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| NVENTI ON The present invent$% relates to the field of digital

communi cations, and nore specifically, is directed to a system for
acquiring orWPAVRI& ing a synbol timng offset and 5 carri EFTFPWHHEACy
error froma digitally nodul ated, nulti -ciarri er conmuni cations signal. The
system of the present invention is further directed to a diversity system
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between the transmtter and r d before effective
synbol denodul ati on can commence at the receiver. Thus, the prior art in

digital communications is reEPA@]I:éR 8 tméﬁrma op systems directed
to the optimal recovery or m—mm eCel ol timng and corner
frequency. 15 One such attenpt FIELDrOFTHEINVENTION Patent #5,541, 552, . by
Suzuki, directed. to the denodul ation of di 'tailcliélirmdul ated nufti-carrier
synbol s~ The r eddevRsesent, ipyspiionprglates “I:Iéhfeiﬁg]lﬁso disital semmpnisations, ands PO ve
to an infragsyibel, 6Qiftlkdté @ Tyl fayacaﬁmhgq;a&&op&ggltacéynmi ﬁﬁﬁﬁgogﬁseﬁgﬁd’\een

the repetitive information and’ the anplitude tapering €xisting at t
| eadi ng Sncearriey diequenpy erérdram o digitalbhmodwated, aanltyatnier conThenigatiohssignabt The

d d, f hei r 20 J 1] . indi i f i ved nbol tim .
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However, thei y nplitude es nec
i ndi vi dual dyRibeDfimirigO6Efset hed cirflert fiequpeakerebe tiami bQﬁvdrét?hﬁﬂﬁ-freidbh@y gighmly stic
si gnal processing schene in Suzuki, i.e., nmere integration of correlation

peaks pri ormpduatetksignaliet ecti on, provi des sub-optimal synchroni zation
results on at |east two accounts. Firgidijpragrthe nunber of frequency corners
is increased in the nufti-carrier 2573ymbolr, the correlation peak becones
obscur et by adj deentdigitil stomnamicatien cysteme dheaacquisitian lof symbelufsynchionization

enhance th ignal -to-neise tati. f - Rk e-detect correl atijon ,peaks.
Socong. moresthRdhe bsBMes fnd FotiferThuck B e BER o3 St dBhaBiEAos
effects, sumh camnmaed itahé regeiver. Thns,Ahgpser ROMAigltal acthungnicstiondisrepleti wittal

interferers, all of whjch conbipe to cause signal drop-outs.and false
peaks. MocHAUEHeRE, tOI\Eie"éit"pa”ly.St,emsAﬁ'i‘v’If’tﬁﬁ ‘@3#? 8Ptr‘?ﬁﬂc’§°?5'r"@'q Qe AtAPISY ‘ﬁI Frcriyed
Synchr oni z agynfiR] theifrigahd bftribOfequbridyl . | EEE G obal Tel ecomuni cati ons
Conference, U S., New York, New York, |EEE 1998, P. 3443-3448, discloses a

si gnal - Repet i t i donebsk attemptoie @rjdedria U-B.katent #9368 hp Bh iby izoki, dieesteditquke f or
burst OFDM &E%%Uﬁmbﬁ‘ o?ed‘@{allgr %ﬂb&ﬁat@d‘\ﬂuﬁtﬁwﬁ&t symbols. The receiver in this Patent

develops correlation peaks responsive to an intra-symbol correlation, as by conjugate product

formation, between the repetitive information and the amplitude tapering existing at the
ieading and lagging portions of each received symbol. The peaks must be detected, for their

20  positions are indicative of received symbol timing. However, their relatively flat amplitude
profiles necessitate their individual integration prior to the peak detection thereof.

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

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

mere integration fails to combat well known signal propagation effects, such as scattering,
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In contrast to Suzuki and other prior art acquisition systens, the system
of the present invention presents an optimum scheme for the reda(epystz003
synbol timng and carrier frequency. This optinmum approach is provided

t hrough an application of signal processing techniques that, when taken
either alone or in conbination, inprove cer the prior art. These signal
processing i nprovenents include the additive superposition of repeating
signals, optinmumor matched filtering, and diversity selection and

conbi ni ng bgtween diyverse, dul at ed,si.gnal.s. Published Patent | i cat,ion
V0 A 07 492 Bl OF PUEE ST aRsa st iuh beRbie G e SRl ropLs
pluralitiesffde pdakd.t al | y nodul ated sub-carriers are transmtted in upper
and | ower sidebands sinultaneously wi th an anal og nodul ated carrier in a
conmon radi o chaMeghizukiioiegtet!,, “ﬁuéllﬁhsi’\fé@rmlcérﬁfe%ﬁpm@dtTimﬁlgV\E)mh@fﬁm@m?
does not di 9| o) t 1.0 . SY:-MDO L m f set
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Pat ent s #S,694,389;_#5,6D2,§%5; # ,%08 764:. #5,589, 833; #5, 687, 165;
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#S, 682, 376; ptSst I6yenGdn piSsedtS2n3Fitimutd sSbinel 89 ;thét becdSaty Jlfxynito) 6iGdng dad
#S, 627, 863; #5, S50, 812; #5 S06, 836; #S, 471, 464, #5,450, 456, #S, 371, (61,
45, 345, 440, cHRenTeEESy. 158 SPdniBciorich gy pib3ided Bioyeh 9 ATpligsionsy sepal
and, #3, 780prdé&ssingbbiRYeShal Hizhd MM hlonk $r aNcdbifftondimploQe BL&SBAL
invention to provide a systemfor optimally recovering synbol timng and
carrier freptenay Thesensigngl piocessing werravements inelndei the #dditive sypernegition of 5

August 2003 [ r (ol . l.at:ed s . 1S h onal
frequency dfegleglﬁ{ él%?i%ﬁg@eﬁ&( %%@thﬁg@dﬁ%ﬁg{ﬁ%%? %%nﬁ) & n§%§1}3 éﬁe}f?g
nunber of chetween divbseanoduladeéd sigaplect of the present invention presents a
system for recoveri.n nbol, tj.mn set and ri.er frequency error
from an OFDM si gﬁﬁ@l?s?‘?‘ﬁeﬁ %%tt éﬁﬂp_’l%}ogdgéz)a@ el ei‘\?g‘?{ rfiiﬁtdq’%’sf %r‘igg%leiawlﬁg

t he OFDM nogidhddaBfingi G Wi GhidhS pheRiseot eflgAflA médilged ofubdairs Yol s.
Each CFDNIsynboL includes a | eadi ng portion an% a‘trailing portion thereof.
The | eadi ngtragnittediiin jupgerpand ilower fidehands isimultaneewsly vatuian zneleg mhdeletedand
have tenpor . J j i . L al
wel ght ng 1 GRey; Bre SGhaRaRld bRs, BRSNS Mokl IS LEIMAR WG eTD
out put t her €307 Thes swttdisnladesa tachhigdesfoa dhtgmehingesgmbdy dhopgrerffsetzadd| e

whi ch devel gps boundary signal ;havi ng. | ural.it f signal peaks
representi n%ggh%’?%g?n B%%ﬁ%%%}? "b81§f ?fi %ﬁlqa@ga‘gcgéﬁn%glysfeﬂg' recei ved OFDM
synbol s. Each of Thé€ltdveiAghs RERKSS pold@Y edreRacks I@HRNG xgpmn@rusnpbﬂ'eh@de
and phase corresgondence Eroduced etween the | eading an tralllnggﬁortlons

of the recef%6, 5; #516085941 EhPFUBIT1615,687c1030#8.54 1 50gn#5.38hR%NCI ng

nodul e t hat ; i e i hity, t he . ry. S .The
si gnal enhaﬁ%’??%@%?uﬁ?ée%{:sr?g P %gglé 4’21&21 %ic’gﬁ5¥%r#325d73i’{@v%$$aggsi’r %fggg%l a
plurality o#5senments:, 147,33 #5360800Y#55481819; A@9s48nab, 880hancHngssweul e
out puts an enhanced signal peak corresponding to a predeterm ned nunber of
the plurali#3081:63% 86405 if S 198913176 #\g“i%@ Vet 2 P a4 3d4480s 85,0313 B3 The
system i ncl [ j ol i ghi 1 rds. ichi4QR. Lo i.ve
of symbol  Dooa 1 PRy AR o B ATy 5aRls R PR A MBI L
out put fron#3,B45,44@n#S,3eRhenc#5Q28028 #5,19hE76;,enPOBAL, SRS KHEH0ASFEPr eaadlt S a
recei ved CFEgga¥EB$I timng offset. A circuit for recovering the received
OFDM si gnal +#ef+ frequency error in correspondence with said tenporal

position is also included in ¢hRmNiXR! THEen§VgRaghofnhanci ng nodul e
further includes a matched fi$T@T‘fﬁ?ﬁggrrérrﬁg“§rgﬁa1s produced responsive

tot hfa bounduisyars bbjeat of]: ﬂH&eprEPetrr]m lilw:éélﬁbh tte rplr(ixddé Eesysﬂeﬂﬁfav(?ﬁinﬁllyhrecovering
signal -to-nai s atio of, ne.enhance i gnal .peaks output fromithe 15
August 2003 S5X0a (e aud Sarier fsaneey o +Aieitgly crmdandd. maptigiien Sigatlpor a

i mpul se response matched to the anplitude envel ope of the signal peaks
present in. the boundary signal. Another object of the present invention is
the i nmprovenent of the synmbol timng and frequency carrier acquisition
process through the application of signal diversity selection and
conbining. In the diversity aspect of the present invention, a diversity
system for recovering a synbol timng offset and carrier frequency error
fromthe OFDM signal includes a transmtter for transmtting an OFDM

nodul ated signal in both 15 August 2003 WO 001 49782 PCT/ US00/ 04062 4



an upper and a |l ower frequency sideband, Each of the sidebands enconpass a
plurality of OFDM nodul ated frequency carriers and a series of 19RDyust 2003
synbols. The diversity systemincludes a receiver portion for receiving the
OFDM nodul at ed si gnal of the upper frequency sideband and providing a first
or upper 5 sideband received signal outpygt and the OFDM nodul ated signal of
the I ower frequency sideband and provides a second or |ower sideband

recei ved signal output. The diversity systemalso includes a first recovery

circuit for |qpi S hSt L or upper . Si and ol .t Lm ng of f.set

cor r espondi Iﬁ%%}é%la%sid i %4“3’ fﬁr)\Odtu"écqf is%@flpﬁgcaéll \})Z%lgg?%afr?qtgﬁay aélggboélnd
recovery ci multiplededr(OF®M) sipndl ¢haa csefieide @adge Wembsi sfelasgid th&emymbol tim ng
of fset corresponding to OFEDM synbol s in the second received signal.

Further, the di vEng§iaspecs ok therpreseat inyestion prepests ¢ aystemtfooreceretdng & symbol

val i dati ng §; ' L Q. Ar e or al
consi st encyhft}lﬁ%ér %fg%? al?a%gagggggﬁﬁne@%gfrg)gghnﬁ%???%flgn@a?ﬁgg |ér%q§%?(gf§srggcond
synbol ti m regeivef setuleaedeosiving theeGEDM madathtddesipoal abhiclo s teprespated taser eof .

15 still f h di [ i nclud I [ [ [

el ecting arBaer ARG BBPR: FTRFF b ishideRa TFadidt peied sad B oo
timng of f sgéioh SEREEYS THE 1dadink AHANALiAL DBHIont havR §ibRtahiifis e@ndaléﬁﬁﬁpg'es
validating circuits, and a denodulator circuit for denodul ati ng at | east

one of the a8t jhave dempywplly syeiglted amplitgdashaccopdingnim & yomidstertiinadn ¢enaidrslet .

2 f h .1 h [ ' el udes .. i f
dovel opi g SFRIRG taBlichett. HERGRE Sroi PR d; L0l st o owru

conbi nat i onthefeofi rst and second tim ng signals respectively representative
of the first and ﬁecond symbol. timng offsets; and a circuit for selecting
the third synmbol 10 SY¥ign siseaBeludessy gigaslreak development| medule whichndsvelaps

i nput  si gnabsunddn, BRh&MAERCR ; W%ﬁs . ' hi cal
representati or}l_(’a;? t gg OFDMsI gdzgﬁawngfﬁlghgr quer{c déglhl%na;lsﬁrig‘i %‘%‘H?@ a
graphi cal rpgniteereior sadhoof the reckireddODIAM isgmadlsi Bachhod the signad pealisnis dBVveGopetl ¢ i s
a graphical representation.of th onj ugat e oduct si | peak 0,
representi nfgesé(&%vg I tobadhﬁ‘BBPﬁPS% ;ang p%gs At PO%B%‘B mdé@«%ﬁ@g@%eg the ?eadmg

PCT/ USO0/ O4&@Pirdilifg pdrtidns 6f the 6Bt GHDM dyuipbl.at i on of the conjugate

products nultipljed by respectjve anplitude tapers; FIG 2 is a partial

bl ock di agram i | L& sYHemnyrthereinchigas actignah snhansingomodgle that sebancessignali on:
s FIG 3 ispakbiqskariiifRIsLReChodhdhly Siknd! [ [eSiel| dul e
of the presgnt N nvent ingﬁ; FIeG_04 ?llsyr ilkg%mg(ﬁ%ga} ae%ﬁ%lich% grfebgg%dln%h'@g%i@nent
of the acquéisquiti tm additively afperimposing 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



the present invention; FIG S is a block diagramof a third enbodi nent of
the acquisition nodule of the 1o present invention; FIGS. 6a, 6bAsgust@d0dre
graphi cal representations of synmbol timng for the peak devel opment nodul e
of the present invention; FIGS. 7a, 7b, 7c and 7d are graphical
representations illustrating the signal grocessing perforned by the present
invention; and, 15 FIG 8 is a block diagramrepresenting the decisional
and selection |ogic blocks for the diversity conbining | ogic nodule of the

third enbodj; t i t] .1 :DESCRI PTION OF T
PREFERRED E |eﬁg‘i,1°§% ‘ﬁ%%‘ﬁ%i %@tené%g%ﬁnﬂr&eﬁ iy ?%ll'ﬁr(’)‘%r}?ldﬁ’é’r‘ﬁ%gsr FS&HP?ee‘PéﬁSP%W
schene wher thierngplstel dselope a0thdisipnubpdaks predertad.eble bofndaradigm carryi ng

signals are transmitted to a éeceiven wher eat denodul ation_of the synbols
is to occur in ofgethet abicgtadhs Prepentiinyeatinn s be impraveyeat efhihe spgbol fming

recei ver de Can.: achi : f dopt ) i t he
Symbol 5 onl 1 frohacy rarie REKRaHBERRY Uro it uPh i JF St ety
ascert ai nabbadectiontdnd caactminingr In Theudivemitycaspea cfuihb eseae Sisfertionleardiiekdtyi on
of the received nbols,. 25 the receiv nust acquire or recqver the

recei ved sy%gqm f%ﬁfwgea%aéﬁp§91émlaﬁ§§%?%%n§¢agwg§§eqbwm eger inthe YEDMy pe
utilized bysigha iflnRd W Rink@ttd FAGLMImitAE 8n DTN RSHIHEPQLndliHEG and
frequency have been recovered at the receiver and thereafter the
denodul ati on of the synbol has begun, synbol timng and carrier frequency
can be tracked by way of a servoloop in order to maintain the integrity of
t he denodul ati on 30 process. The systemor architecture in the present
invention is directed to the 15 August 2003 WD 00/49782 6 PCT/ US00/ 04062
transm ssion of a series of digitally nodul ated synbols to a receiver

wher eat denodul ation of the synbols is to occur. Mre particularly, the
systemin the present invention 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 symbol 5 timng and taner frequency
can comrence. The system and method for acquiring or recovering synbol
timng offset and frequency error in the present invention is particularly
well suited to an environnent wherein the transmtter transmts and the
recei ver receives an orthogonal frequency division nulriplexed (OFDV
signal. Referring to Fig. 1 a, the OFDM signal used in the to present
invention is characterized as a nulti-frequency carrier signal conprising
the plurality of equidistantly spaced sub-carriers fl-fn. Adjacent
sub-tanmers, such as fl and f2, are separated each fromthe other by a
predeterm ned frequency increnent such that adjacent sub-carriers are

ort hogonal , each to the other. By orthogonal, it is nmeant that when
properly Nyqui st weighted, the subcarriers exhibit no crosstalk. In one
hybrid 15 systemincorporating the instant invention and using both digital
and anal og



transm ssion channels, there are 191 carriers in each sideband with a 70
kHz bandwi dth for each sideband. In one all digital inplenentatddwugost2008
instant invention there are 267 carriers in each sideband with a 97 kHz
bandw dth for each sideband. Referring to Fig. I'b, in the time domain, each
OFDM synbol effective 20 symbol period or tenpora and a
full synbol glé)rr]o?’ggﬁga . The OFDM subcarrier orthogonality ?’Sg’ﬁ??@ﬁ%&ﬁt
creates a functional interdependency between the effective synbol period T
and the frequency spaci ng between adj acent® OFDM subcarri ers. Speci fically,

t he frequency separatjon between aqgjace S constrai ned to be
equi val ent t 02 RRPSF AfL? oaveh frequeaCyeyt %&?41 E)P IS‘dﬁé‘i‘"}déﬁneP“B’faS%%Elﬁra@ﬁDI\A

symbol 5. 25 ThefDMmodilifed frEARAYMrRAPHIALGR df DFPAN YmBbdls, 1/ T Tur ni ng
again to Fig. 1 b, extending acrdss the effective synbol period T of each

OFDM synbol 5 are Ehepdivdwsitgraystoadinglyderer Wegiver eppatiefi §Qram0¢1ymgpth@e@FDh/hpor al

FulT per on TinogRala AR otrtnd M @By SIS ang BOAAAL IO RS R Fopkr
N(1+a,) of sequidebant ssttivyd Spna pﬁtpetchnti el OF M raydubeaed si@ﬂipbﬁhe loA&r Wedpnlenbye

descri bed subse uently in _this disclosure, ust .2003 WD 00/ 49782 7
PCT/ US00/ 0406 3idgbang ap Rroxides 4%eﬁ?ﬂél%‘B@‘?ﬁs’rﬁ”g‘bﬁﬂ&&%’rve‘?ﬁsnﬁlﬁatpg Ynbol , and can

be considered her e?‘ﬂfdl@erglri)arg?’st abo mdiuhbsozlz ﬁ?s'i rechVeRy cif 141*3?[1«:%?’3 ﬁfspi ned

anplitude-tinme profile or ‘e ope 10, 15, IS 1 nposed upon t i gha
| evel s of t heseupmjsidehandehmbolatmpmgtqfﬂet qznmﬁpdnémg rie QR symbodstin itleafitsy

ascendi ng and descendin mplitude tapers. at the leadjng 5,portion
o el i ng. BEEVFOREH el aReep ey e devclabe b Hand B loner Rl 1 o
anpl i t ude yor okym&lmugg&mdéﬁ@sﬂdnarngbeowmnsyxﬂﬂaﬁﬁ tHeQuaadeRivel sigRAIEd edges
provided in the tine domain serve to substantially reduce undesirable

si de- | obe ener gy i Rurthes the diyeraibe sysierghinrivdes & lishﬁ@dﬂtﬁwliféltéornﬁﬂléa"w&? rally
efficient OF AHBL tmﬁ‘h% bﬁéegbaswena gkédeémai tehh seaﬁaml e{? by, UEDR bnPa

extends beyon the effectTve synbol riod T, ogonal I'ty bef ween
adj acent sub- seeond efal;datmgtMEUftr‘eii}dztmgysmmmomd(syn@yol tigling offisest basednpnoni sed

so l.ong as anmplitude t s 10,15 of | 5 follow a Nyquist or

rai sedcosi ne tpéeggﬁe{rwaecf{%ﬂlgﬁaé%@sw&pgtg%rgctéf?fi cally, orthogonality is

mai ntai nedisi n the gtk Serier, thy @iNesity dybtemUigbludesCo 8dddtion icirbuio forr et g €d
cosine weighting (or anplitude tapering) of transmtted S)énbol S an

root-rai sed c6® IWerr@t’%‘PPéd"Fi“St%ffﬁehéméﬁ the dissty gl sqrand) symbals timige |offsels ng

and trailing eeypaﬁsmstootlggﬁw O@ﬁ mﬁhéhﬁaemﬁns&g&dtvmmh | STRGHL 2 a
feat ure, narred)é the first DM synmbol sanpl es ext endi across the
mg

| eadi ng porti dulmwcgymden@dulmm lepgisong of ghersoriesl of ispmbel¥ usihgyv e
substanti al | y feoti.val e { he last aN synbol sanpl es extending
across the tralﬁ%ﬂrtlg pogﬂll on oﬁ%a@%ﬁ/l synbol 5, which also has a tenporal
duration a®. Note agfrtherzspdchef the dwsrsttheymlrictuddea tiamitrfondevepingra thivd the
synbol, and can be, consi d her S a fr tiona

Goscri bed mor &r EaTPoh Rt Gryingatsed Pufkspitiite 8o samiio e B atfond °°

properties i nhpkiRRkighdls ielaﬁech {dtdibﬁes@fﬂﬁlvﬁaro%ﬂdﬁ}ﬁ 4Q'skdod Symbol ithgn 6t y ol
of the present invention, nane he tapering of sanple anplitudes in the

| eadi ng and t rasfl | girguib der $eéﬂ¢§ngafheetheﬁ syRb tiging offserrgsponsive tpup whirdity ofhases

25 thereof, arg y exploited in the system of the subject
i nvention in ord er&?ag;ng?fs?%ﬁlesnt |y acquire OFDM synbol timng and frequency

in _the r ecsi ver, so t hat tWWﬂ%PTWNﬁFTmWGS:an com*rence
Having described t r%‘?G.C 2 rlSa gtg?zrl];h?ctai representatxon g: W 8¥BB[OS1gn§1 quentc;]e'

domain;

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

30 representing symbol boundaries;



present invention, the systemfor recovering systemtimng in the present
invention is 30 now described. Referring to Fig. 2, the digitall5 August 2003
comuni cation transm ssion-reception 15 August 2003 WD 00/ 49782 8

PCT/ U800/ 04062 system of the present invention includes an OFDM nodul at or
nodul e 25 f ating OFDM nodul ated transmt signal 3 put

t her eof , V\hﬁgﬂgiﬁ‘{s}? 2r ansmtted to OFDM si gnal receiver 1500¥@6ﬁm%2/r2@gﬁl ation
t hereat by OFDM denodul ator 100. OFDM transmit signal 30 generated by OFDM
nodul ator 25 conforns to the OFDM 5 signaf specifications shown in Figs. 1
a and 1 b and described previously. That is, OFDM nodul ator 25 generates a
series of OFDM syiHél §d ds aggraphealrillpsirafipy of 1the, copjygate produgisciuliphest b¥es a
pr edet er m ne . al synbol sanples Na corresponding to full
synbol peri ogcgﬂg&mﬁfeltluﬁggﬁ%ﬂ rst aN sanples and the | ast aN sanpl es of
each synbol are t &paren agrdiahbdloek dipgein jflosteating thedfrdihend partidvme of thetphegentl o
di scussi on of, synbol signal processing, it will be assuned that the
predet er mi ned™fH¥Er Na of tenporal sanples extending across each full
symbol persi od Ta irsG.HRQ biddhakiaghdie oPs AekebAbsHimes omurstaegruigfki&{ mb8AIE OF Be
sanpl es extendi ng across each effective synbol period is 1024, and that
t he nunber ofpreseRiphesliony each of the first aN sanples and | ast aN sanpl es

is 56, however, t e I I naﬁ . VAL in
accordance with s?g‘?'ez‘rﬁ\é%e%ﬁ%r%{‘én%sl.i.gl%%ogé? ﬁ@%ﬂ{er%mtaﬁgl? I Pgﬁlﬁé??%dﬁfesogﬂr ce
40 provides ithd present inoentishgnal s to an i nput of OFDM nodul ator 35, which
information signals_are dul ated opto.. ynbols in signal 30. OFDM
transmt signal 3@?‘?’? ’tsraﬁ%“#ldﬁgéaﬂ“ Pga &MP@%@W A dhescguisiion mogyle gf the
mechani smegand,thQrdhiaRy medi um known in prior art communication systens.
For 20 exanple, OFDMtransmit signal 30 can be provided as an anal og
signal, a radio fFéaBencd sndyprdre graphicalgepraseatatipns dfspableldinning ifoprthé pealr
alternatively LI . i gital base band signal. The
physi cal rredidtf‘r’rgslgﬂgg’?H{r%ggl\éﬁg\ﬁﬁipg%gﬁs}ilg%gﬁmgo is transmtted can be

at nospheric, opti FaGS. W, ra, i7oeanddld afehgmpliicat repibdentatiaisi Mastsating rthen Sighil

signal 30 can be a conpute nerated signal suitable for sinulation

pur poses, t hdirO§esSIngp .rm?,‘{)lﬁg'g"f’g‘fesﬂ’éﬁﬁ’f’%'?oé‘da%‘ﬁgnal that is communi cat ed
bet ween sgf tware QIS A BBEHABSramASproRh HEE he AcGATRI bRA sdBBh BRidaseE OFDM
nodul at or nodul e, and a conputer program based OFDM si gnal receiver nodul e.

None of the flor Sigodiversifncombiningslogict medule 1o theythirs %!Q@S\l%ﬂédﬁw-cé)t potheof t he
system ar chi tect e and techni ques of the present invention to provide O-DM
synbol tim ngpo set and frequency error acquisition. 15 August 2003 WO
00/ 49782 9 PCT/ US00/ 04DESCRHINON QF iR PREFERREIEMBODRMENVS®d by OFDM
signal receiver |20 V\41i. r11 i ncl udets a f'omrgqqi-oeprd r{ecei éer dul.e, not shown,
as is known in thd®griigial gpmmunication, fransmissionRiePU AL FIRME JUIPE A8 e thod
and' medi wm doigitdllg nfcbudd Onfahaaen cArBlingisignald wenradfitted & h 96teivien whbiRat
enbodi nent of _Fi % 2, this front-end recei vgr provi des an anal og 5 OFDM
signal 45 to demodplation ofthe symbely i 19-Qseyi nATde dpvesPyea the infasmation conveyedo
sanpl es or digibhy &R RBON R IehBRFANEAICBBR suelsifiPitl opBRLA RrloBuiRigfisice a
signal at an output thereof conprising a series of conhplex signal sanples.
The signal sahpbesbay enly ifitiyd tansiitted spmbeldinhing amphase/fequpiey aacasaertdinable
conprises a paif_ of .signal sanmples includ) a "real"” mpl e.and_a

"i magi nary" s%rlr%ﬁ S gﬁmis’sprg’?{rtr%ﬁ‘écé’ 5 %%J[ﬂag?ee{?olﬁi P feaag?%ofﬁ.‘g r?cgé‘iegtsxmgodlﬁ’pl e.
The sanpl ed sihgnrbeive BNt abiplitee o drebyvepaths - Ragiced ishhbsl filmihimb bafed
passband frequency response conprising. the collective set, of subcarriers
fl-fn pr esemp};app/%%ep%gmég v@qgljmrgit% ke 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 conpl ex signal 60, having been sanpled and filtered, is next
frequency corrected by frequency correction circuit or nodul e 65Augbhst 2003
resulting frequency i5 corrected signal is then tinme corrected by timng
correction circuit or nodule 70. The frequency and time corrected signal
output by tine correction circuit 70 feeds the input to OF at or

| 00 whi ch deWBc?[’f?%Z?zes the frequency and tine corrected recéPIlyJ{//(;ﬁ “@?g#]al

i nput thereto. Received conplex signal 60 is additionally routed to the

i nput of acquisition 20 nodule 75, which i®s the subject of the present
invention. Acquisition nodule 75 acquires or recovers OFDM synbol timng
of f set or er rioamsmission apfnat seriee pfedigitalbr fmaedulaged symbols ftpom rebeiverewbereald OFDM

nbol .ed i i I [ I walh . oy di nbol
eyl . RLEAHLEF! o PSRNl 1o AR PN o ™

correction cimesition 49 ditedded toethe eqyisition bE eéceived ymbali imMD, offsesRer tdrved Y. 25
Acqui sition modul e 75 further devel gps. acqui sition status signal 80 which

i s provided aghassiirequsngy argr sthet dlectivfrlemogdeirtionandsybieauens tracking ef symhald
tracki ng npduje. : {6 caPSnahdRe of denobdul ator 100 via

denodul atg}r) géé'ﬁ%“ggf‘&gﬁﬁ'gﬁ‘éo. ?Cc:ontro‘1 and tracking nodule 85, in concert
with the tinmng ofFleeystamchnfirmeethehfoy agquiting pr meocaidg tshmbelt iming aftsquarsi t i on

nodul e 75, permts the acgurate recovery. of overall s | 30 ti.m ng and
carrier freq uéﬁwn%yer_f%én gf‘lj{ﬂe?e@g g\v{%tl'g.n 18 pﬁlcﬂﬂ’éﬁﬁenz%‘gb%‘s)m&vf@?g%nﬁo
PCT/ USO0/ 0406@héfehethé itafsrhifterrirghsmits and the Tdckiver RIEI06Y 5P Bith€ondICHtushdy ON
nodul e 75, received conplex signal 60 is provided to the input of peak

devel opment néigisica multplexgdi(@EDNP signale Refostng toFig. 13:the OFDM sigpgl aseddndhessi ng

for acquirjng i:{ﬂh.x‘?l t . i i ak
devel oprrerl& n%‘%%%}aw%ge%e opgtegiégzﬁn%lg{u;l}i g‘?‘b‘%gﬁplﬁgQS acﬁh‘gﬂ%%ttﬁce

t her eof , whi cplutadity of ejuidistéritlyyspa¢edssubcatricsefiifs. tAdiacentnsuberaniers isgelahs fleak
representing a ygceived | .bounda ositign for, each recei vedq COEDM
Gyhbot 1 epr os i o serputed e 8RR Pk BF hist o B SRS o o
110. Since thgacadic@MaubRades drepitasend], éRh & 1R btiwy,TB9! orihoEdHAR skt | ONs,
thei-r tenporal positions are indicative of received synbol timng offset.

More speci fi cHial yhenspropealy Nyquistweighted, thesubepsrierpexhipit pogrogstalky pinjasg hybrid
know edge ,of r: t : 2| n { t1.QN h a
ge ;9 _%{;ﬁn{allpé;orgcgg%g@o ihRaR! HOthRYTRY RAYNdahY dRAR 14 andl

position is i r arbitrarily created to en e recelver
processi ng t otregperission. chawglsj thiexei a1 Howriess iINGadstiddband ish atMeka/brpdwidth ni ng

of fset t that _exists,- between thi.s. i Qri_assu ion,and the true,
ece ved symbiiF BunLRG IR Al Bhen By e SRRL fyepifon G s o
and track synmDeét cdrfidrs fhgeach §ddbandleritk b Of kHg bhuddwidth dnadactpaddband.epr esent i ng
OFDM synbol boundaries, peak devel.opnent modul xpl.oi t he X

pr edet er ni ned anpl Bftgﬁ’_é‘gjtt%gbgr ?Prdn g??cf"‘éﬁ%ﬁ%?’é’ﬁ%’ é%]glg/gs ﬁ‘?l}?k)éi‘f’? aneffsctiver ent
in the | eagi ngyahd IpEﬁ&i drit@fpdRAiEMNS afd a AACHMLECREYE T, OTHVORYR Shbcarrier
Particularly, conplex conjugate multiplies or products are formed between
the current sarthegenalityl reqwirememipdredtssy & &mgtiongl interdependengybreersen S piffestiveluct s,
formed 20 betweepn .the fifst t_.aN in_e

synbol , pr odustrePlsaird T e FABES ARlnt REnicBT BB IIROEE sHalRE e
aN conj ugat e Speadificilly, the frtqrenedsephfatitrebaweamaddjagent tshigcafrizisBtcondiraiied tié be

conj ugate products i s represent as.follows.. Let t) den he received
OFDM si gnal , Sﬂ‘H"iﬁ%‘F “T@":’C“'Ti%?gg’ae"‘i%ftévet W\é’%f’hP‘Tmé:Dﬁ)N% §§f$b§#85{1 F3é{’f"i"’§r1s “or
period wheke Iihdi ik Shd RueldyNesdiabngs equReilny and a is the 25 anplitude

tapering factor for the synbol. The signal peaks in boundary sidglgal 130

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,



appear as a train of pulses or signal peaks in the conjugate products of
D(t)*D (t-T). As a result of the Nyquist anplitude tapering inpodedusii2008e
| eadi ng and trailing portions of each OFDM synbol, each of the pul ses or
si gnal peaks has a half sine-wave anplitude profile of the form30 wt)

"z sin (~tifal)defor 0<_t 5 aT, and 15 August 2003 WRGQihPdde: 11 w(t)
_{ 0, otherw se Il-?éT/ US00/ 04062 Further, the periodicity of signal 130,

that is, the period of the train of signal peaks, is TQ. Referring to Fig.
1 c, the train of signal peaks included i A boundary signal 5 130 has
anplitude envel ope wW(t) ad t he geaks are spaced by a period of Ta .

Ref erring t o OFiig.they amplitidestaperyg fagtop fori the sppkely ansheangbe eqngidergd dsee ar @i 1 ng
portion anpl igUaSat ARRiEerl O i Blel ; d: ' | he
conjugate pro uctg reggfti n%elii%ﬁépﬁgﬁﬁﬁeﬁﬁﬁqﬁ?;&gﬁjgﬁaﬁgsp%

dur ati onal wil@11h,28,i¥ iroporsed spom thersignab lexbls f tpse samphest uThis nmpligee prdfide Fi gur e
3, for each signal sanpl.e.i nput .to k devel o ng 10 e 110, .one
product sanp I"é"q?cgs W%Etpc?ﬂryoiﬁ?mWﬁi aﬁﬁ ?‘85}96'2:4“}%?5&%%%@96@%&8@4@&(%% %a%f“g

conj ugat e spr geitih L&t weitiAg tfdaion BPWhACHS syba RANEspRcieBr RS & Qelaf?IP | fat Spaced
T sanpl es therefrom Conyl ex conjugate devel oper 120 produces at 1ts output

the conpl ex @swiitngapeolids 2Gexdending herebetwesne Thegsireynded eptaperededgespioyided as one
i nput to nmul t; pLJ - The  .Can - 1L S: QYhbU e

a1 pl i ed adhsfi Heitain e NAR G AERE Sndirktle SRR B e

this way, corfizgeency dnmaigatoghys prdvidé 8 naore sfeottatiyckfiiciente DM stznake cAlthoagh si gnal

60 d del | I t ai_ned del ayi th ived . sj I
20 by the pr dheerul sSPpaEPerioel T Pt Ryt e ead e PlettvReyEPol BrEod O g,
6, rel evapt <l namiyrﬁemeewdjaeaﬁl@ugxa&ﬁ%gmﬂé FERRHEE ddrkfini (Big. NhHRIdAL ed.

Fig. 6a represents consecutive OFDM synbols 1 and 2 provided at ‘the input
20 to peak depwptmisadisodentiasamplitnde tapgrs 164 5iof kymhol §tfeliow adlyduistaaraaiseder si ons

of OFDM synb . qut I i i . Fi g,

Tepresents ¢ Reond sRAMERATIA, Wit spl LT AoEIEAY it shmsinkd B8 Bress

N( 1- +- a) pr oduentismtipdughb acoinbinhtiomofanat-raiseddosine evetphtingréon imeliweé tapdriiz)
sanples), the train of sigpal ,peaks hein roduced .responsive to the

conj ugat e mul%fi 6?5"2:‘5?‘{ %nggt%g%%fﬂ%e rcggﬂe, 8‘@89%1@?‘?5}@8 regqiypd S@ﬁ‘gﬁlﬁ‘d the 25
del ayed vgrsion t iTae gedding) ald Grailfg- pddondadf OFDBPEGInbbIC 5633 hie additiohdle
recei ved OFDM synbol period TQ corresponds to Na =1080 signal sanples, and
the aN sanpl dBwpartan feature nw,ltbﬁérﬁﬁg%aﬂﬁDM symboh sapples exterding aerpes S nbol

correspond tqeagigvgz irpngi%h é@%g%‘é[‘ 5, AnieR s W%&gﬁgph&a%mﬁy%m'

i nput to peak opnent there appears ‘a 30 correspdndi ng set
of 1080 produubstasiafly equivaledsqiastaras the dastlNLGnbol sarmplies extxedipd egross b
August 2003 V’égilg)nog/p%?t?osnzof %M%}an cg%(,) %ﬁich also has a temporal duration aT. Note again
20 that o is the amplitude tapering factor for the symbol, and can be considered here as a
fractional multiplier. As will be described more fully herein, these predetermined
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



12 delay circuit 115 inparts a 1024 (N) sanple delay so that each sanple
input to nultiplier 12Sis nultiplied by its predecessor 1024 $2ApPed 2808y .
The signal peak so devel oped for each corresponding set of 1080 product
sanpl es conprises only 56 conjugate products fornmed between the first and

| ast 56 sa each corresponding 5 synbol. Peak develgpnen ule 110
can be inprgkéﬁwgﬁﬁﬁn any nunber of ways as long as the corresp@%ﬁgﬂce
between the |l eading and trailing portions of each synbol are exploited in

t he manner previously described. For i nst &nce, peak devel opnent nodul e |10
may operate on each sang%e_as it arrives, so that for each sanple in, a

product to saWff@ of the yreseRtdRyentien t“ﬁ’é‘dﬁiﬁ“pQEDMHE‘PWQT mpduis Fafor geneyating
plural ity of SRR ABailid andhi'sBlal S6/GR ofiSoudhe WREAAT whith!Ty dldficksl G811 N9

present sanple vectors an ay sanpl e vectors, which vectors can be
input to a veREIOM sighdlinetsier 150 foordemeddbtion premdudy GEDM damedulasr 000, put

oper are on cominth et el B Aol ORBN wlParer 25 Rentormn m ke OFOM
However, isn skl apecHiRRicd® Showh tin WagH. d ab@ddas b BbRribdiRprelidRY I?iiéf ed

r
signal 60 also be a continuous rather than a sanpled signal. %_'dea Yy,
boundary si grfdiPM¥Inodiatorisgensratega series iof OFPM; sysrhiels $ @a Rlpvrhiarfig.nb, each

illustrated. IO - vl e | a (e} e is

Ui rton byt st i, sbfinRE o reddUEHER minbef O hambord6/id) BRARCRE, L3

| ying i n adj aventpofiding yorfibl symb8l perpdpikawhereinethe fine N smaghldseand lthe Rergnual |y

forms products between lgaglgl)els ext end] nlg%gcross ga h received, synbol and

predecessor SARBIEL FBFAFEG VTP RLH *Boditfaryias Petiat 190 facHitate, Judhes ot

desired sj@naiscR&hS o Syl sigial Ek&es@ﬁigsm ﬁ,ﬂﬂby%éugleefmuﬁalte?pred%%nﬁféaﬁp' e,
S p

the first aN (56) sanples in eac ynbol “are indee i pli'ed agal nst the

mul ti
| ast aN sanplambendy @f tempogal samplge extendingesdss eathsild ngmhbq) pakiod, 251085l es
in duration. i,Ni .02 sanpl es.,are mul tiplied. agai nst
N sanpl es fr 3@ﬁ%slgegft%%§?l{de@r%%ﬁg?§§% %rgf%/menp ?eos ef‘%gd'B% PEYSS ?ﬁﬁgﬁhg‘gw{: heret o
by del ay ci r csyimboligebiod $de 1024gandihat tHehassbencfkatmples & eadh verht Gebt RNOAples have
the effect of filli i n.Nnojs getween t he occurrences of fhe desired
signal peaks.®™ a5t gO¥ sapanles 1y 3o, Bovehhess valies atsdRersly caemplaps ardymay ibsi ng

the OFDM g g%he@rmb&aﬁlca“ﬁmrsg@&ﬁmiraqgﬂmm&aﬁmﬂenth%ﬁmaﬁ&vs%&cehot hese
noi sy products present in the boundary signal. Thus, noisy products 15

August 2003 \BrPdgssofogmation sgrplsURony tnebe OBPMemedwlaton s, whick bifoxnagien| s
conprising, f XA F@E\Q . earners, can be appreci abl e.
Fig. 7a gr aphs?gcngﬁl y |F d%?f%%?ﬁgggs ar&ﬁggl ﬁgiljbl 30 corresponding to an
OFDM si gnal of 108FDR¥rpingsit signal 30 Exransmited ¢s PODAS sighalt doeeiven M50 by Glny
sanpl es and irg hus 5 hg}ﬁic tive of tin‘i‘?#i while the Y-axis correslponds to
sanpl e anpl i t'OEFENIER A HiQueghany ey kRowy in por ag pougunisaion, pysfemsy B e
si nce t he2d nagampley QFDN i tidsiaR Sgral 3arcah @y pioRidela@am! ¥naldehSight8 S hralibe

si gnal peak,etgeresent .be wegn sanpl es 2400 and 2500, is_obscured by the
af or enment i on qﬁﬁ?%ys‘WL?M a8 an| aydigqbropdeatt signal 9 aleraatisielye cast be provided

af or ement i onedeRhOslligitalMRkeIani SighAUTHAPNy skl SRR 45 80ugh SHMN ShaP$y 5V ed
from ot her sources well known in the art” of digital com%unl cations. Such
noi se i s i nparaneditted cambe atimpaplieridanting, pirdineger otherwisee rAdeinatinelpudnsiie

at nosphere by.. erin nul ti - pat nd fading,. and sj.gnal interferences.
The front-end l%% ii%%‘e:anrbeegde Ve ealgsnberig%gsggﬁgftg{ggﬁgort%uéix RIPOSE JA% 4 8nt

si gnal proxesinigtes bagemed digiahthais eomlunicitv® Btivesh RR®aGHbgah sbduled, 255
part, to conbat the depreciating .effect of the aforenentioned noise with

respect to th¥tHsEiaomPpYterprRer ed OREDMymedplator repdive And 3 gompypter pspgsam
specifically,p i a - NI2E i . .Sl eaks
present in boua%%iapﬂh?\éggg%h%%&&gﬁg%‘g? relﬁ(h%n%fir ﬁ% %g%lflgh%ggﬁ(?lgadgegtv?‘ ed at
t he out put ofadvartkgedus; epplisationt ofrtitbu bystei @rchitenture cmpr teshmiques ro tthapeksartc ond

stage signal genhancing Ci,r gul or dul e The first stage si.gnal 2o
enhanci ng ci rlgﬁﬂ%o Lo %ﬂwgtaQﬁ)ﬁ\'@%yr%bﬁgg%r&q%{scﬁt&ﬁ&egwﬁ i Fﬂ)‘ﬂﬂﬁ‘é“‘l 40 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 superinposes a predeterm ned



nunber of signal peaks and their surroundi ng noi sy products, to enhance
signal peak 25 detectability by increasing the signal-to-noi sel?Aupest@008he
signal peaks in boundary signal 130. To inplenent this process of additive
superposition, a predeterm ned nunber of consecutive segnents of boundary
signal 13Q gggefidst superinposed or overlapped in tine. Epshugboldgese
superi nposed segrnents conprises a synbol period' s worth of conjugate
product sanples as are output from peak d%velopnent nodul e 110, 30 and

i ncl udes a desired signal peak surrounded’by undesired noi sy product

sanpl es. 15 Augy 003 WD QO0/ 49782 14 PCT/ USQ0/ 04062 ' After the.
predet er m ned nunﬁéﬁrmér"ﬂs’_é’btkm%‘fal |gﬁacheé‘é’grn@nSg:%]}g\ﬁégnﬁleéﬁﬁ?‘f’frwbsopWé@apped,
the product SREREGS REEURYIcEEvE RSO HHWEGs ISHBRH 3 R R0 &rRRnd Whide
superinposed set of segnents are accunulated to forma cunul atiive signa
sanpl e for t haitably eateerampilatesctthp sethodsmd medivih pEtragsipissian choseh 4o ang givegnal i s
devel oped conpri.si.: CH[,H“ L\ e S | for .each of the

pr edet er m ne(rlg%gg?ﬁt) g‘ g%g'?"u onsa%él!?& eort;gjil%gfe{l&l?gltsggl"%?eregﬂ‘beérﬂr%%?ew zH’(?)‘I.?ﬁdary
si gnal segenOEDM dignal 9§ tcethafigiue of ddlopedidigabeshvied (AM)S0s | Ym0 SapEant S
are to be superinposed, and if each segnent includes a synbol period's
worth of | 0800 sSigtiressanalogdrcetyrd $18Rpb S8 pit SRrssto ite produse aisignaliat 43y ouipwtes
1080" cumul at iuRoAiising b QEri& e Borhpiek kighlYsmhbOCly f (1080
sanpl es per segrr?snt) inp%t trrl1er et%.ﬂl n 1ghi S n@nner ,ejslg.gr?gl o }eag%{%%?egducts
of 32 segnentia thataeabh semplexisample |agtialy coropises ampired signaksanydds ipeladingiad

noi se therein) e addi tively superi nposed,or ."fol ded. on top of .one

anot her, by péfaﬂfwegﬂ‘iﬂfuﬁg _%gpa?'ups f?p&'é‘%' IESﬁTﬂ&gfrbq‘ﬁdﬁ'&g‘étt%ﬁlﬁ’e‘lﬂhe 32
segnment s. 16ES saniplal The saniplddndignal @ Abixe Giltercd b9 SBss-bdn@ MeP 85 GihSchOffas thfusR2
segnents, are pQintwi se added to corresponding 15 conjugate products one
symbol per i odbangAreqvsmey Lespanse smBriHRE the Gellectiveeseof submsrienyil fapresntinthe ¢ o
produce a cumlatdauSrnaiahl, segnent conprising 1080 cunul ative sanpl es
therein. The signal processing is then repeated for the next contiguous

bl ock of 32 bounddategeivedenmiplensignaht@, haviog beengawpled amt filered; ismekbfréquencyi gnal
segnent, and so on. .The cumul ative signal se nt produced b ditively
super i nposi ngc%"ﬁg[eid) ypfrg eler MNe o%ucgn%‘élrt' O(Sf'g(g%rll iﬁg'uogge §%§§%ﬁ?€ea&ency
boundary $5 gnedred3d signsllisides tiare @nitatad &y tisiigh edrrepRdkciicii 0@ nfdduletTios hThe

exhi bits an ipcreased sjgnal-to-noise ratjo wth respect to the signal
peaks in eachiTefueRgyeAngd 8imis Gorrgelrd sigpn) RtPHb bR BB GomGCH Pk Fircll ifdreds therigputy eason

for this enhagCeORPM demolillatbr 11068 WHER RABHEIES tRf ﬁ’é@ﬁn&p%ﬂﬁq{ e Shigind
segnents aligns their respective signal peaks, so that 'when the segnents

are 25 accurmuteagivd signgbinputithgrelp. peak adds to the next, thus achieving a

form of coherent i i Qla&?a il .af the
boundary si gnal p%ﬁgﬁéﬁ\ﬁé}?ggg S{éﬁe a %g%@“%‘@ﬁét“%@%e&ésﬁg’ﬁgﬁf %’ge%%fgglqnn t he
boundary 8¢ gnmbdge §ivemthichcishtbe enbjest efctha mresestt mvéndioh.or Avcuisitktmhmndwie 75

cunul ative) signal peak a out put .of the additive superpositjon nodul e
190 be cont ¢ Riaties or BSEB¥erS DEDRE siibie i ot f Sontndieiivt B Bo btons
surroundi ng t &eorSidi dle B@Med OFBRCHnbblstd3 Qe e iny reséi GidoniR B ta8 60, 15

August 2003 WO 00/ 49782 15 . .
thus providing symbol timing offset At and carrier frequency offset Af as inputs to

timing correction circuit 70 and frequency correction circuit 65, respectively.
25 Acquisition module 75 further develops acquisition status sighal 80 which is provided
as an input to control and tracking module 85. Control and tracking module 85 controls
the operation of demodulator 100 via demodulator control signal 90. Control and
tracking module 85, in concert with the timing offset and frequency error provided
thereto by acquisition module 75, permits the accurate recovery of overall symbol

30  timing and carrier frequency by the OFDM receiver.



PCT/ USO0/ 04062 produce incoherent addition thereof during the additive
superposition process. Since the signal peaks add coherentl|ly amnélAubeast 2003
surroundi ng noi sy products add i ncoherently and are thus averaged, the
enhanced si gnal peak output fromthe additive superposition nodule 140
exhi bits, 0\(,%@(}/) ,an inmproved signal -to-noise ratio. 5 ThepiQesas N9 9ain
and si gnal -t'0- nol se rati o enhancenent achi eved by the additive
superposition nodul e increases along with the nunber of boundary signal
segnents superinposed to produce the cumifative signal segment. Oifsetting
this advantage is_a corresponding dlsadvant eous increase in acqujsition
del ay, since nor eRef Wﬂé?fp wap feggmhoduncyt of agquisiiqremogile yiSo smseived he
cunul ative sj r for

i nstance 32, reglg ﬁs60| Eﬁ%}%p%hﬁ%?ﬁ% %hpgé%a?egélgpﬁ Elg\tbljient)(\ﬁf\m/eéelrll g@{ehtwo
conpeting i npmvemﬂwﬁlm stapd bicsigial pradesting fmacctulix@gatdeisytmb&ﬁmmﬁﬁsaﬁoﬂthen of

Contt auous scatl o BBk B R0 1) B3 R Sl

) *D~(t-T+k Ta an katBut MhelebD AHich hasas PRIt bf h@@a]fpemeg@.bﬁm $h& Sbnd)'REESSI NY
is that synbol timng is preserved at each stage thereof CFDIVIMynboI S i nput

to peak deverapmsemingmbirerized sonbal dieredary pesitiemforseaghaereive (PRRM; symbolii ti ve
superpositio [ 4 nt

therefrom- egggﬁésﬁlg\%/ﬁeﬁlaé%cg%lgs&g’fl ?pér%kﬁé#geﬁé rr é’%ﬁ%ﬁ néa't %ﬁgﬁe&%o
sanpl es) . | nsighalpeutasyteprssentuateitddniymbolticdunddry peﬁtmnsplﬂm%mﬁbdml poki€ions are

positioning of, the signal pea wi.t hi s pr.eserved

t hr oughout . mdgcat%oflg‘g F@ t\”i"f’%ﬁ&?’e&t@? etsll?é"‘g?iﬁlﬂi snge the E"l"ﬁfﬁ%ﬂi%ﬂ’/ef orm
or rmore ﬁsecmﬁaairlaysnoﬁ fkﬁow amuqn@&rha{uapeqm& s o@%uﬁama&@a&' ve
super posi tion nodul & ly the real portion of this co ex signal

i s graphed ssvrha Rohlélon mgitlnﬁy gsspoed proasbifrarily icreated to ennblegecsiver h@cwmgltatl ve
si gnal segnen f i geous, bl ock of 32
boundary si gné?rgl np u? S§t§‘c{rgrlpelr?t‘taj gu‘bﬁgv&%a%%gg&sé%qozstﬁggé O%é tFB‘SpeV%ts
‘enhanced si gbetlweae&ks éprﬁﬁ dssuniio apd elaarti-qe cﬁcmwémgtmlmmabhmiafyr positidng thus

surroundi ng ae rrul at ed. noj se. rod as prior to additive
super posi t i of"{FFE! efsﬁewemerec H&‘@&‘HY\I’\@U& 00/ 49782 16 PCT/ US00/ 04062

signal pgak in the Bewenpaipytheisginal p@@gﬁrﬁﬁéselhtﬁlgl OEDM kyiabil tbahdRies, gk i t s
surroundi ng noi sy products. Returning in operation, the additive

super posi t i ofeYglenmeat medule 4 b@iﬁﬁtl?lﬁﬁhmé?tmm mlmd@émz apdrenivaleMul e
165, toget he(rg f’s@%&r% eég&e?é?ﬁ] il {eQeatli RO d}ﬂorfs bl&) P&Hvyi' @Fﬂl\ﬁ
u of an

sunmat i on no S a present Input sa to t resu
accunul at i on sphbelaPpttesiaiiy, oompleixgmjmgats ;rm:tiplhss ore;neductsfard: fnemsdibq:tlmm thei ng

|1 nmbol di 0 I
Dol By 165 | moAre seieRomd U5 apmpleb it duok sEPREE SHe Mt SHEIs: af ed

ot herwi sex easieas Gieithtale sanijies dnid i lagtloiN kuyn;ﬂetsrﬁraadhcvynfmu ptRIuddH sighial
del ayed by 1 10 synbol period Ta, (Qnd then fed back as an input to
sumat i on nod&kecorssponding to.each syrabol qomprising the gNfontugpty .smdugtaﬁ%rcgmefrhe

process repeats f QfauhdatibdIRY ithe FoMafion AT BE ScoRfpite | ABMIctsS YT resented as
follows. Let D(t) denote the received OFDM signal, and let T, =(1+a)T denote the full

OFDM symbol duration or period where 1/T is the OFDM channel spacing and a. is the
25 amplitude tapering factor for the symbol. The signal peaks in .boundary signal 130
appear as a train of pulses or signal peaks in the conjugate products of D(t)*D"(t-T). As
a result of the Nyquist amplitude tapering imposed on the leading and trailing portions
of each OFDM symbol, each of the pulses or signal peaks has a half-sine-wave
amplitude profile of the form
30 w(t) = { % sin (nt/(aT)), for 0<t < oT, and



Stated otherw se, the first cunul ative sanple in the cunul ative signa
segnent represents an accunul ation of all of the first sanpl es1®DAuglst 2003
the 32 boundary signal 15 segnments. The second cumul ative sanpl e represents
an accunul ation of all of the second sanples of all of the 32 boundary

si gnal segnent d so on, across the cunul ative signal s set
gegeratorglfﬁoﬁwge des a reset signal to delay nndulg 165 a?ﬂggﬁmwef
predet er mi ned nunber of signal segnents has been accunul ated to produce the
20 cumul ative signal segnent. For exanplellif the predeterm ned nunber of
boundary signal segnents to be accunulated is 32, the reset generator 170
asserts a reset tw(t)eddbatbkrvdesl ay nodul e 165 every 32 signal segnents.
Responsive to assertion of the reset, additive superposition nodule 140
accunul ates the next predeterm ned nunber of contiguous boundary signal

segnents. 25 As prawhét HeVpetiodicity BF SigndlN800har1s! thefperiddiof hectrsin RERAMAI ti on
modul e 140 is a cunul ative signal conprising a series of cunulative signal

segment s, eadisakseipihnt Referingde Hig- 4o temtiein obaigral geaks "p‘é%!ilkd irsBpunfiay signal I n a

hi gh n0|se e I e n
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from the surriouiglildgteradnct dftths overlapping dtaamgabdl erailing fpumohampuaxde mdparsce t he

signal -to-noi se ratio, of the enhanced, sig peak. 15 August 0
00/ 49782 17 PERURBPledhosaare m%@fdeéﬁh@ﬁewewgrpam Igs uﬁsms*g gzl?oo of

enhanced si gnﬁﬁe-wwwﬁ@mcmﬁs £ ki WRISLD e@&es?&m%tm%p dhaiidi tive
er

super posi tion modul e O is input to matched fil 45. The 't enpor a
i mpul se response Retyrning lngainfto Figare 3,481 pachsignehwamplepinpitcio gialpdevslopment i t ude

envel ope of RSl 1oGH PARRkanRte ks LOBH sl S iher U6l FrORGreReabiBAc o

of the pr seﬁ? a root-ral sée 0SI ne

Speci fical |y, canfigatenprotivee Ueasqmru:het input semptetant e pfadbcteegorcsamphs pA0ets Tt o t he
function wW(t), as shown in FEig and iis determ ned by pointw se

mul ti pl yi ng tw@pﬂqwﬁreg&msaﬁﬁm@?x(ﬁonéwoflws ORFT h2Q pEPdugss; ata NS Oty dhe
thereof. See fffex dodfu@Rdofledtn ihitinanpR, avmnom?&tq@qﬂo\h@e& RASSe Idpbttﬁ;

could be used to snoofh the noise 1o present he cumul ative signal, the
mat ched fil temulli@ﬁcrpmwﬂe@omheat@mmwmt shigyputputiaze moltiplied agwrcst/éw@nlay%r t he

desired signa nh e [ 5 i nt.
Vet ched 1 171 crEfSORGSHoR B0, iR 115°n (iR oy BURTER DofSRbAE oAl BT
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conpl ex sanpl i.nput ther iJlustrates.onl real,portion of
Che T i1 toron S e mepes s ol By tkbrsdelstRine e 158k e hE PRk Brmg nar
signal is simlar géerRke Fiphs, rd!eﬁ@ﬁ&ﬂamlmﬁwgmpédkaieeabﬁﬁsxﬁ%oﬂhmab ipeak
at the output of the matche filter, FIG ?c, is cle nproved conpared

to the di scer Alptrated: fl&fGatrme%mqamSéwt@F GHIM gepkolni a@%gpmmfi at the inpy
tched fi,t t put
rom the it cloohrak deydhrychl EnddiR1 107 Big e iuBuek ik DGR Derbne bOORDMEL B
t he signal prsosisdd hgnéﬂagemtﬂuéﬁdm*@playpcntcmttlhé dlig. Petreprbsentsethersigodl gedak
filter, k | 0 d k
the temporal POEPROTY Bet rerordns BERMINED Bl ipPlss S in BF o

represent working embodiment equals 1080 samples), the train of signal peaks being produced

responsive to the conjugate multiplication between the received signal of Fig. 6a and the
25 de]ayed version thereof in Fig. 6b.

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

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



synbol timng offset for each received OFDM synbol . Signal enhanci ng nodul e
135 enhances the detectability of the signal peaks by first adtihAugedt)z003
superinposing a 25 predeterm ned nunber of input signal segnments to produce
a cunul ative signal segnent having an enhanced peak therein, and then
second, matc fi_ltering the cumul ative signal segnent to
cunulative,‘aﬁﬁgﬂt -filtered signal segnent that is optinar JBQQQ ?éfor
subsequent peak detection processing. This process continually operates to
produce a plurality of filtered enhanced ¥ gnal peaks at the output of

si gnal 30 enhancing nodul e 135. The tenporal positions of these filtered
enhanced si griglaypeizged 115 Bnpautgus 020 N) vanple/debiyse et REH wiBaYE GmBBZowi t hi n

the match-fil : ] i i t fr si.gnal enhanci ng
modul e |35, ap Sty SR b aiKE &) RORISERNPI SHORY bnd/ OB e
timng of f setdevdlapeinfor nailyicduespbydingasel &fs PO protiyct isamplesizbmptiéed ontyt 136

addi tive superposition 5 rirodul-% and tched fil %gr agvant ageousl y enhance
si gnal peak Ihigpts prqdupts formed hetwsen the firstiand dast p& srmplesentieach gorsennadingn
subsequents t osyibg]. peak devel opnent stage pernmits the effective use of an
OFDM si gnal conpri si ng a |l arge nunber of frequency earners, and that is
operating in a prdisagdevelnpaienymadile 1@ cankd ineplementadniprany niimbemebvaystaage of

si gnal processj i S mbol, . ti.m ng offset .is 10 to
defoct {he.t aombet e GithesfibbbsBelbish IR JdindsB ohise Ao Srive Sl ae
enhanci ng nodixplitédn thd henharpod@lslypdeséribe® N Fof inbthfcesS haiR devdlSitient frodhld
actuality, th | e i ndex, or s%nple_nunber, of the enhanced signal peak

sa : | >

within the fiﬁtoe‘i“ OPEIZIF IR FAPR saranle A it AHYSFese theti fs rach sample i svarodmsd
filter. Fidtedaflcio PRivided st dRalutphf Thefdst P Witefnh t fdflshGE i

provi ded as an 15 iﬁut' to peal?p;uel eect or r#gdu?‘érglﬁfg‘d?mmﬁ?cdﬁs%‘g‘?lg% sytbge
enhanced fi | t¥red} sy¢hyasdn verterdommdhusrseatingrpresetit spole veaors aud ddayeplsampladex,
thereof. In [ N e erator .19 f peak sel ector 190
Squares the naeir pffon SEYES Sy TEORbSCC SE0GL Mleuty T Jomf Rier Brofte
generate a sisgmplesva\anf cutpntathetebf Altenpitiively ) efeepfak diSelopmetstredudsl chl bE 0.

7d. The out put PF];BFS ared magnitude, gener tor 195, Fig. 7d, is provi-ded as
an input to 2BPRBENILGePPESHD AP FERINBRUS TAHEE thae s dliseregm timeg signalsiput
thereto apd iQ@Rvef, i€ Suchh® apBIR, &l willl be a0k (1R ' ' ndi ng
to the signal peak. lThi S tgtrp}gor al pvg)si.ti on ofa tﬁ‘?@é‘ﬁ%@ﬂ@ﬁé%%?% ded,
essential 'y, et qonbnuppsiagher thanpsynpled sigealt hat i s provi ded by acquisition
nodule 75 to an i 0 0li Lk 17 .LCLJ frecuit 7Q. Lt should be
appreci at ed t hat ? ﬂ%ﬁlg’e%%@?% Aﬁ%&sﬁ ?}3 g%’a%%(%{}ﬁdfedﬁﬁ aﬂ‘}sa%lehse’g'?g'ﬂe%ﬁ §Ur et t
may require silligphtedath Higsmdatadt éc, dompens dh aedlity, wrhi ggial [Pedlc 4s simgligel ays
i ntroduced by. the pr di I gna rpcessi ng, st ages. For exanpl e,
initializati olﬁa’atéqgﬁﬁfggﬁ% ﬁbﬁhg#%b‘n#qsﬁ?‘gpg‘,sy e‘l’gqlfctsc sappRles) bying, 4n adicenieed t o
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are generally.snall and 1 nplenentation specific.
samples extending across each received symbol and predecessor samples delayed

therefrom, boundary signal 130 includes both desired signal peaks as well as the noisy
conjugate products. For example, the first aN (56) samples in each symbol are indeed
multiplied against the last N samples therein, to produce the desired signal peak oN
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 corresponding increase in

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



15 August 2003 WO 00/49782 PCT/ US00/ 04062 19 After the tenporal position of
the signal peak has been determ ned (to establish synbol tim ngd 8bfest2p03
the next stage in signal processing is to determne the carrier phase error
and corresponding carrier frequency error of the received OFDM signal. The
mat ched-fil t‘%g?‘mﬁnhanped si gnal peak in conplex signal ;géf,ﬁgg,\g;\ﬁfgpnt s the
s cl eanest pornt, or point of maxi mum signal-to-noise ratio, at ich to
determ ne the carrier phase error and freﬂuency error. The phase of the
conpl ex sanple at this peak position gives an indication of the frequency
error existing between t ansmitter, and. receiyer, since the conjugate

o oduct ar t toeemnge o SREFe Bk Gerulo bR foma Dosteanoul d
have yi el ded @nBehgridiidie val ue in the absence of carrier frequency |0
error. The conjugate product at this point of the signal peak, and in fact
at every ot her poiFig 7argraphically Jhutratgrebgundahgignel 130elodrespording tphm ©FDMI ue

because, mat j } t C e en nbol s l,.es
havi ng equi VLH?%%{ bfﬁ?gég"{"gg g%éq%(%g?sscg’ﬁg{pgg&at%’ t?c‘heu eeéaf% pg??oa"?ggﬂ“isng
portions of eciadibative ok, Shith die) Y akisrdorradpesdsnb amaple iamplitide. 20860 redl
carrier frequenc(}/ efrdiéﬁor. Any residual Bhase present at fhe peak of the
si gnal 15 outRsE#oofdhy eampleicsienalis graphed sineg the imagipary pREtontiy sigdlar thereto.

frequency err@ear2if defigable PRGK, frdef betechl sHRbRs mmh%gb@;ti?om&%dt he

resi dual phase is deternm ned. ematically, the carrier trequency error
Of, produces ytbe afesimgotionegdnaise peididts. of 2nLI f T bet ween the sanples at the

| eading and trailin rtions of an nbol ..t hat form a conj ugate
oroduct. Thus, tha® g Fl&e)lglﬁne ﬁ%f/ql RS g ggpq%érggﬁqtgae%yrqdﬂg 191 ‘5\%9?38%
equation: 1eef sighall 190€isendiB-dérdvell Neor adker OGouicbe wetlt ledomeh fri keChrt Ut dipkaland

Arg denotes the argunent 25 (phase) of a conpl ex nunber - the conplex
sanpl e - at tPEURYMGIHPNS, e SRCh ppise Ay impagisd ttp Jhe jsignalgdiring) mepagation Reereafur

q : . a i f
quadrant ar CtigRQiehthe aBinbShele ﬁﬁﬁ&ﬁ@gﬁnﬂftléﬁhﬂpm fag_ng,egﬁd nﬁ@gx:l gﬁeex?ég%rﬁ%%g or a

2~ wi ndow, the frequency estimte is anmbiguous up t
channel spaciThe front-gnd dfdherecdivdr alse addstrioisetto thgsignaly error estinmate, toget her

with the timng ofdget estimate provided by the |ocation of the signal
peak, is 30 suffi céugsne%lu?nz ¥ H%O%O%ﬁsem S esnﬁéet}rlr% ESF IR araéﬁg’ﬁﬁf"gtlf’on. As
denodul at i50n part] b dvughas the APBci¥ingdETedd dBHe 20réMehtibiHIMBA00 Rispsee efithe
subsequent regejver frang bqundary .pr si ng, not, rt of the present

i nvention, ré Bﬂr?ﬁe%gﬂa*ﬁergg?@aﬁ@?fg@y%{gﬁ?gﬁitof/. %f‘hspF‘?‘fjg 3 ‘°B’§‘Pfﬁ"’?ﬁ¥951gﬂa1‘

mat ched- fi | t efo8dise G bL e SighaPpeakd Preddidl ih hﬁuﬁﬁﬁp% &1 180SidibN eRhansiagP! €

i ndex, are provided as inputs-to phase extractor 5. Phase extracto
module 135 is provided at the output of peak development module 110, and comprises

first and second stage signal enbancing 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.



5 205 extracts the residual phase fromthe conplex sanple representing the
enhanced signal peak output fromthe matched filter. The extrath Adgpst063i s
provided to the input of frequency generator 210 which sinply scal es the
extracted phase input thereto to produce the Garner frequency error ~f;
which is then proyvided by acquisition nodule 75 to freque ion
circuit 65.“%%&%8%?he tenporal position of the filtered sﬁgﬁgﬁﬁTgﬁgéak
provi ded at the output of matched filter 145 is indicative of synbol timng
of fset, and fromthe phase of this signal’beak, carrier frequency error is
derived. In summar t he met hod of the present |nvention for recovering

synmbol tinming of f slferdhe predptermuiped pumbra ey blesk; ofr signad segmentsoiayg been time
conprises the ofi,; ' d'n;}get “3553‘! J i ng a
series of O:D?\A‘%?ngﬁbgg’ hglﬂsr%ﬁ]gg%h &Dﬁ‘éﬁ%@%%@gﬁ a |1rﬁg§)§l§%§§€?ﬁ§: l'ing
portions t hersptrimpdsed setadisegmentroare pedumulededdsiorfoinp a sumalating signd) strapleifad | y
equi val ent phases and hayi ng..t e ally weighted ampl.i tudes according to a
predet er ni ned&flt (ge?eéﬁm%é i"&ﬂ??’h gg%ﬁ &ay’o% ,u“g'&}'é’fa Slﬁfqﬁds g“t?ﬁ’@ﬁ@&?’?"?%l
having a pk ur alnidldtivef sigral Bathple ek sach el thé PpredietehRIBEE SARHIE HasifioRy B din
boundary position for each received OFDM synbol, each said signal peéi

bei ng devel opedoss dhesypgimrosedboyndanysigngl segments phase correspondence
duced bet . : L . ; OFDM
Cynbol - enhanci ng - SRARIETS AMlshdd roldlinitb Sitells 36 B SEGAINR

synbol ; enhanci ng t’he sig etec gnal by
addi tivel y supelif epdssegment iptludezla symbol pariginewtith of 1080esahplesdeey addignal to
i mprove the 25 signal -to-noise ratio qf each.of a plurality of enhanced

Sl onal peaks. BPORISGM ByPRrD PariirclR] SRERH G el orrach Yartmmpomark
posi tion -gf tbE3sypRehts QB0 sanples fep Begtient) @it tHeR%. Ofn thil thaRRGAME B6hjFianal

peaks, this tenporal 3p05| tion representing the received Q:DM si gnal = synbol
timng of f set progws of 321sgmems sacipssgmentineluding 1889 samplegp siggpbpak @adnoise
recovering th ' : ' led b1 r cprresphondi ng
o the t enpor Sy Rl bR oecd N hilhed | SWE A7 608 uidthes B HERRARE 1o
si gnal peak dadding thbisupdrimmbed tmmjugatenplaductssofgthal3? sephems esshtaibl, ipaaks
produced by t .addi ti ve, super posjLi of the pluraljty of 5 segnents of
t he boundary gﬁ?‘ljﬂ%\?roﬁ?sé’ ‘Hﬁf’g’ﬁ}é SPH“F@E&B@%‘% ﬁ%spoﬂmsﬁéij&é’ﬁﬂ&ﬂ’ﬁ%gpt’%“%i gnal
t o-noi se nati @orfj’nf_lgﬁfehﬁodﬂctéroﬁb synibelpefod @R 168D hPRe) avi§akver AeCBULREndRud he

or

enhanci ng step. e foregoi ng nmet hod, and apparatus for acquiring
recovering syHsehols thpreducsta @mulativg sigarl seement camprsies 1Q80 gymulatiymsenples

recei ved OFDMigjgnaknpkhidfoldding®Sthen repeated for the next contiguous block of 32

boundary signal segments, to produce another cumulative signal segment, and so on.

The cumulative signal segment produced by additively superimposing the

20  predetermined number of contiguous segments of boundary signal 130 includes an

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

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

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

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

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

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

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

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

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



basi c, unqualified synbol timng offset and carrier frequency error.
Referring to Fig. 4, to in a second enbodi nent of acquisition hMéupest2903a
nore robust system for recovering synbol timng offset and carrier
frequency error is presented, but at the expense of additional signal
processing. T ond enbodi nent of acquisition nodul e 75,4 si gnal
processi ng f%g(ta?f%z@ that specifically address probl ens asslg)dgpg%dg ﬁ’\?\Azt h
signal fading and 15 interference phenonena. In a benign environnent, in

t he absence of substantive fading, nufti-ﬁath, and interference, the
filtered enhanced §i%§$I peaks output from matched filter 145 of‘si%nal
enhanci ng noduedsice Isohereat additipnihergefdugng theaddiivewpearppsitiomprogess eSipeaithe y ool
boundary posigt,] j A Y =Tot YY) i M Under
such cond 11 SHeal pAREEPEEIAAPHhd eteurtfiet Bl IR ML TdbhlatiSh, (7
145 provi des aZo tuheavereged, Shd enhiandedr sigtal prak eatputnfijorh dhs uddidss ugerposition
denodul ati on of ol s. OEDM denodul at.or . 100.. On.the other hand, in a
noi sy envi roﬁw‘%qmbﬁ%ﬁﬂgyﬁﬂ’?’moé??%%' _"P'fféVé'at_l'%e effect of producing
ei ther additional Thalg6cesdif @hinPAAKSgmil-thoi& HafibNahhmemast bellieved Wyathepeaks
at the output of the matched filter. The additional signal processin
present ed by agditive supespesiipncimpdie Acreasest alard, withj the swmbex of domslary sigaal s

t hese del eter] f J ' [ : I S . Of 4 & he
enhanced si grsPrauSisuREiibord 7blodR Y, bR LR sGRREL TR o
enhanced si gnalvaji®eks a @orespandingadisdyaritdpebus ificredse i adgaisitionately| sheshoren
accordance with a predeterm ned crlterJC,a, t(ggn acqui red synbol timng

of fset and catoNpery siegel s pe spllecded lgepinse &y qumulative gigmak prak. Thus,
demodul at jon (@f HEB: prbae AR RS HOLABhAOTE 2oneseRTTh UR)0LIARE 8 Onal s
can conmmence. herw se, the acquisition process i's continuéd until such
time that thgabai}i]lmmbetwemﬁg?ed?\‘P@emmtBlg\thlleﬁt&t ed. Refernng to Fig. 4, the
second embodi ment IRfma?h%Sa‘Atiédé‘télr&Q, tggﬁ'dﬂit?veﬁ PSS cB&@PQSGXegh%H{J%PIhe”Dd“' €
110 and signal enhancing nodule’1 as prePlnlnary si' g S processing

st ages si m | asonjugateipeodiitts ptesantrivosbiundany sighial 8¢ cindietek pressed ty ke feBowihgwever ,
subsequent si gnal procgii ng stages are added to validate the tenporal
consi stency of the recetved signal. Signal 175 output from signal enhancing
nmodul e 135 i s videdsto t ' f0f infinite inmpul se response (IR
filter 21 whi@&grilte?i th@ﬁgkggiﬁyﬁﬁgunTﬁ%ereto and provides an IIR
~filtered signal 220 tojap output -thereof. The inpulse 10 response of the
I[IR filter is such that the nost recently received signals input thereto
are wei ght ed nor e Awebmpdrtant dspeet pfithe foregoing sigyal peasessingds ghay srhbol itimgog is

t hereto. Thus, the st .rece g S| apa, in to
TR i Ter 2ieieait S GG btk OEBYEGFIZIOE oo AR Yoy A5SSh ghl

par:i cul arl %I lmEr‘ﬁﬂufﬂdarjsi sj?m: _s]agnﬁer@mrin;futtm hdthi\fei st?ﬁ;piaoﬁﬂﬁnc?mmti itm;R ?@I t

conti guous ocC of qu ative signal, segnents sanpl es. . er
215 111 Cof t HERANE SESEnERS UPt Ber TR, ok PAVE ReteRPPE HEAIEsTof
successive bl &sﬁéstpoﬁdangfoqdumo%a&-pieg)e M8 thid wg@, tsymBdIRinfing SiTtet] Alihdeatdd
second sanple of the first block Isfiltered wth the Second sanpl es "of
subsequent bl telpesitienipg efthesigral peaks within asignehagementpis presemved thooughoutt o
produce an output J.IR-filter.ed, bl unul at i.ve sianal segnents _of NQ
IR filtered 20 sa]twlfﬂ gg’ g{aq&? ?Cwi}ys 11&1/%{3?@{ I'% chid 'nt%%lfwi1%%gnw%’§°grghs(frdlélro &d as a
bank of Na || petificildt, sheoqudiuddtivagighal segmedt|odtput fembudditive Bepeppdsitionahoduld t er s

filtering sa es_oaoccupyi.ng t he sane predeterm ne Qsitjon wthin each of
t he cont ?aaogﬂ%%p&he%al@gmpg{ ﬁ\}sec Wgna is gr.':lplc*xiec{3 since tLe 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



segnents containing Na input sanples. In detail, within I[IRfilter 215 are
a first-stage coefficient nultiplier 225 for 25 nultiplying coeffAugustraooa
agai nst sanples of filtered, conplex signal 175, and a subsequent
accurnul ator 230 whi ch accunul ates the wei ghted sanpl es out put by
coefficient nultiplier 225, and the del ayed, wei ghted sanp by
f eedback del‘¥9°?ff99§,2uit 240. Second stage coefficient mul tlkﬂgﬁ‘é&%‘g’g} whi ch
wei ght s accumul at ed out put sanples by a predeterm ned factor, 1-a, and

f eedback delay circuit 240, together provitde 30 IIR filter functions well
known in the art of IIRfilters. However, it should be 15 August 2003 WO
00/ 49782 23 pEnalusek/inAwebouadyy signat eegmentals indistingpishablie fragp ithpamoueding o

f eedback sar‘rqll es paéu&gedback delay circuit 240 corresponds to the

cunul ative pe PO o dur ati on of the pr edet er mi ned nunber of boundary

si gnal segnents t Returnfing taddit By el Yoperdfiet, | tpaslarivb ysupetbsitione nfodier psi ti on
nodul e 140. For instance, where a block of 32 segnments are additively
super i mposed,suymatien mogylg dR0 gad fpdback delay madplegkdp atpeetherguptidothy additisp x T
(an Na =1Q80 oG ' [ ' tputfrom IR
filter 21(5}, sS?m asgwtao thgn%‘?magg)e%@ng@ohﬂg?ﬁ%?ggEP&%Cﬁ%S?MthM ?lﬁé‘gl | R
filter, conprthswsultofpn ascuminiptioh of samplessinesontigutius gymbolssecle ofithegamples | | R

filtered cumyl ative signal nt each.segment havi | s ol o
ber | o' T andekcrTRftAlY PechE AP Smed R B Frmepoadin B Lfo pbless
conti nues to [ngaypn6sampats de bhe spibdlUperiofl ddiy bétReéd lat@muldfRak s@hiegt or
245, operati nq%éesi mlar to peak selector 190 descri bed f;r evi ously

est abl i shes tdWerVisprraet pecyBiatadoesulk outpit by Jupansatipn anodulesiogria delaadibyi hput

t hereto, and i i It §Fm i nde |.| dati on
| ogi c rmdﬁbl e Sg@gw 1&&2?\&2’5& \(}gﬁ}@% g%fkp%g?\d;néh@g%%ur a pgglllﬁa%n@é&'ﬁes%? lgs t he

synbol ti m ngpddéd wehe hett inppbdariple he gwcesagemets domalhingutadantples avrabs chah ed

si gnal peak outhut l1;romthe IR filter, is used for determ ning the carrier
frequency er rBRYSHIPhe et hod described previously in relation to Fig. 3.

Conpl ex signal 17%tdted éthérivisel therfiasti clathlafive 84mple M thel @mdBdike 5ighA Gb@hen? 60,
whi ch 20 establishes the tenporal position of .the enhanced signal peak

present in a_féﬂPffeéﬁtan(ﬁﬁﬁ‘HP‘é%ti%eOfsqug‘?féPe Sesy remrleopt alf et 32 Poundepi gieralr r ent
cunul ati vey si Gpabus CqHENecdn@PhARRIMVE shidBledCrtiMl2h 90uRfulaliBe BT off @EENt | Y
recei ved bl ock of superinposed boundary signal segnents. The current

t enpor al posisetand sampiasonfi albof e 32 Honpdary signelaseigoigntsoand syjion, awossl e 255,
25 In addition to .providi e current tenporal position to an input of
val i dation | océlfnél?ar?%ﬂ régfg%?etnphe previ ous tenporal position, that is, the
t enporal posi ti on Refett geaeratohafoegtosidgnal regee algnaintd delay wibdukt 165 aRérgmhal
segnent imedi atjely, precedi ng .the current cumyl ative signal segnent, is
devel oped ancP"Ffie ; tned npmber, c_ifnf}&‘fa tGEPEHT %ﬁ”%@‘?‘ﬁ“lﬁtﬁ‘gdf’epr?@@? thej s

i medi at eby  RuRRBAVESighhl REREHO UBorCERAHIpRY it/ fhe réfdtmHed Mafber SObdRlarl he
previ ous enhanced signal peak therein, represents an accunul ation of " the
bl ock 15 Autigngl scappsis\io oacpgmglatedis 32, the reset generator 170 asserts a reset to

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.



PCT/ USO0/ 04062 of boundary signal segnments inmediately precedi ng the nost
recently received block thereof. Stated otherw se, and by way ©5 Aspesti2DD8
exanpl e, the current tenporal position represents the enhanced signal peak
for the nost recently received contiguous bl ock of 32 superinposed boundary
signal segnents, while the previous tenporal positionis ative
of the i med?YQP¥%8% ecedi ng 32 superinposed boundary sigﬁgﬁ%gggﬁgn s. The
previous tenporal position is devel oped by inparting a tine delay to the
present tenporal position. The tine del ay’corresponds to the cunul ative
period of one block (the predeterm ned nunber) of boundary signal segnents
that are additively furthsr suhaeq theaigagl-tocnoisviatiopf snhanead signal @eali §ifalithe

segnent. In I3 See:t . r $ to. 32 Ta (an
ec1080" sampParuiacedsL BB o dhdiute Mbeltin GRULEDRAIC Ik ' alipef, ¢
del ay to thefiltesr ¥6n1Tht exmporahimpdss responsel afstched fitart1ds iamdtchedomithteshapd 1 t'S
out put the previouys tenporal positign, that is thep input to valjdation
| ogi ¢ nodul eOQB’S?p_&l‘T@eI ng"B %f‘)f_sa}‘?nﬁ‘(?)}s?“_%ﬁd pigaly B?aggﬂﬁpﬂb,t}_‘etrﬁ@’ @8l | BuPPgy set
of tenporal pEBhdimeASIMEprBeAVihAGBoRASTolOWAY fool-Riistalebad proflle! AGLGHEMIU! €

255: 1) The IIR tenporal position, corresponding to the position o the IR
filtered si gtglimpulskresponshef the swmtched Aligricorrespondsde thelfiRtion w8y ascshewy ima

SEOTEN (o A 3 A5t bl b R BRS H RO

provi ded cumuithithelasteMNéalplseigneit! SeclFigs. 3p added. pr evi ous tenporal position,
corresponding to the position of the signal peak in the i mediately
precedi ng cumul at fltaoughgh apn-gatshe dow-pass Riter jconld| bgpsedniggsmently 3l peiss or ns a
pr edet er np ne gk GIRPIHE buRilaPRSdifrial B mABhRAH NP4 prdlid oYL S
thereto to eg{e'ab! I sh whet ﬁer tl é} Si glﬁal peakes ouf[) put Qf@%ﬁ&#@ﬁg@gg 15, as
i ndi cat ed at neiseinproyententfor the slksired Istgotloenhandsd signal pednb; i 4 Gawssian doise
Specifically, validati i e 255 determ pes whet her both e
current and prav |n815§t' sﬁéﬁ’g‘?‘g %iiei%rzp%(u)%ilfn P gerrf}senge?iea 4 ﬁ’é’?leeﬁn%ss[ekﬁc?w&se (Ptlﬁ)
“predet er m nedigitalfilest ik poeides S dugiut theroDh Elterdd vasion b the complxsaapleet to
the Il R signal Beak posi ti O_a. tIf they are, then 30 the-tenporal position of
u§

the IR filt&pslthereihiigpisillusteategonly; the malipertipn gf thg diltered signal euiput frops
August 2093 YOROH SRESR:S25inBRL YSARKRP O SY BRRle IcfBhTRLERASE

Addi tionally, the validat eg TR fi t%fg% ?si gha %ggﬁwc%glgpon fl]rtl}éofo this
val i dat ed t ethsenhincpdsignal peak at thewytpyt efgheimatehed filter,dA6r Te ks digaglyumpoyedr r or

in the sane [, 8s i previ | i hase, extractor 270
and 1 equencioneaes &rif ABoRRRTHeP erloBHiaR) Sk g BUpEROEGH: HaRhR, 3
after the t efifter, #IGprisi TheOimabmaryneetionvet] thel adreglex Mighdl datpud oGt tmatebelll e 255
of acquisiti nB%ul e 751i ndi catdes such validation to control and tracking
nmodul e 85 byg\g\k/ﬁﬁl fS SRR PRRBYPdst at us signal 80. In turn, control and
t racki ng 200dul e 8Briefty sunsigarRshy hé gign%%mcegingssh@eﬁieacﬂﬁ)g lélgﬂ:atl% %ﬁtﬁhf’&' the

y

denodul ation process as executed DM denodul at or 100. Whet her
val i dati on | &fchedbiten peakgiovalgpment madulet §19mseruces eRrlueplity ph signal peskaithé t i on

nodul e 75 or ¢yt hin, ¢ in h ecifi.
. t 1"y
mechani sm by m"g O %g)lfrm u%%%?&%oggﬁ& ? wgﬁmséy p@é}ﬂoﬁs Whith r%p reseiit

symbol timing offset for each received OFDM symbol. Signal enhancing module 135.

Z
=

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



denodul ati on produced thereby, is enabled, are not inportant to the
specifics of the present invention. Wat is inportant in the s¢gdndust2003
enbodi ment of acquisition nmodule 75 is that the acquisition process be
validated to thus indicate successful acquisition of I S synbol timng

of fset and carrier frequency error as a prerequisite to th ce of
denodul at ed YQ0Y4%B8% put from OFDM denodul ator 100, as opti ﬁgﬁﬁgﬁﬁéﬁ%dul at ed
data. In the event that validation |ogic nodule 255 is unable to validate
the tenporal position of the IR filtered8signal peak, the acquisition
process continues until such tinme as validation of synbol tim ng offset
does occur. dthibhthe adstth-fiberad, qingubative pignak sepintegts poummit ditsn lsfgn‘alhm}ﬁﬁ@ﬁ@d
enbodi ment of t qui sjtjon nodul f the resent invention ensures
denodul at i onn’(?fiqfﬁg%r é@e’i"@éﬁ“"&ﬁﬁﬁ@‘ﬁ@ﬁ&f’m@ﬁ yPosftions ogyEFM syinphoh diming set
and carrier ffgguency error have been successful |y recovered fromthe

received signal. In the presence of si ﬂgal scattering, nufti-path and ot her
signal interfer enE@entlh@V@Edbh@némla i Cpmbmm@s the hddidve sifpe®sition

confidence t V, y in the r praoyvi des
correct| y(;deﬁlog ]lte at%ddl%gt%%' deﬂ tér %g’ ou?e H%lg EErngfcz)fmgn%lyp‘? °}%§}%\}P3¥%g a
recei ver thapresenpinvystion. \ﬂéieﬁlmty)daalomcsubsem@nd) theﬁéukmeﬂgoﬂ?ﬁdm\@leg‘e peegithdant | y
transmtted gnd recei ved _si abiljty of the receiver of the
present i nve?he' ‘iff?c?‘ﬁ’ 506 48 %Wé?g&&e ’Gﬁédaréélnl%{’@?r S frequengH £RITETS ect s
s even furt et in3s BAGANGESH a ptdpabdinlly iy SRRinal the oresen

i nvention, such a diversity systemfor WO 00/ 49782 26
PCT/ US00/ 04062 r eThe/mext sﬁggsqﬁﬂmal piiopdssige ofquizet toeﬁstaersymbol‘mmqlg@mﬁsgt ierror

the trandh t EbgeletineliRpeabnelBn 8 B 458 et GpimEboPide et i

operates in a3f.agiheasmpdrall paitionofhbMgrBIdptak i rin ABWatite, B8, saéplél ﬁws eed in
relation to the first enmbodi ment of the present invention, wth t

except i on t hatmele diwrbes;afytheyspipneedy sighal; Reak withiy dae §ﬂte‘1°1’re°‘6’&ﬂ1?ﬂ}t° "t‘ﬁ@l‘ eof .

Speci fical | y sednitit bktpRHInt I8 makhedua&s and transmits to the diversity
receiver of the third enbodi nent.an OFDM nodul ated signal in both an upper

and a | ower frequEilissedsiogwiexniignahihés euf@abﬁomfmatﬁ@déiluetb&ﬁ@tsplemded‘rpass es a

plurality of r ) ere the
si debands"t ogg':J EM %gﬁg&%gﬁ)ée@gw %&%gelwtc tﬁf:g@fagéf n‘l‘g ege,% Sgagﬁe%“ n Fig.
1 b. This di ¥er snipsrdDifobdtieh,goa barysle tm@xs therdo€d Inyopeletiof)ERdacidv tiagiitude
transmtter to the CF%}/I di.ve Slt receiver, i niglté%e same nanner as descri bed
inrelati on Epnerater ¥95.0f peakas ?ﬂsqb‘i’re’f {of the\cempley signak samplsy| d

hovever, be ik afetdd ﬁﬂgénh@te ) gugﬁmlvsavam m fd &lfgwmefe%ﬁtas il R FR. t
receiver |ncludes both an upper and | oner frequency sideband ach|S|t|on

nodul e and addi iThe ﬁaﬂputsqusﬁam%ms@g@? aeperaeful % ebiet 4l ewretslsleraw@rlgmtyo

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.



sel ection and conbi ni ng between the two. Referring to Fig. 5, in the third
enbodi ment of the present invention, the diversity receiver int}Hegustz2003
front-end receiver nodule, not shown, that provides a 20 received anal og
OFDM signal to the input of AID 295. The sanpl ed signal output fromA/ D 295
is provided to the input of sideband separator 300 which p plters
both the upp‘gp(’&ﬁ’gsﬁ ower frequency sidebands present in thgéf/ggdg%%% si gnal
to provi de an upper sideband signal 305 and a | ower sideband signal 310 at
respective outputs thereof. Upper si debanl si gnal 305 is provided as an
i nput to upper sideband acquisitjon dule 25 315 while | ower sideband
signal 310 is pr O\Af@éﬂ‘eégl?’a?fali Wawnpg&ewlzgqahiwﬁfnéeﬁww@ KtBr?S‘ﬁB‘EfBI e
520 Addi ti onglo fiflorReqnkSed0Raa AR BloeskBBRCES kMEine iR Ldid Lo at
| east one recéiver circuit, such as at |least one correction circuit and/or
denodul at or, phase ertdy dand dotrespopdingcarrichegicgeiabrqr efcths seaviyed IFDMpsigmdnt ed
by Al D 295, sj.deban separator . 300 {th assband filters), and the
respecti vel ys#‘?d"‘é@g?fﬁ&t?fxgnmﬁ%cﬁ? es_ég“a{ f%&A ﬁg?lggﬁo?%gr\ﬂiﬁag/ Lpgrpeepts the _
PCT/ US00/ 044063eaddst pdint, St Opoiit WTSthakihiidl dighal-@PddiseaaBs, 4thehish &) abtelMifs @RSi Ng
described in relation to the first and second enbodi nents of the present
i nvention, wiGarrisr phaseesepndofiequanay aueer-h Thp plase ahthe|complexspapls-at dhip peaks ar e
presented. St ' tibof (RE £kl Qght r and
' @sfifln GHAE blirifoatibdlof € HeRlcntly EFROMNSITRE betRES the Hanldifat BRC

| ower frequency si debands are subj ect e signal processing st ages
descri bed pr erecaives) sinceRbe térgugate predwchnt thisspantgasllevelopedby peliedevelopmeehte

brevi ousty demefip S Sl et Bt e e BBt 5 o swder Brmbhting
acqui si ti g NGl Ghe cOJhdhtproficeht TRt RF tHRMkidnal paRVardad At EhePpEhaspect s

thereof that overlap earlier description. Returning again to FIG 5, upper
si deband si gnedint303hg sigral ppaks skapld yigldsegrre-phase valye thecasise magthematicalls ithey by

peak processing. I i i . . e )

rodul & and oi SALJER teSudctuhecitiol AplUC RRRE bbitelhe BERE (ARSI,
nmodul e 330U wéti thé lqadiny iadé srailin® fortione o€ dachi gesavedpsyaibel)t abintifvesopliage) tin tthver eof
for subsequent input ta ak selector 3354 .lnput to upper sjdehand

val i dation | ofSeaHS ﬁ?rﬂe&i?ﬂl'i"‘%{’ly EMhe PHIF rP(}j'g ipd?Fﬁptsa.Q%leSpef‘()"?Bﬁe“gc“@rrpor al
posi ti ons 15 epsRE@NErbMothe | atEedt Site dis Sprgpuationat ak cafitk FrquérncdnerR@aling eheCt or
335U; 2) the current tenmporal positions 345U of signal {)ea,ks correspondi ng
to the currenfreaenyaTosis sEBpIE fyerbateongs the residiobpitase dlgtermipgfy superi nposed
by peak processin St et fredfensy ehBEAR HRLOMShd RIRBLIPhaRRs | ONS
350U of signal peghlégmglg%t?cgg%ondf ng toe%t%_e}gr evi 635 bl ockés&glp C n?i guous

si gnal segnentf2aT patwekn thespmples pirthe teading gndirallihe p@#ibhs ofSinREDMheymbohnal
processi ng nogu] gs_t hat. ne i anal 450 and .350U wer e, descl,i bed
previously i nﬂﬂag‘}) i%fﬂ“’?g"‘q?':l"ré’a‘t'cj; ﬂf"%éélezrreguer?o’f Hedthdant] f/(ﬁr)ye%f g%l!%vexrclg her e,
and 25 areot hequatigi:tted fromFIG 5 for purposes of descriptive expedi ency
and clarity. Upper sideband validation nodul e 340U operates in the sane
manner as was

A = Arg(Gpn)
2aT _
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



described previously in relation to the second enbodi mrent of the present
invention (FIG 4), and provides an upper sideband acqui sitioniSAagust 2003
signal 355U at an out put thereof responsive to a positional correlation

bet ween the tenporal positions at its three 15 August 2003 WD 00/ A9782 28
PCT/ LJS00/ 04062 i nputs. Upper sideband acquisition status i Uis
provi ded to‘&?\‘}%‘%&ty conbi ni ng | ogi ¢ nodul e 370. Upper Si%%%g%hmﬁ%;

acqui sition nodule 315 further provides an upper sideband synbol tim ng
estimate U to the diversity conbining I29gi ¢ nodul e 370. The carrier 5
frequency error ef~ is derived by nodule 367U in accordance with previously
di scussed t egloveedse subsSpeni téceivkt Yramk hisouadarg rprocessieg, i noe dpanty ofrieku presédfh 7 U,

whi ch i ncorpqrates aﬁg&as& (F::rxtractor .and frequency generator therein,
responsi ve t d{HE FROYFS 08 8&“"?%?1‘&‘?‘%‘@% and timng estimate QU input
thereto. Having by ‘ﬁé.Y%Q%?ErthéJ%téh@&-ﬁﬁ&@@,a&drﬁﬁleﬂfsigﬂﬂp?_75 ahd 9RARGhporal

acquisition nodule I o 31 S, it is sufficient to appreciate that the signal
processi ng paositipmedsampld index; argipswtidad ds dnpytsite phase axtmsthn[285.3Psp extersteds i n a

substanti gl | i.val ent nner asci r..sideband. ..\Mbr.e

speci fi calasl y&ogg%ge‘ﬁﬁg}lgnreflnﬁ%aqtep&oa&s{réggb%%ggrg&ggg@t’ llg J%%F%?tl%mev%h@medsi gnal
processi ng naikshieseab eaput fsn Srematchedwilier Thesixgnasd phasd 3 providedao Hie m{}ﬂ U
suf fix designatjng the upper _si d%b nd, the "L" suffix_ designating the | ower
si deband. 15 9fdiaRensy depapiar ALY which: SR Rt dheaitrapied phess SnRYs HBRIFtottP i ng
estimate OL HUREHOY AR js ' i

di versity conbi nicﬁgﬁl%glgﬁzfr%%ul e 376?’ @@ﬁﬁgﬁ&ﬁ%ﬁ&g@%@@%@ \l}lglhﬁlgg?i on

| ogi ¢ nodul e t84guency eodentioh wivewit 65.d dibas dhe tapapiosal tpositios o tthesfikkérerh sign@55L t o

di i nbi.ni ng. . 0qi d 370, i .Si.t V. i f h
Mot udes” - SiTEHAPPOdkB M Be TRl et iRy 1A SaRlitalik SESIIRN gmbteotfien o oo
sanpl es out puindfifo@nthé plast bfhisi sidngl eald FBtdeBBduendy drive isterieéd. and | ower

si deband acqui sition nodul es 315,320. The resul tant combi ned signal is
input to peak sel defYPmaYethRHPERCGL e PESeT! AvAPUMLIr Sotoraine Py aRl fraine
fashion to thgrbraYicaet ﬂed&@ﬂé&%ﬁﬂoﬂ%ﬁﬁiﬁﬁé&[,-co&pﬁm&%s apmbol timng
offset ~tc is output from conbi ned peak sel ector 390, and a Conbi ned
carrier frequency err oreceivingi the @FOM auodubtednsgnal rennesentingna series o8 FDMot h of

t hese signal s._being Dk OWM as, |.np -t oy di.versity.comhjni ng .. ogi.c ,nodul e
370. It sﬂ%ul Sd"bé’ﬂaﬁ%rh e@?gﬁgﬁ Y?’ﬁ%lt Bﬁfy"%%:“én%?‘?\‘i\{%g"%ﬁ pe{paél?ng[ajﬁglmf)%s\?\&e%gﬁf’dtehﬁand
signals, as hyadingyraad tegkiy pertiond havingdsiutistantdllyp equiesdaitnphages and diaving

achi eved, thus leading.to further, accuracy in both symbol tim ng .offset and
carrier fr eqd@‘f‘?&?’gﬂ%: Gighteds am ‘Pfi?f’n?ccagd?’f%b‘? é‘sB’i‘?b@BmﬁS}Ed%emng?& ‘g‘f’gl,“mg
respectivel y. fynctiba; August 2003 WO 00/ 49782 29 PCT/ US00/ 04062 As illustrated

in FIG 5, the diversity receiver includes diversity conbining |ogic nodule
370, which has input tHevelaping mboyndptyoiignal hainga pluality of pigeal papls theselar

si deband ?gs at ,lgﬁregﬂgg%Sgg,t?q,ﬁé}{,@ﬂg?&gggkﬁo@}or f}g;ec@ﬂgd ng é%ﬂ'a,b@d}ﬂ sagnol

timng offsets ~t per an wer si carrier
frequency er rogml pedk beidg developed drespbpsive hd ian edhpdiyude cindt phasen goredsperglencet ¢ and

conmbi ned carrier frequency.af~. Responsive to these inpu jversjty

conbi i ng' ogreaEEr e lerrerae taims pplses b HEF worve GFDRSRh S gna

37S, timng offset at, cARflcingr fhe Cighal qRbIe Felec@b®F off the lbdundAry edigdal Yoyst at us

signal 375 is provided as an input to di verS|('téythrece| ver controller nodule
r

380, whereas #ivelyniuperiranasingta plwglityrof germments efithoboundery sienel tadapraye thee
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,



denodul ati on processing nodule to correct timng and frequency, as
described previously. Diversity conbining | ogic nodule 370 provb degudti2803
di versity conbining signal 15 processing required to select the appropriate
signal pair, consisting of a synmbol timng offset and a correspondi ng
carrier frequency error, fromeither the upper or the lo cy

si deband acéﬁ?&W&V%ﬁ nodul e, or from a conbination of borﬁ&?%#§&§§ i ned
signal pair), or as the case nmay be, to determine that further acquisition
is required. Essentially, nmpodule 370 serv8s as a "smart"” nultiplexer to
conditionally select between 20 the three synbol timng offset and carrier
frequency error pairs repwringhdhet eeitar OFBMousignal s carriendfréquenay t dreor
operation of the diversi receiver,., each.receiver sideband, including the
upper and | ovﬁé’F"@%oﬂéﬂéiﬂjﬁ‘g @P?%WW@E"%‘%‘%%WPSAYE, for the nost part,

i ndependent |y wi t hnrgsRept of eniRasihg QEF?@F pedka@&lecbilitheofvikk | KRALKAAY digfl C
modul es 340U and 340L operate 25 as described in the second enbodi nment

(Fig. 4), pronhenced signabpeakatprodused byr the paslditive esupergedition b hes phralgy sifgnal s
355U, 355L. T, ' ' j ' ' I 49U val i dat es
upper fr et]s uens'{'%g‘[ﬂ g’%‘%%ﬁ%ﬁﬁ%’f%&?&@r‘rﬂf \é%'tdggcffgiéé}gd g)gg{rlsg%gg%% H‘ﬁ aéjge g’;é &) r%ior al
posi ti ons outtpuioiskyatjpedkhegdirality of ertidbidd stpnal deakseproducetblathel entahéifigstemn | ogi C
nmodul e 340L validgﬁgs | ower fregue&gg si deband Iining of fset, as . .
represented by t het N§d0tE8RRS rgthodapd, app: OpHEPIIng P TESQY e A taing

sel ector 335Lofrer 4RI AHEMSERORNT ena_rqwnﬂmcaoedp@irbvﬁggﬁmﬂsadaa{e%gg to
FIG 8, which represents the décisional and selection (nultiplexing) |ogic
execut ed by dbagisy wiquglifiedrsyinhpltining gffset nudicarderdirqueney dudre Ref@ripetd Bigns t he
fol | owi ng,deci si gnal, |, ' St nd.re nsive theregto, selects
the foll 0\1/\9|d ngmsaysg%ogﬁd egn :{)%dlﬁ%%%éf?ag é‘tuaglﬁlgﬁfg %‘?‘F ?g’ra r?’fgr(e%qréféuﬁgvsgm @F réfCSYer{S’ﬁt put
therefrom 5 symbolifipriig sffsteland darsipmrequeh¢ynemig i fkeiited;t but an theCaupenserof
frequency OXU gre selecgfd fqor the denodul ati on process if upper sideband
acqui si ti on stddftipealsigpalproess®ug.i ndi cates val i d upper sideband synbol tining
of fset, and | ower ﬁie%@@ﬂdemuh&ﬁwge?ﬁsiﬁsm&oamgrnl indBdds di lgﬁk@s%mgnva' id
| ower sideband synbol timng offset (FIG 8, blocks 500 and 505); 10°2)

| ower si deban@atyiesbiat ¢ Spasifiepllys pddress~problams @ssopiated Mithqsigndy fedingrandf L ar e
sel ect ed r 1 Welg) ik r. Si .Sk L t at us
si gnal 355L ié\’gﬁ?%%ﬁ Eegs)aj{/égﬁ’%ﬁl g)%?&gglggtarﬁ%‘g%h%g#@%?%gaﬁﬁﬁg é@%‘%e fg(!\l upper
si deband acqumsftitpatly astl dhteferencgntble fRfebdd ¢nhdncedtseznall pesks ookpupfren matcleldand

synbol tim ng.of f.set .(Fl 8, .bl oc and .515); 15 3) if .t he_ upper, and
e o1 tobanite 138 of Simalentheipg SBre 17 0aBateh ARGl aasep e of G, o
conbi ni ng | 0QéyenbEP Bdtiary Hositieh @A taRSpoMaRize kecBivid SERE titline Sttlee MPRNG!

correl ation exists between the validated upper and | ower sideband synbol
timng of f setschpppditions, a pipgle Watectad signal pgaki entayt feamy estched Siiero\dS nrovidlesg

of fsets a bk s ' or
xanpl o, 1 2bdbfifiDRRARMATIeRy 13ekeRl! ERHES LD SO L) ol
establ i shed ademddslabartlpit of peak sel ector 390, and conbined carrier
frequency error ef as .est.abli.shed.at the output..of .nodul e 392, ar

el ected for tne dOnBREE PBRY oF Aeed i Gorml R Bpe B s el s
and 4) if theeffppef podoahatichenaddilionst falsei igiab pehks Yoo blikhinaliniDacdidl Shal are

peaks at the output of the matched filter. The additional 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



25 both validated (as in the previous step), but the upper and | ower

si deband synbol timng offsets are not tenporally correl ated, ©5Aujustie0DBer
of the sideband signal tinmng offsets are validated (according to the

previ ous step), then no synmbol timng offset, nor any carrier frequency
error, is selected and the acquisition process continues (Fl | ocks
520, 525 andV@&¥49782 15 Aygust 2003 WD 00/ 49782 PCT/ US00/ o"zﬁ?g?‘@ﬂ‘“’gﬁ nce the
conbi ned signal peak is forned as an additive conbination of the tenporally
correl ated upper and | ower sideband signa? peaks, and since the tenpora
posi tions of these upper and | ower sideband signal peaks are known, then

t he tenporal signslstcameomiherche Qtlmmvise,gble siqyisdion peatissi is coramasd atilIsych time

constrained to lie wthin a s pred rmned range of positions, relative to
its constitu m%"’ls&\%‘\%f’l B@Qﬁgﬁs Ffu‘@ﬁ&ag%‘g]k sel ector 390 need only search

within this predeRefmine® FiangehdlechRbihbddifiont SR YRkt Mbife 95 iigidesi de of
an upper or |ower sideband tenporal position, in order to find and

est abl i sh t heetledgysloamepionedulehl Gndsignak enhpncingimedyan dp5 peprelimiBary signal | ng

t he range .of se el i iR, i Sit.l.on ti i.s reduced, thus
i ncreasi ng t r?z""%%%‘%aﬁt?ge? gﬁgﬁ thﬁh%rf‘gsg e&“?%ﬁ‘gﬁtg‘?yo% %’Sslgmhm\?gﬁg i7t$)y B hi ng

| ogi ¢ nodul e s8FRqueaN sigrali prpdessiipnitads are alided revatidaie ghé RimpoRYicendsitiey oER,

NOR, XOR, etc,), gate array |logic, software ul es executing on, a
processor, a %%Wﬁg}‘ﬁﬁ’ﬁ’%ﬁf %g’ﬁﬁgj’f ?}F@ﬁcﬁoﬁbs,‘g‘l? CIanGiRe ‘éﬁ‘}"l?)ﬂ%% Peyilediie i onal
approach. Furhdigput bt mﬁihﬁlﬁk@in?ﬁls@ﬁ%:@ﬁdeqnﬁ? fltbed 15 which BReRMES Qgﬁaé 'i{n}%‘?nt hon,

the particular partitioning 15 of ic functionality between pper and
| ower si debartbereig| andaprpyides ayilR fitiered signaln2P0 tveard pvtpnistheseof o Mhie rimpylse ogi ¢
nodul e i s, ex lary e i r t _can.be used rovi ded the
overal | vl i Sa P@Jﬁ oL qg%?ig%rtllg %ﬁt“f%agiﬂ% *%gﬁ%%psm%vgd&ggé@m?g& °F BE i ef
summary of t heeighper aioreoheaofly tindthe ptdusly fre@ivey sipnsls dliput ilkerab delrag dge has a
valid synbol timng offset, then suych is used for_denodul ation. On the
other 20 . hdmgt recendsn Gfered qutsaeed Tigral Rouka gyt 48 Mo filtar; HiSrage anost beavilynd
these valid syghgld 4io® fepeiderEs are tenporally correlated in accordance
wth a predetermned criteria, then IR fi.ltered signal sanples taken from
each sideband ar e Moabparéaplarkynomplexssiggpdl 175i inpny tgdier Bltes d2 thermprises  t hat

is, a confn Hy! set. Y. ernor, b S,ch for the
denodul aﬁ)s onebgrrlt?)%’ggés)LIOF#%%%"}Q'L%%%%ngrldsﬁéﬁggyggﬁﬁ S%‘llp&ee alﬁ%sﬁlltser \Q/quﬁﬁ%ff ed, 25
but the si debhnfist saneplerof a fisnidockaitly the dirstahrapledofamedesdiee blbekspopesducon i f
nei t her sidebagnd js valigdated, then no synbo| t.im ffset_ is chosen, and
acqui si tion gﬁ??f‘idrifétss.amfﬁ' oﬁﬁﬂ&‘iﬁ}f’%%?" 0'9?138818 of thy {;‘g'r@P‘E]S/‘Srfé@@F‘\Y@Fh the
control l er 38Qccaasehbls biiGibiadstt BidcRs HbduRE a Gi¥tBred két8nd SHFHIY Ghd §b bEULLS tO
control the operation thereof in accordance with selection outputs 375

provi ded by diredicsap putrshliRnfilirged Wgrle oharmnlative Fignal segmeme ghidt. IR GBervd
00/ 49782 39 %Qﬁgiéoq{x%ﬂ%fhg%fﬁﬁmﬁb c&nhg‘esgc%n‘ég%%ht# o /f g8k esent

invention for recovering s {1 m ng of carrrer freguency error
from t he OFDiipsiatinglin pareligs ¢ask of theepasallep lters 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



transmtting the OFDM nodul ated signal in both an upper and a | ower
frequency sideband, each of the sidebands enconpassi ng a pl uralb tugoét 2000M
5 nodul ated frequency carriers and a series of OFDM synbols; receiving the
OFDM nodul at ed si gnal of the upper frequency sideband and providing a first
(upper sideband) received signal output and the OFDM nodul I | of
the | ower fr‘%‘&ﬁ%ﬁ%@ si deband and providing a second (| omrﬁéﬁ(gsggfgﬂg?
received signal output; 1 o developing a first (upper sideband) synbol
timng offset and frequency error corresgdnding to OFDM synbols in the
first received signal; developing a second (|ower sideband) synbol timng
of fset and f rappredinted that theti aydppadedlg feadb@kmplestby Ifeedback: dedaysaircuind
received sig ; | dat | j . i.m of f,set .based .on

40 ol BpbdR ) W Bl B B Blpdon e B RE BT S0 ER sy o

pr edet er m ne consi sten er eo val1d

tim ng of f setotnaiagdsigmi acgmantethar e nelditivelypapaimmedts b haditye blRipaikion

sel ecting an opt|nu nmbol timng offset fromthe first and second synbol
timng of f sefdy slﬁg]nj%ﬁélslaﬂcet’ I‘i"é‘e'gaﬁ l'i’lf‘]‘g‘t i Sepmpls a’&ﬁéa‘tliﬁlyéémoéﬁ ng a
series of sOFlM pyRBEOkGaPimMtted BR8aPHRuATAD RE3 5} defAndS-1¥d | mum
synmbol timng offset. gl’ﬁén}?f}e}?hgyg a?ygo iuncl udes theagt €ps g?E%neé}g opl trllg a
third (conbi peddd)synbol tinming offset corresponding to a conbination of

first and second ti m i. N respectivel.y representatjve of the first
and second synbol &Rﬁﬁpegﬁfség?&@s?f%@g{?"’z‘;ﬁgéF'éggi ‘ﬂﬁﬁf‘w@ d?%ﬁlr’?ie%ﬁﬂ‘%]lexti i ng
of fset as theigpl | TRiRpSNo IR filicRGconfFises\Cmpext fgrial SARYISY Sltéifkhg! Ads89
conditions. 'The diversity conbining architecture and net hodol ogy descri bed

above provi désniguepliBiilicidupwlative signal segrosntss gachsagmgnt having 8 falhsymbal nj ng

and carrigr f n q e r ven. . Lre

ol deband s Doy an 44 SRR RARRRE el DA oL BRI SRIRs SBhE 1° 1
conbi ni ng uppesseryndiat tbaveutpwiofldlediRdfikérgnal s, as by 15 August 2003 WO

00/ 49782 33 PCT/ US0Q/ 04062 ~sLgnal ..combi.ner 385, di tional .processi gai n
can be achi eved vv?g ?e}ueég’ég%'i EEULE SWYIAT 49 B‘faggg‘:%%ﬂ{ E)%ffg?sf’a‘?ﬁdp@gféo’%sggect or
390) is util icgmBlishdRughporal postidnosfegrh MR dﬂfeﬁulsa@]aﬂ?w inphi MereS, anbe
present invention, .the various signal processing nodules operate on the
recei ved, sarfpPadesthipianpogl gpsitien ?:’cfﬁ"ﬁ‘i’]%s‘}‘%’ torxalidation dagieymodplpidb sy Wsns. |t
IS nmost iqxpor ; ' s o gt %EM t he
receiver Fﬁatﬁgg%%%ﬁiﬁgg%kgsg}oggﬁsggﬁir]?ggi lﬁﬁ)rlrber 0 sgér% esth?ﬁgagg’%%
synbol , such dgtermined 120 8be sealigited signall pPak obtpbugtomatthes dIR fripns s usedhorsanpl e
rate at the recei %.?r(g:mé‘%ar%}%tF&@"e&edm%% bAltPe?n%ho%i chbi turn.esta ltj shes
the actual ndiYDar g PR APV ELND BOney e Moy dedrbetipeyAnndly In felation
based upon atu®ig.8ty of 1 o criteria not inportant to the salient features

of the present invention, i ding for ipstance the Nyquist criterja, etc.
A/ D 50 can either (f?ﬂa’iﬁx an/ ‘Ssﬂé’%ﬁf Bmtvﬁga Fé@’éf‘W&HtOSR?ﬁ]BS?lg‘:t?rr?@si”Q’(? i shi ng
the nunbejo OfestaBlshey @itk &AIPBtaE obifibn DY ThO knhaBbedabifi@il NRAL \Weds¥nt AR HRART at e
t he sane nunber of sanples per %nbol at the receiver as were established

at the nodul fuslative signplasegment pbsienalnt 75 n Thisecustenin sumyptinee sighal seginenthe
present | nver}gférgﬁnﬁ' ﬁet%@&gﬁl oS ¥R n{o'sﬂ}&?ntg'ere%i@&? %Yo%ﬂ 8¢ snﬁ)%g osed
respective stage thereof. So long as each stage of processing 'I's based upon
a synbol per itmihdaryvsighil, segmentsil (Thelcerrédiaerapdral mifsitior de ipweadildedaspnciaputi of
matters not \/\hﬂ@ her lt his Bﬂn‘ggé of sanples is below, the sane as, or above
t he nunmber of" é‘?ﬂ?&l OHGISFEE <25t abl i shed at the nodul ator; symbol tinming

wi Il al wayss - 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



20 be preserved. In summary, the foregoing descriptions of the detailed
enbodinents in no way limt the possible variations of the rec#bhedusti2gaal
sanple rate in the present invention. Extending this concept further, the
preservation of synbol tim ng throughout each of the signal processing
stages can he achieved under a variety of enbodi nents of ent

i nvention, noP® PR ousl y described. Again, so |long as si Sﬁ%ﬁt’&g’?@@gsi ng is
based upon a synbol period's worth, or multiple thereof, of sanples, then,
far instance, the additive superposition Zodul e need not accunul ate each
sanple input thereto. Every other or every third sanple, for exanple, could
be accunul at efl bowspryasignphisegmentsr imankdiaily preseding He tbostimetantjy sicgived bekjnent s

accurnul ated t,0_pr.o cumul at i ve 30.sigpal need not be contiguous; every
ot her or eve&hyergt) 13%9‘3?8 © a?%)!’y 8%%%1’8%&8’&“8’?%8‘@ C“’fgmAffBB@?lg@é'ggn 34 be
super i nposed repesehtd g cabaricBe sighdl 'pRalc for itike 10691 éshBNFecdva@@ntigsbuk ®lck bf

i ncom ng boundary signal] segments. Another alternative enbodi ment of the
present i nveRgiYRCrEpRAsed powsdamynsienal segmentss hile fibe; previonp derapryelapasisionriat ur e
of both the ! efR0Sh L n : fd hough
it is pr e? era %ste}ltl%ﬁvgf g’?e g %‘?’E‘ﬁé“&@f ?r%géllﬁagﬁwst hérg%pdqg %cf\cl%%éﬁa%%ré%&sﬁlti on
in the preses¢gmemsenti on, such is not a limtation thereof. Their

sequenci ng can be.snapped, .to thus .provi de matched filterin rior to

2di i ve Super pos THF BV teshckalibosRe  SFFaPrt Be cuting ot 0 o bhodul s

in each of t heesenth@fborEosition. THEtine AR CoreddpoHik it@the duffelatdé Peridats oot

being limted to the peak devel opnment nodul e, additive superposition and

mat ched fi | t dlockodhe pgdeiermingd syrpbes) of bandeoneianal rasemenss thes cre additivelyr |

phase extfac r i dat i | QQi | g... diversity
1o s bredd § UEGYa OFRAARQenaliBLiA! '8 thel QHGITRA, e

conmbi ning | ogic at or and ‘al e circ

consti t uti ng delg conespoaisrtg 38001 G Na108sdmpbd nebol periodyi Mpldy dimuit@6y of

t echni ques and t(fc nol ogi.es Tf}e nodul es can Ee ilréT?BI_eme ted as digital
Togic in gat @qes e realife delp; B AP BERER (PRPYTAY RAgHtion P thegsio.a8d pravidey
progr anmabl e 2g7f SutBit/tRYSieFibed teBoral Sositiof Vh&ag By irflut 1o Vali&RIoR logiOagsi@mMmabl e
| ogi ¢ arrays and devices, etc. Alternatively, the nodul es can %e

i npl ement ed &33programs executing on conputer hardware platfornms such as
custom bujsl t or  cRUBRLChAnlaYy BY e BREENE dk ElowthdOR! i

m cropr ocgssor s. Further, ta}r?(’a Sl Snal Eppg’cessi r?g r%%glogggn%ﬁaag&??r%aerﬁent ed
excl usi vel y @sovidadpainputsge vajidation ogicinmmkyletd?qt execute on a conput er

wor kst ation, for appli i 0 i ncl udin for exanpl e i mul.atiops. en
further, anal og pr ocesgaﬁée @gnte?‘gﬁﬁagg%&mngf’?réffSp?ﬂ%g‘l%@s'?’ﬁé’°F'go'aggﬁ’i‘e@.¥ The
overal | syst difteftld sighal péaksifiithe mo¥eRténtly fFaAdIEIIR illcRiBALR seifhdhd (Gutput
virtually unlimted ctglnbi nati on of the foregoing exenplary technol ogi es.

Al t hough thi dromythe IR Bltehas been described in connection with specific
forms andgenbodi ment t BETROburrdnt thporal G sHBRT &fedioRink 1B’ Boi@ISof

modi fications ot her ;hgﬁ those di scﬂu_s?sgﬁsaboye ﬁ%o blghr esor?‘éé toovmthfhout
departing fr ¢isnehpeak intbeymogireceply proxidag remulftivesignakrglmgnteand val ent el ement s
may be substituted for - . specifically.sho and
descri bed, proporti ona?) E%%%@?@#%%n@?%?ﬁggté Jé%éxﬁ?sg&% I ﬁ@xﬂﬁgb\fl’\fgﬁd may
be varied, arsiknahpeakin theimmediaalypeichdidg sirmylativdaimal segdlentpar ti cul ar st eps
may be reversed or_|.nterposed, datl i t hout departing fromthe invention as
defined in the apﬁ’é’hg‘ﬁ’d’n PEIF fgoduie ig {8t aesisteggined temporal or positional

25-  correlation between the inputs thereto to establish whether the signal peaks output by

IIR filter 215, as indicated at the output of peak selector 245, are temporally valid.
Specifically, validation logic module 255 determines whether both the current and
previous signal peak positions are aligned within a predetermined number of samples,
for example, 10 samples, with respect to the IIR signal peak position. If they are, then

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



WHAT IS CLAIMED 1S: 1. A systemfor recovering a synbol timng offset and
carrier frequency error froman orthogonal frequency division thilAugpdteood
(OFPM signal, said system conprising neans (45) for receiving an OFDM
nodul at ed signal representing a series of OFDM synbols, characterized by:
each OFDM sy i.ncluding a | eading portion and a trailin I

t her eof , sai‘gg;a&g&&ng and trailing portions having subst an??]gﬁo?/h@gzui val ent
pr edet er mi ned phases and having tenporally wei ghted anplitudes according to
a predetermined tenporal weighting fractidh, said receiver means providing
a received signal to an output thereof; peak Devel opnent neans ( 110)

devel opi ng a P@helidiping; pwaeses. hAddiignallyp| the avalidgtedf IR fkered pegied peak,

representing ] , it . e Cel DM synbol , each
ol st gnal LR Rlng 6 HAERMAER BroBl b lort Blled BRI RR M RS

cor r espondencearqriodicetheanbinerns sas descabedi prgviamdy, tusiag |phag ¢xaaétbo?®), af each
sai d recei ved,  OFDM synbol ; gf ?é | 35) for enhanci ng signal peak

det ect abi | i t yITEIUeRCY; $nHB(OR & inal , sai d enhancenent means i ncl udi ng
means ( 1490) for agldkiny % YothYREY 2HREY Berdhdlehipdtal F)é(sit?(fn taliglfeq Sl d
boundary signal and neans ([45) for filtering signals produced responsive
to sai d bi nar yalisatipralogics miodule rd$&nefe aagmisition amedubes f7p Lindicates suchevahidationdtosi gnal

peak corresponding to a.predetergrd.ned nunber. of sajd plyrality of segnments
and havi ng anc?rﬂ%gﬂffe)tﬁacgﬁﬁﬁ%%y{%ognlgi k4 ?g%)cﬂg?%%ﬁtﬁ@s f’ﬁﬂ%) t P R8PS hi ng
a tenporal posid traRingndbdudd 85, 6/iDlerb@iuthtSrydtaabl $HEHANIar shableS itk R MolMBnAt
| east one enhanced signal _peak output from said enhancenent neans, said

tenporal posi PIOBHS pepreedehpy REDM deaedulater EDWhstish aplidstiorpipgiomennta2 St f set :
and, nmeangg ( 205parfit¥inedi 86 VkRY '\ﬁ@lilﬁa&ﬁfsﬁidﬁ_eﬁinp@TWS%r ﬁllliﬁg%ﬁ?'bleﬁndf ﬁgﬁzﬂgcy

error corresponding to said tenporal position establis rom sail d
| east one enhwmddd & gndilthespekificomecharismyby eviichsOFBM derdodutat@ 000 teur t her

characterized,in t sai k devel o t means incluydes: August
5005 57 meandbes i FeRt MRl 'R sARTER o Brommef&inda i meelds o B ng
and trailing pegdnt @Giventn. EFE4 iS BhsbriatCiai the sbcSkd ivhisodiak of doquibiRn Y@M as
recited in aim2 further characterized in that said peak devel opnent

means i ncl uded> Helhptdhg posyisition precsss be talidated iy thus indisate syeceestyl msgigitioned ween

sai d receijyedgahngi dmif i 8l avad f;e%;aéﬂc??mbhsg & PlerQfist B fhe R¥ciBhAYHNT
sai d received signal bé a predetermned tinme, said predeterm ned tine being

| ess than an demu t5ka gyt Gem QFDNiiemogulptorl O a3 eptimallyl demodiilatechdata.
further characteriged, Li.f Bt vk nelr@gigg}qmssggﬁﬁa%é %C\lapgaetg thsebl%é@rg Ition

means (165) for superinposing sard p ermne er of segmen sai d
boundary si gnpbsitiomadhhediR Sitterdd sipgabarals tieachuigitian preee continBengil Sfchiaied

plurality of signal.peaks jincluded,.therein; and, neans (160) for

accunul ati ng g%%é‘gi‘tffﬁdgéﬂnéqq&ﬂﬂ?g ?%B&%es(?%’f' sai d superi nposed

predet er maped nunbele addigR@IBIBhA RUéRshg fpreViAedaihkhé UB@hA AboliRRnfBRMR 1O
produce a cumul ative signal having a cumul ative signal peak exhibiting said

i nproved si gnatquisgfionomedule ofj the presenthinventioneensurss [dempdwatiannofthgi recedvédur t her
characteri zedg e j ﬁ”ﬁﬁ lﬁﬁﬁlé r j | _|ength
correspondi ngth?I\gE f?‘lltg’ﬁeraﬁ?rlju t pPe ofe Qﬁ%%ﬁ@gﬁ%?%ﬂ%%ﬁﬁﬁé i%ﬁ%nl udes
a signal val ueucatsstullg reaierad fifour thieiregeivefl signal omathe posserice @f Sigaxlt ntckiring,
across said tenpor | engt h of sajd.se t, sajd enhancenent, neans
G udi ng. meaURFRih 28% AT SEPHCRISERRGT ghe o] GruBbRBRRy ARG s & e of
pr edet er mzged cpdiehdeOfhat theGrasdivedegiabol demoddater BY Bdele diver R6Vidds degkctiyher eof
to produce a cunul ative si g};\al val ue for said predeterm ned position over

e

sai d predet er ffRednaieddnta atdhe apbmpitheredf. and, neans for forning said

currul ati ve signal, i i 1 - N0.; . V. i gnal
val ue in each of SE??“S‘P"E%"?“?@ %?‘E c?%%np%%ta%n%%fhtl%ﬁg %&%ﬂﬁﬁdgg&)gﬁ 0 sai d
cunul ative si detaieen redlxlaslyy ransnf@@@i3and8eceived signals, the ability of the receiver of the

present invention to combat the aforementioned deleterious signal effects is even further

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



6. The systemas recited in Claim1l further characterized in that said
filter is a matched filter having a tenporal inpulse response taAahed 2003 an
anplitude envel ope of each of said signal peaks devel oped by said peak
devel opment neans. 7. The systemas recited in Claim1l further
characterized in that said predeterm ned tenporal weighti f i Qn

i ncl udes syﬁ%?“f@@él | y ascendi ng and descendi ng anpl i tuder}%gb[%aéﬁ@“g sai d

| eading and trailing portions of each said OFDM synbol. 8. The system as
recited in Claim7 further characterized %n that said anplitude tapers are
Nyqui st root raised cosine tapers. 9. The systemas recited in Caiml
further char aesoweringesynibal timing effiet and eargert Gequernyadstar finng diversityp OFRIM
position includes a S86 nd filter (215) for filtering at | east one enhanced
si gnal peak SW%dfprfoP“oﬁﬂ?'sai d enhancenent neans to produce a filtered
enhanced signal, wheoEDM mopeiaior prrided astheaxismiter ehd bAihe ARGty tiged@F ect ed
in said filtered.enhanced signal corresponds . to said tenporal position. 10.

The syst em adhs B ismporiment gperigs iy pff "_nc*}‘lla’rl%fctf’eQ]i?IQMdeﬂ‘ﬂquétm@akdz% econd
filter issan gidfdsd inGelbfiditoif: iSRSk b BE predeht in-{;gﬁiﬁ)ﬁ}’@ftﬁ' [ﬂeﬁezg g‘fiﬁht ed in

Claim9 further characterized 1n that said systemfurther 1nc means

(255) for dettatra divargitn QEDPMdsigmalmi® padvigedsatt the outpes plensify eSpeoifacally, the

predeterm ned tenporal .correlatio e en said te al,.position and a
pair of posit aBﬂgnBE%?r%‘fcle% : tr?né?jﬂﬁ?or ‘i“%“@é"@fsﬁvéwgwsggfg@? ‘fé?t?odﬂ?e“éﬁﬁanped
si gnal peaks grIIMthodul2psa ssgiaﬂinamﬂame?ﬂhnmmw fradqincyi@stRhd) wiRkdledcRCEl Ver
means i ncludes a denodul ator for denodul ati ng* sai d received OFDM symbol s

responsi ve t ®fthesjdebandsepeampgssss p phiralife of QEBM medylated frqueneeprt |

position gut ! li Shi 0, i 12. A
met hod fol(r3 r 2%%\?&? ?{lﬂsl%g&lg;nbo asf io%gtﬁgls%?[? s?est%Hgﬂ% %??%rb?ir)gg%@;}ge%? ror
from an orthehowmain Kigeduency division multiplexed (OFDM) signal, conprising

the step of receiving.an.OF dul at ed si. | re tin ser.j es of
CFOM synbol s, - char BB T g S s e RemBlieBiyghe BE DM et
including a tgadFDY Abveisitp Recaiver, an teadalienganner is duScrite g latichPlodhé Gasli Ng
and trailing portions having substantially equival ent predeterm ned phases

and havi ng t &mpefimeny ol gresedt iargatipe. dediogkde Bewvey beparepieteddbaripithisd
temporal #el gtk Bipddilel! MO aidRnsl:0RvaRiRIBRUARGY uild Ul AW Hbqfene
plurality of signal peaks representing a synbol bou o?ary posi ti ol Yof each
recei ved OFDvidshardoicquisitionmedilel amd afiditionplesignalpmocessinieneqlingddad effest divessitye t o
an anplitude . phase corre nde roduced between said | eadi ng and
trailing portslgfécg%(’%oafn €3¢ m*sngi%(%&r'eee%g’%\%vevg' OFDM synbol ; enhanci ng signal peak
detectability of Referidptodag.ys,singthalthird @htbodindennof g piesynt i ifednkieh,Nthet he
step of additjvely superinposing_.a plurality of segnments of said boundary
si gnal and fi‘il‘feé?“\{'nﬁcg&?rdgg‘f‘aeér%@Pgﬂ’al refﬂv%rfﬂ?q}@%%&t §h‘§ﬁhlth?tol_?rﬁ&d§%ar atio
of each ofy a rBéeivedlahdliig OFDRNEBAM SHhS irpafbs ABIGS. Mhe dMkAed ana‘i%h%uﬁﬁ@rﬂ of
enhanci ng; establishing a tenporal position of said Q/nbol boundary from at
| east one of A& 2PSdaeavided tethgrinput pesikeband sparatos AR whichpossbandofilters both
representing (ge ?'a}{&‘i’m%%é'qﬁéxﬂ %ldat?%ﬁ??lesédt@ﬁﬁ%r%efi\?e b n%[‘?'a Jo%@@‘é%“ ng a
recei ved OFDM signal carrier Treguency error correspon Hﬁg o B3 t'enpor al
posi ti on est alppersidetiarid signab 20 chndta lbwarsidebad signakHi0dt mspetieechtpitgthateopeaks.
13. The neth as .recited i ai m, wherein said s of devel opi.ng a
boundary si gnafPf ﬁé&?ﬂé?g?ﬂgpﬁséﬁo‘ﬂ%e%fﬁaﬁi‘%t E?dWB?’e‘%{e_gg?ﬁ %@‘élf‘é‘%ﬂ?ﬂﬁ ts
bet ween sgi d J18adhilg 18w didbahd rs@l?mosto 3 prd¥ide8 AENard Fhpht 116 CBIEE didehddy!
synbol to devel op said signal peak, an anplitude envelope of said signal
peak corresposanisigor gnedule] 339 e rddditionaladbath hiasals| 3Q%efnsh81hgrd wespedtively 14.
The net hod as iied.l i 2 furt, ri.zed in that .said step
of enhanci ng }gé géc g’ballt|l S&%ﬂ?ﬁégeers&{cﬁlg’es@flgg?é@% %S?Iobge(rg?rﬁeﬁag? ﬁlﬁ%}’sa’l T
further i nprodemogalathrstgnal -t o-noi se rati o of each of said plurality of

sai d enhanced si gnal aks .produced. by said step of ephancing. 15. The

met hod as reci tedr{?‘ht‘gﬁ‘éﬁ ‘%4 U, PIEPAL PTQEESH g, AR pi"éﬁm?‘ﬂgi'h‘ﬂp 2%3’ Jidsband of
filteringsd nclepsia®r t300 @HePasdbanr HMvdrs)i ABd AhdREspERVell; | fell Sloqiiditibh ImédlidsTPUl Se
response matched to an anplitude envel ope of each said signal peak

devel oped in said step of devel oping. 15 August 2003 40 16. The nethod as
recited in Claim12 further characterized in that said step of additive
superposition includes the steps of superinposing a predeterm ned nunber of

segnents of said boundary signal, each of said segnents having a signal
peak included therein; and,




accurul ati ng superinposed signal |evels over said predeterm ned nunber of
superinposed segnments to .produce a cunul ative signal having a1sBauyLstt2008
signal peak exhibiting an inproved signal-to-noise ratio. 17. The nethod as
recited in Claim12 further characterized in that said step of establishing
a tenporal posit]j i ncludes the steps of filtering an en [«gnal
produced by ‘X‘iP"é"”i"?ep of enhancing, to produce a filtered en lg%g@{ggzgl gnal ;
and, detecting a maxi mum signal nagnitude in said filtered enhanced si gnal
and deternmining a tenporal position therédf. 18. The method as recited in
Caim12 further characterized by the step of validating said tenporal

posi ti on respdhd?q subsiangalb eepbicatqsrthe signalanprssung desenitedan reatidnetovtbe firg ai d

t enporal posi.t} i LE abli shed faqr respective
succesei ve. pipd SRpRL dnfediftin BF oRSEEEITGRERCRI T Ocklondpi Y Stk anci ng
det ect abi | i t ynd 18ver ivebarelt putick @s presenttdd StatedChthierwiskd irf thetthRd ealbodiacher i zed

by the step of ,denpdul ati ng sai d OFDM si%?%ﬁs responsive to said validated
tenporal posi®fF™ 1 ?@?Pe‘A“H*gl\?@’F"s Eqpeugist rarg @’i’éﬁ?@ﬁit?l&‘eas‘@?hﬁf@f’f’sﬁl_i’&j ng
of fset ang cafggesedeséﬁbﬂeatpms@r I Rrthef, 8 Aliols &1@9&9@@&%%%&%& Jindusi ON

mul tiplexed (OFDM signal, conprising a transmtter (25) transmtting an
OFDM nodul at €ignali ppaedssing stageshhaye thp same ghatacieristioras weregprevioysly iddekibetl, each

carriers ana IVarRLEORR B fedeBhl 18 doeBindicolis Rl e, ogf A e

recei vi ng saiddsceibtidd ispehividat dst thosgaspecithedaif thatprekp barBerumegiptish.deband and
providing a first _received, si gFgad out put, and sai d _OFDM nodul at ed si gnal of
sai d | ower frequeREGrEngEaihte SoPRRST 8ifshgnd sigaal 304 iy awbiscied ginssegieare,

out put; clyar 3¢ kehhizRekeMing bi pedk pBEQYSR ' ok St
synbol timng o fsé% ggér{?ges%%ndi%g to %ﬁ%ﬁ?@c#d@gﬁg&ﬁ%ﬁrgél ved
si gnal ; 15 dayvelepsenp 08uld Bnd signalcenhansingongdube deserifed 309 viasiye hod IIRgfiler second

synbol timn ffs Qr..espondi n o) S ols i.n said second cei ved
o gnal; 11 or il Sf R BRENA Ay nlir] SRtk B gt B ng
of f set based sobsequent ingeiite pedknedctoedds®).al consi stency thereof; second

val i dati ng neans (340L) val i,(ggti ng ,gai d second synmbol timng offset based
on a predet er mi netPRUEIRIBPE SiqebRd @idstion logiemadyle 34 aethefpliowingsiegnalso)

sel ectingisan optimum s 8ltetbdrhNBostidns Sboré i j : cgml synbol
timng offsets res ons?l)rvﬂcgl to gi gng?s out pputﬁﬁﬁnﬁgﬁlg&%f%lg?ﬂ}ﬁ%&secor'id

val i dati ng némmspealselectore3iY; (370) for denodul ating at | east one of said

series of OFDM synbol s i i i | L1 ffset. 21. The
systemas recited in &%@%@%@hﬁﬁﬁr pc%ﬁglr"zsghgr%i ozfiesggrpflﬂ&t AOTERPUIEE Bt i on
means i ncl udeke neeans blawks o€ contiguogs signal fegments saddtiotlyt supemigpaed 39t peak
responsi ve to_an outrﬁ?l#“'l‘%; ﬁ;ii-d first validating neans indicative of a
valid first M5SI"& BHeasd and an output of said second validating
means i ndigcative of i nyphé presRaORENPS @itidnismjmof)éiélﬁ?%aéakﬁ% gl 9"
selecting said second synbal timng_ offset responsive to an output of said
first vali dathewfevigantlocksef sentispeuscrignghsagmeats oatppt frere psslnprotessinginedulef f set
and an out put;,ef; said second validating neans indicative of a valid second

synbol timng offset.
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



22. The systemas recited in Caim21 further characterized by: neans for
devel oping a third synbol timng offset corresponding to a contbragust2008
first and second timng signals respectively representative of said first
and second synbol timng offsets. 23. The systemas recited in Caim22
former charaghisegd i n that said sel ection neans incl udespagagsolies
selecting said third synbol timng offset responsive to an output of said
first validating neans indicative of a valid first synbol timng offset,

15 August 2003 42 an output of said second® val i dat i ng nmeans indicative of a
valid second Séﬂbm Uti m ng bof set,. .and a predeterm ned tenporal consistency
exi sting bet wEBHSsaiVdPTi PETO2AM feIWREAY §tengl; 333Yy 1prarewuded toadiversiy
system as recédn@finihglogicahsduid3four t her characterized in that each of said
first and second recovery neans include: peak devel opnent neans for

devel opi ng a boundapmngr §w>g(bn§1rl argvisitign anqsluler 315 tfyrthef psevjdeal ampeppes sideband

representing s r ogiti.on.for each receiv nbal in a
respective on%"g%frgg]}mf %H{r?lgé Aelltﬁgo glgcdé‘%?f ltyecgg’?’b"é’&fg g"#ijﬁ&?‘i"%ﬁ%% F8Hf'sai d
recei vi ng sreafisquensyamer Afyis dervad by ngbdalegpoall ipeakrddgicaviinpicbiotsly afscodadd
boundary signal,; .and ang abor establishing a tenporal position indicative
of a symbol bSEHEEES ggg‘i‘ Gal% te SHPRIS desiys bbrﬁ@"@%h%ﬁ?ébdﬂp@hmcmpm & rom
sai d enhancer’rﬁﬁg BRAR . Ci ! i it
characterized | ne t hatﬁggigg fre g@?%ﬁé&%@?@ﬁeﬁ%E%sﬁgnsyétt?rrtg%m a f"b‘%@?t"!@%‘

i ncl udes a f i 36G0&}anddimihg estignatendt, aputthbratoced si gnal out put from said
enhancenent neans tQ.prpduyce,a f.il,tered enhanced si gnal ;, and,, means, for
detecting a naxi ndﬁ%vélggﬁﬁﬁ%n%edﬁ?lfeﬂége ORerauqnyo Pﬂﬁeéﬁgiﬂgaé]ﬂkﬁfﬁ@é‘ﬁo’éiwe and
for determ ni¥g, & is affgemto §Psiciatonathesignd pro%@ssinggp@rfﬁmwlaﬁeﬁs%b&ﬂd in
Claim 24 further characterjzed in that each of sard first and second -

val i dati on meidUiSiUeR Al tA0Rrecerds indosubstantinlly paniveleni manrier o8 isthebwper i mi ng
of fset respongisand, O Mor® sEidfiicaliyl RUniRARRL lo giﬁéﬂaﬁh@tok@ﬁﬁ%lg%gﬂw hd
I shed spective

tenporal position and a palir of positions esta or ar

successi ve pasignabfprasassingcmdduésgbear tiwe sdose purbgriet ddsignaticaind Fignkeafic thieeny”
neans.” 27. A di.versSity.. hod far, .recaveri,n nbol timng offset and
carrier frequseurii%’§/deeﬂgrn%trmrgf%%ﬁﬁ’pa?ﬁmg?btaﬂgg%%a{‘l S‘ﬁ?@d@éﬁ%‘“&ﬂ r?g}“’grrf“;ﬁ!??’ﬂpl exed
(OFDM) signal , corpswesistigbandeacqiisifion @foduleasTOrprbtiuasydrboPrlhgrestithAL ad
signal in both angag&ger and a | ower trequeng{é si deband, each of said

si debands enc¥i drequency, expy qopreghoncigngl Abdedivesity cpmbinineclpeieamaduler s and

a series 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 signal 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.



15 August 2003 43 of OFDM synbol s; and receiving said OFDM nodul at ed si gnal
of said upper frequency sideband and providing a first recei vetb Augusdl2003
out put and said OFDM nodul at ed signal of said | ower frequency sideband and
provi di ng, a second received signal output; characterized by the steps o
devel opi ng ayfipfabssynbol timng offset corresponding to QGddymhel s in
said first recerved signal; developing a second synbol timng offset
corresponding to OFDM synbol s in said second received signal; validating
said first synbol timing offset based on &’ predetermni ned tenpora

consi stency thereof; validating said second synbol timng offset based on a

predet er mi ned t enpds BlusteaigtkindTens he degraibf recededr instudagdiversitibpsmibining gidol
timng offset f Sai d.:fi ol timng offsets responsive
to said vali da°?‘g‘§132@e“§‘é‘¥h}%‘E&P@g{%@&ﬁ%l%@f@é@y one of said series of
OFDM synbol s usi ng sai di)appdrandiosyerkidtbahd statag sighdlsESU a8.3531e nmet hod as

recited in daim27 further characterized in that sajd step of selecting an
opti mum synbol timng @bﬂ%?’@‘ﬁb“ﬁﬂ%‘geqaﬁgsg{‘@ggmﬁg dbpte ity g Qi d fir st

symbol tinkng off set reﬁl%?pe?!ax@lmr Gditahd Sarfibr Rdquésney BRbrs LATTHAD 421 bagt and
an invalid second synmbol" t1mng offset; and, selecting sai d secof synbol
timng of fset responsi Vb combined syinbolsémingdifsotndigland icoinhiged carsiet fraquingn
invalid fi rsté?ynbol timng offset. 29. The nethod as recited in C aim 27
further charact®rized by the step of developing a third synbol timng

of f set correspondi Regspbsive ke gty Wivisify dosifbirdi105RCAOEMIS 37P Plovidesan g
signal s respectively representative of said first and second synbol timng
of fsets. 30. vHeutthermedadiversfyisicad 373, Wnineraffsg Atend earriemgqaencyrereed\i n

t hat said (gt epyfcaSe i a {] l. t1.n n ] [
i ncl udes tI?\e ?tl%ff)mgf %taﬁ; f@g uifj:?usggg B‘gg@i%ggdgl ] {ftmﬁg&gg%l?? %fie{rvglr tsc{;/%)ogfr
tim ng of f set modslpoilo, Wweheras athe aimidg f offsst asd rfieqhericy nérroy aé fzetideda tov ahé d

second synbol .timng offset.. and redeterm ned te ral consisten
exi sting t her SHRPGHiSR BpCesiing MafiE S coreet e  ACPRiPSY T, dewaped
char act eri zedpienicuflgt each of said steps of developing a first symnbol

timng of fset and of devel opi ng a second of fset includes the steps of:
devel opi ng a boundBF{Tsity GRmPInkigJpaig mpdyle 379 providesrthe diygesity semRiging signal

representigg iro%%@m@!re&?ﬂ!é@@@%(ecpﬁﬁi atcp'gf]bgﬁinersigﬁaaqcﬁairr S&Eiﬁ(@@oﬁ%@é @g{y?ﬁgsi na

respective one of said first and se recelved signals pro aid
step of recei offsay;and a corresponding carrier frequency etror, from either the upper or the lower

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

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

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

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

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



enhanci ng signal peak detectability of said boundary signal; and
establishing a tenporal position indicative of said synmbol boumnsiAugust 2003
position fromat |east one enhanced signal peak produced by said step of
enhanci ng detectability. 32. The nethod as recited in Caim31 further
characterized in that said step of establishing a tenporal Lo

i ncl udes théwgﬂyﬁga%f filtering an enhanced si gnal produceﬁgﬁéghggﬁzstep of
enhancing detectability to produce a filtered enhanced signal; and,
detecting a nmaxi num signal nmagnitude in sdfd filtered enhanced signal and

determning a tenporal position thereof. 33. The nethod as recited in Caim
31 further charactRefprziag to KG. $awhich sapresents Hie decisienad aggd selegtipn frmvltiplexiag

first and sec . i M o] S h NG t determning a
Vel d symbol 1 SECHEL by Ry Oconfin 158! iR 1B, BBl GO RET e
correl ati on efillewinggddedsionak (validdtidn) steporaal rgppsnsivecther@togl selegtaithe efllopagd ti ons
established for a respective sucpersive pai r .of enhanced signal peaks

produced by s%h"’&boéflg‘ﬂf’g(ﬂfsétrﬂ'?gﬁ@i“ﬁ MRy eSS for pytput ‘?refﬂ’f_é‘ met hod as recited
in Caim32 further chqg%bgrﬁ&ggjdb%g{blgpﬁﬂ@pofg& %Qy%@g%rg%atiﬁhg*c&d Aﬁ}én‘ool

timng offset corresponding to an additive conbination sal
filtered enhangewlestedfo the slemgdelatipnr proprss if yepey sidgbasd iadquisitiprs stafus dégnal opi ng

T5 August 20035385 e yEL BE SUELETHARo (RREE R, 1o Abomnd €t
char act er i zedadquisitloat stithe sighat (356L inditaest inngidopiversidetsyaizombbli fiting ¢ifke et
further incl udea/glﬁ it g{j) of g%ecti ng said third synbol timng offset
responsi ve t oGy hlepks pPQan ol timng offset, a valid second synbol
timng offiget, and a prAqgy&TaRa égﬁ{ﬂapf'ﬁh: RSl A, CAHAYcafiit: Hel

t her ebet ween. 15 Auguzsa)t 200:13 46 36. Thel rregt hod as’ recﬁaﬁewéﬁeﬁa%qéie%O%S

wherein sai d afiepe sdlectedtfohtbe démbdudation gracass|ifidesr sitkebasd aquuisitioprseisdiigngl a

mat ched filte avi an_|i | se r.esponse hed tq.said.anplitu

envel ope of sé?%‘ S}Fg‘%aatl *5 léncﬁ.qo‘ﬁef. Slg\apﬁflc\llesryg} P{/%é’%}gﬁ el S?t()ranfieg&féﬁl‘#’ga‘éd
symbol ti m ngaafuisittin Aads sighdli BEUSndicaeimnalid epped sidtbea sgimbol tiMQGOsTRt
frequency division | tiplexed (OFDM signal, conprising: a transmtter
transmitting &t “f]FBéEQ%Rdeﬂs yignal in both an upper and a | ower

frequency ,gi deband, eacyy ﬁfthéajpgelsmpwwssi&%ﬂ%mrtgmﬁg%%@'&réyboﬁf OFDM

nodul ated frequency carriers and a series of OFDM synbols; to receiving

means for rec@&hlidated, sthen dFEDMbhowmbinieg legignatodele 40 ddeigrpimest mbglhen cay

si deband and ﬁgeﬂgfgxgﬁiﬂ& gmlflﬂorraﬁt co;rﬁfa%i)?( kst gé}g}lggﬁ Eﬁeg x%hcﬁ&q 3@):eggagg:q§|gg%n q

nodul ated sig sal ower Trequency si provi
recei ved si gnaidelsntl pyrhbolftintisg offetsoVidhalis i thesippke aed yiengidebahd sghbd yisding

Si gnal’: second Bt 89 oF e B BD BRSO SaBieh of Sictthes TG BPFSch

cor r espondiong shifipled; MénSumBRIed syhibsl Ainting 600 AL, &6 RbtWBIh&d SNA¢ output of peak
selector 390, and combined carrier frequency error Af;, as established at the output of
module 392, are selected for the demodulation process (FIG. 8, blocks 520, 525 and
530); and

4) if the upper sideband and lower sideband symbol timing offsets are
25  both validated (as in the previous step), but the upper and lower sideband symbol timing
offsets are not temporally correlated, or if neither of the sideband signal timing offsets
are validated (according to the previous step), then no symbol timing offset, nor any
carrier frequency error, is selected and the acquisition process continues (FIG. 8, blocks

520, 525 and 535).



first validating neans validating said first synbol timng offset based on
a predeterm ned tenporal consistency thereof; 20 second vali datb Aggust2063
val i dating said second synbol timng offset based on a predeterm ned
temporal consistency thereof; selection neans selecting an optinum synbol
timng offset fromsaid first and second synbol timng off nsi ve
to signals o‘ﬁ?B%fmfzrom said first and second validating nelzcﬁlts/;ésogfﬁ@?é)%
nmeans for denodul ating at | east one of sa'%ld series of OFDM synbol s using
said optimum synbol timng offset. 38. The systemas recited in C aim 37

wherein said sel ecfion neans, i pcludes neans for selecting said first synbol
timng offset res Mit% C?IB&HWPS\&P%LRE%FS E"éﬁ“ﬁg £§ P”étas&éﬂ"? gembingtiopeginthe
i ndicative ofiean¥aly dorddidted u A 18ver @bl $8hal ks, ana5s|i QH@Ttenﬁ%Qﬁ 47 an

out put of said Second valida ing‘b means indicative of ‘invalid second synbol
ti m ng of f setpositionslofthesssipperrand apwertsidebandasighakpeakmate &yomum | then thie tgnpokdl s et

responsive to_an. output of said first validating neans.indicative,of an
invalid fi rstpogﬁ%o?fphenf%b%?(?g’@fla%p%a%dlsaﬂec(gﬁ? tcod’Ftsr%‘ﬁ‘ng t%g‘%?oh”a‘*“" a

val i dat i ngs negredetdrmttiedtrhng® @fpositivh, irélatbeaond cdystaRnt bigmdl pealaf  BiRis, psdR The
systemas recited in Caim37 further, including neans for developing a
third synbol Selefion@o8rreedonlyoierrch puithip (s treedsteEmingd mnee oF nositions say %ﬁd

second ti ni ngsaﬁ{pggg%hﬁerfrsg%e?sﬁ {%L ¥r 16@9{&&%&&5&3&@.@505 -gﬁ,ﬁlﬁfogeg{o %%d

second synbol trmng offsets. The systemas ' recite I'm erein
sai d sel ect i cestablignthe itengpanal gositien 0 theaombizicd sighaleslai By tlimiting therrmgde dfi mi ng

of fset responsive to an output of sai.d flrst, vali i ng_neans j.ndicat.ive of
avalid fi rstsegg‘fﬁb[’)rloccfsfw ﬁ‘d‘%off‘gé‘f‘}‘“sl@“’hh‘%d? ﬁ%]tucegi?tﬁg’éiqacrg%s% evoé'ﬂahati ng
means i ndiat éfficiefy of theqdrbddsssecond synbol timng offset, and a

predeterm ned tenporal consistency existi n7§ bet ween said first and second
synbol tining of f JRiversity eombinwedodic apadyle 170Gan g implementeshas Hisgrete digitaleach
of said first; NOR! RORY LY, SRAHay 106E EAKITE %Hg means
for devel opi né)@%q ouﬁgggy Si ’gna?’haclg’l ng a g:uédrkglﬁéa%f S|uge§ae?!3pea gﬁa
represent i ng prossssdyoh cmbinatiomyofpibs iferegmng, or using lhny ether vecrerdiobd apprdach. i n a

il TN s R P
boundary $5 gnét fogikMindiRaslRy betwees tiRbippetinddoert Sagmeidlalidasdd lopit hedligat i ve
of a symbol and the diversity combining logic module is exemplary. Any alternative arrangement
can be used, provided the overall validation and selection logic functions are preserved.
In brief summary of the operation of module 370, if only one of the sidebands
has a valid symbol timing offset, then such is used for demodulation. On the other
20 . hand, if each sideband has a valid symbol timing offset, and these valid symbol timing
offsets are temporally correlated in accordance with a predetermined criteria, then IIR
filtered signal samples taken from each sideband are combined, and the symbol timing
generated therefrom, that is, a combined symbol timing offset and frequency error, is
chosen for the demodulation process. If, on the other hand, each sideband is validated,
25  but the sidebands are not temporally correlated each to the other, or if neither sideband
is validated, then no symbol timing offset is chosen, and acquisition continues.
Throughout this process, diversity receiver controller 380 asserts the requisite

control over the receiver circuits to control the operation thereof in accordance with

selection outputs 375 provided by diversity combining logic module 370.



boundary position fromat | east one enhanced peak output from said
enhancenent neans. 15 August 2003 48 42. The system as recit ¢8 Augusti2aom
41 wherein said nmeans for establishing a tenporal position includes a
filter for filtering an enhanced signal output from said enhancenent neans

to produce i d enhanced signal; and, 5 neans for de { maxi mum
si gnal mgn%&&é’afvsai d filtered enhanced signal and for gg?@?%%ﬁf&%g a

tenporal position thereof. 43. The systemas recited in Caim4l wherein
each of said first and second validation tfeans includes neans for
determning a valid first synbpol timng offset responsive to a 1o
pr edet er ni ned tenﬂBP‘gP’“@@Sr@%F’ﬁ’ﬁS%“ﬁ Ethe prgsentiniepiiomior freayering symbal a

pair of positiens ofsdatd LSHed &Shes iy S| ' f_enhanced
si gnal peaks out %ﬁ)t from sal dreénﬁlgﬁglgrrent %ﬁﬁ%%ﬁ%ﬁ%ﬁ?@@?isﬁ?gte%ﬁod f ox
recovering a synbol ti bamgitdihg st OBBM owdulaed sighaigindady areapper ahd 8 Movedr

ort hogonal frgquency .di.vi sion.nmultiplexed (OF si.gnal, .15 conprising the
steps of tranSftiYnd %br?"%:fﬂ\%'nﬁ ﬁ%ﬁﬁﬁg@ﬂéﬂ%wsﬁ%rﬁé’ﬁmﬁ%egpﬁﬂ\é | ower
frequency si dﬁ&amed_ﬁaﬁ&m@fcaﬁms%aiadabmd@FmWﬁi ng a plurality of OFDM

nodul at ed frequency earners and a series of OFDM synbols; receiving said
OFDM rodul at ed si gnal &ceyingdhe OFBM modylated signal ofcthe mppez Gregnehcp sidebatidng a
first receiv j j I ' f id lLower
frequency si %‘g n‘gﬂgh%ggﬁsgwpgﬁgd%ﬂé 5%%5%@#\%%’@?’3%‘%?6& pt??o;%“gted

devel opi ng a dignab tof sherth@bert frequagcyositisland cand r revidingi 9 Gedond QREN4rssitddand i n
said first recei.v%gﬁ. si]%gj?l . devel opi ng a second synbol timng offset

cor r espondi ngd“tO " EEEF 2B - nbol s in said second received signal; validating

said firsjgsymbol tim gevetfpirped fikke eloﬂdt%aﬂcf)es?ﬁﬁ)ﬁlrtriﬂaﬂﬁ%ﬁ's rﬁéqggnc

consi stency thereof; validating said second synbol tim'ng offset s&d on a
predet er mi nedemos aprerspendingrie O3DBA symbdieindhg first redgvedisignel, 2003 49 sel ecti ng

an opti mum synbol tim 'agve?JpErﬁeta fsgc(?)ml Saj)\gerf is{dglgangpdsyxsn%gf) r{{jming offset and
' frequency error corresponding to OFDM symbols in the second received signal;
_ validating the first symbol timing offset based on a predetermined
15 temporal consistency thereof;
validating the second symbol timing offset based on a predetermined
temporal consistency thereof;
selecting an optimum symbol timing offset from the first and second
symbol timing offsets responsive to the validating steps; and,
20 demodulating a series of OFDM symbols of at least one of the sidebands
using the optimum symbol timing offset.

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

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

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

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



synbol timng offsets responsive to said validating steps; and,

denodul ating at | east one of said series of OFDM synbol s usi ng15a&udusti@008um
synbol timng offset. 5 45. The nethod as recited in Caim44 wherein said
step of selecting an optimum synbol timng offset includes the steps of

sel ecting 53%0?)457%5 synbol timng offset responsive to a yakideddsfest

synbol timng offset and an invalid second synbol timng offset; and,

sel ecting said second synbol timng offset_responsive to a valid second 1 o
synbol tinming offset and an invalid first 3ynbol tinming offset. 46. The
method as recited in.Claim44 further including the step of devel oping a
third synbol ) an "‘c?f‘Féé?icﬂléF“r"BEﬂd?ﬁ%‘ieﬁsg"& By S b el i B cembia
second synbol sﬁrhmlrﬁgﬁﬁg?Qa@h@&&@g%id@}wd)@pﬁtﬁﬁé‘cnt ative of said first and
second synbol timng offsets. 15 4'7. The nethod as recited in Caim46
wherein said step Ghroughost thenfpregeingpdétpiladh dssatiptiont pfihegpresent envehtior, Hhe

I ncl udes the e Jod Wd. third s ol timng offs sponsi ve
to a valid fi ?gﬁg%ﬁ%]o b @?%’"’E‘g 'gg‘#ugeest Qﬂ eéaqc\"/é’ﬁir@e JETSS %"’(SII Shjﬁﬁ?ﬁéngf fset,
and a predet ecomprising themeieabf OPDM Sintbaly [€iinflsi RporAR e RraReNtha2RidRe The
met hod as reci tFﬁﬂ\ﬂl n ai m 34 wherein each of said steps of developing a
first symbol B Q"QS]PL"é‘Etan Mot die BT dhatrrytablishes gredpredatesmined; nvimbgr of f set

includes the sf@nss afeagﬁwm,isaalas@.e%ﬂmfnpiém@a f&%pmqﬁee £l | iy, Of

signal peaks representing a synbol boundary position for eac 8C&i ved OFDM
synbol in a 285muepéeatithexeeniver,ofs deteimalingd atsA/Daiiy whizh om tlrm estabilivied tisd ggaal S

produced by sgj tep of receiving;, enhanci | gnal peak. detectability of
sai d boundaryﬂ{s“ﬂaezrﬁ ;recg%vgdes%?m RS ?%hqaﬁbreﬁe‘tvgﬂ%a? g 'ﬁégﬁplfa\s%“li’%? varisty; gf of
sai d synbab betitedamyt pagdirtahD® fHeosliat fe@ars FNBe @fﬁaaﬁ%den%ibs,nﬁuuaﬁgkf r
produced by said sttgg of enhancing 30 detectability. 15 August 2 0§ 50

49. The net hodsigacs Be Nyauist gitenas pie, £8DW0csagcithes andercr eergfamplst the rdceivedig a

tenporal posi tybld R : %ﬁﬂ,& Li ] ced si gnal
produced by sa]ib d step %@ﬁgﬁﬁ%ﬁlgi ng ret8 Ié(r:é;cgl%’%cflg ?@ﬂﬁsg&rg%%ﬁ@é%gaﬁﬁrﬁ{?gplgd
enhanced si gnean geaerdte the shoteguimbagofzsamples pemsysibghat thenracpiver asteeserestablistied
filtered enhag&ﬁgm%h‘ggt%} and determning a tenporal position thereof.

15 What is important in the signal processing of the present invention, is that the
symbol timing be preserved at each respective stage thereof. So long as each stage of
processing is based upon a symbol period’s worth, or multiple thereof, of received
samples, it matters not whether this number of samples is below, the same as, or above
the number of symbol samples established at the modulator; symbol timing will always

20  be preserved. 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



50. ' The nethod as recited in C aim48 wherein each of said steps of
validating said first and second synbol timng offsets include$5®gusit2€p3of
determning a valid synbol timng offset responsive to a predeterm ned lo
tenporal correlation existing between said tenporal position and a pair of
positions established for a respective syccessive pair of enhanced signal
peaks produced by said step of enhancing detectability. 51. The nethod as
recited in Claim49 further including the step of developing a third synbol

timng offs I din 0 additive.1l5 co at i nof each of, said
filtered en "‘g&ﬁ% ¥ g‘?"&j FRRISR l%nglsg%t afP Eeldeﬁ?s @fmﬁ‘EU’é‘gopl ng
a first Syn’@chndaxlymlg}gl Sgnsepts. and devel opi ng a second synbol timng offset.

52. The nethod as recited in Caimb51 wherein the step of selecting an
opti mum synbol t AP Yteraastveregrbodnent o Fm@@setnh@vgn@@l giemp droze Kheclineay sai d

third synbol. i e i . I n
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peak Development means (110) developing a boundary sighal ; 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 bbundary 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 inctudes:
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" @A B C R nurblr 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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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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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
signal#to-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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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 temporeil 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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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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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.

20.  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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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 énhancing 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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selecting 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.
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I, &s! 109%6GK (ﬁ'édﬁené%'sér;&(yﬁn (ah- dRhogonal frequency division multiplexed (OFDM) signal,
comprising:

a transmitter 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;

10 receiving means 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;

first recovery means developing a first symbol timing offset

15 corresponding to OFDM symbols in said first received signal;

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

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

20 second validating means validating said second symbol timing offset
based on a predetermined temporal 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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0%N& ()- ) 10%%Z& () - Snieh®& séikcting 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 éignals 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,



%WMO0%& ()-9%10%Z& ()-prrrr!r$rr:suvi8 yM 10%Z& ()-yM 10%Z&' () - 10%Z& () -$10%
Z& ()- 10ZZ 10ZZ 10ZZ!*!10%ZZ& ()-: sxssstJt ht dEuV78! yM 10%Z&' ()5 AudueVZa0J ) -
s109%Z& ()- | 109%Z& ()-9 10%Z& ()- | 10%Z& ()- htttuQuuvaBuV78!
#s109%&Z& ()-! 9! 10%ZZ& ()-9! 10%Z~& ()- S10%Z& ()- 10%Z& ()-1 ,10%Z& ()-
vDvvvwXwwdEuV78! | 109Z& () - F+y10%Z& () 4g ) 10%Z& () - 3(10%& ()- &10%& ()-
%-109%Z&' () -W X~ xxxxxxyxnbC8! s$109%Z& ()- 10Z 10Z 10Z410%Z& () -
&3t 109Z& () -1f 109%Z& () -1 .M 10%Z& ()-yyTyyyzzdEnbC8! s! 109%&Z&' ()- F
109%Z& ()-10%Z& ()- :'10%& ()- F ylOo%&& ()- 10%Z& ()-zr{{Y|]|]!'}aBnmbC8!
L' 109%&Z& ()- '10%Z& ()- Ls10%Z& ()-9 !'10%& ()-|

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

temporal position includes
a filter for filtering an enhanced signal output from said enhancement
means to produce a filtered enhanced signal; and,
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 corresponding 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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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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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.



