WO 2008/150910PCT/1J32008/065145 METHOD AND APPARATUS FOR IMPLEMENTING A
DIGITAL SIGNAL QUALITY METRIC FIELD OF THE INVENTION [0001]This invention relates to
digital radio broadcasting receivers, and more particularly to methods and apparatus for implementing
in a digital radio receiver a signal quality metric for an OFDM digital signal. BACKGROUND OF THE
INVENTION [0002]Digital radio broadcasting technology delivers digital audio and data services to
mobile, portabl& Gaidsisétiteceivers. One type of dlgltal radlo broadcastiagtiéfaneeinias in-band
on-channel (IBOCjdigitabaudionbieadgasting ((ABhsaste el Aransmitersinthg existing
Medium Frequency (MF) and Very High Fraquwﬁﬂa@]o bands. HD RadioTm technology,
developed by iBiquity Digital Corporation, is one example of an 1330C implementation for digital radio
broadcasting and reception. [0003]IBOC DAB S|gnals can be transmitted in a hybrid format including
an analog modulated carrier in combinatidBlWitRERT - il

..x“,;

: lodalinEotididitally modulated carriers or in an
all-digital format yggggin t@ﬁx@ﬂ%@ﬁt@?%‘l‘ﬁé@dﬁa&ﬁas IS hatd S&Qad%iﬁ% the. byhdd medger.

broadcasters may continue to transmit analog AM and FM simultaneously with hlgher guality and more
robust digital ¥R AIBWRTE AR AT BT &y el REBREea dc B il P AT aT5 6 6-8iFifAl radio
while maintaipingtthesrtitsent ﬂEqungy@H@aaltlons [0004]One feature of digital transmission systems
is the inherent ability to smultaneougl . ﬁ%ﬁ% d data. Thus the technology

also allows for wireless data services frof | tations The broadcast signals can

include metadatal®8i¢h aﬁ%ﬁﬁ@ﬁﬁmjﬁ%%éﬂ&rt%‘ﬁmmﬁd#%ﬂ@r@gsﬁeﬁépm@%%@e@famt events,
traffic, and weathes;capAlsabednchiiad.fer-exampinetratiicinformations weather fgregasts, news,

and sports scores can a cross a radio receiver's lay while the user listens to a radio
P in-band on-c Lamze?%B&(g ggzta% audzro YOaS cast'ing (DXBP é}és terrestrial transmitters n

station.
the existing Medium Fregquency (MF) and Very High Prequency (VHF) radio bands. HD

Radio™ technology, developed by iBiquity Digital Corporation, is one example of an IBOC
implementation for digital radio broadcasting and reception.

[66G3] I1BOC DAB signals can be transmitied in a hybrid format including an analog
moduiated carrer in combination with a plurality of digitally modulated carriers or in an all-
digital format wherein the analog modulated camier is not vsed. Using the hybrid mode,
broadcasters may continue to transmit analog AM and FM simultaneousty with higher-quality
and more robust digital signals, allowing themselves and their listeners to convert from
analog-to-digital radic while maintaining their cwrent frequency aliocations.

[6004] One feature of digital transmission systems is the inherent ability fo
simultanecusly transmit both digitized audio and data. Thus the technology also allows for
wireless data services from AM and FM radio stations. The broadcast signals cen include
metadata, such as the artist, song title, or station call letters. Special messages about events,
traffic, and weather can afso be included. For example, traffic information, weather forecasts,
news, and sporis scores can all be scrolled across a radio receiver’s display while the user
listens to a radio station.

(00051 IBOC DAB technology can provide digital quality andio, superior to existing
analog broadcasting formats. Becanse gach IBOC DAB signal is transmitted within the
spectral mask of an existing AM or FM channel allocation, it requires no new spectral
allacations. IBOC DAB promotes economy of spectrum while enabling broadcasters to

supply digital quality audio to the present base of listeners.



[0005]IBOC DAB technology can provide digital quality audio, superior to existing analog broadcasting
foimats. Because each LBOC DAB signal is transmitted within the spectral mask of an existing AM or
FM channel allocation, it requires no new spectral allocations. IBOC DAB promotes economy of
spectrum while enabling broadcasters to supply digital quality audio to the present base of listeners.
WO 2008/150910PCD13S2008/065145  [0006] Multicasting, the ability to deliver several programs
or data stream&8V8¥Me thannel in the AM or FM spectrum, enables stafidfis*t8 fifbeidéast multiple
streams of data ofggfarated stipptemehtalbdiitsub-tiiannetsofithe main fedpeneyarkosexample,
multiple streagys gl dgiaEainG e BUsHIANKE MUSIGIRIMA'S-Jaraliralli, Weplhst Jaus gnd sports.

The supplemental channels can be accessed in the same manner as the traditional station frequency

using tuning orBEEkKFEPRIFEABIS PP sRarhpieoiftheraialsgusstiulate sraTgnial B ddntetanat 94.1
MHz, the s?]rln@gh;e@mjl&a&tdmm@zﬁm& @aﬁimﬁl&i@@z@qa%heri?&@mgfv@m&%%%@?a&rﬂ?%ﬁl-%and .
94.1-3. Highly specialized programming on supplemental channels can be delivered to tightly targete
audiences, cr%%%ﬁe nrﬁ%traf gﬁ)apr%lr??ﬁnfﬁ%s% or advettisers 1o ﬁ?fgargiaél?ﬁéitasortgﬁd%%ﬂiﬁ‘f%og?%ﬁ%ontent.
As _used hereiﬁr?qn@ﬂﬂzastmmﬁiﬂdes_eﬂkélytﬁgmgsi@ofzmep&ﬂ;_m@mm@htmmlé digital
radio broadcasting. channiel aken asingledigiialadissreadeasting signal, Mullicastcanient.can

include a main program service gMPS), supplemental program services (SPS), program service data
(PSD), and/or’6ther Bfoadcaddt d t]a?’{Oﬁ!ﬁ}%‘ﬁéeﬂm%m@w@ﬁﬁ%ﬁﬁ?ﬁb@}aﬁ@&ﬁ%rd-setting
organization spoas@reddwthidationalAssatiaton of-Rieadeasterpanthihe Gansumetdsegtronics
Association, adgpted an IBOC standard, designated NRSC-5A,.in September 2005. NRSC5A, the
disclosure of \'}/%%%’fﬁ% ?ﬁ%%rg%ar% evdflﬁle édl)ﬁr %lf/ti ?g?grae%'cel?&ége sS c;%rﬁ?r & r%%%ﬁ%%ténﬁ%dﬁ%ggacasting
digital audio arrhamieHiancl gt ovarrNragdrEMIbtcittasighimids Thissianddreanditsreference

documents coptain defailed expianations Hidhe Rinkansnissionsubsyaien and:the.tragspart and
service multipéex gubsystems. Copies of the stan%%r&can be obtained from the NRSC at

http:/Avww.nrSeSta R B R a RS 580198 BORYSTIR S S5 ieamiismentation
of the NRSC-§A&B@@Cdgtandarql._Fu_rther information regarding HD RadioTM_ technology can be found
at wwahlradlio. oppyand - Bighity.qors, LO9AGIOer tugs oL lalialiadin ioadegating systems

include satellite systems such as 30V1 Radio, Sirius and WorldSpace, and terrestrial systems such as

Digital Radio Mewuise IIRR), Etirerh 487qistianded Bopasiop ABivVassibampumag FReEaies As used
_he[)ein,dthe pﬂmmilﬁbigﬂ,aéd@;d@ %Q@@@ﬁﬁﬂ@m%@éﬁ@ﬁ@e _ §.§@m@i©i@@il,gﬁ@%mﬁm gnglx'mg"l@ding
IN-pand on-c n¢ oadcasting, as,well as ot L ital terrestrial broadcas in Dan satellite
brosdoating POB LR B LA B HE LS B Yoy SBAEI o bl VRl T signal
because a nufnberefapplicadiiphs refoiredamatienrdaindicatidreod Signabadmkitychineidiita
seek-scan funglion,seseluionaf300kHzshaced dnpfesrigLs dirstadiacent intereier sidehand

selection, and diversity switching, for example. It would also be desirable for this metric to be quickly
obtained, ancFt8 e EHaRHVE FRAFORHIE oV BRRYBRIGHRsHRsitalBighaldhn wadrrasose
desirable to maifismize apy:chanyRs existingrHb Radionireceivehamdware onspftwarenvhen

Implementlngﬁ?c%ometgle%h%aé!ﬁ)%gfathg ‘an implementation of the NRSC-5A IBGC standard. Further

information regarding HD Radio™ technology can be found at www.hdradio.com and

www.ibiguity.com.

[6008]  Other types of digital radio broadcasting systems include satellite systems such
as XM Radie, Sirtus and WorldSpace, and terrestrial systems such as Digital Radio Mondiale
(DRM)}, BEurcka 147 (branded as DAB), DAB Version 2, and FivieXtra. As used herein, the
phrase “digital radio broadcasting” encompasses digital audio broadeasting including in-band
on-channel broadeasting, as well as other digital temestrial broadcasting and satellite
broadcasting.

[6009] It would be desirable to have a metric for the quality of a received digital

signal because a number of applicalions require an accurate indication of signal quality,

S



SUMMARY OF THE INVENTION [0009a]ln one aspect, there is provided a method for detecting the
quality of a digital radio signal, the method comprising the steps of: receiving a digital radio signal
including a series of symbols; developing a correlation waveform having a peak that corresponds to a
symbol boundary; normalizing the correlation waveform; and calculating a peak value of the
normalized correlation waveform, wherein the peak value represents the quality of the received digital
radio signal, wherein the digital radio signal includes a sideband, and the symbols are received on the
sideband. 10009b1In one aspect, there is provided a method for detecting the quality of a digital radio
signal, th&ditHbdicorsprisiny thettens ofsaeteving’ a%@ék&[xaﬁm@igmﬁbhﬂ@lé@jngi@tseﬁg&gt
symbols;geygiopinga coralation wavetar ving a.peak that corresponds 1o a symbal boundary;
normalizing the correlation waveform; qalc%%a nS{:JWa9 cﬁ%elg ?v%)lrueéxf’}%{ 'n%‘n’ﬁﬁﬁ%%al%%rl?‘élg‘fﬁiﬁ%veform,
wherein fielpédRevAtu repsies dhieigasliopdiithesretienad digitatiianlio Signat; A geilionmA status
flag to ingisateskhesreceivegidigital adiessignalgxsesds A r%ﬂ ermined guality threspold.
10009clIn one Sﬁts_pect, there is provided a method for detec?iﬁ tﬁgnﬁgl%/ 0 lglié}/%i?gﬁrgﬁ‘g%ignal, the
method ESRMBHIAG R SR8 felbrare sdicihia epmeitadie slgnil intluding:a series of symbols:
developing a correlation waveform having a peak that corresgonds to a symbol boundary; normalizin

; correlation waveform, wherein the
peak val_ue W@éentﬁjtgg aq]é,lsalg%/t,oitpggg gsec%\(gg ?lg\jtal r%gho signal, wherein the step of developing a
con-elation waveform is perfofmed for upper and fo

' wa SEigEn SR BEtE ditsitarsiaiorSigriittsloroduce
an uppersitlebeiid cberatation wameforimearhe aitpwer sidebang coniglation@veipsminandgalculating a
frequengyeffsat differgncador ofrelation waveforms for the upper and lower sidebands. [0010]In
one embodimentglihe inventioé%?%%iégﬁé %Qgt 0d " Pgré?é}gcﬁ%‘ﬁ%pgié’l‘fﬁ fib SRgrraPOTHE Mightal radio
signal if¥fBes bowensy oruyrabiore daclhoradion iscoofprisedotapilaality-of samples. Jingmethod
includes:shaBtens Qtrassbind.tReigitaladio & oping a correlation wayeform having a
peak that corresponds to a symbol boundary, no?rgg%ﬁé?‘r%{%e @ér?g?a%g]nev%% P%f}é%ﬁe%?iy&?lating a
peak va

HRIBY IRU horenalizsbeeandhnidieimvasirmsi supereshitive peidebatde repridsentsibi quality of
the recebced, cigitadiagigepignal.  [0011] The digital radio signal can comprise upper and lower
e method can be applied independently to each of the sidebands to produce the

sidebands, %Eg m _
peak valueb of Wrm a2 APrstatBA witvaHsHHEfor Exihost fve dsigetinn dee The itligith ksiggiad quality

metric cracﬁibeigaﬁljatﬁdlbwﬁ&[cwa{big;ia@ﬂad(é@@mﬂe}g@e%r@e@hﬁgp%mq%ﬁc&l&glﬁganthe peak
index COLIeIPY, g}izr#ﬁo%qst_hgege k value for the normalized correlation waveforms for the upper and
lower sidebands. Then a peak iRdex HERE TERFEs SRESHOE b fime e retide Batweasstra ek ndices

for the epperlatdundver:sidebafidigathbecdetéariinedantihe paakindex defiapnd,ihe peakyvalues

for the yopeLiaRd lower.sideban n_be compared to thresholds. The digital signal quality metric can
also be validated by ca?culat?r% a ﬁe%uvgﬁecrﬁlgf def aﬁ#‘e‘fé}ﬁlgel BRRVELH Hretlpier dndqdrsi Gidebands

and defSeiihmginHenkrabsdifogentemdbts a tefitair thitashald tietaby ingicatinawbethersa

detecteﬂ&@g@@riﬁg_geq%glggﬁig@gm&jnterESt or an adjacent interfering signal. [0011alAccording to one

aspect, there is provided a receiver for detecting a digital radio signal, the receiver comprising: an

input for ré88RARY a Widits AsarS sidises inanieiided seriebof symbotsiiapdia predesser fodigalgulating a

peak vﬁumthﬁhggr{@@p@a%dgw@p@ ggugig}gsryogf %&%‘fﬂg'g%ﬁa%%fr%@}éo” Y}viag/_elzfoEm wherein the
[

peak vglue represents the quality of the received digital radio slgnaT, wherein the ¢ gii]tcafj%%‘?‘oasignal
include A% AP Ui dhe s ots hasatien eypiana diebant peak that corresponds to a

symbol boundary; normalizing the correlation waveform; calculating a peak value of the
normalized correlation waveform, wherein the peak value represents the quality of the received
digital radio signal, wherein the step of developing a correlation waveform is performed for
upper and lower sidebands of the digital radio signal to produce an upper sideband correlation
waveform and a lower sideband correlation waveform: and calculating a frequency offset
difference for the correlation waveforms for the upper and lower sidebands.

[0610] In one embodiment, the invention provides a method for detecting a



1001Ib]JAccording to one aspect, there is provided a receiver for detet_:ting a di_gital radio signal, the
receiver comprising: an input for receiving a digital radio signal including a series of symbqls; and a
processor for calculating a peak value that corresponds to a symbol boundary qf a no.rmallzed. .
correlation waveform, wherein the peak value represents the quality of the _re_celved_ dlg_ltal radio signal,
and wherein the processor sets a status flag to indicate that the received_ dlgltal_ radio S|gna_1l exceeds a
predetermined quality threshold. 10011c]According to one aspect, there is _prowdt_ed_ a receiver for
detecting a digital radio signal, the receiver comprising: an input for receiving a digital radio signal
includingiai%érrééi@f%gmbo@a gietelssetifosicatd Ulatingea @%lﬁi@bﬁesﬁiﬂb@@,rr@ﬁfo?ﬁsgm@i?ygtt)rc])le
oundar; normali rrefat) vefor rein the peak value represents ({Je_ quality
Eeceivedy%%?t@é%aag% éﬁlgﬁaé?l@ywﬁg%%%\%% cﬁg%tr%} ?gygo lgf“girlla?slr% uagpés ﬁ)ﬁ)%%? é“ﬁﬁ%é&ﬁe gilie54HAs. and
the procE88dt ESKEIALES e peakVares bra herinalizeek kipipercsidetpandscorselatibnl wavefesm and a

i I ' i . I frequency
normalizegrionansigeRand saselatianonaveiarmiandiwnerel. e propgssor caleulates a freq
offset differle ce f§r the correlation waveforms for the hﬁ%& and f%wer sidebands. 100721 one

embodimént; ‘EHB=iﬁ%ﬁ"‘ﬁ%ﬁhﬁ&?ﬁﬁ‘aé@lﬁer@é%ﬁﬁéfﬂfoﬁha@w%tm@ﬁl@ﬁgﬁwimdidigi@h@dﬂﬁgﬂ@ﬁd radio
signal inclufles § serigsofigybalsoeash ol which s compHserOL,a aIUAliy of samRles,. The receiver

includes an,input ital radig signal, and a processor for calculating a peak value that

! di .
corres,p((’nxf‘ﬁ?:igj AUk é%ﬁrr:@@?ﬁ/m gﬂ?’ﬁ%iﬁﬁcﬁd}maﬁf’é%f%}‘?éI?ﬁiBWWéF@rﬁ??kvﬁ@F@iﬁQﬁeﬂmakMIue
representsrthaiquality abthe receivet digited radingignal TWQiRAIBASI1ORGRYS2008/065145

' ' m of a transmitter for use
i DA S SR I APFRDG RO HSIAG-SYEIER 190 MM, 2 e apfesentation
of a hybHurFES QO wiveferi.value for the normalized correlation waveforms for the upper and
lower sidebands. Then a peak index delta representative of the difference between the peak
indices for the upper and lower sidebands can be determined and the peak index delta and the
peak values for the upper and lower sidebands can be compared to thresholds. The digital signal
quality metric can also be validated by calculating a frequency offset difference between the
upper and lower sidebands and determining whether the difference meets a certain threshold,
thereby indicating whether a detected signal is a desired signal of interest or an adjacent
interfering signal.

[0011a]  According to one aspect, there is provided a receiver for detecting a digital radio
signal, the receiver comprising: an input for receiving a digital radio signal including a series of
symbols; and a processor for calculating a peak value that corresponds fo a symbol boundary of a
normalized correlation waveform, wherein the peak value represents the quality of the received
digital radio signal, wherein the digital radio signal includes a sideband, and the symbols are
received on the sideband.

[0011b]  According to one aspect, there is provided a receiver for detecting a digital radio
signal, the recejver comprising: an input for receiving a digital radio signal including a series of
symbols; and a processor for calculating a peak value that corresponds to a symbol boundary of a
normalized correlation waveform, wherein the peak value represents the quality of the received
digital radio signal, and wherein the processor sets a status flag to indicate that the received
digital radio signal exceeds a predetermined quality threshold.

[0011c]  According to one aspect, there is provided a receiver for detecting a digital radio

3a



[0015]FIG. 3 is a schematic representation of an extended hybrid FM IBOC wa_lveform. [001_6]F|G. 4is
a schematic representation of an all-digital FM IBOC waveform. [00_171FIG. 5 Is a schematic _
representation of a hybrid AM 1/30C DAB waveform. [00181FIG. 6 is a s'chematlc representation of an
all-digital AM IBOC DAB waveform. 100191FIG. 7 is a functional block dlagram_ of an AM mac DAB
receiver. [00201FIG. 8 is a functional block diagram of an FM 1130C DAB receiver. [OOZ_l]FIGs. 9a
and 9b are diagrams of an [BOG DAB logical protocol stack from the broadcast perspective.
100221FIG. 10 is a diagram of an IBOC DAB logical protocol stack from the receiver perspective.
100231 Fi@ak fdgeseraphivaprepreseniationfof @ne0HRM signal ﬂmtbai@mueamﬂema@m[@@%]FIG

11b is agraphical '}%E@&%@@&%QUQ&QF%M@%%'Hlé?%é'i%gp%?ﬂ% 10 a symbol boundary of a
normalized correlation waveform, wherein the peak value represents the quality of the received
digital radio signal; wherein the digital radio signal includes upper and lower sidebands, and the
processor calculates the peak values of a normalized upper sideband correlation waveform and a
normalized lower sideband correlation waveform; and wherein the processor calculates a
frequency offset difference for the correlation waveforms for the upper and lower sidebands.

10612] In one embodiment, the invention provides a receiver for detecting a digital radio
signal. The digital radio signal includes a series of symbols, each of which is comprised of a
plurality of samples. The receiver includes an mput for receiving a digital radio signal, and a
processor for calculating a peak value that corresponds to a symbol boundary of a normalized
correlation waveform, wherein the peak value represents the quality of the received digital radio

signal.
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[0025]FIG. 11c is a graphical representation of the conjugate product signal peaks representing
symbol boundaries. [0026]FIG. | Id is a graphical illustration of the conjugate products multiplied by
respective amplitude tapers. [0027]FIG. 12 is a block diagram of one embodiment of an acquisition
module. [0028]FIGs. 13a, 13b, and 13c are graphical representations of symbol timing for a peak
development module. 100291FIG. 14 is a flow diagram of a first portion of signal acquisition
processing. [00801RI@13154s a functional block diagram that illustrates arf8EG&KRIGaSAHGorithm.

[00311FIG. 16 is a functional biggk:glipgram efrsige bandieontinations [0032]FIG. 17 is a diagram that

illustrates waveform normalization near a symbol bqundary. [0033]FIG..18 is.a graph of a normalized
correlation peak 10 ¥iG, 1 ?s a block diagram o? f trans%ligier fog use in an m-bgan on-charge!

digitel radic broadeasting system.

00141  FIG. 2 is s schematic representation of a hybrid FM IBOC waveform.

[0015]  FIG. 3 is a schematic representation of an extended hybrid FM IBOC waveform.

[0016]  FIG. 4 is a schematic representation of an all-digital FM IBOC waveform.

[B017]  FIG. 5 is a schematic representation of a hybrid AM IBOC DAB waveforn.

[0018]  FIG. 6 is a schematic representation of an all-digital AM IBOC DAB waveform.

[0019]  FIG. 7 is & functional block diagram of an AM IBOC DADB receiver.

[0020]  FIG. § is a functional block disgram of an FM IBOC DAR recsiver,

[0021]  FIGs. 92 and 9b are diagrams of an IBOC DAR logical protocol stack from the
broadoast perspective.

100221 FIG. 10 is a diagram of an IBOC DARB logical protocol stack from the receiver
perspectiva.

160231  FIG. lia is & graphical representation of an OFDM signal in the frequency
domain.

[0024]  FIG. 11b is a graphical representation of the OFDM signal in the time domuaiz.

[0025]  FIG. 1ic is a graphical representation of the conjugate product signal peaks
representing symbol boondaries.

[0026F  FIG. 11d is a graphical illustration of the conjugate products muitiplied by
respective amplitude tapers.

[0027]  FIG. 12 is a block diagram of one embodiment of an acquisition module,

{0028]  FIGs. 13g, 13b, and 13¢ are graphical representations of symbol timing for a
peak development moduls,

[0029]  FIG. 14 is a flow diagram of a fivst portion of signal acquisifion processing.

10034] FIG. 15 is a functional biock diagram that illustrates an acquisition algorithrm.

[B0317  FIG. 16 is a functional block diagram of sideband combination.

[0032] PIG 17 is a diagram that illustrates waveform normalization near a symbol
boundary.

[6033] FIG. 18 is 2 graph of a normalized correlation peak.

(00347  FIG. 19 1s a flow diagram of a second portion of signal acquisition processing.



[0034]FIG. 19 is a flow diagram of a second portion of signal acquisition processing. WO
2008/150910PCT/US2008/065145 [0035]FIGs. 20 tinough 24 are graphs of the probability of stopping
at a particular frequency for various conditions in a seek-scan application of a digital signal quality
metric according to the present invention DETAILED DESCRIPTION OF THE INVENTION
[0036]FIGs. 1-13 and the accompanying description herein provide a general description of an 1130C
system, includirgpiogiceasting equipment structure and operation, receivarstiizetengsasid operation,
and the structure BIBOC PAB waveitnsRIGSAd24:and the assompanying.descriptinnerein

provide a detailed description of the structure and operation of an acquisition module for implementing
a digital signal"§sHEY e e aRESPaREs ghaag”ﬁ%éf?ﬁ f’ﬁ@%ﬁé@@rﬂﬂﬁﬁﬁfﬁ%ﬁ’ﬁ%@‘%@ﬂw AND
WAVEFORMSo[:@@Bﬂg%efﬁrmgemmelﬁmwmgs FIG lisa functlonal block diagram of the relevant
components of a studio site 10, ﬁgﬁ% (=) -and a studi .‘Eﬂ{gsmltter link (STL) 14 that
can be used to broadcast an FMma gna [des; among other things, studio
automation equipHiéii 34, ﬁﬁ%n&é%@@dﬁ%réﬁ@r@@%r%@@@?% tyeminciodiels an aporter 18, an
exporter 20, aguex¥gieh axilianiserviseHnihéRaph2R: 06 A e lniansilte: %ﬁﬂa&&tﬁﬂsm'tter

site includes an STL receiver 54, a digital excjter 56 that includes an exciter e r%lne ex%it
subsystem 58r88‘?ﬂﬂe’éhﬁﬁﬁi§f8§r@x%‘i?é?ﬁ§5 il A PR ExpuHe P rasBe nt Sisa adidSation's
studio site andhthecexciteris:ocatatbatthietecangmission siteikhic seselemants’ mﬁyéaemda&aﬁted at the
transmission site. [0038IAt the studio site the studio aomation:equip majpRrogram
service (MPS) %tﬁ?ﬂlo 42 to fr%&el% TI\EASU NIPES da%ta%ﬁl40 EC%HF%% ex%?c)rte%{sugb%g#uenta prgrg;}ré sgerwce
(SPS) audio ﬂf’éﬁ?‘?é%ﬁ?fo?f%ﬁe%ﬁﬁ@i”@ -data 36 to the importer. MPS audio serves as the main audio
programming source. In hybrid modegg@mgmmghmem&ﬁmaaﬂgg radio programming formats in
both the analog gital transmi MPS Iso m servjc ta (PSD),
includes mformaﬁ% Lch l‘gs?muﬁ %'% &, aniste ?fm name & E“’%%Fﬁ‘% gei%grﬁmfnpré geﬁ% €eWice can
include su ppl@m@mmyi@f@{mﬁwﬂtiﬁmEMmmmiaém@maaﬂsmmﬂ link (STL) 14

that can be used to broadeast an FM IBOC DAB signal. The studio site includes, among other

things, studio autoration equipment 34, an Ensembls Operations Center (EOC) 16 that includes
an importer 18, an exporter 20, an exciter auxiliary service unit (EASU) 22, and an STL
transmitter 48. The transmitter site inclodes an STL receiver 54, a digital exciter 56 that
includes an exciter engine (exgine) subsystem 58, and an analog exciter 60. While in FIG. 1 the
exporter is resident at a radio station’s studio site and the exciter is located at the transmission
site, these elements may be co-located at the transmission site.

[0038] At the studio site, the studio auwtomation equipment supplies main program
service (MPS) audio 42 to the EASU, MPS data 40 to the exporter, supplemental program
service (SPS) andio 38 to the importer, and SPS data 36 to the importer. MPS audio serves as
the main audio programming source. In hybrid modes, it preserves the existing analog radic
programmuing formats in both the analog and digital transmissions. MPS data, also known as
program service data (PSD), includss information such as music title, artist, album name, ete.
Supplemental program service can include supplermentary audio confent as well as program
associated data.

6039 The imporier contains hardware and sofiware for supplying advanced
application services (AAS). A “service” is content that is delivered to users via an IBOC DAB
broadcast, and AAS can include any type of data that is not classified as MPS, SPS, or Station
Information Service (SIS). SIS provides station information, such as call sign, absolute time,

position correlated to GPS, etc. Examples of AAS data include real-time traffic and weather
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10039]The importer contains hardware and software for supplying advanced application services
(AAS). A "service" is content that is delivered to users via an 1130C DAB broadcast, and AAS can
include any type of data that is not classified as MPS, SPS, or Station Information Service (SIS). SIS
provides station information, such as call sign, absolute time, position correlated to GIN, etc. Examples
of AAS data include real-time traffic and weather WO 2008/150910PCT/US2008/065145 information,
navigation mapipautesiiother images, electronic program guides, mulRREACH#6ETEMMINg, other
audio servicesyRnd-atheneepiant. HEE;? wRatent:femA. A LanRemrrPlied by, sarviceRipvidgrs 44,
which provide service data 46 to the |mporter3ia an apE)Iica&%n progr ir[;gI> rfac%éAPl) ,T%eY service
providers may B ABTERACASRFIRAEY SEHY, LRGSR ?(f@?ﬁ%@%éﬁ SRl 8‘-‘5%1915’39 oviders of

services and cenientritidcmpondicdanestaklisivrsdssidn tohnéctians betweenimiltiplesemice

providers. Thejmporierefcodes and mulfileses,s8rvics data . SRS A 38, apd SES deta 36 to

produce exporter link data 24, which Is output to the exporter via a data link. [0040jThe exporter 20

contains the hiaigmais sracediivarears cagsany tof SUPpytRBdran Hrodranh st SangiSior
brc:jadcaﬁting-&%ﬁ&?@ﬁ&ﬁ&@m&i%ﬂﬁm\a&m @y.?rriégr@m B@t@ﬁ@f&&ﬂﬂlﬁgmggsdses tlhe
audio. The exporter also multiplexes MPS 40, exporter link data 24, and the c essed digita
TIPS o to BB A8 BT R S5 DA AU inE BRAT e RS AR MBS Do 29 over
it_s audio intermwamkm@eseaﬁjn@piﬁgt'aMmed delay to it to produce a delgyed analog MPS audio
signal 30. This anglog audig.can he broadsastas backun. chanel farybiid 1130G, HAB hroadeasts.

The delay compensates for the system delay of the digital MPS audio, allowing receivers to blend
between the difitalPatdedhaiot prétram Wi Biﬁdﬁa%?ﬁ-ir?ﬁﬁw@?mﬁﬁhawﬁ%gﬁ@% g, the
delayed MPS autlio: sighalm-iscanyesigadyethe:-expoltanio-armenasignalipusesemdiecty, to the
STL as part of e excler ko daia, 52,004 4The FARH AZassenis MES.udio A% ram the gudio
automation equﬁ)men , rate converts it to the propgrl system cloc ,%n%uoutputs two copies of the

signal, one digitéitice Yerekenetaatatoly crdystHBENG0 Ihdtitldt audip Sietskerdisaelisscopiected to
an antenna 25, Jhe RS daseiver allows:the EAsLhta:sepvarg masielelock sigmalwhichiise

synchronized to the exciter's clock hy use of UPS units. The EASU provides the master system clock
used by the eﬁﬁbr}fgr.bﬁ‘?gﬁé’ﬂ & 3i€8'0s E%J]%@?glf r %cé?%t%e %5?8?%P§g%d%gﬁom being
passeql throughitienexipoftertia Wmvﬁmmm@m@gi@mzaaﬁa,taiktvﬁp@icda’g&tﬁndm@bemger .
operational. THE BuRarase audle 85680 besd dissynindne.SHLAnamUiskslinalng 2 dead-ar

event. [00421STL transmitter 48 receives delayed analog MPS audio 50 and exciter’link data 52. It
outputs excitefditiictidtBafiasigydd Aoy MPE e e rerST e MRS Hhier Rzl Bititer
unidirectional @k bidirectianat sikhesdlilinksmay be a digital microwave or Ethernet link, for example,

and may use the sigrard ser Datahaam Protacol of the SlandgId JCRIR, WO . crpmen;
rate converts it to the proper system clock, and outputs two copies of the signal, one digital (26)
and one analog (28). The BASU includes a GPS receiver that is connected to an antenna 25,
The GPS receiver allows the EASU to derive a master clock signal, which is synchronized to
the exciter’s clock by use of GPS units. The EASU provides the master svstem clock used by
the exporter. The EASU is also used to bypass (or redirect) the analog MPS audio fom being
passed through the exporter in the event the exporter has a catastrophic fault and s no longer
operaticnal. The bypassed audio 32 can be fed directly into the STL ransmifter, eliminating a
dead-air event.
[0642] STL transmitter 48 receives delayed analog MPS andio 50 and exciter link data
52. It ouiputs exciter link data and delayed analog MPS audio over 8TL link 14, which may be

either unidirectional or bidirectional. The STL link may be a digital microwave or Bthemet

link, for example, and may use the standard User Datagram Protocol or the standard TCP/TP.
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[00431The transmitter site includes an STL receiver 54, an exciter 56 and an analog exciter 60. The
STU receiver 54 receives exciter link data, including audio and data signals as well as command and
control messages, over the STL link 14. The exciter link data is passed to the exciter 56, which
produces the IBOC DAB waveform. The exciter includes a host processor, digital up-converter, RF
up-converter, and exgine subsystem 58. The exgine accepts exciter linic data and modulates the
digital portion SYSHE®3BELDAB waveform. The digital up-converter of exEiter 585 vErts from
digital-to-analog fse43asenendipaiiarofithemexgin e dtfut=dhedigitah-texanaltd cdnressiy is based
on a UPS clock, cormon fahal o f1e exporters IS hased clock ASTRI SIomhe FASD, Thus, the
exciter 56 inciides ‘Uit and antenna b7 An alternative method for syn ronlzmg t e exporter
and exciter clocksicaprbesfdund fantipliraerBeatesy RatetAgplicitioR SefrPNE oS 267 (Publication

No. 2006/0209941. Al the disglesyebwhichisherely ingorperated iy seference. Ehe, Ribs:
up-converter of the exciter up-converts the analog signal to the pr%ﬁ;r in- l:;gand channel fre% ency. The
a6 R HEAE

up-converted Sigfi7aiTs PR RS Frthe g BOWEr AN iFersS aRE hteh ast. In an
AM transmss&mﬁys}maﬁmexggWEmbByﬁgml eoherestitjatds’the Backyfanaltg S apdio to the

digital waveform in rEhe ybri qqu@%g%gygt&mﬁpg%p&; inc nggggeanalog

. TVL
exciter 60. In adgltlon the ézi'(gfi.ter 5 foroduces %'ztse and magnitude information and the analog signal

is output direciijpts- th@ﬁl@lﬁﬁ@ﬂ@%ﬁﬁ%liﬁé@fmmﬂ%@% BAB Pl CaIrBE trafshfitdefin both

AM and FM r@&%&@?%&@&%@fd@%ﬁm&@ﬁ%mmﬂhemevaf@m&as&ﬂa@eﬂ\@hgm IBOC
DAB waveform, an FM 17d IBOC DA@%afvefor an AI\/% ybrldrtIeBO em wa v form. and an
AM all-digital BOEBAE W ﬁﬁ@g@ﬁ o symehdofiizing he'ekporier 2

i€ répresehitation of a R 38 IBOC
waveform 70.{Fhe mmvéﬁoﬂafdlnﬁiﬁdes‘?amanélggimbemléie@b@ml 12/8¢ated ﬁl@hh%@ﬂef‘bf a

broadcast chanpghydfac first Py ol even Mﬁ&@?ﬁﬁe&g{?%&%ﬁ%}%&eﬁﬂ%&gw'%@ raulgiplexed

subcarriers 76 in an upper sideband 78, and a second. plurall of evenly spaced orthogonally

frequency diviSIBYERSTRTRSEHES R TR o aH e FHEAOTRSER) e auERd
subcarriers arendivisleghinte:partiions aund ymgzshbcaghefwead@s@nammaealeéener@eﬁubcarriers.

A frequency partition is a gro of 19 OEDM e nain 8 r one
HENCY RALIACN I[O&%?#}%dh o & slt'grgaﬁulu d%%% & ﬂ@%— data.syhea {55%9&9

reference subCarmer. wave orm Inc s an analog FM-modulated signal, p us

digitally moduiaséet: prifitanydisain @@U@ﬁi‘ﬁbﬁéﬁ"?ﬁ@%%é}aﬁﬂ@f@ﬁr@%@aﬁ@éﬁa@év@’ﬂf@fﬁ@éﬂoﬁequency

locations. The,subcarierlacations dsenuplerad koMin5d6iter 3t tntheavavaliampiobFie WO
2008/15091OPCT/U82008/065145 2.t g&ﬁubcarrlers are a Ioef?tlon +356 to +546 ? d -356 to -546.

Each primary T SebaHe HOP AR PR B BE SRR RyUIERIE, iSHEC BEBRSTITEPEEAE SN -546, also
included in the prindesy maihGitiebands;resadditienatireferehcd it cadridvs:athdaniyp itigezof each

subcarrier can, be S I I 0 r tation of
an extended hy r I—ijl\w(li‘é%ééa Wzgﬂﬁ(%ﬁ%%&?’%%%%e%d%;%%ﬁaggﬁnﬁ%%fg %?f;gdln

primary extenéiéﬁaé|%%@T%ﬁ@%h@ﬁ%éﬁ%ﬁ%%@@ﬁf@§énﬂﬁ e Ayt ?}eform
One, two, or faunsdfreguerey-Raritions can be added to the inner edge of each primary main sideband.

The extended hyb #)% g\(vsel\i égém Q%ﬁ s ?te%ag%alleos sgpah }L:lﬁ gﬁlﬁ “cl)aq}u te é)rl ary main

subcarriers (sub me or all primary exten Subcarriers
(subcarriers +28@& o 35Fudnd=2801tg B358jated szgnal 72 loca‘ted in the center of a broadeast channel

74, & first plurality of evenly spaced orthogonally frequency division multiplexed subcarriers 76
in an upper sideband 78, and a second plurality of evenly spaced orthogonally frequency
division multiplexed subcarriers 80 in a lower sideband 82, The digitally modulated subcarriers
are divided into partitions and various subcartiers are designated as reference subcarrers. A
frequency partition is a group of 19 OFDM subcarriers containing 18 data subcagriers and one
reference subcarrier.

[0646]  The hybrid waveform incindes an analog FM-modulated signal, plus digitally
modulated primary main subcarriers. The subcarriers are located at evenly spaced frequency

locations. The subcarrier locations are numbered from 546 to +546. In the waveform of FIG.
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[0048]The upper primary extended sidebands include subcarriers 337 through 355 (one frequency
partition), 318 through 355 (two frequency partitions), or 280 through 355 (four frequency partitions).
The lower primary extended sidebands include subcarriers -337 through -355 (one frequency
partition), -318 through -355 (two frequency partitions), or -280 through -355 (four frequency
partitions). The amplitude of each subcarrier can be scaled by an amplitude scale factor. [0049]FIG. 4
is a schematic Y&pradgiatation of an all-digital FM IBOC waveform 100. TRedHSaig#etWaveform is

constructed by, disahlibg:the asalog.signak fsdlyoexpanding thecbansividth phthe primaiydigdal
sidebands 102, 104, and adding lower-power segqndary sideban 06, 108 in the spectrum vacated
by the analog SR UG AOETEN Y in TN ok ot SR a Ao S Ay
modulated subearrisrbatisubeardigidotatitrees 4@ toriG46 Thvithoptadcaaiodg FVbsignalaf3e50]In

addition to the,ianmain fregrency. paritigps, all four extended frequency partitions are present in each
primary sideband of the all-digital waveform. Each secondary sideband also has ten secondary main

(SM) and four sedBifdhry dlfentisd: ey HagiraFEs AR PHAERE B MMRPSte & however,
the secondarymaimdreaeacy patiiensare inappetinedmeidetharchannelcaenemaitieive extended
frequency partjtions farther.fro e center. 1005 E econdar sgineeb%gg alijs? su orts a small

h e ach L
secondary protected’ %gPtfl?lengl%r?%ﬁ’ ; P15 ué%r%gﬁi%igﬁﬁﬁ Stbcarriers and reference subcarriers
279 and -279 pHtidwic ebarosidgxkivaferagtodas vpretk oratrevau seabry. atddoattettdirvhedarea of

spectrum leaslikelytoihe affeqied by, analeg; gh.digitaliniefferenes.An addifipnalreferencesubcarrier
is WO 2008/150910PCT/US2008/065145 Elaced at the center of the channel (0). Frequency partition

ordering of th&" 8B T8eS NSEATHR sine& the P GidhHi¥ed nat RBNt I AEGUBRES p4rtitions.

(subcarriers 280 to -+355 and -280 1o -355).

[6048]  The upper primary extended sidebands include subcarriers 337 through 355 (one
frequency partition), 318 through 355 {(two frequency partitions), or 280 through 355 (four
frequency partitions), The lower primary extended sidebands include subcarriers -337 through
-355 (one frequency pattition), -318 throngh -355 (two frequency partitions), or -280 through
-355 (four frequency partitions). The amplitude of each subcarrier can be scaled by an
amplitode scale factor,

[0049]  FIG. 4 1s a schematic representation of an all-digital FM IBOC waveform 100.
The all-digital waveform is construcied by disebling the analog signal, fully expanding the
bandwidth of the primary digital sidebands 102, 104, and adding lower-powsr secondary
sidebands 106, 108 in the spectrum vacated by the analog signal. The all-digital waveforn in
the illusirated embodiment includes digitally modulated subcarriers at subcarrier locations -546
to +546, without an analog FM signal,

[(0507  In addition to the ten main frequency partitions, all four extended frequency
pariitions are present in cach primary sideband of the ail-digital waveform. Each secondary
sideband alse has ten secondary main (SM) and four secondary extended (SX) freguency
partitions. Unlike the primary sidebands, however, the secondary main frequency partitions are
mapped nearer to the channel center with the extended frequency partitions farther from the
center.

10051]  Each secondary sideband also supports a small secondary protected (SP) region
110, 112 mechuding 12 OFDM subcamiers and reference subcarriers 279 and -275.  The
sidebands are referred o as “protecied” because they are located in the area of spectrum least

likely to be affected by analog or digital interference. An additional reference subcarrier is
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100521Each secondary main sideband spans subcarriers 1 through 190 or -1 through -190. The upper
secondary extended sideband includes subcarriers 191 through 266, and the upper secondary
protected sideband includes subcarriers 267 through 278, plus additional reference subcarrier 279.
The lower secondary extended sideband includes subcarriers -191 through -266, and the lower
secondary protected sideband includes subcarriers -267 through -278, plus additional reference
subcarrier -279%PHaGEPtfequency span of the entire all-digital spectrunt$d 388887, The
amplitude of egiehesubgarsiarcan he sealed by an-amplitydeisealedatipniTheSSeephdatesiteband

amplitude scaléa f c;gi%rcg &%% e uglelrdﬂsﬁ(;:-l%gﬁ%bll1 éiléggafg&%yog thf% fgéjr may be selected for application to
the secondary Siatbands: [DOS3IA each of the wave orms, the algital signal is modulated using

orthogonal frequeli&§ivisimratiptaxing 40 FoNROBDN sshacpiralle Frodul o séhrmegn which

the data streamgpodgylajes.a 4@&&%@%&& QUibogena sbcaisrs e hichaeg dransmitted.
simultaneously. OFDM is inherently flexible, readily allowing. the mag%\%}gygfical channels to
{

different groug @R stfRRISkRE i feesa R eHer Ay BHA T S th& i PIPAFSHIHEEE in primary
main (PM) sidﬁ@a_eﬁi& @ﬁbeitjh@ﬂf shde m&amm@mﬁ@mamtmmmimmfmm power level
of each sidebajyd,is appreciablypion e ofal Rewerin Jie.analas M SigaL Jhe,analpg sional may
be monophonic or %ereo, and may include Sub: oh}ary communications authorization (SCA) channels.

[00551In the exféndid sdibingaheiatsansibrabandiidihe e e sidenants edicse esstded

toward the anajpg.RM signadde increasedigital-canagitnsthisadgitionakspestymmaliagated do the

inner edge of each primary main sideband, is termed the primary extended (PX) sideband. [0056]In
the allcigtal WAUHOATE TS HIHIGt SN BTt G SR O SR bR St
sidebands is fiilky: extendetasiifothepdxiendedipdorihivanvefiobandin addition, this waveform allows

lower-power digit%@g@ﬁondﬁﬂéa%ks'sP%ﬁzadme?&IHeqmﬁ%ﬂrgi%szsg%m%@qg&ﬁg Hrtheanalog FM
signal. [0057]FIG. 5 is‘a schematic representation of an AM hybrid IBOC DAB waveform 120. The

hybrid format iFedueRss fhésiarvaigraa P40 PG4T 2 poreheanirirdar s s # o Halong with
a nearly 30 kHzwide-ABLsignatsl 241-dhe spactrum isteantainedvadtibfng which are transmitted

simultaneously. OFDM is inherently flexible, readity allowing the mapping of logical channels
to different groups of subcarriers,

10054]  In the hybrid waveform, the digital signal is transmitted in primary main (FM)
sidebands on either side of the analog FM signal in the hybrid waveformn. The power level of
each sideband is appreciably below the total power in the analog PM signal. The analog signal
may be monophonic or stereo, and may include subsidiary communications authorization (SCA)
channels.

[0355] In the extended hybrid waveform, the bandwidih of the hybrid sidebands can be
extended toward the analog FM signal to increase digital capacity. This additional spectrum,
allocated to the inner edge of each primary main sideband, is termed the primary extended (PX)
sideband.

[0656]  In the all-digital waveform, the analog signal is removed and the bandwidth of
the primary digital sidebands is fully extended as in the extended hybrid waveform. In addition,
this waveform allows lower-power digital secondary sidebands to be fransmitted in the
spectrum vacated by the analog FM signal.

[0857]  FIG. 5 is a schematic representation of an AM hybrid IBOC DAB waveform
120. The hybrid format includes the conventional AM analog signal 122 (bandlimited to about
+5 kHz) along with a nearly 30 kHz wide DAB signal 124. The spectrum is contained within a
channel 126 having a bandwidth of about 30 kHz. The channel is divided into npper 130 and
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channel 126 having a bandwidth of about 30 kHz. The channel is divided into upper 130 and WO
2008/150910PCT/US2008/065145 lower 132 frequency bands. The upper band extends from the
center frequency of the channel to about +15 Id-lz from the center frequency. The lower band extends
from the center frequency to about -15 kHz from the center frequency. [0058}The AM hybrid IBOC
'DAB signal format in one example comprises the analog modulated carrier signal 134 plus OFDM
subcarrier localibh¥$iafifhg the upper and lower bands. Coded digital iRfdffatBH tépresentative of
the audio or date:gigraiedadneytrantmittecuprogramemateriamistranseniftecantbé tse bicamitrs. The
symbol rate is less t bcarrier [ ue rd ti e ) s shown
in FIG. 5, the &Op%é)Fl Qa{rl?(j};%ﬁ%l : Sh i%?@%%@%&%@é%?ﬁo‘%y 3%, ﬁ%%%r%ﬁ%y??gg%g%slﬁsig&?fy a tertiary
'section 144. Thelovelbardbicrafiowaitieaiprinary section 140, a secondary section 142, and a

tertiary section 143,£9r the;puipeserehthisexplangiion dhelertiany sectians kd3ianehd 4dacan be
considered to include a plurality ofgroups of subcarriers labeled 146, 148, 150 and 15 Iin FIG. 5.

Subcarriers witRPHESEHRR S8&ions #ikt SFe’POSHISAEG a1 EorTEPof thERRAARCI DFE referred
to as inner subeadsierydatdigliicafsiersinithiprdhetteintiary e ctiditsathétarenpdsitiGradiiarthied from the
center of the channel ar -e%ei rred to as outer.suf iers. m.thi le,the I the inner
subcarriers in é}% 16%1 ﬁ% and fé%gis sﬁgy&;r% %ﬂ%%%ﬁ%gegn%%i%%%%&?ﬁﬁ%@gﬁ%%ﬁ the
center frequeriejciTheedprfatiiing Hre PR eTsBtaifiers 146 and 152 in the tertiary sections have

substantially consgitpowgr levels. iEISG alsashawsiwa refgrenceisdbcarriers t&4and:dSe for
system control, Whgse levels h%g%fix%d at a value ,thaﬂj diggerint fram %m oth%r L§idebands. 100601
42, (e |

The power of SUBEAFETE 1T e Uigitar SHeB L L sighificARtS BaIgw the TotaT power m tha-analog

AM signal. Thestével tieack@iBM subeathé), within wtjaresgtintatyor Secdrravypsectidritis fixed at a
constant value, Brimary al.segandarysectians.iay be scalsdielativeitoreach.ather, by addiion, status

and control information is transmitted on reference subcarriers located on either side of the main
carrier. A sep&Ettagiesl drirhostith B0 47t BB & Bita s Srea tRisy i it e s mitted in
individual subgaurigesjustiahavecantdbetaw:the fieqgheney edogesotdhe uppercandlowersseadndary

sidebands. The, power- ISwelokeash.amaORRM SyRsariler ds flsediealve o s magylated

. S CrEl
main analog carrier. riowever, '?he P rlevel Oaft e’'secondary subcarriers, 1ogica anne

subcarriers, ant tefeizay subcariesstisadstagits roosia Uy myweelprelddiREoRNEifdcafIGns, the

analog modu|%&fﬁgpgaukeazﬁfldsf@%sdsi%@ﬂwmw@m&mﬁaﬂiﬁrﬁ@@ﬁﬁ%miﬁg%wﬂhm thewghannel
or

mask specifie standard WO, _2008/150910P T/US200§/06d5145. . .
frequency. The remaining groups of subcariers 146 and 152 in the tertiary sections have

substantially constant power levels. FIG. 5 also shows two reference subcarriers 154 and 156
for system control, whose levels are fixed at a value that is different from the other sidebands.

[B660] The power of subcarriers in the digital sidebands is significantly below the total
power in the analog AM signal. The level of each OFDM subcarrier within 2 given primary or
secondary section is fixed at 2 constant valus. Primary or secondary sections may be scaled
relative to each other. In addition, status and control information is tramsmitted on reference
subcarriers located on either side of the main carrier. A separate logical chammel, such as an
IBOC Data Service (IDS) channel can be transmitied i individoal subcarriers just above and
below the frequency edges of the upper and lower secondary sidebands. The power level of
gach primary OFDM subcarrier is fixed relative to the unmodulated main analog carmer.
However, the power level of the secondary subcarriers, logical channel subcarriers, and tertiary
subcarriers is adjustable.

00611  Using the modulation format of FIG. 5, the analog modulated camier and the

digitally modulated subcarriers are transmitted within the channel mask specified for standard
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AM broadcasting in the United States. The hybrid system uses the analog AM signal for tuning and
backup. [0062]FIG. 6 is a schematic representation of the subearrier assignments for an all digital AM
1BOC DAB waveform. The all-digital AM IBOC DAB signal 160 includes first and second groups 162
and 164 of evenly spaced subcarriers, referred to as the primary subcarriers, that are positioned in
upper and lower bands 166 and 168. Third and fourth groups 170 and 172 of subcan-iers, referred to
as secondary awe tesiagyssubcarriers respectively, are also positioned in pgpesandlayer bands 166
and 168. Two ; s, ; 1 f the, third group_lie close the center of the
channel. Subcﬁ?g%ggg%&g%ggl%%@a&g Cﬁse%l}gséd%t% %ﬁéjﬁgdrﬁﬁsgggaﬁgﬁhfn%?n% E‘é\%% aaﬁ]%&@éﬁ&l& 7isa
simplified funcidrrarbeck diagram of an AM IBOC DAB receiver 200. The receiver includes an input

202dconnectEd to Eamptemﬁn?ﬁ@?s a gzm%@ﬁﬁ& ff@gﬁ%%éi&%ﬁﬂ@ aigégzgi;%k %Qﬁgﬂﬁg%y%ﬁ%%fi for
producing a baseband si on line 210. Ap analog demodulator 212 demodulates the analog
modulated poftio| ﬁa?)[f&gq?%%igﬁ%ﬁg%fé%%ﬁ& B?ﬁ%i%?%%%ca%‘é% LGl it s Andigital
dgmoqulatqr Zi@mtéHﬂ@@glaﬁé@hé@ﬁ@iﬁaﬂwﬂ@d&dmedbpmﬂm mfdﬂgibaseb&rﬁiﬁi@@@hb&'dﬂﬁﬁihe digital
signal is deintgrleaved by adeinierleaver.e 18, ad a%@%%é?yr%jr\é'ir?lr %e%%go‘jg "gs?%‘?o Rpepyice

demultiplexer 222 separates main and supplemental program signals from A Ignals. A’ processor
224 processeStHEFE Gt SR AbsHioiFse B digivanatlresign stserriine 226, diveesiatogiand main
digital audio signals:asediendedas showindslock:2285ams.sikppiemental digitataydig.signal is

passed through, to produce an,audio oufput an lin . A data processor 232 processes the data
signals and p%%!ff)ceg cf%%g’%otﬁ%ﬁtcg?gsﬁﬁé%% %r?reﬂée%fsz% é%‘%?ﬁ&%?é‘gﬁﬁé AR B Hiciude, for
example, a statisreinforptbmserice (81S), main program service data (MPSD), supplemental
program service gaias(SPSR), and, Qg armoeAuiliany anplisalion ServicesHAS) 0064IFIG. 8 s a

simplified functional block diagram of an FM IBOC DAB receiver 250. 'the receiver includes an input
232 connectet’tb anHHFERTA FRHSHE &P DPFBFREHY S5 B1IRTa 8 &8I PAITEH FEFIdEY to an
analog-to-digitad corigirtedend digitabd 00enico puetien? 28 te-piaduiea basekand, signakateeutput 260
comprising a sekies,flGomplex.signal sATRIes. TG Sa0ALsamples.are. complex i (hal each sample
comprises a "real" component and an _"|mag|na%y" compor?ent, which'is sampled-in q-aadrature to the
real componehit. BRHUNAISY iR dmnaisr 262 démbeinhtiesriialanaldl rAodofateds portidniefithe
baseband signatigprogueaananalagasdio signal online2b4i-khe digiially madulated B%rzion of the
sampled bas%and1 WO %(Bé)8/1 Oglof?gUBZQIOS/Oﬁ 145 sip-m.1 is next filteredggﬁgge and
isolation filter 266 Which fias & paSCHEAdehudity) reEs8rsé Comprihictha<asl setof
subcarriers Tsppesémtrinithedeceet-0OF Divizsignainkiten 2 @8issippressesitheseffactspaioasfisst-adjacent

interferer. Co j I thei ISJLiC odule 296, which.acguires or
ovare OF %@gﬁ%ﬁ&oﬁ Quied 1othe IopyL QfAeauISHOR modHl ana?og which.a t?}?%léaie

! set or error and carrier frequency offset or error from received
OFDM symb s S8pe<Eht SetieNBHCamMpRek Sitfhar 2osonkgiritiofisid usogedeirelops a
symbol timing-efsetidandicarieitequentyaifseAliasiuell asisiapisand:contiphinfarmation. The
signal is then demadulated (block 272) to demodulate the digitally modulated partion of the baseband
signal. Then ﬁ%ﬁa éféﬁ%f sfil“lréjginélrfbigs)u%f:éi(rlﬁ%erloeuz}i’\);gtdg ‘6’9% 33%?8?%%72%%? %ﬁg d—g%%%f‘é%lslﬁ?%swférbi
decoder 276 1K8apvice erampikipl ke TEosmphratessinaiy @hdsupplesnentalprograniisifitals from

data signals. Adecessrr23RRracesses.thednain) ang sPRlemerial progiam.sianalsdo praduce a
digital audio %%ﬁ(gél on line 282. The analog and main digital audio signals are blended as shown in

block 284, or upplemental program signal is passed through, to produce an audio output on line
286, A data prociésdr 28Fiirct éssesdlididhtasiignalsaod @rotuces SataoBpat Signals-ea:lines 290,

292 and 294 Jhe aslanels sanincluge, Roexample & sielionniornation service (S1S), main
program service data (MEPSD), supplemental program service data S f and one or more
advanced appiicatioii SErAETNABYIB06S PR Hreetice dizitahy ol thier siehdigied dewsirmgrfamstions
shown in the zeceivesset kiGsuiankicanbedmplenaniashsingione osmee dategaied circuits.
[0066]FIGs. %% and 9h are diagrams o{ an 11130C DAB logical protocol stack from the
¢ signal samples dre complex m that each sample comprises a “real” component and an
“imaginary” component, which is sampled in quadrature to the real component. An analog
demodulator 262 demodulates the analog modulated portion of the baseband signal to produce

an analog audio signal on line 264. The digitally modulated portion of the sampled baseband
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transmitter perspective. From the receiver perspective, the logical stack will be traversed in the
opposite direction. Most of the data being passed between the various entities within the protocol stack
are in the form of protocol data units (PDUs). A PDU is a structured data block that is produced by a
specific. layer (or process within a layer) of the protocol stack. The PDUs of a given layer may
encapsulate PDUs from the next higher layer of the stack and/or include content data and protocol
control informaugnzensgirating in the layer (or process) itself. The PDIJs gerevateeshbsseach layer (or

process) in the; tianamister RRIPGALiatack 4 NRYIRLL B CAEINRRJIDLIaVER L RIRGSSS) Jthe
receiver protocol stack. [0067]As shown in FIGs. 9a and 9b, there is a configuration administrator 330,

which is a systERPRITEIGH fAELHSTe S CORARTIFAT O R sont SRVt OH ToMH0adtid%entities
within the protegdkstacksst he:cdffiguratidnicedtrehintorntationCanpinclige:Lsts defined seftings, as
well as informatj | fr ithin the.syste as UPStime an ition. The service
interfaces 331%%%?;%%%2%@%%%59%? %ﬁl%%%i@égg%e%%gﬁ %{EE@\%Q ﬁﬁ%mmg 0&% o
2008/150910FCI 7RES2U0R/6E S efpgice mterface Hrychevaiferend fordaéhrofthressaiidis types of

services. For examgplecfanMRemutie and, 3B S.autie.theserigsinieracs mawpe ar:andip card. For
MPS data and SPS data the ingfgggaé:gs ma%/ be in the form of di{f?gr__?nt application program interfaces
st a

(APIs). For all’6ther G548 HteVFACE I ST thE o riPBe a BIRGREUAD. AR 0D o et 332
encodes both dRSduib{aEinck SPS mutinod bro tuct atoly (Stieat! @paind apiiomatanhdsigement
(Stream 1) Str?ﬁéﬂ?h‘éfdb%ﬁsﬁ{ﬂgl RRSAudio encoded packels which are passed @tg&déﬁgcé@psport

333. Audio codec 332 also relays unused capacity status to other parts of the system, thus allowing

the inclusion o BppoftiHGHETEEPARES A dBP S st i eBRsB IR Brosfantseiferadess (PSD)
transport 334 igpreduceMESoaneh SRSetataRDhis: which-arenpasserbigraudiodunspent&33. Audio
transport 333 receives.encoded audiopackets and PSD, PDUs.and. outputs bit streams containing both
compressed a%ﬁi%igﬁﬁl%r%g}gngnszuﬁ\?igg%ﬁe & §%§r¥r§‘arrrl}g%koﬁ art'le(%%i%} saglér aa %ﬁ%%rﬁs the
configuration &rinisteiae 2ifd Qe SISePmeisA TS POk wdritcorshite statore idenfication and
location informaaiian .RIREra%e, typeaasWellas asplkading and.nesition.coprsipted 49.GRSuThe AAS

data transport 336 receives AAS data from the service interface, as well as opportunistic bandwidth
data from the SERHS FAAL5SE” hagéeﬁ}éirglgeis AL BBHUL “ohich e 55 B2 G of
service paramefersatidyestrans[{8IE andiencoging fenctiohsaapdRNNe ctivelmrefel eddarasd-ayer 4 of the
protocal Stackd@eaféstp@fﬁ?ga@%ggam&é%om&f%%éai@ﬁ%gﬁi%gm as Layer 4 PDUs or L4 PDUs.
Layer 2, which is the channel multiplex layer, (3% receives tra spp?t PDUs from the SIS transport,
ALAS data transg8P£hnd Susiertian sjsoi cafe fo enate trssinh fane Bges DU e Ewpisez PDU
includes protagolscoatiot tormationanda.naylaacwhieh-tan.he audie, data, or a combination of
audio and data. 2 PDUs are rquted through the correct logical channels to Layer 1 (338),
wherein a Iogicall-@%gg%nel %%S’s'g‘lnagﬁ;é tﬁr?hé?%%ﬂlaﬁé@@ggt? 1efigh fﬁ?@?ﬁsﬁﬁfﬁ?@ﬁ%iﬁed
grade _of servi@g;smaw@mmﬁpfédmwmmmammmmg@amsteskmaﬁﬁé:ﬂmexs\ameﬁﬁm a service
mode is a spegific.gonfiguration.af.operaling.parametars sReriRing:ihravghpul, performange level, and

selected logical channels. The number of active Layer 1 logical channels and the characteristics
defining themPiERF Toi e sBrifie & Aot SRSl SHIFSHFAEGT R afs8Tpddsadpetivedfraiadies and
Layer |. LayerthiconvetisethieyRBids firomyd:ayeprdandsysten-eantiohinfesmatiendatoranmisor FM
1130C DAB wavefglin for transmission. L 1.processing can include scramhling, channel encoding,
interleaving, S %%}]Vglbéa arner rﬁ‘géﬁ?hﬁéfea%ﬁfg& Cgé%ﬂ tsfgrﬁea’ﬁqg&%%ﬁgﬁoﬁﬁee Sétﬁqf)u %jf) bllgtp‘fglesignal )
generation is 2PeEH e Bhasetiard conve dofrmintivulsegepiesentingaie Gigitalqeeititrslof dhelF30C
signal for a paiticulaeWR2EOBLEALIRE 1HS2908/065145:symbel: Riscrate symbols ake,

concatenated to faun a continuous time domain waveform, which is modulated to create an IBOC

waveform for PERSASGSIBOREIRAESAE LS HeNO§Ed #8tocol stacic from the receiver
perspective. An 1BBTC wavefsimwisitatcvad myithe physicaldayen-biyeid-(b60xwwiteh damodulates
the signal and_proge: it.to separate.the signal into logical channels,. The number and kind of logical
channels will ¢ ép%?ﬁ?ésr%n t cémsnetr?\l/gl)fseu e%%e'e?c}é}r%(ﬁmr%g%nag ude’ Sg%é?néhagﬁﬁe? s IB@?EI%@%@LSS, and
MS. Layer | piodiicdse IMPRAgS Sestrespbhding wrthetisgntal chiarmelistaneh sentidthisP Dtiodd Layer 2
(565), which demuliplexesithe kiRiakésdopraduaeBle RIS ifASRRUSP DR s for the main

program service, and aréy suxg Iemer}ta[ [ogram ser Iigggs, and Stream 0 (core) audio PDUs and

* Stream 1 (opHSHATENHARES ;%561&%' S ITRESTY BHUTHEHER PHoRSSSa FB6heS IS ¥ansport
570 to produce SIS data, the AAS PDUs are processged by the AAS transport 575 to produce AAS
data, and the PSD PDUs are processed by the PSI) transport 580 to produce MPS data (MPSD) and
any SPS data (SPSD). The SIS data, AAS data, MPSD and SPSD are then sent to a user interface
590. The SIS data, if requested by a user, can then be displayed. Likewise, MPSD, SPSD, and any
text based or graphical AAS data can be displayed. The Stream 0 and Stream 1 PDUs are processed
by Layer 4, comprised of audio transport 590 and audio decoder 595. There may be up to N audio

transports corresponding to the number of programs received on the IBOC waveform. Each audio
tfrancnort nrodiicece encoded MPR nackate nr QPR nacrkete eorrecnondina tn each nf the recen/ed



WO 2008/150910PCT/US2008/065145 [0070]FIG. 1 Ib shows an OFDM symbol 5 in the time domain.
The symbol has an effective symbol period or temporal width T, and a full symbol period Ta. The
OFDM subcarrier orthogonality requirement creates a functional interdependency between the
effective symbol period T and the frequency spacing between adjacent 01-DM subcatrriers.
Specifically, the frequency separation between adjacent subcan-iers is constrained to be equivalent to
the inverse of theoefferztrversymbol period T of each OFDM symbol 5. Thatdg/ghsdseguency separation
is equal to 1/T sExdending.ackossibeistiestive sumbelperiod ), of.each QFRLVEsymhgLh isa

predetermined_number N of equidistantly spaced temporal symbol samples (not shown'in the figure).

Further, extendiig 88858 ErB T oreaiHese BfY SribBidedraa praddtefainad Mimber Na =
N(l+a) of equidistanilyrspaced-emponahsymbol sitaplespalistbe aowpiiudetaparingtacter for the

symbol, and ca e gansidered here as. 2 ractionl uliplier, Dyding modylation, an OEDM, modulator
generates a series 0 Fi symbols 5, each of whic compi%i"ses a p‘redetermln'ea RUMber of temporal

symbol samplestN&ESriadpendiplSteutiint sypbicpepid Sheawlie poih ahiefieserarhsampléSiaam the last
aN samples ofigagh.syrabeharedapeted.and-have LoRLRNARESE 10 PRe-2MbRiment:ihe 333,

predetermined number Na of temporal samples extending across each full symbol period Ta is 1080,
the predetermifBY heRTiser K BRSSP EEhTBRE RABRAIN P B Jes e SE e sted W5 AR5 BBriod T is
1024, and the thurinbesiof: sdrmplestinsdacataf ngﬁcﬂm sﬁmﬁﬂqs&mﬂdaﬁyaﬁ*b@a_m ptedds &t Thesg
values are me@bb%%ﬁ&ﬁ&%{ Xﬁr}q ke a'tStégld' I}%C%%EC&@}% W{ﬁ}%}?&%@%é&%'{&%&&‘é&g Ao during

modulation, a cyclic prefix is applied such t e leading and trailing portions of each traﬁgmltted
symbol are higﬁ%‘f cordiatBisou7iiPrsaetsimiatrarmisiituBeitin et ofite SHEiverdpa st 13 is
imposed uponghe:sighakievels.ehthesg-saaaplesioThis amplitude wotiledncludessympetically
ascending and descenging amplitude tapers 11, 15 at the leadi ortio ilin lon_of each
Dol 5. rosg et B SR AR LR P SRR BoEadr By el o ed o
tapered edgescprovidied it fitndiGomeinséiveatositfotamatialypresiaoe prdesivadl essiliestabe energy
in the frequengy.domainsiRihusairvide@morespecialy efficient QRN signak Alihoughdtbe full

symbol period Ta of symbol 5 extends beyond the effective symbol period T, orthogonality between
adjacent subcaF&FS iATHEfrefUSTLY HoRRAMYRIES PraY b BB e 4S9 1SRG RS arfiplitude
tapers 11, 15 ghsynssol 5FalovPaiNyqiist oo aisededasinesdaperingidactinmeMererspeaificatty,
orthogonality i inta i present i ion through a combination of root-raised ine
weighting (or %ﬁ%ﬁ%&%%%%%ﬁ?ﬁ%%o ﬁagﬁqg{ran%\% %%Eé%%ﬁsd fc gt-?al%%? T %‘iﬁé%%%é?ﬁéﬂ%ﬁf‘&mg of
received symbeiEesE O8I IS0 P CTYIS20Us08T ras [HBPR)The e 8BiHy drdetrdiliigepdttions of
OFDM symboti shate-emagdiionakimporfaidfeatuenamely;sthe firslosid @ERMsWRRAl samples

extending across the leadin gortion of OFDM s¥mbol 5, which has a temporal duration aT, have

substantially eqtRAentSHESES 34508+ 48¢ SRPEBET SAMIee axtenting &8Y6ss ?I%Jﬁa%sportion of
OFDM symbob&ievhichreisortiasnatitenapd rabftratiomica cidote aagminithabas sotheraniplitd deitapering
factor for the sypbel, and gan b cansideledngle, o6 SiaGlonal MUl AGQUISITIQNMODULE
STRUCTURE AND OPERATION [0073]One embodiment of a basic acquisition module 296, described
in U.S. Patent'fi§<6 53568 °E#ED, 501 81! isadhdieh sprdess 13, Rédeilwersbrptexisititar298 is
provided to theppiddof-prak cevelopraentsmaahie:tI00:whighcprevidestbadirshstage-of. stgnal
processing for, aco lillilriggstrrlx%cséyrp}ggé t'krsniarllg off%% OJOH}? re eiv%gi (g%l%l%ll signal. F;eak devg/llsf]%l ment
module 1100 deve ops a boundary signal 7560 at an fpﬁ?z}here , WhiEN é%ngeﬁfursgﬁ%l/ of signal
peaks therein leaetheigrispeakire geasentid gaertdelvech symbsiibholhdarppositioatfor bach feceived
OFDM symboljgpresenied inreacived:ignaliedd.mpnt ipeak-deyvelgpmenmadile 1300, Because

these signal peaks represent received symbol boundary pasitions, their temporal positions are
indicative of reSSRRH S MBET RRRTAGCSTSET MOFe SHEdifikdly, B@@éﬁé’é’”tﬁ%%%‘e?@ﬁ%%?ﬁﬁial ora
priori knowledgemof dhre:tsuemnaditahreceived symbbbbBMhiEry posiionysuah apositandsinitially
assumed or atbitrarily created to enable receiver processing to.operate. Acquisition. module 296
catablishes s e Sl R A e,
received symsiBEEndihPposttiv anahersenaling thevfadabefloMetovd parmietieek sywbpiktiming,
[0074]In develppipghthasionaRepked eRreseRingORERM symboLbauniaties Pe@K , particular
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development module 1100 exploits the cyclic prefix applied by the transmitter, as well as the
predetermined amplitude tapering and phase properties inherent in the leading and trailing portions of
each received OFDM symbol, Particularly, complex conjugate products are formed between the
current sample and the sample preceding it by N samples. Such products, formed between the first aN
samples and the last ccN samples in each symbol, produce a signal peak corresponding to each
symbol comprishé?tRE&1 it onjugate products so formed. [0075]Mathem&fid 4z tRESdfation of the
conjugate produgtais pepreseniasias-fallowsdaet R(H)denctedherrecaivedQmRM sighalwand let Te =
1+a)T denOte'éheo%HlLtgngMeﬁ%@;b% Br%gi% or ertirod where 1/T is the OFDM channel spacing and
a. is the amplifuale apering factor for the sym%%]}. %ea%?ﬁlﬁsasll%néaks in boundary signal 1300 appear as
a train of pulses o&fghal peaks! ihsthavedijugaitel proderets oicB (4D e RcAsameseatiofthesNyquist -
16 - WO 200815094086/ \152008065 A4 Amalitude (2nsring dmpased. o e eading apdfraing

portions of each OFDM symbol, each of the pulses or signal peaks has a half-sine-wave amplitude
profile of the fGRMAIRTFSSSE 1A L8R EHS) SiFEA &0 st EPareelbtnBivisEbporéfEnfREtose!
periodicity of sigaakit 300, dhahisothieperiod althediainaoignat peals csdheisReferringi) £1G. 11c,
the train of sigpal included in boun ignal 1300 has amplitude envelope w(t the peaks
are spaced by RO 1 T2 Rt T DL R Bt Ptk Gy AR 2GR B raing
portion amplitGédBtdp ey, 4 S panltpidsdtrentiparredhnag fittidet irrefecc SHjUGRS. pro§Uudds Jxesulting

in the half-sineyvars v whichihas.a-durationalwithth Al sanespording, Nl samrles. o
[0077)Returning again to FIG. 12, tor each signal sample input to peak develo ment module 1100,
one product sg"f?f%qeai 18&85{%56‘% TG e SRt %?gbﬁé@@nﬁﬁgsa GG Bd At ween
that input sampleard amﬁ&d%Ssmpsarﬁmep spated SI_SaImaaIGE tmefe_fmm ﬁ@m:pﬂe%eﬁi_)‘ﬂsyugate _
developer 1200arqaigssR 2ty AUIRIAING CRTBICK SRNIHAAEET A300 OYaRMple, JACBOYIPUL IS

provided as one input to multiplier 1250. The conjugate sa £e is output are multiplied against
the delayed s&#sReTbafiuerisntead, §i|‘3ﬁ‘3‘i>t@"i%}. |Ah R aY S B PR BonjlifatdSpteuéd are
formed betweemndhereceied Bignal2Aanat dodetayertepticadhergef obtainedrby,delaying the

received Slgn%lsgr,ggar? ﬁlg?x%g 5%%%%%@” @&%ﬂ@%éﬁ!%@'éﬁ] %Xdc zltggﬂgx%%?sgd or graphical AAS data
can be displayed. The Stream 0 and Stream 1 PDUs are processed by Layer 4, comprised of

audio transport 590 and audio decoder 595. There may be up to N audio transports
corresponding to the number of programs received on the IBOC waveform. Each audio
transport produces encoded MPS packets or SPS packets, correspondig to each of the received
programs. Layer 4 receives control information from the user mterface, inchuding commands
such as to store or play programs, and to seek or scan for radio stations broadcasting an afl-
digital or hybrid IBOC signal. Layer 4 also provides status information fo the nser interface.
{0069} As previously described, the digital portion of an IBOC signal is modulated
using orthogonal frequency division multiplexing (OFDM). Referring to FIG. 11a, an OFDM
signal used in the present invention is characterized as a multi-frequency carrier signal
comprising the plurality of equidistantly spaced subcarriers f1-f,. Adjacent subcarriers, such as
{1 and f, are separated each from the other by a predetermined frequency increment such that
adjacent subcarriers are orthogonal, each to the other. By orthogonal, it is meant that when
properly Nyquist weighted, the subcarriers exhibit no crosstalk. In one hybrid system
incorporating the instant invention and using both digital and analog transmission channels,
there are 191 carriers in each sideband with a 70 kIz bandwidth for each sideband. In one all-
digital implementation of the instant invention there are 267 carriers in each sideband with a 97

kHz bandwidth for each sideband.
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[0078]Referring to FIGs. 13a, 13b, and 13c, the relevant symbol timing for peak development module
1100 is illustrated. FIG. 13a represents consecutive OFDM symbols 1 and 2 provided at the input to
peak development module 1100. FIG. 13b illustrates the delayed versions of OFDM symbols 1 and 2
as output from delay circuit 1150. FIG. 13c represents the signal peak developed for each
corresponding set of Na = N(14-a) product samples (which in one working embodiment equals 1080
samples), the tratn:afssignal peaks being produced responsive to the conpigatézneettigslication between

the received signglphFIG 432 ARcihedelavashyassian erent iF Gk BQTURYRY of specific

example, if the received OFDM symbol period To corresponds to Na = 1080 signal samples, and the

aN samples atidaéHcoftmbabading ahdetraming YéfionsBi ey HBsiYortespond td 56 Sigridl samples,
then for each 3080-sample LRRM-symbatinpuite peak:developrmenhmaduieslddOnthereappears a

corresponding set of 1080 product samples in houndary signal 1300. In this example, delay circuit
1160 mparts S TBSKRY SeiEto o L S R AT MHGER 10 TRU G 2280 HE ed by is
predecessor Tnelifoquih mewa&mm@ammml@smym@ sigtial peak so
developed for,gach corespanding sehef 1080 rraguct samples camRrisesonly.S6,conaals products

formed between the first and last 56 samples of each corresponding symbol. [00801Peak dévelopment
module 1100 E&d B Thipledrited tn aﬁﬁ%@%é@&ﬁ&%@é@%ﬁw&ﬂx@%ﬁ ForaentE Btween the
leading and trafingpotians-ateashsymbobisexplaitfedimthemannenpieyieusiy desgiieg.For
instance, peak development module 1100 may operate on.each sample as it arrives, so. that for each
sample in, a prodUtPsEmpRETE p ﬁﬁ%ﬁ%?%g%%%ﬁﬁi ﬁceé}eigﬁeﬁ?ge%ﬁa?fk/%ﬁ é%g}ura yggf 3dMmples may
be _stored, suchpaﬁém@mﬂmrmuwﬂém}guﬁﬁqsmm plecvé ctorsyahedéldyedigsamplésvectors,
which Vectofsttﬁé\%rggl&@d&gvﬁe%ge%ryge%&a%@a!eegmgmgae%r BLoSGhSAMRIES & anduipyl thereot.

Alternatively, the opment module can be implemented to operate on continuous rather than

sampled discretifiie siHEIE MWETEs, 3 SO an uNpTeRemaibaler e deSiFabre Hakakput received
signal 298 alsg,he arcontiuious pater thanasampled:signal. Q084 ideallshoundannsignal 1300 has

easily identifiable signal peakslther%iq, as iélustra%led in EICBﬁs. I I(I:qand 130.HdO\}/]ve}/er, in reali%y, each
signal peak is%ﬁﬂ@dmg to full symbol period T, wherein the first olN samples and the last aN samplées

of each symbol are tapered and have equal phases. In one embodiment, the predetertmined
number N, of temporal samples extending across each full symbol period Ty is 1080, the
predetermined mumber N of temporal samples extending across each effoctive symbol period T
is 1024, and the number of samples in each of the first oN samples and last oaN samples is 56.
These values are merely exemplary and may be varied in accordance with system requirements.
Also during moduiation, a cychic prefix is applied such that the leading and trailing portions of
each transmitted symbol are highly correlated.

[0071]  Predetermined amplitude-time profile or envelope 11, 15, 13 is imposed upon
the signal levels of these samples. This amplitude profile incindes symmetrically ascending and
descending amplitude tapers 11, 15 at the leading portion and trathing portion of each symbol 5,
respectively, and a flat amplitude profile 13 extending therebetween. These rounded or tapered
edges provided in the time domain serve fo substantially reduce undesirable side-lobe energy in
the frequency domain, to thus provide a more spectrally efficient OFDIM signal. Although the
fuil symbol period Ty, of symbol 5 extends beyond the effective symbol period T, orthogonality
between adjacent subcarriers in the frequency domaeain (FIG. 112) 1s not comproniised so long as
amplitude tapers 11, 15 of symbol 5 follow a Nyquist or raised-cosine tapering function, More
specifically, orthogonality is maintained in the present invention through a combination of root-
raised cosine weighting (or amphiude tapering) of transmitied symbols and root-raised cosme

maiched filtering of received symbols.
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indistinguishable from the undesired noisy products of samples lying in adjacent symbols. Since peak
development module 1100 continually forms products between samples extending across each
received symbol and predecessor samples delayed therefrom, boundary signal 1300 includes both
desired signal peaks as well as the noisy conjugate products. For example, the first aN (56) samples in
each symbol are multiplied against the last aN samples therein, to produce the desired signal peak aN
samples in dursgtidmobigesewer, the remaining N (1024) samples are multipfi@d'2gedsiikF samples from

the adjacent symhglrgsponsiveigitbe.delaviimpaded theretorm delayeircuifsloth(sesdkica 13).

These additional unwanted products have the feet of ﬁ"ingnéj noise betwegen the occurrences of the
desired signal BREKE THGE IS BrdRuCHE: SR EEIOANIEYS SEBRF SigruLearse SporatHle.
[0082]In additiemis: thecpresepgeref thevaiarementionesh product naise:in bawuneasysignabk300, there

is noise derived from other sources well known in the art of digital,communicat . Such naise is
e o e HeR S s e A e R S e
scattering, multipathienthfadiagpandisigial terférenges: heofiotitcendbtfihergeriyérealséadds noise

to the signal. [t 083J€ ye tsi S@g&g %?ésggrgl slages l%%g ydicated, in part, to combating the

bsg 0
depreciating e ect 0 (%Tﬁe a?orerﬁecﬁtlone noise with respect to'the desired signal peaks in boundary

signal 1300, or more specifitail /S THprddethE-Bighai-fol hise taid 6 the dighal WO

iggg/_l50919;%%@%?40084%%1?&%@3@%@'@%% H&@%m}ga{yfoaég@@%@,ms@ma@m@%@m moddule
IS prOVI edatt eoutputo ea evelopme oqau an omprises. first and.secon
S ciomal S e T R L o AT AR P it 18 B 0o

supe_rposition toirdeitigramaod @lgﬁﬁ@@smpdiethteise_@@mc_i &&g e/kenh am@i’ﬁ_@a:iﬂmj s afﬁg_at@ﬁg'@ﬁﬁter 1450,
provided at the, Quutput of (e firsk3lage @{AQ@&C@9@%&0&8&1@@@&\4@@%@0@% ciggyit 1400
0

addit vely superimposes a predetermined number of signal peaks and their surrounding noisy
products, to eAFEREE SR Hadgiak! o SCERA RPINEre 8&HY tHE dhrmRIENoREPAigeF R8s Ggnal
peaks in boundanlisigiahidl0.de impiement this:proeess-pl-adsitiye seypbrEosition] acprdeetermined
number of consecuitive seqments of baugdary, signal, 1309.are, first superimposedior.overiapped in
time. Each of these superimposed segments compn*%‘es a symbo perlodl%lwort "0 i3(':onju8ate product
samples as aéecitpucfionspaak develnsmenthere digeal pods apgdsreiuites wesired biynddpeak

surrounded by,undesiredinQisy, BraducsANRIESHRA8NAfterthe Rredeteimingd; nismbergrlock of
signal segments have been time_overlapped, the product sampIeﬁgggg%n%%redetermingd

temporal posifiifiir e SGpeRmpBodatrYat GrSBg MuHsArg BERl FEMdsHde signal
sample for thatpieckigrmihacupasitipkitnihiscivaypdtcomulaEtiviysignalss devielopédocampiising a
e = g ample /g sadho s id leiines sAele Rlians s nclon AT aRnle
superimpose ounaary si nal se ents.
offset At that exists between this a prior assumption and the true, received symbol boundary
position, thus enabling the receiver to recover and frack symbol timing,

00741  In developing the signal peaks representing OFDM symbol boundaries, peak
development module 1100 exploits the cyclic prefix applied by the transmitter, as well as the
predetermined amplitude tapering and phase propertiss inherent in the leading and frailing
portions of each received OFDM symbol. Particularly, complex conjugate products are formed
between the current sample and the sample preceding it by N samples. Such products, formed
between the first olN samples and the last oN samples in each symbol, prodoce a signal peak
corresponding to each symbol comprising the oN conjugate products so formed.

[0075]  Mathematically, the formation of the conjugafte products is represented as
follows. Let INT) denote the received OFDM signal, and let Ty = (1+a)T denote the full OFDM
symbol duration or period where 1/T i the OFDM channe! spacing and o is the amplitude
tapering factor for the symbol. The signal peaks in boundary signal 1300 appear as a train of

pulses or signal peaks in the conjugate products of DD (-T). As a result of the Nyguast
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[0086]If, for example, 32 contiguous boundary signal segments are to be superimposed, and if each
segment includes a symbol period's worth of 1080 samples, then additive superposition circuit 1400
produces 1080 cumulative samples for each contiguous block of 32 segments (1080 samples per
segment) input thereto. In this manner, the conjugate products of 32 segments (each segment
including 1080 samples, a signal peak and noise therein) are aciclitively superimposed or "folded" on
top of one another zday/Eoimiwise adding the superimposed conjugate progtuctssofthesa2ssegments.

Essentially, in thisfQlding PIRcesws AP0 e 37 LS GRS AHAELIN of

corresponding conjugate products one symbol period (or 1080 samples) away, over the 32 contiguous
symbols, to prodidESs EUHRIRATE SR APeEGRERt 6 AHEHG o8l elffuldie samples therein. The
signal processing is thea-gepeatachfos/tbemext cantigiousiblock of 32 boundary signal segments, to
produce another cumula&vems,j%nathge ment, and so on. [0087]The cumulative signal segment
produced by additively st Berihwp%slr% fe predetermined number of contiguous segments of boundary
signal 1300 includé87ah enhaticedh\@©2008/150940P ST S20031065448 siphaljpeakt therein, which

exhibits an inc eqd sig -Noi 1o Wi ect t ignal [ 8 tituent
oL boUndary Sl oo e e o e e the
boundary signbisserradesealigers thitansshe onoe sigrpicpeaks, rsoahat Wihehethrsizoi-Dentd are

accumulated, eachoaignat peak-addsdoithenexta us.achiavinga e af£oherent $gigg gain
based upon the repetitive nature of the _bounda(%]fsiignal %?ak,s. 100881Whereas the a‘l%ned, repetitive

signal peaks ifAHED SIS SigHAT SRy RTalfE CoRE: Sty S ELIR LAt T T s B rHk N
(cumulative) sityralopelakiét: e @utpub-afithecadditbrgBaperposition module 1400, by contrast, the
random nature of oisy.conjugate prod rrounding. the signal peak.in e of the houndary
signal segments F;Qr%%ﬂce ?ﬁggj#gf%n%gaél(ﬁ%ﬁ&?hzgéoﬁfy (fﬁ?l?n% %Sé &??v%%%ﬁ%?ﬁ%g%%vﬁ D f)ncﬁgtss.

Because the s#fiialpeals sud eoues miralid thewserydinminyhelsy srodiicis Hawnpseativantean add
incoherently angasaithus averrgeshtiaenhanced Sional RepkiouRt terpitheadditive syparposition
module 1400 %ﬁ(hi its, oeéeralj,van imgé?vgd i nal-%(-)no_ise ratio‘tThe rocessingi ain ,anc%
signal-to-noise Tatio 8hhalcement S |%v8¥1‘§6%%% RS S P ESO R A ES T & ifeREgaELAlong with
the number ofebdungiaryaigialvdedmenist ss perintpo sedito ippodiccathterbunidéativetsignakseg ment.

Offsetting this&%@&@%@&@%@%ﬁg@@a AisadvaAnRAcorS INGIEARE InAsrtsion ey since

more boundary signal segments are collected to produce the cumulative signal péak. Thus, the
particular predteimifiaed TiRlsscTRRaEtdree Tl srdomabiebirms eakiehispIRstb iy Bathncing
between thesedwa caimpatingdotarestsd whakeinitaens unhediol aversges isditimatebrlbaited by the
fading bandWi‘?t@S‘}éo %?l Igir%%t@?ggatical terms,the additive superposition of contiguous segments of
the conjugate pro tcts Present i oundary signal 1300 can be expressed by the following: Frt)= D (t k
To)-T*kTo) 0 [0678] Referring to FIGs. 13a, 13b, and 13¢, the relevant symbol tming for peak

development module 1100 is illustrated. FIG. 13a represents consecutive OFDM symbols 1 and
2 provided at the input to peak development module 1100, FIG. 13b illusirates the delayed
versions of OFDM symbols 1 and 2 as output from delay circuit 1150, FIG. 13¢ represents the
signal peak developed for each comresponding set of Ny = N(I+o) product samples (which in
one working embodiment equals 1080 samples), the train of signal peaks being produced
responsive to the conjngaie multipiication between the received signal of FIG. 132 and the
delayed version thereof in FIG. 13b.

[0079] By way of specific example, if the received OFDM symbol period T,
corresponds to Ny, = 1080 signal sampies, and the alN samples at each of the leading and trailing
portions of the symbol correspond to 56 signal sammples, then for sach 1080-sample OFDM
symbol mput to peak development module 1100, there appears a corresponding set of 1080
product sampies in boundary signal 1300. In this example, delay circuit 1150 imparts a 1024-
(N) sample delay so that cach sample input to multiplier 1250 is multiplied by its predecessor

-17 -



where k is the number of superimposed segments, D is input 298 to the peak development module
1100, and K is the number of segments, such as 16, for example. An important aspect of the foregoing
signal processing is that symbol timing is preserved at each stage thereof: 010M symbols input to
peak development module 1100, boundary signal segments input to additive superposition circuit
1400, and cumulative signal segments output therefrom, each have a temporal period of Ta
(correspondingve Rbes/1880 samples). In this way, symbol timing offset, aRORdRa&E b the positioning

of the signal pegks WiBiR: axsigNahsegmentiSshrserRd tHromgNeuksMdng set of 1080 product
20081150910PCT/US20081065145 [0090]In 0 %ratiopl,gg%? ?dditivehsu erpoﬂﬁtio modu!e 1AT}00,
summation mSaTTECT EBBRAE ERUBASRTHNIAY RIS 165G 1858 Hrovida s 204tV S Perposition
functions. Thatish sumamatitug myodwie 1600 adds a present input sample to the result of an

acoumulation of sapeles Incaniles suhals. sa0.8f e mRisebeng SsmARialanaged by one

symbol period Tr, (corresponding to 1080 samples). Delay 1650 imparts the’one symbol period delay

between accuffitdatibrias StarsEoatiservikE et bacEaiig el Fedie dumpatbysathmatdirinedule
1600 is delayeghy:t-aymbel petied teaiang thes:fed bask as:andnpukie-supnationsnaduled 600,

where it is added to the next input sarpple..The.‘Proces repeats for all {qu't samé)lqs acrass each input
symbol. [0091{&t4 @ BthSRWTEE tREHRIFsE itV SaMbrEimthe WISV Lignsh S83RTeht
represents an za'gnzigimmaﬂwmmfbmltbﬁ’dqé fmmm§aqﬂaiﬁthh@saﬁplwun@a%y sigralsselgrsents. The
second cumulafiye sample,tepresents. an: ageLmilation of all of the.second samples.ofiall of the 32

boundary signal segments, and so 0n, across the cumulative signal segment, [0092] Reset

generator 1700°piBiHeS & r8sdesiGHEmBeamy B dE T 6Bl St riive e det@mitiey Mifmsér of signal
segments has beemacayndated te-prgues: the aumiiatbecisigeakbseg mentefar exampleiithe

predetermined pymaet ofbaundan Sanal sealenls e Acciulaied s, S, g  peaLaangrator
1700 asserts a reset to feedbac eﬁay module 1 o0 every f% S|gna? egm’ents. esponsive to
assertion of th&#dset! Bdelitdeisnp&Sodindis irodiiectaoacbamutatasshesekt predetermined

number of contigugpg boungary, sighahseaments oo [RR3LAS ReavinYsgeachbed dbeiauiput of
additive superposition modu£%1400 IS @ cumulagjve sig%nal comprising_a series of cumulatiVﬁysignal

segments, eadhS&gfleft ihtiiding afPEnhithced Tighgt plakEt %o Hdtelie i ARlgHSnsiLe?
environment, énhiaingedisign diqpe dike155Rsiadth ovigh extiibiting amvipisrdvieg signifetoinoisbolatio, can

=il be virtualg IRl ARl OMLHIf: 54 H&H&%%gp%é&J Biisg i destipble i duesgpnance

the signal-to-noise ratio of the enhanced signal peak. [0094]To further enhance the signal-to-noise
ratio of enhanée@ssigisal prEkrRd S50 A UraifsaTve sigmiassirprdtersBraiterdapeipsiifion? module

1400 is input teénateheh iltekdiseh.T bertempeal inpulsssesnonse.qf-rateherbfilkend450is matched
to the shape o amplitude envelope of the enhanced signal peak input thereto, and in one embodiment
of the present THIGTIAOTOORE S Bt SCBRP LA TE IO “SEeEay 8 THBUISC T8 e of the

matched filter pomespbadsstedhtefiahptign st} pasishiowh:iniblG Hidvand isedetesimineld Byopsintwise
\TV‘S“S(')VA';%?S@”S %‘}%@g@%@%gﬁg%%}bﬁ' IR ths gt aly samRlGR s lusee S iESsdlp and 1d.
imparted thereio by delay circuit 1150 (see FIG. 13). These additional unwanted products have
the effect of filling in noise between the ocowrrences of the desired signal peaks. Thus, noisy
products corresponding to OFDM signals can be appreciable.
[0082] In addition to the presence of the aforementioned product noise in boundary
signal 1300, there is noise derived from other sources well known in the art of digital
commumications. Such noise is imparted to the signal during propagation thereof through the
atmosphere by ambient noise, scattering, multipath and fading, and signal interferences. The
front end of the receiver also adds noise to the signal.
[0083]  Subsegueni signal processing stages are dedicated, in part, fo combating the
depreciating effect of the aforementioned noise with respect to the desired signal peaks in

boundary signal 1300, or more specificaily, to improve the signal-to-noise ratio of the signal
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[0095] Although a non-matched low-pass filter could be used to smooth the noise present in the
cumulative signal, the matched filter 1450 provides the optimum signal-to-noise improvement for the
desired signal, enhanced signal peak 1550, in a Gaussian noise environment. Matched filter 1450 is
implemented as a finite impulse response (FIR) digital filter that provides at an output thereof a filtered
version of the complex samples input thereto.  [0096] Briefly summarizing the signal processing
stages leading WP t60iEBUtput of the matched filter, peak development nib@HEPHF Froduces a

plurality of sigpaljeeaksnthertemporalpasitionssadnahichnnepresentisyaioat bawitddry pesitiprs which

represent symbol timi ffset for each received QFDM symbol. Signal enhanci odule.1350
enhances the ¢ e?gﬁlt{a%%%ogﬂﬁle gli%%r%(]f rfé% sag(yi/ ﬁ?ﬁpgéayh%rgﬁlagﬁ gg?ﬁ% p_oss‘%eg éé%’%%é etléel}% |%|ed
number of inpatsighal sugientso jrodacestzed ramee sighal segrishitsarRgranenltaneéed peak
therein, and thensacendomateheddilging-the. cumulative signal segment toproguseacumilative,
Matched-filtered s}ignal sgc%ment that is optimally ready for subsequent peak detection processing. This

process contirili SifBrATES ¥A% OB E Pith ity of filtered enhanced signal peaks at the output of
signal enhancing raatjle 135a:Hhextempatal pasitiongof tiésediitered-enhancedsigpabpedks within

the match-filtered, cumulative signal segments,output. from signal enhancing module 1350, are
indicative of sf/}}lﬁ l%ﬁrbgﬁr?%% Sgagf%ognns@ (;1%1 %Fbul\rﬂ%%ygﬁ%goﬁ?k%% %Sﬁ‘g%%?%%og? %%%e%?giﬁ ivgi?i%ally, and
especially in cébiriatiorhthesraeitigbesigeposris tie ¢b lecaienshatericd AnedaavasiEdetusly
enhance signatpgaksletaciability.cIheirinirgdusiien siksequantdethndaakgeveiopmentstage
pemnts the effective us?bof an OFD _&éﬁal cam risir%%na large number éf.fr%%ueap\éhcafrglers, and
operating in a FEBPAGAt or?gﬁ%aﬁ%?@‘%g BvitSnient, TO0gsTTREh &R Stage 5t signal processing
required to estaplishisyadbeltimingoffsetis: tordetactitiiéstemiporadqpositionofthessigrieal seak output
from signal enfangingmodule.J350.dhe.Lamperab Resitionatihesionalipeakds. ashaity, the
sample index, or sample number, of the enhanced signal peak within the filtered, cumulative signal
segment outpHtdrsHTtREIHATEREd FREEj0099]Filtered complex signal 1750 output from matched filter
1450 is provided gsas) inpulie peak-selesitrematiler]l 900cahidhsiete cteihate hbanted filtered signal
peak and the temparal pgsition, or sample index. thereof. In pperation, squared magnitude.generator
1950 of peak ggfé%%ﬁ ’9%% s%ﬁé%gé ﬁ%’é?pr%gg%?ﬁ%g% t%epé%(fﬁr:\%}fginglgrﬁ%% %rfai? pFeogﬁ%Suﬁhte}%eto to
generate a sigiagivenssiiraviatitiesoaniuttherastuipkd dutstmor sHnaksdmIEEAiteriere e rdisr -22 -
WO 2008/1L508AGR S 2A0BA6 L2 1950./% AENIlecasan ipubiRduak findr 2000 weh

examines the sample magnitudes input thereto and identifies the temporal position or sample index
- corresponding ¥ hesGigtial fFEakeR [H1df BRI ERINETalspERIGoRSHITE JEATBEaRTEBrotided,
essentially, assthersyabdlitning offged thahistprovided by acquisition module 296 to an input of a

hoyeepapieriated taj e tempaoral positon

symbol timing corgegtion le (not.s n)l.lt%
provided as the tirﬁ%%g&offz}e?fd%gtr %%?%%i?%lr\éeos%%‘hta justm to compensate for various processing

delays introdu@sd Hyctise sreeedingdigaaliprrerssingsthg esotoréxXditth Euitialid@tortddys in

loading filters, sger-can-adsdalaysdhaliard tadasalibrateshoumsabthefinahtiping sifsetestimate.

However, such delays are generally small and.implementation specific. .
Segmens (iﬂgogsamples er segment) input %ereto. }n Qus %mnner, the conjugate products of

32 segments {each segment including 1080 samples, a signal peak and noise therein) are
additively superimposed or “folded” on top of one another, by pointwise adding the
superimposed conjugate products of the 32 segments. Essentially, in this folding process, the
products of the 32 segmenis are puintwise added to corresponding conjugate products one
symbol period {or 1080 samples) away, over the 32 contignous symbols, to produce a
cumulative signal segment comprising 1080 cummiative samples therein. The signal processing
is then repeated for the next contiguous block of 32 boundary signal segmenis, fo produce
another conmlative signal segment, and so on.

[0087] The cumulative signal segment produced by additively superirnposing the

predetermined number of contignous segments of boundary signal 1300 includes an enhanced
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101011 After the temporal position of the signal peak has been determined (to establish symbol timing
offset), the next stage in signal processing is to determine the cattier phase error and corresponding
carrier frequency error of the received OFDM signal. The matched-filtered, enhanced signal peak in
complex signal 1750 represents the cleanest point, or point of maximum signal-to-noise ratio, at which
to determine the carrier phase error and frequency error. The phase of the complex sample at this
peak position giWves®#pifdiéation of the frequency error existing between Hig/irgtesittessand receiver,
since the conjuiate pracdihet-ai, thisdpoirtitas developed Hydeak-develapmantryedule 41QQ,should

have yielded a zero-phase v in the .absence of carrjer frequency error. The conjugate product at
ok ea&k %#g\ﬁ X ns%%%m & tﬁ?i“r)eufnpaoyr‘ﬁt‘c’li I Deal SHHRT yididEs

this point of the S|gnaﬂ peak, Infact a eveFi/uot
zero-phase valtié2perneds fhaitifentanicatiitithe tnjbgatdprodnet betweamBymbotsampleshaving

equivalent phage(as.de. thesamplesiatipsleading and fralling,Retions,ofeach regeived symbol)

eliminates phase, in the absence of carrier frequency error. Any residual phase present at t e peak of
the signal outgFFEREthE FatEREF e PICRTBD BN carndrTraprisivey arrerting tnenfreguency
error is simplesignebjedtate once the residual phase is determined. [0102]Mathematically, the carrier
frequency error A uces, the residyal phase shift of 27tAfT between the samples at the leading
and trailing portioﬁé@g an %ﬁ%@gmﬁb‘%ﬁﬁg‘t ?%pf?ﬁuéf %3?%115&9}%%3}%8&6 G PR S FHFency error
is represented-BYETRE FoRewIng Sy iatiom AR sokey(a! nrax)y2nilayerelGikistHeepaakuofthadmatched
filter output ancidig-daneigssifis, argumentdphaselala: camplex AUmbeL e com a8 ple - at the
tang

signal peak. The Arg function is equivalent to the four quadrant arctangent. Since the ar ent

cannot detect ARGISS STHETHR B Do RRH AR WO 300871 B0 1o ear Uispensraesasthd trequency
estimate is amiiguoes apitdoa i lbuaighie ehdnnekspasiag i Neverthelssdhistnaauancy error
estimate, toocllietyiuie Hmind olfsehasimals poyided o ng oation f fhe siang) peal s
sufficient to allow the commencement of symbol demodu ation. As demodulation proceeds,

subsequent reCBVET& e BoeTIarFpTeEESSfg OBt plirrb thh edgiidserinnyesition rreddive®the

frequency ambigitity, [0603]ladFiGprd2donih-he-makched-filteregcomplexsignal 14a0:and:the
temporal pos;ig(r)l Qnsam IGe gna% ﬁveaéeﬂgr&vidsgtas inputs to phase extractor 2050. Phase extractor
e Complax s AR P Beftiig tre arhaAREE d iy peak

2050 extracts the residua pﬂasg rom
output from theFzschebfitdsy THene aatte pheseissroligeditoettie mputlafketpeneygenerator

2100, which sl sgalesiherexiacied AlGas P EISIRIA PIRSGE IS SAITEL Teguenoy eror 41

which is then&:ovided y acquisition module 296 to a frequency correction 0 ’sh(%wn). Thus,

the temporal PSSO B R ST LT peakepis\ it B dtctibonmular et agAiternaseis
indicative of syaiboldinuirgeaffsticantdiom the phase:ofdhis Sighalpaak Carrier fregueney arror is
derived. balancing between these two competing interests, wherein the mumber of averages is ultimately
limited by the fading bandwidth.

10089} In mathernatical terms, the additive superposition of contiguous segments of the
confugate products present in boundary signal 1300 can be expressed by the following;

F(zjnZiD(t+k T D -T+kT)
=0

where & is the number of superimposed segments, [ is input 298 to the peak development
module 1160, and X is the number of segments, such as 16, for example. 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 1100, boundary signal segments input to
additive superposition circuit 1400, and cumulative signal segments output therefiom, each have
a temporal period of Ty, (corresponding to N = 1080 samples). In this way, symbol timing
offset, as indicated by the positioning of the signal peaks within 2 signal segment, is preserved
thronghout. '
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FM DIGITAL SIGNAL QUALILY METRIC [0104]The foregoing method and apparatus for acquiring or
recovering symbol timing offset and carrier frequency error from a received OFDM signal provide a
basic technique for determining unqualified symbol timing offset and carrier frequency error. U.S.
Patent Nos. 6,539,063 and 6,891,898 describe additional techniques for acquiring or recovering
symbol timing offset and carrier frequency error from a received OFDM signal, any of which may be
used to impleni&at2éfdligitaPsignal quality metric according to the present ¥#6FErioH/ Bedause the
acquisition functignoasdesgribeshifvthesepateatsisadimer-donain pecessthatocesusineanthe start
of the baseband.processing chain an fore OFDM demodulation, it can. be exploited rovide an
effective digita?l&éeﬁg'f %G§§| ?yrﬁneotgr}l?? %@f&%‘”}" T Eog\il%erf ﬁ%%lr%vges%’lg e Tér%n‘uéjllﬁ e é%a I|r‘3;hase
properties destiedtiehoveiand fMberédst inrtivesit ading e ivalinbeportivng ofthe @RRNSsYINbOI,
namely, the tagering af WEIQ@QPAEHQF%H% thesleadingand;iailing portians.of 9@%&1&5&?&4& symbol

and the equivalent phases thereof, are advantageousIY exploited by existing D30C systéms in order to

efficiently acqife@OFEDRPSRBGItMY dherraktenty' tietduametTREs & proYetes éalihe used
according to therpeasentinveniian fosimplemeanting acigialsignaavality sesico T hus-iaeRe aspect,
this invention utilizes these symbol characteristics to_provide a digital signal quality metric using a
previously exigf?r%?ﬁ/%@:dsu%%%e Wogﬁ %%66%550 ﬂ%%ﬁ&%/&ﬁf@%@%&ém‘nﬁ%}’é]
Preferably, thenadguisition whbgarithin adsedl tfotithoctigital:sigimnallqu dlity metsic igyeamfprisedmphitwo
operations: prezacaulisifion filtering: and.acquisition processing. Pre-acquisition filtering is used to
prevent falsely acquiring on large second-adjacent channels. Each primary sideband is filtered prior to
acquisition proces$ifg. In SHESRAIBIECLHE pret SBaHaHIGro Bl & dPr onrtafsirfieampeisasssponse
(FIR) filter, desigreedta:pravicde4todBisinpbardirejectigewhilp dngiting tae-impaskanshe.desired
primary sideband. Existin -acquisition filters can be completely reysed, without modification, when
calculating th?%cu%el?f)f%fncgtgﬂ%{ag i %?S\{/eerﬁﬂroeﬁ?n,&sftaé}ratﬁéﬂfl ﬁgﬁ%ﬁ%ﬁigg %‘5\%& %Jesr?ﬁﬁé??eog,am%%/ are
passed to thethedhsiiedeprosed shagfalictishu Gornpondm oOrOTYT arabepgisition processing
functional compongstiakesadvantagsof earelation within the,symbelLeswing rem thae.qycle prefix
applied to each symbol by the transmitter to construct acquisition peaks. As previously described, the
position of the®FEaRETHAT SRRSO S ERHE TS BSBSFBauAEar wiafvr tnBa i &iiples, while
the phase of thignpesaks:iisiused toadeiyafthe freduendyedrramidoseomerddresgueneygivessitybean be
achieved by i r ing. nd lower primary.sidebands of the digital radio
signal. [0 108)%%%%%2%@%%%% %ﬂ%@&% gﬂ?g?t%%fasigﬁ%pﬁgg %dgqfrﬁ%%l 5 g%g:%%?g%%%\ﬁ%rocessing
are blocks of BpBEPHTEHHET phesHASTR Ebae saneslds medrrdEiemiphemeaitirbioeduls t8itprised of
940 real or imaginaisamples; atatataRh 342093 SAanplesPaksesond {0403 The acquisition
algorithm as mod[giég for c Iculatin% af%igit%l%i nal quality metric is shown.in FIGs, 14 and 19.
Referring first to E1G-14, S50°SXIMBI fifterafudts BioekSard Birarmshnstitndondun p8%ymbols, as
shown in block:3¥RiiAsspreyicuslydescried oftvedfingttand: last Sersamples: of @ash itrdndéimitted symbol

are highly corgmggddﬁgpm eyeliqRrefix Acayisition pracessing reyeals, ﬁsg,-&ﬁ;g%'a%t&%@&y .

complex-conju%ate mulfiplying each sample in an arbitrary symbol with its predécessor 1024 samples
away (block FF5Fued Btffare thEREREt R &1 B tedtiting 88 dmplapdsrndiesiredponding
products of 1&eanhigsiaus:gymhols ammifoldedi-citiopoianeonathes te iosmialR8d-sampte

acquisition bl%k ,(]Bla%gléd%zdf . Si)élkeen symbols are used in this embodiment, instead of the 32 symbols

as described With respect to %ﬁ’eﬁ previously described acquisition methods, in order to expedite
calculation of theltfgital signdiderlitybanetribe sianfdweraymbelsod soheas8 sigayl bealdSiFabie and any

other SUitabl%&Hmﬁﬁfe%ﬁéﬁmﬁﬁt%}ﬁ%%@g superposition module 1400 is input to matched filter
1450. The temporal impulse response of matched filter 1450 is matched to the shape or
amplitude envelope of the enhanced signal peak inpuf thereto, and i one embodiment of the
present invention, follows a root-raised cosine profile. Specifically, the impulse response of the
matched filter corresponds to the function w(t}, as shown in FIG. 11d, and is determined by
pointwise multiplying the first N samples of symbol 5 with the last o samples thereof. See
FiGs. 11b and 11d.
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WO 2008/150910PCT/US2008/065145 101101 The 56-sample folded peak, although visible within
the acquisition block, is very noisy. Therefore, block 376 shows that it is smoothed with a 57-tap FIR
filter whose impulse response is matched to the shape of the peak: 6 An]71 + 57- k]h[K]for n = k=0
where n is the output sample index, x is the matched-filter input, y is the matched-filtered output, and
h[K] is the filter impulse response, defined below. h[k] = cod- + -k 7r -9for k = 0,1.....56. 256
101111Taking tHe HEgrttitie squared of the matched-filtered outputs (bIGERE¥BPE fTies symbol
boundary detectiof##giconvéttinglcanplexsattedde-fasl valkesoilhisecammpiadiaminareasgss-the

dynamic rangept%gggﬁﬂr}ggmgpg E@&ﬁymg?prla%%@% Ly p&@k g{)\(g:-é]eé%ﬁg gr%%)li uous ai?(gnallowing the
peak search to be conducted over a single mensmn%versus WO dimensions for the i andm&values).
The magnitudéZSgRisraetdRiuldtioAs oy [riiandin|beampd) 2eps 20K, 1550, On9avhieresisis thesreal
portion of the inpubrRds:thedmaginary: nasioR ehihe.input..y isdhe magniudessquared oytpyt, and Itis
the sample indﬁ%(érggte upper saitdeband and lowe si(étlgband matched-flltered, magnltude-squargd
output waveformis for & c‘ﬁ i%-s%‘?‘noﬁlgf%lggﬁ %i\?{%i{}?é SRS PRI fAT Sl P LR etric. As
shown in block 38@8#e achrisiticnprocess contipuesrassdegariedialame;pndihesgualitymetric
algorithm Cont!ﬂﬁ&%daﬁﬁﬂoﬂ@lénd'ééf%&};rgagg '9&3&@?%00 produces a plurality of signal peaks, the

temporal positions of which represent symbol boundary positions which represent symbol

timing offset for each received OFDM symbol. Signal enhancing module 1350 enhances the

detectability of the signal peaks by first additively superimposing a predetermined number of

input signal segments fo produce a cumulative signal segmeat having an enhanced peak therein,

and then second, matched filtering the cumulative signal segment to produce a cumulative,

matched-fillered 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 enhancing module 1350. The temporal positions of these filiered

enhanced signal peaks within the match-filtered, cumulative signal segments output from signal

enhancing module 1350, are indicative of symbol boundary positions or OFDM symbol timing

offset.

{6097}  Taken individually, and especially in combination, the additive superposition
module and matched fiiter advantageously enhance signal peak detectability. Their infroduction
subsequent to the peak development stage pemmits the effective use of an OFDM signal
comprising 2 large number of frequency carriers, and operating in a propagationally noisy signal
environment.

[0098]  The next stage of signal processing required to establish symbo} timing offset is
to detect the temporal position of the signal peak output from signal enhancing module 1350,

The temporal position of the signal peak ig, in actuality, the sample index, or sample number, of
the ephanced signal peak within the filtered, cumulative signal segment output from the
matched filter,

[0098]  Filtered complex signal 1750 output from matched filter 1450 is provided as an
input to peak selector module 1900, which detects the enhanced filtered signal peak and fhe
temporal position, or sample index, thereof. n operation, squared magnitude generator 1950 of
peak selector 1900 squares the magnitude of the complex signal samples mput thereto 1o

generate a signal waveform at the output thereof. The ouiput of squared magnitude generator
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[0112]The next step in the quality metric algorithm is to calculate a normalized correlation peak (blocks
452-458) in order to achieve improved discrimination of the symbol boundary peak. Normalizing the
correlation peak provides a basis for assessing the quality of the signal and indicates the probability
that there is a digital signal present. The peak value of the normalized correlation peak can range from
zero to one, with a value of one indicating the maximum likelihood that a digital signal is present. The
peak value of tHe’rtBifialiZ&d correlation peak thereby provides a digital Si§RAISEPANGF Htietric.
[0113]Circuitry ocerdingita therexisting asquisittonmlgerittmfencalculatinga eoratationprak is
shown in box 382.of FIG The input 384 is,.a 1080-sample symbol received on either the upper or
lower skleban%.gtii C)emllrc% 56?%%1% pt ééea’?’r ¥ ﬁ?toesglgryl/ofﬁaﬁpsaairg}% }éé’%@g’ %%d‘%\{é) gjgr%ﬁlégp&%%jugate 388 of
the shifted sampl&s ¥mulfiplicigr@geshpuitcinplitsaiplaseBikearvidyin botsaridy feldbd asBbiown by
block 392 andiadder, 384. L QAN Q) 2008URAOLORETAS0CHIRG145 s e fligred 396 by

root-raised cosine matched filter and magnitude squared‘388 to produce a correlation peak 399. Thus,

the acquisitio SIGoIhAPHARE S SHHLB: gbﬂﬁﬂﬁ‘rﬁﬁ?fﬁﬁiﬁ%ﬁ%‘ SRR SRR ffe complex

conjugate of the ihpuf detayediyy H4-samplesudithe stamefaswmioldoesphasepkthgconjugate

product over Ep}g&gg% P S%'Té‘%%?eé% effecti\fel}{ozero forteach )FDM su carrg%fg, The c E\stituent OFDM
' i Hod. buthot over tiie FEfR&aMUEr of SampIEEHtie symbol.

subcarriers combine coherently overthis pae
The result is dodiSerdiiste ctrralatiofpédiy399afisrd 16 sy riibistederfoldbthafdanatohedfiltering is

applied. f01141ReferTing20ain.19,F6 19, adslitiapah RIoseSSINE.S8Rs ALgRrding to the present

invention are shown. The ngrmalized correlation peak is determined by first calculating a normalization

waveform for eacfi dfthe UpiFEEETERNEY RGEE R AL A ArE Bis Sk assierrrrehderigzton
waveform expipitscatiraimyplifively terrelaticndetipenihe:-fissbant last:binsam plesobandRoM symbol

due to the roqt:ral j ' li t the tr itter. Referring to Fl 5, block 400
illustrates the%ﬁ%%%&ﬁ%%%% ?@ﬁo@%@dﬁ%&?ﬁi#ﬁ%ﬁ@%@rﬁ%ﬁ deécgseq%u%%lelgﬁﬂérg ‘each input
symbol is del&Fepesdesiial 0zFalsdim praslidsieade d 740 seerehaicuthe rteraghrathe-suarall shmples
402. Sixteen symbls argnfoldagios slhiewn hxblogk #408.an¢ adderlntbefoldad sums.are

raised-cosine matched filtered 41}12, and $ uared and tggci rocated 414 to produce a normalization

Ene FlteAmg o finE R ARIPESHIOR WXTefBrideriantials that

waveform 416. The oedi%g andf matched
performed in frgwristiyocgsisiivrivadgotithimpexicepttheexistingnmatche fiter tapsdare tguared and

halved to ensyigpionerARuRBlzALeH- W AIINIE 1 Oo- smfid Mheteleda Dendex O‘T’%Q[i]igrtg?he

matched filters, h[k] are the existing taps for the conjugate-multiplied correlation peak, an

new taps for tREHSHITARZ AtiGHHFafarsmey ARer (OiFgIHE e Tesyiiboreanhe matksnelinmring, a
symbol boundadyiistapparenty Asehpyvi iR FSs 3l hedogation pithe symbiokboundasissnarked by

a reduction inmaa% Jﬁ%ﬂ%&l@f 1l heec‘:r)%?uugleg%nj[gr\évcﬁ\é? {:%mriéen symbol samples having equivalent phase (as do
the samples at the leading and trailing portions of each received symbol) eliminates phase, in the
absence of camrier frequency error. Any residual phass present at the peak of the signal output
from the matched filter is proportional to carrier frequency error, and the fequency error is
simple to calculate once the residual phase is determined.

{0102}  Mathematically, the carrier frequency error Af produces the residual phase shift
of 2nAfT between the samples at the leading and trailing portions of an OFDM symbol that
form a conjugaic product peak. Thus, the frequency error is represented by the following
equation:

AF = Arg (G, )

27T
where Upgy 18 the peak of the matched filter ontput and 4rg denotes the argument (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 2z window,
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[0115]Referring again to FIG. 19, once the normalization waveform is calculated, the next step is
normalization of the correlation peak, block 458. Normalization of the correlation peak 399 with the
normalization waveform from block 452 enhances the correlation peak by reducing the level of all .
samples except those coincident with the symbol boundary. Referring again to FIQ. 1_5, the correlation
peak 399 is multiplied 418 by the WO 2008/150910PCT/US2008/065145 normallzatlc_)n waveform_416
to produce a nofAaliEd®sirelation peak 420. FIG. 18 shows an exampleof anernalized correlation

peak i lati lRan enuians : -axis represents the sampl u ber dthey-ax_is
iF;efrl]eIgoa;r:]eaﬁzﬂé_ﬁb‘%ﬁrreIati%%g%g%bfgﬁ%]%é?ig@ﬁhe{%ﬁrgﬁaﬁﬁgﬂﬁﬁ%ﬁﬁcﬁ f‘r?}/gll |zﬂe?>e ,eﬁ%??lsém step in
the quality metfi& %F@B?HW%%&Wtﬁeﬁﬁaﬁkiﬁ‘i%@ﬁWéﬁ&‘ﬁl@gﬁﬁﬂ peER B Prit Qali(FIG. 19,
block 460). Thef leakiindepcis:the sample number aerespRading10 thamaxinum yalke,of the

normalized co j form. Pu and Pt are the.peak indices of the normalized correlatiqn
waveform for t%?%%%%?ﬁl al?ré% I%e\?vr%F %ﬁ%?ﬁgeﬁléé?%g%ec%%%?%%ﬂ REHTE R HE REk P i REitid of the

normalized coftétatioh Wiletolin Emgsprovidbissdigital signal quality metric. [0117]A quality estimate
from each sidebagpgd €gn b@ni@@@pmd@gﬁly&q@@@dﬁ@%’p&%}ﬁ%@%ﬁ 9f (@unfggrégél%?d %ogrelatlon

) e tg ral .
waveform are representative of the relative quality of that side QU =X = X(PX) Where x is

the normalized COITRIZHBH MR IEinT P8 debt Fraisdriekasn adasn20hd Resisaiedowaissideband
quality. Referringates Fi6 145t erlpealting aeAR4is dd %ﬁlﬂfi@raﬂéﬁ;&ﬁﬁﬁ %@Qﬁ;{%a\f@&?@%gﬁ l'ﬁe%'(?l;';‘ted
f ideb 0 In ¢ validate the digital signal quality metric, optionally a pe
;ir?GSXSée?taagﬁp%gg%%% n‘%%%%%%?%%%ﬁ%%?ﬁ%e%ﬁﬁﬁ %3} %aéﬁ?a}%cgifﬁ‘%g?és%éfﬁ BBl HdicEsBthe upper
' and lower sidgﬁ%ﬁgff&@aéﬂ@&t@@ﬁ%yﬁﬁﬁ%ltbw&mﬁ phase input thereto to produce the carrer

frequency error A7, which is then provided by acquisition module 296 to a frequency correction
module (not shown). Thus, the temporal position of the filtered signal peak provided at the
output of maiched filter 1450 is indicative of symbol timing offset, and from the phase of this
signal peak, carrier frequency error is derived.

FM DIGITAL SIGNAL QUALITY METRIC

[0104}  The foregoing method and apparatus for acquiring or recovering symbol
timing offset and carrier frequency error from a received OFDM signal provide a basic
technique for determining unqualified symbol timing offset and carrier frequency error. U.S.
Patent Nos. 6,539,063 and 6,891,898 describe additional techniques for acquiring or
recovering symbol timing offset and carrier frequency error from a received OFDM signal,
any of which may be used to implement a digital signal quality metric according to the
present invention. Because the acquisition function as described in these patents is a time-
domain process that occurs near the start of the baseband processing chain and before OFDM
demodulation, it can be exploited to provide an effective digital signal quality metric.

[0105]  Moreover, the predetermined amplitude and phase properties described above
and inherent in the leading and trailing portions of the OFDM symbol, namely, the tapering of
sample amplitudes in the leading and trailing portions of each OFDM symboi and the equivalent
phases thereof, are advantageousty exploited by existing IBOC systems in order to efficiently

; acquire OFDM symbol timing and frequency in the raceiver. These ‘properties can be used
: according to the present invention for implementing a digital signal guality metric. Thus, in one
aspect, fhis invention utilizes these symbol characteristics to provide a digital signal quality

melric using a previously existing FM acquisition module.
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A --- PU [0119]Because the symbol boundaries are modulo-1080 values, the computed deltas must be
appropriately wrapped to ensure that the minimum difference is used: LTA >540, then. 6. =1080 - .
[0120]A peak index delta of zero indicates that the peak indices from each sidebancl are identical,
thereby representing the maximum assurance that the normalized correlation peaks from each
gg}%&p% presence of a valid digital signal. [0121]As an additional method for

sideband correa%o% ogmona . me
validating the digita S|gnail quality metric, optionally a frequency offset differencE YR b2 calculated for

the upper and lowd $fdebanefsrantesidirmyusitine previdus|ysdé soritedimglisiioncaldorithricthe phase
of the complex:sample.at franeaknesition gt signalidfp& gives anin 'E?s‘i@éh%%@%éﬁ%qu% Cy error

existing between the. transmitter and receiver, since the conjugate product at this point, as developed

by peak develSBHERPPBBLIEE ot eLH0 BT it Syieii At R FRs o HaER SPARTS-IBTE AIBEHEE of carrier
- 28 - WO 2008150910P G520 8I0651 dbdireq uancy eraiolheiconiugate progiet @t this point of
the signal pe inf X /. other.point in the signal hould.yield a zero-phase value
because, maﬁﬁ%ﬁé&léﬁ%&%{eﬁ%’gﬁif %%&S?F%Stﬁ%’égﬁséﬁ%ﬁﬁs%%g eSlsgPu%%ﬁéj r@%f&f@g?eﬁ phase (as
do the sample¥cab e Tasefing whdethanineesbrtiotevicadbh devuidedisymbltelimifatesnghase, in the

absence of castign fiequeney eHLAWLssidlalRhaseprsentakthe peakafihe.signal oufput from
the matched filter.is pro ortional to carrie:%equency error, and the fre%léen% error is simple to
i) 1

calculate oncé {A& Y&LTALAT AR LE R idte Aot FHE U s fedieh SERISERABEGA either
sideband is 1/2<EJubinspacingsivhichiseduivaientto 1/(2T), for a channel spacing of 1/T, as shown

in FIG. lla. If the frggency,qffset estimated difference between the upper and lower sidebands is
within a certain thfre%t:%ld, suchas 1/16 E 'F bin épgac?h%,{ %%%xg%nﬁig%% te%i gl}lt{?% Ui Y%%%a? any

adjacent interfFElAY4E HEPEn e Tratobriey Brs domdhnenas pefik mmdisd tesoad sedinddsignal of
interest. As suehsitiedfrequeneyotisaiidiferencs. indicaten thgtihe deteeted signaldsdp fagkthe desired

signal of intergigt, 104 g2 ARSIRITDOAS FI8: A8 {NeRSak,“aliss ndindices from e individual
of the peaks is used fo derive the frequency error. Moreover, frequency diversity can be
achieved by independently processing the upper and lower primary sidebands of the digital
radio signal.

[0108]  Each of the symbols includes a plurality of samples. The inputs to acquisition
processing are blocks of upper and lower primary sideband samples. In one exampie, each
block is comprised of 940 real or imaginary samples, at a rate of 372,093.75 samples per
second.

10109]  The acquisition algorithm as modified for calculating a digital signal guality
metric is shown in FIGs. 14 and 19. Referring first to FIG. 14, 940-sample filiered data
biocks are buffered into 1080-sample symbols, as shown in block 370. As previously
described, the first and last 56 samples of each transmitted symbol are highly correlated due
to the cyclic prefix. Acquisition processing reveals this correlation by complex-conjugate
mulliplying each sample in an arbitrary symbol with its predecessor 1024 sampics away
(block 372). To enhance the detectability of the resulting 56-sample peak, the corresponding
products of 16 contignous symbols are “folded” on top of one another 1o form a 1080-sample
acquisition block (block 374). Sixteen symbols are used in this embodiment, instead of the
32 symbols as described with respect to the previously described acguisition methods, in
order to expedite calculation of the digital signal quality metric, but fewer symbols such as &

may be desirable and any other suitable number of symbols may be used.
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sidebands (FIG. 15, items 422 and 424) are combined to produce the peak delta and quality
estimates, The peak correlation value 430 from the upper sideband signal processing is representative
of the upper sideband signal quality. The peak correlation value 432 from the lower sideband signal
processing is representative of the lower sideband signal quality. Optionally, thc difference between
the peak index 434 from the upper sideband signal processing and the pealc index 436 from the lower
sideband signawgr%%ﬂggg?ﬁgis determined by subtracting one index from #felStEP4ESHoWN by
subtraction point 488.6The Bliysbfutenvituiidedhediffeltbnoe isidetemiimedi{(blocki440) andithgr signal is

wrapped to S 540 g@@}pl%g@%g% %ﬂagp{ tg?z@r&f%g%eﬂ?a&?%Jfﬁggﬁﬁé&e&ﬂg‘%ﬂ%‘?ﬁ&g rﬁgeirs raned toS

540 samples because the symbol boundary offset is modulo-1/2 symbol, meaning that the distance to

the nearest sy MBOFBEGATER IS AIRE)LOSIE40785 Rfghs 2 23]Once the peak index delta and quality

estimates have been computed, opti a;ly they can be compared to thresholds in order to implement
appropriate decision rules. The't aﬁigjf‘éfi sadh indididual sié@ﬂhﬁ@sbaniﬁg%epamtely compared to a

threshold, in addition to optionally evanuz_:\ting the peak index delta and stun of the quality estimates
from both sideWHREeE. THiE aifbws FopricirdRty adsdesmenbot Blsigvaleuets Whenabnedoflitsgidebands

has been desti@yer by intgrierence: madditien @ Qualitystatysparameter reflecting different levels of
sensitivity can be used. In one example, the quality status parameter is a 2-bit value that indicates to

the host controller of a digital radigieceiver the ﬁZ@l— WO 2008L150916pCT/US2008/065145 quality
of the currently tuned channel. In this example, th@ quality of the received signal increases as the

status bits changeafrom 00134, This.allawsdecgivermanufaciurers fo.bave the. ability to adiyist the

sensitivity of the quality algorithm by varying the threshold of the quality status bits.
y mmr?‘h 1esysym%ol tboundg/:ty d&%@c ion by converting complcflzx vaﬁ/.tes o real values. This

computation increases the dynamic range of the input, making the symbol boundary peak
even less ambiguous and allowing the peak search to be conducted over a single dimension
(versus two dimensions for the I and Q values). The magnitude-squared caleulation is:
vinl=1I[n)" +QO[n}* Jorn=01..1079

where [ is the real portion of the input, O is the imaginary portion of the input, y is the
magnitude-squared ouiput, and # is the sample index. The upper sideband and lower
sideband matched-filtered, magnitude-squared output waveforms for each 16-symbol block
are used to generate the digital signal quality metric. As shown in block 380, the acquisition
process continues, as described above, and the quality metric algorithm continues, as shown
in FIG. 19 (block 450).

[0112]  The next step in the guality metric algorithm is fo calculate a normalized
correlation peak (blocks 452-458) in order to achieve improved discrimination of the symbaol
boundary peak. Normalizing the correlation peak provides a basis for assessing the guality of
the signal and indicates the probability that there is a digital signal present. The peak value of
the normalized correlation peak can range from zero to one, with a value of one mdicating the
maximum [kelihood that a digital signal is present. The peak value of the normalized
correlation peak thereby provides a digital signal quality metric.

f0113]  Circuitry according to the existing acquisition algorithm for calculating a
correlation peak is shown in box 382 of FIG. 15. The input 384 js a 1080-sample symbol
received on either the upper or lower sideband. The input samples are shifted by 1024
sampies 386 and the complex conjugate 388 of the shified samples is multiplied 390 by the
input sampies. Sixteen symbols are folded as shown by block 392 and adder 394. The folded
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[0124]The digital signal quality metric can also be used to generate a visual indication on a receiver's
display of the quality of a received signal. Presently, a series of bars known as a digital audio
availability indicator (DAAI) indicate the strength of a received digital signal. The status bits of the
guality status parameter can be correlated to the number and size of the bars in such an indicator.
[0125]As will be appreciated from reading the above description, the simplicity of the algorithm of this
invention limits e X8guitéth changes to previously known receivers. The eg@btofthesimpacts on the

baseband progesson,and:AastarnPIesqt g receiver Ate.asHallows. 10da0lWhIic.RIpaegsing the first

acquisition block, the bascband processor must now calculate the normalization waveform, as
illustrated in FRE %5 FRRETERtSISPERMBting tie Fiagmitdersteardiroli ith el hemtestisample
input symbol andigs k024 sampie delayeshyersion:addifig:the-magnitrde-seuaredineetors; 024
accumulating the sum oyer.16 bols, matched filtering it, and squaring the, resulting vector. Besides
the increase insﬂll%%'(m‘% igﬁeiﬁ%ﬁ%ti%r%%ge?‘i’s%oﬁ%?ea%{lﬂfg%?gncé}ﬂ%%%o}?yo%ﬁgt{}geg a%;oé}g%g %or the
delay, accumuiaitiples andFiRviiliering SperastionEDPOR e eharigethnchudéertmalizihgiharcorrelation
peak via vector divisioR.flnding e regk ualuerndindex ofdhe.narmalized-couelationpeak; and

computing the peak index delta. The baseband processor ma>{ then apply a decision rule and
appropriately SEEqEARy SRS FHAIN SEFIIEPEH A& dital Sighabqliati Weticand 16T The
digital signal giditymietiigizan be applied to many areas of interest, such as an FM seek-scan

function, resoluti(zﬁ] f goo-gzd-lz-.gi%aced i%er* .r§9firsdld%§dcjacient interferer sideband selection, and

. . . . EierTy agaiii 2 Jit TOOCSE SLCDS, aCCOTaIm G .
diversity switching, for examplee. e%ﬁlgorlthm as been |mp?\e ented i a reference |gece|ver, and

tested in a varfebFst aHvAPORAMEMSSBVER a rAty e oFEate 1o #6685, i Sreersdmplei®nt a

digital seek-scanfumnation nSpesifieally shesformanca:was tastedwithin swiinaber-af di-eidigital audio
threshold in a(ag iti\{e itepgaussiap n%)ise AWGN), AWGN wit one side and,burbanf S%UP)
Rayleigh fading, &t RAYIERGR ARG WitH A% TBPHFEE- B EEa S GRAT gy ereen the 1itst
2008/150910RP@T14:1 S26a8106851 45 O 28hdvichcHplintoatisast 80 earaey sisitiomspwiéré forced.

The peak indey delta,and,qualityestimates were logaad.fousach.atiempt:and.ihs faligwing,decision

rule was applied: (Qu ?To.) OR ((gL?T ) , )
normalized waveform 416, The magnitude squared 406 of each input symbol is delayed 386

by 1024 samples and added 404 to the current magnitnde-squared samples 402. Sixteen
symbols are folded as shown by block 408 and adder 414. The folded sums are raised-cosine
matched filtered 412, and squared and reciprocated 414 to produce & normalization waveform
416. The folding and matched filtering of the normalization waveform is identical to that
performed in the existing acguisition algorithm, except the existing matched filier taps are

squared and halved to ensure proper nommalization:

g[!c]:ﬁgj—y— Jork=0..56

where £ 1s the index of taps in the matched filters, ALK} are the existing taps for the conjugate-
rauitiplied correlation peak, and g{k7 are the new taps for the normalization waveform. Afier
folding the first 16 symbols and matched filtering, a symbol boundary is apparent. As shown
in FIG. 17, the location of the symbol boundary is marked by a reduction in amplitude of the
resultant waveform.

{01151  Referring again to FIG. 19, once the nonmalization waveform is calculated, the
next step is normalization of the correlation peak, block 458, Normalization of the
correlation peak 399 with the normalization waveform from block 452 enhances ibe
correlation peak by reducing the level of all samples except those coincident with the symbol

boundary. Referring again to FIG. 15, the correlation peak 399 is muliiplied 418 by the
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OR (a.+Qu> To+0.2 AND A < T4). [0129]The probability of stopping was then computed and plotted
over a range of 7'0 and TA, to allow judicious selection of those thresholds, [0130]The probability of
stopping versus the carrier-to-noise ratio Cd/No in the various environments is shown in FIG. 20
through FIG. 23 with TA = 8 and 7'0 ranging from 0.4 to 0.6. Over this range of thresholds, the
probability of stopping with no input signal is virtually nil. In each figure, digital audio threshold is
indicated by a ve t?é]%%”ﬁﬁ"é”%oo. [0131] After reviewing the plots in FIG. 2§ g EIG. 23, the
recommendedidefalifntireshvidsweid sepagifolewstTlzd, chQerithb p@vet2all Envirohsherts and

carterto-noisealigs, 636 neshold el G PEFoIanGs et hestniizes e probabilty o

missing strong stations while simultaneously minimizing the probability of falsely Stopping on a weak

signal. The prébABTE 6T S5 SIREPIA tHERAE AL S nwFSHHIBARC TG e BEfuIlwesholds is shown
in FIG. 24. On eactu teirve, ligital ausiethesheld is depistedbyia sauase, [01321Thecungs.in FIG. 24

indicate that performance in AWGN. is quite goqd, At high carrier-to-noise ratios, the probability of
detection is hiaeiﬁ?ﬁﬁlgvﬁs%,%aﬁl %ﬂ§gf?jleggsc§%3%,%%§$eaﬁ}§g %Ff?né?ﬁé‘i@&%&l&\?ﬁ %%“sﬁ%%p
transition regidheareinddigisahagdivthrestiold isrdesirdbletd tha fadingmenwitcriientaraliger dwell
time can be employashigaduce fabe-alamo ol ibg sxpense AL Naeased handacanalng dyrations.

[0133]This invention provides a method and apparatus that provides fast and accurate seek and scan
functions for d&teRinE e e EE S dF M EMURTRAY D Rathiorhiesig i, maréargorihim<otid be
merged with therexistinganstdg-FMetek and scaiddesiniquessiopravide-ariimproved approach to
general FM seek and.scan,functions (for.analo brid, and all-digital signals). The methods
described herein r%iriay e ir%é%egrégn%%n&%ﬁi%%% eﬁ%e“’rﬁga%o V\?aaflegﬁ%g?gen%r%%? S aat?%'ig% \
processor, or EEpFgrahmabterprarelivieé dIoeic s vieesforq are representative of the relative quality

of that sideband;

Qv = xPy

O =x(Py)
where x is the normalized correlation waveform, Oy is the upper sideband quality, and O, is
the lower sideband quality. Referring to FIG. 15, the peak index 424 is identified and peak
quality value 422 is calculated for a sideband by 426.

[0118]  In order to validate the digital signal quality meiric, optionally a peak index
delta can be found and wrapped. The peak index delta compares the peak indices of the
upper and lower sidebands for each sixteen-symbol block:

A= 'P v =1 ! .

[0118]  Because the symbol boundaries are modulo-1080 values, the computed deltas

must be appropriately wrapped to ensure that the minimum difference is used:
A > 540, then A = 1080 ~ A .

[0120] A peak index delta of zero indicates that the peak indices from each sideband
are identical, thereby representing the maximum assurance that the normalized correlation
peaks from each sideband corrsspond fo the presence of a valid digital signal.

{0121]  As an additional method for validating the digital signal quality metric,
optionally a frequency offset difference can be calculated for the upper and lower sidebands.
According to the previously described acquisition algorithm, the phase of the compilex sample
at the peak position of signal 1750 gives an indication of the frequency error existing between
the transmitter and receiver, since the conjugate product at this point, as developed by peak

development module 1100, should have yielded a zero-phase vaiue in the absence of carrier
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WO 2008/150910PCT/US2008/065145 or any other combination of hardware and software suffit to
carry out the described functionality. [01341While the present invention has been described in terms of
its preferred embodiment, it will be understood by those skilled in the art that various modifications can
be made to the disclosed embodiment without departing from the scope of the invention as set forth in
the claims. What is claimed is: IA method for detecting the quality of a digital radio signal, the method
comprising the ¥teg¥%E%¥Leiving a digital radio signal including a series BF&yMpBI&sdEVeloping a
correlation wavetpemnhaxing dipeakiiatcprrespondsdod:synbel haundany, sarmalizingdhey

correlation Wa\é%‘é)rr&i

4 qg the signal peak, should vield a zerc-phase value because, mathematically, the
conjugate product between symbo! samples having equivalent phase (as do the samples at the
ieading and trailing portions of each received symbol) eliminates phase, in the absence of
carrier frequency error.  Any residual phase present at the peak of the signal output from the
matched filter 15 proporiional to carrier frequency error, and the frequency error is simple to
calculate once the residueal phase is detenmined. The range of frequency offset measured on
either sideband is £ FFT bin spacing, which is equivalent to +1/(2T), for a channel spacing
of 1/T, as shown in FIG. 1la. [f the frequency offset estimated difference between the upper
and lower sidebands is within a certain threshold, such as +1/16 FFT bin spacing, for
exampie, then it is unlikely that any adjacent interferer has the same frequency offset (as well
as peak index) as the desired signal of interest. As such, the frequency offset difference
indicates that the detected signal is in fact the desived signal of interest.

[0122] Referring to FIG. 16, the pealk values and indices from the individual
sidebands (FIG. 15, items 422 and 424) are combined to produce the peak delta and quality
estimates, The peak correlation value 430 from the upper sideband signal processing is
representative of the upper sideband signal quality. The peak correlation vaiue 432 from the
lower sideband signal processing is representative of the lower sideband sigmal quality.
Optionally, the difference between the peak index 434 from the upper sideband signal
processing and the peak index 436 from the lower sideband signal pfocessing is determined
by subtracting one index from the other as shown by subtraction point 438. The absclute
value of the difference is determined {block 440) and the signal is wrapped to < 540 samples
(block 442) o produce a peak index delta 444. The signal is wrapped fo < 540 samples
because the symbol boundary offset is modulo-1/2 symbol, meaning that the distance to the
nearest symbol boundary is always < 540 sampies.

[0123]  Once the peak index delta and guality estimates have been computed,
optionally they can be compared to thresholds in order to hmplement appropriate decision
rules. The guality for each individual sideband can be separately compared to a threshold, in
addition to optionally evalvating the peak index delta and sum of the quality estimates from
both sidebands. This allows for a quality assessment of a signal even when one of its
sidebands has been destroyed by interference. In addition, 2 quality status parameter
reflecting different levels of sensitivity can be used. In one example, the quality status
parameter is a 2-bit value that indicates to the host controller of a digital radio receiver the
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calculating a peak value of the normalized correlation waveform, wherein the peak value represents
the quality of the received digital radio signal, wherein the digital radio signal includes a sideband, and
the symbols are received on the sideband. 2. The method of claim I, wherein the digital radio
signal includes upper and lower sidebands, and the step of developing a correlation waveform is
performed for the upper and lower sidebands of the digital radio signal to produce an upper sideband
correlation wav@fb?ﬁ‘ﬁ?élﬁ‘%m lower sideband correlation waveform. PCYURHEMRETOd of claim 2,
wherein the steplof ridrtnakizing:threoer elationl waveforrxisqpirfarmediior tiehsppesiasidsigner

sideband corteigUOnNAVEIMNR: bt chanechrdBgIShONGhelay 2 Whoteln (e, siep of Galeulating the

peak value of the normalized correlation waveform is performed for the norma |ze(§Hupper and lower
sideband corrlatiBHitidoerdnishe sensitivity ofrisonasthoddeeidim gy fivtties Sontiyrsial thetkeeps of:
comparing theypeak ¥alues:of the normalized upper and lower sideband correlation waveforms to a
first predetermined threshald, and : omparing the sum of the peak values of the normalized
upper and lower é%c#e%gnd%cl:%erré%gﬁ%ins\}%\%lef%%ﬁg 15 BE Oy Praddtetifitndy Hirs&rvIa. visual 6 The
'method of clainlidafartvercomprisingititestepbofuality of a recadleténigimngracpealyindexef the
normalized uphey sidehand seraialan waralni:anda pask e ol e aunAaed Jowe.sideband

correlation waveform; and ~ calculating a peak index delta representative o difference
between the & iFaRcEs TBF AR5 Gifh ah Fetippe skt Rwe? St st comveladion fvaverdams. The
method of claimi6;fusihias camiprisiigtHedsieps of:

[0125]  As will be appreciated from reading the above description, the simplicity of the
algorithm of this invention limiis the required changes to previously known recetvers. The
extent of the impacts on the baseband processor and host controller of the receiver are as
follows.

[0126]  While processing the first acquisition block, the baseband processor must now
calculate the normalization waveform, as illustrated in FIG. 15. This entails computing the
magnitude squared of both the current 1080-sample input symbo! and a 1024-sample delayed
version, adding the magnitude-squared vectors, accumulating the sum over 16 symbols,
matched filtering it, and squaring the resulting vector. Besides the increase in MIPS (million
instructions per second), additional memory must be allocated for the delay, acoumulation,
and FIR-filtering operations. Other changes include nommalizing the correlation peak via
vector division, finding the peak value and index of the normalized correlation peak, and
computing the peak index delta. The baseband processor may then apply a decision rule and
appropriately set quality status parameter based on the digital signal quality metric.

(0127} The digital signal quality metric can be applied to many areas of interest, such
as an FM seek-scan fumction, resoilution of 300-kHz-spaced interferers, first adjacent
interferer sideband selection, and diversity switching, for example. The algorithm has been
implemented in a reference receiver, and tested in a variety of environments over a range of
carrier-to-noise ratios, in order to implement a digital seek-scan function. Specifically,
performance was tested within a number of dB of digital audio threshold in additive white
Gaussian noise (AWGN), AWGN with one sideband, urban fast (UF) Rayleigh fading, and
UF Rayleigh fading with a -6 dB first-adjacent signal.
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comparing the sum of the peak values of the normalized upper and lower sideband correlation
waveforms to a first predetermined threshold; and comparing the peak index delta to a second
predetermined threshold. 8. The method of claim 1, further comprising the step of:
comparing the peak value of the normalized correlation waveform to a predetermined threshold.

9. The method of claim 1, wherein the correlation waveform is based on amplitudes of samples of
leading and trafifgPéiHE of orthogonal frequency division multiplexed SyHibof* 4 Tté method of
claim 9, wherein thélaghplitadesbfthe: |eating sind:tratingiport ens«ofthedorthegeaalimregdensy division

multiplexed sYRAAISAS IBRSIEE were 1oeset T NS MEM0RA OLSIAIN L pIGLEINANS SYMpOlp,cOMPrise
orthogonal frequency division multiplexe sym?oo S ath ¢orrelation wavetorm is based on a cyclic
prefix applied &#Hesymbols. 12. A method for detecting the quality of a digital radio signal,
the method comprising the steps of: receiving a digital radio signal including a series of symbols;
developing a correlation waveform having a peak th%j%orresponds to a symbol boundary;

(Or=Tp)
OR
(Oi+Qu > Tor0.2 AND A < Ta)

{01251  The probability of stopping was then computed and plotted over a range of 7
and 7, to allow judicious se}eqtion of those thresholds.

[0130]  The probability of stopping versus fhe carrier-to-noise ratio Cd/No in the
various environments is shown in FIG. 20 through FIG. 23 with 74 = § and 7 ranging from
0.4 to 0.6. Over this range of thresholds, the probability of stopping with no input signal is
virtually nil. In each figure, digital andio threshold is indicated by a vertical line 500,

[0131]  After reviewing the plots in FIG. 20 through FIG. 23, the recommended
default thresholds were set as follows: 7, =8, Tp = 0.5, Over all environments and carrier-
to-noise ratios, these thresholds yield the performance that best minimizes the probability of
missing strong stations while simultancously minimizing the probability of falsely stopping
on & weak signal. The probability of stopping in the various environments using these defanlt
thresholds is shown in FIG. 24, On each curve, digital audio thresheld is depicted by a
square.

{0132]  The curves in FIG. 24 indicate that performance in AWGN is quite good. At
high carrier-to-noise ratios, the probability of detection is high. Likewise, at low values of
Cd/No, the false alarm rate is very low. The steep transition region around digital andio
threshold is desirable. In a fading environment, a longer dwell time can be employed to
reduce false alarms, at the expense of increased band scanning durations.

[6133]  This invention provides a method and apparatus that provides fast and accurate
seek and scan functions for detecting the presence of an FM digital HD Radio™ signal. The
algorithm could be merged with the existing analog FM seek and scan techniques to provide
an improved approach to general FM seek and scan functions (for analog, hybrid, and all-
digital signals). The methods described herein may be implemented utilizing either a

soﬁwal'enprogramméble digital signal processor, or a programmable/hardwired logic device,
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normalizing the correlation waveform; calculating a peak value of the normalized correlation waveform,
wherein the peak value represents the quality of the received digital radio signal; and

setting a status flag to indicate if the received digital radio signal exceeds a predetermined quality
threshold. 13. The method of claim 1, wherein the digital radio signal includes upper and
lower sidebands, and the symbols received on the upper and lower sidebands are processed
separately.  W© Zﬂﬁgilﬁi.’%e method of claim 13, further comprising the Bté'&14#tisfii§ each
sideband in ther digjtakradiesignalqriot touthe:stepofdeveloping a-conelaiansvavefeuRibed 15.
The method ogggi'-g}l;iﬁylwherein the filtering step is performed using a finite impulse response filter.
16. A method for detecting the quality of a digital radio signal, the method comprising the steps of:
receiving a digitallPadfd sighanincdlisdingsenseariestofsnbbisn désrettisihgra iconreldtion wefeeform having
a peak that cogresRands, to @i BHNRARAUIIB fhose skilled in the BORANZING.LHE, GRURIgtion Waveform;

calculating a pea{k valye of the normalized correlation waveform, wherein the peak value represents
the quality of th& %&%@%&‘i&ﬁ&% R B LRRA T PR 8t Ep D e VB D RTGRE dBHTRISHGN traveform is
performed for appér Gndiddwer sidebands of the digital radio signal to produce an upper sideband
correlation waveform and a lower sideband correlation waveform; and calculating a
frequency offset difference for the correlation waveforms for the upper and lower sidebands.
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17. The method of claim 16, further comprising the step of comparing the frequency offset difference to
a predetermined threshold.  18. A receiver for detecting a digital radio signal, the receiver
comprising: an input for receiving a digital radio signal including a series of symbols; and

a processor for calculating a peak value that corresponds to a symbol boundary of a normalized
correlation waveform, wherein the peak value represents the quality of the received digital radio signal,
wherein the digital radio signal includes a sideband, and the symbols are received on the sideband.
19. The receiver of claim 18, wherein the digital radio signal includes upper and lower sidebands, and
the procgssor calculates the peak values of a normalized upper sideband correlation waveform and a
normaliz‘%%alto\% 8itféband correlation waveform. 20. The receiver of claim 19, wherein the

processor compares at least one %fé%:}e peak values of the normalized upper and lower sideband
correlation waveforma to a pred&tePmilted sHrddhpide quaiity oa figpbaailiersimahitheLoetnérein the
processorcprispay ds:thieppedk values of the normalized upper and lower sidehand correlation

waveforms to a first predeteﬁrer)giqed thrgs}htold ?zg{]d coqn};nét)aﬁf@the sum. of the peak values of the
normalized upper and lower SIdCbaNA COTrEItion WaVBISIHIE 1ed SEUEhY sradstsimined threshold.
22. The receiver of claim 19¢svhiergin: the protessomdetdsmines, i peakdmiderfordhespormalizad upper
sidebang,&%rg%%ga\%a;veform and a peak index of the normalized lower sideband correlation

waveform, and a peak’index delta representative of the difference between the peak indices for the
normalized upper and lowermsidiedii: corretatibaiioravefofnss; and  23. The receiver of claim 22,

wherein the processor Com%fﬁﬁﬁﬁ?g%ﬂéﬁfmﬁ@%ﬁ%%ﬂ% aﬁ%%ecg%l alized upper and lower

sideband correlation waveforms to afirst predetermined threshold and the peakin ex 'delta 1o a
second PredféteititfetPRriEtbibe quality oblheTreetersbiigitafreiimigsawibesiim tihe digitall raldio signal

includes;uppananddowansidebandsnanghiBeisarplesiegelyed amthg dpper and lower sidebands are
processed separately, 25. The receiver of claim 24, further comprising: a filter for filtering each

sideband in the digitatradio SiGAATBROCIS tHE drokhess hadiviahtdie et Tulidesiwimsrndlized

correlatiowavaufigands, and the step of developing a correlation waveform is performed for the upper
and lower sidebands of the digital radio signal to produce an upper sideband correlation

waveform and a lower sideband correlation waveform.

3. The method of claim 2, wherein the step of normalizing the correlation
waveform is performed for the upper and lower sideband correlation waveforms.

4, The method of claim 3, wherein the step of calculating the peak value of
the normalized correlation waveform is performed for the normalized upper and lower sideband
correlation waveforms.

5. The method of claim 4, further comprising the steps of:

comparing the peak values of the normalized upper and fower sideband
correlation waveforms to a first predetermined threshold, and

comparing the sum of the peak values of the normalized upper and lower
sideband correlation waveforms to a second predetermined threshold.

6. The method of claim 4, further comprising the steps of:

determining a peak index of the normalized upper sideband correlation
waveform and a peak index of the normalized lower sideband correlation waveform; and
calculating a peak index delta representative of the difference between the

peak indices for the normalized upper and lower sideband correlation waveforms.
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26. The receiver of claim 25, wherein the filter comprises a finite impulse response filter. 27.
The receiver of claim 18, wherein the correlation waveform is based on amplitudes of samples of
leading and trailing portions of orthogonal frequency division multiplexed symbols. 28. The
receiver of claim 27, wherein the amplitudes of the leading and trailing portions of the symbols are
tapered. 29. The receiver of claim 18, wherein the symbols comprise ortho_gonal f_requency
division multiplexed symbols and the correlation waveform is based_on a cycllc_: preflx applled to the
symbols. 30. A receiver for detecting a digital radio signal, the receiver comprising: an input for
receiving a digital radib signdhinciadiod) e sb'rieéﬁﬁmgkmmisjrﬁhdlg the steps of: @ processor for

lation waveform,
calculating a peak value tha ) Y ary a normalized corre
wherein the peak value reprtggfglntgsI§ t%%%a t?/% t % r"?eace??’/a“eu dlglta rgamﬂbzﬁgluaﬂed" e Fihe

processéii&BEhestatfifBg Ry Hiviente thatstesddeivadedigitatradioesignal exceeds a predetermined
quality threshold. 31. A receivgrdorifetgcting.adaltalradio, Sanaly edSsehsL FRIBIisiag: an nput or

receiving a digital radlo S|gnal including a series of symbols;
g g The method of claim 1, further comprising the step of: comparing the peak

value of the normalized correlation waveform to a predetermined threshold.

9. The method of claim 1, wherein the correlation waveform is based on
amplitudes of samples of leading and trailing portions of orthogonal frequency division
multiplexed symbols.

10. The method of claim 9, wherein the amplitudes of the leading and trailing
portions of the orthogonal frequency division multiplexed symbols are tapered.

11. The method of claim 1, wherein the symbols comprise orthogonal
frequency division multiplexed symbols and the correlation waveform is based on a cyclic prefix
applied to the symbols.

12, A method for detecting the quality of a digital radio signal, the method
comprising the steps of:

receiving a digital radio signal including a series of symbaols;

developing a correlation waveform having a peak that corresponds to a
symbol boundary;

normalizing the correlation waveform; calculating a peak value of the
normalized correlation waveform, wherein the peak value represents the quality of the received
digital radio signal; and

setting a status flag to indicate if the received digital radio si gnal exceeds a
predetermined quality threshold.

13. The methed of claim 1, wherein the digital radio signal includes upper and
lower sidebands, and the symbols received on the upper and fower sidebands are processed
separately,

14. The method of claim 13, further comprising the step of* filtering each

sideband in the digital radio signal prior to the step of developing a correlation waveform.



a processor for calculating a peak value that corresponds to a symbol boundary of a no_rmallzgd _
correlation waveform, wherein the peak value represents the quality of the received digital radio signal,
wherein the digital radio signal includes upper and lower sidebands, and the processor calcu_lates the
peak values of a normalized upper sideband correlation waveform and a normalized lower S|d¢band
correlation waveform; and wherein the processor calculates a frequency offset dlffer_ence
for the correlation waveforms for the upper and lower sidebands. 32. The method of claim
31, wherein the processor compares the frequency offset difference to a predetermined threshold.

5. The method of claim 14, wherein the filtering step is performed using a

finite impulise response filter.

16, A method for detecting the quality of a digital radio signal, the method

comprising the steps of:

receiving a digital radio signal including a series of symbols;

developing a correlation waveform having a peak that corresponds ¢ a
symbol boundary;

normalizing the correlation waveform; calculating a peak value of the
normalized correlation waveform, wherein the peak value represents the quality of the received
digital radio signal, wherein the step of developing a correlation waveform is performed for
upper and lower sidebands of the digital radio signal to produce an upper sideband correlation
waveform and a lower sideband correlation waveform; and

calculating a frequency offset difference for the correlation waveforms for
the upper and lower sidebands.

17. The method of claim 16, further comprising the step of comparing the
frequency offset difference to a predetermined threshold.

18. A receiver for detecting a digital radio signal, the receiver comprising:

an input for receiving a digital radio signal including a series of symbols;
and

a processor for calculating a peak value that corresponds to a symbol
boundary of a normalized correlation waveform, wherein the peak value represents the quality of
the received digital radio signal, wherein the digital radio signal includes a sideband, and the
symbols are received on the sideband.

19. The receiver of claim 18, wherein the digital radio signal includes upper
and lower sidebands, and the processor calculates the peak values of a normalized upper
sideband correlation waveform and a normalized lower sideband correlation waveform.

20. The receiver of claim 19, wherein the processor compares at least one of
the peak values of the normalized upper and lower sideband correlation waveforms to a

predetermined threshold.



21, The receiver of claim 19, wherein the processor compares the peak values
of the normalized upper and lower sideband correlation waveforms to a first predetermined
threshold and compares the sum of the peak values of the normalized upper and lower sideband
correlation waveforms to a second predetermined threshold.

22, The receiver of claim 19, wherein the processor determines a peak index
for the normalized upper sideband correlation waveform and a peak index of the normalized
lower sideband correlation waveform, and a peak index delta representative of the difference
between the peak indices for the normalized upper and lower sideband correlation waveforms.

23. 'The receiver of claim 22, wherein the processor compares the sum of the
peak values of the normalized upper and lower sideband correlation waveforms to a first
predetermined threshold and the peak index delta to a second predetermined threshold.

24, The receiver of claim 18, wherein the digital radio signal includes upper
and lower sidebands, and the samples received on the upper and lower sidebands are processed
separately.

25, The receiver of claim 24, further comprising: a filter for filtering each
sideband in the digital radio signal prior to the processor calculating the peak value of a
normalized correlation waveform.

26. The receiver of claim 25, wherein the filter comprises a finite impuise
response filter.

27. The receiver of claim 18, wherein the correlation waveform is based on
amplitudes of samples of leading and trailing portions of orthogonal frequency division
multiplexed symbols.

28. The receiver of claim 27, wherein the amplitudes of the leading and
trailing portions of the symbols are tapered.

29.  The receiver of claim 18, wherein the symbols comprise orthogonal
frequency division multiplexed symbols and the correlation waveform is based on a cyclic prefix

applied to the symbols,
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30. A receiver for defecting a digital radio signal, the receiver comprising:

an input for receiving a digital radio signal including a series of symbois;
and

a processor for calculating a peak value that corresponds to a symbol
boundary of a normalized correlation waveform, wherein the peak value represents the quality of
the received digital radio signal, and wherein the processor sets a status flag to indicate that the
received digital radio signal exceeds a predetermined quality threshold.

31. A vreceiver for detecting a digital radio signal, the receiver comprising;

an wnput for receiving a digital radio signal including s series of symbols;

a processor for calculating a peak value that corresponds to a symbol
boundary of a normalized correlation waveform, wherein the peak value represents the quality of
the received digital radio signal; wherein the digital radio si gnal includes upper and lower
sidebands, and the processor calculates the peak values of a normalized upper sideband
correlation waveform and a normalized lower sideband correlation waveform; and

wherein the processor calculates a frequency offset difference for the
correlation waveforms for the upper and lower sidebands.

32. The method of claim 31, wherein the processor compares the frequency

offset difference to a predetermined threshold.



