;e3eccLh64TC2 April 2003 -1 METHOD AND APPARATUS FOR DEMODULATI NG AND
EQUALI ZI NG AN AM COVPATI BLE DI G TAL AUDI O BROADCAST SI GNAL BACKGROUND OF
THE I NVENTI ON This invention relates to radi o broadcasting and, nore
particularly, to methods of and apparatus for denpdul ating anc Apl@003ing a
signal in a receiver for an anplitude nodul ated conpatible digital
broadcasti ng system There has been ihcreasing interest in the possibility
of broadcasting digitally encoded audio signhals to provide inproved audio
fidelity. Several approaches have been suggested. One such approach, set
forth in United States Patent No. 5,588,022 (WD 9524781 A), teaghes a

met hod for sinultaneously broadcasting analog and digital signals in a
standard AM broadcasti ng channel. The broadcast signal in

anpl i tude nodul ated radi o frequency signal having a first “Nﬁﬂﬂ“ﬂﬂ%ﬂ“Ml
spectrum The anplitude nodul ated radio frequency signal incluges.a first
carrier nodul ated by an anal og program signal. The signal also includes a
plurality of digitally nodul ated carrier signals within a bandw dth which
enconpasses the first frequency spectrum Each of the digit1mmmm Wm“ MP
carrier signals is nodulated by a portion of a digital progr Wm

first group of the digitally nodulated carrier signals lies Wthip,

first frequency spectrumand is nodulated in quadrature with the ftrst
carrier signal. Second and third groups of the digitally nodul ated carrier
signals lie outside of the first 2 April 2003 -2 frequency spectrum and
are nodul ated both in-phase and in-quadrature with the first carrier
signal. The waveformin the AM conpati bl e digital audi o broadcasting system
described in United States Patent No. 5,588,022 (WD 9524781 A), was

formul ated to provide optimal data throughput for the digital signal while
avoi ding crosstalk into the anal og AM channel. Miltiple carriers are

enpl oyed by neans of orthogonal frequency division multiplexing (OFDM to
bear the conmuni cated information. anoBhonlc detectors for_ consunmer AM

r adi oMETIHIRANRIAPPARATEUS KR HIEMAUR A TING AN EQUALTAING AN AM
signal . Becaus ¥ g | ated carriers,
there is a neegcggrhgq%ﬁlsﬁ{%hrag uce I’Pﬁ%ﬁenveFope %E(g?g%tl on caused by
this hybrid signal. United States Patent No. 5,859,876, discloses a nmethod
for reducing envel ope dj AN e digital audio

br oadcasti ng system Certathd ea re above the frequency
of the anal og Alphidhvdntion halu@s@@mms afdaa&a@dngih@d tnidre RAlaryh mehoad an
equal frequency offset below the analog AM carrier. The data and nodul ation
pl aceef aml eprardippdor dempdulatingapnd equalizing @ sigssliin BrIBeHYeraios ag aAPltge t he
sign S no conponent that is in-phase with
t he lerx]]g ﬁﬁt‘éﬁl\*ﬁgﬁtflgg?gﬂtgﬂrﬁ?&lqgtgr{%s&?tgﬁmapal rs arranged in this way are said
to be conpl enenn‘hexy ha€dreen éncedshmt insarest no tthel possiility d:fdﬁreaaddastidged@nall)og

si gnal c m are_cal | ed. pon- conp] enent . and are nodul ated in-phase
and |€H‘°a§‘?9d g gl {o8ro ecamrpg?cl adip bt &weﬂlk BRPraRhey dpke fFdhat i c
fidel édggeétéaorei{@mt@p;&cﬁ%k %}AM Uﬁ%%h@@ p%nmalfﬁ g Mzo@déaﬁstu%ﬂf‘a' S.

At the Teceiver, the digital signal iIs denodul ated by nmeans of a Fast
Four |A) tgachesd mqﬂnquiéTﬁlmmaemssbIbhécamgﬂwl%@dabsmd|S£neb$ inppsiamdand t o

(oo oy raaRg b he drdideadcBend JBRBR 4t Shiude bl °°°

i ni nifréc@énémgﬁmqhaﬁhgach@tr R&durhdy GREM@AN The anplialde nsdutited radivdfrédienél i t al
signals in an AM conpatible digital audio broadcastlag (AM DAB) system

usi ngignel iroludsyerfast crrriegueasieatet] by an arplegiprogpnesigenl( Bhemenabilsn mcludes

for I f
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di gi tfadst &bmby spéveruaiit Bach of thichdigital®y Amﬂulateamerasxgumdrsahumﬂate@wmel is
used to recover .the conplenentary data, and_ the resultant processed
conpdifatien ef yAigital %rpgragwﬁ% tf*oﬁrfSéswerofﬁ'PFedlsBﬂlyclawl@ﬁ% ReEey Sigaalg liest o

r ecei wikhn i fik ﬁ%@ﬁém@% DB arldi9 W oy iAot rewlmpé Rt REFRPAEFaIO!
dynam c¢ channel spohse vari ati ons suc I zation, a“very

di st d3dcend sndythat glmmls«bf e dgtalytrectivdated caraekignalsdie d:ntmdnjo;%the ﬁmy si gnal

i nformati on woul d be unrecoverable. An equalizer enhances the
recoverability of the digital audio broadcasting signal information. One
such equalizer is disclosed in United States Patent No..5, 559, 830 (WO
9623374 A). The equalizer disclosed therein includes neans for receiving an
AM conpati bl e digital audi o broadcasting waveform and storing that waveform
as a waveformvector. The equalizer then processes that waveform by
nultlplylng the maveforn1vector by an equallzatlon vector ThIS
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In the equalizers of both Patent No. 5,633,896 (WD 9708877 A) and Patent
No. 5,559,830 (WD 9623374 A), frequency donmain information is presented to
the equalizer as a frequency domain vector. Each bl ock of frequency domain
“information is stored in a storage array. This storage array vaapwr2008
multiplied by a plurality of equalizer coefficients. The resulting product
of this nultiplication is an equalizedsignal. A set of exact values is
known a priori in the equalizer against which each vector |ocation of the
equal i zed signal can be conpared. The ideal value closest to that described
i n thefryfehey shQt@hi &Y b mbosigRd ot heplass Uad i heRauMAWHE thd figst @fter Of
decisions is stored in a decision array. Using the received signal, the
equal i digeplsi gnal , and the decision array, an equalizer coefficient

estimator cal cul gies fficient [ 41 .10 V) I, Ui tQ noise,

t he equal i zer coe ?i‘(’:vlg‘geﬁ?n%slp i 18rr’:a‘f’t es c%ﬁ%‘bﬁéﬁr‘égg ug\soerbr??(frjcr%%%gTﬁ%St?ate of
coef f i gdseribedipdahieeddSihes PaleBSNEAS688,022 (WO 3247814 wits fomthuls@dtl ! Gevide

rate. Coefficients in different parts of the band may be updated at

di f f er@pitmal dasa thyapehpyt doy e digital ssensh vlerayarding ergsstalsninto thepgnalog 2043 - 4
mechanj,s Vi F ) or=To Wy I & in a
channel 't '%lt h@glt@%ﬁ%@ Ar%g%rﬁ@&gée(ggﬁ'd ant%%%{m&?@gf gﬂéé@gﬁ“&’g&%&tg e AM
car r i emuftipbsxign@QFoM ko bdre tHer @aummdyatédinfematfioi.he conpl enentary carriers,
for channels with non-symretric pagnitude or. ngn- anti-symretric phase, the

process of usi ngMamepheie dgigeiarsaton cansumss &M radips sespend only tonthsi snvelope
conpl s i J : <

ot AR e HBbCOFRS HBKE sifian WecalER ihe G TR kBIA B nodulated |
i S notcacmers.ethtre iPubhéedafor anmbims t@ed@2| the 8nvaopcdistsenacaussuby ithis tiybnd

met hod ..t hat n Vi d p i zer coeffici.ents when the al.i zer
Coet 1. i Uil Sl afsh ey TafPrE dikBies tiaes iahtucii vl Elitiof has e
Denoduhahi A0 &5mpdtdld\dBitsl QBB A g Etene f CertiBY digRA WatrfersitHat f2-4ba$S
filter on the in-phase portion of the signal to elimnate spectral spillage
i n t hehgdreghensm efhibe analios AN epraer. havsvasyassocigipd digitahPagrenthgt isf #t| ancequal

appl | elgé u'exrffy.ocr)ﬁ%rt b2 fdw) {lljletarrllglol %]Plh&?g > B atd ?nqd%%aﬁlgg&dplaw 3n ﬁ'ln’ee e%p ng
proper € Gari 2ati on of " tHe cgnp efrentary digltal earnerst For ¢ anridl’s t hat
have ndigits yarfdrrand iga@uhictdet At sachthaaite signainiesulting fpomsieeiovdditibhBasspect r al
region of the anal og signal, the ijesMyed inbor,n'ﬁti on gr,events I oper
equal i PHRCHRNHak 1§ A0-PHAsS| ‘@%ﬁtiea‘i“yq% sprgier. THEEHah CHHEN PAIsarranges b us o
here, Wi&ﬁ!aﬂéds%ﬁi WPbe Q&hyleﬂi&ﬁﬁ%?@aﬂiéré‘ﬁ{at atd pett di%cﬂ?%ﬁ&dtﬁﬂh@&n&lﬁ? s?é[rﬁl‘al ’
but also any conponent in the transmitter or receiver that affects the
magni tspeeiremdreealisd noh-cohwlernedanye and irgmaddulatebingphase and imeuadratore torthei des
a meth %]; d?ﬁDChlﬁ atci talendidgl%\'z[e"risl dsaingaqacl ﬁ&lih hc%xunt révbe?ned say\ébaalcngloOfAﬁli t her
spectra sp?ﬁ age Of “PHE&Yaha og sl gnair onto the noﬁ’-conpf'emant arygear ners
or destéepyibnof tipltarbreddcas sipmaded for proper equalization of the
conplenmentary carriers. The present .invention seeks to provide an_ inproved

dem;dul ation andAbHfisatersiyen dhe digitabeisaads demerviated bineansioicl Hied Howaier o
Goroa TR, | o) HENTHE mERiod a7 Biea b QIR npia8 O, HERIo OO0 &

AM conjeatadolatiodi igideadritedaaddmised Statpsalatentéo.np6IHeba (WICLUE2A3855t Ayratlihag t he
equal i zer coefficients for. the conpl ntary.caryier while still rataining
e partnt 5clases AgmadHGhon SeARGRRaT IO R BN e SO ehErosplk bPpRbr For
out putife add16g SRhACAHIURE Qigi@f QFH&]& 1P AV By hPRIUIO BipRANRIRNBRLALAHAAAMET S TO
estimate, via interpolation, the equalizer coefficients for the

conpl 2B} syyteoniusingr an  oTthegoratolieduency rlivisidn equltiplexad i (OFIN) hoddwatieme
prese invention i.S ys t rocess an anplitude nodul ated conpati bl e

G o1 ¢ APt B crioite 4R PGSRy R Bl o St ReiR AR pnded

f r equesngyuad@nat-phasé ddehpdnbhts BF a¢édelve@'OFDNLAialt AGidiy]. aThPRApRD RO Ir am
signal in a first frequency spectrum a plurality of digitally nodul ated
carrier signals positioned within a bandw dth which enconpasses the first
frequency spectrum a first group of the digitally nodul ated carrier
signals including conplenentary carrier signals and lying within the first
frequency spectrum and second and third groups of the digitally nodul ated
carrier signals including non-conplenentary carrier signals and |ying
outside of the first frequency spectrum The nethod includes the steps of-.
taking a first Fast Fourier Transform of the anplitude nodul ated conpati bl e
digital signal to produce a first transforned signal representative of the
non-conpl ementary carriers; processing the first transfornmed signal to
produce a first equalized signal by nmultiplying the first transfornmed
signal by a first equalization vector, wherein the first equalization
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-2 April 2003 BRIEF DESCRIPTION OF THE DRAWNGS _ _ _ -. _ - _. The
invention will be nore readily apparent to those skilled in the art by
reference to the acconpanyi ng drawi ng wherein: Figure 1 is a diagramatic

" representation of a prior art conposite anal og AM and di gital DAp&EdRMSti ng
signal; Figure 2 is a block diagram of a receiver which includes an

equal i zer that operates in accordance3ith this invention; Figure 3 is a
functional bl ock diagram of a denodul at or and adaptive equalizer in
accordance with this invention; Figures 4a and 46 are phasor diagrans which

illust e i L vention: i.Qu i i m

show ngti G EGRRRERL' (P05 rbckfel DR PmERAR, T AR they ey i 30 ANea
DESCRI Eothpdhent sighéls BREurRRED obbt BRPiIhScohiplementugnddtan provi des a net hod
for denodul ating and equalizing carriers in a broadcast signal which

i ncl udes bot h an Tagaresgvedranalicr@gisrptienalt wgudssy satalizalipry ini et preseegfi  on
the sa ] i : t b St : AN p |

al | oca@lgﬁhél%e Fec (?{égg%%t%gl?'oa 8§’§¥ ?%B%gﬂé%lgﬂg’taal stggﬁ)a ﬂ%@n? ﬁvevoglgne
channebe alsteatedanal dg Alitsl broatcasting aignal infomaiod wouldhbematecoVdstlle. An
broadcasti.ng. This broadcasting i.s acgcconplished trapnsmtting a digital
wavef oftHahgeTgapanges thegeepverability of ﬂ&f@ﬁ&ﬁ%%@éﬁﬁﬂwﬁ%mw&ﬁﬂd D&t ed
(OFDV) r&4n8liSor i r I 95 SYIBA B e al og
A sl g e I g e e T N e A TR
br oadceptaling disgnsdd theseis iigeliddscaense frer gyeiviigear &M conmentitileg idigithl aadivi er s

are nmodul ated both in-phase and, inquadrature with the ana AM si gnal and
e poURRTIRERE FAVEER B R LA MR SF R aL O SOMA A BBt Tl
r egi ONgroREiRELthh & aPetain? By/?Mlﬁbl?ﬂ%' th QRvefonth Vesie b?'aﬂ RighhleAlbn 9B&bAYThisN the
United States) the emi ssions of AM broadcasting stations are restricted in
accor deqvelizationhvacéat epamnprisosmaupliuedity o sq@lizer se¢faiepisce)chr efjtheacoafficients | e
wi thin. a.sjignal |evel sk defined.such that:,em ssions 10.2' kHz to,20 kHz
Ferov e e ShEGsERRef P ey b RE 8T BB RE sath Tonstil Aok (e
unnoduprat &dediival ot atdtbewith @\eedred wake bt ivectdf) OBhe dqualizetSelebs ad thdkiigndlo 30
kHz renoved fromthe anal og carrier nmust be attenuated at | east 35 dB bel ow

! g
t he untalveciardgcation desestaiorthe stored, wpvelamy veses sPisharatdy, thepequalizsy inglydes
r enov om,t I -1 er dgrﬁél efda I
dB/ kHz © I{gl E)va/ ?ﬁdgﬁggn@gu@% l(rlai acna ogerg“grlﬁl]gr ﬂl:éegvgft‘ff&tﬁ? g‘%r%?r’lhgbﬁggog e%rsﬁé
spect reavefprmanccidv, aindjiht atoralrsticefiamorehterdt iprayidd igmaknityfto aoisgped wspetsedan be
utilized b‘ﬁ Lhe resent invention. Curve 10 represents the standard
broadcg'é’fq' J 451 t ude nodul ated signal, wherein the carrier has a
frequency of fO0. Inline ehédlizeiioF SoBatéi No. 5538 BP6 CHRMHEIRETY A} L1 PussiiNo. 12.
The OFDM waveformis conposed of a series of data carriers spaced at ft =

- 59. 535,008V 39628374 Aok frspesmey glomajy infornpatipr is pressmtedoo thagavslizenas a of

ext endh eRDy AR oG5 FRH bR oB iaRgRy ' oRASEithepliBn %y MoRUIIHORRES,
| abel edral4 Thiskiguge afray Mectbr i miultigied Siygm phsality eofpdqaskéctr 3vefictitd. oWhe t han

the | evel ,of the unnpdul ated AM carrier signal in order to mninjze
cr oss ARG PRduFHIARA UpigelpRy AR equplizedisigngl. & sei gl axart %&ae@%ﬂw a

e_”COdilﬂﬂﬁ i) Qhéjieiﬁrhﬁkr ia?zlif?it”@hicﬁ%aicﬂ VeclBRNb&Hioh ait H@UfuaitRe Sighilt beogpal ity
with the anal og AM waveform This type of encoding is called conplenentary
encodigunparede. Thorngdat velue algseBABKhatcdespiibadeint the ywegPBkocation do whossneastthey 32

QAM and i s. nore . ful described.in t.he pr.eviously di scussed endi n

oo 1 Rt ieaf Valve! e HEFGEALBEistehs iSRG OfisloschePih o e 0 gl

enpl oyeehapthé BLualinERsipRa] ardi tHé HedisiOR b8y, aRdhhialztr édeffidientlettihael Lalb@hRs 2 C
timng recovery. These earners are set at a |level of -28 dBc. All other

car ri eqosffioient ghtimates.sTo grayids ingpenity toapise, e equdizer erséficipnt eshimates gan be ed

usi ng | nt ar for , i ng: .

S SSEBLTFY Gk o bEfourifef g S SRR At iy e 1,
ft) taopb@gencd thte) @Eoudfifieminid differend fpats bOthefband mhl Hel ypdhted dt diffekentlebies
coding rate. For al] three encoding rates, the carriers at (fo - 12 f~)
and (fdspendgpg pn kyowledge olthpdistaion ary data and may be nodul ated using
conplenentary 32 QAM Additional groups of digital signals are placed
outside the first group. The need for these digital wavefornms to be
in-quadrature with the analog signal is elimnated by restricting the
anal og AM si gnal bandw dth. The earners in a second and a third group,
enconpassed by envel opes 16 and 18 respectively, may be nodul ated using,
for exanple, 32 2 April 2003 -g QAM for the 48 and 32 kbps rates, and 8
fSTC for the 16 kbps rate. The carriers arc set at __ levels of-30 d8c_for
all encodi ng_rates.




Figure 2 is a block diagram of a receiver constructed to receive the
conposite digital and anal og signals of Figure 1. An antenna | 10 receives
t he conposite waveform containing the digital and anal og signals and passes
" the signal to conventional input stages 112, which may incl ude2 &priladd0d
frequency preselector, an anplifcer, a mxer and a |local oscillator_ An

i ntenmaedi ate frequency signal is prod&eed by the input stages on line |14.
This internedi ate frequency signal is passed through an automatic gain
control circuit 116 to an 1JQ signal generator 118 The |/ Q signa

gener aicRharRéraduces an in-phase signal on line 120 and a quadrature signal
on line 122. The in-phase channel output on line 120 is input to an

anal og t o- di gi thhdoﬂweedmaérFFﬂ?H:ch@qm camn lryprowheysqemmeaﬁounenmmeharmat put

on i ¢ %g i S rff);utato not(tfert%naloglil qgl g¢ qt gﬂgerter 126. Feedback
s.gnaf PifY‘WBS JBo4iifrdg 294 AP symmrtooPhask AP Ot ey ﬁ?‘&ﬁﬁf‘?‘é“%‘ﬁ«"r‘?"ﬁ%ntrol
ci rcuiie ¥eQuendye raigenaf the doniiferheMaiyn Chiitas fdﬂeclﬁﬂﬂélﬁ)gw&M AbBAhmekich 1s
separated out as illustrated by block 140 and passed to an output stage |42

and sigaitudmer poroanii- S)GE@I@%HC phpseothe girpress ofiupine andy thequadresroehanacbr 150

recei d 3 d

signa g%dﬁnﬁlnggb@% a{Fhes Sﬁg%u g?ﬁn n@%ﬁﬂ&a%gg%@ﬁpg&%HMéézgflZ%#f156
and t aos #iai- @ﬂﬂm%&lcfpﬂakefnfaﬂﬁlatmt anddhe eigasl thaSdrives ehoedualizerol nobeoilédta
decoder is sent to deinterleaving circuit .and forward error correction

gecodglfl ligaiopnNey a%@ Q@ 12%r diselogrst an eavaligation, methd Hiat pan ra’pvrtdﬁepmper
ot od EMNERPCdRRES SRk o B ARG il ndv® sBASIEEndfle hpfitthdfyr

conpenemrtantiFymmbteicphasy of the anal og signal at the transmtter and to
time align the apal og.and dpgital | s the.receiver. .The a ut of
delay circuit | g:ge JiPep PB"‘&H%Q%Q‘?S”% GHATTS BY2Y, TeAUie: ﬁlhluﬁ'%éﬁal og
converitef od b fnOptis® JHRRNPSthe BR¥naPd difRAin¥Ri pBcted @pilfafe i) Brellit P lons iROE

142. Patent Number 5,559,830) issued Septenber 24, 1996 descri bes one node
of opanaleg signilo rH@me@q,dahcrrze lghamﬁhﬁltems eqmiaﬁds zréqmmrenlmuﬂemm -plpdasignal

al gorit resent .inventjon e he .e izer
and el RIroRE BT ERoncind iRe R SPARRRER o SoBRRERbERY afieh SRR kY Tha
occur chdimelsttigt 126 dohZ9mnearé fmaghﬁﬂaéonsﬁmuladuth@maﬁa phas% ARF ke sH0fal 9.
symetri.c na nltude or non- anti-symetric¢c phase about the center of the

FFT. Fsein ef Bhe analeg signal, |t3¢1§rﬂstm3/@é KDt PERYCRls JUPRSTosalizationeof the
recei t e

| vont T i RREHGES RS AL rohtl HeRTrc 16 HORPIEMAOEnGY ort) phERSAGIED ot

| i nesaff@8 paophgbB6n of liks elgsalg bat 3lscrm;aybenmoowtdadhbyrausnngr dowecetaEm\thatt er

| | h Fi.gt hr.e 2. he
o1 gnantiss o pREnRiARE Bhder e peoe Pdtied - TR Srebeh dRkeR mPlRet o
( FFT1method df deétodbiingahd digtaPsighal fvrikioak thkmadoa&ktxﬁMhaddedtrhpspmge&rf t he

i n-phase conponents of the signal on litre ! 28 t her eby produ0|n8
filt eﬂ@opnglogrfagnaé #nfq e lmsconmlglnamtgryo%mﬁrﬁ@s degteoyargyinfennation ieededfyed by

wi ndo [ ta FFTI.
T s AT BBk s, LB AP LR e

ort hognma{zed dsmaiulatiopast ctjixdlizatderkmethodahd ﬁ@ewaislwmclmmhrye theemeihgil t al
carriers is.small enough , ormance. A nethod of

appl ying a wi ndow t hat pr#s : F~aong the carriers has been
devel oped. In a t d cosine
w ndow i s appli e[‘gllgz)? és%h@“k%#??ﬁlgéé ﬁﬂlem;ogc%%\?g?w@g?g tg?l(lI gavhinh%ﬁ,cl%vss% t he
tapering occurs on the first and | ast seven sanples of the 135 sanples in a
baud. After the wi ndow has been applied at the receiver, the |last seven
sanpl es are added to they first seven sanples, where the 129th sanple is
added to the first sanple, the 130th sanple is~ added to the second sanpl e,
and this pattern continues with the 135th sanple being added to the seventh
sanple. The resulting 128 points arc input to an FFT. In sonme cases it may
be advantageous to performthe w ndowi ng and guard band renoval operations
prior to processing by highpass filter |1 74_ In this case, the w ndow ng and
guard band renoval operations perfornmed by circuits 171 and i 73 coul d be
connbi ned to be performed by one circuit. Elimnation of the anal og signal
may be necessary to prevent spectral spillage fromthe anal og signal onto
the in-phase portion of the non-conplenentary carriers_ The di sadvant age of
this highpass filter is that information needed to properly equalize and
denodul ate the conpl enentary carriers can be destroyed when the channel has
a nonsymmetric magnitude or non- anti-symretric g' hase about the anal os AM
carrler frequency If t he i n-phase input to FFTI |s hi gh pass flltered to
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- The outputs of FFTI that correspond to the non-conplenentary carriers are
input by way of lines 176 to a first equalizer 178. Equalizer |78 operates
~on the frequency domain data and adjusts the nagnitude and phase of each
OFDM carrier to counteract the effects of chart~nel perturbati @ngyril 2003
transmtter and receiver filters, the transmt and receive antennas, and
ot her factorwoagdizstocessi ng that affect the magni tude and phasesasizorrise
signal. The outputs of equalizer 178 on lines 180 are fed to a synbol
deci si on processor 182 which produces signals on lines 184 that are
representative of the digital informatk6R cac~i ed by the non-conpl enentary
carriers of the AM conpati bl e broadcast waveform Information on fines 17b
and 184 is used to update the coefficients of the equalization coefficient
vectors IAMEsAbE diihl bRsadeist P! AtheDipethb@ GhclddiS: estiBNAR I lefufiBls ¢ O
be applied to the conplenentary carriers that ate processed y equalizer
EQ in blcgefticienss fonthe apmpleméntant ciryieisrwhilemtillaetamingtbe behefits oftombining ltheoc k

190. The i . S] I 130_arepprocessed,b i ndowi ng _and guard
it erval bfoRbidi 899 e o AReneay soRlel FRTSGERET Tog el 8F% Mbrpted ot
FFT2, whithénpi-oomplenentaiy vrsiesad restmasliiagnicfpoldion Che RALAMRN tUHicieRE fber S
and provi lc)ies t hCse outputs as inputs to equalizer EQ2 on lines |92. The
out put ofeEIRPIFRERE YFS-Fi gure 2 can consist of the combination of the
outputs of EQ 1 17 Ak L : [ i 4 @gnal s
184"and 202 1n Fi guig reduatotaidldsaidlion it of oy GRS DCHAR R us3 1%, 2,
processi pgycessarcamplitydeempdulatad cgmpheiblendigital droadeasting2€igial irchnding anhemplityde of
forward err rection f FEQ), used deci sjo

o et o Thodularée o hagBlnc i bt e fenr Syl Hy ar Hpalog protramm Sigoa

. (Std)- fiex fird freqadnol SpRELAL ¥ plupdlity &f digiGlly rﬁ&u&k&d@hﬂﬁﬂsi@ﬁawﬁ&tﬁdﬂkdﬂgmlﬂe KFT
outputs for pairs ofconplenentary catJiers. Specificaity, the data from one
conpl eneﬁt'&“awl‘&“ r¥high eacommagses thy fusk TagueREY SesclwR; & JUstegrawp of theodipitslly
conpl emeRdulatdPEAHE si Sdofifer | : .0aj
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esu ng ‘aegpisting Coffefintt o 18"¥is! PftydbN7 O coblial ithRierke b eletity the

ant i ~syngerond i teansforpbdi signal/to pradudeca send eqaalizédhsigial roysmbltiphting? 46 seodnd: he

conpl enentary carrie ir 212' and 214' has energy in both the 1 and Q
si gnal s__Q'I""ﬁSf%ﬁ'égdrlS'%'}agpgﬁ'eéfcopﬁ&‘_l‘f”ﬁéﬂ’d’éﬁwoﬁf the conpl ementary carrier pair
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be properly equalized and denodul at ed. Nthgﬁfh Figures 4a and 4b show only
one~eonpMdignutiizg thahorve methady 2s welbasappasatus that performs thepboye methad pndradione

conpl emarﬁte?ﬁ i R 4 . ot her effect that
prevents p o‘}pﬁ‘e‘?%d!é"‘n%@iﬁa@ gﬁ‘%@%%@%%ﬁ%&éﬂ&%@bar riers. The resultant

210" of the anal og sidebands 206" and 208" also has energy in both the I
and Q signals. Therefore, 2 April 2003 -12 because sone of the anal og
signal energy is nowin the Qsignal, this also prevents proper
_denodul at xon of _!'ho_c~onp~em e~a_Lry capers. Thereforethe output of.FFTI
cannot be used ' to properly denodul ate the conplenentary carriers when the
channel is.non-symmetric in magni tude and non- anti-symretric in phase.
However, the output of FFTI can be used to equalize and denodul ate the
non-conpl ementary carriers. Eecause only the nonconpl enentary information
is used at the output of FFTlI, only the outputs for the nonconpl enentary
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"2 April 2003 -13~ interpolation using the coeffcients for EQL. 1f the
control |oops of the receiver such as the .. - _ -&utcmatic-gala-contrfll-
(A~E)~ ear-rter~ tr-aof E~ng: and~yrnbol -track~i ng. ~e~-at -t h~. ~rop~ec
~.alues; the center frequency of the FFT wi (1 be at a known, c@&pr@003
magni t ude and phase. Figure 5 illustrates an exanple where |inear
interpolation is used to determ ne the equalizer coefficients across the
conplementary carriers, figure 5 actually shows the inverse of the channe
response 2| 8 because this is the desireg response for the equalizer. The
response 220 that woul d be obtained fromthe equalizer magnitude is al so
shown .in Figure 5 For clarity, the illustrated equalizer response is

di spl aced upward slightly j e di st ' romthe inverse
channel response. Note tkggﬁaiéﬁ§vvrufg‘ .etﬂgigaggﬂNpéverse channe

response in the regPmveRforand] Q4mek fchilynSibafhiié GREE LsRilléd GA' the SShy - AS
can be seen, it the chanmet response-2/8 is relatively snmooth, the
i nt er pol aetsgensy athe 2esompgaying dawingsvherdn'near to the ideal values, and the

equal i zer magni t udegy, e -1 At j
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been fotuid to be satisfactory in the large magjority of cases where the

signal is in the coliguied iala fangtiond ddeckdiagsam af p Slgmortulator andiadaptiverequaliged t he
wi dt h of ; . Lon is less than 10 kHz. As an alternative,
it may béhggcsqq?%l:wghgg%mﬁfg%éonpl enentary carriers that are further away
fromthe center of Figeresdarnd|4bi dretphesonaliapra edhicht dlustrate thiei @feration cofrthe er s
that are Jocated closest to the conplenmentary carrier region are affected
by filter8EWRH Y (he highpass filter that can be used to elininate the

anal og signal from tiggreistis R ARGRMMO Wi thOhaiifde SEME Yok 8 RE equilidét
information from of lt)Ee nonﬂco%#w ary :Fg rl"l ers could be used in
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system f or~ denodu ng and adaptively e%ual I'zing an anplitude no at ed
conpat i bl kasdiigrificdnt zneigyp. Thoadmainingsdigitall cartiens aleamodmasgbbotly inypbeser andaini- on

certain f.erred nracti .enbodi nent.s...0~ (- i set
out - howeBHEE Wtk B draR AERR SR E HoSiuSred B e SME SOAREL IS ARG
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CLATMS: 1. A nethod of denpdul ati ng and egual i zing an anmql i tude dul. at ed
energy- In the United States, the en%]issions ofq AM broadgastmg stggons are mggcted n

accordance with Federal Communications Commission (FCC) regulations to lie within a
signal level mask defined such that: emissions 10.2'kHz to 20 kHz removed from the analog

carrier must be attepuated at least 25 dB below the unmodulated analog carrier level,



- conpatible digital broadcasting signal including an anplitude nodul ated

radi o frequency signal having a first carrier nodul ated by an anal og
programsignal in a first frequency spectnun, a plurality of digitally

" nodul ated carrier signals positioned within a bandw dt h whi ch 2Apnirg@8ses
the first frequency spectrum a first group of the digitally nodul ated
Garner signals including conplenentar.yy Garner signals and lying within the
first frequency spectrum and second and third groups of the digitally
nmodul ated carrier signals including nonconplenentary carrier signals and

| yi ng Quit si [ f t Sai hod c ri.sing.the
& ep_ oS ShiE 20 kifs VR 0y ik el SR (RO SRNEH ThriBPlsl B M G 1ash 9
conpat dBlbelo dict MmbdIRee agilopFasidiavell sndemibsions 30fiHAo 50 AR RIBRAd
signal representative of the non-conplenentary carriers, and characterized

by t hefremeflls apalpg cwedei pyist died attenugted; pldessh {3 ddB i tnkl dB/kHg} dgleve thef | r st
equal i&)ﬁ?ocﬁjl;ﬂ@d’L zﬁg %E}Bwli ng said first transforned signal by a first
equal i zati on vecrtlorg, sard first equalization vector conprising a first
plurality of equBigurel showe$ fliecspestran offpaiaAMdigital shdié briadpdstibglsidndl of a
equal i zer coefficients used for the non caonplepentary signals; taking the
Fast FYBF igHchcandreopilignd brahe mspient e eRtaR a&%ec@p%arﬁwn@ thegptandard
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of the conplertentary carriers; determning a second equalization vector
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signal by miltiplying said'second transformed signal by sai ecaon
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I | it f [ fficient l.cul at ' i irst
et _ornBEf Fiob UL f AV ohe Lo £ Ao mnd, SRl Sy HEEEMBlEP2RAM | 1 ot
f r eqUEBE thesqBesidr IMkbps Waboding eatba ICdiplBREMInPS PERN mBdulbon AtREdh &hirips USI NY
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per f orsippiletrRniagpdataaad ag e msdulatedpsing obmipledtaitirg 3 €pXsent said first and

second pluralit f..equalizer cqeffjcients. )
P yAgditiorcllal groups of gigital signals are placed outside the first group. The

need for these digital waveforms to be in-quadrature with the analog signal is eliminated by
restrictinig the analog AM signal bandwidth. The carriers in a second and a third group,

encompassed by envelopes 16 and 18 respectively, may be modulated using, for example, 32



-8. A nethod of operating a radio frequency receiver for receiving an
anpl i tude nodul ated conpati bl e digital broadcasting signal including an
~anplitude nodul ated radi o frequency signal having a first carrier nodul at ed
by an anal og programsignal in a first fi equency spectrum a pagkoby of
digitally nodul ated earner signals positioned within a bandw dth which
enconpasses the first frequency spectrum a first group of the digitally
nodul at ed éarner signals including conplenmentary carrier signals and |ying
within the first frequency spectrum ang second and third groups of the
digitally nodul ated carrier signals inc¢Pldi ng non-conpl enentary carrier
signals and lying outside of the first frequency spectrum said nethod
conprisig tg‘g steps of regei ving said anplitude nodul ated conpatible
digital SFYMdfents; ‘fﬁgmsd dnkbps eates. end B TSk tordhe 46 kbpowta. eFheTeamers arensebft sai d
anpl it udege @Fl-ﬁggcf&’ﬁp%w&ﬁ gzlu?ﬁ tal broadcasting signal to produce a
first transtormed si-gna ~repr-e%ern ative of the non-conplenentary carriers,
characterized by t Higut @psablockrdiagramiofig remivir bonstiscted anekevee’ coh@osite t 0
pr oduce .f.ust equal i zed, signal b rrultigl yi ng said first transforned
si gnal b?'géa 79d, Analeg, s1enalsqf JHBwE - o AR angngas k INgreoGiVRs Ahr sampetite\avetpm
conpri si @gntginfrip thé dpdithl ahdl K210 HAHR! AndYPas e bighal b TonvendortPidgut $Q8 - 17
updating said first plurality of ‘equalizer coefficients used for the non
conpl enedtéryhishgnay dnclydgca wedie Heequeray preselecter, ™ amplifiem somixeaiand anfocat ude
nmodul at ed. G tis0l:e. di gkt al ' [ Qn u secan
Franst or BTG AR FBindlin o HARA7 AR I0 pROdPE bl BPBRL R cB TR i
det elr m niThiy iaﬁccfa_aer!imd fequeddyzsigriabis %aesﬁldahrolﬂglﬂm b?bﬁguaﬁﬁﬁeeﬂtﬁol Q]Er]lcdl!iiﬁ_i 14 % of
equal i zer ef.ficients, second pJjurality of equalizer coefficients
bei ng def"éf WYSV“?"?WJ@)?QQ ’gﬁ sipol gFnergtar prodquces andingphasesignak o lige 120
plural it yn®h qasdiature SEnAR Intd £IX STh@fn%ﬁ%anﬁadu‘?pﬁ%ﬁﬁﬁg 196 3O Rl
signal to produce a second equalized signal by nultiplying said Secon
t r ansf or Apalogtadigitalspnyerer 132(: Giilardi dhd quadiagure ¢harmel outputdndine d 22 isigpath

Cout si r . . . . I 9.
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n- phase_an rature c onent s; ring.the i tude nodu] at e
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of taki ngnd fidséyushtly Q4 glﬁakgrlqas,frgﬂ{&gatpgthﬁvﬁ,gpl i tude nodul ated conpati bl e

di gital broadcasting signal to produce said first transforned si gnal . 10.

The nmethod of cl ai fh demagitater 459 Hecevesptherdigital tsignpisoen Haes he§prd d3@otasonent
CONpri SegrodRas i} tgigﬁav 'ahnﬁ.@ﬁswm&@%n{pu{ %g.gﬂgi}egaﬂwtm ultizef P46 anlt
I'm8, fs urthe y th tep of ng

1.
The net hod of cl ther characterrze t ste ow ng the
anpl i t udte aotitd satediltcorapdtddnd dechidgr t1&8. bFhsadatpst of thgnddta decbder is sent 10 a

deinterleaving circuit and forward error correction decoder 164 in order to improve data

integrity. The output of the deinterleaver/forward error correcting circuit is passed to a source
decoder 166. The output of the source decoder is delayed by circuit (68 to compensate for
the delay of the analog signal at the transmitier and to time align the analog and digital
signals at the receiver. The output of delay circuit 168 is converted to an analog signal by a
digital-to-analog converter 160 to produce a signal on 162 which goes to the output stage 142.

Patent Number 5,559,830, issued September 24, 1996 describes one mode of
operation for an equalizer having an equalizer coefficient update algorithm. The present
invention enhances the operation of the equalizer and equalizer coefficient update algorithm

by considering the effects that occur when the equalizer coefficients should have non-



renoving a guard interval fromthe anplitude nodul ated conpatible digital
broadcast signal prior to each of the steps of taking the Fast Fourier
Transform of the anplitude nodul ated conpati bl e digital broadcast signal.
12. The method of claim@8, wherein said second plurality of edubril2603
coefficients are calculated using said first set of equalizer coefficients
and a known value' at the center of the first frequency spectrum such

cal cul ation being perfornmed by interpolation using one of I|inear

i nterpol ati on, cubic spline interpolation, polynomal interpolation, Fast
Fourier Transform based interpol ation,-%+ logarithmc curve fitting. 13.
The nmethod of claim8, wherein said interpolation is averaged over tine.
18 2 April 2003 14. The nethod of claim@8, wherein said interpolationis
per f or mednfetrie Mhaghitddd SBEnD@hY-sFRFPER PRl dbothé &ntpf BRFFT. Sai d first and
second plurality of equalizer coefficients. 15. An apparatus for _
dermpdul ati ng and eBigarg ¥imng funstiong black diegmyn of apetiopmiphe feptivercprgeeassing

broadcast i ng.si gnal 4 ncl udin | i ‘ ed radi n i gnal
navi ng. arpieh SR i Sreb e e APk WRETE OB FENSER) fod GRRMEREYOE,

f r equencsigradeader providad phuin2k 12§ 208 100.9iThatd sigmabdinibabe groadedi B using) das
positioned within a bandw 9tlh whi ch enfpgpass S l1; h_(‘a1 first Ior %&%eﬂgorto
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i ncl udi ngLs : ; :

fr equen2§e "g%g@t Fﬁﬁ%gagggﬁﬁrgﬁﬁyﬁ ?rg gr%u(ggmg)f IWItbhekcrzll i7g'| t aIF:!I1 ;E/)%rsmﬂétglr at ed
carri er bl4ghed bedmeddedi togfivernthe dmphaseeeqrapopentsrafithe signginen dinaJ@8| thereby

outside of ,the figkst fireguency.sp r onpy.Lsi 1 fo aki ng
the FastPRANFREA {}ﬁ%{ﬁgfsbgﬁf 8f Ifq?e?@ﬁpgﬁnﬁge%ﬁsl a e%F@g%{)éFi %’%”&?‘EP’E al

br oadcasiindgwsigadd phfrd band wiroval tirgudd 171 i to ibaing inpu@ne FFTEpMhsavihdéw ve of
t he non-conpl enentary carriers, .and character,i ég% 23/: means %178) for
p_rocessiﬂ@r‘T‘Edapﬂ 2pp S\E“rhaﬂi‘é? H&cn@a"@i‘ﬁﬁéﬁrs FOmHR Aate ngl,fqrragf[e hihg lailéd'f _

si gnal bé’nﬁﬂ#o*nélp(gm Stk Gightaf Sdrmibek AISHAL B nB0R! inPor Sy bk PerBfnatcb 2at | on
vector, sal 1T St eq&a |z§t|on vector conprising a |rs? plurality of
equal i zeA moibbd iafiapplying amendow 188)préserves pethogamalityzirepnp the cansiers: kisi begn of

equal i zer _cpefficients used for the nop- ¢ tary si : «(172)
For t aii JelRe F ol £ spephE e e iR U R M GRE N Rlilel WBite SRR £ 11
digital hfpmd@aa%ei thmsittstand receprendBarethis windowothe t@m:itig)om? tsitgneﬂrst and
representative of the npj.enmentary. carri,ers, ans ,(190 or termning a
second effSaiTHETB e?/Bgf?‘lirhgoﬁ’?‘Bm?“s‘i‘H@ “@eé@?ﬁ‘]r‘% \W‘g?g‘iv?&# B?E"e‘ﬁ’aflf‘f%‘e €

coef fi i piabiSer, Ui RstSRCADShniPIY Ak ialidedab defifint boveh seqRés) nhier@nhé 119th sgnple
determ ned by interpolating coefficients of said fi rsé,spl Lil‘a| | t%iﬁOf

equal i zeis %’éé #¢ tiednpissampit theekbi{th sampds israskded fosthe seroRd suBp'e aé‘gé. gatem
L1 ansf or BgleaLoRgh o1 AR UG: BoAERANS UL ETT AR iaubd Vg Sal d

second transtorne sal d second equalization vector., .
are input to an FFT. In some cases it may be advantageous to perform the windowing and

guard band removal operations prior to processing by highpass filter 174. In this case, the
windowing and guard band removal operations‘pcrfonned by circuits 171 and 173 could be
combined to be performed by one circuit.

Elimination of the analog signal may be necessary to prevent spectral spillage
from the analog signal onto the in-phase portion of the non-complementary carriers. The
disadvantage of this highpass filter is that infonnati'on needed to properly equalize and
demodulate the complementary carriers can be destroyed when the channel has a non-
symmetric magnitude or non- anti-symmetric phase about the analog AM carrier frequency.
If the in-phase input to FFT1 is high pass filtered to eliminate the analog signal, the output of



"16. The apparatus of claim 15, further characterized by: neans (118) for
separating the anplitude nodul ated conpatible digital broadcasting signals
.into in-phase and quadrature conponents; and 19 2 April 2003 neans ( 174)
for filtering the non-conplenmentary carrier signal in-phase compgp@0317.
The apparatus of claim 16, wherein the nmeans for filtering conprises: a

hi ghpass filter. 18. The apparatus of claim 15, further characterized by:
means ( 171, 173 ) for wi ndow ng the anplitude nodul ated conpatible digital
broadcast signal and renoving a guard interval fromthe anplitude nodul ated
conpati bl e digital broadcast signal. 18- The apparatus of claim 15, wherein
said second plurality of equalizer coefficients are calcul ated using said
first set of equalizer coefficients and a known val ue at the center of the

first f rFé:a‘deNd\)cls peumﬂum ll@uszciuahalrmohﬁ'tcmnn ub&tﬂglgpaﬂfmrhngobewm Brffmeaey at i on
t bi t | at | |
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averaged over tine. 21. The apparatus of claim 15’ wherein sa
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effects of chanpel perturbations, transmitter and receiver filters, the transmit and receive

antennas, and other factors and processing that affect the magnitude and phase of the signal.

The outputs of equalizer 178 on lines 180 are fed to a symbol decision processor 182 which
produces signals on lines 184 that are representative of the digital informatjon carried by the
non-complementary cartiers of the AM cotnpatible broadcast waveform.

Information on lines 176 and 184 is used to update the coefficients of the
equalization coefficient vectors in equalizer EQI, as illustrated by block 186, The
coefficients to be applied to the complementary carricrs that are processed by equalizer EQ2
in block 188, are determined by interpolation as illustrated in block 190. The input signals
128 and 130 are processed by windowing and guard interval circuit {73 and then input to Fast
Fourier Transform processor FFT2, which produces outputs comresponding to the
complementary carriers and provides thése outputs as inputs to equalizer EQ2 on lines 192.
The output of equalizer 156 of Figure 2 can consist of the combination of the outputs of EQI
178 and EQ2 188 in Figure 3, or the combination of signal; 184 and 202 in Figure 3,
depending on the type of data required for further processing, which may especially depend



20 2 April 2003 neans ( 178) for processing said first transfornmed signal
to produce a first equalized signal by multiplying said first transforned
signal by a first equalization vector, said first equalization vector
“conprising a first plurality of equalizer coefficients; neans Z ApB8&)00Bor
updating said first plurality of equalizer coefficients used for the
non-conpl enentary signals; neans (172) for taking the Fast Fourier
Transform of the anplitude nodul ated conpati bl e digital broadcasting signal
to produce a second transforned S|gnatllepresentat|ve of the conpl enentary
carriers; nmeans (190) for determining a second equalization vector
conprising a second plurality of equalizer coefficients, said second
plurality of equalizer coefficients being determ ned by interpolating
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and quadrature corponents; nmeans é@ or filtering't
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plurality of equal Fgfifes 4a and 4b are vector diagrams which can be used to further illustrate

the operation of the invention. Figure 4a shows a phasor dlagram of the transmmed signal. -

The horizontal axis is the In- -phase, or I, component and the vertlcal axis is

the quadrature, or Q, component. The constant AM carrier level is shown as
the phasor 204 along the horizontal axis, and the phasor diagram

is fixed with respect to the frequency of the AM can'icr.- Also shown in Figure 4a are two
AM sideband signals 206 and 208. These signals represent an analog tone. Note that Figure
4a shows the resultant 210, or vector addition, of the analog sidebands. The resultaat is on
the I axis, and will continue to be on the I axis as the analog sidebands rotate. Figure 4a also
shows the phasors 212 and 214 for ene pair of complementary carriers. The resultant 216 of
these carriers is on the Q axis and stays on the Q axis as the complementary carriers votate.
Figure 4b shows the phasor diagram at the receiver assuming a channel that is
non-symmetric in magnitude and non- anti-symmetric in phase. As can be seen, now the
resultant 216" of the complementary carrier pair 212" and 214" has energy in both the [ and Q
signals. If the 1 signal at the frequency of the complementary carrier pair is eliminated by the
highpass filter shown in Figure 3, the signal cannot be properly equalized and demodulated.
Although Figures 4a and 4b show only onecomplementary carrier pair, the above statements
apply to all of the complementary carriers. Figures 4a and 4b show another effect that
prevents proper demodulation of the complementary carriers. The resultant 210° of the
analog sidebands 206" and 208" also has energy in both the I and Q signals. Therefore,



"coefficients are calculated using said first set of equalizer coefficients
and a known value at the center of the first frequency spectrum such

~cal cul ation being perforned by interpolation using one of |inear

i nterpol ati on, cubic spline interpolation, polynom al interpol aQAB,m,zoﬁgst
Fourier Transform based interpolation, or logarithmc curve fitting. 2
April 2003 27. The receiver of claim?23, wherein said interpolation is
averaged over tine. 28. The receiver of claim 23, wherein said
interpolation is perfornmed on real and inmaginary conponents used to
represent said first and second plurakrildy of equalizer coefficients. 29. A
nmet hod of equalizing a digital broadcasting signal including a first
carrier nodul ated by an anal og programsignal and a plurality of djigitally
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the magnitude and phase of the received signal. The output of EQ1 is input to a symbol
decision processor that determines which of the frequency domain constellation points was
transmitted for each non-complementary camrier. These decisions, along with the pre-
equalized constellation points and the previous values of the equalizer coefficients are used to
update the equalizer cocfficients. An algorithm such as the least mean squares (LMS) or
recursive least squares (RLS) can be used to update the equalizer coefficients.

As shown in Figure 3, FFT2 is used to obtain the information for the
complementary carriers. The I signal that is input to FFT2 is not highpass filtered, and
therefore all of the information needed to equalize and demodulate the complementary
carriers is available at the output of FFT2. Because only the complementary information is
used at the output of FFT2, only the outputs for the complementary carriers need to be
calculated. The output of FFT2 is equalized by EQ2. As shown in Figure 3, for each’
complementary carrier pair, the negative conjugate of one carrier in the pair is added to the
other carrier in the pajr. The sum is then used to make a symbol decision for the
complementary pair. The coefficients for EQ2 could be updated in the same manner as the
coefficients for EQIl, but the presence of the analog signal would make the coefficient

estimates noisy. To overcome this, the equalizer coefficients for EQ2 can be obtained via



-separating the digital broadcasting signal into in-phase and quadrature
conponents; and filtering the digital broadcasting signal in-phase
conponent prior to the step of taking the Fast Fourier Transform of the
"digital broadcasting signal to produce said first transforned Agnako0o3 21la
2 April 2003 31. The nethod of claim 30, wherein the step of filtering the
I n- phase conponent conprises the step of passing the in-phase conponent
-through a highpass filter. 32. The nethod of claim 29, further conprising
the step of windowi ng the digital broadcast signal and renoving a guard
interval fromthe digital broadcast sigppl prior to the step of taking the
Fast Fourier Transformof the digital broadcast signal. 33. The nethod of
claim 29, wherein said second plurality of equalizer coefficients are
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Several variations of interpolation are possible. For example, the values of the

equalizer coefficients for the first OFDM carriers outside of the complementary region could

equalizer-eeeffisient. for the first OFDM cariers outside of the complementary region could
be used to linearly interpolate from their values to the value at the center of the channel.

Linear interpolation has been found to be satisfactory in the large majority of cases where the
signal is in the commercial AM broadcast band (530 kHz to 1710 kHz) and the width of the
complementary region is less than 10 kHz. As an alternative, it may be desirable to use non-
complementary carriers that are further away from the center of the channel if the non-
complementary carrier or carriers that are located closest 1o the complementary carrier region
are affected by filters such as the highpass filter that can be used (o eliminate the analog
signal from the in-phase portion of the received signal. Also, information from many of the
non-complementary carriers could be used in the interpolation process. Interpolation
algorithms other than linear could be used. Some of the well known interpolation algorithms
include cubic spline, polynomial interpolation, FFT based interpolation, and exponential or
logarithmic curve fitting. The non-complementary equalizer coefficients used for the

interpolation and the complementary equalizer coefficients obtained from the interpolation



. plurality of equalizer coefficients; 21b 2 April 2003 neans for updating
said first plurality of equalizer coefficients used for the

non- conpl ementary signals; neans for taking the Fast Fourier Transform of
“the digital broadcasting signal to produce a second transfornme2 Apriig20g3
representative of the conplenentary carriers; means for determning a
second equal i zation vector conprising a second plurality of equalizer
coefficients by interpolation using coefficients of said first plurality of
equal i zer coefficients; and nmeans for nultiplying said second transforned
signal by said second equalization veetldr to produce a second equali zer
signal. 37. The apparatus of claim 36, further conprising: neans for
separating the digital broadcasting signal into in-phase and quadr.ature
conponentsy b&AderaBANSvet @imd iohfeBidetBe leffectslofhbisd. Bmoslitpsickdrg (Fiquady can

i n-phase conponent prior to taking the Fast Fourier Transform of the
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bg understood that the invention may be omerwise embodied within the scope of the following

claims.



- broadcasting signal to produce a first transformed signal representative of
t he non 21c 2 April 2003 conplenentary Garners and for taking the Fast
Fourier Transform of the digital broadcasting signal to produce a second
transforned signal representative of the conplenentary Garner s2 Apnld20d3
equal i zer for processing said first transfornmed signal by a first
equal i zation vector to produce a first5equalized signal, said first
equal i zati on vector conprising a first plurality of equalizer coefficients,
for updating said first plurality of equalizer coefficients used for the
non- copphapRntary signals, for determning a second equalization vector
conpriSing a second plurality of equalizer coefficients by interpolation
usi ng coefficients of said first pIuraIity of equallzer coefficients, and
for multiplying said second fran for Si said secqnd equallzatlon
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processing said second transformed signal to produce a second equalized signal
by multiplying said second transformed signal by said second equalization vector.
2. The method of claim 1, further characterized by the steps of:
separating the amplitude modulated compatible digital broadcasting signal into
in-phase and quadrature components; and
filtering the amplitude modulated compatible digital broadcasting signal in-
phase component prior to the step of taking the Fast Fourier Transform of the amplitude

modulated compatible digital broadcasting signal to produce said first transformed signal.
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3. The method of claim 2, wherein the step of filtering the in-phase

component comprises:

passing the in-phase component through a highpass filter.

4. The method of claim 1, further characterized by the step of:

windowing the amplitude modulated compatible digital broadcast signal and
removing a guard interval from the amplitude modulated compatible digital broadcast signal
prior to each of the steps of taking the Fast Fourier Transform of the amplitude modulated
compatible digital broadcast signal.

5. The method of claim 1, wherein said second plurality of equalizer
coefficients are calculated using said first set of equalizer coefficients and a known value at the
center of the first frequency spectrum, such calculation being performed by interpolation using
one of linear interpolation, cubic spline interpolation, polynomial interpolation, Fast Fourier
Transform based interpolation, or logarithmic curve fitting.

6. The method of claim 1, wherein said interpolation is averaged over time.

7. The method of claim 1, wherein said interpolation is performed on real
and imaginary components used to represent said first and second plurality of equalizer
coefficients.

8. A method of operating a radio frequency recetver for receiving an amplitude
modulated compatible digital broadcasting signal including an amplitude modulated radio
frequency signal having a first carrier modulated by an analog program signal in a first
frequency spectrum, a plurality of digitally modulated carrier signals positioned within a
bandwidth which encompasses the first frequency spectrum, a first group of the digitally
modulated carrier signals including complementary carrier signals and lying within the first
frequency spectrum, and second and third groups of the digitally modulated carrier signals
including non-complementary carrier signals and lying outside of the first frequency spectrum,
said method comprising the steps of receiving said amplitude modulated compatible digital
broadcasting signal, and taking the Fast Fourier Transform of said amplitude modulated
compatible digital broadcasting signal to produce a first transformed signal representative of the
non-complementary carriers, characterized by the steps of:

processing said first transformed signal to produce a first equalized signal by
multiplying said first transformed signal by a first equalization vector, said first equalization

vector comprising a first plurality of equalizer coefficients;
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taking the Fast Fourier Transform of said amplitude modulated compatible
digital broadcasting signal to produce a second transformed signal representative of the
complementary carriers;

determining a second equalization vector comprising a second plurality of
equalizer coefficients, said second plurality of equalizer coefficients being determined by
interpolation using coefficients of said first plurality of equalizer coefficients;

processing said second transformed signal to produce a second equalized signal
by multiplying said second transformed signal by said second equalization vector; and

producing an output signal in response to said first and second equalized signals.

9. The method of claim 8, further characterized by the steps of:

separating said amplitude modulated compatible digital broadcasting signal into
in-phase and quadrature components; and filtering the amplitude modulated compatible digital
broadcasting signal in-phase component prior to the step of taking the Fast Fourier Transform
of the amplitude modulated compatible digital broadcasting signal to produce said first
transformed signal.

10.  The method of claim 9, wherein the step of filtering the in-phase
component comprises:

passing the in-phase component through a highpass filter.

11. The method of claim 8, further characterized by the step of:

windowing the amplitude modulated compatible digital broadcast signal and
removing a guard interval from the amplitude modulated compatible digital broadcast signal
prior to each of the steps of taking the Fast Fourier Transform of the amplitude modulated
compatible digital broadcast signal.

12. The method of claim 8, wherein said second plurality of equalizer
coefficients are calculated using said first set of equalizer coefficients and a known value at the
center of the first frequency spectrum, such calculation being performed by interpolation using
one of linear interpolation, cubic spline interpolation, polynomial interpolation, Fast Fourier
Transform based interpolation, or logarithmic curve fitting.

13.  The method of claim 8, wherein said interpolation is averaged over time.
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15, An apparatus for demodulating and equalizing an amplitude
modulated compatible digital broadcasting signal including an amplitude modulated radio
frequency signal having a first carrier modulated by an analog program signal in a first
frequency spectrum, a plurality of digitally modulated carrier signals positioned within a
bandwidth which encompasses the first frequency spectrum, a first group of the digitally
modulated carrier signals including complementary carrier signals and lying within the first
frequency spectrum, and second and third groups of the digitally modulated carrier signals
including non-complementary carrier signals and lying outside of the first frequency
spectrum, comprising means (170) for taking the Fast Fourier Transform of the amplitude
modulated compatible digital broadcasting signal to produce a first transformed signal
representative of the non-complementary carriers, and characterized by:

means (178) for processing said first transformed signal to produce a first
equalized signal by multiplying said first transformed signal by a first equalization vector,
said first equalization vector comprising a first plurality of equalizer coefficients;

means (186) for updating said first plurality of equalizer coefficients used for
the non-complementary signals;

means (172) for taking the Fast Fourier Transform of the amplitude
modulated compatible digital broadcasting signal to produce a second transformed signal
representative of the complementary carriers;

means (190) for determining a second equalization vector comprising a
second plurality of equalizer coefficients, said second plurality of equalizer coefficients
being determined by interpolating coefficients of said first plurality of equalizer coefficients;
and

means (188) for processing said second transformed signal to produce a
second equalized signal by multiplying said second transformed signal by said second
equalization vector.

16.  The apparatus of claim 15, further characterized by:
means (118) for separating the amplitude modulated compatible digital broadcasting signals

into in-phase and quadrature components; and
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a highpass filter.

18.  The apparatus of claim 15, further characterized by:

means (171, 173) for windowing the amplitude modulated compatible digital
broadcast signal and removing a guard interval from the amplitude modulated compatible
digital broadcast signal.

19.  The apparatus of claim 15, wherein said second plurality of equalizer
coefficients are calculated using said first set of equalizer coefficients and a known value at
the center of the first frequency spectrum, such calculation being performed by interpolation
using one of linear interpolation, cubic spline interpolation, polynomial interpolation, Fast
Fourier Transform based interpolation, or logarithmic curve fitting.

20.  The apparatus of claim 15, wherein said interpolation is averaged over
time.

21. The apparatus of claim 15, wherein said interpolation is performed on
real and imaginary components used to represent said first and second plurality of equalizer
coefficients.

22. A radio frequency receiver for receiving an amplitude modulated
compatible digital broadcasting signal including an amplitude modulated radio frequency
signal having a first carrier modulated by an analog program signal in a first frequency
spectrum, a plurality of digitally modulated carrier signals positioned within a bandwidth
which encompasses the first frequency spectrum, a first group of the digitally modulated
carrier signals including complementary carrier signals and lying within the first frequency
spectrum, and second and third groups of the digitally modulated carrier signals including
non-complementary carrier signals and lying outside of the first frequency spectrum, said
receiver comprising means (170) for taking the Fast Fourier Transform of the amplitude
modulated compatible digital broadcasting signal to produce a first transformed signal
representative of the non-complementary carriers, and characterized by:

means (110) for receiving said amplitude modulated compatible digital

broadcasting signal;
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means (178) for processing said first transformed signal to produce a first
equalized signal by multiplying said first transformed signal by a first equalization vector,
said first equalization vector comprising a first plurality of equalizer coefficients;

means (186) for updating said first plurality of equalizer coefficients used for
the non-complementary signals;

means (172) for taking the Fast Fourier Transform of the amplitude
modulated compatible digital broadcasting signal to produce a second transformed signal
representative of the complementary carriers;

means (190) for determining a second equalization vector comprising a
second plurality of equalizer coefficients, said second plurality of equalizer coefficients
being determined by interpolating coefficients of said first plurality of equalizer coefficients;

means (188) for processing said second transformed signal to produce a
second equalized signal by multiplying said second transformed signal by said second
equalization vector; and

means (142) for producing an output signal in response to said first and
second equalized signals.

23, The receiver of claim 22, further characterized by:

means (118) for separating the amplitude modulated compatible digital
broadcasting signals into in-phase and quadrature components; and

means- (174) for filtering the non-complementary carrier signal in-phase
components.

24.  The receiver of claim 23, wherein means for filtering comprises:

a highpass filter.

25. The receiver of claim 23, further characterized by:

means (171, 173) for windowing the amplitude modulated compatible digital
broadcast signal and removing a guard interval from the amplitude modulated compatible
digital broadcast signal.

26.  The receiver of claim 23, wherein said second plurality of equalizer
coefficients are calculated using said first set of equalizer coefficients and a known value at
the center of the first frequency spectrum, such calculation being performed by interpolation
using one of linear interpolation, cubic spline interpolation, polynomial interpolation, Fast

Fourier Transform based interpolation, or logarithmic curve fitting.
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28.  The receiver of claim 23, wherein said interpolation is performed on
real and imaginary components used to represent said first and second plurality of equalizer
coefficients.
29. A method of equalizing a digital broadcasting signal including a first
carrier modulated by an analog program signal and a plurality of digitally modulated carrier
signals including complementary carrier signals positioned within the bandwidth of the first
carrier signal and non-complementary carrier signals positioned outside of the bandwidth of
the first carrier signal, said method comprising the steps of:
taking the Fast Fourier Transform of the digital broadcasting signal to
produce a first transformed signal representative of the non-complementary carriers;
processing said first transformed signal by a first equalization vector to
produce a first equalized signal, said first equalization vector comprising a first plurality of
equalizer coefficients;
updating said first plurality of equalizer coefficients used for the non-
complementary signals;
taking the Fast Fourier Transform of the digital broadcasting signal to
produce a second transformed signal representative of the complementary carriers;
determining a second equalization vector comprising a second plurality of
equalizer coefficients by interpolation using coefficients of said first plurality of equalizer
coefficients; and

multiplying said second transformed signal by said second equalization

vector to produce a second equalizer signal.

30. The method of claim 29, further comprising the steps of:

separating the digital broadcasting signal into in-phase and quadrature
components; and

filtering the digital broadcasting signal in-phase component prior to the step
of taking the Fast Fourier Transform of the digital broadcasting signal to produce said first

transformed signal.
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32.  The method of claim 29, further comprising the step of:

windowing the digital broadcast signal and removing a guard interval from
the digital broadcast signal prior to the step of taking the Fast Fourier Transform of the
digital broadcast signal.

33.  The method of claim 29, wherein said second plurality of equalizer
coefficients are calculated using said first set of equalizer coefficients and a known value at
the center of the first frequency spectrum, such calculation being performed by interpolation
using one of linear interpolation, cubic spline interpolation, polynomial interpolation, Fast

Fourier Transform based interpolation, or logarithmic curve fitting.

34. The method of claim 29, wherein said interpolation is averaged over

time.

35.  The method of claim 29, wherein said interpolation is performed on
real and imaginary components used to represent said first and second plurality of equalizer

coefficients.

36.  An apparatus for equalizing a digital broadcasting signal including a
first carrier modulated by an analog program signal and a plurality of digitally modulated
carrier signals including complementary carrier signals positioned within the bandwidth of
the first carrier signal and non-complementary carrier signals positioned outside of the
bandwidth of the first carrier signal, said method comprising the steps of:

means for taking the Fast Fourier Transform of the digital broadcasting signal
to produce a first transformed signal representative of the non-complementary carriers;

means for processing said first transformed signal by a first equalization
vector to produce a first equalized signal, said first equalization vector comprising a first

plurality of equalizer coefficients;
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means for multiplying said second transformed signal by said second

equalization vector to produce a second equalizer signal.

37.  The apparatus of claim 36, further comprising;

means for separating the digital broadcasting signal into in-phase and
quadrature components; and

means for filtering the digital broadcasting signal in-phase component prior to
taking the Fast Fourier Transform of the digital broadcasting signal to produce said first

transformed signal.

38.  The apparatus of claim 37, wherein the means for filtering the in-

phase component comprises:
a highpass filter.

39.  The apparatus of claim 36, further comprising:
means for windowing the digital broadcast signal and for removing a guard
interval from the digital broadcast signal prior to taking the Fast Fourier Transform of the

digital broadcast signal.

40.  An apparatus for equalizing a digital broadcasting signal including a
first carrier modulated by an analog program signal and a plurality of digitally modulated
carrier signals including complementary carrier signals positioned within the bandwidth of
the first carrier signal and non-complementary carrier signals positioned outside of the
bandwidth of the first carrier signal, said method comprising the steps of:

a demodulator for taking the Fast Fourier Transform of the digital

broadcasting signal to produce a first transformed signal representative of the non-
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comprising a second plurality of equalizer coefficients by interpolation using coefficients of

said first plurality of equalizer coefficients, and for multiplying said second transformed

signal by said second equalization vector to produce a second equalizer signal.

41.  The apparatus of claim 40, wherein the demodulator separates the
digital broadcasting signal into in-phase and quadrature components and filters the digital
broadcasting signal in-phase component prior to taking the Fast Fourier Transform of the

digital broadcasting signal to produce said first transformed signal.

42.  The apparatus of claim 40, wherein the demodulator windows the
digital broadcast signal and removes a guard interval from the digital broadcast signal prior
to taking the Fast Fourier Transform of the digital broadcast signal.



