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THE | NVENTI ON The present invention rel atesg+the field of digital

comuni cations, and nore specifically, is directed to a systemfor
acquiring owobesoseri ng a synbol timng of fset and 5 car ricarushd/sasiency
error froma digitally nodulated, nulti-carrier comruni cations signal. The
system of the present invention is further directed to a diversity system
for recovering a synbol timng offset and carrier frequency error froma
di verse, nulti - ArSYSEEMAND METHOD FORRECOVERINGSYMBOIORIMENG10 In a

di gital comUMOEESEDANIYCARRIERFREQUENTY ERROK 16 ANOFDM DEGTIRAN, zat i on

between the transmtter and APPIOBROABTASTESYSTERIVed before effective
synbol denodul ati on can commence at the receiver. Thus, the prior art in

digital communications is replete with attenpts to devel op systens directed
to the optimal recovery or BASKGROUNDOBHTHEINYENGAONynbol tim ng and
carrier frequency. 15 One sucq: j ided in U S Patent
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SUMVARY OF THE I NVENTION It is an object of the present invention to
provide a systemfor optimally recovering synbol timng ap®NovambeEr003
frequency froma digitally nodulated, multi-carrier signal. 6 Novemnber
2003 3 Particularly, the digitally nodul ated signal is an orthogonal
frequency division nultiplexed (OFDV s?gnal that can include a | arge
nunber of carrier therein. One aspect of the present invention presents a
system for recovering a synbol timng offset and carrier frequency error
froman OFDM signal. The systemincludes a receiver nodule for receiving

t he OFDM nfadingadeothst gigadl infeifefers, ullr efpwhish Roabimstoacaued kigRalodrofold adanbol s.
Each OFDM %/nbol includes a leading portion and a trailing portion thereof.
The | eadi rés‘éﬁﬁaktsr ailing portions have substantially equival ent phases and
have tenporal l i | i i . 1 m.or al
wel ght i g unct ol 3¢ FTF, VA NEE e Hghnd BLLSRHEL SUGnh AT
out put t heFesbiqueTfre GERMENERE Glotat [Tetesmmusicgivab GoafderdeyvESapNewmtYarkdul e

whi ch deve|.q ' ving,a plurality of signal peaks
ARt I & ey e S N RERA TR =
synbol s. Eagiag efnchipizAatigNRthrQRKS: bugst CPDN GRRASMSE BSRIATh¥iRe bviRdhmanR! i t ude
and phase correspondence produced between the | eading and trailing portions
of the recei vedn@mw%)ﬁﬁt%w kiTnd oshertraior fatir acquisitionciysigms, thesiystaml ofethhanci ng
nmodul e th S] . ec Lldty of the bepundary. signal.. The
si gnal en aﬁ%ﬁﬂgﬂ%@z@ glg?e?ﬁlt: %ggémgﬁcisrcg:l%?? f roérﬁeara%qvtefyv%fm 6&??‘9%5‘?%9 a
plurality cafrisdpmmeicy. Thist deinhowappioyctsisgravided ieosdhgsphpptiolisiconggmapdul e
out puts an enhanced, sj ﬂnalh pezilllgI correspondi ng to a predeterm ned nunber of
the pl ur alRTPSFSYPe LechmdResthat, $hen {akisp eltherialonedy dp cempination, dmproye over the. The
system i NGirisdQst, Thedd Ghdl Prodes§ag Mblovi | Sin@ipokindh Gt | ve
of synbol cﬂgoun_dary pOSIEl![li_ oﬂrg ferson’é at b{ozg??&gﬁgélg(?@%?dgﬁ an%%gfbg:sgggﬁ)%peaks
out put fr gapeatiag siggalsl optithiam gir moptehed Uileeringhand dinpisitalselpdsint andrecondpniagent s a
recei ved y |, tim ffset. Acircuit for recovering the received
OFDM si gn%@%&’rﬁ&%%@%@c@“@%r in correspondence with said tenporal

position is al Sublisiddudatent M ppiRatyst WD Ahe7 siqpnal diselbsdIChndigied Wuio
further i [h%l udes, a matched filter for filterjng signals produced responsive
to the bo stingg suftem THE Whith nlyrafities «of digitalle r mpdwlatsd e subycarriers  are

o the ! _ ! _
si gnal - t o-RRkSRtdd ok 4R @%ﬁ@ﬁ@ga@sgﬁ_&ﬁlt&%h&ﬁgﬁggﬁgh él{a?danh{bﬁulate%

Novenber 2003 3a signal enhancing nodule. The nat te as a tenporal
i npul se r €8piEde aneananer) radio chennehpiiowents, publisheshBaterft ApplicetigndVOps s

present i e u r i.gnal nQt.h ject.of the present i.nvention is
the inpr O\r}grzrg?td%? ﬁﬂg d}slsﬁirirzggl E?ttf:%éh(@}eaﬁéf ﬁ ?égﬁﬁlélhnﬁ/ Sggg?ll é’imlﬁ%q?ﬁfsselyt?’@n
process t syochybnizéteonag pedeoets ianligifal audjodloadtasting sysfersel ect i on and

conmbi ning. In the diversity aspect, of th resent inventjon, a diversity
system for rec oﬂ@ré‘j’hﬂwéf‘gs?r?oﬁqt (&i%%@rtdﬁf%%ice%ﬁﬁm&%m iAé’Pil?%qU&&?te@FSr or
from the @5394380na5 6bDQBsABS6ER, IshigaR. 1 4411 439. .
modul at ed sfgnalggl nb88?ﬁbSld?%oigv‘yegrffgg?mzsggggV\%g)’g%{’zgg;?;’%%sggfﬁ% 4 an

upper and #3,926u80; #6.886.682yH# %3 @edhidn #2,BABH6p#3 0B 68T; dhddis le e O8DASS; a

Bynbol s ST B ShE s G S SR ok s B sy b seTng ¢ he
OFDM nodul#a629,6399 B8 428647 ;N5 682076, 520689y 4§ hsiza,b)ﬁﬂdmm,lg

oW @isng g, Tirst
or upper 5 sideband received signal output and the OFDM noduf aied S|lgnal of

the | ower 65 dREC S SR UEBHNIP,SHEB 1 30i506B36; 4BADhACH#5,450e4565 HOSBHAAT;
received g |, @ut e divers.t tem al i udes flrst recover
Cirouit e bdﬁgg”al@rr tzﬁgrﬁapﬁ#&ﬁiﬁ?baﬁggjy}%& %i“r@?ﬁaﬁoffé&g’ Y

cor r espondf3(ng0;2y9OFDM synbol s in the first
SUMMARY OF THE INVENTION

It is an object of the present invention to provide a system for optimally recovering

symbol timing and carrier frequency from a digitally modulated, multi-carrier signal.




received signal, and a second recovery circuit for devel oping a second or

| ower sideband to synbol timng offset corresponding to OsDidvenbboP803 n t he
second received signal. Further, the diversity systemincludes a first
validation circuit for validating the first synmbol timng offset based on a
predet erm ned tenporal consistency thereof, and a second validating circuit
val i dating said second synbol timng of¥set based on a predeternined
tenporal consistency thereof. 15 Still further, the diversity system
includes a selection circuit for selecting an opti num synbol timng of fset
from t he fRardeularh decdigitally nivodulatedi signadf fss et sontlergooals ifrequensys iiyisadrs

out put fr . i . S nd val i,dat | circuit and,a denodul at or
ci rgui t fgﬂ%@ﬁ%‘%F@ﬁli)%g%égcngﬁggts“tandﬁ%u% ap gy eéﬁ%?”’%ﬁﬁe&nbol s using
the optinum synbmd adpeol sfthepieseit. indéhtidnfpiédehBra %@féﬁ?for%qdv’éﬂngh fbol Y
systemincludes a circuit for developing a third or conbined synbol timng
of f set cortiBEg At RNd arrier denguenetarens fem pn QIDM sienab dhedystemi ingudésymal s
respectiv : i g | tim of fset s;
ind o ci ¥ acre v FapGaRPER etk by DIMhoBIReF SR WRKIS relr b R T
| ural ity ssfiecadFDMospahbadlsHath OFMIspmbabinBlRtiésa [SaSHaRpBH coNndR (fifng
ICIZ))F\’AWNGSyFI 1 i hi cal representation of the OFDM sjgnal in the
. a i gr aphi ca {
frequency RESHHL fher ?thel °Brs and @ﬁagﬁ‘ﬁl wml}sel&"ésséf’ﬁt%qaaﬁ cgpivelsBt BsRA si gnal
in the ti maddRRI fempotdlly Weidhbed® afipARINCS Blocdr@RizCRL AL Bleli@Brmhed NEMBOAI Ugat €
product signal peaks 30 representing synbol boundaries; 6 Novenber 2003
WO 001497 8¥eightpgrfustion.07be 2eiGr module spravigesphiasaived | sigrad rtatdnoouipit t he
ah
conj ugate [products multiplied by respective anplitude tapers; FIG 2 is a
partial bl oc& diagramillustrating the front end portion of the present

I nvention; 5 FlThe $siem alsklimbidesiaaggrapedk devilopsienedagdicnmiith abvdlfi a
invention; FIG 4 is a block diagram of a

nt ol dul h . . .
cotona entBUPREA I PRB0E BERLY o1 SENRhIEAH TepRsCRits 8 DAl bagn FIG

( r - ! St of the
5 is a bl qukitidhaor &ich of 1R d &é\?é& (ggfg%é Wols, ®ach BPth%i%%;laF#etakgﬁ d@glgk;gd

- 10 present invention;, FIGS 6a, are grap epresen rons of
synbol ti rrespyniye to e asepliudiesrsl plase wormesndencefproducegrieseedn thaventingn;

FI GS. 7a, , .7d are graphi epresentations illustrating the
signal pr o%gégalzlﬁléapp%g??lgroié@e%ﬁe'?%deﬁﬁb&ﬁpg?ﬁnventi on; and, 15 FIG 8 is a
bl ock di agram rEer eseni ifinther Hecldési sisiphal edadcing! B6du1o Thdt Qihendel Qgdeal

peak detectability of the boundary signal. The signal enhancing module includes a

circuit for additively superimposing a plurality of segments of the boundary signal.
The signal enhancing module outputs an enhanced signal peak corresponding to a
predetermined number of the plurality of segments and having an improved signal-to-
noise ratio.

The system includes a circuit for establishing a temporal position indicative of
symbol boundary position from at least one of the enhanced signal peaks output from
the signal enhancing module. The temporal position represents a received OFDM
symbol timing offset.

A circuit for recovering the received OFDM signal carrier frequency error in
correspondence with said temporal position is also included in the system.

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 me enhanced signal peaks output from the



for the diversity conbining |ogic nodule of the third enbodi nent (FIG 5)
of the present invention. DESCRI PTION OF THE PREFERRED ENBMdvbiRbES2 M08 a

di gital commrunication transn ssion-reception schene wherein a series of 20
digitally nodulated information carrying signals are transmtted to a
recei ver whereat denodul ation of the synbols is to occur in order to
recover the information conveyed therelBs the receiver denodul ator can
achi eve successful and opti num denodul ati on of the synmbols only if the
transmtted synbol timng and phase/frequency are ascertainable at the
recei ver. signabentpnéiog noduku@he mathed fifted haderrosipbrat ingpulas resfmse arehvé b
synbol s, ég the.rﬁceiv r st acquire or rec,ov%r the recei ved synbol timng
and carri éPc pRRULAS PR thesgnnl ge eShntipethe owdagy signaled by t he
denodul ati on pr . i SRl i erqh% Ak een
recovered at th%ﬁﬁgir&bggfsgg\lgqfﬁéﬁgg?t er tlﬁtg{ de %Iul atn{tgﬁqiggq}?ﬁghg}ﬁ%%l has
begun, syrisdl frequeneiy camigr @aquisition fprecpse Mapughathd epplicative dfbsigna ydivdrsity
servol oop | d to i.ntain.the integrit f. the denpdul ation, 30 .
process. ﬁ?gcgérls %CSP@P%?I'PJ@? Lfﬁ‘éerf’lh' ?W&C%Pgéf&nl’feﬁ‘ﬂgéﬂﬁ%lﬁni 2 {iYgEit ed to
the 6 Nowsteheor 26t LQGhbRT Biy FEEt ARDQIR4A0BRukhA r¥rdr@ theQdFBMBETr | €S
of digitally npdul ated synmbols to a receiver whereat denodul ati on of the
synbol s i signgl Beldes a fyapsanifier for ransapifting an{aFRYkmedylpted sigmabindodnt i nvent i on
is directed to the acquisition of received synbol timng offset and carrier
phase/frequency error so that effective denodul ati on and subsequent
tracking of synbol 5 timng and carrier frequency can commence. The system
and nmethod for acquiring or recovering synbol timng offset and frequency
error in the present invention is particularly well suited to an
environment wherein the transmtter transmts and the receiver receives an
ort hogonal frequency division nultiplexed (OFDM signal. Referring to Fig.
|l a, the OFDM signal used in the 10 present invention is characterized as a
mul ti-frequency carrier signal conprising the plurality of equidistantly
spaced sub-carriers f 1-fn. Adjacent sub-carriers, such as f | and f2, are
separated each fromthe other by a predeterm ned frequency increnment such

t hat adj acent sub-carriers are orthogonal, each to the other. By
orthogonal, it is meant that when properly Nyquist weighted, the
subcarriers exhibit no crosstalk. In one hybrid 15 system i ncorporating the
instant invention and using both digital and anal og transm ssi on channel s,
there are 191 carriers in each sideband with a 70 kHz bandw dth for each
sideband. In one all digital inplenentation of the instant invention there
are 267 carriers in each sideband with a 97 kHz bandw dth for each

si deband. Referring to Fig. Ib, in the tinme donmain, each OFDM synbol 5 has
an effective 20 synbol period or tenporal width T, and a full synbol period
T(err) . The OFDM subcarrier orthogonality requirenent. creates a
functional interdependency between the effective synbol period T and the
frequency spaci ng between adjacent OFDM subcarriers. Specifically, the
frequency separation between adjacent subcarriers is constrained to be

equi valent to the inverse of the effective synbol period T of each OFDM
synbol 5. 25 That is, the frequency separation is equal to 1/T. Turning
again to Fig. 1 b, extending across the effective synbol period T of each
OFDM synbol 5 are a predeterm ned nunber N of equidistantly spaced tenporal
synbol sanmples (not shown in the Figure). Further, extending across the
full period T(err) of each OFDM synbol 5 are a predeterm ned nunber NQ = N(
1 +a) of equidistantly



30 spaced tenporal synbol sanples. As will be described subsequently in

t hi s discl osure, 6 Novenber 2003 WO 001 49782 7 PCTI USO0s(NdVembear 2603 he
anplitude tapering factor for the synbol, and can be considered here as a
fractional nmultiplier. Even further, predeterm ned anplitude-tine profile
or envelope I 0,15,20 is inposed upon the signal |evels of these sanples.
This anpl i twWoe/8% i | e i ncl udes synmetrical ly ascendi ng I/ E$8YMERdi ng
anplitude tapers 10,1 S at the leading 5 portion and trailing portion of
each synbol 5, respectively, and a relatively flat anplitude profile 20
extendi ng therebetween. These rounded or tapered edges provided in the tinme
domai n ser vean wppsid@tadbiverctrdqyeric dideband N dhact sfxhe Sidébafidy dnodiapRB aHBNalith t he
frequency donmmin, to thus provide a nore spectrally efficient OFDM signal .
Al t hough theOﬁQﬁﬁMgméﬁbﬁedd%ﬂP%Ha&ﬂaﬁa%‘yWS@”%F@ #4mbeleyond the ef fective
synbol period T, |t J s AL J he
frequency domain T?“I%i ‘g?’érpg?9@%&%‘“@‘%&?%@3@?@%oiﬁ’gq%%%ﬁ ﬁflﬁ’g?h{[apers
10,1 S of symbdilated fighhlood theNympei $tequency sidebabd omidnprovidingr a4 rfgstf eneppeon. More

specifically,.,orthogonal ity, i S maintai in.the prese i,nvention through
P conbi nat i ofiedpnd GERNA ot R G R nbglinB BaRR BF g iV sabey) o
transmtted syebasd sndpicvidedQtisedond seldwensidebandRtdveddignal dulhitng of recei ved
synbol s. 15 'The | eading and -trailing portions of OFDM synbol S share an
addi tional i npor tHitdivesaty wyaemplsedngfudes gelirgt recoveny cimevif fordewloping afird s

ext endi ng ac ' 1 f ' enpor al
duration aT, 5'?:‘33’5; Qg%dg{? cg?\#%l P@ﬁl}é gffaeglcgmﬁ%cg%é;goggﬁﬁ%@g ﬂx:tﬁe g%bol
sanpl es ext eredé¢ingl sigial) asd 4 $eeond racdveryginouit far devetdpin@ravtangdrp ddwes sidebindh al so

has a tenporal .duratio T. Not e..agai that. a is the, amlitude tapering
factor 1ot AEE) fiftne Shl ForamoRiie B Qo spbole Pubd ons Eifyed mnl.

nul tiplier. As W kirhbe tibefivdréiadstomrifclidek la\firfiSaRdafion thafefoP vaRRLIRY tHened
anpl i tude andwghase properties inherent in the leading and trailin
portions of fiFsbsyorpl/

imingaifseldrasedn gopredesgrmine Jempora gonsigignesy ﬁerqoﬁ@ng &pering

- of sanmple a I kot : \ id i 1 OE-DM
synbol and Fﬁégb‘g&;(&?@gh@%t&gﬂggﬁda ngk erl;t)ae{():?r,k g@ﬁ%ﬁ%@zﬁ%ﬁgﬁﬁgﬂpl%i ted

i n'the syst epredéterintimedderbparaliconsistency ithexeoif.n order to efficiently acquire OFDM

synbol tipm ng and,f en i.n the recei.ver, so fhat t.he.depmodul.ation of

the synbd? can cottiLATHER il AlgSaE stiers aihiaee B olehltn PP SR 8" e

synbol used bptihiiie dyfidopriatieg toffsétv f6ini M, fifshand yset@id §ydibol eoningr 6M@tsSy St em

timng in the present invention iis 30 nQw de;cri bed. Referring to Fig. 2,

the digital ESPOASIYECa: fignnly puRYt ey By fist @pd ssepnd rlidating sissuitsoand o

001 49782 8 P%M&r‘lﬂ@ﬁ?fo’iﬁéﬁ:@dﬁl&ﬂx&a@%ﬂ%ﬁ@l@ﬂhe L6 8F OPPM §ipidtiasin OFDM

nodul at or nodul e 25 for generating DM nodul ated transmt signal 30 at an

out put t her e8fe optimumsymboktiming affsef.ed t o OFDM si gnal receiver 150 for

genor at oby PO AR after AR B Schihin AT R Tk Al | one

shown i n Fi ger cdmiEinaingynibobtiming affssiceariegbngding \to @ wompinafidradf fist ardrdsbbnd
nodul at or 25 .generates a serjes of OEDM ol's as, sh n Fig. 1 b,
Toch ot Cuie o e e e el BB Rt O e o Sec B, S GBSl s

NQ and a circuit for selecting the third symbol timing offset responsive to a plurality of

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. Ic is a graphical representation of the conjugate product signal peaks

30  representing symbol boundaries;



corresponding to full synbol period T~, wherein the first aN sanples and
the last aN sanpl es of each synbol are tapered and have egNalemnber2093 To
facilitate further 1o discussion of symbol signal processing, it will be
assunmed that the predeterm ned nunber Na of tenporal sanples extending
across each full synbol period TQis 1080, that the predeterm ned nunmber N
of tenporaW&edTRs ext endi ng across each effective synmb8FCTYEIHAW2T | s
1024, and that the nunmber of sanples in each of the first aN sanpl es and

| ast aN sanples is 56, however, these va ues are nerely exenplary and may
be 15 varied in accordance with systemrequirenments. Note further that
information sourpgs. 4Q B 8\drélscal AIREERIN 6N tifel tel Sroduttd BRMp); DM
modul at or 35, which infor\r/rdh??%cn signals are n%ggt e% onto C]!:tlﬁsﬂlegy%ol s in
si gnal 30. Cyspaetive amelipde tapegtial 30 is transnitted to OFDM signal receiver 1
SO by any nechanj oy (T i ri C i cation
systens. For 20 E@%g?gngrgﬁ%mt sslug@rl] %Olét}r?alggg%ﬁl%\%}m&epgg%}épan

anal og si gnadventionr adi o frequency signal such as an audi o broadcast signal,

or alternatively nb vided even a di gi tal base band signal. The
physi cal °medi umFﬁg%tlﬁ?g‘?ggg\ﬁﬁﬁWfﬁ ’{efﬂaﬂmﬁ’ggi“?eé‘g?étgﬁg‘i‘ﬂﬂslt@ﬂ “E%lﬁfe the

at mospher i € o3t ifi@htionM r el i ne, or otherwise. Alternatively, transmt
signal 30 can be_a conputer generated signal suitable for sinulation

pur poses, that iEIG.4 ig8 blasksiageam gemeacendembyidiment of thg mcquisitionmodileof ed

bet ween sof ram nodul es, as between a conputer program based OFDM
nodul at or no a Conput er program based OFDM si gnal receiver nodul e.
None of the foregni.ids ¥ blotlkatiagram «ffaftkied erhboelimehv afthe gepisstioappdduladfiten of t he
system architecture and techni ques of the present invention to provide O-DM
synbol t1Pni REFSHRIWEMICIG frequency error acquisition. 6 November 2003 WD
001 49782 9 PCT/ UBSN @4 M an@lderd §rapiehl repddseitons6f !;y;?ntfo?ﬁﬁhlget@r ¥ peliOM
signal receiver 150 which includes a front-end recéiver nodul e, not shown,
as i s known develapmenpmpdule of the prgpapt itvemdions ui t abl y accormmodat es t he net hod
and' nedi um of t } S$}.0 n [ I | heation. .ln.th

enbodi ment of i B0, 7% ba s S8 7 YapBBN RSOBIR nha il k didedf
si gnal 45 t @rdchsingpetfornid bynhkd mesehtindéntiph;aindconverter (A/ D) 50. AI D 50

sanples or digit] anal og received signal] 50. 1 nput %gﬁret t.0. produce a
signal af an out Efﬁsgt‘ﬁé‘ﬁ’é‘l??‘ W??F?fﬁm‘é?gi‘? ?"é’és“’(?gl%’ﬂ @W"ﬁ?%‘ﬁgﬁcg%\rrpl es.
The signal gampeafivesify BIhiBy lbgic trictuleCaf theCRITPlctbodiaid il EF1GC tsY A |the
conprises a pair of signal sanples including a "real"” sanple and an

"i magi nary" PS@Pﬂili@’,enm-ch is sanpled in quadrature to the real 10 sanple.

The sampled signal i spReriipTioN el YREFERREPIMBODIAENTS whi ch has 2
passband frequency r T T f subcarriers
fl-fn present inlt hdligieteonmmuniGRioN tsingmission-Recpionesdhepenpheginsi spnigs 060,
havi ng bgen samml ed .and .f.iltered, is.next frequenc orrected by frequency
correct i2§n cﬁ%‘%ﬁ}’ gnogp aEFSd ogmagtion °aﬁrﬁg‘grség§’ﬁfstqr?1gaqu’gtéﬁgietﬂ&rei%veé o‘%/}}eé ed
signal is themotilionCsirthe inttsbldig th iobiud Gn 6f¥ef RCietdVdr theliffoirhatioh coRvbyb® 70.

The frequency and tine corrected signal output by tine correction circuit
70 feeds t hdhsrehyutherepetyeragrersinlatngcat ashieve gudrpssiih apbortimnnn demoduiption o quency

and time corgeghfisToRRaE HRArafbmiRed syt limidpSin@ pRase/frequency are ascertainable

at the receiver. Thus, prior to such successful demodulation of the received symbols,

)

rgse rixcf
€, and

25 the receiver must acquire or recover the received symbol timing and -carrier
phase/frequency, both of which are to be utilized by the demodulation process. Once
received symbol timing and frequency have been recovered at the receiver and thereafter
the demodulation of the symbol has begun, symbol timing and carrier frequency can be
tracked by way of a servoloop in order to maintain the integrity of the demodulation

30 process. The system or architecture in the present invention is directed to the



Recei ved conplex signal 60 is additionally routed to the input of
acquisition 20 nodule 75, which is the subject of the presmoterhbareatoson.
Acqui sition nodul e 75 acquires or recovers OFDM synbol tim ng offset or
error and carrier frequency offset or error fromthe recei ved OFDM synbol s
as represented in received conpl ex signal 60, thus providing synbol timng
of fset Ot awmolowsars2 er frequency offset ef as inputs to tiRGIEI@B062ect i on
circuit 70 and frequency correction circuit 65, respectively. 25

Acqui sition nodule 75 further devel ops agquisition status signal 80 which
is provided as an input to control and tracking nodule 85. Control and
tracki ng no t t] | at Qr Q Vi

denodul at or %ﬁ?%r?%?géﬁeﬁ%@&ﬁﬁl& hgﬁ‘gg{e? gsgﬁgﬁigé ?r&bgluf‘gecgggf v:ilahr?re('fl})ncert
with the tiriemgdufiticnedf thesinitrobsois dmogeuer Mure partsilatbgl thehsysteinan e prespnt Si ti on

nodul e 75, perm.ts, the agcurate recovery of overal| synbol 30 tim png and
carrier fredBEHER b%/d'f%f-f’ﬁ@éﬁﬁ PeMsoD, 0 rec%quovgﬁ:nglmé%g%f%agmcm 2 10
PCT/ US00/ 04QfagseRedq@érc @fort 9 thit @ffective dBmadulldtiof land® SibRsjubRackihg BEGHiE L i ON

modul e 75, received conplex signal 60 is provided to the input of peak
devel opmént tiriag prd crinier figaieasy gAnEPMENERCE: he first stage of signal processing

for acquiring th | thm . Of receiyve DM si gnal . . Peak
devel opnent noduﬁ“gg%%&aé%}%%%g d%ﬁgﬁ#{}fg‘#ﬁ@?ﬁ’ﬁgﬁ“ﬁ?&’q@ﬁfm 3 OOEF’?SH?

t her eof , whifedquéirg edropinithalprésyntdfhiventiondd patiailslyt Well evited 6@ ensir@iiadnt peak
representing a received synbol bpu%{% osition, for each recei ved OFDM
symbol repr ¥EriRdhs Hansaulisr fegsity CoSIYES FECei V5 3 aethggonsl Sisawiney nodul e
110. Since t 8n & AROM) SRR S RBferrnRGS Fige th, e tiah Q?éh@ﬂ@s’é : itions,
their tenporgﬁgggguﬁﬁgérﬁdpare [ n_dlgcati ve 0 re}céei‘jaﬁed synl‘\go t m%gp@?'fset.
More speld f ipsesentyinvesitiopds chasaqterized wa e multi-fraquancy darrier isiginaloconagyisingr the

know edge of t 261 y /ol [ ositinon such a
position is R‘%’?‘ﬁ?éf#@“@%‘su m“;\g&l 5?‘5 g‘?[gl&a\fﬁ?a? ﬂ/;ﬁ’ cf&gg'? %r@%ﬁ%%aerﬁgr& %ucﬁeaéeflf ver
processing tanddpeiraseparated @uchsfirarn the atbatblyer pé&deceaminbd frefuacy eremerbaicht i mi ng

offset t tha e>éists between thig aprjori and the true, received
orfhggonel;

assunpt |
synbol b.ou.not s Bﬁ%‘}tts}"b'f;ﬁm‘frﬁ&? i §2¢he tﬁ%g&”’v y Pﬁh‘?gé'&}vﬁﬂs AWt r ack
symbol ti m Nfat wien pfopdRy Ry QRtREEIHR, the SarrRAAKAIbI B R3RAKT MWoddtiMiay nbol
boundari es, peak devel opnent nodul e 110 exploits the predeterm ned
anpl i t udés t agysiemn dncarpgratigai thyl instanb Haveation owdr vsieg . bathyhdigigalt andy anhlegl eadi ng
and trailing PB L I L } .conpl ex
conj ugate nu |%fs;‘;l§§§%ar9&gr§’o %?:'Eilgclglrl\g o r%gg@ c@égﬁmagigg ‘Eﬂ{eé Zﬁﬂ?gﬁ%‘y‘%‘?}% e and
t he sanpl e pioeeslisidgbartd. Hyn oNe sl riditab imBernéntgiondd chesinsthuntr imeahtido theed ween t he
first aN sanpl.es and the Last aN.s s, in each s 0, roduce a signal
peak corresg% dRHE8 © %&E%‘%@%ﬁnﬁ?g@ﬁ@@h@rﬁ%ﬂgéﬁfﬂ@ate products so
formed. Mat hemat i Refértiig td Fig. b0 it itigie dotain) €ach @EDM &y Rbelr PEHEGheffedtive
represented as follows. Let D(t he received OFDM signal, and | et

d
Ta =(1+a¥or o@fﬁ&obméormpoakmﬁﬁ%%faefahfﬁ?wﬁe@ﬁd ber Ths O wbearsier 5 ¢ he
CFDM channel ﬁﬁg&@g ?@qir&nér@ chedfes 2ofARIhI MERhARBAd S AN BE JiRbtivene
gnal pea | 130

synbol . The si S 1n boundary signa appear as a trairn of pul ses
or signal pessol petibrk Tcond dlafreqyeney spacingobet®éen) adjagent OFDMssubcardegsl t of

th D i T taoar i spcigobetita) ad FDMssul X
7 L S, S B i £
si ne-wave angjuivaliie iR fihverseodt tht effédivensgabol(petiod T ofeack IOFIIMLsytndd) 3., for

O< t 5 aT, and. 6 Novenber 2003,
25  That is, the frequency separation is equal to 1/T.

Turning again to Fig. 1b, extending across the effective symbol period T of each
OFDM symbol 5 are a predetermined number N of equidistantly spaced temporal
symbol samples (not shown in the Figure). Further, extending across the full period T,
of each OFDM symbol 5 are a predetermined number N, = N(1+a) of equidistantly

30 spaced temporal symbol samples. As will be described subsequently in this disclosure,



WO 001 49782 w(t) _ { O, otherwi se PCTNS00104062 Further, the periodicity of
signal 130, that is, the period of the train of signal pdaNevenliser2803
Referring to Fig. 1 ¢, the train of signal peaks included in boundary
signal 5 130 has anplitude envel ope w(t) and the peaks are spaced by a
period of TQ. Referring to Fig. 1 d, the product of the overl apping

| eadi ng anwota0a$™t ng portion anplitude tapers 10,15 nul t PEI/P8%/04462 squar ed
magni tudes in the conjugate products, resulting in the half sine-wave, w(t)
whi ch has a durational width aT correspagnding to aN sanpl es. Returning
again to Figure 3, for each signal sanple input to peak devel opnent to

nodul e 110, ¢0ReihRraehikaide IRERLE factorOfel et sybdbBNand Ichi B icBhsiderédChiré ad 45
representi ng a conj ugate product between that input sanple and a

pr edecessor fractioptlanulpplicsd Eves firfhien predetermnined amplivdptiog psofilp wgsnelapevel oper

120 produce i ts. l.ex.conj ugat e of ch_1nput sanppl e,
whi ch out pu? 0’?§S’de?sol\5n31§%e§%£§£gﬁ%%§ﬁ%l} vegso&?r%'? isﬁnpga?' i@'@ m’fﬂ@“‘%’o‘?{fﬁ%at e
sanpl es at inoludesatyhpuetricalle asehding hridedbs@@ding ainplifade cipba)iods bbthedeuding out put
fromdelay circuit 115 In this way corr;a)i/gx conj ugate products are forned

bet ween £ hePPréigRiapd Jralling, apriign ofnefich gymb d "EBRAtVER: Refetatypallied by
del aying t hﬁm%ﬂﬁ@é MBHle20RBhdiRY tHRYebbfvReR " BItkeS RIufAdIEH tipef® e géésﬂr&gdéae' ay

circuit 115. Referring to Fig. 6, relevant synbol timng fof pea
devel opnent imthduinee darpain senve [te substantially ridyce Wulesiznblecsidslobe cosrgedntlieve OFDM

synbols 1 and 2 provi t the.input 20 to.peak.d nen ul e 110.
Fig. 6b ill ﬁggt},e ?yeé)m?%g’q%g}“g)%od' l(i/eei{r) Pon: ecg?ll&%eggégi}%sxgna&ng?@o@ out put
from del ay €ierfallisymBdlperibd §, FeymbslrEeadids befmd Shgefdctipeaimishe peliciped f or
each correspondi nq, sgt of Nﬁ? N( 1+agﬁ product sanpl es }whi_ch . n one worKking
enbodi meft EBBRACBAITHIEMEEHANIBLN Sytheartiqrs i, ther fregneney) domaik Figellds pPloduced
responsi ve ténbbmicd s b8 beaiptithddth &@io,@oﬂﬁmﬁ?ﬁm&g@% Jmsysg?ﬁk&na' of

Fig. 6a and the 25 del ayed version thereo Fig. B specific
exanpl e, if codine tapariag fenttiorDMosy siseifically, iogbogbaality iy meiptaingd in thegesent080

signal samples...a S I at h of the leadin nd .trailing
ortone. of "R bkt BbhRRNRN SR 1Bl i datng JaEirEIE! AIRRR HRRRL 1Y, 050
sanpl e OFDMo$ytirimiittedispmbols andue@akratbed edsireimidhedfittering of téteivel eymbodppears a 30
correspondi ng set, of 1080 produyct sappl es jin boundary sjgnal 130, 1n this
exanpl e,1> 6 Novi%é?ad@éoﬁﬁv@*gmmvmw%%&m‘a&_ﬁzhﬂe@ya Hoogh ¢ 115
imparts a 1GRforial fafhd | amels! a6 M9t [NaDFIRACHmbBI RingplésBidnding 4Bdsh iiRd 1 er 125

is multiplied by its predecéessor 1024 sanpl es away. The signal peak so

devel oped f deadimgcportion rofsPBRN symbelt 5ofwhigdhgbasp pottmporal dusation ednpavses onl y
56 conj ugat ]RE Q 3 e i S : of each
correspondi %‘6 g@%%ﬁ&%ﬁ%%&%é??%ﬁ%%t aﬁosga%gﬁ%%&él%aéﬁd%gm%ﬁ%ﬁg}?ﬁ ed in
any nunber odailingpsrtiaa of ORDMasynttiod 5 cwhiclesipold anenpdralt dueion iofTe Ni@aadaing and
trailing portions of each synbol ,are exploited in the manner previously
eocr | bl et o1 5 Qe Aras JAETOE PRI e ST 20 €50 O g userd B each
sanpl e as i tfragfidral afdtipher.t P&t wilPbe RRSRILER MU fblly: héreid! AbdE tpredetermined

amplitude and phase properties inherent in the leading and trailing portions of the

OFDM symbol of the present invention, namely, the tapering of sample amplitudes in

the leading and trailing portions of each OFDM symbol and the equivalent phases

25  thereof, are advantageously exploited in the system of the subject invention in order to

efficiently acquire OFDM symbol timing and frequency in the receiver, so that 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



10 sanple is provided at the output thereof. Alternatively, a plurality of
sanpl es may be stored, such as in vector form thus creaté Ngvenbere2tt03sanpl e
vectors and del ayed sanpl e vectors, which vectors can be input to a vector
multiplier to formvector product sanples at an output thereof.

Al ternatively, the peak devel opnent nodul e can be inplenented to operate on
cont i nuous W@0am8782t han sanpl ed di screte tinme signals. 15PEEMEWEM062i n such
an approach, it would be desirable that input received signal 60 also be a
continuous rather than a sanpled signal.gldeally, boundary signal 130 has
easily identifiable signal peaks therein, as illustrated in Figs. Ic and
6c, however syitém b iptesent Gvehiticl ifiélades R TFDM modilhisrhlodulk DYt deRgaiphabl e
fromthe undesired noisy products of sanples |lying in adjacent 20 synbols.
Si nce peak Wdﬁﬁ@mte%mt sigoal cHh et AL antpyt é@ﬁeﬁfs Whieh irc transydttede ton
sanpl es ext A0 A . r L A cessar,.sanplhes

del ayed there ggn$3%%3%%3§€q§?éﬁgﬁbﬁggmiﬁgﬁggggq%bgﬁﬁﬁg§§§g§mg?§ﬁ@b‘peaks
as wel | as tORDMdraaymit cighalgidt genprated byt GFDNManodulator(l Seconfdims fto Kiset OBDM 56)

les i |, i ndeed, mul ti plied i ngt .the.last aN sanpl
Cherei . o PRLERR eI A PLd Signdt BLdR il Bbet woionh: o bt bon
However, t heORINBhdiulor/ds (gedddAdd a SHOPOEOFBMEyAMbIs 5P SEwWASREFLRS ib,Na

npl es
fromthe adjacent synbol responsive to the delay inparted thereto %f; del ay
circuit 115 of Swhicli gpmpmises Phpredetgmeingd onmber ofictanperabrsyaibelt sathples Nhe

effect of fi]ll] i (o ne_occurrences, of the desire i gnal
peaks. An | ool RO Sy EbRRR, o R RES RSO S eE i Pt o rom
si gnal pr odusemples of eacte sybli aig tipersdeamichdve cjgalt plRasdseVEb fadilitafe ftheoi Sy
products pr?{@ﬁ%nt'i n {he h%gulnd ry signal, T_ﬂus, noi%}/ product s 6 Novenber
2003 Wo Yol sion o BTSN IERa s BB L BsPOnth Asured dobithe pedgteguined

CONPI i S1NG, rufibetNABP\epolt 5L SRkrdiig a8 GAK Rl nbof AoRCT ARPIGRG! DI €.
Fig. 7a graphically illustrates boundary signal 13 .correspoﬁ‘dl ng to an
OFDM si gnal that thopedeiermined sumbpeNyof 4smporal semplep exterdingacrese eacnéféactivg

- sanpl es and i NeH i L NG, Ll.e the Y- axi arresponds to
sanpl e anpl is# ﬁlg{)alfb%%%?; 1{1@(38’?%!&?‘&6%{%“%"%%%?5 mesclg ﬁ%q‘eg{“%e?%ﬁé?ﬁisgméf’gphed
since the i madilasaodN papldsan S6sh®iveved, aliest Relnes fe nfdréekempladyeandasdy’ BHI e

si gnal peak, Qﬁsent et ween sanpl es, 2400 and 2500, is obscured by the

af or ement’i orf@UehiiASEPrAGRWER SYSI9Th TeqBIFR TGN NP Yrberghatdefprmeation seyres 40

af or ement i onRevidssGeféRhatital Sghalsto MAURBATOf DN HERAatd3Ss, vitdcH RifsimaliG | ved

fromother sources well known in the art of digital conmunications. Such

noi se is i npignals@ramodulptedonihQFDNLsyimbglsin siprad 300 on t her eof through the
at nosphere by sc i ; I1- a i i i ferences.
The front-end of Q%Ftrllgwrt%gsél?l\%ilrghgljségﬁ &ggééqg%?g}eﬁtﬁlgwf‘ﬂgnaz ir%g§ ' Il%tﬁéé’c%ent
si gnal pr ocegsehagsms tad)gsough ankenedives kudwn invpgiot A commenidatitincysens. For 15

art) to,co t th reciatin ect ,of th forenentioned, noise with
P pect 1% (g BFDRR SRR Sidak a0 T o8 prindo af R crels o Eiah Sy
speci fi cal | yreqhéncly signalvsuch € afiiagdial broadomt Signilabi MtcPativelp, SinMBAproRAek s

present in boundary si gnal 130. Signhal enhancing nodul e 135 is provided at
the out put &P’“b%%ﬂ(a‘_a@} pssiradheienabdThephysical regdimissivhioygl which signaldd isecond
stage si onaluARies oAb oo Yprill AWhéifhe, ofheriiss! ARkl MRl
enhancing circuit 1s an additive guperp05|t|on circuit or moddle 140 and

t he second siigngk3Qerncheci qotnpoter genetatddssignahsitatie forfsichulationphfposes; that deal at t he
out put of. t fl e.en cing circuit,. Additive superposition circuit
140 addi %Sl vgﬁ%? Pg‘ﬁeg ?HTC%%SS’ "agt%%}rlse@%%cagee%ber%%g?hﬁm ?f%ﬁﬂ'?mﬁggﬁ% *nd

thei r surr ousetieeg anoinpytepprogratitased OF BMhAcutatcringiale, RRIPKcoMpuEe prigtaRi | i ty

by i ncreasi t ignal -to-noise rati Q. of the signal peaks in boundar
y r-lbg‘)isedh %F%IV(I:J s?gnal recé]lver module. None of the for%going F\)/au'iations affect the Y

advantageous application of the system architecture and techniques of the present

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



signal 130. To'inplenment this process of additive superposition, a
predet er m ned nunber of consecutive segnents of boundary &Ngwerhber200ar e
first superinposed or overlapped in time. Each of these superinposed
segnents conprises a synbol period' s worth of conjugate product sanples as
are output from peak devel opnment nodul e 110, 30 and includes a desired

si gnal pealwswamanded by undesired noi sy product sanpl e®CT/USE/MER enber
2003 WO 001 49782 PCTNS00/ 04062 14 After the predeterm ned nunber or bl ock
of signal segnments have been time overl apped, the product sanples occupying
a predeterm ned tenporal position in the superinposed set of segnents are
accunul ated to f QPOM s igndle36 10 Rakive® B! GFDAN sifba trefiver 856 Wil d
position. In this way, a cunulative signal Ts developeé conprising a 5
cunul ative dhajudss adigntend reesivepmerulefnot showmy esde keown indhbe prompiteandoshichi ons
extendi ng a th I. IF0.0, ndar.y sicgnal .se nts..|f, for

exanpl e, 32055:1%?1%' gaﬁgol??{ (gd;aueﬁg%r @’g‘gf"g%ﬁ‘g’g&e’é‘“ﬁrﬁg‘gﬂ%’%‘%ﬂ g‘ﬁ‘ﬁ)éens@b%'pi #ysed, and
if each segmpplicaiinic| Uthe emtoyinient o Bigl afths fotichd edceil@BProSABP hie Gnaldgren

addi tive superpositi o&lcit&cui t éf40ﬂlgr Odhlceé 1080 cunul ative sanples for
each contdi g iEsRka1 9 the gyt f agalpgiesdighy seneRFAR) pRr AGR §Rssmples nput
thereto. In drhigtifB@ S0y réRRed QPO Mphf B B Bbdie asgig%%i an(oﬁgﬁh
segment including 1080 sanples, a signal peak and noise erein) are

addi tivel y dheseoficapprising & series of epmplexgignabjamplesobe signnl bamplesare pompiexni se

addi ng the superi nRo opj oduct.s of t.he.32 se nts. Essentially,
inthis fol d#ﬁ%at 55%(%02&18& ﬂdg%bgﬂe?%%éé@scoﬁ}%kgﬁea B 8%8%“315%“?58? E’CB’EF%% se
added to cortedpengiagdln Umagingst carple,dukits isoamptd Th Quadifiiedd th®Feall 080
sanpl es) away, over the 32 continguous synbols, to produce a cunulative

si gnal sHgneAmPkeonihe;samplgd sipmal is ) Bitaredoby aassibard filier 38 whichrhes & passal
processiNg ithnd ehch PRt diprisfig iRl G0 A ARk AT aProstt RGHNIAT Y
signal segnents, fo produce another cunulative signal segment, and so on.
The cunul at ireeeived §FIM siggatent produced by additively superinposing the 20

predeterm ned nu . Of i of . b0 ry,signal. 130 includes
an enhanced si gn:'g% g%‘é%f#ﬁe@‘@%ﬁ%ﬁ%&?% ".p%e%aaﬁggiﬂ(?%g’dg gﬁ&l frequency

si gnal - t 0- naiofrectedby Ofratfutiicyr esfeetdn tivcuither sioguiel 6edts desulac kegiente
constituent input boundathg slintg’nal seghents. The reason for this enhancenent
is that Phe @Hgg?dpﬁgw PO HmE e hipatigrng; cgregtion syphersmadley A& Thei r

respective sidfiglcy Rfdtime csﬂe&ém%ﬂmﬁtp&m tHROCTRREtonHireuid 20 &eewwéﬁ{ ed,
each signal peak adds to the next, thus achieving a form of coherént

processi ng dai @FBMs demegudator hR0 mdirky demedatlatest the eiregrenchi canidotime agopreetedynal
peaks. \Wher 6as.idcSiodhils therdi§Peti ti ve signal peaks in the boundary signal
segnent s coherentlfﬂac mil ate to form an enhanced (cumul ative) signal
peak at the out piReceted ¢renpleid signal é0sis pdditiossallly i rontednial tHeeinput(af doyuisidond r ast ,

t he randgm nat yre_of the .nqgi sy .30 canj ugate products sur.raounding. t si gnal
peak | n Sncrogtis 78 whidhdass Syuises, 0 bt A el S isnaols 451 0782
15 PCT/ US00/ R46ife3 opfeeeeLOFDIDyaIbeNiming Giffsdt @ errdt@n@ edrrislUtdqiehcl e @di ti ve

superposition process. Sjnce_the signal peaks add coherently and the

sur roundi ng ST Spmpthe agseived SFPM swuhels aniapiesented 1ameccivsd somplex sigaal 60; he
enhanced si O tibdi jtd b.ds O 40

exhi bits, ogg?ga 1‘3@@1?21[% I rrprg&‘éﬁ@gﬁ%@?ﬁynéﬁéwﬁngf%gg#hg %P@g‘ggsm}ng gai n
and si gnal - ttoningi s@ractien ccirenit a?e eandn fregusineye veodrettiont leizcuatd diiSt i respectively.

superpositiop nodul e iner es along with.the nunber boundary si gna
sepment s 25 ursri T boane i 78 Bifbe s dRlrt inlishR A el b BBRENE Proweer 1 ng
thi s advant agemiifpultCnirelsaanatiigy fodwe 8ANTaRIRD UEd IritkIn@asRiuld B5aGatbIS| ti on
del ay, since nore boundar i | segnents are collected to produce the

cunul ati ve shgoReraprmRf dﬁ‘%ﬁ‘i"tlg‘g‘gIQ%E’apquEBFO&rCOBV@Q%GI@F r?pneéom{ﬁrtﬂéﬁi, f or
[ nStance 52 iRRESRARAS ) inARhe PR ook AREITUAE) VRGP phES (10

conpeting intere . I'n mathematical terns, t itrve superposition of
conti guous stbemtonby acfuisitien module 75, permits the accurate recovery of overall symbol

30 timing and carrier frequency by the OFDM receiver.




conjugate products present in boundary signal 130 can be expressed by the
following: K-1 15 F(t) _ ~ D(t+k Ta )*D (t-T+k Ta ) k=0 A Novambiérao03aspect
of the foregoing signal processing is that synbol timng is preserved at
each stage thereof: OFDM synbols input to peak devel opnent nodul e 110,
boundary signal segnents input to additive superposition circuit 140, and
20 cunul at woaos$ighal segnents output therefrom each havBCHUSMMA#MS? al peri od
of Ta (corresponding to N =1080 sanples). In this way, synbol timng

of fset, as indicated by the positioningof the signal peaks within a signal
segnent, is preserved throughout. Fig. 7b graphically illustrates the

cunul ative si gnaefdANEIPFIF 30M 4ATBFL emBO&EmbhtCA douisiiBe ntddildl 7, inv@ivelignal
segnent output from additive superposition nodule 25 140. Onl'y the real

portion of compiexcugnsl 6% isprgiided it thyr inpwteaf pehln develdpmentrmgidwlarklOpwhichon i s

simlar theret.q. | atJ o] f 30 ) I [

For mut at ed oy GSF iR Ruigh spdcaRile SERAhe Ble sHRRA BRIE B e, o

h?vi nlg 18_8Q-e6ew_ m!(ﬁﬁ)lglaigh?l. IBtalFﬂgrc]oﬁhwnt&ﬁdﬁﬁn_ RCHO d%'vgﬂfﬂamgﬂkar} sipali 133 mor e
clearly distinguishaple fromthe syrroundi ng accumul ated nol se products,
wher eas %ri%ﬁ“t%‘%d“?‘?q;ewggbé% l 1 ‘%FSF@al pegks themgin, eagh gpalpeak 2003 WO

00/ 49782 PGTLUSA0408%i SRR boRt@Rly balidoRToPeURARLIY EPBv SEARINL 1 S

i ndi stinguishable Tromits surrounding noisy products. Returning to Fig. 3,
i n oper at i ompresantedzul déceived signgl S0pimpitt to prakndeellopméntOnodsilenitdt | Sincertbekal e 160
and feedback delay nodule 16 r provide the.additive 5.

super posi t i oA PP fegﬁeggn?ﬁcggbgs’&goﬂ %’ﬁ%‘fdlg‘a' °ﬁ@8{ﬁ’ gxefgﬁmggalspogﬁﬁp%grgm i nput
sanpl e to tificitBeWr receivedsynitot tniidgadfisetn Mdre Spoiically, sifc€ M8 écgivetBasynbol s,
each of the sanples bejng . tenp rﬁllly spaced by, one synbol period Ta

(cor r espondiiig! Pbaﬂmk%%ﬂgés‘ﬁ theplrpe, or agtual ireasivied symbel bvedagy mssitiomer i od

del ay bet Qtl SnideA afk i | : ul t

out put bymgﬁlg?’rgﬁ ?%ﬁwn‘g?j‘b‘?ﬂﬁ'féo is del g@%%iﬁﬁd?%ﬁ%;ﬁﬁgﬁo%ﬁ%gm a, and
then fed baereras aeqiisition medudy Adrgstallishesotha|sgmbelotimwigeofiset t t ithat zdiitsd to t he

[ le,. Th S | I i I . h
mput - Symboreap s o affiibiof FREBE iukoieeefieg ok PBYLoIRR BO1iRSH RS °°°

cunul ati ve eéiabliid the egeiwéro ipyveandirackagmbelaimitg.at i on of all of the first
sanples of all of the 32 boundary signal 15m§e rﬁ\g . . The second cunul ative

ts
sampl e t¥pr esent1§_ clgpipg thg signd)pegls 1gpres c*éfﬁ’t?"%ﬁ?ﬁi'p%%e_sof’e 11 of
the 32 boungiierpmaAbduie BB Dits ApréRtcdflined GmpRHAL ﬁ?crﬁ%%h%lﬁ%ﬁeﬁt‘ gnal
o de

segment. Reset generator |70 provides a reset signal l'ay nodule 165
after the pphadepwpattiseinhargnbiartheieading gad traidigepartions of eashapceived (EPM: ed t o
produce the ;g]g: upl:-atl i . r j term ned
nunber of bt unggr%%ﬁgcseg%k? ﬁ‘gtlggggr f&g%%gfgb‘%ﬁe?ilﬁ%ﬂgergg%et

gener at or 1dGreat senple aad rthes eample presedih@itkbyd®™ samplesd uBachl filodactg rfprmd@ si gnal

ts. i ti f th t iti it
modul o o BRBERUra e SRR et R FRRE InAEE LB Ao boundar y
si gnal segnBdakSorréspofin®oRdtiPsiBibol ERsRIsin At N BéhjsatdPtbdRts s3dBintedy €

superposition nodule 140 is a cunul ative signal conprising a series of
cunul ative si gnaMathematigally, theafpmationehithe genjvgsie, groducts b depresenisdgpfal peak
155 therein ay i i L4 AN si D SL

al t hough exfﬁll{g?«g i rLfgd ]g@ %ﬁ%‘?g}\’/ﬁ&é‘?égnm -1 osigﬁ'gll’ grerrgg{"I O@ﬁgg}@éﬁﬁ t?éggl
virtual |y i OFDM syigbnl slhmkibe of paviod theresldF isahaOF DY clanse spadingsandid isitlse

desirable to f h 3 th i - 1.0- noi rati f th d
desi1 80 | bt e FURIEE R GrEnR: SRR baad) A0 FPnee

appear as a train of pulses or signal peaks in the conjugate products of D()*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) = { Yz sin (nt/(aT)), for 0<t < oT, and



PCTI USO0/ 04062 17 To further enhance the signal-to-noise ratio of enhanced
signal peak 155, the cunul ative signal output from additi&&osemnber2003ti on
nodul e 140 is input to matched filter 145. The tenporal inpul se response of
mat ched filter 145 is matched to the shape or anplitude envel ope of the
enhanced signal peak input thereto, and in one 5 enbodi nent of the present
i nvention, W09 a root-rai sed cosine profile. Specifi ®&TUS00/04063 | npul se
response of the matched filter corresponds to the function w(t), as shown
in Fig. 1 d, and is determ ned by pointwjse nultiplying the first aN
sanpl es of synbol 5 with the | ast aN sanples thereof. See Figs. Ib and Id.
Al t hough a non- b 4RSS filter could be used to smooth the noise 10
present in the gﬁgﬁfggfge signal, the matched filter 145 provides the
optimum signal -to noise inprovenent for the desired signal, enhanced signa

eak 155, in a Gaussi an noi.se.envi r.on : tched filt 145 i s,
Prrpl enented as S?\“iﬁf?f’?@e ipﬁ‘b?ﬂ‘?%’ ?esé%ﬂ?ﬁgé’(%ly%’ tg‘? gt Otﬁ"f’ frafn ?fﬁﬁéﬁ"abr ovi des
at an out putpeikdsik g0t Refériihi &/ Bg. Memheitbh ifsigniFpeali REIGIedSA BBIRRY diiidl
t her et o. qu 7C | f'l_ustrates only the real portion of the filtered signal

out put f Bom136haseamnlisuietenyelene w(tmnd dhereeks are spagedybynapsriodiofdal Referdigyi | ar
thereto. The. di i L . i anay t of
Lhe mat chon 7§ S5 BIEphldor fle Sefla pIARARL: i ERliof bbb ©

di scer nabi | i10yi5afultiplies ¢helsguaredimagmitndes ipatekcoajugith pradogtsitreduitinighe thegkatthed
filter, FIG , 7b. The i ipary, portion.of the conplex signal output from
the mat ched SPerYap: "i(ﬁ)‘s"vrﬁgh Eqsmqugﬂnp?ailmtg e‘iﬂ’.“e?(?g%PE o sapplssr i zi ng the
signal processi naeﬁmggeagld' 8AFiBEre WD foreabl) Sio it sRiible Gput AR Ideidbhridnt t €T,
peak devel opnent nodule 110 produces a plurality of 'signal peaks, the
t enpor al 19poghadulentl Op Pnevpradhctrsepiplesie reutpyy fom mbltipleragiscuis d25 trepressntivg 2 h
represent sy im r. ch,.Leceliyved synbol,. .S
enhanci ng nﬁg@ﬁéﬂﬂfg& @%’h g%tg‘%%} tﬂ%g ‘Béﬁe%kf“ggﬁ ?‘ng %x%:e?%%o% P'g Rl Sséecgggf by
first additisamplgs shepefronupoCompier cahjupate dieveloper R0 prodimes aofitsi ayppiit thée gnal
- segnents to produce a cumyl ative signal segirent having. an enhanced peak

t herei n, and’of“ﬁgﬁ conrgAlg n‘}%neé‘f}b I‘fg’b‘? F%Fl?]&r \”ﬁ'gﬁ“ﬁ@“& Eﬁrﬂ‘i°g’(die€ &3 ong At R gnent
to produce an@ipidrabs.vehe ARG amplek aF @i} cutfifae MAGHRAaghiRthd &l43R8i mal |y
ready for subsequent peak deteptlo?¥froce55|ng. Thi s process continually

oper at es!% o spmpleuuepw frany delpy cifcuit 113 | {nothiy Wah Heompdex eanjfigate peduets Ae t he

t put of si i id] th
outpu of >\ @Al SRnEDl HRSEG-IPAIhA, 05 GARIONGL ARl Lfec by hese
PCTI US00/ 04 GizRiyinigtths necaivesl signalbd?- By the predetsrminedutingt T vsing dejmadircsi# dibent s out put

from signal enhangci.ng | e 135, are.indicative of synbol boundary.
positions or OF eti?ﬂr'%n*%d#g'rﬁ’ ﬁ°3°"8f“fs§8‘tb.° Hmipg for 8? S?V&@m"m mﬁ‘ﬁ@e zg%'éci ally
i n combi nat iiflistrateéd e Fil 8h teppsertsimkatvd OPDMsyiiddlsl 1eand 2Chrovieig thefihputer

advant ageousl| y enhanﬁ)g si gnal, peak dete t,ﬁbi ity in the present invention.
§L§a€

Their i nt% od@deRlbASE BRule 4 10-h &g Ohidllertepies dhmasleyed paptons of ARM t he
effect i ve usgnBbisaedd P4 Shiphichors QBRY Ickbi01 5. | B0, Rials B ddRAHARCY
carriers, and that 1s operating in a propagationally nolsy sigha

envi r onnent . develepadefor eathaeparesifondingrsat ofoNpelElgion gprodugtusangdest (vhacht inldnes h

synmbol timng offset i.s 0,d ct t enpor al. position of the si.gnal
oak out put  Fe et s 0 Sombled. YTPAA 3L RBR Aepl ohe PRARGACT 1 he
si gnal peak responiitic ahe ednjigite rindltiplicatipn Betwrtiake rebdivaisigiabof Figizarand e t he
enhanced signal peak within the filtered, cunulative signal segnent output
fromt hezﬁ'a_t‘lqlf’é’ﬂdf’?r?‘f’%ﬂ’.e’qﬂif!”c%%@-corrpl ex signal 175 output from matched
filter 145 is prqyj deg g s’;seciﬁéexaarﬂe, P (REGEeeRRUCOFPM 'BHILE plats Mhi ch
detects the enhanced filtered signal peak and the tenporal position, or
sanpl e i ndexsorebpondoto. NJ 11 089 signalisamples, gudi the xMreagnilesiatl eachari dhredlewling 98 of
peak sel ector .190 s [ t ni f &he ¢ | ex sjagnal s S i nput
thereto to gtg‘ﬂé?gdp ﬁgﬁssﬁtzhhglhsgvmva%@g %‘%’elr%‘igjogltdq? hstésﬁ ag%?%ﬁ%ﬁié%‘r f}"ae%&"nﬁ strated

in Fig. 7d. skiploWRDM simtsiuapedionpaiki devdppgemematale LIS, thére Gappddds al S
provi ded as an input t i nder 200, whi ch exam nes the sanpl

0 20 max f X e
magni t udé® i ?ﬂSTS’PPCt“HE‘Be?FBOé)lh%Oi Riedict pamares; incbopadasy signallad; tindhis sxanplep e
i ndex corresponding to the signal peak. This tenporal position of the
signal peak is provided, essentially, as the synbol timng offset that is
provi ded by acquisition nodule 75 to an input of synbol timng correction
circuit 70. It should be appreciated that the tenporal position provided as
the 25 timng offset t nmay require slight adjustnents to conpensate fox
vari ous processing delays introduced by the precedi ng signal processing
stages. For exanple, initialization delays in |loading filters, etc., can
add del ays that need to be calibrated out of the final timng offset

R - PR T TR L - —— = .




After the tenporal position of the signal peak has been determ ned (to
establish synbol timng offset), the next stage in signalé Novamiseri2003i s to
determ ne the carrier phase error and corresponding carrier frequency error
of the received OFDM signal. The matched-filtered, enhanced signal peak in
conpl ex signal 175 represents the s cleanest point, or point of maxinmum
signal -t o- rwo emovsat i o, at which to determ ne the carri er PERASE0/EP620r and
frequency error. The phase of the conplex sanple at this peak position
gives an indication of the frequency erngr existing between the transmtter
and receiver, since the conjugate product at this point, as devel oped by
peak devel opeROtci lie ; ts @l J e in the
absence of cg??i e@??elgu%%gns ?Omézlﬁ?(yr)%ﬁle@ gg#%‘é:‘%’é %a?g%@?%a%@{lﬁ?os poi nt
of the si gnatllulﬁﬁldi;k,l25aisdmiltipl¥;dd)b' itatprasieenssor 3 0Presampdisraway.n The eigaalgpealt sppeak,

shoul d yi el enroz phase val ue .because, thematically, the conjugate
product  bet \%Eger%gps?? gFg"z’a e&%(mﬂ%i%?s oﬁdS%gr@ﬁ% SARFDIES cCOMRISE, OR anpl es
at the | eadicogjugdiélplotiitd forgedbstiwéennte ist AACAstI56GaMPRS 0B ¥4ER bresBhidmgat s
phase, in the gbsence of carrier frequency error. Any residual phase
present &t tSh@ ‘Heak of the signal 15 output fromthe matched filter is
proportional to i UEhR I Qi ; [ : r i s. sinmple
to calcul ate oncg t dee%%lgéllg]%al pﬁa@g%bgg@g%}r#ﬁtg%w%fﬂgxn% iocg‘{ay%/?s t he
carrier fredengrasyhegorrespondlencpbaseternahbe lebding arsi todlig pintions of bichtsymbolarecef T

bet ween the g I t _the | eadi and, traili.n ortions of an OFPM synbol
that forma °€:‘a@%‘§§t © BrosGER eyxoxr.ﬂgg,esc{xh%f. ?lgroéd?f’gar‘n‘g? papk ‘il)"rveﬁ’ng’étdF ted by
the fol | owi rgo2Rayespénitd 6 cachshmiphesseit @GR, s thitefoP8adh fnpld'®, HRiredued filter
out put and Arg denotes the argunent 25 hase) of a corrplpex nunber - the

conpl ex Yamfrdple ixproyided at the aptrpethrreofy altespagivelyne pluslity of eamnlesananbe t o t he
four quadra i : | es out si de
of & B wi e T o Focerisn RIS U S AR 8 Wlor Bl Boiie 701 1 e
channel spacikesigts, which. vesevecarhbt dgsit to ki seckoraqultiplier ©r fobm eStor PRéduct

together with the timn ffset timte provided by the | ocation of the
signal peak,FRIeS %f?ﬁg%‘ﬁ?e"ﬁ?e(ffb%ztf?‘% e?’heti‘?: dﬂ?ﬁ%ﬂ&%ﬁx@m@%@@yﬁbﬁn be
denodul at i orimpRmeftednd Udp2tatedidn cohtiivve Fa@er 2A3sapIddONRGER 2RO signals.

PCT/ (JS00/ 04062 proceeds, subsequent receiver frame boundary processing,
not par t!3of W"gﬁ' Bk ap ARRIAICH ol Woplkdshs drsigable, that wopyf receixed Sigmplel) also | n
Fig. 3, bothehhgnifbadathef thhi £5Athledsfmal €x signal 175 and the tenporal
position or sanple index, are provided as inputs to phase extractor 205.
Phase extractor 3dealhp hounday tsignah&3G bas casily igdnsifiable rsigmat peaks ahgrtiex asanpl e
representin apced, si k. output ..from.t he tched filJter. The
extracted pﬁgﬁssggtlegqgr%?'d}a% ﬁ?&;aétchglg%ﬁ‘ggft }"lc))fealh éqeﬁglhéiﬁnglgﬁﬁq’kafsoylr@i@ whi ch
si nply scal esdistinguishubien fioad thehaslesitedpndisyt pevdatte dfosampldulthgt hie agjadent er
frequency error ~f, .which i hen provi ded by acquisjition nodule 75 to

fr equenc%}/) cc??"?‘g?:l?'i GHineg; Peehid?V%@mePﬁwd“lghﬂot B‘fqaﬁp’ fgpRs progpcts petpigen

filtered sigampled QxRedikg Rickss @ach adcefBE s b&uﬁndjbréaﬁée%?%afnhi& elalép 1S
i ndi cative of s¥nbol timng offset, and fromthe phase of this signal peak,

.opndary sigepl 13Q ingludes both desired signal peaks as well as the noisy

conjugate products. For example, the first aN (56) samples in each symbol are indeed

carrier fredh

multiplied against the last N samples therein, to produce the desired signal peak aN
25  samples in duration. However, the remaining N (1024) samples are multiplied against
N samples from the adjacent symbol responsive to the delay imparted thereto by delay
circuit 115 (See Fig. 6). These additional unwanted products have the effect of filling in
noise between the occurrences of the desired signal peaks. An increase in the number of
frequency carriers comprising the OFDM signal produces a cotresponding increase in

30 the level of these noisy products present in the boundary signal. Thus, noisy products



In summary, the nmethod of the present invention for recovering synbol
timng offset and carrier frequency error fromthe OFDM st Noedmber@®B8i ses
the steps of: receiving the OFDM nodul ated signal representing a series of
OFDM't 5 synbols, each OFDM synbol including |eading and trailing portions
thereof, the leading and trailing portions having substantially equival ent
phases and waoi/49g82t enporal | y wei ght ed anpl i tudes accor di R§TAUS0044062

predet erm ned tenporal weighting function; devel opi ng a boundary si gnal
having a plurality of signal peaks therasn 20 representing a synbol
boundary position for each received OFDM synbol, each said signal peak

bei ng devel eprespbRBMOMDRBEMIsiznal caiiphisifg) @& cRAHDID RERecE B02AE BONBRAES,
produced between said | eading and trailing portions of each received OFDM
symbol ; enh&ARPsRpPresidblsi gnal peak detectability of the boundary signal by

ddi ti vel ! i ; j t i |t
St ove the. o6° o 2R efignitall) #alddsbolhaanPORRRIS0 S iaRAUATR/ drBlOne O
si gnal peaksigoprloafu®80 sdmplesni BheeXrazin comeypeitde o the siimbérn oftsamglea ahdispthusal

osi tion of .the | . bo a ramat |e one,of the, enhanced sj gnal
P oake. Crive ity P Sy PRAL ST shtend b DS mRe g oAl Syabol
timng of f sgloitioartdthe cothphRVsaHaETs gédpBied Mbeelhd Hiaginan?gorlién IsWrRiM: AHQES.

recovering the received OFDM si gnal carrier fre(?uenc error correspondi ng

to the tenpdriealypthsidesighlesignalnenlkspaesenihetyesy snples 2400 ped 330pisgbsamdanci ng
si gnal peak Lok : ndary signal, enhanced signal peaks
produced by ﬁ%@g&ﬁfﬁﬂ:ﬁ/@%ig%g%gg@?#on of the plurality of 5 segnents of

t he boundary si ghahdditien trathe peesendel ¢fethe dfdremdnitioseds prodive moize imboandahe si gnal
to-noise ratio he plurality .of enhanced si | peaks, produced by the
ennanc nff ocleel 1 F iy ed R, AUh oAbl GooP in JbB Y bhois
recovering symaehichiishsNgSethf fide RNEnAEd i fthel SigRHl QREiMg PrépabationCielcbe

recei ved OFDM signal provide the nost basic, unqualified ;%inbol timng
of fset and dhmopgletherataesphere \py seattsring, Rapltirpptbrapdifading, qnd signalintenferenessc ond

embodi ment  of ?Hiexﬁféfiﬂ%f}emyhﬁo%ﬁ&sn@is@%ﬂﬁe&%ﬁ!ﬂ system for recovering

synbol timng offset and carrier frequency er is presented, but at the
expense of addit iSobszhjueni gigedl pow@ssms stages il e [weeonilvetion direrdedicatdd, in

S 0B otk SRS RS o SR ot S BB 1

desired signal peaks in boundary signal 130, or more specifically, to improve the signal-

to-noise ratio of the signal peaks present in boundary signal 130. Signal enhancing

module 135 is provided at the output of peak development module 110, and comprises

first and second stage signal enhancing circuits or modules, The first stage signal

20  enhancing circuit is an additive superposition circuit or module 140 and the second

stage enhancing circuit is a matched filter 145, provided at the output of the first stage
enhancing circuit.

Additive superposition circuit 140 additively superimposes a predetermined

number of signal peaks and their surrounding noisy products, to enhance signal peak

25  detectability by increasing the signal-to-noise ratio of the signal peaks in boundary

signal 130. To implement this process of additive superposition, a predetermined

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.




15 interference phenonena. In a benign environnment, in the absence of
substantive fading, nmulti-path, and interference, the filé Noghien2908ed

si gnal peaks output frommatched filter 145 of signal enhancing nodul e 135
are each accurately representative of received synbol boundary position and
correspondi ngly, received synbol timng offset. Under such conditions, a
singl e det ma®@dIsegnal peak output frommatched filter 1BETHB@HGRS 20 t he
requisite information | eading to successful denodul ati on of synbols by OFDM
denodul ator 100. On the other hand, in a4noi sy environnment, nulti-path and
interferers have the effect of producing either additional false signal
peaks or of el i mAfekitRgpRaderalinddl Gihder PLBlotk A sighf QEeMG Hle bg RE ched
filter. The additional signal processing presented by 25 the secono
enbodi ment  FIVeHIRPALsthe PEUstoREIPISS PSCUNFiB A Bredétersdnadatempeonal positicaf incthe s by
validating t ' C i.gnal aks. out put
from si gnal Jﬁﬁ%ﬁn an‘gclI %Oﬁn u cgﬁ%%é.{cc%mttaﬁg t(ggﬂlg‘n%cggnu}?t ﬁaﬂgnggmlea}#’é

val i dat ed, tthatprédsterthinappositidny Ir thiswayt, arctmulatiecigiatiBrieeelvped Romprising a

predetermned criteria,, then acquire nbol timng offset and carrier
fr equenc;; er‘?ufﬂniqt'ge Sighal i?g}pé%?‘{f%aﬂb ,OFél?F)d/p’F%éerH’é‘P?ﬂqu‘F‘qu POSItOMS cxtopling 6

Novenber ZO%IMQmes@%XW%Qﬁ&S.Si gnal s can comrence.

Q herwi se, the acquisition fr'ocess I's continued until such tinme that the
symbol timng of flE der examplg 2 entignousrkquadsry signal egeants ate tot Hesuperinpoded,

enbodi ment b S g ;’gﬂ% i . a el ognent Je 110
and signal en g{rs]g#h;geé‘r%%lle %ngiagérﬂg% k#’l&tgz"@tﬁsﬁ glﬁg?(sgn Fsogl?eeggﬁ%ﬁ V&t ages
si gl lar to tsi_uperp?sim @rebiv ddorprotiuees la&qmgzgivemarﬁpldylfcg 33&. cohﬁgﬁmglblock I
subsequent signal proc ng stages are added to validate the tenpora

consi gt ety @%Qﬁﬁ%g?n&@ﬁwﬁcﬁﬁg‘i seg@epthinput theretg, {pthis manses, éhegwairlrlrg)@hhanci ng
modul e 135 i syodic@\irde dednfentsBach 3Bather®nchR ﬁbk@&aﬂ'xﬁ)lésg?g'g%agipggéﬁﬁ%gﬁf (R' IR

filter 215 which filters the signal in utu{Fhereto an s an
filtered si gherindaw additivaly supgriumpased pe fblded hen tappefl ane ahothew byqramwisé t he

[TR filter i . ] eived signals i.nput. thereto
are wei ghte %%ggnﬁéﬁh@t}%ﬁ?%ﬁ# ﬁ%tggfdg&{:%ﬁgﬁ% éfzeséegfr\%tg' 2’%5 P ’i'ﬂd@f
thereto. Th@]dingmomsumrmodmtsl of the 32 sepawinteha peintivise @ded toakspohdipgt t o
IR fil tgsr Zc%g. ar e ralghsltt hea\g,l |t¥15p\NEI ggtfeﬂ’é t tt]esi)out t(J)t rt her eof ., I\/brg
parti cul &t | y"CRIVEHE PEYUEE GRAIYMUPEPSTIOR AP FARPles) AWVRY, oyer the 32, cantinguaus 1 5
conti guous biyR®KE, @fprédute!hatunvRtitd gpal s ridfng VEBE BiRLIGEve dalnBleli | L er
215 filters the first sanple of a first block with 'the first sanples of

successi ve Bheseies, Theosignab grecessipgr is| thesy egeatdy for theangst sontigupns blotky of 8he
second sanplguldart Bendll | duse bl S nd ;sanpl es of
subsequent bl gckasr§t gn{%rséj%%egg’ g)(ﬂfﬁi)l tgétédgﬁegé@gwé\ﬁ\éeg%%sﬁﬁgﬂ, %‘8 Sgﬁ' to
produce an out putThe| eenfulativer signab| ssgmensf produrad dtyi additiveiyn abpaimgpusingsthef NQ

I[IRfiltgre mles. .In this. I[IR filter 215 ca consj dered as a
bank of Ichr%%ﬁ 15%‘9 snﬁ%"pt))grr g[r ic%'glﬁ\{\lﬁ‘ysp%erggefnélo,f bé)éfe‘%’%fﬂgt“ale?g%‘%ﬂ}dlﬁ? Milters
filtering samhhmsd cipnalpydakghdrbia, shith qxhibitetaprindresee Bighdlith-abisWirkt witgach of

t he conti guous bl ocks .of cunul.ative ihgnal .segnents containing Na input
sanpl es. | n TG3eg tp the,sigpgl peg SF?“FF%( %‘f‘ fepstipugntinpyt hopodary, signal Gegments- ent

mul tiplier 28% feaon2foriist dnbhitceR@nCRCHhb et | B,

filtered, conplex i grl;al S1.7ng, anqna _sub‘sgiéug{rg%t%g%gﬁingfg?ez? wﬁ%%iﬂ

accunul at es eg@entp ajigne dheinmespectiveusignal psaks,0ed fthati evben nthe t segents &85, and
t he del ayed, ' f eedback del ay circuit. 240. Second
st age coig‘sf il en@ t}ltrafuﬁeﬁ’[ ?%Flg'«kﬁ% 212@%?&\%&? g‘%ﬂl\ﬁe"le '13?1%“55‘8@8%$§t{85“ ephrret anpl es
by a predet grotessing gt based udonathe Repetitive aaidrwf tibdoakdasy Signil peakd0, toget her
provi de

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



3o IR filter functions well known in the art of IR filters. However, it
shoul d be 6 Novenber 2003 WO 00149782 23 PCT/ USOO 04062 Hpwsnssdraioed t hat
the tine delay inparted to feedback sanpl es by feedback delay circuit 240
corresponds to the cunul ative period or duration of the predeterm ned
nunber of boundary signal segnents that are additively superinposed by
addi tive swargopestti on nodul e 140. For instance, where aPOTwséo/0ads232
segnents are additively superinposed, 5 the 1 block delay inparted by del ay
circuit 240 is 32 x T (an Na =1080 sanphe synbol period). IIRfiltered
signal 220 output fromIIR filter 215, simlar to the filtered, conplex
signal |75 ] : B.1 | g,gﬁggj L S
extending a ﬂragggsel%égﬁ%l?lg&gglgo ilfl}ﬂlg{;eﬁ f?\%rg@em(ij’é é:dgﬁnﬁfatl é’ges{ﬁoghg{géggégﬂngﬁ g each
segnent havsipopl pedks|ddd sphdyeritlyland the suroskndiag apidy iprcluctsliadd) ircobérgntlyl ande ak

therein. Thus,,synbol timng,continues to b r.eserved .at the output of the
R i er agang Bepaged (e nSR] SBCne® abfoul Ry it Safive Pesbeitonso
descri bed ppRWLEWSH ¥hilkie! deldlishitimpréied siRARQ6-abisPRGbL | on of each IR

filtered signal peak input thereto, and provides this tenporal position or
sanpl e i fidex, t olkeapiogessingrgaiy gnd sigpalcipwoize Fatio\pehangement japkiexeddby thei s

tenporal pogkidon i e L1 L s f [ , hase, as
det erm ned g‘?(ﬁ{“ﬁees‘l\?gﬁpygggneg&glhgnlg?%gggglglo%{ugﬂ?&?rls)lrﬁrﬁ.eﬁ:btflqognw F %PE‘ is used
for determ sega@gntshapedmpaosed té pemuendlye eurmdativebsigriah @egmdnino dOffestingi thisd
previously in relation to Fig. .3.,Conpl ex,signal 175 ..s fyrther provided as
an input to®begieess "e‘if’FS?mE%‘g,g dizAdvantasepus icrepte 1 Reguisition ?é%éﬁnﬁ? Wsi tion

of .the enhghaRgrySiigHARkepRRA di S5IRBed itd) pRJEY the BimEBIHRY AdaY Peski IRk, SegnENt
of signal 175. This current cunul ative signal segnent represents the
accunul dPi othearartiqular rpsedeterrainet nupbere forj ipdancy Bdcrepsseniy eanynprpbieationsundar y
signal seg i T I -al ifion is provided to an input of
val i dat i onn?g%%(l:ngr’r%gﬁ%&e{ﬂiegg&%%@i)ﬁ{lg%@%ﬁssgh to providing the current

t enporal positi o tathematicalptatmsp the\additida superpokitign of contghons 2égmentsiof tisr evi ous

tenporal position, that is, the t or al sitjon of the enhanced signal
peak in theCE'HHQﬂteaQrP%tss‘?rﬁﬁ’?ﬁtlmgg tS‘g”ﬁjréﬁicé’f l%‘f??‘pb‘?sé"@gﬁitﬁbp@ﬂ@m@urrent
" cunul ative signal segggnt, is devel oped and provided as an input to

val i dation |l ogic nodule 255. This imredi ately preceding or previous

cunmul atige siB@a+ segkent D@k BADI@E+pMeYi ous enhanced signal peak
therein, represents an accunul ati on of the bl ock 6 Novenber 2003 WO

001 49782 24 PCTI | JSO0RM062 of boundary signal segnents i mediately

precedi ng the nost .re Ly receiyv C ereof.. State (wse, and
by way of speci f|§‘5l R §l(rﬂ?r1t'£@}’ltt 3;¥p ef%og@quéeuﬁ)?eegmn%tsé%&rg e‘é’?):%% %ttﬁ%tnsgxrngéﬂ gns“é' S sg t he
enhanced si gastrvedakedchrstagh ¢hardt ORDMdyimpolsdamit @ peakoddvielppoiant fabdudk of 32

superi mposed oyndary SalPkeameaio bR (ol NSpBpHER b G ST 11O

20 cumulative signal segments output therefrom, each have a temporal period of T,

(corresponding to N=1080 samples). In this way, symbol timing offset, as indicated by
the positioning of the signal peaks within a signal segment, is preserved throughout.
Fig. 7b graphically illustrates the cumulative signal waveform, or more
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




5 representative of the immediately precedi ng 32 superinposed boundary
signal segnents. The previous tenporal position is devel opg@vBybbiPgysti Ng a
time delay to the present tenporal position. The time delay corresponds to
the cunul ative period of one block (the predeterm ned nunber) of boundary
signal segnents that are additively 10 superinposed to devel op a cunul ative
si gnal segembo49ts2 t he exanpl e above, this tine delay comrceasmmde:2t o 32 X
Ta (an Na 1080 sanple synbol period). Delay circuit 265 provides the

requi site delay to the current tenporal jposition input thereto, and
provides at its output the previous tenporal position, that is then input
to validati GgniQRhie i WoindiP sighd sbimbHiiif indMTIRINGR el s R SAAIA0. - ¢ e
foll owing set of tenporal positions are provided as Inputs to va dat i on

| ogi ¢ nmodul &oigsproducts. The | IR tenporal position, corresponding to the

position of the it er ignal peak in e nost recent| rqvided IIR
filtered signal is{%a%dr% {O( (l);?ﬁd'pfjti%f ?%eﬁﬁaioﬁe the ?fs‘ﬁ“fe‘t SYpFrpo oﬁ)quﬁ‘ge dfr ent

t empor al  posihination medule $¢oadi fogibhck ddey MO&IlE i1 65) t@éetﬂehgro%icﬁﬂﬁé ad¥@fle in the
nost recentI%/Ite rovi ded cunul ative signal segnent; and 3) The previous

t enpor al > po§ AIHOR BinFUASo aftiY SpBmpHen medule | hadds apresent inpybsampéete in the

i mredi at el y gRreaHdd HIY l; . li.datio ogi ¢, nodul e
255 perfor mt;H%al% pr ed@e%%gﬁ%neﬁp%h% (;? %g’ggﬁ?‘?sosﬁ (}ﬁ%o% @%cid rogeq]ea?dlm@ rllesbet ween
the inputs beisg éameporallyepaced| bysinewshimbbleperioh &, s i(gnabpandink to 08P sdmps).| | R
filter 21 S; . as jndicated.at the quiput of peak selector 245, are

tenporal |y Pgﬁ‘?’di."'}’s&%ﬁ"ﬁi‘é8|‘1“§,sy€)§’ﬁ @5‘??cgﬁlella%3?e&w‘?fﬁd?fpém‘215@‘ﬁet Statadnes
whet her “bot btHefise; ¢ichemburileted ieult Qutpus bP BRthmRRAKmAR 160 RSIeRHEd B) i19ned
within a predeterm ned nunber of sanples, for exanple, 10 sanples, wth
respect Po &Hebql prried i and fhen fedck g3 eminpytyto sprmpatieremoduie 16 Ovbetesit tsenpor al

posi tion of 448 b YR dekd I &%mg ' L. val,id and is used
for 6 Novgrrbert ZOO?VDs%O 4 %gﬂizeég%% ﬁ%ﬁgs%)g&g]éﬂglyrs'r%ncﬁlest?crrﬁsﬁﬁa%urposes.
Addi ti onal | yaputdymbehl i dated 11 R filtered signal peak, corresponding to this
val i dated tenporgl, position,, i sed.to determine carrier frequency error
in the sanme man ngt tegso s ég%ﬁfsg‘éﬂmﬂ?té‘(?i SBWg[ey‘f’ PRplatfys signalksegmettor 270
and frequenegprgens i heumalbtion bf &l oftthe firstRaMples iof @il b 1ROINbduhdsty sinand 4,
after the tenporal position has been validated, validation |ogic nodule 2S5

of acquidi t FEPRBduTRe Jesopd, gupulpdee sample teprosents jap rpcewnulsions of] alhafi ther acki ng
modul e 85 b¥edtRY sthpia€ dpiafil 4 t [ n trn, ¢ and
t racki ng m)d%cl e 885,1?vi apggn%dﬁlga?og&{ggﬁ?r%@ﬁisis%%‘éﬁnlsgawesna%nl’ %gﬁ%ﬁghe
denodul at i osupvlaivessignaksegmentut ed by OFDM denpdul at or 100. Whet her
val idation | ogic 5 1S.partitioned, to i st ywithi cqui sition
modul e 75 or wi tﬁ%{jg%ﬁe{aﬁ% 17;6381 %lrdggkal ﬁeéetn%%'lﬂ &0 é@iéyamﬁ‘m(lﬁgﬁg & Hlec
mﬁc hagi sm bprwblgflﬁg@:mmaﬁnbﬂ!sigahlosegi:i}ﬁtsoms':]b&ndm_ ﬂif ulatedi ?npf]bﬁﬁéiuﬂﬁd
thereby, is enabled, are not ingportant tg the specifics of the present
nvent1 3R, GRERATE b seeiot; FoF Reule dh hecHsRARTIR BEUSE QL peIdAD modul e
75 is _t[]at tsﬂg]fialadégxﬂbrﬁﬁ té 08 RERRARE B3y aht Jake PedeitdritB dBdHCRtReSIACCESST U
acquisition o _

. feedback delay module 165 every 32 signal segments. Responsive to assertion of the

reset, additive superposition module 140 accumulates the next predetermined number of
contiguous boundary signal segments.

25 As previously described, the output of additive superposition module 140 is a
cumulative signal comprising a series of cumulative signal segments, each segment
including an enhanced signal peak 155 therein. In a high noise environment, enhanced
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.



| S synbol timng offset and carrier frequency error as a prerequisite to
t he acceptance of denpdul ated data out put from OFDM denodiNavenbek@@03as
optimally denodul ated data. In the event that validation |ogic nodule 255
is unable to validate the tenporal position of the IR filtered signa
peak, the acquisition process continues until such time as validation of
synbol ti mwmoos®fazet does occur. 20 The additional signakPCpUsI®sms ng

provi ded in the second enbodi nent of the acquisition nodule of the present
i nvention ensures denodul ati on of the rgceived OFDM signal only after
synbol timng offset and carrier frequency error have been successfully
recover ed {1 om tReqimeeidakeSho Fhal-1bBokd ardl RERER:PLiaRigRAL 1853hECr | O,
mul ti-path and other signal interference, the second effbodi ment ’provi des a
| evel of 25cusadtivdesignal euipnt fromeadditivgi supapesitivibohodidari4luisahput tb mdidhed r ecei ver

provi des co yAem ] data at the output ereof . By further

provi di ng aﬁlﬁeggglg’v?ﬁe t?%g&ag’#&qgf/gesﬁ? I‘?%Pé’f’?tﬁheééﬁéﬁﬁ o "ﬁ@eéﬁw gl?ﬁl?ﬁ bet ween
redundant | yort ampltuidé tendelaged of ehiei enbishced Oviyitlab pesl @npli thidedo, Ofndt fif gngcei ver

of the present jinvention to gconbat the aforenmentioned del eterious signal

effects 1s ephadiment e e PIEens ARy follojys ppeotirpisedcrosing prafe ndpegificelhie pr esent
i nvention, @GbgApAseteMBhs 6f¥h%§llﬁ?etmﬁlﬁf corre?qo?g%’ %@@ﬁn@t@o@&v&? 199 glol\k%zrsl 2 26

PcTl osool 0a062 Tecovering synbo imng o and carrie requeﬁcy error
from a di veFigi 1d; apfi\etsropinetl by pojntwise dwltiplyiig thOFRM albd darhplt0of gyibel sled at

the transm n f t iversity. syste f the third enbodi nent
oper at es inMéﬂhgg?fggﬁs ﬁ@fg‘?’w {)S%Egﬁsnﬁ’oa[?& or nodul e 25, 5 discussed in
relation to the Althodgh anidhaeid lofv-gabe fiREeeRNd bk MéaNtd Yoot thd ol
exception that a djversity OFDM signal is provided at the output thereof.

Speci i &% | Bresephin the cimufative signgly the ipatched Rliert1Aa pravides the wptimamusignal-to- t y

recei ver of d; | 1 angfg i i.n.both.an upper
and a lOv\ern%l%g%ﬁﬂg%@e@?%@ﬂ%ﬂ%?&%ﬁ@ageeac o#ﬂﬁ%?gggﬁhgfﬂgﬁgdﬂ?ﬁgsses a
plurality ofnvasmikentoddateheddfilfer ddfién ayplementédoassa fiitGSimpulee) respoide \@FiR)e t he

si debands t ther forma.series of conposite OFDM s ol s, .as shown in
Fig. Ib. Th@gﬁ%]?@tSP ‘i‘?’t‘i{mﬁi—‘ﬁl\ﬁ‘%ﬁ‘ OHRY ‘F%%P?H@fﬁdt‘%*a’"ﬂgf n“?"n@"{ﬂ*—‘fﬂ\ﬂﬁﬂiﬂf’ér sity
transmitt erinpet théreto OFR76 iietrates ynly ﬂ&&bMQfoﬂidnrbf&l’fbeﬁl&?}S@si?iﬁxm BetpueorHescr i bed

inrelation to t fi rgt .enmbodi ment of the present invention. |t should,
however 1> be™al§ e5il & sings the agipgy signal js;sipilas thesetprdie disceraatilityexfsi t y

receiver i ngk egiaacdaidhafiRakl BREE o ofithle M¥eched f‘iﬁﬁ?ﬂ@f V}; 54 9@8%{\31@?@&?' sition

nmodul e and addi tional” si'gnal processing required to e fect y
sel ecti on a$nRamdD thendjsasmabidibhof; the enhaoced Rignak peak gt the ifiug to the matcketie t hi rd

enbodi nent t e | |Lon diversity receiver inclydes a
front-end rglf(t:eé’l i\?%f Bhbﬁﬁpgﬁﬁ%ﬁgh%%?}"pﬁggmgﬁégfggélsouip@go%%i% ®dnal og
OFDM si gnal filtey 185 & simibanly impro&kd 295. The sanpl ed signal output from

20 Briefly summarizing the signal processing stages leading up to the output of the

matched filter, peak development module 110 produces a plurality of signal peaks, the
temporal positions of which represent symbol boundary positions which represent
symbol timing offset for each received OFDM symbol. Signal enhancing module 135
enhances the detectability of the signal peaks by first additively superimposing a
25 predetermined number of input signal segments to produce a cumulative signal segment
having an enhanced peak tﬁerein, 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



AID 295 is provided to the input of sideband separator 300 which passband
filters both the upper and | ower frequency sidebands presg&Novéribdr2003
recei ved signal to provide an upper sideband signal 305 and a | ower

si deband signal 310 at respective outputs thereof. Upper sideband signal
305 is provided as an input to upper sideband acquisition nodule 25 315
whi | e | owerwsootedand signal 310 is provided as an i nput eorissmaossi deband
acqui sition nodul e 320. Additionally, both signals 305 and 310 are
respectively provided to at | east one rﬁpeiver circuit, such as at | east
one correction circuit and/or denodul ator, etc. Up to this point, the

si gnal procgssi as.represented.by A D 295  sidebapd 30 separator 300
HErErublptl by ot fuedy i
venber e i » OFD ol &imi

replicates the signal processing described in r?al ation to ’t%ge fi rﬁs‘% and
second enmbodfsfents of the present invention, with the exception that both
upper and | ower sieehanddapath n ; t . ' j.n the
third enbodi nent, eachng? ? %’e&lﬁf}%‘?&gﬁzﬁﬁ %ﬁgorma Pg’qﬁgﬁ%ﬁg‘% gﬁe%gpnoa%’o%r e
subj ect el twodie agd gratdhed rflice advantpgBoustyagdenatesignal lpeak deteatalility! . thEur t her ,
t he various_sj | s .flow ng. be en the variqus signal processing, stages
have the sa?{égegﬂ’gl?{%{lgf) &r ?ﬂsl? 15'@'0‘(5;\‘%0 I%F@Swgéit%ﬁflwﬁh%é’%@%@&“%B%TF“W th
regard to tihe effeftiee ua6f dn0OEDMBSEED aneprasipli Rirdel IMbEP S atries, 01 1 ef
description is provided for those aspects therégof t hat onglf??;d eae?sl’i er

descri pt i orAndihat isoperaling iia propagationally goisy,signal ensitgamemtd si gnal 305 i s

subj ected, in s i ol i A .0¢cessi.ng. nodul e
3250 whi ch { nol (R T of HEne AR AR W bt S R B s anc ng
nodul e descloidstedt the tempora pysitiemel the Flghal Ipsak outpd dilom SGAUentancihg pioduedes |1 R
filtered si%al Tﬁe%@ t? thg ouf ut .th re%f. for suhsequent 'nElLdt to peak
sel ector 3350 WpUT™PPE" BRPE™ & &R DoA™ ‘Galli WA e B BISUOD are t he
fol | owing Siagiphd famBes, 3f he! EihahcAPdEAl pPAS WithiANhe IRRFAS SfthilAGvd bigadli | t er ed

si gnal peaks output from peak sel ector 335U; 2) the current tenporal
positions 3%sweRfoutnuliam thrmpteheddilteesponding to the current bl ocks of

conti guous si gnaises E?ﬂ]%lﬁxe Q%;ﬂglt 75t HRR] RO et 4B I r ARG S isaid na

nmodul e 325U; and, 20 3 revious ‘tenporal positions nal
peaks ca¥ r eloperidippak setecton smodnlei96.uwhibh detkats the eplmmtédyfiicns sgmeph péaksmdnent s

output fro k_processi ng nmodul e. 325 Since the signal ocessi ng
nodul es t hgh QS‘%‘HB‘?‘%‘? OSTHI & ssagﬁlfdngﬁxd Liggf)‘fj‘qv\g'l‘ QPR isﬁ‘@d‘&{) PaePigdery i n
rel ation togdnemgtor495 ofyryk selectardD0 sqehrss dirthagnit @Akl athldxasighal ARPIIS are

thus omtted fromFIG 5 for pur pose of descriptive expedi ency and
clarity. input thereto to generate a signal wavelorm at the output thereof, as illustrated’in Fig.

7d. The output of squared magnitude generator 195, Fig. 7d, is provided as an input to
20  max finder 200 which examines the sample magnitudes input thereto and identifies the
temporal position or sample index corresponding to the signal peak.

This temporal position of the signal peak is provided, essentially, as the symbol
timing offset that is provided by acquisition module 75 to an input of symbol timing:
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.



Upper si deband-validation nodul e 340U operates in the sanme manner as was
described previously in relation to the second enbodi mentg Nbvéritser@0osent
invention (FIG 4), and provides an upper sideband acquisition status
signal 355U at an out put thereof responsive to a positional correlation

bet ween the tenporal positions at its three 6 Novenber 2003 WO 00l 49782
28 PCTI USO@iebe@2i nput s. Upper sideband acqui sition staPGTUSPHe2 355U i s
provi ded to diversity conbining |ogic nodule 370. Upper sideband

acqui sition nodule 315 further providesian upper sideband synbol tim ng
estimate ~tU to the diversity conbining | ogic nodule 370. The carrier 5
frequency error Rkl thé tetfpotal Pokitioh SARILiEnaE LK Hab bEGLRIGAREE (W dshbidheVi ously
di scussed techni ques. Specifically, the error is derived by nodule 367U,

whi ch i ncor ponkal diming pfisgt) tkecnexd stage impigngl meepgesingyisge nistenmine thé)eardem,
responsive t | 1 ' Sl I n Lmong est =t Ui nput

t hereto. Habﬁ??a QE’P ] 3&' %‘B‘J&"téé‘g“ﬁ e%%eﬁegg%ﬁt% |HornM(~)¥B eulg%eg‘?eds‘;}gfg@aﬁl pal.

acqui si ti on Tie duteheddilidied S enhancdds signil f peak dntcohmplexppigsati Bserdphesénts e si gnal
processi ng perforned bK Ipmeﬁ si deband acqui.sition nngﬁge 320 proceeds in a
subst ant Pal Flpansstpat ohPoinh A Baxigun siepgido-foise Fatio; gehich to stepnine the

speci fi cal | YarSpiied ¥esind HRqleiBy Sdle R Phase T AL datphiiatiilpesll si gnal
processi ng nodules bear the same nuneric designation in Figure 5 the "U'
suf fi x desi gnsitipmgivesran ingipationif dhevfzgayency leeror existingfbetween dhs tyavamitisganche | ower
si deband. 15 Lower. sideb ISt I 2 LQVvi d S ol timng
st mat e i POAP gk e RE labbe de 35 FBRE oS a2ctonBly B R oSV ept
diversity cesgduRi g, shogidthavoygiclded 3Z&o-phase tvhlRe in thewbdencd ciadaaied fieqiehelat i on

| ogi ¢ nodul e 340L provides | ower sideband acquisition status signal 355L to
di versi tif cEHBEnIRconBgRiE PRRAYEY &t thiy pointipfhe;signal peaky andsindpctat eyery othsy

i ncludes a g L u oty Wala¥: il tered
Sanpl s out B Tt o R Fk o el T, e RE R A bt

si deband acgonjsgaté predues detwesn synshod sanplashavingsquivalent phaset(andelthsisgmples i s

i nput to peak,selegto \Wh| L b ntdall v, simlar
fashion to £ g‘egf%ﬁé%%%qsgggﬁé&pg%g&;%gﬁ§escg'lq’%cgf}§}r{t.’°§);\a 5%%? %é%asg’ylﬁbtg? timng
of fset ~tc iabsentd pldarer ddpeenopemead Angatsidnal glebopreN0at the geak of alndodi gl
carrier frequency error ~fc is..decived 25 and outpuj by nodul e 392, both of
Chese. si BnalBEip oot TUSF i Bepoiang; e o e ey 19981 B modul o
370. It shoyjeduifRy @RbY i8Sl chibabte R¥cBORERLA PhateRedeidifnddover si deband
signals, as by signal conbiner 385, additional processing gain can be

achi eved, thus | é&!hemgatlp@lﬁ thercawier fequepycsirar Afmseduces thp stsiduphphage it set and

ospect i vl ot IAAY Rk Bln 6 bRl e 18RI oRY SR Brbts o B OREM bfinbol
: | lustrat ed that fétn(a cdnjugateepretluete rBius,\the fompenayremonisiremesnidd by tiei followiogbi ni ng
ogi c

OS5

equation:

Af = Arg(Gps)
2nT _
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



nodul e 370, which has input thereto the follow ng signals: 1) upper and

| ower sideband status signals 355U and 355L; 2) upper ands Nevéberi2geband
synbol timng offsets etU and etL; 5 3) upper and | ower sideband carrier
frequency errors ~fU and ~fL; and, 4) conbined synbol timng offset ~tc and
conbi ned carrier frequency Ofc. Responsi ve to these inputs, diversity

conbi ni ng agoonersedul e 370 provi des at out puts thereof aPpdirwsosiseee si gnal
375, timng offset (err)t, and carrier frequency error Of. 1o Diversity
status signal 375 is provided as an inpyy to diversity receiver controller
nodul e 380, whereas the timng offset and frequency error are provided to

he d dul i d f
doscr i bed P PRsbPSERRCRAPS trind el Blncksshanapl Bl S ke e

di versity céomventionhgsslvegnke frécﬁemym&ﬁgmtpg reqw red to select the appropriate
signal pair, consisting, of of fset, and a correspondlng

a
carrier frequenc&f‘ Eigr o bOThrg’ﬁl ’?—:’P’f’?f@r ?é{]lfﬁﬁ’@}exo?gltalllel poﬁx@rﬂ?rt@'ﬂa@ﬂ y

si deband ac ?Hglﬁaﬁ $rQhm ‘i'ﬁﬁe%ar@bro“d@@h@mﬁ&m piakd %aﬁtB fph{ﬁ gpi ned
signal pair or as t e case nay be, to determne that fu er ach|S|t|on
is requised 20E§Eh3a¢ta ﬁblrwldwbumse feno theecomplexasanaple sepagseritinguthe iephaket t o

condi tional | e off t and carrier
f requency eF?QB?Q’ ?‘gp k‘ﬁ tﬁ? g’f{gﬁftﬁrbﬁffgu%%fiﬁhﬁ 1§ 8?4'(5‘3 0 the, mppt,
operation ofoftﬁhwalcy/gé@taw 210Cwhi¢l fsimp P Gbaldsehe i @ictedl ﬂﬁb@n@m iHefd/ei Ng the
upper and |ower sideband acquisition nodules, operate, for the nost part,

i ndependent Pedipe the paErfiaauensy sHehAL piich is then proyided fox acamisitinaymeduls By ¢
modul es, 3404 FagherdD borRRAEA oS THES fd Ritofal pbdiford @B dIRIAHAP !

(Fig. 4) provi as outputs eir respect cqw sition stat signal s
355U, 358L. peakaprovided atplxeoutpitad pmicded filterdisiis indicativecofmychbbktiBihg \dffset] | dat es
upper frequen si ehand set, as represented by tenporal
posi ti ons omﬁ’fl 6 %L’gzﬁ(o@%‘ﬁélgf“glpe%g%neragﬁe&“f'gmfm‘s'is@g%v ﬁd val i dation | ogic
modul e 340L vali naimndrpvme rﬁetmqmmwprasedeimaadmhlmﬂ REowfihS Sfmba Himing

- represented by the 39 tenporal si peak positions, output from peak

sel ect or 33ffset andeaxperdegency ouer QWIQMEI@Q‘ porisshte stepwef: Referring to

FIG 8, which represelreeeﬁv,hg%edéﬁbm mmhnaéaqlg?ﬁi ﬁsias&@ gmehespb@é i) logi c
executed by diversit i ning |ogic nodul nodu 370 per orns t he

fol | owi ng plélzmbﬂan%cx(QHDWaxmbni)mshl@ps lem a@ap@ﬂmgvp;orUMr@tmof gh¢ ect s
the fol | owi g, gyl hiifl"PoRbhs ShvinRSubakRRY LFRANEIDhafis” Bl hRVing Ut PU!

t herefrom
temporally weighted amplitudes according to a predetermined temporal weighting

function;

developing a boundary signal having a plurality of signal peaks therein
20 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 received OFDM symbdl;
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,



5 1 ) upper sideband synbol timng offset Atu and carrier frequency efu are
sel ected for the denodul ation process if upper sideband a&Novehber@08t at us
signal 355U indicates valid upper sideband synbol tim ng offset, and | ower
si deband acqui sition status signal 355L indicates invalid | ower sideband
synbol timng offset (FIG 8, blocks 500 and 505); 10 2) |ower sideband
synbol ti mwaooabisget Ot L and carrier frequency error O LPEFES@OHWEt ed f or

t he denodul ation process if |ower sideband acquisition status signal 355L

i ndi cates valid | ower sideband synbol tiym ng offset, and upper sideband
acqui sition status signal 355U indicates invalid upper sideband synbol
timng offset (FIG Sipal S5lcon 15; i e a ower

si deband synbol timi ﬁ”g“ﬁeﬁgéét géa?%&%?hdéghiddgigg%', ‘{aﬁgeﬁ éﬁég‘g"ﬁ‘g’te&éﬂomi ni ng
| ogi ¢ nodul eoB&ponttingtonthetemperhlgiosition estghliskhbdtpeeviduslyd t enporal correl ati on

exi sts between the validated, upper .and | owey, si and s ol, tinmin
of fsets. That is?n ithe S1ER otfpeﬁ‘g?d)cg’rgds’ Bﬂé?eagi‘%fgﬁtéﬁﬁg's?ﬁﬁ’ﬁ/gg‘?‘}?ﬂgs’g? sets are
Within a prefRineédrisipghsl pedRd Piodateds BjRhe addifive selRrpkiion off M6 Mwal® 66 10 20

sanpl es, then conbi ned synbol timng offset xc, as established at the

out put of psoegmendy efdhebounday signal apompfrhed filterad e s furthguenheycedhe ggnalf ¢, as

t abli shed ; : : . dul ati
or ocess  ( Fi gt By Beplylin Ok i Ggndt bES fpief by i enhalBbTE L 0 A
I ower Si de:oand s%‘htta)diitr;goiirrg' methad ixgl@ltp@alatue fc_ﬁ?cdgdﬁirg maﬂ:%cdriati?s;(miml ii]tcnfiﬁgﬂte
revious ste e upper and Lower side ol tim of fsets are
Ir[:ot terrporal"%étc r‘@fré?fécff,g %‘Fyiefm'ngf’{“h%? r%“lﬂwfﬁzﬁéﬁ%e%@ﬁhp’é’l"ﬁﬁ e Mo ng
of f sets ar e pagt, Wighaiied saAKYI dinith SfBsel 4R BARY FOHRnG! @Rk, RERBHNE Fﬁ: gpol
e

timng offset, nor any carrier frequency error, is selected and th
acqui si t1%n ippsewsd crbedimpantef agquisitiongnodyley H 8 nepgrobystsyyera for3ggoverings

b C Si i i | k
s Formed asypbol il HiRe s cld i aibe B BCerlolr paOd D BB BE oF “and

| ower si debadditiona) sighalpeakssingand si nce the tenporal positions of these
upper and | ower sideband si.gnal peaks are kno hen the, t oral, position
of "the. conbi ned G ASoR STPIBRbACEQURIIRY UM 75 rhget SePHdToroTvd a 5
predet er m nefeatiiras 9Mat0fspdddfidally Oftiiresk Eprablem hdBodidteéd CWittstdignaenfadmbolmd peaks.
Thus, peak selector 390 need_only search within this predetermned range of
posi tion¥, datgricsencephgpamena; fobenignpavisenment, ifihe pbssned of bstantive fding,
tenporal poshbiis I 1A frerdc® hi ¢ apLibsh 'S L& 1 on of
t he conbi neﬁhsllhg’?lta aﬂdegi. Bey ?’itmé'?i:ﬁﬁg t he ranglg ofﬂe‘?ga&r @ﬂ,qﬁﬁ)g{é@%‘%g tinme,
and acqui si tfilten 145 efisigns! enbancingiipodiiie 35 ane eash otquepteli eeposentativie of fdceivedncy of

t he process._Diversi conpi nj | 0gi ¢ ..modul e . 370 n, be. | enented as
iscrete.d gERP Tty PR e orBRon . e P A T oA

sof t war e nodutlesorditivngita sigple detectqal Sgras peak, ougput ot matthedrfilet 145 provideegoi ng,
or using_any, ot her,cqnyentjonal . approach. rther,. it should be reci ated
Chat | b2% b reisite TPvEoR Jeeitih s piepesstel demodidtion of Hmigls 15 OF DRbgi ¢
functional i tgenfpatm@enod. he upper and | ower sideband validation |ogic nodul es

and the diversity conbining logic nodule is exenplary. Any alternative
arrangenent can [ the@ther pangl, inja oisy envitpamgnt, myli-patlhpnd interfeeers bavecthe on

| ogi ¢ functi er. 4 18 A8 0REE Ak . nmodul e
370, if onl ye%(%?]tegfro‘fq' oﬁﬁs%l%grg%dﬁggbn@agaﬁg S@Q%r"%syﬁjb%ff trm ng%%#“?lrs]sélg'galt hen
such i s usedpehky atdienmudptt af thematdhed filter. dfhearditional signal processing presented by

25  the second embodiment of acquisition module 75 combats these deleterious effects by

validating the temporal consistency of the enhanced signal peaks output from signal
enhancing module 135. If the enhanced signal peaks are validated, that is, temporally
consistent in accordance with a predetermined criteria, then acquired symbol timing.

offset and carrier frequency error is considered valid, and the demodulation of OFDM



20 hand, if each sideband has a valid synbol timng offset, and these
val i d synbol timng offsets are tenporally correlated i n @ploostbsramogi th a
predetermned criteria, then IR filtered signal sanples taken from each

si deband are conbined, and the synbol timng generated therefrom that is,
a conbi ned synbol timng offset and frequency error, is chosen for the
denodul at i eyo ewsomess. | f, on the ot her hand, each si debapdr/wsoomwsiez dat ed, 25
but the sidebands are not tenporally correlated each to the other, or if
neither sideband is validated, then no synbol timng offset is chosen, and
acqui sition continues. Throughout this process, diversity receiver
controller e L elv rcuits to
cont rol thegiggaelrggztﬁll %otrllrﬁﬁ?%eg ﬁ@ég%oa?g‘gﬁggl B\ngi'/eﬁg %gtl |or‘1mt6u %tg' 375
provi ded by tiit thersgimbgl tinomgdoefisenig valalyted. nodul e 370. 6 Novenber 2003 WO

00/ 49782 32 PCT/gE)@OI 040 l.n sunmary Qe di versity nethod of the present
i nvention for E}Iﬁgﬁﬁ Anthe SF?‘?‘i‘flr?Q‘bS at ofgequisitipn module, 7Sjnendss er r or
fromthe OFpMiSicdRBbmernt mmeqqe ahlp §lgﬁ51ea§aneﬁlg mddRiRsIYs ta bfhﬂﬁgﬁugﬁ%gﬁ

nodul ated signal in both an upper and a | ower frequency si each of
t he si deéan@@cmmmgwmgaralopf fiest ¢m§0®ﬂer@mcﬁlsmmmubd75‘ r Hopiergy

carriers ang ; | I at ed. si gnal
of the upper t%rcglﬁm %g%/a?gfog %%ﬁg%g&%ra 8@7%3?%1@% fhf%f é’PSl§ F’H’é( nd)
recei ved si grea’ecetimﬂ pighala rS&ignbhHS(ﬂEﬁ)\(t frod sigasledhmicipg a{odere 11319@5 pro\ER&T to
frequency si deband and r,ovi di a sec | ower si deband) received signal
Ut pUL - 1o BEBPBAEAG B PUDE oot (L8 TS SRS e e GEoR SBM ang
frequency €itHefdto @Rd rp?&@&@%mtfﬁ FdADNbRY 700 1t§ ah t si gnal ;
devel oping a se(():ond (1 ower si debgnd) Synbol tt| mrbn ésréeot? an ?ﬁﬁe{%&ency
error cofr esesponse afthe éll{ﬁmlssfylﬁbﬁiaéthﬂ fostrecestly mdvcdes:@alsedpm itlipatd are

{emporal " conenbidnbre R pad fe WeflblshFteoBSEdeRh ol BERLLT Thitg i 7 et

based on a moedmt:emlyl ﬁimlectmmmedls:gneinmaki mpatytot INR reef 215ellee;ﬁ¢,gm,ga\m9 opti nmum
synbol timn ffse frorrt% g'{lrst and second synbol timng offsets
responsi ve t 2 teioy ey eps; and, 20 denodul ating a series of OFDM
synbol s of at Iewre ic@farly,n 6o 1@@@%@5 19§} ttzfaenﬁpﬂtwmwc!m@hé'mng

of fset. The net hod aﬁjgg mc?udenzlbt st eps o?ﬂl devel o |1n fcsonbl ned)
synbol  t#ni gentigupushlogsof égxpehmmggnab segmepiniof rh\htsmnle@f IIRu filker 24A dillescond

timng sig n@llnesﬁrst sample of a first block with the first samples of successive blocks, to produce a

filtered first sample. 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 paralle! 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 IR filter functions well known in the art of IIR filters. However, it should be



respectively representative of the first and second synbol timng offsets;
and, 25 selecting the third synbol timng offset as the ofpNowemb&)\a00a!
timng responsive to predetermned timng conditions. The diversity

conbi ning architecture and net hodol ogy descri bed above provi des a robust
recei ver acquisition system wherein synbol timng and carrier frequency can
be successiyd doporsgcover ed even when an entire sideband i scbusmkem? as by a
fade or 30 interference. On the other hand, by conbi ni ng upper and | ower

si deband signals, as by 6 Novenber 2093 WO 001 49782 33 PCT/ US00/ 04062

si gnal conbi ner 385, additional processing gain can be achieved when the
conbi ned sy Llam rg&g; i ld zed.

Thr oughout ﬁg&f%éde%gt%héﬂﬁgg gl:;d Yie ggg‘??ﬁ?‘?‘gﬁgo lg@%ﬁ%@gﬁ?&l?&néﬁﬁ on, the
vari ous si g@40 carespeds tnthe rouiulatye peradair elucation o€ thequeletertiined awmberdofOFDM

signal, 5 c risin he seri of CE synbal s. It is nost inportant to
appr eci at e gﬂig’tda‘iytS' P‘?@ed‘i[ﬁ)%r%%ﬂ‘g y gW8“W8?§eflh)é( 9diye, superpgsiion

est abl i shes niddfle N4€debeCIShmRIwheeRDlocRof 32 3FnRMts die SRIHVEY Sipelimpsgh as the
1080 sanpl es used for illustrative purgoses. The sanple rate at the

recei ver’ athedeblechdelaydmparted; iy dstny it PAQ is 32 ¢ (esNat] 080samplerssmbelt ual
nunber of rﬁg&;dzed sanpl es for each received synbol, is set based upon a
variety of O Criteria not inportant to the salient features of the
present inventi oHR fillersdsignald2) ontputhfora iiRefiltdn @1 Hsimils to theiffiteredacongplex. A/ D 50

can ei ther under  ar. aver-s l.e the received synbals in establishing the
manber of | r SEERA Tushtip i TR el mpoes OB St pplys Riehae AGPR o 1 he
same nunber cgftighQiSIR FilttiRl cotiiR@e fnal S2meRS Sa¥ie egRent BiviheSS kiR nphed at
the nodul ator. 15 What is inmportant in the signal processing of "the present

i nventi df, iperiachks anchimclding s signafripeik therep: e Eleysy sembed tisndngh codinpesctoi bee st age
t hereof. So H%&ge@aﬁtlﬁ]a&tbﬁaigtﬂﬁﬂﬁfﬁl F'ocessi ng i s based upon a synbol
, or mu et

period's wof ti'p ereof, of received sanples, it matters not
whet her thi s nunBeak sefectond$f, @permtingogindlar, totgeak sdentoral®0 describbd peevidasiynunber

of synbol sanpl.es established at the | ator: s ol timng wll always
20 be preserefr}glal.sg‘?sn&‘@dm‘f’ ,pqsﬁlgnfogreégg%géggcﬁﬂgﬁ%?% Tggput ‘Eetae?'éﬁal ed

enbodi ment s pidvidee (e Hnipbil posititd op @sapIB irkley,ab validaBBislogfc héild 29521 waéh si gnal
sanple rate in the present invention, Extending this concept further, the

pr eser vai oiyakidatesy thisgpmperal nogitiem isgwefhwsthe ymbel ning effselidad thapheesas ng

st ages can ni e o] i t RO . reesent

i nvention, ?g;{eﬂ%péeﬁégﬂgéwﬂ gaeastihr %%é%jl B %‘éa{)%t,ﬁ‘ﬁgg%gﬁlg gg isilltéﬁal% h%?(gctgési ng i s
based upon aecwymibig thecarna' feequency lesron by thel methoddestrbedqirgviafslysimnmplatey t hen,
for instanc«;(5 t hg additive superposition nodul e need not accunul ate each
sanpl e i nput F'ﬁé ‘eto. Every other or every third sanple, for exanple, could
be accumul at ed oemphxs§gihiol 75[e fiirthér provideday an inpet tb peukdeiattos 260 akhisiegent s

accurnul ated to, produce a cupul ative_ 30 signal, need not be cqntiguous; every
ot her or2ev&Fblishes Hies@@nﬁfﬁﬁosw e&%f@gmeeml@aﬂeeﬁ( BIeRSY dRifeFUtEab3 34

cumulative signal segment of signal 175. This current cumulative signal segment
represents the accumulation of the most recently received block of superimposed
boundary signal segments. The current temporal position is provided to an input of
validation logic module 255.

25 In addition 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



be superinposed, so |long as the approach is consistently applied to al

i ncom ng boundary signal segnents. Another alternative endbN&vdmbyr 2003t he
present invention stenms fromthe linear, and thus interchangeable, nature
of both the additive superposition and matched filter processes. Although
it is preferable to precede matched filtering with additive superposition
in the presgydospiayention, such is not a limtation therepCTuStomios2
sequenci ng can be snapped, to thus provide matched filtering prior to

addi tive superposition. Note that the spgnal processing circuits or nodul es
in each of the enbodi nents of the present invention, including but not

being limt n and

mat ched fil Md%%@ﬁi%ég@ge SI g P&%g%gglﬁetﬂ‘?gbydy ?enﬁy%& l1ﬁegt or,

phase extr athbmbf Sated otherumepmdggnmyatf@pecxfwabcmdﬂu taa curfept témmlﬂ)(ﬁltlodl versity

conbi ni ng | ogi ul e, nodul e, and all of the circuits

constituti n’ifgteﬁ%’tsf‘g E’éﬁ’l"?ﬁj‘ sigw P'?% elB‘t—f’St pidnerRegd Gentinyous é%ﬁkl oty of

techni ques gndy eahaehqmuﬁ&ry Etgeamgylb@@ whilk 18 ;sremlg,neﬂ.baql ?&I@d{tglst al

logic in gate arrays, ication specific integrated circul

pr ogr anmabl| eprgsentative r afygﬁ% uohnedm’tféy eprp¢€dmgdéa b;peﬂmpoam Bumdary sigoa)r ammabl e

| ogi c arrays, and devices, etc. Alternatively, the nodul es can be

i npl enent ed &4 ﬁfogram; execut | ng on conputer hardware platforns such as

custom bui |t or Tienprevicusiemporl poditiddl 8 ddv@oped| bysingpaging r e delay so tHe

m croprocessors. Further, the sig nalq% ocessi ng npdul es can he_i rrpl enment ed
€

excl usi vel yPi&gent tsmpaab positioy - The, teg delvecomespondptodhe, pumylativg R?Bﬂ‘b

wor kst at i on ’ r s t Even
forther . angpte(BeRRdeinel subibch CF Bimaird sihlf Bl SR b8 ARARelyEV ST
overal | 13yssmnmpoaed¢o firvebpratcuimwlative signal segmdns Imthe emmlteabows,lthlg time

virtually uplimted ¢ ti of. t f or egoi ng exe t echnol Qgi es.
Al t hough ¢ ey KR @%2@ etgﬁ"}]’eégﬁoﬁg‘ﬁp FYRBRk R nﬁ)oangﬂ ﬁ"%‘btjc fic
forms and ephoiliestheireduisite delay td theWwulrént bénpupsl positied BPuf tharetoy add grodides

nodi fications other than those di scussed above may be resorted to w thout

departing f loH quirst the\PEsYiqus fempersl Pasities, (that ISfthmlP'&rtmlgﬂawut%|w %l enent s
may be subsbk4 uted for 6 Novenber 2003 35 those specifically shown and
descri bed, proportional quantities of the el enents shown and descri bed may
be varidél, and i brieé spomaen ¢icthe feregning, sheefotlowingoset pelgmppral positigng arest eps
may be reve departing fromthe invention as
defined in P Q’gde%sf“H"t"gwfa?‘ﬁg“m%é‘%%@g%%r 2003 36 WHAT IS CLAIMED I'S: 1.
A system for recoverll)gl‘lm EI}rttmj)orall pnsﬂgnpédmaepondmg toaherptsntloﬁmr(ffqheﬂw error

ol en o PREe Slentl k37 @ St eedlly Proyidel 1 Seesiarbl Ratiost i ©

represent i Ngom thENRHtedf CFDM synbol s, characterized by: each OFDM synbol
including a |eading port| on-and a trailing portion _thereof, said |eading
and trai?Pi ng porti ons®)nEhg siareat isaparnd |P8$11“3ﬂ éﬁﬁ?ﬁ?ﬁl‘@hﬂ t‘bﬂ@d@tse‘f’mqiiéhfé phases
and havi ng e it st redet erm ned

t enpor al E%E ﬁ%@lif‘ﬁ%ﬁ’%ﬁ& ﬁlﬁgrlecel ver‘ﬁﬁ,@g qél@tg%vé?ld?aﬁg a received
signal to an out put tﬁeTleqﬁevxp@aﬂcmmbp@pmntommqgmm)e pasitehafithy a
boundary si gnal hav rality of signal aks representing a synbol
boundary pog\gf'?ldﬁalf%’r %%‘Bhedﬁ)aé‘%ief’{fé RO WBS’IEREI ngal d signal peak

bei ng devel oped Vahggios ilyge nbdak mnterfouﬁlea Ppredeehinined CApos e PoSHGRI
produced between said | eading and traili ngl ortions, of each said received

OFDM syrfol comglatipn hefuesp %ﬂnpéﬁﬁaﬁet%a estaBlish) Whethex theetignal aeaks .Otlsvubty sai d
boundary si qn@kmasﬁmaeﬁm.ﬁm%e% 16 of gedku&teaa,r HA3Ngke (t%rﬂ,gar afly Yalid,
g a plu oun

addi tively superinposin rali1ty of gnents of said ry signal
and neans ( Bp&ificadly, validation degis inndales2r deeenksr whgheshotte theo cgeint abd nar y

signal, said_enhancenent, ne ut tt| an en nced signal peak
correspondl r?éevl’ouszf'gﬁ?]e%fgt‘(gpﬁph'gdam Bl ngfl 0 "%%tPf:? %Fﬁl?lgﬂs'?@“nbef gg’d‘h@?ﬁs and
having an i rfwemlesn@wplmmmre@emt the; [IRreighal pedOfosition! IEskpble] hbh Ny a

t enpor al p05|t| on indicative of said synmbol boundary position fromat |east
one enhalfcedbsicgwaral B‘é“éﬂ@“dtft‘b‘iﬁmfftlwﬁdsséﬂ”dl B3k ahdaderwned vakih and is e Yo npor al
position representing a received OFDM si gnal synbol timng offset: and,
means (205) for recovering a received OFDM signal carrier frequency error
corresponding to said tenporal position established fromsaid at | east one
enhanced signal peak. 2. The systemas recited in aim1l further
characterized in that said peak devel opnent neans i ncl udes: 6 Novenber
2003 37 nmeans for form ng conpl ex conjugate products between said | eadi ng
and trailing portions of each said received OFDM synbol. 3. The system as
reC| ted i n Caim2 further char act er| zed | n that sal d peak deveI opnent

o o L B Y A Y. = 0 ¥ o . o




superposition neans (165) for superinposing said predeterm ned nunber of
segnents of said boundary signal, each of said segnents haNowgmiserr2@9pecti ve
one of said plurality of signal peaks included therein; and, nmeans (160)
for accunul ati ng superinposed signal |evels over said superinposed

predet er mi ned nunber of segnents output from said superposition neans, to
produce a expal4atseve signal having a cumul ative signal peERUSKHHISELI ng sai d
i nproved signal-to-noise ratio. 5. The systemas recited in Claim4 further
characterized in that each said segnment Jgas a predetern ned tenporal |ength
corresponding to an integer nmultiple of an OFDM synbol period and incl udes

a signal val t'ﬁf@ pl ux @difs f il YREA: iid.ns cexhiendi ng
across said s? @R@orha éngt ﬁesof sﬁlfé&%]elg’nél%t, se‘{l?ég Zﬁg%%ﬁmﬂigﬁ%eg%g’

i ncl udi ng nesmespbudingtvabisvhlatatedgereparal mkitinm lis vt tredadarmingydanier frequency

predet erm ned posjtion in each se nt Ln said predet.erm ned n er thereof
o pr oduce £eh LN Ros "Bpgiar R (reos Prekustyr e R FRGCISOOTE foh over
sai d predet erdquaRy goneriar278 (FiEegrent s; and, neans for formng said

cumul ative signal, said cunul ative signal including a cunulative signal

val ue in%ach of Refaringtothoth Figy 2otnd: brifier te tereporalingpiion keschren validatedoss sai d

cunul ative sj . wjln? . ecl inCaiml
further chaﬂgg@ropzlgﬁgilﬁp a %g?%@i}lﬁﬁ%xfn}o-sﬁﬂlg ’)rs?;ya& tgﬁ;glgé‘g P{t{ ggrlﬁ(ﬁg(\)}# rtl% a

t empor al- i npohtd and sgaciisemodile B dy way @iff acqusitidnistieusesignal 8 elnahirne ad@itrodf sai d
si gnal peaks devel.oped .by sai d peak devel oppent ans,. 7. The system as
recited in d”giqﬂcl?“g fod rS%cH‘&r(gE‘L"g\‘lf‘t?éﬂ°‘?“E’T§‘ﬁﬁﬂl o PRRDJ5S é%‘ﬂ"é‘i“ﬁ%ﬁ@ﬁn

t emporal wei ghdekdsh dxbdtfidd BHTOFIDI dedRAumIETBY. I WhathénvafidaRAdbdidmalsle 885 Cendi ng
anplitude tapers at said leading and traili nga{)ort ions of each said OFDM
symbol . 8 TiRdagifionedhio xiptewithin cacwisitipm inpadpler T oh avithith genikel end tracking t hat
said anplit r I K3 \ne system
2o reoi ted i MOYERE e, LAt Mokl 7 Sfith N ekt o of e

est abl i shi ngdemodelatiar plodpedithéreby, inetabibds are me topaitahi to the sp@ifigs dfothe

o 5o R e SR B A oo Bl R Sl sranag ™
naxi mum si g is e M dégaisiten proc@d be valditdd tbithisandichte ARaRSAMacguEARh of
corresponds to said tenporal position. 10. The systemas recited in Claim?9
further thargebel tiping affset andrcagisr frequeaeh g9T asiaghrerequisite otk apcertancofl se
response fil &H@? i J (o dlif cterized
in that sai d&eixi/og%ﬂé%]dfd%_ﬂra? Hﬁﬁf ncl u ehgﬂﬁhn%gﬂagbﬂgggsf O?gl?laﬂ(ifgéer mi'lr?%ﬁgg‘%‘ val i d

t enpor al posi t i ornitiEspentthatevalidation pogicl atodulni2he i unehlsde ablidaterthe keatpiorat

bet ween said t or.al ition and air of..positions.established for a
eepecti va! cpstERaF Bis RO Rlsrke Al Bect, BRiabayiicHIRbce BT it R fing

enhancenent asealiddtioadflsymbobtiming ofetdioeeeetver means i ncl udes a denodul at or
for denodul ating said received OFDM synbol s responsive, to, a, synbol timng

of fset detived Tt adiionslosignal PrERSHIELPIONKEd i BB SRSPRLEmPOHRPR ATl Means

for establi siqagitdnAERN BF RO Piekén® Tnvehfion AnflREsN @8 ddlatibs VAL IrBQivedSY Mool
timng offset and carrier frequency error. froman orthogonal frequency

di vi si on mul ©FPMe sigoal (cobDafer siymhel timingngffset angcariier feaquencyfermoe bavevbasy an

OFDM nodul at Sl | repr nt.i . Serd l.s. ,characterized
by: 6 Nove %ersgfgB€§ecggé%ee(g§ﬁméh%°§vg£8ﬂggﬁﬁhgf‘ l}%: ﬁlg& ez‘xﬁgﬁg‘h% S%agtf tP%n and a
trailing pormubirpdiihandofher sighal ihtedelens, drdsetord énmbugirpeant tpkavides alevel of
substanti al | ui val ent predetermnne hases and havjng tenporall

et gt od ZAmp RS e B ol VDL BRI B e SO POBRD ROy
function; deyghaRiaid AdeiRGapt he@ogl having a plurality of signal peaks
representing a synbol boundary position for each received OFDM synbol, each
sai d signal peak Befintherprosidingeadreeeivqsdhaliepwlays divsrsitinseleetionand gem e
corresponden 0, e i J i i | f each
cai d 1 ocel ved RN A REn R hRETa b R BnBE ot Bithly ARREGHERT AR
boundary si gpebent fwemtioand esmbat theaf@pmentohedidaigeridue sighdd pffedts Badent furtaery

superinpasing .a plurality of segnents of said boundary sjgnal and filtering
sal d bindby SHHERSR: 1t Hjrdspaboditasn REhe peeSe inyanicsh fish groiEIR shier for
plurality of enhanced signal peaks produced by said step of enhancing;
establishing a tenporal position of said synbol boundary from at |east one
of said enhanced signal peaks, said tenporal position representing a

recei ved OFDM si gnal synbol timng offset; and, recovering a recei ved OFDM
signal carrier frequency error corresponding to said tenporal position
established fromsaid at | east one of said enhanced signal peaks. 13. The
method as recited in Caim112 wherein said step of devel opi ng a boundary
signal includes the step of form ng conpl ex conjugate products between said

v




15. The method-as recited in Caim14 further characterized in that said
step of filtering includes the step of providing a matcheNévdnissr 20031 Ng an
i mpul se response matched to an anplitude envel ope of each said signal peak
devel oped in said step of devel opi ng. 6 Novenber 2003 40 16. The net hod
as recited in CQaim112 further characterized in that said step of additive
super posi t wonoMsmst udes the steps of superinposi ng a predet&usi/mdd nunber of
segnents of said boundary signal, each of said segnents having a signal
peak included therein; and, accumrul ati ngg superi nposed signal |evels over

sai d predeterm ned nunber of superinposed segnents to .produce a cunul ative

si gnal havi - L IgR&l ecgﬁi Rk '

si gnal -t o- n%?g‘%nﬁg%.% 1ﬁ7ﬁn§he ﬁeatnﬁo aes rg‘%}%}legﬂ ?lflﬂ%gpangl) {rjr%%ilgg* l?rEt l\ér

char act er i zsignal is firbrddedsai d st ep of establishing a tenporal position

i ncl udes the steps iltering an.enhanced signal, pr.odyced by said step of
enhancing, to prol UQ%DIQI ’P?‘f"tr‘aé?rg’dové el?iiaal’i cfragflﬁlﬁtg e:ndé’ﬁg}e cg}éetrﬁg'j[ _ﬁtﬁma&naxi num
si gnal nagniteUdRd iembsd@indnt| betatdscifl A£ABENE Sichikt & BIFDM) chodBlafr Thétiud2 4
tenporal position thereof. 18. The nethod as recited in Claim12 further

char act ef i z8igcussedin eelaio o the figyt embedimeagt of thepresentivention, yathitheexceioponsi ve
to a predet 1 : ' r el ati: i skt on and
2 pai T of  pot B ErGTBRDM A B oliify FCMACHIR el  RELAAO e
enhanced si gamsmitte Pkaiupescaid dadsalits te dheddisdrsity oéeivnlofitheithigd eabadimadtiani ty. 19.

The net hod cited i.n. Cl ai 8 further characterized by the step of
deroaul a1 ngTOM Pogisi Sigidh Bohdu st 8 a5 Heghinst S visrs or

posi tion. 2@fthésﬂieb(@nﬂé;Eﬁcﬁm%é(ﬁé%lﬁﬁﬁtyrminﬂﬁluﬁteaﬁ%%nc&icﬁiﬁ@ﬂs @fd.set and
carrier frequency error froman orthogonal frequency divisSion nultiplexed
(OFDM) 9P gndd); arbwhere dhengidebandsagather farm ¢ sazies of sempasite OFPM symbolsg asodul at ed
signal in boih.80 Rgr and a lower frequency sideband, each of said

si debands enconpassing a plurality of OFDM nodul ated frequency carriers and
a series of OFDMVIhiydivetsgty OXDM signat istrangmited by the DM diversiwasnsmitgr vai d OFDM

nodul at ed si,gn sai.d upper frequency sideband . and. providin first
recei ved si ﬁa&%&{ $ﬁ?f51§fn&g§§?fd‘“d§bﬁﬂlﬁ%ﬁiﬂ“é?é‘ﬁ%&%@ﬁ% motFl%E‘%'? & aﬁ pt
frequency sief8oEMINITANP prRYIE i@nifonS ER @Rshld, HofeV@dbs highediat@i Bl iy this
characterized by: first recovery rre,ans,ﬂéBlS devel oping a first synbol
tining dff sé&irddphodivsahdhngivesitoreniveaingedes bpth agpgerrand ¢ loperBeqpereysi gnal ;
6 Novenber 20034 1cRAHRAORTMIADIIGRH Sighat pbbesd ' - ynbol
timng of fset corr%ce poﬁgllcl?lg to C]%Dl\l/l synb(g)fs%ﬁ)rﬁesg%géqg{e}%&oﬁ) regtgéei?é\?geigﬁsi gnal ;
first vali datlestign sedemnbi®ing bjtween theltwd.ng said first synbol tining offset
based on a predeferm ned tenporal, cqgnsi sten hereof ; second validating
nmeans (340L) val #%ﬂnﬁgtosg'iggg 5880 edals"? 0 O#Ii{?ﬁtt n°§ t§? FREGSPIt, IVERIogy, e

pr edet er m ndiveisappedenler GRUNSies taefiGiyt-ehd @écbiei ndhleChotoshowmA it RRAMNes el ecting
an.optimum s%/?ﬁrrbol timng offsef fromsaid fig?gt and second synbol timng

of f set s PesfEhedanalep Q gnafocthe inpetof w20y The ssppled sznal diert fsm dat i ng
means; and, AYBaRS i{ préMled R thel HPROLH shebitl RparkiBR5U0 VHEH ngfsﬁa_lﬂ_h‘ﬁléﬁrﬂoﬁxs of

OFDM synbol s using said optimum synbol timng offset. 2 e system as
recited in ¢heawppepand lomen&equeney sidebandsziregseptint thereceiagdisigedl do praidenaans

ol udes e Ay B bR 108 oAk flufd (tnahY BH0L 336 AR LESEImESRR0ST Vo 1O

an out put of ® sai Irst va I'ng nmeans | ndicative a va
tim ng of fsaippensdebandigraliB0soi pewiddd aeawingutiaptatidegndaapdsitiondhedild ve of

invalid sec SY. | tim of fset; and neans for selecting said second

synbol _t%sm' 33%‘?’%&2?"?"_&5*%%’!"\/@@ HY ﬁyl’rﬁl’]‘ge‘gfas <5 WPyt fosdowes) ’i“&eg’ﬁ“i’%g means

i ndi cative Qtqagubd ke fdor stadauishaly, totd Bignff 36 tandnA 0akte Ol gGively Sai d

second validating nmeans indicative of a valid second synmbol ti'm ng of fset.
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  separator 300 (the passband filters), and the respectively fed acquisition modules



22. The systemas recited in Caim21 further characterized by: neans for
devel oping a third synbol timng offset correspondi ng to aNewwhenaop®n of
first and second timng signals respectively representative of said first
and second synbol timng offsets. 23. The systemas recited in Caim22
former characterized in that said selection neans includes neans for

sel ecting saibtserd synbol timng of fset responsive to BQT/O8GWPME2 of sai d
first validating neans indicative of a valid first synbol timng offset,

6 Novenber 2003 42 an output of said segpnd validating nmeans indicative of
a valid second synbol timng offset, and a predeterm ned tenporal

consi st ency Bt L NEsHl t g £ m fsets.
24. The sys'? ?%%éb%téﬁﬂed inl%ég?lr%f %%ﬁ]! E%F%gégccaﬁ%ﬁg%{eﬁ?l?izaggﬁ analtgkfg%t each of
said first aatisesemsbembadipenteel thawsgsentiinntions :withethi eiesptivro pat hothrappers f or

repr esent | PGSR AR 4 HsBehdd. PR ety a3 o Bl R0l (0 a
respective edh offthespper dndriowerdicuary Giidbands eic\sabjedtdidahe siphdl Procedsingm sai d
recei ving neans;_ neans for enh%nci ng.signal peak detectability of said

. y Ol
boundar y’si §Agas: dessrigedrpreviously, Fugherpihe varions sienalsfnoving befween thervarionsi cat i ve
of a synbol : e e Hafeteri : t from
sai d enhancg1 iﬂ{lﬁl @n%gsrlldsg.)&%%gs(}{%ﬁée sys?ﬁeen% as {reg%&tg eagr‘?ér%glgﬁé;ll mglgzd e?%%b'?ﬁ'er
char act er i zd&Hus, rwithhgard 46 themeppes atfic lowes sidblhand hicquisitiort mopwieslonlyos btiefon

includes a filter for filtering an _enhanc signal qutput .from said
enhancenent dﬁsﬁﬂﬂtéo“t’f)ptﬁylgﬁ‘ﬁjgoé ﬂéog? ﬁpf(g?g' B ﬁﬁ%ﬁf’é’ g‘&aps‘iaa’r?éﬁ?scﬂﬂ&ﬂn' means for
detecting a Maxi RetinidpOipain t6FIG] §,UPer sidebatidckidral 865 RAukjBHa) ¢ Sqhémaal and
for determning a tenporal position thereof. 26. The systemas recited in
O ai m 240f ufe Fgnal Proceesinechy pe Rreressing medeln 33Uswhigh dndludes hath heeerkd
vali dation GeRiihnieiChAAS alPARRI bRlantRk BN dAGkriBed Blobibulll) & 1BV BRG! L1 M ng
of fset responsive to a predetéerm ned tenporal correfation between said

t enpor al posiadilen3 ¥t whighaprovisies gB% iftliered ssiged gishkss tve thef outpat thespf did ve

successi ve ir of .enhance Lgn aks output from said enhancenent
neans. 27. u&F‘U’@Pts'f']f‘g?%etaﬁﬁfge‘g%ﬁ?’?gjgoveri ng a synbol timng offset and
carrier frequencyp@f to@ppdrisidebad validdiog b méduRBADIGYe G Yolfowany dptals: Pl exed
(OFDM signal, conprising the steps, of transmtt.i 2:‘% an OFDM nodul at ed

signal i both an uppBrthétaneerdlpgsitions esgirsentipe JIRy Slaned sismakpeaksy ogtapy
si debands epoaRagsditbrasphural ity of OFDM nodul ated frequency carriers and
a series

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 contiguoué 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



6 Novenber 2003 43 of OFDM synbols; and receiving said OFDM nodul at ed
signal of said upper frequency sideband and providing a f6Nstembter2D02d
signal output and said O-FDM nodul at ed signal of said | ower frequency

si deband and providing, a second received signal output; characterized by
the steps of: developing a first synbol timng offset corresponding to OFDM
synbol s i nVEx0#978r st recei ved signal; devel oping a secof les timng

of fset corresponding to OFDM synbol s in said second received signal;
validating said first synmbol timng of fget based on a predeterm ned
tenporal consistency thereof; validating said second synbol timng offset
based on a pkgEet epPer elichbMAP A@IsitioANSAtES aneX] BhSD eRf providb®abi digersign

opti mum synbol timng offset fromsaid first and second synbol timng

of f sets respyombining legic mefwed)-i dati ng steps; and, denpdul ating at |east one
of said series o - HS 1N ' Py . Wy et. 28.
The net hod as reypﬁ%wg%ﬁlﬁnf%ﬁﬂgglghar acﬁérﬁi?llg%gg? tr%lb?aﬁg%dés%gﬁi(g step
of sel ect i ngymbolaphingestissateriAg) totthardiversity Eenatiining dégiclemdolh 876t s carfrier

selectin% said first %nbock.ti i n ff @Jdres opsive.fo a.v lié’? first
symbol t iPni AEFIBINCE ERorffy isf rived oy pdwe & mgf;&pg@ﬁﬂ%. ﬂ?{f"tﬂ“?a‘é’ scussed
sel ecting sai@nRRELNSpeHIERP), thd Bdids Abfiwealby MSMAOSEYE, WhicR iddorhtses ond

synmbol timng offset ‘and an invalid first synmbol timng offset. 29. The
met hod as r ahaseegktiagtoCng freqpndyugenprator dhrseincesnonsivel tothet IR filterqd wignal

devel opi ng i rd..synbol. timng of corresponding to a conbi nati on of
first and s?ghﬁ&ngyﬁ%'&c%{'?‘%ﬁe%@P‘grt]ltz'ﬁ%g&r espectively representative of said
first and second Hayingriefly rdest@ibed tigebpration .of Uppernstdidbantd asquistitont mddiler Cl ai m
29 further characterized in that said step of selectin n. opti nmum synbol
timng offf setlSs i sHEicienhio appreeiatebat é*teesggnaﬁ?mcessanmrémg? plyoyer sidehepd ecting
said third %%Hfg%ioﬁ WBute 320 frpcibeds G RONBtMRiallP eGuiValbdt IndnnérSds iﬁytH@Q}%pe}' m ng
of fset, a valid second synbol timng offset,” and a predeterm ned tenporal
consi st ency sidebaitd. niylorehepeeificalive @m betdpen thgctworetidebandss opesationally equilent m 27

further Chars"flgcntaia Hozcgs(ginlgnm(txﬂl?ets b%g? lﬁxeogame numeric designation in Figure 5; the “U”

suffix designating the upper sideband, the “L” suffix designating the lower sideband.

15 Lower sideband acquisition module 320 provides symbol timing estimate At
and a carrier frequency error correction signal Af; to diversity combining logic module
370. Further, lower sideband validation logic module 340L provides lower sideband
acquisition status signal 355L to diversity combining logic module 370.

The diversity receiver further includes a signal combiner 385 for combining

20 corresponding IIR filtered samples output from the IIR filters 330U,330L of the upper
and lower sideband acquisition modules 315,320. The resultant combined signéﬂ is
input to peak selector 390 which operates in a substantially similar fashion to the
previously described peak selector. A combined symbol timing offset At. is output |
from combined peak selector 390, and a combined carrier frequency error Af.. is derived

25 and output by module 392, both of these signals being provided as inputs to diversity
combining 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 steps of developing a first synbol timng offset and of devel oping a
second of fset includes the steps of devel opi ng a boundar yé slogérabert200BNg a
plurality of signal peaks representing a synbol boundary position for each
recei ved OFDM synbol in a respective one of said first and second received
signals produced by said step of receiving; enhancing signal peak
det ect abi | woyod$783ai d boundary signal; and establi shing BCP@WEGﬂE? posi tion
i ndi cative of said synmbol boundary position fromat |east one enhanced

si gnal peak produced by said step of enhgncing detectability. 32. The
method as recited in Caim31 further characterized in that said step of
establishing a t oiyigicbicR REFIC. Slvnb BRAHAP Feckiler NGRS dRErshty LbAEIAG 16k
enhanced signal pro uceg y said step of enhancing detectability to produce
a filtered eméduhcidd, whighhas inpintherade thedollovgngsignals: num si gnal nagni tude in
said filtered enhanced, signal,.and deierninin or osition thereof.
33. The nethod as rec?}'@é’gfWdéﬁ"ﬁ?rrﬁ‘gﬁm'fi&}i\tlﬁes?g“@ﬁé?g@% 5;261 in that each of
sai d steps of vali dat pygppepind 16wérsideBatd symoNinisy oifeds At mdayof f set s
includes the step of determ ning a valid symbol timng offset responsive to
a predet ef m ned t enpoBhvpprenanddewer sifeband catrien fequencicators Afupnd ebpoing
position and a pair of L] | 0 cl sive
pai r of enhanced si gng? B%@%bésf%}ﬁ%ﬁﬁté@%h%éﬁgegil% él}dg%gny&gnﬁgﬁifﬁegﬁ&%
detectabilitaf,. 34. The nmethod as recited in Caim32 further characterized

by the step of devel opjn third synbo) tim.n ff.set corr.esponding to an
addi ti ve comnbi nat %W”éweg%ﬁﬁs%fnpgﬁi éwf”isﬂ 8?‘5%‘“@ﬁﬁ8$18é‘5’d§1%g’{7§|1§°¥}8?§ ced
respectivel yoiyutSheflofs 8REsRY sighl 879 Rintey 8fifet I Al arvdiRfdr flehuinbPerdd:f ALt and

devel opi ng a second synmbol tuning offset. 6 Novenber 2003 45 35. The
met hod ado r eBivewsily istat@) signal 375figrmrendded i pmdemy ito clivarsity: 1eagivareongelles of

sel ecting optl | t1m furdt Loel 0
sel ecting sa%naﬁwgpr%éﬁg‘&e e(%% Qif‘:r%mﬁ‘gé o%gs este dr %ggughg\?ggfgwtaggoﬁ#gpﬁoi Irhset
synbol ti m ndensddukdibn pmocesdingl m@iniendo sgoreet! titing ragd ofréqmency, ausddaxcribed
pr edet er m ned tﬁgﬁoral consi stency existing therebetween. 6 Novenber 2003
46 36. The nBHE¥*¥%s recited in daim 35 wherein said step of matched
filtering includesitiify séBbinif 168iOHodihRB 76 pravidR ekt divérsi®r cdhabining sighall NPUl se
response matched to sald anplitude envel ope of said signal peak. 37. A
di ver si t y5 syBroesssing requised tpetelesythy apprapriate signal pgirofongiging0{ ¢ wabpl Uming
frequency er qo0onal L Si j DV)
si gnal , conp??%?%%?gggﬁ$§%%ﬁﬁtterrﬁ%%ﬁ%#??%%ﬁghé%g%gﬁﬁyﬁggﬁfgfgﬁqg§%ﬁal in
bot h an uppefre@rudcyasiiichant adquisijionnogduld, de fimmda cerabihativh of doth Ghedestyahinksl
enconpassing_.a plurality of OFDM npdul fr n £ders. .a.Series
of OFDM synbf’)llg'ézﬁ pfgﬁroéc%itgﬁ ﬁadc N> %r%gtr%%?:lg? \(fjh ?’ﬁ g‘"@éf g%ﬁﬂnﬁgggﬁéﬁ%‘éﬁ
si gnal of saEgkeHl§] mbihae IPNSyvesiasl @ Wanstt andtiplratitel carglitionblly sdect baweaned
si gnal output and said OFDM nodul at ed siqnal of said | oner éée ugnq
si deband 2And thsrthiee dymyolatiniwg stset aderarsy Teqaysney <59t Bairs npyt Bereloqn LAt y
means develoghﬁgfqaghqst synbol timng offset 15 corresponding to OFDM

al

synbols in s irst received signal; ) ) ) i '
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.



second recovery neans devel oping a second synbol timng offset
corresponding to OFDM synbol s in said second recei ved si ghhNbyerfibers2003

val idating nmeans validating said first synbol timng offset based on a
predet erm ned tenporal consistency thereof; 20 second validating neans
val i dating said second synbol timng offset based on a predeterm ned

t emporal cOYRIBOBACY t hereof; sel ection nmeans sel ecting BRT/EBWOAA synbo
timng offset fromsaid first and second synbol timng offsets responsive
to signals output fromsaid first and seoond validati ng nmeans; and, 25
means for denodul ating at |east one of said series of OFDM synbol s using
sai d optinmm synmrerﬁﬁgﬂ%mox,fvﬂm.rgﬁ&enﬁm deyisioRaDang séletioh @ultipleldng) M 37
wherein said sel ection nmeans_includes nmeans for _selecting said first synbol

timng of f sdpBiFexprytrdi ki diversiiy cembiping logic saedwler 370 tmagyle 32k peréprme dhe
I ndi cative %11M§Q'de8sii>g§1\5/(g?ll mﬁlstépk,nirﬂgreﬂjohsﬁ% ics ’oﬁ‘e@cm}‘?i ﬁ);me 03 47

an out put of sald secon atrng neans i'ndicative I nva cond
synbol ti m raymbbFtaeing offsdt dndrezanies filequensetremtformgtpmathdreftemond synbol timi ng

of fset responsive to out put. of sai d fi.rst_valjdating .neans indigative of
an inval i°d first fsynbg?%qeﬁgﬁﬁb%é ngffoqgmﬁ%og???o@vﬁﬂ‘% _cg'f'ersgf’ﬂ’eg‘é'c Yl

val i dating rReR&edtétos tthe/ BerRddutativi Ipkstess e @Pper IAXBAA ddqlisition QtdhelignaB9, The
systemas recited in Caim37 further including neans for devel oping a

third synbol3%Uniindicatsst wlid uencr sideband syymba) tming neffseht psh lowers sidehanding

d tim I | ) _ . . . . q
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selector 390, and combined carrier frequency error Afe, 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 etror, is selected and the acquisition process continues (FIG. 8, blocks

520, 525 and 535).
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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.
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10! 3M 10%& (erﬂb%Mlﬁaﬂmé@be(ﬁredeﬁl\éh BOUh (spbetive LRYE tedeo€SYb MHEMs 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
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% 0%p& ( png thﬂsllt)%‘f&a(lgeabl’e;lﬁ&ﬁ&)@ﬂ)l@&@hﬂ)bdﬂltwe superposition and matched filter

10(L 1o(y&lp§3cel§szeg' o%%hg)?lg I S qcs)/&};rg:}erab:l'e "to precede matched filtering with additive
superposition in the present invention, such is not a limitation thereof  Their
sequencing can be snapped, to thus provide matched filtering prior to additive
superposition.

Note that the signal processing circuits or modules in each of the embodiments
of the present invention, including but not being limited to the peak development
module, additive superposition and matched filter modules of the signal enhancement
module, peak selector, phase extractor and frequency generator, validation logic
module, diversity combining logic module, OFDM modulator module, and all of the
circuits constituting the foregoing modules can be implemented using a variety of
techniques and technologies.

The modules can be implemented 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
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.
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 invention. For

example, functionally equivalent elements may be substituted for
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thereof, said leading and trailing portions having substantially equivalent predetermined

phases and having temporally weighted amplitudes according to a predetermined
temporal weighting fraction, said receiver means providing a received signal to an
output thereof;

peak Development means (110) 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; '

means (135) for enhancing signal peak detectability of said boundary
signal, said enhancement means including means (140) for additively superimposing a
plurality of segments of said boundary signal and means (145) for filtering signals
produced responsive to said binary signal, said enhancement means outputting an
enhanced signal peak corresponding to a predetermined number of said plurality of
segments and having an improved signal-to-noise ratio;

means (200) for establishing a temporal position indicative of said
symbol boundary position from at least one enhanced signal peak output from said
enhancement means, said temporal position representing a received OFDM signal
symbol timing offset:
and,

means (205) for recovering a received OFDM signal carrier frequency
error corresponding to said temporal position established from said at least one
enhanced signal peak.

2. The system as recited in Claim 1 further characterized in that said

peak development means includes:
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received 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.

4, The system as recited in Claim 1 further characterized in that said
enhancement means includes

superposition means (165) for superimposing said predetermined
.number of segments of said boundary signal, each of said segments having a respective
one of said plurality of signal peaks included therein; and,

means (160) for accumulating superimposed signal levels over said
superimposed predetermined number of segments output from said superposition
means, to produce a cumulative signal having a cumulative signal peak exhibiting said
improved signal-to-noise ratio.

5. The system as recited in Claim 4 further characterized in that each said
segment has a 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
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

extending across said cumulative signal.
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predetermined temporal weighting function includes symmetrically ascending and
descending amplitude tapers at said leading and trailing portions of each said OFDM
symbol.
8. The system as recited in Claim 7 further characterized in that said
amplitude tapers are Nyquist root raised cosine tapers.
9. The system as recited in Claim 1 further characterized in that said
means for establishing a temporal position includes
a second filter (215) for filtering at least one enhanced signal peak
output from said enhancement means to produce a filtered enhanced signal, whereby a
position of a maximum signal magnitude detected in said filtered enhanced signal
corresponds to said temporal position.
10.  The system as recited in Claim 9 further characterized in that said
second filter is an infinite impulse response filter.
11.  The system as recited in Claim 9 further characterized in that said
system further includes:
means (255) for determining a valid 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 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.
12. A method for recovering a symbol timing offset and carrier frequency
error from an orthogonal frequency division multiplexed (OFDM) signal, comprising
the step of receiving an OFDM modulated signal representing a series of OFDM

symbols, characterized by:
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produced between said leading and trailing portions of each said received OFDM
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 and filtering said binary signal to improve a signal-to-noise
ratio of each of a plurality of enhanced signal peaks produced by said step of
enhancing;

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 established from said at least one of said
enhanced signal peaks.

13. The method as recited in Claim 12 wherein said step of developing a
boundary signal includes the step of forming complex conjugate products between said
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 temporal weighting function.

14. The method as recited In Claim 12 further characterized in that said step
of enhancing detectabillty includes the step of filtering signals to further improve said
signaléto-noise ratio of each of said plurality of said enhanced signal peaks produced by
said step of enhancing.

15. The method as recited in Claim 14 further characterized in that 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.
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number of superimposed segments to .produce a cumulative signal having a cumulative
signal peak exhibiting an improved signal-to-noise ratio.

17. The method as recited in Claim 12 further characterized in that 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
and determining a temporal position thereof.

18.  The method as recited in Claim 12 further characterized by the step of
validating said temporal position responsive to a predetermined temporél 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.

19.  The method as recited in Claim 18 further characterized by the step of
demodulating said OFDM symbols responsive to said validated temporal position.

20. A diversity system for recovering a symbol timing offset and carrier
frequency error from an orthogonal frequency division multiplexed (OFDM) signal,
comprising a transmitter (25) 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; and receiving
means (150) for 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
characterized by:

first recovery means (315) developing a first symbol timing offset
corresponding to OFDM symbols in said first received signal;
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second validating means (340L) validating said second symbol timing
offset based on a predetermined temporal consistency thereof:
selection means (390) 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,
means (370) for demodulating at least one of said series of OFDM
symbols using said optimum symbol timing offset.
21.  The system as recited in Claim 20 further characterized in that 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
an output of said second validating means indicative of invalid second symbol timing
offset; and
means for selecting said second symbol timing offset responsive to an
output of said first validating means indicative of an invalid first symbol timing offset
and an output of said second validating means indicative of a valid second symbol
timing offset.
22.  The system as recited in Claim 21 further characterized by:
means for developing a third symbol timing offset corresponding to a
combination of first and second timing signals respectively representative of said first
and second symbol timing offsets.
23. The system as recited in Claim 22 former characterized in that 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,
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said first and second recovery means include:

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;

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
means. _

25.  The system as recited in Claim 24 further characterized in that 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 maximum signal magnitude in said filtered
enhanced signal and for determining a temporal position thereof.

26.  The system as recited in Claim 24 further characterized in that 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.

27. 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
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lower frequency sideband and providing, a second received signal output; characterized
by the steps of:
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;
selecting .an optimum symbol timing offset from said first and second
symbol timing offsets résponsive to said validating steps; and,
demodulating at least one of said series of OFDM symbols using said
optimum symbol timing offset.

28.  The method as recited in Claim 27 further characterized in that said step
of selecting an optimum symbol timing offset includes the steps of

selecting said first symbol timing offset responsive to a valid first
symbol timing offset and an invalid second symbol timing offset; and,

selecting said second symbol timing offset responsive to a valid second
symbol timing offset and an invalid first symbol timing offset.

29.  The method as recited in Claim 27 further characterized by the step of
developing a third symbol timing offset corresponding to a combination of first and
second symbol timing signals respectively representative of said first and second
symbol timing offsets.

30.  The method as recited in Claim 29 further characterized in that said step
of selecting an optimum symbol timing offset further includes the step of:
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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
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
detectability.
32.  The _method as recited in Claim 31 further characterized in that said step
of establishing a temporal position includes the steps of
filtering an enhanced signal produced by said step of enhancing
detectability to produce a filtered enhanced signal; and,

detecting a maximum signal magnitude in said filtered enhanced signal
and determining a temporal position thereof.
33.  The method as recited in Claim 31 further characterized in that each of
said steps of validating said first and second symbol timing offsets includes the step of
determining a valid symbol timing offset responsive to a predetermined
temporal correlation existing 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.
34.  The method as recited in Claim 32 further characterized by the step of
developing a third symbol timing offset corresponding to an additive
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 tuning
offset.
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OFDM modulated frequency carriers and a series of OFDM symbols;

10 receiving means for receiving said OFDM modulated si gnal 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;

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 validatiﬂg 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 consistenéy 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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10 means for selecting said second symbol timing offset responsive to an
output of said first validating means indicative of an invalid first symbol timing offset
5  and an output of said second validating means indictive of a valid second symbol timing
offset.
39. The system as recited in Claim 37 further including
means for developing a third symbol timing offset corresponding to a
combination of first and second timing signals respectively representative of said first
10 and second symbol timing offsets.
40. The system as recited in Claim 39 wherein said selection means includes
means for sélecting 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

means.
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a filter for filtering an enhanced signal output from said enhancement
means to produce a filtered enhanced signal; and,
5 means for detecting a maximum 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
10  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 (OFDMj signal,
15  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
20 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 comresponding to OFDM
25 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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selecting an optimum symbol timing offset from said first and second
symbol timing offsets rcspbnsive to said validating steps; and,
demodulating at least one of said series of OFDM symbols using said
optimum symbol timing offset.
5 45. The method as recited in Claim 44 wherein said step of selecting an
optimum symbol timing offset includes the steps of
selecting said first symbol timing offset responsive to a valid first symbol
timing offset and an invalid second syinbol timing offset; and,
selecting said second symbol timing offset responsive to a valid second
10  symbol timing offset and an invalid first symbol timing offset.
46. The method as recited in Claim 44 further including the step of
developing a third symbol timing offset corresponding to a combination
of first and second symbol timing signals respectively representative of said first and
second symbol timing offsets.
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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50.  The method as recited in Claim 48 wherein each of said steps of validating
said first and second symbol timing offsets includes the step of
determining a valid symbol timing offset responsive to a predetermined
10 temporal correlation existing betweén 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.
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.



