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of broadcasting Hlmgujmwumwm%mcoded aud i‘o signals to provide inproved audio
fidelity. Severa have been suggested. One such approach, set
forth in United Statemo®atent No. 5,58%,022 (WD 95/24781), teaches a nethod
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third groups of the digitally modulated carrier signals lie outside of the first frequency spectrum
and are modulated both in-phase and in-quadrature with the first carrier signal.
The waveform in the AM compatible digital audio broadcasting system described
in United States Patent No. 5,588,022 (WO 95/24781), was been formulated to provide
sufficient data throughput for the digital signal while avoiding crosstalk into the analog AM
channel. Multiple carriers are employed by means of orthogonal frequency division
multiplexing (OFDM) to bear the communicated information.
Monophonic detectors for consumer AM radios respond only to the envelope
and not the phase of the received signal. Because of the use of the multiple digitally modulated
carriers, there is a need for a means to reduce the envelope distortion caused by this hybrid
signal. United States Patent Application 5,859,876 discloses a method for reducing envelope ..
distortion in an AM compatible digital audio broadcasting system. Certain digital carriers that
are above the frequency of the anaii;g AM carrier have an associated digital catrier that is at an




no conponent that is in phase with the analog AMcarrier. Digital carrier

- pairs arranged in this way are said to be conplenentary. This configuration
delivers dramatic fidelity inprovenents to anal og AMreception of AM
~conmpatible digital broadcast signals. At the receiver, the digital signal

i s denodul ated by neans of a Fast Fourier Transform (FFT). Aprii@098i bl e

nmet hod and associ ated apparatus is described in United States Patent No.
5,633,896. That patent discloses a de@odul ati on techni que which mnimzes

t he undesired crosstal k between the anal og signal and the digital signals
in an AM conpatible digital audio broadcasting (AM DAB) system using an
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The present invention provides a nethod of estimating the equalizer
“coefficients for the conplenentary carriers while still retaining the
benefits of conbining the information fromthe conplenentary carrier FFT
.outputs. The nethod uses information fromthe nonconplenentary carriers to
estimate, via interpolation, the equalizer coefficients for2tApsl 2003

conpl enentary carriers. The equalization nethod of the present invention is
used to process an anplitude nodul atedzconpati bl e digital broadcasting
signal including an anplitude nodul ated radi o frequency signal having a
first frequency spectrum the anplitude nodul ated radi o frequency signa
havi ng L1 ey r | I ity
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enconpasseltiplidation is the efuatigedesignal s peset ofieractivdluasds koovan p pribri tith ¢hedsqgalizzt | y
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of the dilghebtab hat dBHbEL MAhE Péctdrabcatibs Rdhdsdnts ! thiéladiahl RipRACENIEY, STTR ¥edtoY
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produce distottiohahéchimisth. transforned signals representative of frequency
domai n data; and processing_ said transforned signals by rrultieplyi ng the

transformed si gnal While thg,dal FXTT; techniglie capdmprovesyst 1
conpri si érﬂﬁﬁ’éu‘l : | byt ip?xh. &Adbon i | step
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2 April ?gfgx?’mﬁl%n and the signal that drives the equalizer is not correct. There exists a need for a
demodulation method which can preserve non-symmetric magnitude and non- anti-symmetric
phase information in such circumstances. The present invention seeks to provide an improved
equalization method and receivers which include the method.

SUMMARY OF THE INVENTION
The present invention provides a method of estimating the e‘qual.izer coefficients

for the complementary carriers while still retaining the benefits of combining the information
from the complementary carrier FFT outputs. The method uses information from the non-
complementary carriers to estimate, via interpolation, the equalizer coefficients for the
complementary carriers.

i

The equalization method of the present invention is used to process an
amplitude modulated compatible digital broadcasting signal including an amplitude modulated
radio frequency signal having a first frequency spectrum, the amplitude modulated radio
frequency signal having a first carrier modulated by an analog program signal, 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 carriers and lying within the first frequency spectrum, and second and third



In accordance to a first aspect of the invention, there is provided a

nmet hod of equalizing a conposite signal including a first group of
conplenmentary digitally nodul ated carrier signals within a first frequency
spectrum and second and third groups of nonconplenentary digital

nodul ated carrier signals positioned outside of the first izt ﬁ@ﬂ@%
spectrum said nethod conprising the steps of: taking the Fast Fourier
Transforma first signal representatife of in-phase conponents of the
conposite signal, and a second signal representative of quadrature phase
conponents of the conposite signal to produce a plurality of transforned

si gnal graupprofthe digitally meddulatet)cartiery sigeats inelditganorpeomyslamentarysaiderpland al i ty
of. transforned si.gnals mul tiplying.said pluralit f transforned signals
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of the 4 ' j ' . . ‘%mg]# i(Z| ?gposite
si gnal *%ﬁ%@g%gﬁgwgﬁ% %S%Fgrgre%gw&géglt %ﬁa@g carrier
si gnal sandisedond signlsrastthé reatjamhimyagiper inputsito fakd the Fast Fouriet Transfolngobthes of
non- conpl enent ary di.gi tally dul ated carrier signals. pqsitioned.outside of
the 11 ript AP Jaeand, Bt o LRpoies; & miTplie o0 Fondie: Fetel Feerienrasie i ng
the Fa%e@w#wﬂw&f@awmmmmwﬁ Brisy the Gadfersfed
conmponents _of the conposite signal, and a second sjgnal representative of
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pl ur al i complémentanysignalscey Bitggpelhtinghgoefivientruof the aectonfordiae nen-corpplementary
equal i zation vector conprising a plurality of equalizer coefficients; and

means f 8 dating said equalizer coefficients used for the conplenentary
si gnal s by i nt er pThatinventios ialkg ewempassésctiiesopetationi of rdint Geqdensy trbeivers

non-co nEJh%ﬁn iget Xae Satgyeaxlngthod, as well as apparatus that performs the above method and radio
frequency receivers which include the apparatus.



I n accordance to a third aspect of the invention, there is provided an 2
- April 2003 4b apparatus for equalizing a conposite signal including a first
group of conplenentary digitally nodul ated carrier signals within a first

~ frequency spectrum and second and third groups of non-conpl enentary
digital |y nodul ated carrier signals positioned outside of 2R8I 2G03st
frequency spectrun) said apparatus conprising: a denodul ator for taking the
Fast Fourier Transforma first signalMarepresentative of in-phase conponents
of the conposite signal, and a second signal representative of
guadr at ur e- phase conponents of the conposite signal to produce a plurality
of transforned silgaedesdanepitea dirst aspeceofithe fnventioantheredie providedat methad df a

processar _for processing said plurali of transforned si | s
LT presialzte.f EORRaRe! T i Bind! i st irsfib AP e ey, iR Podieted
vect or cagier cighalsawitiriata 6irst \irequencycspgetrumi Red asepbnd ahd tthird igrags adfi mev
coefficients nd far, updati saiLd equal i zer coeffici s.used for the
coml e feRBiaerEry datenpPoRpER S e BndionaR priskPriibs it Eimeoec o
for thepeactrunt,cald metbod sompssinntabsteps of Apri |l 2003 -5 BRI EF DESCRI PTI ON OF
THE DRAW NGS The inventian will. be nore readily apparent o those skilled
T tho art by retaiih e Fasteuree ClBleryia e sinheraRttfe, of Faape. 1 <1 s
g di ggroampsahéms roem}ieﬁanp@éiﬂeoslgrm‘l, andoai saicond) s'rggalpmp'rdsentaged oquﬁdrﬁmmﬁdi gital
roadcasti ng_si gna | ng_carriers siti.oned i.n_accardance th the
or esenBR SRPPERENS-of ffisoCompasits SgnaLie pregtiees m Ritrelly L anseR snalsy
I ncl udeaepresadativeiof frequemay dompeinaiatss i N accordance with this invention;
Figure 3 is a functional block diagramwhich illustrates the operation of a
emotul ot or and JHSsERO8 SAH IR PATE o Raf Sohels Bk o SRRIB M " 2
Fi gur edrafisfarmedsignals by ag equalizatiopwestpr,idat epatization eector congpisimgasplarlityhe
of equalizer coefficients; and
updating said equalizer coefficients used for the complementary signals by
interpolation using coefficients of said vector for the non-complementary signals.

In accordance to a second aspect of the invention, there is provided an
apparatus for equalizing a composite signal including a first group of complementary
digitally modulated carrier signals within a first frequency spectrum, and second and third
groups of non-complementary digitally modulated carrier signals positioned outside of the
first frequency spectrum, said apparatus comprising:

means for taking the Fast Fourier Transform a first signal representative of
in-phase components of the composite signal, and a second signal representative of
quadrature-phase components of the composite signal to produce a plurality of transformed
signals representative of frequency domain data;

means for processing said plurality of transformed signals by multiplying said
plurality of transformed signails by an equalization vector, said equalization vector
comprising a plurality of equalizer coefficients; and

means for updating said equalizer coefficients used for the complementary
signals by interpolation using coefficients of said vector for the non-complementary signals.

In accordance to a third aspect of the invention, there is provided an



equal i zer. DETAILED DI SCRI PTI ON OF THE PREFERRED EMBCDI MENTS Thi s invention
- provides a nethod for equalizing carriers in a broadcast signal which

i ncl udes both as anal og anplitude nodul ated signal and a digital signal on
_ the sane channel assignnent as the existing anal og AM broadcasti ng

all ocation. The technique of broadcasting the digital sigRdPril208%he same
channel as an analog AM signal is called in-band on-channel (1130C
broadcasting. This broadcasting is adbonplished by transmtting a digital
waveform by way of a plurality of ozthogonal &equer~cy division nodul ated
(OFDN() carriers) sonme of which are nodul ated i n-qua~drature with the

anal gg aWbEeitlgsnsdr equalizing aocemp?sihﬁedgmltihtl?din@ea $irst ggrowap ofﬁ:ghmlemdrmrg t he
standard . roa ting signal.has significant energy. The retrajning

ai g1+ a el PleABRERE ara SuBOMIOR b FhCtneiOlindt i o SRR At " e
anal og gkdlissi ¢fnradn-contplementarg digiiaty edbdulateidnearderi signatshpositimned outsits efithbog AM
signalwiq#% in(;peg%ral reﬂions whexe the anal og AM si gnal does not have
signifi A qgﬁ%'ygsy CTYR [aé"é? QMR'ELY: t he enissions of AM broadcast i ng
stations are resta iddnestiulatoradarotaldnic ¢hevi Fdst FEo@rienl TEmsfoomi @afirsbnsignal

Commi ssj E l.ati | J 1.t hi i | | I k defined h
Chat - drpesrire, o Peaiise BrmrsPents ofelnis, lineesdi Toliakff o TR BFuust be
at t enuabpasaitativesdf gbadibtubspliaset tumpomehisocfuthet esmpasite ogigreadrto i groddiceval |

em ssions 20 0 3Q kHz, renoved fromthe anal oa carrier nust be

S Cenoadiiredy of thsicted sishai eBrartetyh PElstreatedoRda Bl a8 o | ovel . and
2 Apribl 2003 -6 eummeésl.msfoBardgwsi%ngaﬁidl)plgidftgroetrargsfldrn’ierdmri]gﬁdtseb)an;nalltiplgingarri Fr
must be act enyated, at | east ., + - ow_t he unnpdul at anal o
Tarr i orseftE bERIRLEE bR, bt Vo ollirelar wetoealh SadioRi, ot ! o9
br oadc asmprniging iagplataliyfof @quylfzer vheffiderts randefor ipdating daidyeduatizep rcesfiients

or oaacoer ol kSRR Sobde bV BrgRaphor i PR & s PGB e

f r equemron-avinplementiry sigb@lsem ssi ons mask is represented by item nunber 12
The OFDM wavcfotmis cotuposed of a series of data carriers spaced at f, =
59.53S 1061(131072), yr about 454 Hz. A first group of twenty four of the
digitally nodul ated carriers are positioned within a frequency band
extrending from(fo - 12 f,) to (fa ~r 12 f,), as illustrated by the

tctvel ope | abeled 14 in Figure |I. Mdst of these signals are placed 39_4 dH
| ower than the | evel of the unnodul ated AM cattier signal in order to

m nimze cnsstshc with thG anal og AM signal. CYossfaik is further reduced
by encoding this digits( information in a manner that guarantees
orthogonality with the anal og AM waveform This type of encoding is called
conpl enentary encodaig (i.e. cornplcnentary 13PSK) conpl enentary QPSK, or
conplementary 32 QAl~ an,d is nore fully described in the previously

di scussed copendi ng application Serial No_ 08!6T1, 252. Conpl enentary BPSK '
nodul ation is enployed on th4 innernost digital carrier pair at fof f, to
facilitate limng recovery. These catxiers are set at a | evel of 28 dBc,
All other carriers in this fast group have a level of - 39.4 dBc arid are
nodul at ed usi ng conpl enentary 32 QAM for the 48 and 32 kbps encodi ng rates.
Conpl enmentary 8 PSK nodul ation is used on carriers ranging from(fo - 1 |
f,) to (fa- 2 f,) and from(fo + 2f,) to (fo + 11 f,) for the 16 kbps
encoding rate. For all three encoding rates) the carriers at (fa - 12 f,)
arid (fo + 12 f,) carry supplenentary data and nmay be nodul at ed usi ng
conplenmentary 32 QAM Additional groups of digital carriers are placed
outside the first group. The treed for these digital wavefotns t~o be
in-quadrature with the analog signal is elimnated by restricting the
anal og AM si gnal bandwi dth. The carriers in s second and a third group,
enconpassed by envel opes 16 and 18 respectively, may be nodul at ed using,
for exanple, 32 QMM for the 48 and 32 kbps rates, and 8 PSK for the | 6 kbps
rate. The carriers are set at levels of -30 dl3c for all encoding sates.

2 April 2003 _7_ Figure 2 is a block diagramof a receiver constructed to
receive the conposite digital and anal og signals of Figure 1. An antenna
110 receives the conposite waveform containing the digital and anal og
signal s and passes the signs! to eonventios~al input stages 112, which may
include a radio frequency preselector, an anplifier, a mxer and a | ocal
oscillator. A n internediate frequency signal is produced by the input
stages on line 114. This internedi ate frequency signal is passed through as
automatic gain control circuit 116 to an I1Q signal generator 118. The'l/Q
si gnal generator produces an in-phase signal on line 120 and a quadcgture
signal on line 1?-~2. The in-phase cha, n~nei output on line 120 is input to
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line 120 includes the anal og AM signal which is separated out as
illustrated by bl ock 140 and passed to an output stage 142 and
subscquenitly to a speaker 144 or other output device. , . An optional

‘hi ghpass filter 146 may be used to filter the in-phase connpoaents on |ine
128 to elinmunate the aiergy of the analog AM signal and to pxAMiI%908
fihcred signal oa line 148. If the highpass filter is not used t he signal
on line 148 is the same as that on line |128. A denodul ator 150 receives the
digital signals on lines 148 and 130, and produces output signals on tints
154. 'fhcse output signals are pass~cd to an equalizer t 56 and to a data
rate filter and data dxodcr 158. To obt®i n hi gher signal-tonoise ratios
(SNR) for the conplenentary tattlers) the FIT outputs for pairs of
conplerrterttary carries are conblned The output of the data decoder 'is
sent to a dei ntedeavi ng SRt y ¥ rection decoder 164 in
order to inprove datphel inbeféd doilt belm&@ reuhpuﬁpaetu tohﬁos@'%hptaeﬁ\ GEURT, forward
ctror correcting/circuit is, passed to a source decoder e olt put of

t he source‘H@Eﬁﬂ@@d@é“ﬁ%?ﬁy@ﬂdﬁvmﬂﬁhﬁﬂﬂﬂ 168 to conpensate for the delay of
the analog signal atfig&e I!i 3REGahinfilic Fprbskitatioh TP a BlibOik 8Rdoq® dhiog di gital

signal s at the r~ceiyv The output -of delay circuit 168 i's converted to an
anal og si grfvt 3y digigyf éfqaé ng- %&t ByingofArast apsitse iroagspeferseevith Yegnal on
16Z whi ch gp&sntifvehtisy; Out put stage 142. Figure 3 is a functioaai block

di agram whi ch illustrates the operation of a 2. April 2003 g .denodul ator
i 50 and an adapt i veF'SHGQI‘FEQP"Ed?SmI“rP mwan@ehmamcme&wﬂ%&

i nvention. tﬂi%?@t&ﬁh@&%ﬁ&&mﬁtﬂisﬂﬂeﬁoﬂ ure (Q signals are providod on

lines 148 and 130 as_jinputs to a wi ndow ng and_guard interval  rcmaval

circuit. These signalgurayis Bdusheonalblack,diagram yhichdlstrates e ppesttion % dent s
simlar to demedQatsia m&w&et&m&wt@m&we appli ed such that

the digital carriers_remain orthogonal) or at |east the laclc of

orthogonal i ty anong Tifweif grd él"‘c&?ﬂ‘?‘ésr§h°“%“gs‘hﬁﬂag%‘ﬁ%%fh’e§ﬂ9ﬁ“f8 tepact
system per feauiiace. A method of applying a w ndow t hat preserves
orfhogonality a .I\ﬁ, AS llp Jewvel of E pacific

i mpl ement ati on of = 5 appliod at the
transmitter and r ecemennvcm nrm’léesvﬂ mdthw} fttmu{la-mrqangrmmcuwawtt he first
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seven sanpl®g sams ehagnel nesamm%&mlemgsmbawthsoadmhm ﬂbﬂFﬂSPanpm t he

134t h sanpl Bithnfdp] an%g [ ues with
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i nput by waynPisighking$t hredpdsiohd wieiafl {Hccép@&fal tr8pidd Wb e ldtahidard NAM
coef~cieslt multiplier operat es on the fteqttency donmain data nd c~j asts

t he magni t ubreadspsiag sigaaldiag sigrifieamt eserayt Jde repaining digitdl segir ape PGS ect s of

cl>anttel pe&ﬁurha&e A In-qhddRREEith fle a6l AMCSidn¥Cand Biel po§itisned ii@ie k1S t  and
recei ve antennas nd other factors and processjng that affect t

magni t ude affEnRml a5 e agalegaMsisgalghut inng regigny %‘@7@%?‘@“@1“&’%e

coeffi ci ent sgiabi latghﬂ'emutchegy NP uEeghed dinks, B Edissidns Of AM Wrddes¥BARE ar Y
carriers is conbined as il|l ustrated by b] o (k:@I 78.. Spxi fi cal. lé{l i_,e f may be
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frequency domain. data for ane of the carriers.i Si ?oé&lbh the
conpl ettt eckHatrpmoved fram th,pRAQEaFardss myst b ’é“%&f?ﬁ ¢ least, 2 e ‘éased
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mul tiplies GURRLAYS i auenpaipdal leasBS b °l‘8‘2mFé‘PmP tednnlog sHHfREh Rt y
carriers is input to a pr~oc~essor 184 that determ nes which of the
frequency domain constellation points was transmtted. These ' 2 Apri
2003 g_ decisions, along with the prcrequalized~consteilation points and
the previous values of the equaliicr coeflaeients are used to update the
equal i zer coefficients as iliustrated by block 186. Block 186 can utilize a
known al gorithm such as the | east nean squares (LMS) or recursive [cast
squares (R LS) to update the equalizer coef~ci~nts. T he output of
equal i zer 156 of Figure 2 can consist of the conbination of the outputs on
I|nes I74 176 188 and |82) or it can consist of the output of the synbol
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Patent Nutaber 5,559, 830, issued Septenber 24) 1996 descri bes ono triode of
operation for an equalizer having an equalizer coeffecient update

al gorithm The present invention enhances the operation of the equaliux and
-equal i zer coeffic'ieat update al gorithm by considering the effects that
occur when the equalizer coefficients should have non-symeta Agriizaggi t ude
or non- anti-symetric phase about the center of the FFT. If the in phase
input to the FFT is highpass filtored to elimnate the anal og signal, the
out put of the FFf) which is input to the equ~xlizcr coefficient update

al gorithm has certain synruetry propecues. Specifically, since.the in
phase part of the FFT input has nearly «zg&ro energy for the conplenentary
carriers) the output of the Fh'T will be Have nearly anti-hermtian
symretry for t-he conplenmentary carriers. The output of the synbol decision
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t he | ack of a hlghpass s to noisier estimtes 0 e equallzer
coe~' t ci ent baveor leyal of ¢ Ry dBeemd areymodlatedensingt domplemitonryadhQ4 Mofas ﬂ\ef‘isl ter is
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frequency) emgingdtomoff, oﬂl i &0 ﬁqualﬂ)zaad fooe(f; «2€) & (f $ 111(fr) fortbe 46 kppsenent ar y
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proper equalizer coef r % QQ e
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occur too r aMp;sscd)bhm\cbp@olﬁtmd 1B yespatiyely,anay beveodulpted gisingHor exanple,

whet her or signal)
the equali Zg?bcoe?#rgﬁg?ﬁ%ﬁ? Sﬁﬁlgc%%g?gigﬂﬁg%y@g’éﬁag Qﬂ"wac?ﬁ Q{e%g usef ul
when t he i detlevalspfaB dBc foc albédcodingrtes. f or t he conpl enentary carriers shoul d
have a nonsymmetric magnitude or non- anti-symretric phase about the center -
of the 1~FT. Interpolation of the equalizer coe~rcionts across the

conpl enentary region can be used to overcone this disadvantage. If the
control |oops of the receives such as the automatic gain control (AGC))

cani ec tracking,) cad synbol tracking arc at the props val ues, the center
frequency of the FFT should be at a known) constaztt magtut ude and




2 April 2003 -11 phase, Therefore, the information fromthe spectral
regions 192 and 194 outside of the carnpienentary carrier region 196 can be
used t~o intcrpoiate and estinmate the proper equalizer coefficients for the
conpl enmentary carriers. In refetrnce io Figure 3, the processing when
interpolation is used is inpleaua~CGed in the follow ng mannep aApfingo3
coe~eient nmultiplier 157 outputs ibc equalized signals for the

non-conpl ementary carriers on lines 180 and 182 and equali zed signals for
the conplenentary carriers on |lines 174 and 176. The synbol deci sions
processor 184 outputs drecisio~ns for only the nanconpl ementary carriers on
litres 187) in contrast to the case where int~erpoiatioa is not used and

| ines 187 include the decisions for the conplenentary carriers. Ttte
equal i zer coefhcienz update circuit 186 updates flue coefficients for the
non-poianetu~e3taF&u%azﬁkarsmc?hm@nmhafQo$$ﬁﬁﬁhﬁﬁhﬁm&@n?hheheamﬁleiaeruary
catritxs are ypdate i nter ati.on ysia$ the- known,value at the center
of ¢ he criampaiiae ol mt'albt SeRds ot heiedo i wi e LR I Sofbesifnl cmont ar y
canters. wi@fing dnGixinghadighiang agalodGgkils 408 @adses the SiER0 kadondehtiogal used to
determ ne, f he equal. zer, coef.ficients agcross the center of..the channel. As
can be ocBEut staeck (12, Bfich may inqlileredio fisqusney prereloh R blifts A it

i nter pol adedd leGaUBdcillaRE. AR Ritéimediarifeqwney sigal isiproduddddy idddagut yageses acrd the

equal i zer, i tude response 200 closely fo]|o t he i nverse ehanne!
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channel i&“ﬁ ! %ﬁfeéwglﬁ%ﬁ?\gﬂ?“%éwﬁﬂé% eﬁ?mcoﬁr'iaérsu%%fbyglf%éﬁ 61'8at ed

cl osest tand pezseclotopdncsnemit stage d42 and subseqyently tr<sppblfee d 44 dr bthet pUtp®r s such as

t he hi ghpgssocfilter that can be used to elimnate the anal og signal from
t he in-phaesvé portion of the received signal. Al so, information from many of

t he non- conpl cDn~e&moptiaal highpass cfiltdr dl46e may e ired t boefileert e piotpleseon

tss. : | at i. | | i . . Soni f
Phe wel | ROIDGHREE: BAIRD YA & MilBcbidily deMhonb AY ipluid BReiRER O ©
i nt er pol afilterrd signat oAing 14820l 3he lﬁzhnwﬂ:ﬂitebéssw“#eﬁi& penabon bng 1488 thex ponent i al
or | ogari L & 4oU find 134, UA qergJJi&t&qes SBNEIROGBHA SRR RS 14084 ei ent s

used for the int erqpol ation and the conpl ecacncary equalizer coefficients
obt ai ned #3Qmnd rrEoduprsequar sigpaln opdines od v Ehee QUPH, signalsi 5% PIsted W fce t be

effects obqRRkaqse 2RP R} e AL FRSSnk 48H WBRRAY BB T8l bRPRigh? 8inilQor €duce the

effects of "noise. Instead of int~ecpolatirtg the_|inear magnitude, of the

coef f CCi eMeis§ ratisefPBRafarothe oppmplemesgtant gamietsd dhes ERT eoutely 15ePaldy9ht ageous.
Alternati %gw.}a@@gﬁgg%s e Lohtlaat TRO ohid@ SPMRIdatiO8ecoddd iPBARQ0 S the

equal i zer co Clénts, Is tray be desirable to interpolate the
cor r espondeintprieasing cireuit and) firwandyemep agrtsation decerder {§fbincasdar fte EpmrpYesdatir

(. ~utai an;Goohdi ARk GRtbur ditthe GaReRGVEHERRYY AR BRERbg LRGPP RMa

coefficiaar.” s This 1 hvention provides a system for adapti vel x equal iiJng
an anpl i t souscerdekaden k6. c Thpouipht of diegioness dserdrmoistrclnaest by cirgwibhéd W9 n t he
f or egoi ng [fd i [ 6ol 8P LG hieAbndPR iR Mipd iR S Of this
i nvention cégggb%%gﬁhgg?d%ﬁ ﬁhgﬁg e;rl,E&ai t w be gn!(‘jer_sgt ood@?hat he
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claims.  ga1aP Sighat$93%idiBl-to-analog converter 160 to produce a signal on 162 which goes

ta the output stage 142.

Figure 3 is a functional block diagram which illustrates the operation of a




1. A nethod of equpl'~". ~~g an anplitude nodul ated conpati bl e digital
broadcasting signal including an anplitude nodul ated radi o frequency signal
having a first frequency spectrum the anplitude nodul at ed radi o frequency
signal (10) having a first cattier nodulated 'by an anal og program signal,
a plurality of digitally nodulated carrier signals positionegd i siga 2
bandwi dt h whi ch enconpasses the first frequency spedxum a first group of
the digitally nodul ated carrier signals including conplenentary signals and
lying within the first frequency spectntm (14), and second and third groups
of the digitally nodul ated carrier signals including nan-conplenentary
signals and lying outside of the fast figequency spectrum said method
conprising the steps of producing a first signal representative of in~hase
conponents of the anplitude nodul ated conpati bl e digital broadcasting
signal; pro se
component s o HopasG: BN 4n SUGNA e RRSEEI opiing? widl SR YA R RHAS :
si gnal ; usi rideth Hephrse Grand quadsatere () sigingm ate prayided h@llméﬁ aﬂddw psigbwtaitoy | nput s
to take the Fafmtioap u&,guaifcr RN Dot cm Fnkse sig ﬁil?' @ecgm,s& 0

0 rrequ ncy

produce a plurallty of transformed signals re resenta |ve

domai n dat a;de3RdcapBYSEE slsmsnts similar & thosg shoymdn Figusnaf Fhawdndomeysheu
mul ti plying sppiich ﬂkmlméaigMC&ﬁ%&EﬁmWomnﬁlasmNuﬁM%&m eﬂahg,n

vector, said equalization_ vector conprising plurality of equaliz

coe~ci ents; ameneshodigitalearieryissmall %‘M&ﬂ‘ gt to ‘E‘QEP&F.XSF?@ P§§P@”§’éﬁjaﬂ methpd of

coef ficient sypy avahddw haGRERNVEIGHRbEInY1itH AIBAY the Aidd¥S B&Q'd@%&l&}ﬂd}l ng
coefficients of said vector for the non-conplenentary signals.

met hod of c|8ampt§°mpl@wemw Ahe methody g Fopt-ised cosiae a"méﬁlﬁ.aepladt% tlvr sai d
vector for t{gARer £RANRLSRENEG s Wikl e 8, grucairpe& e Filse 4Rk DG Q0& Of |

| i near interpolation, cubic spline mter&olatlon g | ynom al i nterpolation,

Fast Fouri ersamplesef e 3D sasmplesiing bandoidfier tha window ey been ppplied atathe reeeiver; t i ng.
3. The net hogle ®dst sdvart néstur Q@Ied@@ﬂk%ﬁt%‘l&%dmbl@s tikefe tRAN1Shch BARHIPSY at i on

i s averaged over e net hod @ﬂ fi ut her character| zed in

that said i m@r%@ﬂ%ﬁaﬁ%&%?%m Bemung

phase of thecontigief vathahé 33505 s&p‘wwﬁg 2idedio he s@rﬂthBﬁzhble.5ThJ¥'&ulﬂ% gl of
claim1 further characterlz t hat sald,lntg1ﬂ olatlon..: rfesul S in
| ogarit hmi c RIEMGESIOPE Inen (Y SseS HE MRy e 4 ¢ 2003 14

windowing and guard band removal opcrations prior 10 processing by lughpass filter 146. '

The outputs from the windowing and guard interval removal circuit 151 are input to the
FFT 153. The output of the FFT is input by way of lines 154 to the coefficient multiplier
157. The coefficient multiplier operates on the frequency domain data and adjusts the
magnitude and phase of each OFDM carmrier to counteract the effects of channel
perturbations, transmiticr and receiver filters, the transmit and receive antennas, and other
factors and processing that affect the magnitude and phase of the signal. At the outputs
174 and 176 of the coefficient multiplier, the information for pairs of the complementary
carriets is combinéd as illustrated by block 178. Specifically, this may be accomplished
by taking the average of the frequency domain data for each pair of complementary
carriers, where the negative conjugate of the frequency domain dawa for one of the carriers
is used. Combining the complementary carrier information in this manner results in
increased signal-to-noise ratios for the complementary camriers. This combined
information for the complementary carriers, as well as the cocfficient multiplier outputs on
lines 180 and 182 for the non-complementary carriers is input to a pracessor 184 that
determines which of the frequency domain constellation points was transmitted. These



6. The nethod of claim1 further characterized. in that said interpolation
is performed on the magnitude and. phase of the coefficients. ?'. The

met hod of claim1 further characterized in that said interpolation is
performed on real and inmagi nary conponents of the coe~.cients. 8. A nethod
of operating a radio frequency receiver for ,receiving an ampApfigdes
nodul at ed conpatt' bl e digital broadcasting signal including an anplitude
nodul at ed radi o frequency sigual (10) having a first fi~equency spectrum
the anplitude nodul ated radi o frequency signal having a first carrier
nodul at ed by an anal og programsignal, a plurality of digitally nodul ated
carrier signals positioned within a bandw dth (14) which enconpasses the
first frequency sperm a first group of the digitally nodul ated carrier
signals including conplenentary signals and Iying within the first
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i s averaged over tine. 2 April 2003 16 17. The apparatus of claim 14,
further characterized in that said interpolation esults in |inear changes
to the magnitude and phase of the coe:~cients as a function of iequency:
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coefficients. 19. The apparatus of claim 14, fiuther characterized in that
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Therefore, whether or not a highpass filter is used to eliminate the analog

signal, the equalizer coefficients for the complementary carriers will not be useful when
the ideal equalizer coefficients for the complementary camiers should have a non-
symmetric magnitude or non- anti-symmetric phase about the center of the FFT.
Interpolation of the equalizer cocfficients across the complementary region
can be used to overcome this disadvantage. If the control loops of the receiver such as the
automatic gain control (AGC), carrier tracking, and symbo! tracking are at the proper
values, the center frequency of the FFT should be at a known, constant magnitude and



25. The receiver of claim21, further characterized in that said
interpolation results in logarithmc changes to the magnitude of the
coefficients. 26. The receiver of claim?2l, further characterized in that
said interpolation is performed on the magni tude and phase of the
coefficients. 27. The receiver of claim2l, further charactepigg ?6§that
said interpolation is performed on real and imaginary conponents 0
coefficients. 28. A nmethod of equalizing a conposite signal including a
first group of conplenentary digitally nodulated carrier signals within a
first frequency spectrum and second and third groups of non-conpl enentary
digitally nodul ated carrier signals positti-oned outside of the first
frequency spectrum said nmethod conprising the steps of: taking the Fast
Fourier Transforma first signal representative of in-phase conponents of
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in | ogarit NREKRRARARE althe center of the channel and the values of the coefficients for the non-
complementary camicrs. Figure § shows an example where linear interpolation is used to
determine the equalizer cocfficients across the center of the channel, As can be seen, if the
channel response 193 is rclatively smooth, the interpolated equalizer coefficients are near
o ‘the ideal values and the cqualizer magnitude response 200 closely follows the inverse

- —

channel magnitude response.

' Several variations of interpolation are possible. For example, the value of
the equalizer coefficient for the first OFDM carviers outside of the complementary region
could be used 10 linearly interpolate from their values to the value at the center of the
channel. Linear intexpolation 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 complcmentary 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 carvier or carriers that are localed closest to the
complementary carrier region are affected by filters such as the highpass filter that can be
used to eliminate the analog signal from the in-phase portion of the received signal. Also,
information from many of the non-complementary carviers could be used in the
interpolation process. Interpolation algorithms other thax linear could be used. Some of
the well known interpolation algorithms include cubic spline, polynomial interpolation,



the magni tude of the coefficients. 33. The nethod of claim 28 wherein said
interpolation is perfornmed on the nmagnitude and phase of the coefficients.
34. The nethod of claim 28 wherein said interpolation is perforned on real
and i nmagi nary conponents of the coefficients. 35. An apparatus for
equal i zing a conposite signal including a first group of congl ?é&gy
digitally nodul ated carrier signals within a first frequency éﬁgﬁ rum and
second and third groups of non-conplenentary digitally nodul ated carrier
signals positioned outside of the first frequency spectrum said apparatus
conprising: neans for taking the Fast Fourier Transforma first signal
representative of in-phase conponents oef2the conposite signal, and a second
signal representative of quadrature-phase conponents of the conposite
signal to produce a plurality of transforned signals representative of
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i ncl udi ng achh&§t group of conplenentary digitally nodul ated carrier
signals withina first frequency spectrum and second and third groups of
non- conpl enentary digitally nodul ated carrier signals positioned outside of
the first frequency spectrum said apparatus conprising: a denodul ator for
taking the Fast Faurier Transforma first signal representative of in-phase
conponents of the conmposite signal, and a second signal representative of

quadr at ur e- phase conponents of the conposite signal to produce a plurality
of transformed signals representative of frequency domai n data; and



a processor for processing said plurality of transformed signals by

‘mul tiplying said plurality of transforned signals by an equalization
vector, said equalization vector conprising a plurality of equalizer
.coefficients, and for updating said equalizer coefficients used for the
conpl enentary signals by interpolation using coefficients of Apail 2008ct or
for the non-conplenentary signals. fe’c 2 April 2003 43. The apparatus of
claim42, wherein said coefficients of said vector for the nonconpl enentary
signals are interpol ated using one of: linear interpolation, cubic spline
|nterqu§§hg%d pol ynom al interpol ation, Fast Fourier transform based

I nterpo , or logarithmc curve fitting. 44. The apparatus of claim42,
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equalization vector, said equalization vector comprising a p of equalizer coefficients;
characterized by the step of:
updating said equalizer coefficients used for the complementary signals by
interpolation using coefficients of said vector for the non-complementary signals.
2. The method of claim 1 further characterized in that said coefficients of

said vector for the non-complementary signals are interpolated using one of: linear

«Q

interpolation, cubic spline interpolation, polynomial interpolation, Fast Fourier transform based
interpolation, or logarithmic curve fitting.

3. The method of claim 1 further characterized in that said interpolation is
averaged over time.

4. The method of claim 1 further characterized in that said interpolation
results in linear changes to the magnitude and phase of the coefficients as a function of
frequency.

5. The method of claim 1 further characterized in that said interpolation ™
results in logarithmic changes to the magnitude of the coefficients.
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performed on real and imaginary components of the coefficients.

8. A method of operating a radio frequency receiver for receiving an
amplitude modulated compatible digital broadcasting signal including an amplitude modulated
radio frequency signal (10) having a first frequency spectrum, the amplitude modulated radio
frequency signal having a first carrier modulated by an analog program signal, a plurality of
digitally modulated carrier signals positioned within a bandwidth (14) which encompasses the
first frequency spectrum, a first group of the digitally modulated carrier signals including
complementary signals and lying within the first frequency spectrum, and second and third
groups of the digitally modulated carrier signals including non-complementary signals and
lying outside of the first frequency spectrum, said method comprising the steps of receiving the
amplitude modulated compatible digital broadcasting signal; producing a first signal
representative of in-phase components of the amplitude modulated compatible digital
broadcasting signal; producing a second signal representative of quadrature-phase components
of the amplitude modulated compatible digital broadcasting signal; using the first and second
signals as the real and imaginary inputs to take the Fast Fourier Transform of the first and
second signals to produce a plurality of transformed signals representative of frequency domain
data; and processing said plurality of transformed signals by multiplying said plurality of
transformed signals by an equalization vector, said equalization vector comprising a plurality of
equalizer coefficients; characterized by the steps of:

updating said equalizer coefficients used for the complementary signals by
interpolating coefficients of said vector for the non-complementary signals; and

producing an output signal in response to equalized signals produced in said
processing step.

9. The method of claim 8 further characterized in that said coefficients of
said vector for the non-complementary signals are interpolated using one of: linear
interpolation, cubic spline interpolation, polgfnomial interpolation, Fast Fourier transform based
interpolation, or logarithmic curve fitting.

10.  The method of claim 8 further characterized in that said interpolation is
averaged over time.
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' 12.  The method of claim 8 further characterized in that said interpolation
results in logarithmic changes to the magnitude of the coefficients.

13.  The method of claim 8 further characterized in that said interpolation is
performed on the real and imaginary components of the coefficients.

14.  An apparatus (156) for equalizing an amplitude modulated compatible
digital broadcasting signal including an amplitude modulated radio frequency signal (10)
having a first frequency spectrum, the amplitude modulated radio frequency signal having a
first carrier modulated by an analog program signal, a plurality of digitally modulated carrier
signals positioned within a bandwidth (14) which encompasses the first frequency spectrum, a
first group of the digitally modulated carrier signals including complementary signals and lying
within the first frequency spectrum, and second and third groups of the digitally modulated
carrier signals including non-complementary signals and lying outside of the first frequency
spectrum, said apparatus comprising means (118) for producing a first signal representative of
in-phase components of the amplitude modulated compatible digital broadcasting signal; means
(118) for producing a second signal representative of quadrature-phase components of the
amplitude modulated compatible digital broadcaSting signal; means (150) for using the first and
second signals as the real and imaginary inputs to take the Fast Fourier Transform of the first
and second signals to produce a plurality of transformed signals representative of frequency
domain data; and means (156) for processing said plurality of transformed signals by
multiplying said plurality of transformed signals by an equalization vector, said equalization
vector comprising a plurality of equalizer coefficients; characterized by:

means (186) for updating said equalizer coefficients used for the complementary
signals by interpolating coefficients of said vector for the non-complementary signals.

15.  The apparatus of claim 14, further characterized in that said coefficients
of said vector for the non-complementary signals are interpolated using one of: linear
interpolation, cubic spline interpolation, polynomial interpolation, Fast Fourier transform based
interpolation, or logarithmic curve fitting.

16.  The apparatus of claim 14, further characterized in that said interpolation ™
is averaged over time. '
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18.  The apparatus of claim 14, further characterized in that said interpolation
esults in logarithmic changes to the magnitude of the coefficients.

19.  The apparatus of claim 14, further characterized in that said interpolation
s performed on the magnitude and phase of the coefficients.

20  The apparatus of claim 14, further characterized in that said interpolation
s performed on real and imaginary components of the coefficients.

21. A radio frequency receiver for receiving an amplitude modulated
compatible digital broadcasting signal including an amplitude modulated radio frequency signal
(10) having a first frequency spectrum, the amplitude modulated radio frequency signal having
a first carrier modulated by an analog program signal, a plurality of digitally modulated carrier
signals positioned within a bandwidth which encompasses the first frequency spectrum (14), a
first group of the digitally modulated carrier signals including complementary signals and lying
within the first frequency spectrum, and second and third groups of the digitally modulated
carrier signals including non-complementary signals and lying outside of the first frequency
si)ectrum, said receiver comprising means (110) for receiving the amplitude modulated
compatible digital broadcasting signal; means (118) for producing a first signal representative
of in-phase components of the amplitude modulated compatible digital broadcasting signal;
means (118) for producing a second signal representative of quadrature-phase components of
the amplitude modulated compatible digital broadcasting signal; means (150) for using the first
and second signals as the real and imaginary inputs to take the Fast Fourier Transform of the
first and second signals to produce a plurality of transformed signals representative of
frequency domain data; and means (156) for processing said plurality of transformed signals by
multiplying said plurality of transformed signals by an equalization vector, said equalization
vector comprising a plurality of equalizer coefficients; characterized by:

means (186) for updating said equalizer coefficients used for the complementary
signals by integpolating coefficients of said vector for the non-complementary signals; and

means (144) for producing an output signal in response to equalized signals ™
produced in said processing step. ' .
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22.  The receiver of claim 21, further characterized in that said coefficients of said

vector for the non-complementary signals are interpolated using one of: linear interpolation,
cubic spline interpolation, polynomial interpolation, Fast Fourier transform based
interpolation, or logarithmic curve fitting.

23. The receiver of claim 21, further characterized in that said interpolation is averaged
over time.

24, The receiver of claim 21, further characterized in that said interpolation results in
linear changes to the magnitude and phase of the coefficients as a function of frequency.

25, The receiver of claim 21, further characterized in that said interpolation results in
logarithmic changes to the magnitude of the coefficients.

26. The receiver of claim 21, further characterized in that said interpolation is performed
on the magnitude and phase of the coefficients.

27. The receiver of claim 21, further characterized in that said interpolation is performed
on real and imaginary components of the coefficients.

28. A method of equalizing a composite signal including a first group of complementary
digitally modulated carrier signals within a first frequency spectrum, and second and third
groups of non-complementary digitally modulated carrier signals positioned outside of the
first frequency spectrum, said method comprising the steps of:

taking the Fast Fourier Transform a first signal representative of in-phase
components of the composite signal, and a second signal representative of quadrature-
phase components of the composite signal to produce a plurality of transformed signals
representative of frequency domain data;

processing said plurality of transformed signals by multiplying said plurality of
transformed signals by an equalization vector, said equalization vector comprising a plurality
of equalizer coefficients; and

updating said equalizer coefficients used for the complementary signals by
interpolation using coefficients of said vector for the non-complementary signals.
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complementary signals are interpolated using one of: linear interpolation, cubic spline
interpolation, polynomial interpolation, Fast Fourier transform based interpolation, or
logarithmic curve fitting.

30. The method of claim 28 wherein said interpolation is averaged over time.

31. The method of claim 28 wherein said interpolation results in linear changes to the
magnitude and phase of the coefficients as a function of frequency.

32. The method of claim 28 wherein said interpolation results in logarithmic changes to
the magnitude of the coefficients.

33. The method of claim 28 wherein said interpolation is performed on the magnitude
and phase of the coefficients.

34. The method of claim 28 wherein said interpolation is performed on real and
imaginary components of the coefficients.

35. An apparatus for equalizihg a composite signal including a first group of
complementary digitally modulated carrier signals within a first frequency spectrum, and
second and third groups of non-complementary digitally modulated carrier signals
positioned outside of the first frequency spectrum, said apparatus comprising:

means for taking the Fast Fourier Transform a first signal representative of
in-phase components of the composite signal, and a second signal representative of
quadrature-phase components of the composite signal to produce a plurality of transformed
signals representative of frequency domain data;

means for processing said plurality of transformed signals by multiplying said
plurality of transformed signals by an equalization vector, said equalization vector
comprising a plurality of equalizer coefficients; and

means for updating said equalizer coefficients used for the complementary
signals by interpolation using coefficients of said vector for the non-complementary signals.
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logarithmic curve fitting.
37. The apparatus of claim 35, wherein said interpolation is averaged over time.

38. The apparatus of claim 35, wherein said interpolation results in linear changes to the
magnitude and phase of the coefficients as a function of frequency.

39. The apparatus of claim 35, wherein said interpolation results in logarithmic changes
to the magnitude of the coefficients.

40. The apparatus of claim 35, wherein said interpolation is performed on the magnitude
and phase of the coefficients.

41, The apparatus of claim 35, wherein said interpolation is performed on real and
imaginary components of the coefficients.

42. An apparatus for equalizihg a composite signal including a first group of
complementary digitally modulated carrier signals within a first frequency spectrum, and
second and third groups of non-complementary digitally modulated carrier signals
positioned outside of the first frequency spectrum, said apparatus comprising:

a demodulator for taking the Fast Fourier Transform a first signal
representative of in-phase components of the composite signal, and a second signal
representative of quadrature-phase components of the composite signal to produce a
plurality of transformed signals representative of frequency domain data; and

a processor for processing said plurality of transformed signals by multiplying
said plurality of transformed signals by an equalization vector, said equalization vector
comprising a plurality of equalizer coefficients, and for updating said equalizer coefficients
used for the complementary signals by interpolation using coefficients of said vector for the
non-complementary signals.
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44, The apparatus of claim 42, wherein said interpolation is averaged over time.

45, The apparatus of claim 42, wherein said interpolation results in linear changes to the
magnitude and phase of the coefficients as a function of frequency.

46. The apparatus of claim 42, wherein said interpolation results in logarithmic changes
to the magnitude of the coefficients.

47. The apparatus of claim 42, wherein said interpolation is performed on the magnitude
and phase of the coefficients.

48. The apparatus of claim 42, wherein said interpolation is performed on real and
imaginary components of the coefficients.



