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A SYSTEM AND METHOD FOR RECOVERING SYMBOL TIMING
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BACKGROUND OF THE INVENTION
FIELD OF THE INVENTION

The present invention relates to the field of digital commumcatlons, and more
. spec1ﬁcally, is directed to a system for acqumng or recovenng a symbol timing offset and
5 carrier frequency error from a digitally modulated, multi-carrier communications signal. The
system of the present invention is further directed to a diversity system for recovering a
symbol timing offset and carrier frequency error from a diverse, multi-ﬁ“equency digitally
modulated si ignal.
PRIOR ART
10 In a digital communication system, the acquisition of symbol synchronization
behNeén the transmitter and receiver must be achieved béfore effective symbol demodulation
can conimen_ce at the receiver. Thﬁsi the prior art in digital communications is replete with
attempts to develop systems directed to the optimal recovery or acquisition of received
symbol timing and carrier frequency.
15 One such attempt is provided in U.S. Patent #5,541,552, by Suzuki, directed to the
demodulation of digitally modulated multi-carrier 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 amplitu_de
proﬁles\ necessitate their individual integration prior to the peak detection thereof.

Thls simplistic signal processing scheme in Suzuki, ie., mere integration of
correlation peaks prior fo their detection, provides sub-optimal synchronization restlts 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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' prior art. These signal processing improvements include the additive superposition of
repeating signals, optimum or matched filtering, and diversity selection and combining
between diverse, modulated signals.

Published Patent Application WO A 97 49207 discloses a digital audio
broadcasting system in which pluralities of digitally modulated sub-carriers are
transmitted in upper and lower sidebands simultaneously with an analog modulated
carrier in a common radio channel. However, published Patent Application WO A 97
49207 does not disclose a technique for determining symbol timing offset and
synchronization at receivers in digital audio broadcasting systems.

The foliowing is a list of prior art references known to Applicant: U.S. Patents
#5,694,389; #5,602,835; #5,608,764; #5,559,833; #5,687,165; #5,541,552; #5,357,502;
#3,925,650; #5,596,582; #3,364,482; #2,943,316; #3,975,687; #5,594,761; #4,281,412;
#5,187,711; #4,727,534; #5,369,800; #5,548,819; #2,549,423; #2,880,275; #3,555,427;
#5,629,639; #5,428,647; #5,682,376; #5,416,767; #5,452,331; #4,344,180; #5,657,313;
#5,652,772; #5,627,863; #5'—,-5'50,812; #5,506,836; #5,471,464; #5,450,456; #5,371,761;
‘#5,345,440; #5,313,169; #5,228,025; #5,191,576; #5,371,548; #5,406,551;  and,
#3,780,279.

SUMMARY OF THE INVENTION

It is an objéct of the present invention to provide a system for optimally recovering
- symbol timing and carrier frequency from a digitally modulated, multi-carrier signal.
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circuit for additively superimposing a plurality of segments of the boundary signal.

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

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

' A circuit for recovering the received OFDM signal cartier frequency error in
cotrespondence with said tempbral 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




timng synchronization technique for burst OFDM nodens in sevefs Aaglisigoo3
environnents. In contrast to Suzuki and other prior art acquisition
systens, the systemof the present invention presents an optinmum schene
for the recovery of synbol timng and carrier frequency. This optinmum
approach is provided through an applicat?%n of signal processing.

techni ques that, when taken either alone or in conbination, inprove over
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INVENTION It is an object of the present invention to provide a systemfor
optimally recovering synbol timng and carrier frequency froma digitally
nodul ated, nulti-carrier signal. 15 August 2003 3 Particularly, the
‘digitally nodul ated signal is an orthogonal frequency division nmultiplexed
(OFDM) signal that can include a | arge nunber of carrier therein. One
aspect of the present invention presents a systemfor recovering a synbol
~timng offset and carrier frequency error froman OFDM signal. The system
includes a receiver nodule for receiving the OFDM nodul at ed si gnal which
is represented as a series of OFDM synbols. Each OFDM synbol includes a

| eading portion and a trailing




portion thereof. The |eading and trailing portions have substantisglst 2003
equi val ent phases and have tenporally wei ghted anplitudes according to a
predet erm ned tenporal weighting function. The receiver nodul e provides a
received signal to an output thereof. The system al so incl ude i.gnal
peak devel opEAPY4Hdul e whi ch devel ops a boundary signal ﬁ&%ﬁ%ﬂﬁﬁ&z
plurality of signal peaks representing a synbol boundary position for each
“of the received OFDM synbels. Each of the %ignal peaks is devel oped
responsive to an anplitude and phase correspondence produced between the
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the present i RESREMHAcd tsmpprglorsistoncydhaeddm f or recovering a synbol timing
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optimum symbol timing offset from the first and second symbol timing offsets

responsive to signals output from the first and second validating circuits, and a
demodulator circuit for demodulating at least one of the series of OFDM symbols using
the optimum symbol timing offset.

20 A further aspect of the diversity system includes a circuit for developing a third
or 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 a circuit for selecting the third symbol timing offset responsive to a plurality of
conditional input signals. |

5 BRIEF DESCRIPTION OF THE DRAWINGS

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

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

30 representing symbol boundaries;




15 August 2003 WD 00/ 49782 PCT/ USOQ' 04062 4 an upper and a lo f y
si deband. Each of the sidebands enconpass a plurality of G:DWN%%LEQ?QQ"?
frequency carriers and a series of OFDM synbols. The diversity system

i ncludes a receiver portion for receiving the OFDM nodul ated signal of the
upper frequeévRyH4siddeband and providing a first or upper FEHEHHAG

~ recei ved signal output and the OFDM nodul ated signal of the |ower frequency
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responsi ve to si ghil ¢ ipabpuk dagom phesdcprbseminigment bt avqlisitient inaduledf cui t s,
and a denodyl at or CI reu it for denodul ati ng at |east one of the series of
OFDM synbol s ?r“hgﬁn ?‘ﬁ'g %rbtl mum synmbol timng offset. 20 A further aspect
of the diversity BynGasm block didgamaofaithieddrhbddihert 6F6k agjungtich hédulélof the

conbi ned synbol tinming offset corresponding to a conbination of first and
second tHni RESEEYWENEOD; especti vel y representative of the first and second
symbol tining of f sl e, G%%d%c%égrﬂﬁﬁlcafl%pré@ﬂtﬁ%b BESBHB%I amu{ag]dfoﬂ%gﬁ timng
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15 FIG. 8 is a block diagram :reprcsenting the decisional and selection logic blocks
for the diversity combining logic module of the third embodiment (FIG. 5) of the
* present invention.
DESCRIPTION OF THE PREFERRED EMBODIMENTS

In a digital communication fransmission-reception scheme wherein a series of

20  digitally modulated information carrying signals are transmitted to a receiver whereat
demodulation of the symbols is to occur in order to recover the information conveyed
thereby, the receiver demodulator can echieve suceessful and optimum demodulation of
the symbeols only if the transmitted symbol timing and phase/frequency are ascertainable
at the receiver. Thus, prior to such successful demodulation of the received symbols,

25. the receiver must acquire or recover the received symbol timing and carrier
phase/frequency, both of which are to be utilized by the demodulation process. Once
received symbol timing and frequency have been recovered at the receiver and thereafter

* the demodulation of the symbol has begun, symbol timing and carrier frequency can be
tracked by way of a servoloop in order to maintain the integrity of the demodulation

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




30 representing synbol boundaries; 15 August 2003 WO 00/ 49782 15 August 2003
PCT/ US00/ 04062 5 FIG 1d is a graphical illustration of the conjugate
products nultiplied by respective anplitude tapers; FIG 2 is a parti al

bl ock diagramillustrating the front end portion of the present invention;
5 FIG 3 is YOMOBYR di agram of a first enbodi ment of the aBGUVSI%%BA nodul e
of the present invention; FIG 4 is a block diagramof a second enbodi nent
of the acquisition nodule of the present 6invention; FIG 5 is a block
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that when properly Nyquist weighted, the subcarriers exhibit no crosstalk. In one hybrid

15 system incorporating the instant invention and using both digital and analog
transmission channels, there are 191 carriers in each sideband with a 70 kHz bandwidth
for each sideband. In one all digital implementation of the instant invention there are
267 carriers in cach sideband with a 97 kHz bandwidth for each sideband.

Referring to Fig. 1b, in the time domain, each OFDM symbol 5 has an effective

- 20 symbol period or temporal width T, and a full symbol period T,. The OFDM subcarrier
orthogonality requirement creates a functional interdependency between the effective

symbol period T and the frequency spacing between adjacent OFDM subcarriers.
Speciﬁcaily, the frequency separation between adjacent subcarriers is constrained to be

" equivalent to the inverse of the effective symbol period T of each OFDM symbol 5.

25 Thaf is, the frequency separation is equal fo 1/T.

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

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




30 process. The systemor architecture in the present inventi 0?5;1\ g&gt%@%ed
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equi di st ant | ynchples edunetieatigrasieading hhd Hexcendilipaailituds wWpemar i 5edt She [Bathly as f|
and f2, are separated each from %}he%ﬁ%t her by a predeterm ned frequency
i ncr enent *su@ATOPEd B PRTIOBPL Eafhy PR 2 despretivelyorrad | @ adativello lehe

ther. B , et i i d, th
other. By or Tg)t?ﬁ_ﬁﬁxﬂ@bmﬁ!e@ﬂ eﬁteﬂaﬁxg&hﬁréﬂaa&eewhh%ers%&i%géd & ey ﬁ%gep%gﬁﬁéc? e

subcarriers i bit no crosstal n one syst'em | rati ng the

i nstant i nveit thentiag domain rigrvb de subktaitinlly rainck amizbiohle sidedubei epeigprin ckeannel s,

there are 19 [riers.i ach si.deband with a .k dwi dt h, . .for, each
si deband. | n%rc? ey ﬁorg?%ﬂ?glfusipﬁ%‘i“gen%ﬂ’toﬁ Pgerady e{fg?éeﬂpﬁgg)ﬁﬁlgfl veHtessh ¢ her e
are 267 car rheefd syimbslaetios irdeltansibull § Bxténdd heydda thapmwide gy:xmﬂ RasdT,

si deband. Referring.to Figr;u b, 1n the time domain, each OEDM synbol 5 has
an eff ectPve Oﬂmog%ms&w? pdigcest sutupastierain fiedireguamey adnmain (i) 19yisivot
period T . T [ : ' ' %@q; . 5
functional i E?gﬁg%gg%g‘ge)g%% aéb%?\’?\%tgéri\ét{a %Qe ’Ha{):%lﬁyvﬁlggms; ol ﬁgﬂlégg}@%}gd t he
frequency spaeiinfapaingdenctionlj doa speCHioMls wiibegonaldy $s maiBpainedfin ¢lad prgsent he
-frequency separati tween.adj acent .subgarriers js constrai ned to be
equi val ent tonvteqéonﬁﬁr\?gghség%ﬁ%?%émé’? LTS CRMAET &gi(Sﬁm‘TPlg'f’&e FEFDM

synbol - 5. 25%f ithamitted syhbels iidauteniyd SeRR MmN filtériptifbcetv@d bfnlbolsl Ur Ni NQ
again to Fig. 1b, _ex ea_di ng .acrgss:the effective synbol Eeri od T _of each
OFDM syntdl 5 areThe éﬁa g8t Bntrsibes poroes o GFDMqsynakal ¢ 2shary appadditipnebnpor al

PITDOL ST S A 18 SOOI oI
N(| +a) of eqldadingt pmtiory of OFDM symbol 5, which has a temporal duration oT, have
substantially equivalent phases as the last oN symbol samples extending across the
trailing portion of OFDM symbotl 5, which also has a temporal duration «T. 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. therébf, are advantageously exploited in the system of the subject invention in order to
. efficiently acquire OFDM symbol fiming and frequency in the receiver, so that the
demodalation 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




30. spaced tenporal synmbol sanples. As will be described subsegs@anghist Jdops
~this disclosure, 15 August 2003 WO 00/ 44782 PCT/ USOQ 04062 7 a is the
~anplitude tapering factor for the synbol, and can be considered here as a

fractional "nultiplier. Even further, predeterm ned anplitude-tine profile
or envel ope WPIESD0 i s inposed upon the signal |evels of P{HEVMSp) es,
This anplitude profile includes symmetrically ascendi ng and descendi ng
anplitude tapers 10,15 at- the leading 5 pdrtion and trailing portion of
each synbol 5, respectively, and a relatively flat anplitude profile 20
ext endi ng t hefysige: algleapresehidgecntion ingbdeom QERkI redivbdeasodutd?s fbe denetating he

time domain s to.subst.antial | uce undesirable sjde-lobe energy in
the f requenc@ﬁlégdnﬁrford@a{%g tfaﬂﬂgﬁpg}%‘\?{ 3@ % aﬁo‘f”gp"é rﬁ%??qf’al‘”f’&?ﬂe‘ﬁ fif@pratiied dEDM
signal . Al t hoOBDM iagalf setdives yr800for RRFo@6atleh @fercady 'B?QbFIgMed&ﬁ’éH%ﬁ}t&eY(ﬂfd the
effective 'synbg}lglvﬁeri od T, 10 orthogonabipbg/bbet ween adj acéent sub-carriers

in the frequed G sigoaly30 peperated o mofWrios 8% cerdotoo g the OFBM i t ude
tapers 10,:5 : iS40 j -, COSi ne tapeLi
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i nvention t hrQtigM modidattyi 2egenemtend serizobf OADML NN ) @s WV ThIFE 1606ach

anplitude taperin of transmtted s ol s and, root-rai sed cosi ne mat ched

filtering of "ﬁ‘reé?’é‘%e8°1§lgﬂ?6%|as.P“f‘t%‘°?Wé‘¥ﬂ¥bé§mﬁﬁb %ntf”tm’éﬁll?yﬁﬁ’oboﬁampbﬁsl\bf OFDM

symbol 5 shardemapondiei td altlymbbRAiclaN! whedh'hefirs 8lPdtmlch d uld 3ol OFOM
synbol ™5,

synbol sanples extending across the Ieading portion o
whi ch has a templss af ek symbel &7 tapererdeands hivst equal phdsss. edloi feellient fpftrses as

t he | ast .S i rgss.the trailj ortjion of OFDM

ymbol 5, aii e oh B! SR eyl A°3 B asisB bR orsehubes T <

the anpl it udewtdpeNj ng tdgota sahgies edendingrdondss eRAdIE inte p&RIAST dgs egkoher e as
described nore fully herein, these

a fractional tiplier. w ll_ b

predet er mi nedh%ﬁ%fiﬁ?f@“&ﬁ(simﬂ’r?ﬁ%g %rtﬁﬁ%?r?li sawplep pieding pogossirach effetivg and

‘trailing portsy@Bsl @fiod 1gs 100FDMISHARR nuftfbet HeaRpRS Blci] @iﬁé‘ﬁ}sf)&ps gﬁ%é% the
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tapering of sanmple anplitudes in the |eading and trail of each
OFDM symbol & lasheMNespmplas| ie 36, veyes thee velver gofmerely exeriplanyt aganas by

expl oi tedd n 2, 5y [ invention Ln order tog. efficiently
oqui e RO SRR Sy i e b M s R Py i iop oo 4E
denodul at i on pedviddsenfoymdsimh sigmalscio raneinpe. of IRIDVIgmERSG6T 1% dvtidteinformation

characteri st is?g%algfaretrggdugt:ewnay SPBM s%%n%%lsihrll sitgrrl]eﬁ 36'he

' OFDM transmit signal 30 is transmitted to OFDM signal receiver 150 by any
mechanism and through any medium known in prior art communication systems. For

20 example, OFDM fransmit signal 30 can be provided as an analog signal, a radio
frequency signal such as an audio broadcast signal, or alternatively, can be provided

even as a digital base band signal. The physical médiums 45 through which signal 30 is
transmitted can be atmospheric, optical, wireline, or otherwise, Alternatively, transmit.

_ signai 30 can be a computér generated signal suitable for simulation purposes, that is, a

25. comﬁuter generated signal that is communicated between software program modules, as
between a computer program based OFDM modulator module, and a computer program
based OFDM signal receiver module. None of the foregoing variations affect the
~advantageous application of the system architecture and techniques of the present

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




present invention, the systemfor recovering systemtimng in r
invention is 30 now described- Referring to Fig. 2, the digi ta{ﬁu&us‘?%ﬁﬂg
comuni cation transm ssion-reception 15 August 2003 WO 00/ 49782

PCT/ US00/ 04062 8 system of the present invention includes an OFDM nodul at or
nodul e 25 fowoge#dszati ng OFDM nodul ated transmit signal 30TESHIGUL put
thereof, which is transmtted to OFDM signal receiver 150 for denodul ation
t hereat by OFDM denodul ator 100. OFDMtransmt signal 30 generated by OFDM
nodul ator 25 conforns to the OFDM 5 signal specifications shown in Figs. |la

and | b and descri Ebyar ek sdighal Bak rbéi:ived@mm@gﬂélqecé%rg%%ﬁfcﬂs a

series of OFDM synbols 5, as shown in Fig. |IDb, each h conprises a
pr edet er m nednHudas@HTont-cduRpRiYea masplehent Sh(aﬂp agis known mdlhc esqmmt;l lamcgwhmhf ul |

| Zggﬁogyﬁgg: Ogsru:gm%pég?&%ﬁ éé Sﬁg%%{eg]%géiﬁ &l"ﬁasesgfst%ls‘flg%%? Flﬁoé?%fq’lﬂ‘f rrgl e
di sgutsm on ofapgymuoh $n gmaémmmoms)lf g, 2, thwﬁioht{etme (jra&mmﬂavﬁdwtantaﬂﬁ?gl I
“predet er i ned 0 sanmp| es ext endi ng_across each fu
I[s)yrrbol peri o M@ah&@ the f"rli’g{) ’{Wéloﬁrt%ngkgﬂtélr“rﬁ“ﬁ“éﬁr ﬁﬁg’éép KBS0t sermplss al
sanpl es ext engi cﬁgtl@&ra@lﬁﬁg‘%@&ﬂe@fsf@heS(Y%pu?W@m& td? oHﬁ’c% a mgﬁe?]]aq?aﬁ g that

. the nunber of sanples in each first aN sa ast aN’sanpl es
is 56, howevehsreefivomprising aesticapEcomplent sigrak eamglicsr )Thaﬁgnaimgmjﬂes ﬂrEcmaplb;ed in

accordance w yahemLe |re BNLS Note further that .informtion source
40 provi des &%%tre% com a?malgncqn?'ﬁ!iﬁ?s Hp b‘igﬁ’ﬁ?ﬁ%cfﬁlina D n&/\i‘\i ch

i nformati on ‘$¢ayhaahﬁalea.ﬁrﬁl a{ﬁ)‘dﬁ:la@iha@}” eihsle Ovhibh S SR ihYyuad: SR to3@c & DM

transmt S|gnal 30 is transmtted to OFDM signal receiver 150 by any

mechani sm%nd@@Rleouldls sampledsignainis kissiflisred By P@%S-bami fikeifunhichheoa pessst ens.
For 20 exanmiagd #Ekiehy eqioase ctorrﬁ)hglﬂg 3R 1EAR 0?5 r oagrg gg?n @%sen?&ll tﬁ%r

signal, a radio frequéncy signal such as an au igha
al t er nat i vel yreceted O¥@Meguilded even as a di gi taI base band si gnal The

- physi cal medi uns t. hr.ough. whi ¢ ignal .30 is ed ca
at nospheric, opti g{é%fewevc\]ncf’ %Pleﬁglgn%l 6% élmeglésan}ﬂ]‘fdrearnﬁiﬁﬂ?é’l ‘?ne’%t H‘é’*’l‘ﬁ‘f’lf
si gnal 30 carcolectal (5] nmaqhafcyg@ﬁlﬁ&@dredzrﬁng B modulet @1 erhk Ofesiiif IfdkhaBy
that is conmmuni cat ed

pur poses, _that is, er generated signal
bet ween sBf t WAFECiH %@aiiﬁfﬁﬁhng%@ﬂ%%e d byt rogetigmsitwt oppedlaid bdbed OFDM
nodul at or MO dilgRencRAgl AmE R A  sighaPSAT by Qﬁ%n@@w&ﬁp% fde8E R Yeput
nodul e. None of the foregoing variations affect
to OFDM demodulator 100 which demodulates the frequency and time corrected
received signal input thereto.
Received complex signal 60 is additionally routed to the input of acquisition
20 module 75, which is the subject of the present invention. Acquisition module 75
acquires or recovers OFDM symbol timing offset or error and carrier frequency offset or
error from the received OFDM syinbols as represented in received complex signal 60,
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 Acqﬁisition 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 offsct 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.




advant.ageous application of the systemarchitecture and techni qyegsgaét 2dms
present invention to provide OFDM synbol timng offset and frequency error
acqui sition. 15 August 2003 WO 00/49782 | CT/US0Q 04062 9 OFDM transmi t
signal 30 is_r iyed by OFDM signal receiver 150 which includes a
front-end re%gi%@ggﬁ%rmdul e, not shown, as is known in the p?f%ﬁsoﬁfrﬂ‘fﬂ,& and

whi ch suitably accommobdates the nethod and nmedi um of transm ssion chosen
for any given application. In the enbodilfent of Fig. 2, this front-end
recei ver provides_an analog 5 OFDM signal 45 to the input of

anal og-to-digital Ref?mﬂpégg-(%llm)a gt eppdisent sd mpiesitioro modilgi 15i, ze@sivedal og

received sig | npu o, pr-oduce a.signal at an.qu t ,.thereof
conpri si ng aggﬂél?ll‘%gsdgg?l (5:00}S %{éﬁaegdl %’ntg g éﬁﬁ?@g‘?}k %%S%Qinﬁ’f‘nta‘ino@aﬁéﬁ)@sw@?‘%
conpl ex in phaidesaetfireanpé eksiganlotesaaf ttlabyhiGaMBE bafSol Fulad sQf osthgnal
sanples including a_"real" sanp]e and an "imagi nary" sanple, which is
sanpl ed in qtfsaVEd BFOM gepahe Peakfevelppracpimogule g dg adosndgmasignal 13@xt
filtered by < j : ' seaPAR e r onse
conpri si ng tﬁgéigl {e}ﬁhrd{?gﬁ?g{lég?%g@é%ﬁg?gﬁﬁasge n prgreeyéﬁeg M} gl%%{?%éj%il?
recei.ved OFDMpsisgntig. 2 Reciwed syinbd ipliadars ipgsitibn 6&, eahlacécetyeb aeFDislasmiol and
filtered, is_next frequency, .co cted. b reqyency correction_ circuit or
modul e 65 TRETRLEH i ST GiATEnEG ThrE o Brek BTl Rz d 1 i e
corrected by sighdlipagksGereRat fetuived sySbbE bodhd P PedifontOtheiT Renfck 8 PYSHGY AQd ti e
corrected signal ,ou&put by time correction circuit 70 feeds the input to
OFDM denpdul Bdietivoer wpaiveH spehe dimiag elfset. ndorerspenifiendly, s thé reecivornent ed
recei ved gi ganak.qi " i -S| i s,.additiaonally
Fout ed a7y el BRskoh A ohkse FAEIWE e SRR RS oMo Rl el Bt of
the present buwhentosition iscijullyassinel orobitrarily Sread qiénablk rodeives pREEHg @-DM

synbol timng_offsef or.error . and_carri.er frequency qoffset or error from
the recei yquﬁfﬁﬁﬂ ?fﬁ‘bﬁ'@naglo?l‘g%%éseé%‘é%e? ths; gﬁ‘g?“gé’@lﬁ% gx thhgingiist 0,
‘thus provi-di bgwesTihd apriofii Agmetibs bd Me andreaiéd Smbol SAMAREYpRitfof Slud as
inputs to timng correction circuit 70 and frequency corréection circuit

65, respect i AdlinE s rocetyar Wireqoxsr avd Faskesyrbol timinger devel ops acqui si ti on
R e L T A
denodul at or dO©Glopmentisrdde l H owlatsihe pedeadrgisd aplitude tdpethg amtlequivalent
phase properties. inhetent in the leading and trailing portions of each received OFDM
-symbol. Particularly, complex conjugate multiplies or products are formed between the
current sample and the sample preceding it by N samples. Such products, formed
20 between the first oN samples and the last oN samples in each‘ symbol, produce a signal
peak corresponding to each symbol comprising the oN conjugate products so formed.
Mathematically, the formation of the conjugate products is represented as
follows. Let D(0) denote the received OFDM signal, and let T, =(1-+0,)T denote the full
OFDM symboi duration or period where 1/T is the OFDM channel spacing and o is the
25. ampﬁtude tapering factor for the symbol. The signal peaks in-boupdary signal 130
~ appear as a train of pulses or signal peaks in the conjugate producté of D(Y*D'(t-T). As
a result of the Nyquist amplitude tapering imposed on the leading and trailing portions
of each OFDM symbol, each of the pulses or signal peaks has a half-sine-wave
amplitude profile of the form
30 w(t) = { ¥z sin (nt/(aT)), for 0<t < T, and




tracki ng nodule 85, in concert with the timng offset and freq ¢
provided thereto by acquisition nodule 75, permts the accuraﬁiﬂﬁé%ggggé
of overall synmbol 30 timng and carrier frequency by the OFDM receiver. 15
August 2003 WD 00/ 49782 PCT/ US00/ 04062 ]0 Referring to Fig. 3, in a first
enbodi ment OVO&EHEs2si ti on nodul e 75, received conplex si ghallUB040s2
provided to the input of peak devel opnent nodul e 110, which provides the
first stage of signal processing for acqujying the synbol timng offset of
the received OFDM signal. Peak devel opnent nodul e 110 devel ops a boundary
signal 130 5 at ?uggu&m&Q@&eof whi ch has a plurality of signal peaks

t herein, each S|gng peak representing a received symbol boundary position
for each received OFDM synbol represented in received signal 60, input to

B b0l “boundary. piariohE PEnEHD SLhBeT d0shEs) RS0 rarEhor hen; '

recei ved symiphist {snt NOR&EHBE o FiVDIE aRNesh bf Galal Yeak$ idfifled ﬁ)eooruﬁ@ﬁjfﬁgﬁe'lhas no
10 initial or apriori know edge of the true or actual received

boundary FosilBPbas amgiteds cavelers withandithe penks hrglspacediby awenodof Tr. bRefmamgI y

created to e €, -Qce er Acqui.sitio

est abli shes Qﬁ% 1 tﬁ?p O?Eﬁ‘?tgof% ?Q&%hg &iugf ﬁ’a?g%m &sﬁ%ﬂmg g%‘?%é‘ﬂjp[]wﬁngagﬁﬁsi ori
assunpti on arnd Iﬁhﬂulﬁpllbe thdﬁﬁﬂbd/ﬁndglﬁmb@in thocumignale fedicts] Bultibdiashe BARDI i ng
the receiver to recover and track synbol timng. 15 In develoglng t he

si gnal peaks sHEpYas W) Wiiclrasi yatogat VHSM?QT@@OHB@&I@O oNesgBpspent nodul e
110 exploits the %ﬁﬁ%gwlﬁl&ﬂmgmls tﬁ'ﬁd%cﬁ@@ﬁﬁl's B@ﬂﬂﬁa&q&bgﬁé@%pﬂaﬂse

properties. inherent inthe le ng and tralli1ng portlons recei ved
OFDM . sylbolmodakr il(b@napwpctcﬂampleew @@mat digat mulﬁpl[ib}i ﬁkdUGSIQtSrremesnﬂUng 8 are

o g D e s P B BT O BT oSSR e B e 1 o

aN sanpl es | nampeh theretbah., Qomplue e:oa;ugata rt&lvelop@aiqocpfoa@@pm@dwgutpﬂ fiach
-synbol conpri si nig t he, aN c ugat e pr oduct so fornmed. _Mathematjcally, the
formati on of PREEERINEAE L ;%ﬂt-:}aeﬂﬂ% sqmaple.o sk eptray i grovisled ggsone igputript )

denote the regQi;ved IgD%§ét9ﬁ\i§ate sa{agzeh ot ﬂ@odug(&aé)ﬂulﬂ B B atnSGnd u&!ayedOFDM

synbol duration or period where DM channel spacing and a is
the 25. érrplsmn@eoww&mngelﬁmmm ib? ﬁlhélusmo‘tomﬁrmcmw plpémanen

boundary sig 3 |s n
conj ugat e prgg cet%sg%n?g%(ﬁ]) %Ee(l?ed'l'% ghaiség g%rjes‘ﬁ?s{y% r%lglgc fg m‘élﬁ%l P’t ude
t aperi ng i npakkgingnhd feecivedaitnalgb0cbydhé pridtemdndiairhe Dosing delay circuit 115.

Referring to Fig. 6, relevant symbol timing for peak development module 110 is

iltustrated. Fig. 6a represents consecutive OFDM symbols 1 and 2 provided at the input
20  to peak development module 110. Fig. 6b illustrates the delayed versions of OFDM

symbols 1 and 2 as output from delay circuit 115. Fig. 6¢ represents the signal peak

developed for each corresponding set of N, =N(1+a) froduct samples (which in one

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 delajred 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 eN samples at each of the leading and
trailing postions 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  comresponding set of 1080 product samples in boundary signal 130. In this example,




of each OFDM synbol, each of the pulses or signal peaks has a {5 august 2003
hal f - si ne-wave anplitude profile of the form30 wW(t) = { Yz sin
(7tt/(aT)), for OS5t :!~ aT, and 15 August 2003 WO 00/ 49782 PCT/ US00/ 04062
1 wt) _{ O, otherwise Further, the periodicity of signal 130, that is,

" the period oW%&7%tain of signal peaks, is TA . Referrinf-tEs®0Ys2 1 ¢,
the train of signal peaks included in boundary signal 5 130 has anplitude
envel ope W(t) and the peaks are spaced byiza period of Ta . Referring to
Fig. 1 d, the product of the overlapping |leading and trailing portion

anpl i tude tapdlay cit@ytl blmithpirtsl 4 6924 i) saple adtlayagnitaudes; kanplbens@enhugat e
products, resulti ﬁ% i-n.the hiiI(L- Si ne-wave, Vﬁ'%t) whi ch has a durati onal

- width aT corrlgg%IB |lﬁ§ i§ puliedhnitsrredsessor Hi2Agamplss Avavo Hiegignal geakfsor each
- signal sanpl eddvalppdd & Rerlcornd@¥SlifPes . sanpl e
is output from [ruﬁi plier ci r%ﬁi t %5 P‘gp}%geﬁ%%g&ﬁlg%ﬁ% réét%éooglﬁgégct

bet ween t hat foRpGele Pyt famed hepreent e dsgond sl emgpacddach cosasmhéiag

t heref rom; Cogphex conjugate devel oper 120 produces at its output the

conpl ex conjugate of each input sanple, which output is provided as one
input to nultipliPesk d&klopkieat modyle§a0 CanS T pREndhted! Hliafly QWhBAH ofANE s as

mul tiplied agai nst_the del ayed 15 sanple output fromdelay circuit 115. In
this way, conpPed BorjursaEense Satnertths leeding gpdriseiling portiens af wechrsyodilad

Signal 60 ancexpicstal A8 ok £AiGRETRALNER! PhYGGLRY pdR LK hANS g 8cel ved

signal 60 by the predetermined tinme T using ay citcul fing to
Fig. 6, rel evdfitmay rpssite onrraglysfple peitkarghessbofhae fdr eretdstngld &) 4 Sroduct

illustrated. FEi . repr nts. consecutiye OFDM synbaol s and 2 provided
at the in%t Sg@glet‘g%f)"é’g “gﬂg@l&°6‘B’H§ﬂ1‘3reﬁgdﬁﬁ%miti‘ﬁy’ g Riraligy 0% papRles maeke ¢ he

del ayed ver sistmed, sfichGERMyvaysrtoins, thusafsitidy st iavile T6Rm ARl d¥ayed bt 115
Fig. 6c represents Ehg g‘iscgnal ak devel oped for each correspondi ng set of

Na N(| +a) pro@tet C(f%\ﬁﬁ'g??eilﬂp%ﬁe a et Ayltisheioty fasmt vestpuapredub080
- les), th ' ‘ . i Loe! St
sanpl es) SafpRb it Gh & %eﬁﬁﬁkﬁtehﬁh%,%g%ﬁﬁ%eﬁl@ﬁeg?zr'_m‘é@% gaﬁ d{}??he o5

conjugate nultiplication between the received 'signa )
del ayed ver silBRlemsaieddp onerats gn SintinBys watheo thappemipiédc desanpline dignatshe

recei ved E_r;;p]o i T cQrre ngs. t . .,.=1 080 sign sanpl es,
and the aﬁzga%rrﬁl es’ iﬁ Blgféc qg?rg?cﬁél Iv‘ggmeggegﬁ%b?e RPB]“PFWQ"%Y?ES?%ELGQ)‘FIS? he
synbol cor r edperdntmobtratieythah a samifddignat. hen for each 1080

Ideally, boundary signal 130 has easily identifiable signal . peaks therein, as

illustrated in Figs. 1c and 6c, however, in reality, each signal peak is virtually
indistinguishable from the undesired noisy products of samples lying in adjacent
20 symbols. Since peak development module 110 continually forms products between
samples extending across each received symbol and prédecessor samples delayed
therefrom, boundary signal 130 includes both desired signal peaks as well as the noisy
conjugate products. For example, the first oN (56) samples in each symbol are indeed
muitiplied against the last aN samples therein, to produce the desired signal peak aN
25. smnﬁles 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



sanpl e OFDM synbol input to peak devel opment nodul e 110, there %ﬂﬁ@ﬂﬁ? 6330
correspondi ng set of 1080 product sanples in boundary signal 130. Yfn RIS
exanpl e, 15 August 2003 .WD 0)/49782 PCT/ US00/ 04062 12 delay circuit 115
inparts a 1024 (N) sanple delay so that each sanple input to multiplier
125 is nultiwbiowdp7sdy its predecessor 1024 sanpl es away. ThRECIIGHBIO6Heak so
devel oped for each correspondi ng set of 1080 product sanples conprises only
56 conjugate products formed between thelsfirst and | ast 56 sanpl es of each
corresponding .5 synbol. . Peak devel opnment nodul e 110 can be i npl enent ed

i n any .nunbercoatspoagisg &SOFDBNGem@s dohrisiap rfof RORMR) bawbe! SaR J0beakRradi ng
and trailing portions of each synbol are exploited in the manner
previ ously deddpbppaueciabli i nstance, peak devel opment nmodule 110 nay

operate on each sanpl bRl YRSy adbats ' roduct
10 sanple is pr ov%ﬁa@hﬁe %utuput t%%?e%?? g&%?@?%ﬁ%’éﬁdﬁé go %Pgrf@ll\l&)ty of
sanpl es nmay begnabodi08d sapleh He: Xnxiseotrespofidsrtmtha dunsber vRmiphs apd ds tik

sanpl e vector.s

and del.ayed | tors, which vector i npyt t
vector multi pPBIE QY FBYTS vaar e e gererindh GanlE SHRIGAE On WerGDl
Al ternati vel YporfidieofBaKonSi2Mesi QRN RBraghed dinge 88 Imb@nary FRHiSARNiRMH{ MeRRLT at e

on continuous_rather than sanpled discrete tine signals. 15 However, in
such an appr deéesly; the dggitbly sigmabiecskrmapscat hefsgenispppies 2400and 280G jigeksrured al so

be a conti numggﬁ&g{mﬁg}@gn&ﬁf%\gﬁi&gsi gnal . Ildeally, boundary signal 130
ntifira eaks

has easily i e sigha therein, as illustrated in Figs. Ic
and 6c, however, iimadditibn to/theqacdhne ghthe af@eadkentioned piodadtinoise in boundary

i ndi sti ngui shabl om t he uyndesirsred nois roducts of sanplés lying in

adj acent 20 Iléé’ 5 s eé'é’ﬁ‘fd%\?él"gﬁﬁe‘ﬁ}“%ﬁ%&iﬁ OPY0 %Wi%&lflfyglgaér s
products beét Rglnunfaitses Seoht ARSH RIIngRHeS So 8RE Bighﬁ?cﬁin’ﬁ?%r%%dé% n kot
predecessor sanples del ayed therefrom boundary signal 1 I ncl udes both
desired si gndiropeinfhs aimospherr baisﬁcﬂ‘?@ng}dp?,ly-Paﬂb?ﬁ‘ﬁ@ém& e ciiitnet interfepaneexanpl e,
the first aN 4R palPleR: dikaGk, R0l B f ipdged mul tiplied against the
| ast aN sanpl es ther el n, to produce the desired signal peak aN 25. sanples
in duration. Howewebseqtdue sigaatgirodessing\stigd 2 Xhes preizhe mvaritdnna deditdtat] imgai nst

ARG RAE TN T e N TR R D G
the ef fect ofdebitddlsighgl peaks in boundary signal 130, or more specifically, to improve the signal- '
to-noise ratio of the signal peaks present in boundary signal 130. Signal enhancing
module 135 is provided at the output of peak development module 110, and comprises
first and second stage signal enbancing circuits or modules. The first stage signal
20 enhancing circuit is an additive superposition circuit or module 140 and the second
stage enhancing circuif is a matched filter 145, provided at the output of the first stage
enhancing circuit.
Additive superposition circuit 140 additively superimposes a predeiermined
number of signal peaks and their surrounding noisy products, to enhance signal peak
25 'dctec-:'tability 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.




noi se between the occurrences of the desired signal peaks. An §fnggas82008
the nunber of frequency carriers conprising the OFDM signal produces a
correspondi ng increase in 30 the | evel of these noisy products present in
t he boundary signal. Thus, noisy products 15 August 2003 WO 00/ 49782

PCT/ USOQO 040%2%%48780r r espondi ng t o OFDM si gnal s conpri si nEH SR %npl e,
bet ween 80 and 300 carriers, can be appreciable. Fig. 7a graphically
ill'ustrates boundary signal 130 correspond#ng to an OFDM signal of 1080
sanpl es. The X-axis corresponds to the nunber of sanples and is thus 5
~indicative of timafer thhipredeteheingd ambbkeronrieskpoihdgna cegampl Bavartebi tinge.
Only the real rtiqgn.of the conplex signal is graphed since the inmaginary
“portion is si?ﬁpeﬂg?pe P gt \& ‘ix%““?}ﬁ‘ég 8@??#‘%8?‘@6 FWFa(iﬂ’@ﬁE?n rT§§ent
bet ween sanpl apeRhPéheanet of 36mentsSard BsdtuRekd 8)olD 8 cAhOLERENLAD IBEIDRIrSY
products. In addition to the presence of the_ aforenentioned product noise
in boundary ‘et Redstramingd positien. Jgitkie Warrg Quamlative sieeal iedevslopsdcesprising ak nown

in the artsof gigidal i L i Se 1S | rt.ed to.the signal
during pr o?oag%ﬁil][;l on}vt%hsé%n(eég]E %hrqc%ﬁg Hts%fetﬁggj Fn%ig%@‘ﬁ%d %aﬁﬁ@gif’ %lggl?sned‘,tengmg
mul ti - pat h anatrdsadhiersgperampbse] bpuadary pigealsegnemeses. The front-end of the

recei ver al so add ise t e signal. Subsequent signal processing stages
b the. pr asent 1 nuErt S R qouidh e b o o hompar e
depreci ati ng. andf if @6dh REmbhiEndhdk A HRLOPHIDINOKGE ¥ f@ﬂrﬁpgﬁtth‘%rfa&dﬂﬁre

y, to

desired signal peaks in boundary signal” 130, or nore specifica :
i nprove the sygprapsitiemcirgitdd0 peaduessdi08¢ gamualitivestamplea ifsr qarlesemigudus thekndar y

signal 13 ' [ ' ovj ded..at the qutput of peak
devel opmott rean e TaPaEko g Soetidy bibuPligle 30 o mapier dbe Rl
enhanci ng ci rpodiess afi32negdnes(cachiveghent Stchelgor08s sghples, 3QicRARAE Aok CUI t
is an additiv sug)erp%sdﬁii B’n circuit or “gt]) Je 140 and the second stage
enhanci ng ci r'etc #g YeRhpermpessd oF 41! egr&’/it‘&éﬂf eite uothep Ryprpintyiset he
first stage AIB@NGk RepefintpsHdt confidile torddcB URARPIS skdnRitsC i BB A0 Jhis,
additively St;gerll nmposes a predeterm ned nunber of signal peaks and their
surroundi ng niglding preerssidbeprogerteefithe 82 segmental arp paintwisbadddé testrmiponiing by
i ncreasi ng t i ¥ WerNale) i |..peaks_hn.boundary signal
130, To i Bl coahiedR ol 38, Siief bl otor 1016 50809 aRTE: bR 30 BeBihs: o
symbols, to produce a cmnulative signal segment comprising 1080 cumulative samples

therein. The signal processing is then 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 ratic 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 accﬁinmulated, 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



nunber of consecutive segnents of boundary signal 130 are firs A 3
superinposed or overlapped in tinme. Each of these superinpose s%%%frﬁjpg
conprises a synbol period's worth of conjugate product sanples as are

out put from peak devel opnent nodul e 110, 3o and includes a desired signal
peak surrounsgledodyysundesi red noi sy product sanples. 1 5 AuRERESIZGOS WO
00/ 49782 PCT/ US00/ 04062 14 After the predeterm ned nunber or bl ock of
signal segnents have been tinme overl appgd, the product sanples occupying a
predeterm ned tenporal position in the superinposed set of segnents are
accunul ated e, duef FoShefdAbR iR dnMBerSir AR Ahe ﬁ.@amiﬁvés%ge bd@in Cﬁ}&@eggtﬁﬁéytﬂ@d
position. In'this way, a cumul ative signal is dev Irgped onprising a 5
cunul ati ve sisignall pegbmpddecdhorentbneid the sutreundingdetiar prodets sknjptehempotly thdns
extending across the superinmposed boundary si I ts. If, far
exanpl e, 32 GEnITadTEEH, Tadroncer ! sty aipd e e Sues Fweimeyiena,
and if each S@@RNY0cRGbIK]oerall, i MgbvddRidrafioSnoiethilb. of 1080 sanpl es, then
addi tive superposition circuit 140 produces 1080 cumnul ative sanples for
each cont dguous biTBepracgssyie gain sad migpaktopigoratia rpphasepent @é@ﬁ@iqg)f theput
thereto. In tRjk: . | d S (

segnent i ncl t& (:hﬁ‘é ossgfr?gﬁgg@maﬂg?%%glﬁ%n%aﬁﬁgﬁggﬁgﬁgg g‘?ﬁ%&gﬁ) 3%%2

‘addi tivel y suspanéntpegedmposedfiol pedlice dhe topulafivoosignal netinent, Dffsgting)this se
addi ng the superinposed conjugate products.of the 32 segnents. _Essentially,
"n thi's 1ol dYEaP dtesurespimaing dirpllyanoessys ippueass Inaghisiion delaysitss M se

added to cor ms&mﬂdéig%n% 6 49 851RciRH Q6 BeddcORe cBinitale Bighdi QRlal 0T 080
e S

sanpl es) away, over cont i nguous mbol s, to produCe a cunul afive

si gnal sd§nethe pahenlargredgternged eumbeta foniastenceiZe seprashis di any Tpmicstiognal
processing i $ ltth n E&Q@%ﬁtﬁ&eft% cr%ﬁﬁﬂ%ﬁ'& 1,gsgsnti guous bl ock of 32 boundary
si gnal segmenf‘s, % produce anot her el at T ve si gnal segnent, and so on.
The cumul ati ve si fnmhthemgitahtermy, dabudditive yupeddisition ef yorsigpaisi sepagitnef thiie 20
-predet erm ned nunber Qf contiguous segnen of boundary, signal 130 includes
‘an enhanced “SHGHAT Prﬁg‘éﬁzs ?‘ﬁﬁf‘gf'???u‘%ﬁpgﬁﬁg@ﬁ%a{‘ © ﬁ’i‘Pr?Sﬁ%/fjr lé"a‘g‘E g"u"wmg :
signal-to-noise ratio with . respect to the signal peaks in each of the
constituent input boundary signal segnents. The reason for this
enhancemest i sF@hat t h& supeftHosj FiDd@eTek TL,he boundary signal segnents
aligns their respective signal peaks, so that when the segnents are 25

- accunmul at ed, each sigksll peak adds to the next, thus achieving a form of
coher ent

An important aspect of the foregoing Signal processing is that symbol timing is
-preserved at each stage thereof: OFDM symbols input to peak development module
110, boundary signal segments imput to additive superposition circuit 140, and
20 cumulative signal segments output therefrom, each have a temporal period of T,
(corresponding to N=1080 samples). In this way, symbol timing offset, as indicated by

the positioning of the signal peaks within a signal segment, is preserved throughout.

Fig. 7b graphically illustrates the cumulative signal waveform, or mose

L C L ety Ei31 YoLlriila, Wi

specifically, the cumulative signal segment output from additive superposition module
25 140. Only the real portion of this complex signal is graphed since the imaginary portion
is similar thereto. The cumulative signal segment of 1080 samples is formulated for a
contiguous block of 32 boundary signal input segments, having 1080 samples each. In
Fig. 7b, enhanced signal peak 155 is more clearly distinguishable from the surrounding

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




processing gain based upon the repetitive nature of the boundaiy agh@3logs
peaks. \Wereas the aligned, repetitive signal peaks in the boundary signal
segnents coherently accunmulate to form an enhanced (cunul ative) signal
peak at the output of the additive superposition nodule 140, by contrast,
t he random nAPUH@78 t he noi sy 30 conjugate products surr obffdViEo40e si gnal
peak in each of the boundary signal segnents 15 August 2003 WD 00/ 49782
PCT/ US00/ 04062 15 produce incoherent addilsi on thereof during the additive
superposition process. Since the signal peaks add coherently and the
surroundi ng rsiEnslypaak daltict Soundaty i sipmehsgeient iy iadiingaiskablfismawesagastingd he
enhanced signal peak output fromthe additive superposition nodule 140
exhi bits, ovéPHYPOHHS| nproved signal -to-noise ratio. 5 The processing gain
and signal -t o- noi i anc it Pyt it

super posi tion rmdﬁ?té&liﬁ;rl\%?%?ggs Bbiﬁgﬁg&\?\j th tﬁigqglgﬁ%esﬁ]ﬁ%?&gg}an?\g%e sll4ghal
‘'segnment s supekinmpbeesodde d60 dud &ediack delay raxiiled 65) @pethergeoridmthe a@ifiset t i ng

this advagntage is.a corr.es di ng_di sadvant s.jncrease in acquisition
del ay, i noe Hereosidn Ay ofhst i snagion ooy dol AidsiragmBP SHBRIES t ne
cumul ati ve sitgnakulpefin acthiiblatidd of Benhey fnl ouligioud kRARIE AN S0HmE Wihfes T Or
i nstance 32, represents in an%happl ication a bal ancing between these two

conpet i ng i nthspgderaporplly spseatbbnercambobperod T lcomespending ulf8P sasples)on of

cont i guous sqjyjr@ N € 1eC yﬂ}% ol nt .| dary _.sj gnal
130 can be expr sggsd {}ér?htehefgﬁ o] nog:&hﬁgi{&h%g t‘)% ECCB&[HEEH% )Szf%éc{t-ﬁk
T. ) k=0 An othepaist, @ath aspmolatediresulicoutiot by cimngaton mathilpriét ésdélmgdiby T hat
synbol timng i r.eserveq .at h,stage thereof: OFDM s l's, input to
peak_ devellop ReboL B de 59 §renyEl itk S mhic Ceune SARBIO0 SR | ve
super posi t i 0rdEddr16 Yhd neké thpubBenpld) Thepoddsh Yepesib Gkl iRHATRRAPRs AtbRWhch
therefrom each have a tenporal period of Ta (corresponding to N =108
sanpl es). InWRW@’WM, synbol timng offset, as indicated by the

‘posi tioning of thgsly eajs ap Lhihdagve Langl ; .iS.. [V

t hroughout . Fi g. 7Ifl g%ﬁ%a#yﬁﬁ | ust rag¥ eésagf}ﬁéel.nst%grm gltatld\r/ezsflgl{sa?g%éﬂegp
wavef orm or remesents epaciuirindaionyof atl lpé theufmst seviphes of i afjne] thes 82 brentdagyutignat  f r om
addi tive aupe,

Eé)n(ljesnitst.i he ggc%lﬂll Gumulative sample represents an accumulation of all of the
second samples of all of the 32 boundary signal segments, and so on, across the
cuomulative signal segment.

Reset generator 170 provides a reset signal to delay module 165 after the
predetermined number of signal segments has been accumulated to produce the

20 cumulative signal segment. For example, if the predetermined nwmber of boundary
signal segments to be accumulated is 32, the reset generator 170 asserts a reset to
feedback delay module 165 every 32 signal segments. Responsive to assertion of the
Tteset, additive superposition module 140 accumulates the next predetermined number of
contiguous boundary signal segments.

25. l" 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 indistingnishable from the surrounding noise. Thus, it is desirable to further

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




25 140. Only the real portion of this conplex signal is grapheﬂsaa :§ b?g
i magi nary portion is simlar thereto. The cunul ati ve signal segnen o? 80
sanples is fornulated for a contiguous block of 32 boundary signal input
segnments, having 1080 sanples each. In Fig. 7b, enhanced signal peak 155
is nore cl eawbywaigti ngui shable fromthe surroundi ng acclaEpEEdoi se
products, whereas prior to additive superposition (FIG 7a), the 15 August
2003 WO 00/ 49782 PCT/ USOCQO 04062 16 si gnah; peak in the boundary signal
segnment is indistinguishable fromits surrounding noisy products.

Returning to Fi g.73 furlr CRARA! e RignhiE-RAdikio 6 &Hﬁﬁée@os?%lﬁie g@aknpﬁug% 140,

summat i on nodul e 160 and feedback del ay nodule 165, toge provi de the
addi tive 5 swupdatpnssiigriabputhericen eaditiveTuperposgiion metheltild isrogul ® wh&theddds a
present input,.s le,.to .the.result of an a %Y#tati n of s les in

cont i guous s%%gllqg %g%geﬁ’pc?fa?f‘ﬁpe CARPLES oF B’@&ﬁ ‘?ﬁ}ég A IP@‘-“'%%&E 5§ sB3peone
symbol peri oér kmplitder sReRPAdLMGiet kiR &amp! 88k - inphekiaYetd 68nd MRagLes t he
one synbol period del ay between accunul ations. Stated otherw se, each
accunul at &d feRedimens of ghetrresgatinyamtion. dellawsaoat-rabed resingairefjled Spseificaliy) synbol
period T", apd; Ragks, i ggyﬁ' where it
is added tgﬁltg ﬁ%‘pﬁ(%({eﬁgﬁ put sﬂ%ﬁ?g?d @%EE%IIF%E%{S&S relggg}}cgp lgg)piaa%?gqvﬂ]pﬂt

sanpl es acr oBig. dédcind is dgamisydntiygtointBisatmedtigying the Bt oNhemples oF syawbmlilsat | ve

sanple in the, | at L ve sjgnal se it represents an accumul ati on of all
of the fi rst"’g_ﬁﬁgﬂ%@“ Saﬁ‘f*"eggﬁemf)ﬁeg%%?@o%@g[rvsignal 15 segments. The
second cunul ati veAR#Riph & AGPHACRE Bwafhsf Gl uhall IRNuLl 18!dnedlh Hesaecond
sanples of all of the 32 boundarly signhal segnents, and so on, across the

curul at i V& spigssat indbeypramylativraigaal, fiemeatehed filter7 3 Smrenidasdhe eptinepesigwilgmal to
del ay nodul e ) i-gnal_.segnents has
been accumnul %%%gn@g&vgkgjﬁ%th?ﬂ%ﬂ%%&%&&ﬁg{%ﬁ%&é@ %\azlflslsg’ela Rttt Fot"Exanpl e,
i f the predetmvimhmen. rvatoksd Hifterbiddrisamplembmadbs adfiieipulse rpode qBIRY! at ed

SPRRIRNE T S ER E  WIL R E
addi ti ve supmpRQiiérkio0 Figo@ulli@trdlds oflg Gheehidiopforl dTand AlidreP5igAA LR B&H nNunber
of  cont Ilsg uOllzjlgtcl?é)dufri]l?e?rI%S,Sslir?cg%lle isnf:agggfap)} ssignal is similar thereto. The discernability of |
- the enhanced signal peak at the output of the matched filter, FIG. 7c, is clearly improved
compared to the discernability of the enhanced signal peak at the input to the matched
filter, FIG, 7b. The imaginary portion of the complex signal output from the matched
filter 145 is similarly improved.

20 Briefly summarizing the signal processing stages leading up to the output of the
matched filter, peak development module 110 produces a plurality of signal peaks, the
temporal positions of which represent symbol boundary positions which reprcsént
symbol timing offset for each received OFDM symbol. Signal ephancing module 135
enhances the detectability of the signal peaks by first additively superimposing a

25. predefennined number of input signal segments to produce a cumulative signal segment
baving 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 medule 135. The temporal positions of these filtered enhanced signal peaks




25.. As previously described, the output of additive superpositsangiRdloe
140 is a cunul ative signal conprising a series of cumulative signal
segnents, each segnent including an enhanced signal peak 155 therein. In a
hi gh noi se environnent, enhanced signal peak 155, although exhibiting an
i mproved si g@®WHY3hoi se ratio, can still be virtually inBf¥EVPEEIEShabl e
fromthe surroundi ng noise. Thus, it is desirable to further 30. enhance
t he signal -to-noise ratio. of the enhancedssi gnal peak. 15 August 2003 WD
00/ 49782 PCTI USOO 04062 17 To further enhance the signal-to-noise ratio of
‘enhanced si gRathipeakmaehflthke, caimiat dipal §%§%~]§usl QHHRUYborh rs%[hlagmaﬁéi?{gel
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superposition nodule 140 is input to matche ter 145, e tenpora

i mpul se r esp&isisleo}3Spatecivdisative plepymbeb boundemt pesitipns wrtGEDNhepebo!l diming
anplitude en ﬂ%ﬁpe of the enhanced signal peak input thereto, and in one 5
enbodi ment of the present invention, follows a root-raised cosine profile.
- Specifically, th@akenpndiskluniespadssepafallylie combinhtsh, fthd hefiti@OaHRSBGHRES O

T Al St BB
- thereof. See phs@ift inveRtid Arkbe intfldubiobR g RE ﬁé&ﬁ%e&@c}?ﬁlﬂéﬁ gta%% ﬂ&?{'%se could

be used to snooth the noise 10 present in the cunulative sign
mat ched fil t &fe Fstiyyeeiofes QB spniheempsisiga allango nembérsd fragpency enmsiats, f or

the desired sjgpal: G ignal peak.155. jin a Gaussian noise
environnent.gkﬁ&%hggﬁggﬁgﬁggf%ggggmpa yéﬁ%ﬁﬁ@@f£¥W?Wﬁ ite inmpul se response
(FIR) digital fiThenextage @iptialipdcating reqoinddidlestaMeheobat hink @8€d 1y er si on
of the conplex,sanples input_ thereto, Fjg. 7c illustrates only the real
portion df tFeddieq fhertemparplpesition of Hl?tmEﬂPJoPﬁali guipht fEefe gigppl enbrnemgsnodilnce t he
S gnal poak St pne S OR R B SRR (PN RE M AR M8 kb n iR G e

i mproved cofgvapledumber (o the sokamper sighalypesk vithén @rehfiiered) ingraive pimkt at t he
‘input to the fol | T @1 (b. The inmaginary portion of the conplex
si gnal outpufﬁg%%gﬁﬁﬁgﬁﬁh @ﬁ%ﬁﬁﬁﬁéﬁF%r 145 is simlarly inproved. 20

Briefly summari zi Riftete @omippnafignal 07 sstbmnofrah ageded Gaei M5 1sPprbAdéda |t put
nt. modul e 110 produces a plurality of

of the matched filter, peak dev 40 e
gnal péa O REScBrdelii e sabreed iered ieme remloamt
si gnal pe‘éks_,m hie peﬁgﬁﬁiﬁgﬁlmﬁg’iﬁif ISR fces &riered yighel P ary
posi tions whuﬁhteh@@fa@%ﬁﬁon,sa&n%&lpzé lifteR tHRfehS etin f dPeraBB8, Nsquae8! MEHiERPM
synbol . Signal enhancing nodul e 135
. generator 195 of peak selector 190 squares the magnitude of the complex signal samples
input thereto to generate a signal waveform at the output thereof, as illustrated in Fig.
7d. The output of squared magnitude generator 195, Fig. 7d, is provided as an input to
20 max finder 200 which examines the sample magnitudes input thereto and identifies the
‘temporal position or sample index corresponding to the signal peak.

This temporal position of the signal peak is provided, essentially, as the symbol
timing offset that is provided by acquisition module 75 to an input of symbol timing.
correction circuit 70. It should be appreciated that the temporal position provided as the

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

timing offset estimate. However, such delays are generally small and implementation

specific.




enhances the detectability of the signal peaks by first additiyghYsust 2003
superinposing a :25 . predeterm ned nunber of input signal segnents to
produce a cumnul ative signal segnent having an enhanced peak therein, and
then second, matched filtering the cunmul ative signal segnent to produce a
cunmul ative, wabwdvest-filtered signal segnent that is optinalIsope4e for
subsequent peak detection processing. This process continually operates to
produce a plurality of filtered enhanced i gnal peaks at the output of
signal 30 enhancing nodul e 135. The tenporal positions of these filtered
enhanced signal peaksthb tEmputaUmkitidh @BHVE AR R B IRET A ALHRE 2stdddisiti t hi n
the match-filtered, cunulative signal segnents output from signal enhancing
nodul e 135, ayebeldémiegtdiized.ofc So¥ibingep shal progrsing iiv tis deermdpEDMe prrizo |
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OFDM si gna?_l cclﬁﬁbffsf £PIHY 95 o4t d’g YR Siﬁ‘alftP@&% H&‘&D:caér’wfil‘é‘r to detgimminerthe | s
operating in PRAY j |- budRl S | i : ge of
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det ect the t eogtipakivpos ndisatiar oftthelredugneyl erpe akisting puwednrtbertransgritdr and

enhancing nodul e 135, .The oral pasition of the signal peak is, in
actuali vy, o ReeBsposge miion BB FrRlueP b 18 e dSloRe B et liebums’ pea
Wi thin the fighddateedn, Shotidltave yieldsi grab-phaRgaRBYN Giétdbkned bOEAMGHFeRRdneled
filter. Filtered conplex signal 175 ou.tgut frommatched filter 145 is

provi ded ¥s &Hor 1Ehe spgipeateprosiighat s aeipbef the signal pedo andin fagt efevergrother he

enhanced i | (81:eth HeAfabi PARKIBIM yililG JRRLAalRO Bchlil mallen AR Sk NOEX.
thereof. In Operation, squared nmagni tude ‘generator of peak sglector
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I he ot pit WA HE RS MiBhe bHTRR bEHED 15 e b ghimbRle b5, bibtied as
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essentially, fﬁ.‘ﬁuén@? e3P Ginple to calculate once the residual phase is determined.

Mathematically, the carrier frequency error Af, producés the residual phase shift

of 2nAfT between the samples at the leading and trailing portions of an OFDM symbol
that form a conjugate product. Thus, the frequency error is represented by the following

20 equation:

Af = Arg(Gpa)
2rT _
~ 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




timng offset that is provided by acquisition nodule 75 to an mmgugfgo%
synbol timng correction circuit 70. It should be appreciated that the
tenporal position provided as the 25 timng offset t may require slight

adj ustments to conpensate for various processing delays introduced by the
precedi ng si‘ﬁﬁ&?"‘%&ocessi ng stages. For exanple, initializBtVB#%H8t ays in
|l oading filters, etc., can add delays that need to be calibrated out of the
final timng offset estimate. However, smch del ays are generally small and
i npl ementation specific. 15 August 2003 WD 00/ 49782 PCT/ US00/ 04062 19
After the terpeseals, RAsciican r@kiveh EafileIRhdRS Softasind) O Shet 6f Mhd1Beksdd: O
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si gnal peak, Psr?'n%lﬁ% glgflgrg?rdg%qug%cryoqnﬁﬁg‘ggv ?l\llc lﬁgleﬂé’é%ﬁas{eg,b\{’r?ﬁ?‘ﬁghﬁ? F@S‘ﬂ?&’k t he
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el i mi nat e piE8eProvided Aidhe ButpRces matched il |45 s dnflicativg obmimde! timpe ¢f8sh dual
phase presentyzakolhRe B8 RhissRarYe 0 dhrricdRedUid Hrof fsR{Le matched fil ter
is proportional to carrier frequency error, and"the frequency error is

sinpl e to cal cul aleswamoeyt the medigwidofdbe pivsepe inventibat for recorediing Wambelrtiting al | y,
‘the carrier freauency.erfor. bf, pr e tesj dual .phase, shift of 2nAff
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bet ween t he sanpl es eadlng  an £RH*oFDM sy ol
that form a conjugat e peedungtthe DFDS niddalafed efgianfprededtidp 4 Serie€pf €FpM ed by

LINERE: e WSO T T T MU - SN NI IR
- leading and trailing portions having substantially equivalent phases and having
temporally weighted amplitudes according to a predetermined temporal weighting
function;
developing a boundary signal having a plurality of signal peaks thercin
- 20 representing a symbol boundary position for each received OFDM symbol, each said
signal peak being developed responsive to an amplitude and phase correspondence
produced between said leading and trailing portions of each received OFDM symbél;
enhancing the signal peak detectability of the boundary signal by
additively superimposing a plurality of segments of the boundary signal to improve the
25 signal-to-noise ratio of each of a plurality of ephanced 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,




25. (phase) of a conplex nunber - the conplex sanple - at the gj I .
The Arg function is equivalent to the four quadrant arct angenﬁg‘g&rj%%%?)ﬁe

arct angent cannot detect angles outside of a 2n wi ndow, the frequency
estimate is anbiguous up to a multiple of the channel spacing, 1/T.

~ Nevert hel esswownh#9382f r equency error estinmate, together w tITURINE4068 ng

of fset estimate provided by the |location of the signal peak, is 30
sufficient to allow the commencenent of synbol denodul ation. As

denodul ati on 15 August 2003 WO 00/ 49782 PCT/ US00/ 04062 20 proceeds,
subsequent receiver frang, NAgY Y =PL; Ok, par.t;.of resent
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ext r act ed phasgmempof the heynday signal e suirhed filrsediarthysdortheregbemae thesignak  Af |

whi ch i s the r Ovi I SELI t equen correction
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derived. In s‘lﬁﬁ‘aﬁ“’&ﬁ caFEeéa%élP%‘éi eggor frpm fedeeshted; Ak sigwal isevidehsviaestng
synmbol ti m Noysief fngeilifRa dy@BéiMinghg QU HRNGYries . %%4 Hgnal
conprises the aglt e%%_o%c r_%cei Vi nggthe OFDM mdﬁ%ﬁg%&g?%ﬁf re ro?s'}g'%i ng a
seri es of OFDviEecong epbpdmeptxdlacisitiomyadit 75, roherdirehyst eadionir modveringi | | ng
portions ther : ' Llin Qrtjon ving.substanti.al |y
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i nprove the

filter 145 of signal enhancing module 135 are each accurately representative of received
symbol bbundary position and correspondingly, received symbol timing offset. Under

such conditions, a single detected signal peak output from matched filter 145 provides

+20  the requisite information leading to successful demodulation of symbols by OFDM
demodulator 100.

On the other hand, in a noisy environment, muli-path and interferers have the
effect of producing either additional false signal peaks or of eliminating actual signal
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 signal -to-noise ratio of each of a plurality of enhanced signal R§3k83
produced by this enhancing step; establishing a tenporal position of the
synbol boundary fromat |east one of the enhanced signal peaks, this
tenporal position representing the received OFDM signal synbol timng

of f set; and,waBo#agust 2003 WD 00/ 49782 PCT/ US00104062 21 WEC&#ep4lelg - t he
recei ved OFDM signal carrier frequency error corresponding to the tenporal
position established previously. In the skhep of enhancing signal peak
detectability of the boundary signal, enhanced signal peaks produced by
the additive SUARIBOShhmORbeOlOhdMRish] 8 MdulsHioR rocBssSE QRALS Bt sh& fgundary
"signal are matched filtered to thus further enhance the S|gna1 t 0- noi se
rati o of the thitaheslymbyl tohing nffsat codliditehal peaks produced by the enhancing

tep. The f i t tus f iri i
Synbol L1 ng. o PO et FRRAE Ry LA RS ES i Er ov
signal provi drak hevepaient H&RIC 1 104aQUH] édancsipiaeduld 135 Aopefihsaty 1

~carrier frequency error. Referring%to Fig. 4, 10 in a second enbodi ment of
acqui siti on rseRsPingrsiages similap tor e distt capediment of acquititeremogle 78y Hewteveri i ng

offset and ' i { f
Sddi i onal o1 abadftent SEAMGRALs Rl Qloct SrURAEH Glttad the Rhopblif FREIEF b1

75 incl udes shgretiversigeb Sigep! 1 Teatput dont gl enheidg waduly 1350 passdeprobl ems

associ ated with, si | fading apnd 15 i ference enonena. .In_a benign
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filter 145 of signal ‘enhancing nodul e 5 are each accurately
r epr esent Ht i vespghserof g NIk filterdsy preb [tha Sierferst seoply iredetyad aigniale nprehpretedirng| v,
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si gnal pea
i nformati on |mestlireegnityofiBered esmhedd sdgrab dedka tnpon toofIRSHld ALS dby ndoktDMavily

-denmodul at or 100. he ot her hand, in a noisy environnment, nulti-path and
interferersIﬂﬁ%ﬁ%ﬂﬁhqﬂéﬁﬁﬁﬁﬁ?eproducing_either addi tional fal se signal

peaks or of el i m nads NGutRklHg csPRAI sigREakS @pud B IOUtMEE Bfs thfprisad ched
filter. The additional signa rocessing presented b
15 contiguous blocks of cumuiative signal segments of N, samples, IIR filter 215 filters
the first sample of a first block with the first samples of successive blocks, to produce a
filtered first sample. Similarly, the second sample of the first block is filtered with the
second sainples of subsequent blocks to produce a filtered second sample, and so on, to
produce an output IIR filtered block of cumulative signal segments of N, IR filtered
20  samples. In this way, IIR filter 215 can be considered as a bank of N, IR filters
operating in parallel, each of the parallel filters filtering samples occupying the same
predetermined position within each of the contiguous blocks of cumulative signal
segments containing N, input samples.
~ In detail, within IIR filter 215 are a first-stage coefficient multiplier 225 for
25 muitiplying 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




25 the second enbodi nent of acquisition nodule 75 conbats thes I.QUS
effects by validating the tenporal consistency of the enhance%sgﬁgigﬁbog
peaks output from signal enhancing nodule 135. If the enhanced signal
peaks are validated, that is, tenporally consistent in accordance with a
predet er mi nadoowdsteeri a, then acquired synbol timng offsacCramdoeasy i er
frequency error is considered valid, and the denodul ati on of OFDM 15 August
2003 WO 00/ 49782 PCT/ USO0/ 04062 22 signal,g can conmence. O herw se, the
acqui sition process is continued until such time that the synbol timng

of fset 1s valbglaliagd gl \idAmphied @ £-d0R1SEGHR L FRANMAERey Yrouie

acquisition dule 75 1 ncludes “peak devel opnent si gnal
- enhanci ng noddf @011350135 tp thel gumintedivg psiigher durﬁloprocﬁcbaspnedgexmlm@emmﬂ:enbf ar to

the first e 0 ui s ul.e gr, ubsequent, si gnal
processing s gbrécg% %“%&8%’3“‘63 h\?aﬁe&‘gggwfiﬁé‘“?e&?ﬁfi Béfﬁ'i“éet %"ﬂ’@? 8?’0“ t he
recei ved si gmaldule3i4gNFor inéandd) wbile of B16dR @ﬂ%@ﬁm@i@&@%ﬂ&lﬁv&%@

provided to the input of an infinite i mpul se response fllter 215

which fil fer dhg hbloglf dadayl impaped by deder drcyit 2AQ ispi2on T des NaF 08q$amniqm1éw@1 si gnal
220 to an OU{PQ ot hereof. The inpulse 10 response of the IR filter is such
that the nos e 'ent |y received signals input thereto are weighted nore

heavily than the fRefiliecadsdignal 20eivyent fremdifafikteri 1 puimildrao eiecfilicidil) somplee  nost

recentlyfllter nhanced s | peaks input to IIRfilter 215 are nost

heavily wei § édl St“‘?‘ﬁé"g‘%ﬁgg{ﬁ"teﬁecio@é’flsesI\?BP’@%&%%“P‘CW‘?W“@S%%Iaé$95%| gnal

175 input t o chhtRRubid merﬁuaﬂeé cﬁﬂmﬁvéﬁgnar AQmEAR! tAH QiSnddt REHSy %ﬂpégj/mbb tive
anp

signal segnents of N sanples R fi 215 filters the first e of a
first bldék wered Thend inchdingampiped potk Sateires Thwse syihled kisning soptimeu treba

filtered fir | agl second sanple of the first block is
filtered w t%gesﬁr%@"lét?éeoon sgﬁrr% gg%@?subsequent bl ocks to produce a

filtered second saeakl selecﬁﬂd4$mpatatmg amﬂpftmc!lmbsaébt@mmmesédﬂadfprévﬁ(ﬁﬂ@d bl ock
-of cunul ative segnents of, |1 20 sanpl es. Inthls way,
Ik filter 2f§asl&l§ esbté‘eé E‘?rﬂle’?cgﬁmﬁs“f eagéuluig %‘ﬁ ngs1gf’ﬂ poakiapwt thesger 484 ng i n
paral l el , eaghovies HiieRpbal h&itidnl dris@hple fiidek 5 WRHB S RIESmOGAL PYS. "Whihe sane
predeterm nedn];ﬂ)om tion wWthin each.of the contiguous bl ocks of cunulative

signal dégneaidstedothisdpmpergl Hﬁlﬁlhpﬁpﬁ}lse%%ﬁfb‘? wanbol wmingrodfet AtyyindthephasdRas i | t er
215 are a fi li8frmihdP Gt %@ijah&dte?f&gﬂw iuéa@l b&{mz%?mf f nr filter, is used for

determining the carrier frequency esror, by the method described previously in relation
to Fig. 3.
Complex signal 175 is further'provided as an input to peak selector 260, which
.20 establishes the temporal position of the epnhanced signal peak present in a current
cumulative signal segment of signal 175. This current cumulative signal segment
represents the accumulation of the most recently received block of superimposed
boundary signal segments. The current temporal position is provided to an input of
validation logic module 255,

25. ~ In addition to providing the current temporal position to an input of validation
logic module 255, the previous temporal position, that is, the temporal position of the
enhanced signal peak in the cumulative signal segment immediately preceding the

- current cumulative signal segment, is developed and provided as an input to validation
logic module 255. This immediately preceding or previous cumulative signal segment,

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




25. multiplying coefficient a against sanples of filtered, conpie@xqsit?nak
175, and a subsequent accunul ator 230 which accunul ates the meigh?ed
sanpl es output by coefficient multiplier 225,-and the del ayed, wei ghted
sanpl es output by feedback delay <circuit 240. Second stage coefficient

mul tiplier 286%/A#82ch wei ghts accunul at ed out put sanpl es BfyI/ES00/04062
predeterm ned factor, 1l-a, and feedback delay circuit 240, together provide
30 IR filter functions well known in thegart of IIRfilters. However, it
~shoul d be 15 August 2003 WD 00/ 49782 PCT/ US00/ 04062 23 appreci ated that the

tinme delay i gpabhent Qgdeeshast saniedy Prect8eIhRGKoH bR kdebiMEd 100
corresponds to the cunul ative period or duration of the priedeterm ned
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conpl ex  Si gReRresengtiyen 9h ¢ the omRediftel precedipg 1o EpsTIARYsedh omadary ; Hjensl
sanpl es ext epgdi,pgacross contiguous IR filtered cunulative signal
segnents, each segnent having a full synbol to period Ta and including a
si gnal peak t her eilhe piehieys tesyneted [posiiion trydeyelopédbie smpartidpea tipreedabayvedhat t he

output of the IIRfilter. .Peak,select.or 245 operafing sjmlar.to peak
2ol Bt or 160 PISEH RS P by L fo6 8Py RorTema® ke camplabar PisdroeRER of
each IR fil bjcRUtif goddterp@al mingher) bheswidary aApchl sBERMits @sa tad Sddigrapr al

position or sanple index, to validation |ogic nodul e 255. Wen 15

val i dat ed? t SHRSTHRRSHE A deysinn & suamlative sigaal sssmenie In{heissrmple bong. Bt time At
and t he phas ] t =Y&do ' - pea t . mt he
IR filter, iﬁgla gglég %@S%g?gr?ﬁ %aflnljg‘ ;{ﬁég %g#%?%@bgygqrbogzc? eieﬁ&r(%lrd?ﬂ §/§)t he
met hod  descr ipbwidep tlevegusiteydelay to Bieatuitent terpporfli ppsitidn ifunplessto, sind peividky5 i s

further provigded as_.an input to peak selector . 260 ich, 20 establishes
the tempor al 2By e TRt cfndiestEh gRit pidiorpl B aBeeron 15 Gopiuh

cunul ative sikgpal segnent of signal 175. This current cunul ative signal
segnent. represents, the accunu @Fion of the npst recently received bl ock of

superinpdSed boufftiBHsf SEMERE] ok freyne the fllapingntet ek temiom! ReglensiBn | s
provided to @povidda's irhts 1/ Al 108ic @t 235dul e 255.

1) The IIR temporal position, corresponding to the position of the IIR
filtered signal peak in the most recently provided IIR filtered signal segment (output
from the IR filter);

20 2) The current temporal position, corresponding to the position of the
signal peak in fhe most recently provided cumulative signal segment; and

3) The previous tempofal position, corresponding to the position of the

_ signal peak in the immediately preceding cumulative signal segment.
| ~ Validation logic module 255 performs a predetermined temporal or positional
25 correlation between the inputs thereto to establish whether the signal peaks output by
IR 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 HIR filtered signal peak is determined valid and is used for




25. " .In addition to providing the current tenporal position t n i of
val idation |ogic nodule 255, the previous tenporal position, f%%ygys&%‘(ﬁ%}ﬁe
tenporal position of the enhanced signal peak in the cunulative signal
segnent imedi ately preceding the current. cunulative signal segnent, is
devel oped amgopoexsded as an input to validation |ogic nodtl/esies®62 Thi s

i medi ately preceding or previous cumul ative signal segnent, 30 and the
previ ous enhanced signal peak therein, repyesents an accumul ati on of the
bl ock 15 August 2003 WO 00/ 49782 PCT/ US00/ 04062 24 of boundary signal
segnment s i mreg} | ¥ eﬁﬁg(; t : b ved. bl o t her eof .
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-position of the si gnal peak in the mpst recentl % rovi ded cumnul ative
si gnal segment™ S B P orh & BFBAEARt R BErsaOnp sECPHERT! dicRws e BIRYCt 0 t he
position of tymwisthAnr acRBGkon Probf8 veNABA:RH B! usRh&ER k&%sféﬁamc{?ﬁsmbﬁ of! gnaf
segnent. Validation |ogic nodul e 255 perfornms a predeterm ned tenporal or
positionals symbol timing offset and carrier frequency error as a prerequisite to the acceptance of
- demodulated data output from OFDM demodulator 100, as optimally demodulated data.
In the event that validation logic module 255 is unable to validate the temporal
position of the IIR filtered signal peak, the acquisition process continues until such time
as validation of symbol timing offset does occur.
20 The additional signal processing provided in the second embodiment of the
acquisition module of the present invention ensures demodulation of the received
OFDM signal only after symbol timing offset and carrier frequency error have been
successfully recovered from the received signal. In the presence of signal scattering,
multi-path and other signal interference, the second embodiment provides a level of
25  confidence that the received symbol demodulator in the receiver provides correctly
demodulated data at the output thereof.
By further providing a receiver that employs diversity selection and combining
between redundantly transmitted and received signals, the ability of the receiver of the

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

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




25 correl ation between the inputs thereto to establish whether 1£Rgq54:0R5
peaks output by IIR filter 215, as indicated at the output of peag

sel ector 245, are tenporally valid. Specifically, validation |ogic nodule
255 determ nes whether both the current and previous signal peak positions
are al i gned WPOW#%82a predet er mi ned nunber of sanples, forPCHERYHPES2 10
sanples, with respect to the IIR signal peak position. If they are, then
30. the tenporal position of the IIR filt®mred signal peak is determ ned
valid and is used for 15 August 2003 WO 00/49782 PCT/ USOQ 04062 25 synbol
timng purpos@eoveAditkfchtdnainlig offte aM@lchiet @dgdehdy éddrtid Gk OFERk,
corresponding to this validated tenporal position, is used to determ ne
carrier f requagelis PEsvidse. i n t he same manner as was described previously,
usi ng phase extra I r .4)
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status si gnal Sgssed i elation todbnirspembagiment PLIR Prge BN iongBith the.pxaentigaul at or
control signahai99.arepab! @epiihsg A4ddoR ther €X y. DM
denodul at or ?160. V_\hef%gr val i dgﬁiﬁgﬁ%giéc mtggldgﬁgigghe?%ofi s%égyfc?!tlﬁoﬁlgg to
exi st wit hi n tzasemitisr piodwcesraudiiransiiis &y theidiversity sensivendf the thitdrerebddigent modul e
85, and the £ i ' | at.or.,100, qr, t he

denodul ati on pro u%g%“”%%&?@i?im 1?()5(11 %gﬁ%g %Og%g%? é{feﬁ%'o?}g%’ﬁ?d’t‘@eﬁ%mh
SﬁECidf ics of fdfhhe sim‘beﬁcﬁrthcdrméaeft‘s a@iuralith af EFBM ﬂmchﬂhtadmedluam&}hearﬁa@ QFIG. o

enbodi ment o cquisition ppdule 75 is that the acquisition process be

Val | dat ed1f o et b6 sNERBIE ertiet et SriEs Ghecobosts QURbSFIPNRTS

of fset and cagpivRin Fieiency error as a prerequisite to the acceptance of
denodul at ed data out put from OFDM denodul ator 100, as optimally denodul at ed
data. In the everfthisdiearsitydPFIdtsignal is drghsenifiesdey the OFBM divenstp lensnottergb i dat e
‘the tenporal - en. of -t h LR-fit i | Kq.th cqui,si td on
process cont |tﬁ§§$ﬁj 1}2{& fvfgrsggé ceiviellrr?e"fl tﬂfs%%ﬁ?%%tg{] %ndeg‘?}&ge%ﬁqa@n °nt§e gl'ﬁ? set
does occur. Xonbbdinemddf theqnedentSingesibn. plosieskl) hogween\be dpprebiatciRatsia abiad
enbodi nent_ of ,the _acquisition nodul e of e present invention ensures
Gonodul at on B ERECEAEH i gV RBUErShAchYR GPin Rt Brres GRS HOABETST  set

and carrier foRuHeNRuiSE6RmholaY SndERRionBUSHESbItbdide eQRRMAS effedt iR} ihe
received signal. In the Eresence of signal scattering,

selection and combining between the two.

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

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

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

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

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

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

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

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

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

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

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

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




mul.ti-path and other signal interference, the second enbodi rren% ﬁré)vsi 2@ a
| evel of 25 confidence that the received synbol denodul at or in? & é @/er
provi des correctly denodul ated data at the output thereof. By further
provi ding a receiver that enploys diversity selection and conbi ni ng

bet ween reduowmolaimslsz transm tted and recei ved signals, the MIVUS00/(HIEG t he
receiver of the present invention to conbat the aforenentioned del eterious
signal effects is even further 30 enhanced. In the third enbodi ment of the
present invention, such a diversity systemfor 15 August 2003 WD 00/ 49782
PCT/ US00/ 040625 2£y, rs@lgs%ﬁaolgnﬁ BoafEGhe bilghdl Mol edes@Mfld GREMB HHERIHRNCY
error froma’ diversit signal I's provided. The OFDM nodul at or

provi ded at ®hé secpnthsembediigente afithefpressat wivension, wigh thestxeentioh thathettt teped

enbodi nent o t i f [ .l ar OF nodul at or. modul e 25, 5
di scussed in%%?bgfcﬁghﬁ?%dt%gﬁf%}? ?ésgﬁr%%ddislré’rage t “ 87 " e &83@‘5&?’#9@%¢0n,

wi th the excepdh ¢fnhd tiger anddbwer SéquyndoFilbaidgnad subfcted @ ibd@tbnal pobdsigut put

t hereof. Specific Ilyb, the, transmtter produces and transmts to the

di ver si ty >r e€@Betesgived REVionsly o Tetier iretiriohsisapilawae hetesd the waighs i n
both an uppe@igﬂ%;race!s@ﬁ?gs%u@wszﬁﬁ@'@* Plrisllchsey 68 oyl HeaAbgePands

“enconpasses a plurali OFDM nodul ated frequency carriers *( 0 1a),
~and wher e t h&hss, ddtharegadtto dest tpper fud nveer seicbad wfjuisitop axidhles,GiDMadyiebol s,

as shown in_ ig..1h. Thi iversity OEDM sj.gnal .is transmtted by the OFDM
diversity tr gﬁ%ﬁf’tf(fnelf p‘iogld%il ﬂoé\{wf)ﬁﬁpéff\si&eﬁof @gf%eﬁ?wl}ef{aﬁswﬁs%an)é manner
as described in rRE@ibif g toFGH 5 §per fodvash aBnt 304 istsk]gje&é&%ﬁ%qdeﬁ%?n“ on.

It should, however, be appreciated that in this 15 third enbodi nent, the
di ver si t 10 ed@Figa Iroretsiigey BRAKIPrasestipp aoduls $2aU) whish inghedes dethy the iealeband

acqui sition Lt 1 essl ired t ffect

i versity o ool ediChid AR chaPRL s ARIRN RS pEIT W CIRAEE s | |
the third enbodile’t0UwhidheprorileediR ifilteedt sigm] pgebles tadithee b8ipty thiepREi fwer
-includes -a front-end receiyer I not shown, that provi-des a 20

recei ved anaF‘bbﬁeﬁgﬁ\W%qt&ﬁqaﬁ_f%}eﬁqﬁgﬁsﬁput of AID 295. The sanpl ed si gnal
output from A/ D 28pui t6 upped ¥idelrad vliddien lapithodifle S00ERANE FSIRRARALIHIS00

whi ch passband filters _both the upper and | ower frequency sidebands

present i'A the receiveld 187 éwanordl Positisns greresenting IR filtered signal peaks output
' from peak selector 3351J;

o

2} the current temporal positions 345U of signal peaks cdrresponding to
the current blocks of contignous signal segments additively superimposed by peak
processing module 325U; and,

.20 3) the previous temporal positions 350U of signal peaks corresponding to
the previous blocks of contiguou§ signal segments output from peak processing module
3250.

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




upper sideband signal 305 and a | ower sideband signal 310 at r@gp@?ggt\r‘@m
out puts thereof. Upper sideband signal 305 is provided as an inpuf to
upper sideband acquisition nodule 25. 315 while | ower sideband signal 310
is provided as an input to | ower sideband acquisition nod .

Addi ti onal | y‘,yot%ff'?‘?s%i gnal s 305 and 310 are respectively p?@\?fpg@%“{% at

| east one receiver circuit, such as at | east one correction circuit and/or
denodul ator, etc. Up to this point, the sEynal processing, as represented
by Al D 295, sideband 30 separator 300 (the passband filters), and the
respectivel y mputsacqppei sidendronghisition Sstaterg sgbal 28887 WO 1806vid&17 82 diversity

PCT/ USOQ' 04062 27 .3_1}"? 320 (h]i%t antially replicates the signal processing
described in FEFAPPBIEHIINE 7% st and second enbodi nents of the pr esent

i nvention, w th thepexeRigbdn@nacyhisiiol chfiuiPReT furdel hOMRs & deRandicpaidhs are
presented. Stated otherwise, in the third enbodi nent, each of the upper

and |ower fr egjihod imisgiehaaissita e the diyesdtycymbininglogic madile pibcEbsparges

st ages desgri i |- i i f1ow bet ween
the var i ous  Bepiein BN dafd b o BT WAURI AN Beiafit fRaBSL°0C
‘previously detchidped. Spddifisallyviht lermoe gaddived by eodufepss 718 Rehidloiesrpsiatte kand
acqui sition nodul es, onl brief description is provided for those
aspects t her eB2s¢ FEFACHY é’f\{ﬁl gfﬁq%%‘f’lf geneTiis ey resRonskRSt t9r the MR Slerd siegalr G

5, upper”si deb@nfa i t3MAL estiditd A&, Hiphi @cked. i n sequence, ro to signal
processing by peak processing nodul e 325U, which includes both the peak
devel oprment nodul eHawie bitaflyadeseritied rib¢ mperatbuudbiouptes sidetrad geqesition shodpleand

TR filter L : ' V) .LIR,filtered signal peaks. t he
output ¢ nd¥ eor 1 3 Sl b Rl itShe b ploctiPlaBps o SR by AR =B pper
si deband val i stahishien|mgiuk 3p0dubeedil substahthdly@hivalhn@asico AakiSthe upperl) t he
tenporal positiQns, represen IR filtered signal peaks output from peak

tin . :
sel ect or 335U5idPpnd.pdlary sheeificalte g dieareep dis T pdetandy, apprationgHi | capialkat
“cor respondi NGsibehl pedt@ssiid! MOMieLHASE ke ' ; “y
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nodul e

and a carrier frequency error correction signal Af, to diversity combining logic module

370. Further, lower sideband validation logic module 340L provides lower sideband
acquisition status signal 355L to diversity combining logic module 370.

The diversity receiver further includes a signal combiner 385 for combining

20  corresponding IIR ﬁltered‘samples output from the IIR filters 330U,330L of the upper

and lower sideband acquisition modules 315,320. The resultant combined signél 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 ﬁutput by medule 392, both of these signals being provided as inpuis 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 emror estimation, as represented by At. and Af;, respectively.




325U. Since the signal processing nodul es that generate signal
350U were described previously in relation to Fig. 4, they arz5%‘§§bétaz%63
redundant|ly reproduced here, and 25. are thus omtted fromFIG 5 for
pur poses of descriptive expediency and clarity. Upper sideband validation
nmodul e 340U WP&P/478% in the same nmanner as was ..descri belCPFEOEEL1y in
relation to the second enbodi nent of the present invention (FIG 4), and
provi des an upper sideband acquisition status signal 355U at an out put

t hereof responsive to a positional correlation between the tenporal

positions at its tRE@Rst emwéts,%@(ﬁvéégtﬂ@éé}%%ﬁ%igﬁ% %*ﬁ?%g%ﬁq%@p“ts'

Upper sideband acquisition status signal "355U i s provi

conbi ni ng | ogimedwedil.evidcthas ppethersiodbb olidwingapignelst | on nodul e 315 furt her
provi des an upper sideband s ol tinmng esti.nate t e diversity
conbi ni ng | ogi ¢ nmodul e ?BPerfﬁ‘gp)ggﬁlfl%ﬂmggaw élé?f’g%%@weaflflg'ﬁgﬂzf uis derived
by modul e 367U in accoryjapss awd foveP5idsiadl §irvbol iseisSoTReks WNeCHAT Aves.
Specifically, the error_is derived by nodule 367U, whi chelﬁrilhcorﬁorat es a
phase extréctor and freQuepREpnlonst siflehand pasrier fiequensy poersi e apd Afhend,| R
filtered signal 360U i i gt j reto. Haying briefly
- described the operati -O%B%Pygg}ggg’wgllﬁ%‘ebang dgféatuétg%éghﬂﬁ% ufFE %e(g%g?y it is
sufficient, toAfippreciate that the signal processing perfornmed by | ower

si deband acquisitjon nmpdul e 32Q proceeds in a, substantially equival ent
manner as in the uppEPIE tﬂéb‘&ﬁd?&%tdé‘fe%c‘i@’i%%ﬂa &P;glca"ﬁocb'& &Zé&ﬁmmdés o

si debands, openhts MAdok ¥ ARAELY JeBAT375SHARR!ofREOCRE 37A BErdaFLERyREAF Ache
sanme nuneric designation in Figure 5; the™U' suffix designat P’ng the upper
si deband, 1 he Diversity ftatps sigeadi Yaisi provided ab enainpyi edisersity rSeivenerntsildeband
acqui-sition 0 I Oleetd M estimate At,, an(g carrier
frequency er pg%%%r%bt%%%ﬁ%%éﬁﬁ% Otﬂ(‘iﬁ’gedfu\l/d;r Si 'tlvc%oerrrrﬁf nalrénémi’vd t?dta:lt | e
370. Further, démodilation dpbesssing ahodldd itoncdreegi einiiigWng Bddlenddt, 0361 desribener
-si deband acqui sjti.on status signal 355L to diversity conbining |ogic
modul e 370. TREVEIIEr si ty receiver further includes a signal conbiner 385
for conbining 20 pREkRPRAAGIMAG 1diRnidduicer0DrsRIRNRS dRUbRM borhbig iR
filters 330U, 330L of tﬁ% upperg aénd | ower sjq)éeba_nd ac_qgi%iut?on rm(;lkﬁ%gs
315, 320. The Pweemingmquiehis eyt $ic gaproptiafe signal pair, consisting of a symbo! timing

offset and a corresponding carrier frequency error, from either the upper or the lower

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

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 3401 operate

25 as ciescribed in the second embodiment (Fig. 4), providing as outputs their respective
acquisition status signals 355U, 3551.. 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.




i nput to peak selector 390 which operates in a substantially si]grh[ﬁg&
fashion to the previously described peak selector. A conbined sy
timng offset Atc is output from conbi ned peak sel ector 390, and a
conbi ned carrier frequency error Afc is derived 25 and out%Jt by nodul e
392, both of WOW@4¥8ki gnal s bei ng provided as inputs to di vEFEYRY/0406Hnbi ni ng
| ogi ¢ nodul e 370. It should be appreciated that by conbini ng upper and
| ower sideband signals, as by signal conbsmer 385, additional processing
gain can be achieved, thus leading to further accuracy in both synbol
timng offset and Refingko FIG. BOWRIOE yepRdsas the Sbdisiaal il sehotisiCRhR6Roties) by
Ate and AfM respectively. 15 August 2003 WO Q0/49782 PCT/ USOQ 0406229 As
i|lustrated i ke ecosed bhelivrgfyr ombjnipg dogiq erodpls i T0deedueiEPsperfpreofitsi ni ng
and ©ower Si AShanireet PRI RatBdh SB Sh sl e SR OR, Rjghne PP
si deband symbeymltal inig wifstsat] safitt frayuehcitelpr By o;xtpmehc?refndnzl ower si deband
ot set Atcoand combi ned)ebs uEbYTEAE e ToHe Shoth o gReHusE Mhput s
di versity conpienicRetch @6t the MRAHSIRatHAOpBERY if06sheP bidetAHE REGuIsiliEHERE sRnal
diversity signal 375, timng offset At, and carrier frequency error M
Di versity staBtd) dndjerdes 3781 ivppesr gdeband sambah ticipmitoffe, ding elosiet ysidebadi ver
Cont o1 o TR BEe 5ot udhal e 6 ed LRGSR
frequency, as(XlGss midoks 500 adisofsl y. _ ‘Diversity conbining |ogic nodule 370
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e appropriate signa ; : L a
cor respondi NGAE akd deflctcli THAHS BENoRIatiOA probbsd 7 181wk GdebhilfacRRfibn Yatds @@ﬁhow
frequency sideband acquisition nodule, or froma conbination of both (the
conbi ned = si gAHL padigates walidadowenesidebaed rpapbple liming @éer mnd cuppmtsidebardher
-acquisition i Lr . i-al l e SEIY a 'smart
nul ti pl exer t%cqélgﬁl flts:?ag%sa?]‘%ﬁ 22%%?? %%?S\Anﬁ/elgénﬁdz'g%tz ggaﬁa}lgéy%é%%ﬂm iWRg

of f set and ca(HlGes, blockgtitna 586y or pairs input thereto, for its outputs t

and f 15 3) if the upper and lower sideband symbol timing offsets are both

OSIt 2003

validated, then diversity combining Jogic module 370 determines whether a
predetermined temporal correlation exists between the validated upper and lower
sideband symbol timing offsets. That is, if the upper and lower sideband symbol timing
offsets are within a predetermined number of samples of each other, for example, 10

20  samples, then combined symbol timing offset Af, as established at the ouiput of peak
selector 390, and combined carrier frequency error Afe, as established at the oufput 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).



In the operation of the diversity receiver, each receiver si degiad i

i ncluding the upper and | ower sideband acquisition nodules, o Hglés; 2ID(S)I?’

the nost part, independently wth respect to each other. Each of the

val idation | ogic nodul es 340U and 340L operate 2-5 as described in the

second enbodwvoente7§di g. 4), providing as outputs their respEuls00edo62

acquisition status signals 355U, 355L. That is, upper sideband validation

| ogi ¢ nodul e 340U val i dates upper frequemcy sideband synbol tim ng offset,

as represented by tenporal positions output by peak selector 335U, and

| ower si deband valSigtatth®Rohbiged sighd) diehie i3 Atmed aé kbl AbBHvd CMBhinddRIMEREY

sideband timng offset, as_ represented b&/ the 30 tenporal signal peak

posi ti ons out!papomiy rerdard eice apdlovassideban signglineake0od sinte 08y tapet

PCT/ US00/ 04062, .; [ t [ r esents t cisional and

sel ection ( tsﬁlgflgg{tﬁ%%e UBPE 59@%%’%3%? ‘é‘}gﬂﬁffg’ & Re/‘%sm ?3“ T |eﬁlﬂﬁ%l€eln?f§fa

nodul e 370, rmmditioe &7 €hepeniitongts sighel pdalil Isomécagartile cidmbigiadd (o alel GahinoR)
steps, and _resg nsi vedt her'etfo, .ael ects, the foll ow ntg . symbagl timng offset

" and carrier ¥ ‘%f?éﬂ(‘fﬂ? &71R6°F PEFNYR Ve HR farcppitifuest sgnal ppake. shhwerel

symbol tim ngkeREHSBY0 Mecd 3 2akh Ivathid 1b&d t he

denodul ation process if up gr Si debandmgggﬁagf??fiﬁgﬁq Ea?’%fﬁg%??%’gsr S&gggu

i ndi cat es valseapleppidher sidele peyeriewertsidebang tehiaatposition) i osder todindebdnd

acqui sition J i .1 ndi eat inyalid | i deband synbal
timng offsetSets ﬁ%@dﬁ E%fagggétl%gf%’gﬁgéB%f?%Equfﬁﬁ%?mgﬁ’ @'ﬁr‘iﬂyggfgbol
tining of f setsedith, mnckssing rimey afid equiity Wi oF reddfel, aine is@tLREad: ot he
denodul at j on qcess i f | ower sideband acquisition status signal 355L

i ndi cates'%alFEFEXST MEPRSESnd synbol timing offset, and upper sideband

acqui si tion stat upsd:sl nazakb 10k FRUSS 3 (Ne | S I
timng offset (FI Cli rSF}%bOI ocklsiéS 0 and SEE??égalgggyﬁielﬁ&%tﬁdegﬁg%ggwadﬁ ower

si deband syniegic {ANDh §Re N FotX0Ry @dc-h @ty ampl¢gia tseftivare edulds exscsiitg/on a

-conbi ni ng | ogj ul Z t er f whether. a predeternm.ned te ral
correl ation g%{ D6 s‘g’bae?m\/\lgbélgan(tgﬁé&\}lg% f&g%{“é’&: é‘b%sé’?g ?ﬁd‘)tﬁ%v% venuo @Bﬂrgg‘gl'/ nbol
tining of f setfaunthdhatshirdd bé dpprdointadpey inalprb@neinvetiohs iy \shrtai Phrtitibiiha 0
of fsets are withi,n_a reagleterm' ned. nunber gf sanpl es of each other, for
exanpl e, $0 B ‘egfmfmsionalifjobetwesnhe upper i dywar jsidebapd grlidation dpgic mogules
establ i shed ahdtthediQbts®borinid® dgic 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 timning

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

chiosen for the demodulation process. If, on the other hand, each sideband is validateci,

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.



sel ector 390, and conbined carrier frequency error AfM as estg@hha@@lg@g
the output of nodule 392, are selected for the denodul ati on process (Fl
8, blocks 520, 525 and 530); and 4) if the upper sideband and | ower

si deband synbol tinmng offsets are 25 both validated (as in the E)revi ous
step), but tWOUWPEHEr and | ower sideband synbol tining of f sE¢EUEE4EHt
tenporally correlated, or if neither of the sideband signal timng offsets
are validated (according to the previous $ep), then no synbol timng
-offset, nor any carrier frequency error, is selected and the acquisition
process conti nues IfiFim@nag, thodivetsity ns20d 0526 pesseht HBkhtiorlHr Adgesihg N1 WO
00/ 49782 PCTI USOY %4(%62d 31.Sifnce t he c;)}{_rbi ﬁ&eeg? ﬁ@nal peak js fornmed as an
addi tive combHEECHRC P (AT HeapsRsY Sronirom the QEIIM qregpipeampaises thesens ofi deband

signal peaks, and si nc@akdittin@MROORDM BRSkIh@RHnA intHIBSS) | Fa?cﬁélgowwer
si deband si gnal peaks are known, then the tenporal positi'on of the

conbi ned si gniE@aupek sidebapdceatap (the cilabandai ameeinpagsing e \plurllitn of HFDM

pr edet er m he it r i it onstituent signal peaks.
Thus, peak{I se{)@%ﬂﬁ?@%ﬂé@gxﬂrﬁ?&%ﬁ%ﬁa@agéerge%gﬁﬁ&bﬁmyﬁqoﬁ%,S predet er m ned range
of positions, say 50 sa&eipingsheOFDM nsiddiatedfsighAl SiRE hpth ety Sidetpand
tenporal positi on,,.cil.n order to find and , establish the ten'%oral posi tion of
the conbi ned LHFRHdipEa first fippey epﬁ?@ reggivedt sgpad ogtput addhe RFDM sedulgied g

time, and acOiimi bf Qe 16WR fr&ubRIUGELhand NS (rBRAHASS r 0
efficiency 01?6{)% he process. E)léq\‘/lef%?ty (?Iclmbi niﬂrﬁg Pfg’gi%@%ﬁ%gﬁé%%g%g%ndée
i mpl ement ed dsceivedsigapleouiiiugi tal | ogi c (AND, OR, NOR, XOR, etc.), gate

array |logjc, software | e ting. rpcessor, conhi nati on of
the for eg%)oi ng, or usi ngagkr?ﬁ%%t%feﬁ%{;@33‘\3/13%%%8'?81%59‘38%#83’85.Oﬁgﬁ uency

shoul d be appteetatspbridigtto OFDM hentplsiaei firsaMad@Enal he particul ar
partitioning 15 of | ogi.c Iuncti onal ity between the upper and | ower sideband

val i dation logic modul BECIRHE £hecany edestary sidgimpihisigoelo gimingrnfisrte and
‘exenpl ary. Aeqabdc§ ki doRsRLUAR RPOFDAM syRBIsHE 1H36Dnd gécgﬁ\(/hcg%gﬂmtl'he overal |

val i dation and selection logic functions are preserved. ef sumary of
the operation of nodul salBtadeg e &t ysyowe! tiningeffsstdesedidn a hasdegemiaki d

-syrrbol t:gl ngterﬂf:ir?l?ggsﬁt%ﬁ:?ﬂ?e?&@ i s:used for denodul ation. On the other 20

hand, eac and, “has & valid synbol timing offset, and these valid

symbol. timng of fsets walEatimnfiorsabin sathokliaties offfet dasdr 688 GRedbteiRingd
predet -_e ' m neqelglg(i)rgiecgns%éter}cg%Pcrfl:olf;R
selecting an optimum symbol timing offset from the first and second
symbo] 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 o 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 mterference. On the other hand, by combining upper and lower sideband signals, as by




filtered signal sanples taken from each sideband are conbined,1€nd tSQOOS
synbol timng generated therefrom that is, a conbi ned synbol ﬁH%??

of fset and frequency error, is chosen for the denodul ati on process. If, on
t he ot her hand, each sideband is validated, 25 but the sidebands are not
tenporal |y coPiér¥sed each to the other, or if neither si dBEHRPIOHLE2
val i dated, then no synbol timng offset is chosen, and acquisition
continues. Throughout this process, divensity receiver controller 380
asserts the requisite control over the receiver circuits to control the
operati.on thesigeft combaec 883 angitiomi iphoceSalpeadih @i BalheHEd WiRn REOVeEGHLY

di versity conbining | ogic.nodule 370. 15 August 2003 WO 00/ 49782

PCT/ USOQ' 0406% 181?1%%‘5&}‘8@01’[' Rekaploepsiqy ispettige of the present invention
for recovering sy Mg t C ' f e error.fr t he
OFDM si gnal , corrp;?gé%ghioh%t fé)g%)glg : de?%i%gs%% Iﬁ%ﬁ fﬁglgé%%\éﬁtnﬁngﬁwéotnegﬁgsi gnal
in both an uppsiouanignal povesing fmetpies upyratd dehbn theeiead; lvambici OFBMIsipands

enconpassi pg a pluraljty .of 5 dul gt ed frequency carriers and a

‘series of %:Dﬁﬂ |li§?¥epgfb%§c5%5ngglﬁzhwmm?g@tgq HRERciag thatibis thyper

frequency si debPBM moatKiop =B ndi 8 Bedivet ?ﬁat(ééﬁ@ﬁ‘dhesshﬂeﬂ?&ﬂ%ﬁl%ﬁﬁlh}ﬁg)gr gf' gnal
y sideband a

out put and the OFDM nodul ated signal of the |ower frequenc nd

provi di ng .a sewis ip cathetymboll sdras)the | @¥eseppdessisethfilr ilbustrptiste; puipbsete VEhopi Ng

a first (uppe i del | Gl f.f.set-nangd. ftequency,. .error

cor r espondi nggﬁle%%ﬁﬂ@g%gg%%gaf%&%ﬁdﬁts rsgt‘gﬁl\?éﬂ’ @1%??%‘!%?31’%9’&38%‘%9 a
second (| owermsniste bfindtpived sdnpled fotrienth wEdisal syaitdl, if E@MASTACYpoAId Ariety of
correspondi ng_to, OFDM synbol s t:lhn the second received signal; - validating
the first $ynBYFaa pof IPogrtsior the saliget dentures oE dke arepsn deyention, iagkpding for
consi stency theheefthe No4didlatitdrd, {be AnSS0REL St Qhddr bPbig.sQhbisate RAIEY on a
predeterm ned tenporal consistency thereof; selecting an optinmum synbol
timng of f setSymhek intpstablishing tha avmbeorforecd yabwimplds men gymbdlset siteretipelnsi ve

at 1 east one o ERaE TRl of SRR PR A BERH L g iR

at the modulator.

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 i)resent 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 supexposition 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




The method al so includes the steps of developing a third (conbined,stymee!
timng offset corresponding to a conbination of first and second timng
signals respectively representative of the first and second synbol timng
of fsets; and, 25. selecting the third synpbol timng offset as the optinmum
synbol timng responsive to predeterniﬁ%ﬁ timng conditions. The diversity
conbi ni ng architecture and net hodol ogy descri bed above provides a robust
recei ver acguisition system wherein synbol timng and carrier frequency can
be successPRISEpeHBRSGEr 80 lenge as WhreaPRIRaetndy censistenslyappplicd 19 ol kinehmingby a

fade or 30 '51[511% : : gg] he ot her hand, by conbi ni ng upper and | ower
si deband si'gna %‘{ﬁ%@]‘%g‘e E}Jgust 2003 WO 00/ 49782 PCT/ US00/ 04062 33 si gnal

conbi ner 385, addinbihenalkerpatbeessiodingaiof teaprehat ackhevesemb o e 1aRaRI ned
synmbol ti rrigé; ﬁ’iouté&)ut fron??peak selector. 3 90) is utiljized. Throughout the
foregoi ng d¥huE dnigichanaeableopatyre qfthothy thesadditivensipginosition apd magehed dilter
signal procggsidts "RAHLES APSY Bid he eV | 5
conpri si ng ?he series OLFE%CFDM 2‘{5%8% s. | tﬁlﬁgﬁfﬁogﬁtﬁhﬁggﬂ%ﬁ%g@ma%&gg%%at e
that it is superpOsiDivhnoddhatoeseandnveotion,hsuche éeinvera tlinatatioat tletdoshe Thtine
predet erm ned number of, sanples in,each synbol, s as the 1080 sanpl es
used for il fUEFFHG JE2 pl?eop?Bg%se.g’ DU AHOYIEE 107 h%ftj%{iﬁémg ey 8 ,adglé“’e

det er mi ned. afpeAoRito, Which in turn establishes the actual nunber of
recei ved sanples for each received synbol, is set based upon a variety of
10 criteria not Nofsohaight stgnal precessing entuiteat modeonin dadok op tlesenbodimnusnt i on,

including f i nstance. the ist criterja tc. D 50 can ,either under
or over san% they Wgsernéélém}lgan’%ﬁq‘fﬁﬁl&gs %Pgn n‘é%l’%% ﬁ&ﬂ‘i’“ﬁg{“{ the Hﬂ%bg?ve rmetei ved
sanpl es permsyutboidditive Alpteositibh \Wal Ynatciedfilge MesRI® dfhBe SRMBI SHHIRGMSE

- sanpl es per s]gbol t the receiver as were established at the nodul ator.
15 Wat is ﬁnﬁ% Pt &f _isﬁle?tﬁé BhasR T EioE ek Higavancy heensradientalidpiandosn, i s
that ‘the suebab, &ialig BEbRIGS faiethodlle, SFUMASRALL! KRl 8y WAL, SO
| ong as each stage of ~processing i s based upon a synbol pefiod's worth, or
mul tipl e t harcags copstitpeng heefbregramgp nexslulest camabe émplenentedhetimera variety ofinber

o SaTPLes SRl R, of ebove e nurber of sybol sarples
summary, the forEyoimguttesanitet ingiemeited he ditabilbgd iergaadhm@it applicaion
specific integrated circuits, field programmable gate arrays such as are provided by
Zilinx Corp., programmable logic arrays and devices, etc.

Alternatively, the modules can be implemented as programs executing on
computer hardware platforms such as custom built or commercially available digital
signal processors or microprocessors.

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

Eyen further, analog processing can replace digital processing if desired.
The overall system of the present invention can be implemented using a virtually
unlimited combination of the foregoing exemplary technologies.

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

example, functionally equivalent elements may be substituted for




way limt the possible variations of the received signal sanple. rate,i he
present invention. Extending this concept further, the preser@%ﬁ?‘ﬁ“@gog
synbol timng throughout each of the signal processing stages can be

achi eved under a variety of enbodinents of 25 the present invention, not
previously described. Again, so long as ¥ignal processing is based upon a
synbol period's worth, or nultiple thereof, of sanples, then, for instance,
the additive superposition nodul e need not accunul ate each sanpl e i nput
thereto. Every other or every third sanple, for exanple, could be

accunul ated over a_synbol period- Further, the boundary signal segnents
accunul at edthose presifirelly shewnanddpsesibsd, mppprtipnal epantitiss dfshcelnmienachewnevery
ot her or ev i LJfor e I I . 34 be
Super i mposed Y So 1 ibe, SEY TR richDind AP i ohedhy SenCiite Pt

i ncom ng b&apdary 8¢ geedrsesdegnimeposetin ailneithaiit demastings &oenttedinventiorofast he
present inv I - | inear, and thus interchangeable, nature
of both theﬁgﬁigg??k 8&%@3%% ifon and matched filter processes. Although
it is preferable to precede matched filtering with additive superposition
in the present invention, such is not a limtation thereof. Their
sequenci ng can be snapped, to thus provide matched filtering prior to
additive superposition. Note that the signal processing circuits or
nodul es in each of the enbodi nents of the present invention, including but
not being limted to the peak devel opnment nodule, additive superposition
and matched filter nodul es of the signal enhancenent nodule, peak

- selector, phase extractor and frequency generator, validation |ogic

nodul e, diversity conbining |ogic nodule, OFDM nodul ator nodul e, and all of
the circuits constituting the foregoing nodul es can be inplenented using a
variety of techniques and technol ogies. The nodul es can be inplenented as
digital logic in gate arrays, application specific integrated circuits,
-field programmabl e gate arrays such as are provided by Zlinx Corp.,
programmabl e | ogi ¢ arrays and devices, etc. Alternatively, the nodul es can
be i npl emented as prograns executing on conputer hardware platforms such
as custombuilt or commercially available digital signal processors or

M cr opr ocessors. :




Further, the signal processing nodules can be inplenmented excl usizugld 293
conput er programroutines that execute on a conputer workstation, for
applications including, for exanple, sinulations. Even further, analog
processing can replace digital processi ga%ui f desired. The overall system of
the present invention can be inplenented™sing a virtually unlimted

conbi nation of the foregoing exenplary technol ﬁgi es. %AI th](c)ugh t hi Sd

i nvention h ' .in connection with specific forns an

enbodi ment mggg?,dﬁ?mwjﬁlnge appreci ated that various nodifications other
than those di sclisgesystole neeyvebiag megartot dnthnr wifsdient cdefaficqoechreamrt he

i i on. | f I |y i v.alent ts y b

Subst 1 ut e 75y Tartatey BEFIhEE o M A O T G ot
propor t i onatomfrsmg meas @) fivgeadidne np O Mdwmoddnaed dasel idpedenting beeriear i ed,
and in the fonpBij seﬁﬁg’gﬁ%a%ﬁﬁ&aﬁscri bed, particular steps may be

reversed or Interp out’ ‘departing fromthe invention as
defined in the append@dh(ﬂ)EthiFs@ﬁql%@u??g%&ﬁdiﬁ@ pokfch hrﬁ}c SAIMEDpdrBon 1. A
system for pecover.i.r S ol ..timng offset and carrier frequency error
from an or tﬁS‘&Bﬁ ﬁf‘ldﬁ%’é@l% 2ifing B?ragnﬁﬁﬁvﬂqﬁﬂ“gﬁﬁgém‘f&nﬁ%ﬁﬂew
system CONpHak&i Bkl MR 187 WeBARldY LR LAM ﬂgﬂ%u PuCPredb@Rfined
representi ,@a series of le/l }sgil;l.nt?o S, gﬂ%rlacte;_er{ ze y: .eagﬁ %@%gy_ﬂbol

i ncl udi ng aempad pigoing Hactiond saidt rea¢ivémpepor piosiling kercecifed sighal toeauli ng
and traili nc?_l lﬂ%ér 1 having substantially equival ent predeterm ned phases
and havi ng éﬁpora ?S/ wei ghted anplitudes according to a prec;leterm ned
tenporal weighting fr@aakiiRfelopaictt MEARI(YED) dé@@l@ﬁin@ra%ﬂxﬂﬂél? s%n%?cﬁelvﬁféja
signal to an oqutput thereof; peak Devel opnment neans (110 eve1_ oping a
boundary siRjHBHtY: ohgignaigoasks sepieseniing acfyngiod rbamllciﬁém@f]mep_rfgs earth wlgelaecéinbol
boundary pQsghi £1ecel ~..each said signa e

bei ng deveﬁgg%gpﬁe%%’n%?gga@ gs(fé‘[ﬁayggr%ﬁ %_%%aé%%fi 6%3 grelsné%&)r%]s%%ﬁl&élﬂ%gnf _
“produced begthaseeprsapehderadproduad betweeinlshiddegidng kahgailiaf peaohs,sfietch saatei ved

CFbM s.y nbo'r;eceived 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 b-oundary signal and means (145) for filtering signals
produced responsive to said binary signal, said enhancement means outputting an
enhanced signal peak corresponding to a predetermined number of said plurality of
segments and having an improved signal-to-noise ratio; |

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

. _and,

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

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

. peak development means includes:




means. (135) for enhancing signal peak detectability of said bo ar
si gnal, said enhancenent neans including means (140) for additﬂggP?%“2003
superinposing a plurality of segnments of said boundary signal and neans
(145) for filtering signals produced responsive to said binary signal

sai d enhancenent neans outputting an edRanced signal peak corresponding to
a predeterm ned nunber of said plurality of segnments and having an

i nproved signal -to-noise ratio; nmeans (200) for establishing a tenporal
position indicative ohesaifdr foymihglconplexdasnjugrs iptoduets bameai shidasadinpe

enhanced si gnal .peak qut fromsaid nhancenmenf neans,  said tenporal
posi tion re%:aé’é"él 51?%11%“?%5@?1?/@3& @W‘%%&W Syg‘gﬁtol timng of fset: and,
means (205) for fgeco i i S} i f. rror
correspondi ng toj sai \éﬁgéeﬂrr%%er?naIése%gg?c??loﬁﬁegmgm%@?@gigwcﬁ%%egellllrl 9&3? ﬁ?éaegltg one

enhanced sidmaloppeakmeds ifithedesystem as recited in Claim 1 further

characterized in that_said eak devel opnent .nmeans. i ncl udes: .15 August 2003
37 means for forning IE%%IQ%B)CE% GRS BrofRiTs CB@P&%&'PIQ%?C& qegﬁ%ﬁnnﬁlléand

trailing pofetéioabsighaleagh dodydd &Qﬂﬁhﬂ%ﬂe@@%ﬁmhelgﬁng-gﬂ@ 8T RNS Bl
recited in Caim2 further characterized in that ‘sai eak devel opnent
means i ncl uded Pelsisminedoyme.oaid preptepnined b bsing doss an SN conibet ween
said  recei eflgsi gnal and a del ayed replica thereof obtained by delaying
said received signal by a predetermned tine, said predetermned tine

bei ng | ess than dn OFd systasolas geeitédoch ClainiTHe figtist emmmsteriged tiedhati snidl ai m

1 further %ﬁé&%ﬁ’%ﬁe%‘%%gi)iﬂ‘fm&]‘%t said enhancenent neans i ncludes

super posi tion neans or superinposing said predeterm ned nunber of
segnents of sai d boursdperpostigmamgammsadhoDf feai ahpedgpesihg el i pgdaemasgdcti ve

one of o B B bl 3 A S b LIS bOEE o e R 150
predet er m n@@ off wath plurgity € giFRAl fead fBlutied fHRFBiS3Ind, Super posi tion

l ' ' means (160) for accumulating superimposed signal levels over said
superimposed predetermined number of segments output from said superposition
means, to produce a cumulative sigﬁal 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,




means, to produce a cunul ative signal having a cunul ative sign@5A98&52003
exhibiting said inproved signal-to-noise ratio. . 5. The systemas recite
in Cdaim4 further characterized in that each said segnent has a
predeterm ned tenporal |ength corresponding to an integer multiple of an
OFDM synbol period and includes a signaﬁgvalue at each of a plurality of
~tenporal -positions extending across said tenporal |ength of sai'd segnent,
sai d enhancenment = neans including nmeans for accunul ating each signal val ue

occupying a pred@t er mthesystemp g reciiad im Clamnl Sether pharpeterizeddn phas gaidelilidrned
nunber thergo 0 : | . S] I e id_pr rm ned
position ovgrglslg%ic gr gg%&%ﬁﬁ%%{eﬁ@%ﬁ lokﬁggéﬁsﬁe%]#s?{ag%g?aﬂﬁeaalﬁg%ﬂ gﬁu%e
form ng sai envelopalodticheofshigrsagnal perkd devatapedttbywseidspegk developratntdhdugs.a

curnul ative signal val in_each of .sai.d plurality of .tenporal .positians

ext endi ng acr ossjz'sai dlrlﬁ?.lﬁﬁtgfli ?/Seresc’lltﬁﬁdp.&fgniﬁﬁ@erzﬁﬁﬁa 17gd lgh a%ﬁ?ﬂem as
recited in gledéteidinédirtelpsral Radiglatngr firRdon Nnéliads SPshefridallrascéidid matched
filter having a ten%gr i mpul se response matched to an anplitude envel ope

|
of each of Y&rFending -Pﬁfaé%@?eﬁe@ieﬁ adigy aadjteuilgarortieve PhprrbnRihPERM 7

The system ggnggcited in Aaiml further characterized in that said

predet erm ned tenporal weighting function includes symetrically ascending
and descendi ng &npl i Thrdeystempesssregited an Clhisadi fiythen dheraaietizer ipdhati aib of
each said : S . ited in Cdaim7 further
characterize |tﬁa¥ﬁ§§ysgﬁe%§y@%ﬁf§%t%§éﬁ ?cgsﬁl{éeretgfjéarrg‘e Nyqui st root raised cosine
tapers. 9. The s9¥st enTlas sysant@dracited G &laind 1f firtheerchadatesieé®in Zied daid t hat

said neans for .est ishing a tenporal .pasition includes a second filter
(215) for f'Ii“F?néfg%‘bs?ag’hlsﬁﬁ%g?elﬁﬂcgaﬁﬂ?gf%‘égagflﬁnaI peak output from said
enhancement neans to Ppresbudefider {115 Fed fiBBiaN 6e deazt @Rl enhWRRHCHYnA peak

position of a rr%%gum si gnal magni tude detected in said filtered enhanced
signal  corPERYJFIR sti§ cghmyemERprFals PBosdice & filteged qrhenegdssienalaghorely eed in
A aim9 furddifionCheharh8iaLdighl hAghinfRl et R&F A Lafdl Filtled| hinRibel ik t ©
i mpul se response filter., -
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 (o a symbol {iming offset derived fiom 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: | -




11. The systemas recited in daim9 further characterized in {gt 5?5803
system further includes: neans (255) for determning a valid t

position responsive to a predeterm ned tenporal correlation between said
tenporal position and a pair of positions established for a respective
successive pair of enhanced signal peaks$9output from said enhancenent
nmeans; and, wherein said receiver neans includes a denodul ator for
denodulating said reﬁ@hﬁ@ﬂDﬁFEhh&ydhdhéngesbmﬁsgweﬂmnlambynnﬁhggpﬁﬂbmg

of fset .deri val i d tenpora i on ut . from.sai d ans
For “est abi i LRy s b and s bBh o fethr o B i rassb Dens g 5oLy mool
timng of f asc%ngnc? Qfa{d&gr tch{RMIBN G ighedd Anplifi aaec&m apaatreﬁéﬁﬂﬁﬁe&y

di vi si on nultlp exed si gnal , conpr|5|ng the stép of teceiving an
OFDM nodul demgossil thilneﬁﬁ@@eml ng a series _ of OFDM. synbols,

characterized by: 200 ch mbol | ud i ng
portion and a traili n(gé%gtéﬁngon %{)ﬁnc},agfl mgr%qgﬂavil d r%ur téf Ptaﬁngahgpeﬁgﬁl ons
havi E? 3 ubsf‘elpq&serging)aa?g%bd&ioaﬁdarprpeﬁ?ggg?ﬂefﬁﬂ rfg?ﬁ@e&ié@lﬂ“o@;hg lsﬁagbm@ad}ﬁfmr ally
wei ght ed anpli tudes i

functi on; eaigb%%rﬁﬁﬁwé reshghsive ﬁ%ﬁnn@nahtaflwa .Rlxaseom%?sgﬁ%déns%aks
representi rlﬁo@;o%an&@we&psmaqeydlﬂg%alt@iﬂnﬁg)@oﬁﬁ&@ dfeeRhvast eEdMeayobph each

said signal peak being devel oped responsive to an anplitude and phase
correspondéﬁé@ Lproduced bet ween sai d | eading and trailing portlons of

each said received G%n&ﬂ@%%nal%ﬁ”&ét@&a@ihﬂ“%f pgaknsila
sai d bound%Wé si.gnal , .said ~enhancing step 1 ncluding the, st addltlvely

super i nposisganeing sepinalyding theegpmaf addidyely spperispRasids 4 Phirg ﬁalof &pgnents

filtering sai@idobhaidyssighal addoﬁltém{goé‘cﬁ‘d BirdkQ Bhal Ry ﬂﬂ[br%@e ars@éﬂagtcpﬁm@élch of
a plurality of enha C%ﬂd B&F% peaks produced by said step of _enhanci ng;
est abl i shi Hgia HefAs apBlrlity ploenhagecd §WOPe%uﬁﬂ>§ﬂ9edf byniaid stPast one

of said enhahg&ethgi gnal peaks, said tenporal position. representing a

-recei ved OFDM signal )érrbol timng offset; and,
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-mise 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
maiched to an amplitude envelope of each said signal peak developed in said step of

. developing,




recovering a received OFDM si gnal carrier frequency error corqgmgg&ime’to
sai d tenporal position established fromsaid at |east one of sard “enhanced
signal peaks. 13. The nmethod as recited in Caim 12 wherein said step of
devel oping a boundary signal includes the step of form ng.conpl ex
conjugate products between said |eadi ng‘“&nd trailing portions of each said
recei ved OFDM synbol to develop said signal peak, an anplitude envel ope of

said si gnal peak corresponding to said predeterm ned tenporal weighting
function. 14. Thé®net HbE raghodes reeited in (pian he farthen charasterdzedriadhas saideteni n

t hat said Sbﬁ@ddiﬁ@S@@f]ﬁgﬁﬂgﬁ%%elg%@g%ﬂs|&fy includes the step of filtering
signals to further inprove sald signal’-to-noise ratio of each of said

pl lﬁr ality of sail_d enhavREINRAshigad Ppasiatesmined dwoBr lof segmenis sif espidolﬁoqnda.rg _
enhanci ng. ed i | i her characterized in
0 (FBual %h@%ﬁﬁ%ﬁ%’ésﬁt?ﬁ%\hgg%s{éﬁg autddeihdeh. 60a

that said st filterl I nc e step providi ng’a matched
filter having an i npuksemndsipenseperiapahédsipoal atevalyploivtiudeide pvelcopmieil each

sai d signal peak devel oped i.n sai tep of devel qping. 5, August 2003 40
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step of adgighél\{t%aﬁﬁﬁﬁbi@ﬂgiahiiﬁ rdveghfgﬁa&ohﬁ?se%@cns of superinposing a

predet erm ned nunber of segnments of said boundary signal, each of said
segrment s havi ng &7sigwanethediks feaid¢dioellainh é2 &inther ghatactadcadninlthetisaig step of

superi rrposegstgﬂl%g@ll a!}g%éﬁlr’r‘u%]l ﬁ‘%’ls ﬁofﬁicglggﬁt%ﬁﬁfygﬁg} ned nunber of superinposed

segnents to pro ve si a cunul ative signal peak
exhi biting an i nprovedlsiignah-dnban@idssgniat produckd . byl Bad nBEH of RBakc@ed, tgd in
Claim 12 further characteriz in that said step of establishing a

t enpor al  poBiYCPEH? Eﬁ%ﬂe@a%%anpggsigwp@d@f filtering an enhanced si gnal
duced b id I fld i | ;
produced by said st ePd&EctﬁiE@H{lékﬂﬂumk%lggﬁl? ﬁﬁegn F?lldtfﬁfe?%i gﬁ%gg&teggﬁdlg”a

and, detecting a maxi mum si-gnal nmagni sal tere nced-si gnal
and det er m #ddeterntisingertanppabpasitom thvenof . 18. The method as recited in

G aim 12 Tur et g hgad, Bl 06 ek Bl garts GmBp's
' validating said temporal position responsive {o a predetermined temporal correlation
between said temporal position and 2 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 moduiated 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 f{irst symbol timing offset

corresponding to OFDM symbols in said first received signal;




between said tenporal position and a pair of positions establi
respective successive pair of enhanced signal peaks produced ’Zg;gg%qsgﬁg?%p
of enhancing detectability. 19. The nmethod as recited in Claim 18 further
characterized by the step of denodul ating said OFDM synbol s responsive to
sai d validated tenporal position. 20. A4diversity systemfor recovering a
synbol timng offset and carrier frequency error froman orthogonal
‘frequency division nultiplexed (OFDM signal, conprising a transmtter

- (25) transmtting an EBM mockdraedns (3@0adevaioding b secondpyarbol amdngofifaater
frequency si deban ea f said sidehands enconpassing a plurality of

OFDI M mdul%ﬁ}@gwg zf‘ryfr}bé}s_smé Sac%jéirrF@éV s1 synbol's; and
receiving means (150t OdlidaBREang (FRLY HPMAPdM &8 dysibeNamif oSak d
upper frequen%cd/ si deband and providing a first received signal output and
sai d OFDM rised et earedpigrained gsmppapldopgigiency thewsgBney si deband and provi di ng
.a second received si - Ri S fR T regﬁﬁ : ns
(315) devel oping a f%égt%ndg{ﬁ%g%fm% in%?:ﬁ%?%#(ﬁgevfaﬁg%%}égr Se%%osg‘%ﬂnrqg o%géﬁﬂﬁg
synbol s i n offscthdsed et apealetevmthed itgmpdral donSistenguttered@03 41 second recovery

means (320) devel opi a,.secaond gﬁol timng of fset . €S ongi to OFDM
synbols in said secon IGF%%%W%S@Q gff}?c%gr %@ﬂﬁéwﬁgﬁ@ﬁ%" s?ﬁ%@n

val i dat i ng sedl firsf andstecanirigohbdl itming offéts edspotrdset Kimads putediefrannidditst

t emporal congi.st .thereof; second validating nmeans (340L) validating
said seconc?nsf‘%%%ia%]l%qﬁ‘&m%@%@%’ based on a predeterm ned tenporal

consi stency thereof; meinedBionforednsodudd)y steleast o ofizaidpidrive MISQRDM
timng of fset bf{ﬁom saidd E.i rst a [ econd %%tnbol timng offsets responsive
to signal s SuPBEtSPESHIRRER sUpLol N OffsHy val i dating means; and, means
(370) for denoddllati richeatystemast recie:dofn Shiiel 3@ fiuslserofhatdckIzes MilxbhiSsaidi ng
sai d opti mym sqnbol ti.m.ng offset. 21. The systemas recited in Caim?20
further chafag %’rlin?%](flpﬂu at said selection nmeans includes neans for

-selecting said first seanbdbr tseletiig odifl st kaapelntinig oéfsetnresporspuet toofin sai d

first vall %% p'u'? 9r IS %%st'vgﬂcliﬁlarfgl mveeangfin 103%9\7'33'0?‘ af\}a{iatﬁrsstys%%lol %i&ri?lgngffge];: 211?(? t 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
oufput 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,




an output of said second validating nmeans indicative of invaligs %@?%@003
synbol timng -offset; and neans for selecting said second synbol tTimng

of fset responsive to an output of said first validating nmeans indicative
of an invalid first symbol timng offset,, and an out put of said second

val i dating means indicative of a valid sécond synbol timng offset. 22.
The systemas recited in Caim2l1 further characterized by: neans for

devel oping a third synbol tinm.ng,of fset cqrresponding to a _conhinatiaon of
first and second timi %Ogﬁpﬁhg% §"§?1 é%“p?é‘gt‘f‘“\f‘a?ty’gr@ﬁ%s‘é‘g’tcéﬁlﬁ/@f pivaidisecondr st
an d.secondsyy@imihi bHOg, #gf sets. 23. The systemas recited in O aim 22
former characterized in that said selection neans includes neans for

sel ecting said third symsterminsdngmpbfa etonsietsponsiisiing betareen Ukl firdfangdai d
first validati n(g rrel?ﬂq . 1.ndi &ative of avalid first synmbol timng offset, 15
August 2003°H2"GHD MgPIEEst d second validating neans indicative of a

valid second symhol tThikPGerRh $&kted I T1A1PIE RGiHRE gh%&eﬁ%ﬁ?ﬁ%’“gea% of

consi stency existing between said first and second synbo sets.
24. The systahiietapdedcordirdenvay sicanolmciudet her characterized in that each of

'said first and second C : i ugde: t . means for
devel opi ng a boundar pia?g%\glgroﬁgféﬁﬁgl%gﬁ yg(#ru(?egrle}oﬁﬁ/‘%g? %gﬁlg%ag?@@g}(glavmg a
r epr esent i rfueplisy absignplopralia rspresssiing ersyfabol bawtlare pesitienl forGRDM syeibal i n a

respective gpenPivsBbdiaf 4§ ' cong.: i ved. S .oyt said
recei vi ng neans; _Syrrlgar]s,mf orr &%ﬁﬁgﬁcﬁg%%%gﬁ&p%lgkse%&é%gg%cgm%ﬁi%{%‘H aésf Bétﬁlmd
boundary si%ﬂals?ldrfé%ﬁﬁ‘émgmea@%t ablishing a tenporal position indicative of a

chhancemont moans. - SEanfbt O:Atink gk BB, AANAARD AN SRy EaR <21 ¢

enhancenment nmeans. 25. The syste
characteriZ8¢ in that said mneans for establishing a tenporal position

i ncl udes 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 ﬁlterii;g 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 etror 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 |




afilter for filtering an enhanced signal output fromsaid enh ﬁﬁg@&?tzooa
nmeans to produce a filtered enhanced signal; and, neans for delectyng a

maxi num si gnal nmagnitude in said filtered enhanced signal and for

determ ning a tenporal position thereof. 26. The systemas recited in aim
24 further characterized in that each of;, said first and second validation
nmeans i ncludes neans for determning a valid first synbol timng offset
responsive to a predeterm ned tenporal correlation between said tenporal
posi tion anef &FRMr sphbolgosnd irecxsviegt sdid i GABM frosdudated sypgal | ofe sadcomgssi ve

pair of enhanced si | peaks output rom sai d enhancenent ans . A
i ver oty nanhehey sEcPuh ot HH ey AUF Tis) SPRSCRtEH iR pFDM
frequency ehnb@flafll Pnabhidhogonal frequency division nul tiplexed (OFDM
signal, conprising the steps of transmtting an OFDM nodul ated signal in

bot h an upplewenfidqeency sidelrantred perwidingi dssamtireceisch sighalgaipht sihdetstandsd
enconpassi gl%@lep%}urajﬁi ty of OFDM nodul ated frequency carriers and a series
15 August 03°25P5F" oFDV synbol s; and receiving said O-DM nodul at ed si gnal

of said upper frequensylopingeRamneapnBs10vihihd bifsef | doslespodaigyed orpRal
out put and said OFDM _ nodul ated signal of said | ower frequency sideband and
provi di ng, Smpeiondaiddis rpesives ; output; characterized by the steps of:

devel oping a first sy i.m f or. Wy Y, in
said first received s‘?%%%?&gcr}%&gf)% Eg%g&s{é{é%%%g@ﬁbg?&%P%#gé ot?fggﬁm
cor r espondi syenbiots i@k sesyridhrotSvddrigmail,d second received signal; validating

said first synbol timng offse ased a predetermned tenpqral .

consi stency thereof; Yﬁé‘%ﬁf&ﬁ Fﬁé gﬁif ﬂy@ggloﬂamé%/ pt g%‘sﬁ'ﬁn‘@}l 3t picdetennised on a
pr edet er mi qgﬁpoﬁa@m{@m?%é&t ency thereof; selecting an optinmum synbol
timng offset fromsaid Tirst and second synbol timng offsets responsive

to, said validating staidstingasaid sewomddiyirdol tiping offeetshasethon of predétdinsioed es of
_ OFDM Sf_y”bO'-témB&iai‘ gonssiaslte%cy thereof;
| selecting an optimum symbol timing offset from said first and second
symbol timing offsets résponsive to said validating steps; and,
demodulating at least one of said series of OFDM symbols using said
optimum symbol timing offset. -
28.  The method as recited in Claim 27 further characterized in that said step
of selecting an optimum symbol timing offset includes the steps of
selecting said first symbol timing offset responsive to a valid first
symbol timing offset and an invalid second symbol timing offset; and,
selecting said second symbol timing offset responsive to a valid second
symbol timing offset and an invalid first symbol timing offset.
29.  The method as recited in Claim 27 further characterized by the step of
developing a third symbol timing offset corresponding to a combination of first and
second ‘symbol timing signals respectively representative of said first and second
symbol timing offsets.
30.  The method as recited in Claim 29 further characterized in that said step

of selecting an optimum symbol timing offset further includes the step of:




opti mum synbol timng offset. 28. The nethod as recited in C aqme\gaugtl%b@er
characterized in that said step of selecting an optinmm symbol tim

of fset includes the steps of selecting said first synbol timng offset
responsive to a valid first synbol timng offset and an invalid second
synbol timng offset; and, selecting saigk second synbol tim ng offset
responsive to a valid second synbol timng offset and an invalid first
symbol timng offset. 29. The nmethod as recited in Claim?2.7 further
characterized by t he, S&¢cipeofeididhied émnh@l amtmg péfsgtym@pqmswerﬁm@ wAlids Erst

cor r espondi tio f y nal s
respecti veI%%grtgnslgl ng%%e o?aﬂs%lalsdd ?1 Q’?I{b tgse% n}Pngal%fe%tegameg

of f set s. 30tem'ﬁbﬁllnemdmehca&xtsaﬁgﬂ&dehemﬁnal m 29 furt her characterized in

that said step cti an optinum.sy tim of f.se rther
i ncl udes the ste% Jrg r9 @glﬂﬁl@glng%tfﬁ‘r#&r§ CleF7 mst}l‘;ﬁbo‘?i’thO fmi ng
of f set resporsiy éi‘)de%elb% blgth fibh %mé%{?@g JlefsBR q}*&e%ahpmge%kbﬁh éﬁ?%?”d fﬁ

synbol timng offset, and a predeterm tenporal cons ncy existing
t her ebet weemcludds th&'ls@pmf hod as reci ted in CI aim27 further characterized

in that each of said st s of eve in iLst synb n ffs t and
of devel oping a secondf’ 8 HB’F gfr?z léatvé‘ifs aofpluxﬂiévelog]pﬁlg‘ba €E")‘gﬁmdary
si gnal havimRgreserpingr al Symboofbcﬁmgml p@mks for efute s€Rledg OFDY nBadbopayngar y
position for each received (P: 6"&% in a é ect|v$ ae of aldflrst
and second ?@F@T‘%&nglﬁnﬁli Bt é‘EFOBS; e Fléaléfpm wed; Ry ﬁ@ ¥ehahci ng
si gnal peakeg@iipgf ability of said boundary signal; and establishing a

tenporal position in ative of said synbol boundary position fromat | east
one enhanced si gnal p%é‘ﬂ“‘ﬁ?%@&é@d’eﬁlydﬁﬁ?tép@%{fséﬂ bewndayistanal; @ad ect abi | ty

32. The method as recist@shile A &nPodd faék&ﬁélﬁ'incﬁc@h%’i/@%fe%ées%ibﬂl bPaldapRl d

step of establishing a tenporal position includes the steps filtering
an enhanced%itigRalioprab derse ane pubaicad steapl makd?fﬁ@m@ﬂﬁ?gf sedé tstept @fmnhangmg 0
“produce a fiddcemgiflyenhanced signal; and,

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.




detecting a maxi num signal magnitude in said filtered enhancedffkg&ﬁizeﬁgd
determ ning a tenporal position thereof. 33. The nethod as rec ﬁ i
31 further characterized in that each of said steps of validating said
first .and second synbol timng offsets includes the step of determning a
valid synbol timng offset responsive tgsa predeterm ned tenpora

correl ation existing between said tenporal position and a pair of positions
established for a respective successive pair of enhanced signal peaks
produced by said step of enhancing detectability 34. The nethod as

recited in Clai 2.-fu r characte zed e

third synbol F‘?iﬁ T%'f’ %Srlie%@?ft’ﬁ‘oqnﬁ’&l E?‘?Bﬂ?@z@o‘ﬁﬁi{ﬁégg 88? each
of said fi |§eﬁarcﬁﬂg6ﬁt|ﬁﬁﬂi‘ﬁ cﬁfs%ﬂﬂﬁﬁ@r?n@ﬁ;ﬂ@scﬁﬂe\é?é Yotby said steps of
devel oping a first synbo ninggoffset and developing a_ second symbol
tuning offset. 15 A m@ symipetinng, efseisrespstvedta 4 Alidi Hrss4

further. Chadyﬁﬂioefﬂrﬂi% d)ﬁ'se"t hat vdlidessebid 59fnbo§ Qingiak | %e@pﬁﬁd“ég%&%@ﬁhm'é& m ng
of fset further cl udes the. ste&@giese ecting sard th timng

of f set resdﬁﬁ@? C@EﬁﬁﬂVEPFHU?$ WYABol tining offset, a valid second
synbol timng offset, and a predeterm ned tenporal consistency exi sting
t her ebet ween. ' S '






