 0
providing the current tenporal position to an input of validation |ogic
nodul e 255, P‘HE”HP’E’%OUS tenporal position, that is, the tenporal position
of the enhanced sgigiR@bihefake, i fildEaEhlilathvatshyifleSh ARAtunGAAIE Rignh) et ely
preceding the current cunul ative signal segnent, is devel oped and provided
as an input repregents amadcumulation ef ?H)GEWE fosirsampigs of plhvef tiead2chopndare sigaslng or

previ ous ,cunyl ative i i wanal
eak t hortsi nocashlss Bl e CRRAe ol ket B Sk Qi GAIAT B0 E D3

PCT/ LI SO0/ 048mand karydemndfinll ofi ha 32 bemdentsignahsepthieatse lagyd po emgdemgs thee nost
recently recei ve]d. bl oc therr—iof . Stated otherw se, and by way of specific
exanpl e, t heSERFAEESEREEPE position represents the enhanced signal peak
for the nost receRrdsel géRedirV eI pRNidegUOkSet gk t9fdeRy Hodis 18P deoundary
signal segnments, while the previous tenporal position is 5 representative
of the i medpedeteynipgde punbsrgof sigadl pisements shag g‘?‘/’ﬂn%f&?’*}‘“]éiegn@l podugeethes. The
previ ous b, enpah AhtvROS IS d pﬁgﬁe i | i t he

pr esent tzgrrpor a‘?ktb%ss?ﬁaz)gé.bér%té ? }‘I‘rarg I égyéﬂgm%%rﬁ%?at%ﬁﬁﬁgggh%d%‘?i ve
peri od of onsighloegmérnthé pe adatmiated sd3huhbessit pénetataxrnidfr assatsgn adsets@gnent s
that are addi.ti,vely, super, ed tao.,develop a curgl ative signal segnent. In
t he exanpl e 5“38]{’/’@*‘ dflfsaﬁ' g“"tdf’ﬁgl%geﬁvﬁ?& o“?@@L f)%ﬁﬁgtst cSpPIGIVE-f0 ﬁ‘%RBi of 0

sanpl e synbokesgesddash: supeepaditioinidduiet 148 @BcupfuitésdRSndxh prefi@ersiisddiantbel 6y t O
the current tenporal position input thereto, and provides at its output the
previ ous t enpignoysdepndapisignahsagmentss hen i nput to validation |ogic nodul e
255. 15 1,9 bri ef f ' ' f or al
posi ti onszgare pr oély%f&g]?idﬁééaﬁgé’%@\g/‘g}:@ggt%dgﬁiv{: gg‘}egﬁ(yrsrgl ﬁl%g&dé%Sl: 1mThe IR
t enpor al poscumaativecsHignab spwpdsing) atssrieshel pusilativersigifal s¢émmndntsReadhl segment si gnal

peak in the mogt.feCenhiePhou fe 15l 34 £ lich 902 en SRR, ciRULRM

signal peak 155, although exhibiting an improved signal-to-noise ratio, can still be

virtually indistinguishable from the surrounding noise. Thus, it is desirable to further

30  enhance the signal-to-noise ratio of the enhanced signal peak.



fromthe IR filter); 20 2) The current tenporal position, corresponding to
the position of the signal peak in the nost recently provided cunul ative
signal segnent; and 3) The previous tenporal position, corresponding to the
position of {)3‘9 9§§Zgnal peak in the inmmedi ately precedi ng pefuSdlokoée Si gnal
segnent . W 4RETEn | ogi ¢ nmodul e 255 perforns a predeterm ned tenporal or
positional 2s correl ation between the inlguts thereto to establish whether
the signal peaks output by IIRfilter 215, as indicated at the output of

peak sel ector 245, are tenporally valid.. Specif.icall validation | ogic
modul e 255 det er?ﬁ?rﬁé@%é@ﬁ‘?&‘f aﬁo‘g@aﬁfﬁn‘ﬂiﬁgﬂﬂﬁ&ﬁ@“ﬁ%’qﬁ%ﬂs}’e&dg%tlﬂ"beak
posi tions aggm@bhiieGghalolipliirémRIBRISL QhFBrRMIR Wikl o BaRRItYS madkd

exanpl e, 10 sanples, wth respect to the 11R signal peak position. If they
are, then 3diltehi5t diptanzpiorg) dmpulseotespense ¢fgnatelrdfilter M5 matagedito the shape s
determned valid.and is used r VWO 00/ 49782 25.PCTNS00/ 04062. synbol
timng pur p8§ea§’.lph di fﬁwdeﬁogﬁ ?fl akehgm\‘/aél ?cgasfgz%l IPF%Z fullqu% SS%r (°$i al® ﬁé‘&k,
corresposdi g@bbdimchi of theprestat indleritioRPollaks posotraised, cobifie pofite. t Spedificallyyi ne
carrier frequency error I n_the same _manner as was, descri bed previously,

usi ng phase thedmpulse gsponse ofthg mpatcbed, BHes cogesnopds g thefunction wib), a3 shownpes er ri ng
to both Fi g% : ; hENRO It ) ﬂvhﬁ': d,

val i dati on éggi%gfi%l@d‘ér‘g@%%lgédo%pg(é%w Si {[}xlﬂglgﬂﬁ%gd%\}agﬁs%g&f %ﬁ?@g'st eés su§L§

val i dati on tvathdbekastalN santplesrtharkofn §eerbigel 1b a88 1y way of acquisition status
signal 80. In tur control an racki ng dul 5, via denodul ator control
si gnal 90, enabl é@ﬁ‘?‘fﬁ% %Ié'ﬂﬂ'mcg‘ﬁs dﬁwﬁ’f‘ﬁcgg‘% ‘é?é'Fdeg%é’ﬁet eg’ B‘?"Qﬁg JeKBdul at or
100. Whefoherprasaitiinl feicmulafigs Ggrandbé maithél kkri185 pivivides tlevptmiuth $arakiio-W t hin
acquisition nodule 75 or within control and trackllﬁggtlrmdul e 85, and the

speci fi c ne@nissimprosmephios thedesiad signsh anhanegd sigrel Hd igja Fsussiantmoisn
produced th I | o Ik t he

bt esent i nvenpiogment, SRR elif Momg) GRRILER o b, RS RLES (TR

acqui si t i on digidLfiker 7hat peovides it anhmitm dhereif nifdtered vesimaof it coniplakatmgles o t hus
i ndi cate sucgcessf ul up,si.tion of .15 s ol. tim.n ffset and eatner
frequency et“?pd$ aﬁ?t%ag@el(% Pt Seontbbﬁieﬁgaq%(?ggﬂtog]m?gn ed?i%?ﬂf’g ﬂPtB‘c't:%"rﬁat a
out put  fs0Mp il GEREP U5, 864 the GRaginsry GRtinkB|stryilA @igpsts!| ahe disdathability et he
event that validation |logic nodule 2S5 1s unable to validate the tenporal

posi tion of thernhaneed pignal Peakpt Sheputnut pEthr matched Bler 16} 7¢.dnclgarbriampsovednt i nues
til h t i dat i qnr.of My Th
nddi 1 onal SR i e GRLENIG o aBndet Bl ok SPhe AR (S Hharared TN

acqui si ti on filegH6. &. Theinmgamenportio efithe enmples sigasl wepm deonathe mmtadied t he
recei ved O:?é/l si%nal. O%Id%.afterd synbol timng offset and carrier frequency
error have BEEh!'BUEEEURFYIMPPFOYStovered fromthe received signal. In the
presencexoof si gn@drieA§ slrhMbdizifg thedfghbl prodessingslages Mading ugNé khel otk bethence,

t he second enbadi nent provides a | evel of 25 confidence that the received

synbol denodeatehed filier; peakedqvelopmentmedulg, i Hrroduses a plurlity ehpigeal pedks. that a at
the out put ther eof Wl r HYE pokin 0 Lyersity
sel ection an cﬁﬁbf’ ?ﬁ%‘g &ﬁ%&%%@éﬁﬂggﬁp y[ %ﬁ%ﬁs '%Otge Bfan érhe%:%lré\gée%

si gnal s, t heymbol tirhing offsttHfer caeh e¢oered GIFDNAsymbas élignal ententing madoleddfbat t he
af orenenti oned del eterious.sig ef.fects is e fyrther 3o.enhanced. In
the third e %ﬂcﬁseﬁ}e S?teﬁg'%r%?éﬁtm gé’ﬁ?‘lfso]r’?f \ﬁgﬂcﬁ‘?ﬁﬁ"’gﬁy vEPET PO REfem f or
WO 00! 497582 peéiletrhine®aimbdQf hputsige ségngentto paddutd Nivagul v SRinaliegmenr ner

frequency error froma diversity OFDM signal js provided. .
having an enhanced peak thefein, and then second, matched filtering the cumulative

signal segment to produce a cumulative, matched-filtered signal segment that is
optimally ready for subsequent peak detection processing. This process continually
operates to produce a plurality of filtered enhanced signal peaks at the output of signal

30  enhancing module 135. The temporal positions of these filtered enhanced signal peaks



The OFDM nodul ator provided at the transmtter end of the diversity system
of the third enbodi nent operates in a fashion simlar to OFDM nodul at or
nodul e 25, 5 discussed in relation to the first enbodi nent of the present
invention, with the exception that a diversity OFDM si gnal i v| ded at

t he out put WRPEYP2 Specifically, the transnitter pr oducetcgﬁ%ﬁ{o?og%sm ts to
the diversity receiver of the third enbodi nrent an OFDM nodul ated signal in
bot h an upper and a | ower frequency siddBand, where each of the sidebands
enconpasses a plurality of OFDM nodul ated firequency corners (FIG to la),
and where t withii thebmatds-filtegdt tenuldtiversignab eegnestsodutpa nfpms isigralCkiibivhsiggbol s,
as shown in Fi . This.divergsit DM signal..is tr itted by .the OFDM
di versity tr"%?r‘?g% H%etamt W%lcﬁ%v@%ﬁx%qﬁpg?ﬁvg?@g&'@eoﬂw Wéne‘?éﬁ%mﬂ%nner as
described i pgggl ation to the first enbodi ment of the present invention. It

shoul d, however, be appreciated that in this t 5 third enbodinent, the
di versity recei v&rkannofiviseslly ond especiapdn cambingtions be additivaemperpositigeband

acqui sition | e ikl i 1 , Oku . .ef f ect

i ver si ty sHY S BgREEORRlanBhoal BLACENAPpERMRRIG K 4ECS | |
the third epbgéditimehtiaf Thesr ipitainetidn subsegudnt Grthe péuk ddvelepdrit gtageperiite r

i ncludes a front-end recei veftrqﬁodula‘e, not, shown, th t_lcﬁrovi des a 20

recei ved andhogteciranse;ql s OhRM stgnal camprisipe adpige symbergf SregueRey SATeErynal
out put fromaph Ba?Q@dpbratif iA\4l HéiAgatRnhIEndigiidnalénvirbiifland separator 300

whi ch passband filters both the upper and |ower freqguency sidebands present
in the recei ved Thenet stage pf tignali progessing peauired tocastahlishsiymbal tirpmg odfset is | ower
si deband, si gnal, 3l Y . L deba i gnal
3051 o pifoviiged e BhphEFRRFn'E b ok A0 o AR e SRT RS0 972
whi | e | ower 135 defirnemporghpositiohOof the signeli phakl ig dn aotuhlitputhe tsamblevindexs iodeband
acqui sition nodule 320. Additjonally, bo%g S) nzda*sgffOS and 310 are
respect i vel yamplgavrbher.t of the qobanced sfgnal. pek; ¢ &lfered, eyppative signal oqs¢

one correct i & biphi fréHh HeQhatdlRigted, at or, etc. Up to this point, the
signal processing, as represented by A/D 295, sideband 30 separator 300

(the passband fi [Filtsres)) complex sipual 1ds gutppt fremymatehed fdignil43 is providedias es WO

00/ 49782, 27 .PCT/ USQQ/ : t jcate i gnal '
pr ocessi Hg d%%%gﬁ Beeag S?%grgéwgé‘lﬁ%ﬁg@y tﬁﬂg&?él%%stp ggn éseg?{(%{r?%%és%gdpeﬁ%%bg of the
present invahd itémiporali pditiohe o sampit | iodext Nizdredfot In opxptiona sgharcaeiagsitude band .
pat hs are presente tated. oth ise) iin the thir enboi:liment, each of the
upper and | cBRB§TAtOF gﬁﬂ?ﬁé?‘ﬁ%@ﬁié& U éh'?d’bﬁgﬂ'é‘f‘gd’ff comple;signal sampiss o5 si ng
5 stages desgpitiRdetdh géderié ¥ sighall woeformtad the\ouipu® uerevk, 4R al1sstrhle@h Fsp. et ween
t he various signal processing stages have the sane characteristics as were
previ ously cﬂésg]ﬂiemtwt qhsgyared jmag aevprater ¥93eFigpisbis pravidedyosesn wpedpand
acqui sitjon ' b Bl LS; ' entiB aspects
her eof | #hannBy S 200 Bhién dxlbinE e SR o Bl Wb E o AicnliHEP B T 0T
si deband si geapord8}fesition stiingnd¢ index ¢omresppgdieg tethe Signal peaksi gnal processi ng by
Todul & and si gnal HEHARROAHEPSHA Qo) PR P g SRRl i WA o1
nodul e 330U tihing b fBEtQUAtAS prdvidd byl dcqtiisilos hpaale 13e8ks ihfut tof y@béIPEthing her eof

for subsequent Input to peak selector 335U. .. .
correction circuit 70. It should be appreciated that the temporal position provided as the

=

25 timing offset t may require slight adjustments to compensate for various processing
delays introduced by the preceding signal processing stages. For example, initialization
delays in loading filters, etc., can add delays that need to be calibrated out of the final
timing offset estimate. However, such delays are generally small and implementation

specific.



| nput to upper sideband validation |ogic nodule 340U are the foll ow ng
signals: t 5 1) the tenporal positions representing IIR filtered signal
peaks output from peak sel ector 335U; 2) the current tenporal positions
345U of si loR§Rds con: esponding to the current bIocksP@iR@amﬁ&guou§
signal segnents additively superinposed by peak processi ng nodul e 325U
and, 20 3) the previous tenporal positi0ﬂ§ 350U of signal peaks
corresponding to the previous bl ocks of contiguous signal segnments out put

from peak processj nodul e 325 Si.nce .t he signal prpcessi modyl. es t hat
generate signals ‘g?fg@‘eatﬁ@pggg".?s%émé’fgléessdg'}aggﬁ’kgﬁ”@b?eg‘tf@fefnﬂqg?'QI FEPER to
Fig. 4, theys 1 Gling’ Sfke)daRtdext ste@y RS phRERIngABdo JeteAhiRe ithe!SarAer t t d
fromFIG 5 for purposes of descriptive expedi ency and cl arltaé. Upper

si deband val Phass Fwer #pdoeprissongiog spaich fiequangy emer afathe Taepivedr OBLM,pignal.
descri bed prayvi i | at t > od] {0 sent
i nvention (Fﬁﬁ %fcfhg%ﬁger%?’o%ﬁ% daﬁg%agg’é’?gg’?:}gﬁ‘gﬁg g%ﬁ(%ﬁgist feg%@%t%ﬁ]%s
si gnal 356U éltanast poititport pdittesfenbximespsigsl-wendise mtip,osti whiolhad detorniiae aiel on

bet ween the tenporal positjons at its re 00/ A9782 28 PCT/ USQ0104062

i nputs. Uppe?%?r@@b?ﬂoééﬂftg%quﬁpﬁne@ahﬂg Pg35§ ﬁrg‘eé@% ﬁxssapwfmt%a Pg

di versity copfuiin pives A ifdicBBon be&émqu&b?%ﬁpﬂ,&%kagB&w%aqmeg&gﬁme{vﬁwI e 315
e

further provides an upper sideband synbol timng estimte ~to
di versity corebéimirnginéeciht conjughls produq at Hiepeink ps develbped by wsak devstopmentsf U i s

derived by nodul.e i C ' Vi IS hnj ques.
Speci fi cal l y?‘oblﬂglg(ﬁrsg?u@lslg’%ﬁ%l%} %}r/%%ﬁ?gelﬁ%‘g#k%&g hﬁﬁ@‘%ﬁ{{%‘ﬁ%{‘%‘@ a
]E)_hiafe e>0<|tm acéxeclrr. gglg Gbﬁjﬁ@ﬁ“fm?“@‘a“mf@mt“ dflnlmruségna) pe;‘aktsar]lﬂr‘iﬂiﬂc& a}_gve_trhemgd R N
iltered signal . an i.m S e ~tU inpu ereto ving briefly
descri bed t hBowipieths 518 @F%ﬁg‘g‘ﬂ‘?&e p Ze10-Phassorliehesmsegpgthematicalla the it s
sufficient t @ib? bdlcEbdtwedn Blafipitls HAViAE 8514kt PRESE Qo RANE ¥arh r

si deband acqg? I fﬁﬁbmgl&gbf p?o;:ogedgei nl %@i?]yl?qsbt ?)Eéi a?l y ;:qaui vallszé!ﬁt
manner as i natt the leadingrand itadingrportions rof eagersicdivesagympol)aglintinatesplrase, lin theno

si debands, operatiqnal.ly.equival ent ,sjan processin dul es .hear the sane
nuneri c desi §HSLI°SH FRC %%F%cyﬁmf'hény %Sﬁjlg ﬁlf h|g§<e %%SEP‘S%% %eg&toﬁg' elﬂ%‘er

si deband,st h&utght'l' eriéifzgx'meﬁtels?dggﬁhéri ir’s:gpllbb@'tiblﬁh\l\ﬂb ﬁh@hﬁ@dgcﬁeﬂcﬁé}/\ﬂﬁgdeband
acqui sition nodul e .provi des 's ol timn stinpte | and a rner
frequency er frEAUCREN FTEE S %Wp@itbi‘?é‘f‘x‘ﬁf E“cleéhecf?vg?"gﬂaﬁe l?dir"r{ﬂ"ﬁnﬁg‘ | ogi ¢ nodul e
370. Further, | oVigfagind@dafi{ chy Bdrficiafrdqbndy Qetof AfTREbdLEes IO tesRUA\PhiRShifP e r

si deband acqui siti gn st at ug si gnal Sé]gL.CIfyo di vg?si ty Scorrbisni n\ﬂ | ogi ¢ nodul e
370. The di vef 3tAfJ betwsen thersamples picthe jlaading @ad trailing gertibncefan QEPMzgmbpbr

3300, 3300 of “BRIEARAR ogREPToalls TbGREARERY oty Kb BTyl | 0

resul t antzocosdpiatiest si gnal is input to peak selector 390 which operates in a

substantially simlar fashion to the previously described peak selector. A

conbi ned synbol timng offset O~ is output from conbi ned peak sel ector

390, and a conbi ged-cay; '@ranrequency error ~f~ is derived 25 and out put by
h‘e‘é‘Le

nodul e 392, both of t L stgnal s being provided as inputs to diversity
27

where G,,,, is the peak of the matched filter output and Arg denotes the argument

25  (phase) of a complex number - the complex sample - at the signal peak. The Arg
function is equivalent to the four quadrant arctangent. Since the arctangent cannot
detect angles outside of a 2n window, the frequency estimate is ambiguous up to a
multiple of the channel spacing, 1/T. Nevertheless, this frequency error estimate,
together with the timing offset estimate provided by the location of the signal peak, is

30 sufficient to allow the commencement of symbol demodulation. As demodulation



conbining logic nodule 370. It should be appreciated that by conbining
upper and | ower sideband signals, as by signal conbiner 385, addi'tional
processi ng gain can be achieved, thus |leading to further accuracy in both
synbol timng offset and carrier frequency error estimatign 8 rePresented
by O~ and WO4¥Bxpectively. WD 00/ 49782 29 PCT/ US00/ 0RGEYSIRG406
illustrated in FIG S, the diversity receiver includes diversity conbining
| ogi ¢ nodul e 370, which has input theret? the follow ng signals: 1) upper
and | ower sideband status signals 355U and 355L; 2) upper and | ower

si deband syngroteeds, ubgqadnt sedeivetiftdnmnbountiary ProSdssinglpast pard of alie presedeband
carrier frequency errors ~fU and th; and, 4) conbi ned synbol timng offset
~tc and conbfK@oRdrsefves thediegurasy gmbiguity. pas honsi ve to these inputs,

di versity combi niipgri} 0gi GotHOHY! | fatchéQ-AMeRY] dGpiet sRAIPYIS ahd §hE Wmpbral
diversity signal 375 timng offset Ot, and carrier frequency error ~f. 10
Di versity stpositionor spmyile ®dex, iax proddedos dnpkts taphasesutractay 205y Ehase eytractzei ver
controlle ule 380 whereas the timng offset and freqguenc rror. are
o ovi ded 1o THeofrat dts BRI Dot ol o ot SoingRpioLBHNE M R
frequency, asgmepakioapit fom\henisthed filiey eTkd dxyragtediphiast 3provadidao adup 370
provi des the diversity conbining. '%nal 15 processing required to sel ect

i

t he appr opr i ot EequeRsygengrator 21¢ <ish'sﬁ mRly toples, the s@rted phass gkt tieretodad a

correspondi MA@ whi i | ower
frequency s?%g%%%yeg{:%e? gig#ggy%oétﬁ%e‘?mg}? gﬁ%r#glﬁ?:%(ﬁn%ﬁggﬁggn g?)d %t%ﬁ (the
conbi ned si gtoafreqpercy )correctioascitchié 66 askhusethe amporal pbeitien wif tlee filiered fignalher
acquisition is,.requjre Essential |y, dul £. 370 serves as “.smart"

Tl 11l exEr RSk BT sbfhe Rt el et MRE s 1 A T Burty Behe i ng

of fset and caidrfidi the pRAOPEYs StaPpeal Vafrier irBflichcyl dfr & Rrivédr i ts outputs t

and f. In the operation of the diversity receiver, each receiver sideband,
i ncl udi ng t he upgBreusma. gikenethpdiehhn areseny irentionior fsaverng syebel timmg f or

t he nost par i i : f the

val i dati on |%%%“%%5‘31355&%‘%%“5‘#5f‘%ﬁ'%ﬁ@?;‘é?g%‘%&?%°§§“§%&ri BaB e
second enbodi nent (Fi geceiwing the SYRIIV myoddatestsignal seprésentingr @ sgyies tof \AFDM
acquisition status si.g 355 350k, "that is,. upber si.deband validation
ogi e modbl e el oo BRPR “pa RRlingeleaPhe o A pRalR Biisolotst f set
as represent Radify dn@NPLLiRg podsonk | IVENgO witRthtidlly RqEvalar| piekey andHdvingnd

| ower sideband validation | ogic nodul e 340L validates | ower frequency

si deband ti niemgowiy swsighteds amplifndese ACating, 19 RePredeteratiprsy emperal iupelswgi

posi tions oujpttiont r om peak sel ector 335L. WO 001 49782 30 PCT/ US00/ 0406Z
Referring to FIG "8, which represents the decisional and selection

(mul tiplexing) |ogic dgederingiaboundasyesigrial havingrdphiraliyy bHeignal peaks| thergifio,

modul & 329 prei\ege(s?ern%g tahs?mbol boundary position for each received OFDM symbol, each said

signal peak being developed responsive to an amplitude and phase correspondence
produced between said leading and trailing portions of each received OFDM symbol;
enhancing the signal peak detectability of the boundary signal by
additively superimposing a plurality of segments of the boundary signal to improve the
25  signal-to-noise ratio of each of a plurality of enhanced signal peaks produced by this
enhancing step;
establishing a temporal position of the symbol boundary from at least one
of the enhanced signal peaks, this temporal position representing the received OFDM

signal symbol timing offset; and,



foll ow ng deci sional (validation) steps, and responsive thereto, selects
the followi ng synbol timng offset and carrier frequency error for output
therefrom 5 1 ) upper sideband synbol timng offset ate and carrier
frequency QU areosel ected for the demodul ation process i peppBRfosdsh deband
acqui sition status signal 355U indicates valid upper sideband synbol tim ng
of fset, and | ower sideband acquisition status signal 355L indicates invalid
| ower sideband synbol timng offset (FI G*'8, bl ocks 500 and 505); 10 2)

| ower sideband synbol timnpg offset DtlL and.carrier frequency error ~fL are
sel ected for the denodeAc¥eniEn s o&seved ¢ OFDM signgleramisr a GaTe8rY | 8ROt at us
si gnal 355L jndi I 8] imng offset, and upper
si deband acqéuoll?%l I gﬁgé%(g"teI&ésjnﬂso%ﬁg?ﬁ%lgg%ﬁp%&?%ﬁggslﬁhvaI i d upper sideband
synbol tim ng of flaethe (fidpCof @nhdnking ksgral Peakn detedtBhility~ob tli) boundadyesigmagder and

| i deb | tini ffset th val i dat.ed, .t di it
conbi ni g | omEREicaETel Bty oo e adfiute SRemeRtiet of REPalorh
correl ation gxinshis obBleWotiab Gt hiedidteitd FidRRE tihils iiheF erhbrlRlBO gy ol

timng offsets. That is, if the upper and | ower sideband synbol timng

of f sets are ternoiienatip qfitecipltrality; of enhangedregnabpeaksprafiuced by thegahangingstep. f or
le, 10 2 | . i I ti.m ~ .
cotabl  shed at  noaesebE SR AR R Mg G BinBfle bl Bibine

frequency er offet afid-carfier frequehdyi a@dfrah thédeeceived OFDM signdluprovid® Zhe afost

sel ected for_ the de u] ation. process (FI G, 8, blocks S20Q, 525 and 530);
and 4) if th@sﬁpﬁ%q“gggmﬂp 'alﬁws!og@&agléica@sﬁﬁiﬂugmor-t Rﬁﬁeﬁ’d‘gd‘f* figefs are
25 both vgl i gat &dodPcnbddirkdhe oPARUIsRISA nfdd8R)75, Rrord #b%uéeefs@sm ftdelNWRlg

si deband synbol timng offsets are not tenporally correlated, or if neither
of the si debsmebolitigning offsatiand cafrier drequeney errar isdpresetitedab@ort dhergxpense b
previ ous step).... timng offset, nor any carrier frequency
error, is seg"%edlclztf&en %%%PP%égg@é'ui sition process continues (F1G 8, blocks
520, 525 and 535)The sedéad&hbGihBent3f deqifibitioh MdIR675 hichudes sipeal Goodebsivgd
signal peak is fornmed as an additive c i nation of the tenporally

correl at ed ufsBresathpt | ’c%lﬁ'dé’ﬂg‘ﬁﬁs Srgmens p@é‘l&a,tedaﬁﬂnbisﬂﬁ’g})té@mgeﬁ%ral
posi tiongs of ik hgagics'PRAbmend 1hAWRhigh eAMRARKNS ihe hbaRKT stlstnliRO#ling! hen
the tenporal position of the conbined signal peak is necessarily

Ppe
const rai ned multi-pash,dndhinterfaregeey thegBiteredrenhadcadasignal peaks wvtput diom matshed i ve t o
its constituept Si.anal Rpeaks.. Thu sel nly seargh
wi thimhi s e3P Bend SRtbcind WiuIcN33 e G Bl RSSO BEALT |
an upper or kil bstiabepuditioarano calresposdiiigiy received Gymbeol timding ioffetarithder

establish the tenpgral position of the copbi ned signal K. limtin
t he range of S gé’f’ng‘ﬁ',‘w’ﬁr gé’é'gltsei ‘%&cf"fir’?&“a 8wt @?‘Pgﬁﬂ"l}eﬁﬁﬁtef %PS?/ Baveey, '? hus
i ncreasi ng the QY&SE Inférmalbl 1GHRBCY Qbcekdin MnakBion @f‘é?ﬁgﬁd}l& m(ycgpﬁwi ng

| ogi ¢ nmodul e 370 'can be inplenented as discrete digital gic (AND, OR,
NOR, XOR, et detmodulperdO8rray | ogi c, software nodul es executing on a

processor, a comnbj | for. | i onal
approach. Furt her{)ﬂﬁé @ﬁ%ﬁ{a&&’g&g aa%%gg%}{lvg}? %%thgﬁff‘rﬁgﬁ %}ﬁjeﬁée?%geésﬁ?&xﬁ@éent i on,
t he parti cul affeqpaf iprdducing eithet addifiohal fhlee Eiginad tpeaksadridf\elibiriatieg acthdlesigaper and
| ower sideband val idation | ogic podul es,and. fhe diversity conbining |ogic
modal e 1 5 ex iRl AP on of PerubrAh TR gubiEer i Bie-theld PrUU Bl d t he
overal I w3l i gatdetdhdantbodhedt bi QJ&ﬁuisﬁﬂinQnédtﬂH:H BoHbal Bedd! RERIORS effddts By i ef
summary of the operation of nodule 370, if only one of the sidebands has a
val i d symbol velidsiing thef femperal consistengy Ief ithe ephagref signalepaskis PupHofiomaignahe

ot her 20 ~ hapd, . i-d . i Vi b -of nd

t hése valid se{?/hr%g‘bg |°%18fr%g§8f 13 EE{Q%“E%C Selé%g g?‘%yaqéggzlrhrdtgﬁeg?t@% llg)’ntglgﬁéz%lr]}gance
with a predeteisistenedn acdordance with hepreli¢téinfinddt aiterth, shapnadquisainpingn! tiakegn f r om
each sideband _are conbingd, and the synhol .timng.generated.the t hat
5. a combi neSGRTIES RdRgRGH SRS a%"}af?sdaﬂ%égd ol ﬁl*}“fl@“e*haééﬁﬁm t he
denodul ati on process. If, on the other hand, each sideband is validated, 25

but the sidebands are not tenporally correlated each to the other, or if
nei t her si deband




is validated, then no synbol timng offset is chosen, and acquisition
continues. Throughout this process, diversity receiver controller 380 °
asserts the requisite control over the receiver circuits to control the
operation thereof in accordance with selection outputs 37 | by

di versity cWRWMM#y | ogi ¢ nodul e 370. WD 00/ 49782 32 Pcﬁ?ﬁgﬁ%bgﬁg62 I n
summary, the diversity nethod of the present invention for recovering
synbol timng of fset and carnet frequenc3 error fromthe OFDM si gnal
conprises the steps of: transmtting the OFDM nodul ated signal in both an
upper and a dignatsrcah cemmeney Qthetwirantie acquiditionf prodess sicostmad sntiirsacintimssi ng a

plurality of OF ) dul at f.requency carriers and a series of OFDM
synbol s; rec@?\ﬁ#@’ﬂﬁt’%ﬁ?ﬁﬂdmgﬁﬁ&s!gnal of the upper frequency

si deband and provigirffg & Figl 4] thé BRBAE cMmbOERSRDS cQEEHNEMFNETBlinQbdRUt and
t he OFDM nodul ated signal of the |ower frequency sideband and providing a

second (| owepeak develepment medwle | tQjand signal erhanging modwe da§ s prsliminany sipnalt

(upper sideband) .s f ¥ rr ing to
CPOM Synol SP AL Tafes sl 28 e kel AMGRGOE oL 1ORGRE

si deband) sysubsdquért Bigngl mbéessing atagksfaregdded ¢y validater the cemippegi andsisiency of OFDM
synbols in the second recegjv ignal. validating the first.synmhol timng
of f set basedh®Fecsivet Herale ’ﬁpﬁgﬁ PRyt Sigha 8‘3}?38% E’Hé‘i/letlaéfs ?‘f“?‘i?jaff’i dating

the second syptgly bf M (8infE iRRlsdRGREsOMTS LIPS Fhith Mers GERRHA! input
consi stency thereof; selecti ng{ an optimum synbol timng oi~'set fromthe

first and setbewth syhbrovides an AR diltered tsignab 220 tes Ay outpot theeeof.a| Theaimmulpest eps;
and, 20 nodul at i a j | e 0N f the
Si debandgfusﬁeﬂé’“f%%%{llﬁﬁrﬂ{rfgﬁr%ho tﬂ% mﬁ‘ﬁgﬁ%lf ?@e){c‘.:&%ﬁ?es ’g%é{sﬁrgjd’%g}%g%" fcl udes
the steps of weighted aqore Besvily thandthé peevibouslydiecedyedixignalsi ifputgh@tdos €Thus, the
corresponding to a conpination of first and secqopd_tining signals .
respecti vel ymPﬁﬁF%Qﬁg‘F’iesémB?m? siepal ﬁ#sdﬁwtéggﬁﬁghgﬂln}wgg?et’??ﬁ Repval f set s:
and, 25 sel eglikh@d hitRe bltpktGnetsgrbol tim ng of fset as the optimum symbol
timng responsive to predetermned timng conditions. The diversity

conbi ni ng ar chi t Sdower partienlarksit ¢empdeaxo gignale $x iinmut ta bR efilierodl T ecomarisasbust :
receiver  acqui sition,system i L1 R Caplder yency can
be. succedr urpeiad BIEKEF SAlIaRE ol Haftent 0P\ Sl FR GRS AL HNE ") <

fade or 30 i thedidtesmple of a frst bivek ofthelie fivatnempley of artdssiveblotisp ar pradide laower

si deband sigpals, _as b
gﬁltered first san¥p]c. Similarly, the second sample of the first block is filtered with the

second samples of subsequent blocks to produce a filtered second sample, and so on, to

produce an output IIR filtered block of cumulative signal segments of N, IIR filtered

20 samples. In this way, IIR filter 215 can be considered as a bank of N, IIR filters

operating in parallel, each of the parallel filters filtering samples occupying the same

predetermined position within each of the contiguous blocks of cumulative signal
segments containing N, input samples.

In detail, within IIR filter 215 are a first-stage coefficient multiplier 225 for

25  multiplying coefficient a against samples of filtered, complex signal 175, and a

subsequent accumulator 230 which accumulates the weighted samples output by

coefficient multiplier 225, and the delayed, weighted samples output by feedback delay

circuit 240. Second stage coefficient multiplier 235, which weights accumulated output

samples by a predetermined factor, 1-a, and feedback delay circuit 240, together provide

30 IIR filter functions well known in the art of IIR filters. However, it should be



WD 001 49782 33 PCTI US00104062 si gnal conbi ner 385, additional processing
gai n can be ‘achi eved when the conbi ned synbol timng (output from peak
selector 390) is utilized. Throughout the foregoing detail ed description of
the presenty W@qui on, the various signal processing nodupesusienini € on t he
recei ved) sanpled OFDM signal, 5 conprising the series of OFDM synbols. It
is nost inportant to appreciate that it j,s the OFDM nodul ator and not the

recei ver that establishes the predetermfed nunber of sanples in each
synmbol , such _as the 1080 sanples. used.for jllustrativ rposes. .The sanpl e
rate at the aPB’&%'F\?'g tIl,‘a?ﬁ? tﬂ’é‘fng‘?l?ﬁ ‘H&’&g‘éﬂ IOAE%?S{"%‘ SW?"E r?y?fﬁg‘#’aaﬁﬁfi%‘/t Yt shes
the actual PaTREfrespbnds6 @he/ EindlaNRI RFiod Of d@AESH 6EHE ipYeSteANIRB® humbst dTet

based upon a variety of 1 o criteria not inportant to the salient features
of the presdmoindany signalsegmemt thati pregpddBivelynwipenimarosed by [glditive supsrpasiiopa, et c.
Al D 50 can gj . el 0l ' L0. establishing
t he nunber g#“wr%gc(r:%a@\?gﬁ;é%%?%?hger sf/)ﬁrb%{',ﬁ %?&g%‘t%ég%n%ﬁ{@gy&“b %}gﬁ Ogsg#i)er ate

t he same snurthet bluck delay inarted by delay circudtt 240132 » de(ana¥, =el980wearaple sjmabdli shed
at the nodul atoor. 15 What is inportant in the signal processing of the
present invélff'POn, is that the symbol timing be preserved at each
respective stage [fRISRGE sig® 22 CHEp R TroBPAR iHeAYE, Snilf RABS Altd8d, BmPRged UPON
a synbol period's worth, or multiple thereof, of received sanples, it

matt ers not signet hEy inpht to the Fifefiliess camepriseeeomplexhsigralysamples extemsdingsacross above

t he nunber of S o |4 lator.. syidol fi.m ng
\(/j\,i ![ I fil \(/jvays cfgrﬁ\é‘[i} t%b?s@{%ﬂ@"?%ﬁ%ﬁ%ﬁigﬁ %ngtiﬁ é?hg%gﬁﬁg hgggﬁ Piiéfr?gémof t he
et ai | edienysgb aRd lifc #\a signalp eiflo symbal timingOctmtifnesito e
received signal sanple rate in hﬁh? present invention. Extending this
concept f ur tieserved giethg PRt af he IR BBET synbol timing t hroughout each of the

signal processi Ngesit 3&Ir2A8, HRranPIsENBA 18/ BER' sefocthRb® b¥scAbeSpRAdMENt S Of
25 the present in\?enti on,r notQ%;ev?gusll y dgscrsiebgd. Aga%(sr?, SO Iongg@s

si gnal pr ocesstablighes shebtempdral)position of) pash| IR cfilterad signobmpedk input theraté, pind

t hereof, of sanples. .then, for. in nee. .th iLtive .super Lt LGN nodul e

need ot acclnie s ot podfioh BFLAMRinaln o AiluloniGg? HRBROSS, W1

sanpl e, {or weXidsed,ehis @aiporhl pesitiondsiuaed as thie spvibel timifiy offiet Apand e phasdfdsher ,

t he boundary, signal segnents accunulated to produce a_cunul ative 30 signal
ee\’/”é’rdﬁtegt%@al b

need not be dFmimgdottst Jrals iRy tf_FH“il dhe diffreliiter, tomsed f7pl e,
coul d be  VQORIAS B AdicPFIAUISIOARAOGA S HRRIIRAHBE pR9icuOYdn Aatldhe
approach is consistently applied’to all incom ng boundary signal segnents.
Anot her al t etorfdg.iBve enbodi nent of the present invention stens fromthe

| i near, and thus interchan ef} l?t f th e additive tposition
and mat ched filter"® cpxr% %“ggzg%s %83%?“&”?%"&%?0 A6° e Q3 %@gg‘g’b‘g‘

mat ched $0 | t &kablighewithd) tansibirdl | pogition e the $hhdnoed signdlheak rpeasent in B\RRERtON,
such is not a Iim’tatigﬂ therem}.,Tgﬁy sequenci ng can bhe swapped, to thus
provi de nat cHEPIAIVE 1N §°8RTE T SR8 T SIERYICSEMER ¢ he

si gnal proceggiefahtC iHeCilchMuRiioN R Uhé Sndsh r&aftly YceivB® BISHROGF FIHpaedt e
present invention, including but not being limted to the peak devel opnent
to nodul e, abindary signabeagmenist il @rentrtemperalipgsitioncs prpyddadete asf inpwteofsi gnal
enhancenent A l,eet or, phase extractor and frequency generator,
val i dati on |g%ﬁ§“°§n‘z}8§‘?§%%d§§\?§$si ty conbi ning | ogi ¢ nodul e, OFDM nodul at or
modul e, asmd al | dhk ddbition to providing the current temporal position to an input of validation

logic module 255, the previous temporal position, that is, the temporal position of the
enhanced signal peak in the cumulative signal segment immediately preceding the
current cumulative signal segment, is developed and provided as an input to validation
logic module 255. This immediately preceding or previous cumulative signal segment,

30  and the previous enhanced signal peak therein, represents an accumulation of the block



circuits constituting the foregoing nodul es can be inplenented using a
variety of techniques and technol ogi es. 15 The nodul es can be i npl enent ed
as digital logic in gate arrays, application specific integrated circuits,
field programmabl e gate arrays such as are provided by Zilinx Coron.,

pr ogr anmabl WOI0¢/49782 an ays and devices, etc. Alternativel yPCVROMWME8tI es can
be i npl enmented as prograns executing on conputer hardware platfornms such as
custombuilt or commercially avail able d?gital 20 signal processors or

m croprocessors. Further, the signal processing nodul es can be inpl enented
excl usi vel y dfshoandapy tignal pegmyemsrinuoediately prededing eheemoitaeantlp raeived biick

wor kst ati on, . for | j cations i.ncl udi for ex e, simulations,., Even
o ther | andheraot, Sofed GGy ma B ool Sre iRt e e poaLERiigs. s
The overal | 1gyeic8¥ (R erdhdficeRsRMBbeak THHARE OB recitlP feckiVEd ESRIBLAR Bk 2

virtually unlimted conbination of the foregoing exenplary technol ogies.
Al t hough t hi3® supgpmposed beumdape signal sserpeie awhile the previqus dempgrahpespion; isi ¢

o 1 oat) oneRBtRENs i O senklialty rdfaRBCSE Ll Sd: B8 bokBal S, nout

departing freepmedte spirit or scope of 30 the invention. For exanple,

functionally equiyal ent el enments nmpy he substituted for WO _QO0I 49782 35
PCTI US00/ 04062 t HS&&T i tPpoLRl lgpsgﬁavmda P&%i&lﬁne@apg Brigpofelap fpathe

quantities ng;{rﬁgegﬁgﬁ-p&@wsﬁioﬁhqwgﬁﬁi&cheﬁ%sﬁééasﬂdsrfammb&ﬂmv@ eri dJng the

formation 0 teps described, particular steps may be reversed or
i nt er posed, Ebdk (the ipredetenmiped nimber) rof rhonhdary signalt segmests dhat @€ adtigivélpvent i on

as defined in the a nded Cl aj . | 497 G VHAT. | S CLALMED | S:
PCT/ USOO)E%4O%'ECQWPO,&Q(§§)S%§%1°? 8 m?%rgt Yfeéfg‘r?gge&m se?/t?rtz)lgi’%het ?xraﬁnﬁlge a(?f) ¥ ?Ps W& ear ner
fr equlency e(rjde@ry dokr@spoids ©r 3210 JQ gl NL#legm@ﬂﬁple @yridba ipefiodyu el ﬁiéﬁfi 26©Id:DIV9
signal, said system conpri sing:; ans for receiying an OFDM mpdul at e

signal repr e@%ﬁf’?sntgg’ IPauispe é‘_‘éayp\" ‘ggmm B‘,’s“é’&dﬁl_"ﬁﬂl’ﬁwgﬁ?ﬂﬂ°"|‘4?€| udi ng
a | eadi ng pogi s Qhpaitle preliont lekipraP Pbsiticdthat 18 i1RAfinpus &) FhiibARMI 188c fdduikr ai | i ng
portions having substantially éequival ent predeterm ned phases and havi ng
tenporal | y vdSght ed anplitudes according to a predeterm ned tenporal

out put ¢ er cof ;08 eeniBE R WL AEERRE, Be T e o SR bl ¥y "

havi ng a pl usravidéd/asahpuis @raliddien kegid mpduds2Ist i ng a synmbol boundary position
for each received OF S |, each sai.d signal peak being devel oped
responsi ve to an anpl il a%g?%&"?ﬁ%@ﬂi?q’ég BWE '&%%&5&9&‘88“8 ek sai d

| eadi ng and fkeatd §iBshl LK InOfhe st BREMIYSHroidEE ARI NIRGed ki DM S¥ERG: ((ovtputNBANS
for enhanci nfg si gnal Peak detectability of said boundary signal,
rom the IIR filter);

20 2) The current temporal position, corresponding to the position of the

signal peak in the most recently provided cumulative signal segment; and

3) The previous temporal position, corresponding to the position of the
signal peak in the immediately preceding cumulative signal segment.

Validation logic module 255 performs a predetermined temporal or positional
25 correlation between the inputs thereto to establish whether the signal peaks output by
IIR filter 215, as indicated at the output of peak selector 245, are temporally valid.
Specifically, validation logic module 255 determines whether both the current and
previous signal peak positions are aligned within a predetermined number of samples,
for example, 10 samples, with respect to the IIR signal peak position. If they are, then

30 the temporal position of the IIR filtered signal peak is determined valid and is used for



sai d enhancenent neans including neans for additively superinposing a
plurality of segnents of said boundary signal, said enhancenent neans

out putting an enhanced signal peak corresponding to a predeterm ned nunber
of said plq&gh&%ﬁzof segnents and having an inproved signgérbdunigisse ratio;
20 neans for e a%lishing a tenporal position indicative of said synbol
boundary position fromat |east one enhanced signal peak output fromsaid
enhancenent neans, said tenporal positioﬁsrepresenting a recei ved OFDM
signal symbol timng offset; and, neans for recovering recei ved OFDM

si gnal carri 9imbo} dinisgcpurpeseyr  Aldgonalbs piisdraligated YR é?tta’@ﬁ'pﬁ%ﬁl praki t i on.
2. The syste i ARy k . Sak

i ncl udes maa&rpsn% ? %Jrnﬂﬁlgﬁtﬁlglﬁgg%g(% rrtf‘aﬁl ?Qgpg%?ﬁg%ﬁgisg}sgﬁ%(ﬁeg?%g{e%g‘gﬁpggﬁﬁ{iadi ng
and trai | i ngerparinitiensamef mammeh as wiasl deseribédy/previOish) usingiphhse exttd@oODTU B2 37
PCT/ US00/ 04062 3. The s%sé,;%ﬁ l{eci ted in daim?2 where said peak

devel opnent TTEBITE®Y §rBFETE Dfor forming a conpl ex conjugate product
between sgi d recerfBgingitdBéth Fgd 2andal, af@thé RRlpofR pbhiGsERds bk sl dby

del ayi ng said received signal by a 5 predetermned tinme, said predeterm ned
time being |é§§1ammipgmmaw Ly neforcqyisitiopgmodnle 74 cindigates suchs valationetp i n
Claim1 whergj i ; . ] jof | or
super] mposi ng et HEIERARRRARINS RAR7of AuidiGR SHESLRAN MRl aliSl

si gnal , eachamf tracking mednbe8s, yid dethodplaor eapelctignab 90 nenablks tei dinpldoladdr ty of

si gnal peaks included therein; d, meagns for. accuraul ating peri nposed
signal | evel BrOG¥EMS §’éﬁ°ﬁ°§é¥) 9% H@B%ﬁ@?‘%@e r‘*ﬂ“?’r'éed' Vﬁ't‘f!?ﬂ@? ?‘Efc @@‘gjﬁ%?ﬁs .
out put frem RahbhiedHRE D Qxist Mathin"R&sitidrO mBiAE WS CorwRHiRUSdAlrbY End Hdd@e havi ng

a cumul ative signal peak exhibiting said inproved signal-to-noise ratio. 5.
The syst em amodulei85e@nd fheCspecific mnby adiichs QFBM; dgmedlathn 40¢, o 3he

det : | - i { R f
o Lo MR AL, SR 18 LN B 6 7

t empor al posptesenn fnventionn dWha isimprantia the sceopbemmbodimern toff aafuisitiindmadaggrent |

sai d enhancepggent nmeans inc|udin ans. for accupul ati ng each si.gnal yal ue

occupyi ng a g? é%@?'e‘ﬁﬁ?‘??é‘lf“?& pﬁ%‘%ﬁ epr"slpﬁt.eQé%ﬁ’%géff‘é S“?‘??s .'%q‘ﬂ?‘%’é? rm ned

nunber t her egfmibd? uriiRg AR %&éﬁﬁié@ﬁé%@n@' fks ¥ priduiste 15 alethcBéppied gf M ned

position over said predeterm ned nunber "of se?rrents; and, nmeans for formng
I

sai d cunul at demodsilayerbdata epud from M demoginlgienil 00, ae prtimally demodwiateddata.e
signal value in Cthe g&en? ﬁllag vamdg{l(% forg% ﬁgduﬁeefggollé qll’xabqg % CdiQhR the temporal

position of the IIR filtered signal peak, the acquisition process continues until such time

as validation of symbol timing offset does occur.

20 The additional signal processing provided in the second embodiment of the
acquisition module of the present invention ensures demodulation of the received
OFDM signal only after symbol timing offset and carrier frequency error have been
successfully recovered from the received signal. In the presence of signal scattering,
multi-path and other signal interference, the second embodiment provides a level of

25 confidence that the received symbol demodulator in the receiver provides correctly
demodulated data at the output thereof.

By further providing a receiver that employs diversity selection and combining
between redundantly transmitted and received signals, the ability of the receiver of the
present invention to combat the aforementioned deleterious signal effects is even further

30 enhanced. In the third embodiment of the present invention, such a diversity system for



25 extending across said cunulative signal. G The systemas recited in
Caim1l wherein said enhancenent neans includes a filter for further

i nproving said signal-to-noise ratio of said enhanced signal peak output
from sai d enhancenent neans. WO 00/ 49782 38 PCT/ US00/ 04??@3./;& e system
as recited VYRW#YPm 6 wherein said filter is a matched fi B3Nhg a
tenporal inpul se response nmatched to an anplitude envel ope of each of said
si gnal peaks devel oped by said peak devePbpnent neans. 8. The system as
recited in Cairn 1 wherein said predeterm ned tenporal 5 weighting
function i s cheverng eymbadithipg offseteandi catrier freguenen diroy framda divsesan DFIYM

anpl i tude t_?ﬁerz. at 3 ejdd | eading and trailing portions of each said OFDM
synbol . 9. &2 Vs?tr%rln as recited in Caim8 wherein said anplitude tapers
are Nyqui st root TiiGEDMansdultort meddal at 1. trahbaitey aidontiRsdivesity §@tenofCl ai m 1

wherein said neans for_ establishing o teppor al sition includes a filter
for filteringedhrd gxbedipapt RRMAGIBF gﬁ*@ﬂ%?‘“ﬁ@él@ QE“E)th%u@mrsraP@ﬂe 25,

enhancenent FLansqiRrdiidfl s fhe firdt ehb6diRnt T BRI &N Sh &by, WHIRhE DN eFtidOS! ti 0N

of a maxi mum signal magni tude detected in said filter eofl gﬁﬁanc%e I gnal
corresponds that galiverdsignPEDM signali isi pmyiddd atl the Fitputstheteefn Specificillygthe n
Claim 10 wherein,said filter is an.infinite inmpulse.response filter. 12.
The syst em aSoFEIS QEPdP?FSG“gitW%pS\/\t)ﬂgt?ee lﬁergm rggeé‘{/?t% Fheftﬁﬂf‘? FEpodiment Afes -
means for debepM fiodlated ¥ighldn bEKRANPherAE ialloWél fFRBARRY SidéBarkiPwhere each
predeterm ned tenporal correlation between said tenporal position and a

pair of 20 pekthe ridehandsencpmpassese plasality of QRN magdulated frequency carsigrs (FHE.
enhanced ,gsi I t j y rejin said
receiver ]?reg@’ [ nci u eeg%asq%%ﬁaﬁo%ﬁ%etﬁgrrq?ﬁpﬁgpg?%g?gwggggg@b OFDM

synbol s respshosimieFigolla synbol tinming offset derived froma validated

t enporal position.qutput, f ai d.oeans for,est i.5hj.ng .a tenpor al
porsr}j tion. Io25 13. nﬂﬂ%é@fféﬂ PEW8&%*\}ésrtfaﬁ‘a‘“5‘e§§?ﬁﬁﬁf‘9‘%¢lﬁidﬁ&9%$¥fw Yearrier
frequency er {IOFDMNGiPsif) febdG@NRl thé safid eatder A dbkiibdl fldelatifh € A firsFDV)

signal, conprising: nmeans for receiving an OFDM nodul at ed.si(ﬁnal _includi ng
a series of ewbwimentnsithe presan inventigns yRishould, howgwernbe appreciatedhhapiy thion and

a trailing pg,l;,rdiegn,oai}a%;,gq% diSESY 1eLat iRl bbihah!d

riq '
substantial | y equival en redet erm ned 30 phases aﬁg&hﬁlgianlgggiﬁpa@yé |y

wei ght ed anpéiidthad@ acqmizitivnonatiylet and adgitiershb signakproeebsing required to effect diversity

selection and combining between the two.

Referring to Fig. 5, in the third embodiment of the present invention, the

diversity receiver includes a front-end receiver module, not shown, that provides a

20  received analog OFDM signal to the input of A/D 295. The sampled signal output from

A/D 295 is provided to the input of sideband separator 300 which passband filters both

the upper and lower frequency sidebands present in the received signal to provide an

upper sideband signal 305 and a lower sideband signal 310 at respective outputs thercof.

Upper sideband signal 305 is provided as an input to upper sideband acquisition module

25 315 while lower sideband signal 310 is provided as an input to lower sideband

acquisition module 320. Additionally, both signals 305 and 310 are respectively

provided to at least one receiver circuit, such as at least one correction circuit and/or
demodulator, etc.

Up to this point, the signal processing, as represented by A/D 295, sideband

30  scparator 300 (the passband filters), and the respectively fed acquisition modules



WO 00/ 49782 39 PCT/ US00/ 04062 tenporal weighting function, said receiver
nmeans providing a received signal to an output thereof; peak devel opnent
nmeans devel opi ng a boundary signal having a plurality of signal peaks
representing,gosygol boundary position for each recei vedp&b8domadey Mool ,
each said signal peak being devel oped responsive to an anplitude and phase
correspondence produced between said leaging and trailing portions of each
said recei ved OFDM synbol ; neans for enhancing signal peak detectability of

sai d boundar Lgnal , saj.d enhgncenment neans .ingludjng. a filter fq
filtering spéﬁ;?g' SBL%%‘%@’H' 5%%&%@&?@"?‘&’9%?5% €8 r‘?lfag?’gFPaﬂ‘F fé%‘i d
filter inprowinecod embbdihreh@-0TAhS Preketit ifveMionS 34t 1BE edceplioH Mat bith pp&nhanced
si gnal peaks output from said enhancenent neans; neans for establishing a

t enpor al pogindileyer sidaband paths ave Rrayeatedy riteied pharvdss: jin Pessthirdgmbiodisnanst | east
one of said | P , said
Comporal - posPr ghiE Spyks 4 lavRf Biualy Bibuohf O SR ANOIESPRT PRS0

of f set; and,stapesdesciied prexiousty. i Fortler,rthe eariond sighbly flominpbeteasnnihe vhri@guency
error corresponding to said errpﬁ)réal E&zition., 14. The systemas recited in
Cl ai m 13 whe¥&? 8508“'56’@&1@%&%/ F (PR ?F@“F‘Pr‘é‘f’ﬁ&%é”%l’ﬁé‘é’ﬁ_ gy rdgperibgdni ng

conpl ex conj t & PEChdIBIver LigRdhd de@itftidn’ Al rgy of
each said re%g]?’vgléﬂg%mgo . 1S Theilsyst(pergnc as }Jélcl??%lg&lgr?ﬂ% %}’%&i4
wher e sai d pleakiption &l popvidsdi forthasesaspests thereef that averlapsankiendeserimionp| ex

conj ugat e product, between .sai ' . I gnal ..an .del ayed replica

t her eof obtai ned e?/‘mgfgg 3%?“38" glac:;g’cﬁg%eggl\fléé éis%gll 3@f95€bﬂ?°$%ig¥ré?eﬂ’ﬂ§8 tinme,
sai d preget aprsignalipiotssEind &y N@ak erwedshgrmeduld BTV, sytittlpinch@es Beth S peakhe
systemas recited in Cajm 13 wherein each said sjgnal peak devel gped by
sai d peak déiFé(FIBHH%‘Htm‘WBEr@dﬁ%‘a]aﬁﬁ‘é%'Pg Padde despabolrevigsin apd AR filleri o sai d

predet er m negoditmeGa! witth PRb¥iaG TGk signal GeAQ! BHR ZoftPhe Plidiehf RYO/ 04062
subsequent input to peak selector 335U.

Input to upper sideband validation logic module 340U are the following signals:

15 1) the temporal positions representing IIR filtered signal peaks output
from peak selector 335U;

2) the current temporal positions 345U of signal peaks corresponding to
the current blocks of contiguous signal segments additively superimposed by peak
processing module 325U; and,

20 3) the previous temporal positions 350U of signal peaks corresponding to
the previous blocks of contiguous signal segments output from peak processing module
325U.

Since the signal processing modules that generate signals 345U and 350U were
described previously in relation to Fig. 4, they are not redundantly reproduced here, and

25  are thus omitted from FIG. 5 for purposes of descriptive expediency and clarity.

Upper sideband validation module 340U operates in the same manner as was
described previously in relation to the second embodiment of the present invention
(FIG. 4), and provides an upper sideband acquisition status signal 355U at an output

thereof responsive to a positional correlation between the temporal positions at its three



17. The systemas recited in Claim16 wherein said filter in said
enhancenent neans is a matched filter having a tenporal inpul se response
mat ched to said anplitude envel ope. 18. The systemas recited in Caim13
wherein said predeterm ned tenporal 5 weighting function i r erized
by symmet ri ¥ 9%9%83cendi ng and descendi ng anplitude taperké’&@}g@’éﬁgﬁgl eadi ng
and trailing portions of each said OFDM synbol. 19. The systemas recited
in Caim18 wherein said anplitude taperg8are Nyqui st root raised cosine
tapers. 20. The systemas recited in Caim 13 wherein said enhancenent
means furt heinptB. i Aédpexd eslebadnacqhisitioadsiatus \segnygl 863 is nprosided) ta. diversigl i ty of
segnents of sai %bogndaré igﬂgl devel oped by said peak devel opnent neans
to further iAYPBVERESHY™ f“aﬁ “to-noi se rati o of each of said enhanced
peaks out put fronypgdrtsi®phana@uiition'@edde 315 furthd® RMVidS’ 82 uffer sideband
PCT/ US00104062 21. The systemas recited in Claim20 wherein said additive
super posi t i osymbad fisnipg estinepis At tp dhepdisersibbepnthiving lagie medwe 370pdbe meprier

pr edet er m_ned _nu f t i.0g. i

el aded ¢ el e bttt BB y HRGIL SPRTRALBLO M pR Ry dRERSca,
over said supehhifipssseSbepifiesibt eenérroeds detivied rbyahodifg BETU, Swisich pitbrpofats Sai d
superposition neans, to produce a cunul ative signal hayin cunul atj ve

si gnal peak ERWPISFIRGRS a0 FEAYFNGY INIPIGhHICISiR, IRORVE i Ty iere @95t em as
recited in Chghtiamdt (A=Y i gnent has a 1o predeterm ned

t enpor al Ienéta% cor?egg%g%[?ﬁgaﬁ’gngﬁugﬁﬁger mul ti ple of an OFDM synbol

peri od and i ncl udBeviag driglnidesgribedethgtoperation of uppey|sidehanid gequisitionmedudd

posi tions _ex dj.n cross . said. .t ral length.of said segnent.,and

Rher oi n-98; a2k b uEnts Bt st BHP Ak Ren SR ile T Rtfe BAPEL S0 | ng
each signal veduistichCmo@ilé BP0 Bropécdsl@ri & rsubstmdallbedqudient @lanndt a@dk thesg@geent of
sai d predeterm ned nunber thereof, to produce a cunulative signal value for

sai d predet efideband: ﬁggﬁetﬁpﬁﬁﬁ?ﬁl‘éf assbcﬁtﬁe‘ﬁr'é‘_EéW%rsiﬁePfgﬂs’rRHﬁ?é‘Pnﬂb’ CWHReRt s
and, neans fgffi050dsffy Stiaties BEAH BE is¥ife SuRBAL desigtatlof WML ¥E 4Rl apal

i ncluding a cunul ative Signal value in each of said plurality of positions
ext endi ng 2o suffixclssigratingl theppéraidebandsthg T suffegdesipnatingthe lonwensideband.t ed i n
Claim13 erein said ns, for. est abl i shi at oral. .position includes a
Fiiter 1011t or ERYSIRERNL AR ER RIS 10 pBvidelRroa 5ERR shEBHE A neans

i 0 produce aahd hlcafietfrafubadyCeafbr sorgutabn sighe MELY divedisi dombinifgd logic sdutelm .
signal 25 magnitude detected in sa{_%’ifiltered enhagnced Si ggal cqQrresponds
to said tenpdr®l FyBR (o3t sidabandryalidafiop demiqmofile iy FrovidsSaPr2adshARt ei n
said filter lgnaliddudul dighal 5938 QiveRRAP €8BI Il modile 3707€ System as
recited in Gaim 23 wherein said systemfurther 1ncludes WO 00149782 42
PCT/ US00/ 04062 nedhe diversity aeceiver dprthgr ancludes @ signgb eprabingrodds fasrrombiniemsi ve
to a predete r i hd t it and a
pai 1 of st CrBAgohBRERREA ppR bABAMHHEINR i ISR, RO gl D0
si gnal peaks afditigudr sidebands adqdistioh anednbas il 5/326.nSTheanashitaft vdmshivednsigail ds

recei ver neans includes a de dukﬁf]or f or .denopdul atilng .sali d recei ved OFDM
synbol s respdtRt @ P é‘?‘%ﬁy‘h‘b 0 ¥ RECRES 110 0t @Wn‘%%%ﬁ%faéﬁofé?rﬁb?al

posi tion out prbvidusBNacsaitdd PeaANSe1ér. eAtBRIbIRAIsPEbva AARMRUME: BOSE ot 26. A
met hod for récovering a synbol tim ng of fset and carrier frequency error

from an ort hdtponegmbfinedpgakssjectiir JP&jandh a gernbings eaxmat fie@pibiy espiydals deciverbr i si ng
the to st L vi - _ ks CeBbrbri Si g
GroM Syt < 28 SREChY fbdueo ool SR T Rro i SRR BaResfl | D °

portion ther eoipining logic module 370. It should be appreciated that by combining upper and

lower sideband signals, as by signal combiner 385, additional processing gain can be
achieved, thus leading to further accuracy in both symbol timing offset and carrier

frequency error estimation, as represented by At and Af, respectively.



said leading and trailing portions having substantially equival ent
predeter m néd phases and having tenporally wei ghted anplitudes according to
a predeterm ned tenporal 1s weighting function; devel opi ng a boundary

si gnal havi rality of signal peaks representing a ndary
position fd@ggggﬁ&£eceived OFDM synbol , each sai d signal gggﬁg‘@ﬁﬁg

devel oped responsive to an anplitude andﬁghase correspondence produced

bet ween said |l eading and trailing portio of each said received OFDM 20
synbol ; enhanci ng si gnal geak detectability of said boundary signal, said

enhanci ng step i néisidustigted P16k &the fivarsly rceizenineudss diversity combiainglogia| i t y

of segnents i ] ] A ignal -to-noise ratio of
each of a pl Séoﬁﬁlﬁtfjo,g\?fdgﬁ asﬁ%é#i Si g%arﬁgfggm;ﬁgélgg%ﬁced by said step of
enhanci ng; 2s est abl i sh) upperant dovps silebgnd statisaiznalk 35$30 ands3ashol boundary from
at | east one of said ephanced .signal. peaks, sajd tepgporal sition
representing a receive ‘@PBWPQi@%ﬁﬁ"@@ﬂ%éVmeﬁ¥ﬂﬁg6&%?%??m&ﬁéﬁ§recovering a
recei ved DM si gnal praTat i {4 dS ¢ enpor a
bosi 1 on. > V0 00/ 49757 R S e i R R AL g

A ai m 26 wherein said 4) egmbtaheddzymbob imiag effisb drdandycogribiped| carriee Ifredeency he
step of forniqg conpl ex conjugate products between said | eadi ng and
trailing porf}ﬁns of each said received OFDM synbol to devel op said signal
peak, an anplitudResspnsivoReihiete Mmpitd, Gversie) chfiiing Wdie HidaMdi 370 provisai A
predeterm ned 5 tenporal weighting function. 28. The nethod as recited in
C ai m 26 wherosinytssthergofey dipersjiy %emg%ﬁ,ﬂgme@%t &% andoprrien Gpqueaey e Af.ep of

filtering,gsi - r& C - 591 i =4 o= Nk o) ch of
cai o pl urS Eorveie] Sald gl 37 SR BRIGA S B AL 10 BARKS etk Jofiolk
enhanci ng. 29%modhite 38&t vbeteass thee Giningd offset Gindi fre@8nayherrari ares piostidsd etp  the

filtering inc]ud the step.of providing a tched filter having an i.npul se
response nat c‘i’?@&gﬁﬁh% pécf?ﬁ%)sﬂgu Hg’dglﬁv di %”C(SPE’EH@ha% iR Ha S p‘%&?{ﬂ’ed

devel oped i n meiéhsit ep of devel oping. 30. The method as recited in O aim 26
wherein said step _of additive superposition includes the steps of 15

superi nposi ng a pAAVEsiE: sambining [pgisemodyle 320 pronidss B divardtyrombining sighanal |

each of sajd i ' y 2 ir0;
accuml at [ng PoRert el GeRuthP AR bt St F R fh iming
offset and a corresponding carrier frequency error, from either the upper or the lower

frequency sideband acquisition module, or from a combination of both (the combined
signal pair), or as the case may be, to determine that further acquisition is required.
Essentially, module 370 serves as a “smart” multiplexer to conditionally select between

20 the three symbol timing offset and carrier frequency error pairs input thereto, for its
outputs tand f.

In the operation of the diversity receiver, each receiver sideband, including the
upper and lower sideband acquisition modules, operate, for the most part, independently
with respect to each other. Each of the validation logic modules 340U and 340L operate

25 as described in the second embodiment (Fig. 4), providing as outputs their respective
acquisition status signals 355U, 355L. That is, upper sideband validation logic module
340U validates upper frequency sideband symbol timing offset, as represented by
temporal positions output by peak selector 335U, and lower sideband validation logic
module 340L validates lower frequency sideband timing offset, as represented by the

30 temporal signal peak positions output from peak selector 335L.



nunber of superinposed segnents to produce a cunul ative signal having a
cunul ati ve signal peak exhibiting an inproved signal-to-noise ratio. 20 31
The nethod as recited in Claim26 wherein said step of establishing a
tenporal position includes the steps of filtering an enha I I
produced byWo4*8tep of enhancing, to produce a filteredggﬁﬁgﬁggﬁgsignal;
and, detecting a maxi num signal nmagnitude in said filtered enhanced signa
25 and determining a tenporal position tH8reof. 32. The method as recited

in Caim26 further including the step of validating said tenporal position
responsive to a p%@&@r‘ﬁﬂ@gﬁ phishaeripsents thealegisions] apd selession émplgivlesingbr al
position and,a.paj oLt Ls bhibsib I Ch4 ive
Pai - of ennaldhiekieul BB SoThAR. A0 IR, 37, WRRETMO Berllil G

det ect abi | i t YollowikiDdexfisidral Baliddtida) tepiS 00w 0répoAsi B3 thefiny seletisatle dellawdng t ed i n
G aim32 furt heé incl ud%sg?g{ﬁihe stgg of denodul at i ng sgi d OFDM synbol s
responsi ve t &% gldimyng ¢ : PEIFH FPRENPOETY 'Y PUPBHIeTRI®: hod for recovering
a symbol &imng and caf();a[ﬁx SASRNE Sbd? kg HIERM AN 2R LARGORAuchdye QteNCY

di vision multiplexed ( signal,” conprising the steps of: receiving an
OFDM nodul at etk srlegted| for 8jsr demmndulation prosessiibyppsr sidebividsaentisition staushsig@RDM
synbol i ncl udi a.Jeading,porti (Y i 9 hereof, . said
| eadi ng and ‘[},'5 g'igl Pﬂﬁmﬁ%r‘faﬁ%n‘g’p %%\%{hﬁga@lgu é@ﬁt%ﬁﬂgy&g%{)i i\‘/n% téon erp?'%%’é’?cgr m ned
phases and havquigtidesmms dighyt 3g5Lointdieatesinphlid lohes shilebadyadol méng offset

predet er m ned_t enpor al [ g function; to devel oping a boundary signal
havi ng a pl ur(EHQ-lsybIB‘fksss\fl)\@ﬁ'gcrg g’aks representing a synmbol boundary position
for each peceived OFDMySyGROLidebRAE byrdbtl SinhdoMet NRRKndSIRG FRMEIIREDr
responsive to an anplitude and phase correspondencé produced betWween said

| eadi ng and tAfaark iselectesbior therlemodulation precesiif lavvee sidebnORCIMIsitjonotdtys signal

enhanci ng si ak detectability, of i oundar i | . sai.d.enhanci ng
step incl udi %ggr hlgls’gfagsp Vgﬁgr%ﬁwsﬁégg I t%ﬁlbg)gl;q omgn%rsg eg@a é‘P%eﬁaflgetbS'-’ oi se
rati o of eachc@fisiforphtitudlsighy IF5UchdRaRE thvalid) npper paltkandpdyarbol ahidpy/ofa@t d st ep

of enhancing detectability; establishing a tenporal position of said synbol
boundary frorfF¥3- 8 Wades 530882l 0% sai d enhanced signal peaks, said tenporal

posi tion jepresenting & {eagi ypdr GhdYVbwirdfiadbasy ¥habolt #idlindJof@defsS & batind,
recovering a received DM carrier frequency error corresponding to said
t enpor al posivalidated, 3then THiwenyisy hesuntiming e logice dnqdwleCI330 ndgtarmyinesr evhethsni o st ep

of devel oping_a 2.5. boun I i 1 | ex
conj ugate pr g’(ﬁeudgfcs 3 V\%'%e;ﬁ&ésﬁa?wégi(% i %gétgg’g@e%gf‘?? rr}'gﬂ%ag%dt Flgéf? %’? fe:Oac sai d
OFDM synbol tsplebsdalympolsimitg offgsnal Thaeikif teeruppenind lowke sidlebanld apabelftinsiag d

si gnal peak correspondi ng to.sai redeterpm ned t ra ightin
f ugct i OE. offsets a:% withinga predetenn?ne number ofn;ampﬂzs O?rgg(gl otLer\,N?orgexamp]%, 10

20  samples, then combined symbol timing offset At, as established at the output of peak

selector 390, and combined carrier frequency error Af, as established at the output of

module 392, are selected for the demodulation process (FIG. 8, blocks 520, 525 and
530); and

4) if the upper sideband and lower sideband symbol timing offsets are

25  both validated (as in the previous step), but the upper and lower sideband symbol timing

offsets are not temporally correlated, or if neither of the sideband signal timing offsets

are validated (according to the previous step), then no symbol timing offset, nor any

carrier frequency error, is selected and the acquisition process continues (FIG. 8, blocks

520, 525 and 535).



WO 00/ 49782 45 PCT/ US00/ 04062 36. The nethod as recited in Caim35 wherein
said step of matched filtering includes the step of providing a matched
filter having an inpul se response natched to said anplitude envel ope of
said signal_peak 37. A diversity systemfor recovering a L, M ng

of fset and ¥ rop/Fsigpz 5 frequency error from an orthogonal fFEﬁ@g@é‘?&‘ I vi sion
mul tiplexed (OFDM) signal, conprising: a_tfransmtter transmtting an OFDM
nodul at ed signal in both an upper and a Fower frequency sideband, each of

sai d sidebands engonpassing.a.plurality of O-DM nodyl ated frequen
carriers and a s f°°@gﬂ$fls‘§f=’ﬂ?ﬁ‘ol’?g‘ ‘i??f"}egc?éiax’)i ‘tWEaFHE‘bf’Bﬂ"’P @ii‘re\/i ng

sai d OFDM nogyinataay cohrelaRl @BersﬁhQOW&pﬁdebﬁﬁcﬁﬁgﬁd]%a@i grbanck aRdempyi di ng a
first received signal output and said OFDM nodul ated signal of said | ower

frequency si pesitiond ofithgseounpet aidnigwer sidebanrkisignad peake dresingwal thew theutempérak st
recovery neaps.gdev i EhT .t ng. of f . of.respondi ng to
OFDM synbol sP ?Sggogla?%q% rgg?glrn fg‘il:eS? “é‘g)f’g%]‘g ﬁ%l%;c‘ggg%gl néﬁ%@&%@r@ lr’lr%zmg“n a

devel opi ng apseaeninalyrhgd of positiogs, ablatet toCity codstiradisipgalt seakd: Divhay/ Fead S i n
sai d second received si gnal ; first, v_alt'éjgati nmeans validating said first
symbol ti mi ngPlestars¥0 wg é@lyoﬁeaachpwg@gt nRTRREPTIEIRA grnge efoprsitionsnty Yher eof ;
20 second valjflald e aX Abped B IoR@r SaltAnd REDBA ﬁéé;ﬁbﬂ',i {drilr 9 £ hRet
based on a predeterm ned tenporal consistency thereof; Selection neans

sel ecti ng anestgitlishrthe tempdrel pasitionrog thef foghinedrsignabpdall. Byr lsnitimg dhssmogndf synbol

timng offsets responsive.to si.gnal.s..output. fromsaid first. and secaond
validating neards P OﬁﬁS"@Smﬂ%aﬁggicglPaggﬁo &t uﬁe‘;ﬁi‘ Seg’gfea%ﬂ%rﬁbef Ogeéﬁﬂﬂ
seri es ofijo OFBfickyesbel the protesg sai d optimum synmbol timing offset. 38. The
systemas recited_in Caimg37 wherein ?a' sel ection neans includes neans

in ¢ | d €3
for selecting sai Biversitdcombing logicipoileo s T&ean hecigpplpmasnied aslisgrete digiial  of
said first vl | kgl i | Efrdak I
oftset and S GOIZGIESROR KU SROL YRS B kR Lt Sp SRl
val i dati ng npexessomdicomibinatiorodf thefalegeing exrawihg sapprivther comventional approach.

Further, it should be appreciated that, in the present invention, the particular partitioning
15  of logic functionality between the upper and lower sideband validation logic modules
and the diversity combining logic module is exemplary. Any alternative arrangement
can be used, provided the overall validation and selection logic functions are preserved.
In brief summary of the operation of module 370, if only one of the sidebands
has a valid symbol timing offset, then such is used for demodulation. On the other
20 . hand, if each sideband has a valid symbol timing offset, and these valid symbol timing
offsets are temporally correlated in accordance with a predetermined criteria, then IIR
filtered signal samples taken from each sideband are combined, and the symbol timing
generated therefrom, that is, a combined symbol timing offset and frequency error, is
chosen for the demodulation process. If, on the other hand, each sideband is validated,
25  but the sidebands are not temporally correlated each to the other, or if neither sideband
is validated, then no symbol timing offset is chosen, and acquisition continues.
Throughout this process, diversity receiver controller 380 asserts the requisite
control over the receiver circuits to control the operation thereof in accordance with

selection outputs 375 provided by diversity combining logic module 370.



of fset; and neans for selecting said second synbol timng offset responsive
to an output of said first validating neans indicative of an invalid first
synbol timng offset 5 and an out put of said second validating neans
indictive of a valid second synbol timng offset. 39. The %;S%tsngm“ recited
in daim37%UPERB? i ncl udi ng neans for devel oping a third synbol tim ng

of fset corresponding to a conbination of first and second timng signals
respectively representative of said firsf2to and second synbol timng

of fsets. 40. The systemas recited in Caim39 wherein said selection neans
i ncl udes neans f oin symimany; thegliveasity mathaddpfshesesentinyrintign &fr frepoveringspmheli ve to

an output of .said fiLr j i I, nk ive of a valld first synbol
timng offsef",nmfs()f;g%t %ﬁtc %ﬁ{“j %%Ug%?(fgggf:}%ﬁéh e\?%fl?lgfasﬁ “HRRINE® Pﬁafel%%? ive of a
val id second synbol t ivinsigittigf the OFDM tndilulateddgiingl i bl ah @pf@raad adewéd st ency

exi sting between said first and _second synbol timng offsets. 41. The
system as r eBPqueRCY Fidebapdmeach f %i%g"@é‘%ﬂﬁ gcomnpsging; p splughity €6 QFRM20

zecovery Seangahideh HenbAakidleR ARARNF SFIM SyhibBis;devel oping a boundary
signal having a plurality of signal peaks representing a synbol boundary

position for each receateceingOhRNEIMinddulatedssignat ptheivpperdineuericy sadeblarfdi r st
and second recgived. Si s _outnut fyom.said receivin o 25 ns for
enhanci ng si @‘?‘l‘g‘l’rm()l TR % lere*e(‘é?pé”f)ls'ﬁ%a?d):)tf ceé‘é%&‘%%?&#?“@#ﬁ%%@“ﬁg%ns for

est abl i shi ngsigndl gk Alowpo Srelienty isiddbadt dndepkidimgs ¥ Nd2edndb QbweaEMetAAG t i on

fromat |east one enhanced peak output from said enhancenent neans. WO
00/ 49782 47 PcyivedsBgbaWput 42. The systemas recited in Oaima4l wherein

sai d means for establi &mlﬁkg?é‘attﬁ%RQﬁﬂ siHQﬁn&j&%ﬂo[‘ﬁth%{?}f{s%t bihd fr@c{uglflcgr; oduce

filtering an enhanced sig out put”trom sai'd "enhancer means
a filtered eahamomespendjngito; OFDM, sySbole imthe ficst redeivetdignmady a nmaxi mum si gnal

magnitude in said filtgred.enhanced .signal a for determning.a tenporal
position thereof. 43. #Pﬁg(’%‘%t%rﬁeg’sﬂdr é@?"%&“f‘;ﬁ”&?a?yme"ﬂ W’t’é’gegﬁseéa of
said first ardqeaodtbr corresponding to OFDM symbols in the second received signal;

validating the first symbol timing offset based on a predetermined

15 temporal consistency thereof;
validating the second symbol timing offset based on a predetermined
temporal consistency thereof;
selecting an optimum symbol timing offset from the first and second
symbol timing offsets responsive to the validating steps; and,
20 demodulating a series of OFDM symbols of at least one of the sidebands
using the optimum symbol timing offset.

The method also includes the steps of developing a third (combined) symbol
timing offset corresponding to a combination of first and second timing signals
respectively representative of the first and second symbol timing offsets; and,

25 selecting the third symbol timing offset as the optimum symbol timing
responsive to predetermined timing conditions.

The diversity combining architecture and methodology described above provides
a robust receiver acquisition system wherein symbol timing and carrier frequency can be
successfully recovered even when an entire sideband is blocked as by a fade or

30  interference. On the other hand, by combining upper and lower sideband signals, as by



val i dation means includes neans for determning a valid first synbol timng
of fset’ responsive to a to predeterm ned tenporal correlation between said
tenporal position and a pair of positions established for a respective

successi ve %I 5,49,52 enhanced si gnal peaks output from sai dpefligiaregnt
means. 44. di versity nethod for recovering a synbol timng offset and

Garner frequency error from an orthogonal,,frequency division nultiplexed
(OFDM signal, 15 conprising the steps of""transmtting an OFDM nodul at ed

signal in both gn upper d a.]l ower frequency sideband,, each of sajd

si debands ené‘&ﬁ%f?gﬁﬁﬁr 39%*19?%0?\?@”8‘?8%%%8% Ilbﬁtaé °‘fc|de‘ﬁ€?é‘n@§/ ¢ sWé“?‘ s and
a series of GrhblsiIRO{osiput #6MIpLal @Il Jodibhdieglul at ed signal of said
upper frequency si deband 2o anéJ provi di r:g a first received signal output

and sai d OFDM nodhmaughout it foregsing detailedo deseriptionq ok they prepent aveatiom dthe
> et e ; ; _ he
o sct  cor o BuRS HHE BLERRPRBC AL endSY ARl Prrpt i, 1 T

devel opi ng acempisink thy sdrizk of OFDM) syeifibotetlt Batigseiypondhtitg appeditOMaP R istebol s
in said second received signal; validating said first nbql timng of fset
based on a prq(gF : é?‘i’ﬁ“%é‘a Et"gn‘t%rﬂéq TeCONE @f"‘e?ﬂ"\?hgi}‘?ért%i",eaé%ﬂ’}‘ﬁ@t ?‘Hﬁbe_éé’if d
second symbOlsadyhied a0k 5ol AREE ds #1 mwrsﬁﬂllﬂta@ﬁg_zarf&dinhm% plrp6RES TRk ENCY

t her eof ; WO 00/ 49782 48 I?CT/ US00/ 04062 sel ecting an optimum synmbol tim ng
of f set from sample fite atttheredeivercasristesminiod bt ADh$G gvhishfin durs estellisbestheactwad sai d
val i dati ng steps,; d, .denmodul atd ng at | east one of | d.series of OEDM
symbots usi ngoBR ISt RTRNS db PefrecsRAT puBpSL 8'spl Bis 300 Fafibu oF
recited iw Clcgitefin 4t \MAPoreint t& Alhed satietp feafuresedfetit i pigsemnNin@gition) ichidifpofort i M ng
of fset includes the steps of selectj said first, synbol tinmng offset

responsi ve td“%?“&%med‘lmﬂ%ﬁn@?%ﬁ&' ' %W‘F‘%’e‘%ﬂdﬁh‘& ‘ﬁ’ﬁ"?%‘? thg ressivsd d
symbol tim ngyapds &l ést?d?ﬂhin%%eeﬁ&hm of Vi CaRfleS ¥é§b§%nb§)l,r3rﬁﬁer‘ﬂf:t§\§ﬁlf,i .

responsive to a valid second 1o synbol timng offset and an invali

synbol ti m ngangénssite thd BameTinenbee phsathples peesyimbotiati the @ceivenasd avefe gstablished

i ncluding the,step ,0f  developing a third synbol timng offset corresponding
to a conbi nataltﬁlﬁnp()duamr'

15 What is important in the signal processing of the present invention, is that the

symbol timing be preserved at each respective stage thereof. So long as each stage of

processing is based upon a symbol period’s worth, or multiple thereof, of received

samples, it matters not whether this number of samples is below, the same as, or above

the number of symbol samples established at the modulator; symbol timing will always

20 bepreserved. In summary, the foregoing descriptions of the detailed embodiments in no

way limit the possible variations of the received signal sample rate in the present
invention.

Extending this concept further, the preservation of symbol timing throughout

each of the signal processing stages can be achieved under a variety of embodiments of

25  the present invention, not previously described. Again, so long as signal processing is

based upon a symbol period’s worth, or multiple thereof, of samples, then, for instance,

the additive superposition module need not accumulate each sample input thereto.

Every other or every third sample, for example, could be accumulated over a symbol

period. Further, the boundary signal segments accumulated to produce a cumulative

30  signal need not be contiguous; every other or every third segment, for example, could be



of first and second synmbol timng signals respectively representative of
said first and second synbol timng offsets. 15 47. The nethod as recited
in Caim46 wherein said step of selecting an opti nmum synbol timng of fset
further includes the step of selecting said third synbol tjm set
responsive WOU%4¥8 id first synbol tinmng offset, a vali d%@ggﬁ'g%éynbol
timng offset, and a predeterm ned tenporal consistency existing

t her ebet ween. 20 48. The nethod as recitéd in C ai m44 wherein each of said
steps of developing a first synmbol timng offset and of devel oping a second
synbol ti m ngumtifnpesed; srclonglassthe hpproachis cesfsisteatle pppied ¢p 2l iIngomibarbpusdagnal
havi ng a pIuraIitg of .signal peaks representing a synbol boundary position
for each recé’ig%lcf W'synbol in a 2s respective one of said first and

second received sjgombsalrimadueadbdiimeniof it pesenf invegion Yiemd froni ha Ninkag
signal peak detectability of said boundary signal; and establishing a

t enpor al posiadd Gisiintgrchangeable, aatuss,pibatl thsaddisiye superRositionand apatehed filtst | east

one enhanged _si p aj i s

det ect abi i t)?.?dcggg%) 0%%5%?28%@%&%0%?8%% gig?ﬁgmgﬁﬁehﬁo‘g&agd?gg? ted in
d ai m 48 wheseperposiiod irsthe presént @sestivin, sith mgnod a fientetieretherpofs i Thersequendingles t he
steps of filterjng an gnhanced si n?h duced b j‘{d step qf. enhz;nci ng
det ect abi | i H«;aq%e %Y%’Hﬁﬁéo u??rf’ffg?g’ﬁc ﬁ%ﬁe@@gpgprgtﬁgﬁ,uyﬁ%lpe oHlbcting a
maxi mum si gnal g Maahd HgadiptbckisidzaiiRditeNnsded is eahalf RO emBGhiRédE Ni Ng a

tenporal position thereof. 50. The nethod as recited in C aim48 wherein
each of sai do§tthgpresent inyantien,i ingfuding dut inpt peigg dingted dadthe ypeplo (devdlonmeyt

of fsets incl t hest.e | 0 (] -1 M

responsi vt ALtale, BRI RoBpatiisF bl ORANE rhfhulel TP Gl i) Bhalodll ) (i
t enpor al posinddale, grek Felpatbr, pifas@sirsdtarnande fteqixiney hpederator, ealidetigre ddgdio €

successi ve pair, of enhanced, si |. pea ced said ste f enphanci ng
ot ect abi |1 grodste, SRAERR EoRpRHIOE Treule. MM TiRpr s ok afl st cPng 't he
step of develcgRiiRGconstitiiing they fobdbinlgi MbdPesObdnSBY iMAEHGRAPAShEG V&iedN of

addi tive 15 conbination of each of said filtered enhanced signals produced
respecti vel y teshniguesend tesprolegiesdevel oping a first synbol timng of fset and

devel opi ng a Secoqﬂe %YJ&HQE c’éuil 'Ei:qupﬁmeﬁfea'as digital logic in gate arrays, application
specific integrated circuits, field programmable gate arrays such as are provided by
Zilinx Corp., programmable logic arrays and devices, etc.

Alternatively, the modules can be implemented as programs executing on

computer hardware platforms such as custom built or commercially available digital
20  signal processors or microprocessors.

Further, the signal processing modules can be implemented exclusively as
computer program routines that execute on a computer workstation, for applications
including, for example, simulations.

Even further, analog processing can replace digital processing if desired.

25 The overall system of the present invention can be implemented using a virtually
unlimited combination of the foregoing exemplary technologies.

Although this invention has been described in connection with specific forms
and embodiment thereof, it will be appreciated that various modifications other than
those discussed above may be resorted to without departing from the spirit or scope of

30 the invention. For example, functionally equivalent elements may be substituted for



52. The nethod as recited in CaimS 1 wherein the step of selecting an
opti mum syntjol timng offset further includes the step of 20 selecting said
third synbol timng offset responsive to a valid first symbol timng

offset, av ond synbol timng offset, and a predet npor al
consi stencywé)xol /s?ﬁng t her ebet ween. . A@y. A As( A As. A A N%Ewuﬁﬁdz?(“f% A&
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improved signal-to-noise ratio.
5. The system as recited in Claim 4 wherein each said segment has a
15 predetermined temporal length corresponding to an integer multiple of an OFDM
symbol period and includes a signal value at each of a plurality of temporal positions
extending across said temporal length of said segment, said enhancement means
including
means for accumulating each signal value occupying a predetermined
20  position in each segment in said predetermined number thereof to produce a cumulative
signal value for said predetermined position over said predetermined number of
segments; and,
means for forming said cumulative signal, said cumulative signal
including a cumulative signal value in each of said plurality of temporal positions
25  extending across said cumulative signal.
6. The system as recited in Claim 1 wherein said enhancement means includes
a filter for further improving said signal-to-noise ratio of said enhanced

signal peak output from said enhancement means.
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maximum signal magnitude detected in said filtered enhanced signal corresponds to said
temporal position.
15 11. The system as recited in Claim 10 wherein said filter is an infinite impulse
response filter.
12. The system as recited in Claim 10 wherein said system further includes:
means for determining a valid temporal position responsive to a
predetermined temporal correlation between said temporal position and a pair of
20  positions established for a respective successive pair of enhanced signal peaks output
from said enhancement means; and,
wherein said receiver means includes a demodulator for demodulating
said received OFDM symbols responsive to a symbol timing offset derived from a
validated temporal position output from said means for establishing a temporal position.
25 13. A system for recovering a symbol timing offset and carrier frequency error
from an orthogonal frequency division multiplexed (OFDM) signal, comprising:
means for receiving an OFDM modulated signal including a series of
OFDM symbols, each OFDM symbol including a leading portion and a trailing portion
thereof, said leading and trailing portions having substantially equivalent predetermined

30 phases and having temporally weighted amplitudes according to a predetermined
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10" " ! 10%&:s () symbol, each said signal peak being developed responsive to an amphtude and phase
correspondence produced between said leading and trailing portions of each said
received OFDM symbol;
means for enhancing signal peak detectability of said boundary signal,
said enhancement means including a filter for filtering signals produced responsive to
10  said boundary signal, said filter improving a signal-to-noise ratio of each of a plurality
of enhanced signal peaks output from said enhancement means;
means for establishing a temporal position indicative of said symbol
boundary position from at least one of said enhanced signal peaks output from said
enhancement means, said temporal position representing a received OFDM signal
15  symbol timing offset; and,
means for recovering a received OFDM signal carrier frequency error
corresponding to said temporal position.
14. The system as recited in Claim 13 where said peak development means
includes
20 means for forming complex conjugate products between said leading and
trailing portions of each said received OFDM symbol.
15. The system as recited in Claim 14 where said peak development means
includes
means forming a complex conjugate product between said received
25 signal and a delayed replica thereof obtained by delaying said received signal by a
predetermined time, said predetermined time being less than an OFDM symbol period.
16. The system as recited in Claim 13 wherein each said signal peak developed
by said peak development means has an amplitude envelope corresponding to said

predetermined temporal weighting function.
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root raised cosine tapers.
20. The system as recited in Claim 13 wherein said enhancement means further
10  includes
means for additively superimposing a plurality of segments of said
boundary signal developed by said peak development means to further improve said
signal-to-noise ratio of each of said enhanced peaks output from said enhancement
means.

15
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22. The system as recited in Claim 21 wherein each said segment has a
10  predetermined temporal length corresponding to an integer multiple of an OFDM
symbol period and includes a signal value at each of a plurality of temporal positions
extending across said temporal length of said segment, and wherein said additive
superposition means includes
means for accumulating each signal value occupying a predetermined
15  position in each segment of said predetermined number thereof, to produce a cumulative
signal value for said predetermined position over said predetermined number of
segments; and,
means for forming said cumulative signal, said cumulative signal
including a cumulative signal value in each of said plurality of positions extending
20  across said cumulative signal.
23. The system as recited in Claim 13 wherein said means for establishing a
temporal position includes
a filter for filtering an enhanced signal output from said enhancement
means to produce a filtered enhanced signal, whereby a position of a maximum signal
25  magnitude detected in said filtered enhanced signal corresponds to said temporal
position.
24. The system as recited in Claim 23 wherein said filter is an infinite impulse
response filter.

25. The system as recited in Claim 23 wherein said system further includes
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EFdEbC 26. A method for recovering a symbol timing offset and carrier frequency error

from an orthogonal frequency division multiplexed (OFDM) signal, comprising the
10  steps of:
receiving an OFDM modulated signal representing a series of OFDM
symbols, each OFDM symbol including a leading portion and a trailing portion thereof,
said leading and trailing portions having substantially equivalent predetermined phases
and having temporally weighted amplitudes according to a predetermined temporal

15  weighting function;

developing a boundary signal having a plurality of signal peaks
representing a symbol boundary position for each received OFDM symbol, each said
signal peak being developed responsive to an amplitude and phase correspondence
produced between said leading and trailing portions of each said received OFDM

20 symbol;

enhancing signal peak detectability of said boundary signal, said
enhancing step including the step of additively superimposing a plurality of segments of
said boundary signal to improve a signal-to-noise ratio of each of a plurality of
enhanced signal peaks produced by said step of enhancing;

25 establishing a temporal position of said symbol boundary from at least
one of said enhanced signal peaks, said temporal position representing a received
OFDM signal symbol timing offset; and,

recovering a received OFDM signal carrier frequency error

corresponding to said temporal position.
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leading and trailing portions of each said received OFDM symbol to develop said signal

peak, an amplitude envelope of said signal peak corresponding to said predetermined

5 temporal weighting function.

28. The method as recited in Claim 26 wherein said step of enhancing
detectability includes the step of filtering signals to further improve said signal-to-noise
ratio of each of said plurality of said enhanced signal peaks produced by said step of
enhancing.

10 - 29. The method as recited in Claim 28 wherein said step of filtering includes the
step of providing a matched filter having an impulse response matched to an amplitude
envelope of each said signal peak developed in said step of developing.

30. The method as recited in Claim 26 wherein said step of additive
superposition includes the steps of

15 superimposing a predetermined number of segments of said boundary
signal, each of said segments having a signal peak included therein; and,

accumulating superimposed signal levels over said predetermined
number of superimposed segments to produce a cumulative signal having a cumulative
signal peak exhibiting an improved signal-to-noise ratio.

20 31. The method as recited in Claim 26 wherein said step of establishing a
temporal position includes the steps of

filtering an enhanced signal produced by said step of enhancing, to
produce a filtered enhanced signal; and,
detecting a maximum signal magnitude in said filtered enhanced signal

25 and determining a temporal position thereof.

32. The method as recited in Claim 26 further including the step of validating
said temporal position responsive to a predetermined temporal correlation between said

temporal position and a pair of positions established for a respective successive pair of

enhanced signal peaks produced by said step of enhancing detectability.
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10 developing a boundary signal having a plurality of signal peaks

representing a symbol boundary position for each received OFDM symbol, each said
signal peak being developed responsive to an amplitude and phase correspondence
produced between said leading and trailing portions of each said received OFDM
symbol,;

15 enhancing signal peak detectability of said boundary signal, said
enhancing step including the step of matched filtering to improve a signal-to-noise ratio
of each of a plurality of enhanced signal peaks produced by said step of enhancing
detectability;

establishing a temporal position of said symbol boundary from at least
20 one of said enhanced signal peaks, said temporal position representing a received
OFDM signal symbol timing offset; and,
recovering a received OFDM carrier frequency error corresponding to
said temporal position.
35. The method as recited in Claim 34 wherein said step of developing a

25 boundary signal includes the step of forming complex conjugate products between said
leading and trailing portions of each said OFDM symbol to develop said signal peak, an
amplitude envelope of said signal peak corresponding to said predetermined temporal

weighting function.
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receiving means for receiving said OFDM modulated signal of said upper

S

|-
T.-

frequency sideband and providing a first received signal output and said OFDM
modulated signal of said lower frequency sideband and providing a second received
signal output;
first recovery means developing a first symbol timing offset
15  corresponding to OFDM symbols in said first received signal;
second recovery means developing a second symbol timing offset
corresponding to OFDM symbols in said second received signal;
first validating means validating said first symbol timing offset based on
a predetermined temporal consistency thereof;
20 second validating means validating said second symbol timing offset
based on a predetermined temporal consistency thereof;,
selection means selecting an optimum symbol timing offset from said
first and second symbol timing offsets responsive to signals output from said first and
second validating means; and,
25 means for demodulating at least one of said series of OFDM symbols
using said optimum symbol timing offset.
38. The system as recited in Claim 37 wherein said selection means includes
means for selecting said first symbol timing offset responsive to an

output of said first validating means indicative of a valid first symbol timing offset and
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40. The system as recited in Claim 39 wherein said selection means includes
means for selecting said third symbol timing offset responsive to
an output of said first validating means indicative of a valid first symbol
timing offset,
15 an output of said second validating means indicative of a valid second
symbol timing offset, and
a predetermined temporal consistency existing between said first and
second symbol timing offsets.
41. The system as recited in Claim 37 wherein each of said first and second
20  recovery means includes
peak development means for developing a boundary signal having a
plurality of signal peaks representing a symbol boundary position for each received
OFDM symbol in a respective one of said first and second received signals output from
said receiving means;
25 means for enhancing signal peak detectability of said boundary signal;
and
means for establishing a temporal position indicative of a symbol

boundary position from at least one enhanced peak output from said enhancement

mears.
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42. The system as recited in Claim 41 wherein said means for establishing a

temporal position includes

a filter for filtering an enhanced signal output from said enhancement
means to produce a filtered enhanced signal; and,

means for detecting a maximwm signal magnitude in said filtered
enhanced signal and for determining a temporal position thereof.

43. The system as recited in Claim 41 wherein each of said first and second
validation means includes

means for determining a valid first symbol timing offset responsive to a
predetermined temporal correlation between said temporal position and a pair of
positions established for a respective successive pair of enhanced signal peaks output
from said enhancement means.

44. A diversity method for recovering a symbol timing offset and carrier
frequency error from an orthogonal frequency division multiplexed (OFDM) signal,
comprising the steps of:

transmitting an OFDM modulated signal in both an upper and a lower
frequency sideband, each of said sidebands encompassing a plurality of OFDM
modulated frequency carriers and a series of OFDM symbols;

receiving said OFDM modulated signal of said upper frequency sideband
and providing a first received signal output and said OFDM modulated signal of said
lower frequency sideband and providing a second received signal output;

developing a first symbol timing offset corresponding to OFDM symbols
in said first received signal;

developing a second symbol timing offset corresponding to OFDM
symbols in said second received signal;

validating said first symbol timing offset based on a predetermined
temporal consistency thereof;

validating said second symbol timing offset based on a predetermined

temporal consistency thereof;
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15 47. The method as recited in Claim 46 wherein said step of selecting an

optimum symbol timing offset further includes the step of

selecting said third symbol timing offset responsive to a valid first
symbol timing offset, a valid second symbol timing offset, and a predetermined
temporal consistency existing therebetween.

20 48. The method as recited in Claim 44 wherein each of said steps of developing
a first symbol timing offset and of developing a second symbol timing offset includes
the steps of

developing a boundary signal having a plurality of signal peaks
representing a symbol boundary position for each received OFDM symbol in a
25  respective one of said first and second received signals produced by said step of
receiving;
enhancing signal peak detectability of said boundary signal; and
establishing a temporal position indicative of said symbol boundary
position from at least one enhanced signal peak produced by said step of enhancing

30  detectability.
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51. The method as recited in Claim 49 further including the step of
developing a third symbol timing offset corresponding to an additive
15 combination of each of said filtered enhanced signals produced respectively by said
steps of developing a first symbol timing offset and developing a second symbol timing
offset.
52. The method as recited in Claim 51 wherein the step of selecting an optimum
symbol timing offset further includes the step of
20 selecting said third symbol timing offset responsive to a valid first
symbol timing offset, a valid second symbol timing offset, and a predetermined

temporal consistency existing therebetween.



