; ~e3eqFn| @TFGQ * METHOD AND APPARATUS FOR REDUCTION OF FM I N FOR FM
| N- BAND ON- CHANNEL DI G TAL AUDI O BROADCASTI NG SYSTEM BACKGROUND OF THE
I'NVENTI ON Thi s invention relates to signal processing, and sy

particul arly i rocessi ng TECHNI QUE for use in Didi t%'k@&p%

Br oadcast i ngmmlwnmmwm . Digital Audio Broadcasting is a MeEDI UM for

providing digital quality audio, superior to existing analog broadcasting
formats. Both AMacid FM DAB signals can be transmtted in a hybrid format
where the digitally nodul ated signal coexists with the currently broadcast
anal og AMor FM signal, or in an al(ldigital format with g
signal . In-band-on-channel (LBOC) DAI S systens require nwmmmmwwﬁgﬂwmm

al | ocati ons because each DAB signal is sinmultaneously transmh&&g thin
the settle spectral mask of -an existing AM or FM channel allocation. |1BCC
systens pronote econony of spectrum while enabling broadcasters to supply
digital quality audio to their present base of |isteners. Several |BOC DAB
approaches have been suggested. FM DAB systens have been the subject of
several United States patents including Patents No. 5,465, 396; 5, 315, S83;
5,2'78,844 and 5, 278,8z6. Mire recently, a proposed FM | BOC DAB si gnal

pl aces orthogonal frequency division nultiplexed (OFDM sub-carriers in the
region fromabout 129 kHz to 199 kHz away firmthe FM center frequency both
above and bel ow t he spectrum occupi ed by an anal og nodul ated host FM 10
APRIL 2003 2 carrier. Sone |IBOC options (a.g., .tUl-)7igital option)
permt subcarriers starting as elos~ as i00 kl 3z away | nmthe cent~c

&equet zay. The digi (al portion of the DAB signal is subject to inteafuenee,
far exanple) by fu'st-adjacent FMsignals or by host signals mHybrid 1HOC
| ~AB systens. Signal processing tetluti,ques are required to separate out
the signals of interest in the presence of  tha interfercrs. Onc FM eon

techni que called CQ-, T (Continuous kook 'Ihr hgﬁcan beoyiﬁg%%g_n?&;&act a
i echn

nart ovr b‘@yo ;ﬁ%ﬁ@; %ﬁwwoﬁf’ﬂw&ﬁ FEMaE § ique s
descn' fr'e cl’?\ ni ;}ﬁﬁ‘ 3 cs Paterrc Nunbers 5,2b3,191; 5, A 2%,834; arid

5,355,533 'IC he atethod described in those patents uses, in. effect, a
nnich Liter which tracks and suppresses the DVS iast~tnraneous ixequeacy
rxf an interftWtg si gz~a|§ %@ RRVE . 5,465,396 disclosrs au
In ~an~t On-Channel Digit A ﬁéﬁyﬁtéﬁﬁﬁ d d}J?xhat i nel ude~ the

si mul t aneous aransrni csion of a dig~tat audi o broadcast signal and an FM
signal over existing. FMt.6xnrtels. .FM | BOC .bAl 3,siagnal r ubject tn
various fading congl?‘ﬁ 'BH?‘"%Ge%ﬁsnf‘fvﬁ‘%ﬂa PISFESing o en%;f’g‘\"/\ﬁ?rgf@afﬁ'i’ r%?ﬂ Téhar

ef f ~i veuepscaking tdebiiqws For CEiT DigiehAbdig Becdcaltg (DaBasyerd. fr~r a si gnal
extraction technique that js effective for, in- baacld_ on-,c,pa?nw digital

audi o broadcast si dhifa AtARdBordmAIieg 1t s MErLiL providing\fipital-gualitysgudg. | o
Thi' s i U~Csiidrifl @Vd:5laSe anadp! feshch@ing Zehdel MEbuEMM BiEF{EPRBCEedalt @ Ben- band
ouzel dis'ttal audio %)r c~adcastir~g system The method includes the steps
of recei virgmittedobngdybid fergh arhern Brcudipindly anedulpied) sigral icapdre it fie s~n
nter 1 er Lol Rl halod ANPR: 384 Shad 260 BY ol iR ! SRRw HithoCarl alaly, ¢ he

ezt nposi cE sigbal tv proa ce a noratalized conposite signal) multiplying

t he conposigh#. simgali-ohyhiund ABOE) RABonlamatrequit roheevapentral alledtiomnposit e

signal to, pz, odu~ ea! signa fil i he. s qal e

rnul tipi yRergUEHach ﬁ@‘éls@“ﬁlds %ﬂ“k%rfcf%s%%rhsg'ﬁ‘%w ?{?gg%%ﬁdﬁa%c?gdm%%%ﬁ te

si gnal Yo Rsaguee RIFnvattahet biighghal IBOTgsady pometeatddalysof apectibm while
sig-nr3l in !'he ogutput signal ara reduced ative to die sill

iriterferi rel
IofI i ut ~er Ié[;%“l%g@ﬁ@&%‘ﬁ isnenly digialqudity audyg tgthey peeseryt H%*F@Bg“‘ﬁ’&?‘r nGV§el easi er

to detect ;4 At GPfdacid ndRb8ELRFedsRdl hi s context, adverse effects refers
to such ef[% ects as cgfr uption of g%ha d~cce3 synbols resulting in increased

hit error rate (B~FEM ANENBEESHERT been the subject of several United Stafes patents
including Patents No. 5,465,396; 5,315,583; 5,278,844 and 5,278,826. More recently, a

proposed FM IBOC DAB signal places orthogonal frequency division multiplexed (OFDM)'
sub-carriers in the region from about 129 kKHz to 199 kHz away from the FM centet
frequency, both above and below the spectrum occupied by an analog modulated host FM



.10 APRIL 2003 3 In addition, the invention includes radi o receivers that

utilize the above nethod far separraafting a signal of interest frrnn a
conposite signal and for bTeudiog fhc filtered and cottt gosARRIL2DGda~I s.

- Al @ ough the techni que deSCn' bed here is vUell-suitied to mdgating the

effects of a fu6c-adjacent FMinterferer, it can also be used to mtigate
the eEects of the host FM signal when the DAB signal is pl2~eed closer to
its FM host However, the [i~g factor in the latter case tends to be the
imctference of the DAB onto its F M h2ost_ ~Rl ~. F DFSCR~TION OF ~~i F
DR.AWIiIN-S ~Flgure 1 is a diagram show ng power spe~cay densities of an FM
In $and On- Channel Digits! A arlio Broadcast signal; Figure 2 is a tlia~arn
showi ng t hearﬁm\@ompb@ﬂrfaﬁorddasi, Alleigiofl optivn) Févtuftrsub3aiac; sGnttghmaridszels Di gi t al
Andi a Broa ﬁﬂ?‘iz t channels;, Figare 3 is a bloe(<

di a~rarn~ ? al%}agstrat es teﬁﬂl%gﬁ&ﬁ;; processi ng nethod of the present

i nvention; Figure 4“‘3%%@61@(11@@%3?‘!&&@ 1§ fubjgciitp anterberanig qupeaaaxpleon of a
first adj agehises B&%&?ﬁfsﬁ&c&bﬁ'h%(&%ﬂﬁ%ﬂﬁm %&almgﬁ%yw

Figure Sis ablack di agram of re~celvcr tad_ iti accol &~ %% th|

i m-an; t i anPrOfRENg WWW@‘ES%MHBFWWW arteresf inghe presenee efithe-xi ngs)
Figure 1 igee¥sresChtmatic representation of the frequency all ocations
(spectral placenent) and relative power spcaral deuswti@of t he s~nal

conponents for a HyB®s EMRREtm teolmias gilsft G- ki Bironeh) farc| udes

the coti Vr@éﬁs@cﬂﬁ'exﬁ-&&t%tnﬁﬂ@@bﬁﬁaig%ﬁ%hﬂ%éaxhlz?%i&wnﬂ‘mm @@J
denS| ty represented by the trjiangvia-~r hat%e 14 positi oned In tral,

or' Cent r a¥ descEgerbic |fnird itjates Briegd Nombees nHdlchatthdls; apha, 35&\%? 'B}ﬁectral
Density (PéE&o@&esamemﬁxal F%EQQ&FMJ%:&?‘QG&EE Eiftdr SR kRl G shYp gﬁaugc ~l ar
vrith a slope of abo-~r - k>~Tz from.the center frequency, urality
of di git al 1§ Fivpasmaieequsdicauensy eharettendns 888k i ers are positi oned on either

side of the anal og ¥l{4dcRAlatent Ro 28 46RRTdi1e48 6A MelBhndCORR el SYRAI
si deband 2d) and are transmtted conr~rrentty with the analog FM’signal. Ah

Uf the carhidie Broadsast srsiestriteat ducligdes dhepsipuitaneaist wasmisgen phlal digimgltayidie t he
United St Iam;‘ﬁr g&gngpmbmg,gjson cham el "mask 22. AMENDED
SHEET %riﬁﬁﬁ?gﬁ%% Wr}‘gﬁéﬁg&ﬂaml e of a hybrid FEM 1BCC nodul ati on
format, 95 evenly stfcéEIO@rPﬂBgéﬁﬂ%’S fapee GuiRFRE VIO dYAFioYs Sadigey cpRdifiaag exhd( OFDM)

digitally il gpé&tl.avﬁ,ﬂ,fnr F iR ReRES 0 b 8ACDIS @uffucd PEndQSL anal og
FM si gnal ﬁ(%%p@’lpg t he specqtnrﬁu%?from about 51}25 ld-1z through 1948]le—|z away

from the 3¢ty demet exreeyandeaniage ghat is|effgeive feeda by fgiediagdisand 18
and the | acsit se Al dify Bidtbgs. 1. I n the hybrld systemthe total DAB
power in the OFDMdigitally %mdul gt ed sub-carriers in each side6and is set
to about -25 d)3 relative t& ARYOF Bl ISMENTAIbwer . Signal s from an

adj acent FM channel rfy g, &d%ﬁ IdvE&a&Q?ﬁ&?d?&edﬁMu%Fﬂi'ﬁ&&Hen&Jmaﬁ% , would
be centered at a spaci ng 3 romthe nter of the channel of

i nterest. dadenme! @cidlondo hrm@amngamtguoﬁ'h@mﬂhoﬁsﬂwcd e ps ofrestiving awi t h an
upper 11 kel A D ATARRhE iR AN A &daSk-gnal 26 and
a plurali tc§/J ng%%ﬂ aL|a'{M"ﬁ;l;rg:)éagl éfjlm%ubcar I‘al ers | ngstlgggbands~ 28 arid 30,
that are aiytactt@seifuofmsabm-thm@d@omeI<@al\¢<epmu¢he10w@ned cinfpopit gkt (tlte

digitally sub b ' at the
DAB upper 2@%%&) ?g': (fgnpo c E'FME ?ﬁ){"c@f g&gﬁe@ﬁ}gﬁg %‘D%E‘ﬁ.g{agchﬁg@gﬁo 1&1,' n the
first adj adgaaltoi product arreal sighhle ﬁir.em@tht: réahvigndli e tpe muitd&énathtasﬂtﬂmxgj acent
cancel | er ) s_abl 0 su ess. t he ffects rference in
this si tué{‘{;ﬁﬁ EP’F‘E‘H&E BB SRR TR Fri e, F’?”Qm‘]& AHEal i th
first adj aamm of Eeeiifeere QS siginl hoUe djgfe bighalchrd m&erredDAh&csnodﬂbamda ofand

successfully recover .the DAH signal, buried heneath.t The DAB . signal is
ext r act ed TFGH Blo AT CRPEYFeIaTRYy BeRmE 4P “”ﬁ“’fﬂ%?& ‘ﬁ%’@ﬁlr ction

process diisk@sil In e i, degaad effelcts rtmmmm&admtmnhmdamm\esw is
smal |l relative to the, i nter flul;?}%%@dj acent anal og FM signal such that
FM t r acki T§™% ﬁmé‘éiﬁ%ﬂlﬁct“fa& éa tive. In the absence of fading the

conposite anal og FM pl us DAB si gnal s can be

AMENDED SHEET



rrtodeled as: s(t) ~a . emuy ~ dot) where a is the anplitude and 8(t) is
t he i nstantaneous phase of the of the FMsignal, and d(t~ is the DAB
signal. Wthout | oss of generality, we can assune that th ower of
d (t ) is one. Furtlterntore, we assune that a 1 so thategﬁgﬁg%ﬁgggture
effect is invoked. Notice that the signal anplitude is assutrled to be
~constant since no fading of the signal is assuned in this part of the
analysis. A lso notice that this is the ideal case without noise. Lf this
signal is processed using the teehnignesg shown in United States Patent
Nanbers 5,263, 191; 5, 428,834; and 5, 355,533, then the output can be
appr oxi mat ed by: ~0 APRIL 2003 -5 COLT _QUT' (t) ~d(t)~-d'(t)-e'i~t ~ The
first termof the CaXa addifeH, Pt ihendidieiddfads Adiol REMMDIS Jis. SReand.term
is interference. Although the interference termhas the sane power as the
first tern 2Ehed reepratng & sepd\afligeustfron 2 tpmpstipasimabind e Hivdgisghal

vnhi ch has gmrg@a@t}gmgj}gkgg%&%ti on bandwi dth. |f the bandw dt h."o—Et he DAl 3
signal equals the ban dth of the interfering FMsignal, and if the DAB

signal is centered odlthenghphy tettyprml deschivedrheeruis el guittd do aditigadng tieeffeas ence

rati o using sPLdi ey :%I i IS, 4 ?ﬁﬁﬁ 0 fe B, at st.
Anot her Iar(é%J]?ou%dée O?E%egra %‘?ﬁ%ﬂiﬂgyﬁﬁl%ﬁg g:dﬁ%ﬁge.&%(\g aE?‘ﬁE esults
in anpl i t udsgmabydbimthe AR tigodhas plasd alvsarte dts FM-MscaHowerer, BelladtidgRchadi ng
can result j izEng ‘%‘ﬂ%’ \ﬁg i rder of the FM
baseband baiﬁgsmég?ﬂ.?%e. C. E‘ﬁ k I geﬁlﬂébg‘g%@ﬁqﬁ?ﬁ%ﬁ% to dynamc fl at
fading is linited to abouBRIEF BESGRIPNION ORTHE PRAMINGSceds in an aut onobile
5 263, 191: 5, 428, BodTlftal ks SBuPESRTYSE roHE HARTY (Gl P O Parh
control theOn-€hter! DighauartyBoidchfigigaaf ch, the anplitude nodul ation on the
i nput signal due to adir} w ||l affect the pcrfvrmance, Ln the E{gg&nce ‘of

| -

fadi ng the conposit eFBAKIEIR® ERFFR ROV e BPYS ProtfIdansifies sfibreday
si gnal s canCi€hmmeldbigila! @ndic. Broddrastsignnly i idjdlert channektd(t) . where f (t) is a

2T travel § acr oss BHE 4ot BEETyaryR el M R ERE e
anpl i t ude rmchghtanvegordhas a bandwi dth on the order of the 1 M baseband
bandwi dth (i.e. 53 kflLg) 4 ;Lhe [ ifgﬂﬂ:ﬂ DL dUEnt | el di ng
islimted to about 11_ ~ z'Iateblﬁt}kg Way s%“ée S a%cp% CRrri gﬁﬁ?@gﬁéﬁ%ﬁ?n t he
1f10 M~z reangiia FACS oo fopeivitiythisdmysotemand s onitted from this nodel
since it is assumed figyR8 DGRV dERAR AU reVRF odrduchgh ¥Sotiall NIV t he
presence of, sel ective fading, the additional 1 nterference conponents becone
si gni fi canr™epi&-prior art notch-filtering technique assumed that the input
sigaa! itself is a gopdseppreoRigretierrEFERRepiNEOpNaENTSsSi nce the ratio
of the anal og FM power to the DA 13 power 1S hig owever, where the input
si gna: i?I subj ect tolﬁ%faamagﬂawdd{a&%;gugbw apﬁﬁ‘a‘w@gapgsmrrfw;?q;pﬁ@eFM ;
st gnal, Ufeqii&rte§y @ctatichs (iR BPal G ilentd, ARiveFRRE PRLLN SRR GignfiTove
in subsequentqgstgges. i(%?%APR L 20()51 -6_rThe gr%esent i nvention sol'vVes this
probl em usicagrencHE fenlai bideid sFiYnBI0CGe Rt sighadnlOor Joe dybuid\oroiss anclules et a

cero, wni | &on R R SRRt P AP DA A b

rnul tipti catiingmlar Fichga |1 yposiviencddh @ dehadl, of céne! frequeticy drdd,s BE portod e eonpl ex

val o, t ot BRE i B SHHER | Ronly" By RS, bt S5 P Rl B0 ¢ e

(m nus The nfary eiamgoiauwitkM elapa o€ mhour UOBGrdBIkAL dtoy, 1hdyseans drdqaeicng and

sel ective fadi sylt in lityde variations with .the fadi rate and

t he basebaﬁgng%ﬁg&g@hm&% N Yéﬂzdﬁ F"g}rﬁm&é’f 5 PPYUGHSE g ei“g% i‘%e"f

arr;d)l i tudgl dlie dohlog Fdf dpeMnGe agbppet Sastasd lmhaxd%aaeemdcmnldag,dsfmrmea%nﬁhﬁ@d ]
undesirable interference assogi ated w e qrigina T technjque. This
nor mal i zed “BXEFEEY; ¥ '&F 5’3?’2%‘9’\{§‘3§%0m{ Pﬂhﬁﬁdﬁ?é apgpuded g RaMeRIeEF g n )
s(t ) = a \@reflk withindbe Tniledi SatdsGedNOCh Rl idafifnsIbmmiBiQCHadf mhikyst r at es
tftat the input is norn~alized by dividing by its absolute value to product
a normalized signal oa line 36. In the presence of fading the conposite
anal og FM plus DAB signals after nornalization can be approxi mately nodel ed
as: s(t) =c" f d(f3 ~col ca + rcfo where it is assuned that the PM anal og
signal is nmuch larger than the digital DA B signal. The conpl ex conjugate
of the normalized signal is proﬁ B3 SHEEE r at ed by bl ock 38, and the
conposite signal is nultiplied by its normalized conpl ex conjugate, as
illustrated by ruultiplier 40, to yield the intem-ediata signal: s(t)-

S fl~~~(af f(r))-e~au) fd~t~~ .~e-~~"a -t-~ad'l.(r)j~" on line 42. A do
notch operation, illustrated by bloc(c 44, renoves the constant terma to

o "




10 APRIL 2003 to produce the internediate signal on Iine 46. It should be
noted that the DAB signal in the vicinity of the notch is al sa suppressed
and the notch filtering has sone affect on the integrity of t/ﬂ%%DAB si gnal .
Lastly this intet~rnediate signal is multiplied in multipli' @ BRLRAPBhe
nvrtualized original conposite signal, which has been del ayed as shown by
bl ock 58, to yield ffxe output signal on line 6Q s(t) S(,). Is.(r) _Q
-d(t)+d. (f).eJz.oc +f(t)" e Bt '+ftt),d(t) I s"'(t )~" ~S- (t }~[a +f (t
)) +d2(t)-erl~"t +Z ~d(f)~l-e" &t +~d(r)~l.d(t) ~( ~ f(t)1l Ca+f(t))
fatf(t)1~ Assuming that the FMsignal is nuch larger than the DAB signal,
W uch is the usual case, then the output can be approxi mated by: fit) ~
~(1)- s (t) -a - o bhedxdnigic of 2 hybrid FMHEQE mceiutaBon forthat] O Jevdnlss fpakgd ~~ (t >~

~ ~ f "(f)lI~ Th ti b that if th | ect .
f adi LS rq:dxagérd{)l affpspm%ﬁ%%hﬁ?@%p@%% Z&ﬁﬁ‘)(‘g}%mjybm?d‘ﬁﬁéﬁse‘fié%&w%w COLT
met Nod_ [8eWl bolSafIN ¥R hosHAMRNEM siafsl bBGphIRNGEcifaln £k 86t ¥ il NG,

the addi‘tional Tnterference terns can be conpared to those of the COI. T
t echni quliroughl 98 sicie atvay drdna dienljost GiMdi aepton dreqpnek i & iudtiated y. thetupper ) 1

| ~~a-~2~f ()] ~d(t) +[.a+f (t)]-(,2a%j-(t.) ] € c'it +~( 1) ~ 3

2 1-aqeopdd 08 sbd Y el Wb GRTO G o | R BIOREPESTTe gl RS et noo
of this dweeit iemEmM dyielly riddalagdaue chmieqlalchdhysidehmdtie sa ppsiai matasd by
fuct#~er elimnation of |ess significant terns that are nuch |ess than one
to yi e( crelagveto iis hestamplogFMBYWeTshows a potential 6 da i nprovement in noise

reduction due 10 SeleR! fR ol N Mialip GROUIRGE IR MAGHAbRYAr |t
shoul d now be apparént that the ptGSent invention reduces the adverse

ef f ect s mesentevauht terdeateradgt 8 sppatile of 209 kEz figapthe certesof B ghasinal ynteisl easi ng

t he nmagnjtude, o ower ctral-_d j & f o i I i ith

res pec'? n]lf‘lgﬁwh% sf‘%\‘?seﬁlfsg?‘f%%?é’ioig‘rgé’l :ﬁ%eﬁé% glgﬁﬁeﬂ gfgﬁgﬁqﬁ %Hgélggg‘géce&scri bed
above i Sinthrfefts Rk YiadpPhui Eiatdpl odutatddiguaMOTdddADIDARG of digitalin mixditeeadsubs  t here
is a first _adjacent interfering FMsignal. The fir diacenf i.nt~crferin
FM si gna‘F‘%“'E‘éJh“ pldebands &8 s"é‘g 38118‘&%?‘?«3"6% @E‘T‘f-gca;ﬂléte'lﬁg%I“ﬂﬁ‘%"@h‘@d}‘%ﬂg"%f&t he )
10 APRI Lingl03 (L @igi@lty RRdhiaRR s@f-cdrhers BABigaaIgms| m‘:ﬁFma sh@as@nahé yapmal |

amount of distortion resulting to the DAB signal. Tlte distortion will be
fairly swamer sidgbanthd8 intdramien §Y theasalog sidplatedresngt & bafesindjasent fsedfanet i at i ng
the FM c b Oces: b Yarsk C

signifi caﬁ?csé%%'%&g?@% ﬁrgél?fsrés%rmggj&%%nt FM‘wgﬁgﬁt Eielg gﬁgb %cta‘{aas% rt:églﬁe of the
DAf 3 si geffidctd dfahe inserfrednag id thisesitiigroad Inhdstheéa demortshgediibpicthe BACtiheblt omver

digital side. d of the DAS signal). This,can onpl i shed sinply by
T g ¢S B af sl st o PP A6R D BRRER: ml Peedihy

si gnal ofech¥er BRI WABaSEnAl blric@rten@uti hent eBlwl DABGigiaDRakirac?d fidie bélbgithal
signal is conpletely contained on either the upper or_lower _half the first

adj acent fagiesing KN carey althoueh thp e¥EASTPY PR6TTE AR dtite AR steaslodivs sFumed Lt 30C
DAB syst b RionlBis GHAR rQhtivens Rl BitrRling KiaR aljadedt RlaRGGHM SlghRSLUL to
+l - 200 ﬁﬁzw%%ﬁ'gﬁigﬁfhe cénter of the fi?%t adjjgcetnt F%I Si gr%giIl Tﬁerefore,
t he di gi that Fisfitgoking ksd contlatiorechndie ebeetivehal f of the FMinterferer. Tlus is
i nportant since the undesirahle.distortion or i r ed% this
extraction pr ocesg”afg‘b@basrﬁg”e fdins %e%f"ipgf”cs‘?%k’gg%gé’gqst Fien 1)’/5%“eh%nt of
the DAB gi.g68d as€el ative to the FM signal. 3) The first adjacent FM signal
is about 6 dB stronger in power than the digital signal. Wten the first
adj acent power becomes to |ow, isfr)=s-bEtted(tot to perform FAC. ' This

ensures that the FMsignal is sufficiently |arge conpared to the DAl 3
si gnal sWherethat the penlisse apd 69 i dhe P%ta’i‘%k%agasf ﬁ?éi‘er?mﬂﬁ '%Mtsfg”’F'aaF‘hg '

T e b et T

t hr eshol hiis " a“sw tchin rtthmis recomen I ~t one

proposed 4V &BRE sysh@more, e atshifrrahaanst 1 isonisat el FM beptpeeseats BeoEdof the
time especially in the regions at the edge of an FM stations coverage.

Fi rst adNatenthaFiie cignekirmplitidsris Whsumed to b gensiant siupepe fdsgmfithysierdns and
thus ext Esrégmtcé‘% t%}s%[ahooﬁhcca%\z{ﬁfgi@.g%so notice that this is the ideal case without noise. If

this signal is processed using the techniques shown in United States Patent Numbers
5,263,191; 5,428,834; and 5,355,533, then the output can be approximated by:



One nethod of swtching onloff the FACis to snoothly blend to and fromthe
non FAC processed signal. A neasurenent of the araount of power that is

bei ng notched can be made by taking the di ~ercnce between the power that
goes into the notch and the power that cvrtzes otrt of the AOAERIL 2908 two
signals are snoothed ttsing a sinple lossy integrator before the digrerence
is calculated. Figure A- is a blocilL~diagramwhich Illustrates the FAC and
bl endi ng functions, which can be perforned on both upper and | ower
interfering first adjacent FMsignals. The conposite signal is input on
line 62 and mned with a |local oscillator signal 10 APRIL 2003 _g_in

m xer 64 to produce a baseband signs! on line 66 where the first adjacent
interferes is translated tedle dPePLANGL S dp fedtered by a finite inpulse
response | ow pass finer 68 to renove sighal s ‘outside the bandw dth of the

i nt er f er Thyfift wWmgif gaCOLThatpué sulht idagred itgmavhikerthd seoend7Omt & infeeBregedj ect to
FM t r acki and, cancel l atjon,as, il lustrated,i ? bl ock 72. The cancel | ation
is perf oﬁﬂgﬂ‘%‘s ' 'Infcﬁ%feflﬁ? (6H0 hg5 the SAPEPOsYer & TR Tk isTg, iy segetrpmripronvalved af t er

t he not ctvith ithd suarb OF 1h@ FMIbightl wllich Hiab e8icd fie #Wmdfitadon bidagidhend control
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by the steps of prodtuing a carrier anplitude eatinmale sig~nai; de:aying
said real signal to produce a delayed real signal; and subtracting said
carrier anplinrde estimate signal fromsaid deiaycrl teal sj t.0
praduce~ said filtered signal _ 3. A nethod for reducing hMi%*—éﬂQﬁce in
an, in band on-channel digital Audio broadcasting Systemaccording to claim
2, whe~in said step of producing a carrier anplitude eStinmace is
cHaracterized by the st$p of _ passing said real signal throuplt a |ow pass
fiLfer. 4. Atnetlwd for reduu~ng fiMinterference in an in-band
on-cb. annet digital audi o bcoadcast~g system sctording ~o claim1l wherein
said ftiteiuig step results in a signal daay, furrber characterized by the
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is received on line 32. Block 34 illustrates that the input is normalized by dividing by its

absolute value to produce a normalized signal on line 36. In the presence of fading the

compositc analog FM plus DAB signals after normalization can be approximately modeled

as:

3 san aq)

ko[~ T ren
where it is assumed that the FM analog signal is much larger than the digital DAB signal. The
complex conjugate of the normalized signal is produced as illustrated by block 38, and the
composite signal is multiplied by its normalized complex conjugate, as illustrated by

raultiplier 40, to yield the intermediate signal:

s (1)

s 0 | e, 40 }
S0 (()r{[a«»f(rn «d(@)} {e f

[a+ ()}
on line 42. A dc notch operation, illustrated by block 44, removes the constant term a to
yield:

2
30 e e, )
) ——a= f()+d ()™ +d(t)-e M + .
s(f) lf(’)[ a=f(1) * ) [a+ /(1)

on linc 46. A low pass finite imptlse response filter 48 produces an estimate of the constant

term on line 50. The signal on linc 42 is delayed as illustrated by block 52 to mateh the filter
delay and the output of the filter is subtracted from the delayed signal as shown by adder 54



9. A nmethod for reducing FMinterfete.ucc in au in-band ou-channel di~p.ral
audi o broadcasting system according w cairn 8, wherein said step of

bl eedi ng said output signal with said conposite signal to ﬁbggé@-a hl ended
out put signal is characterized by the steps of: deternti ~ai

difference in power |evel between said real signal and said. filtered
signal; and controlling the anbunt of said output signal and the anmount of
sai d conposite signal mresponse to sajd diferearx. x0. .A radio frequency
receiver corttprislng nmeans (10~ for reexiviz~g a conposite signa

including a signal of intezest (la) and an interfering signal (24), and
character~d try nmeans far reQUCing FMinterfeteoce including: nmeans {34)
for normal i o meduch e ouermpbiys signal Pgﬁ&? 44 olt phasdllecenozedribat thel D AR dead ipdisi t e
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gf}\?rgzs.{?g) Sli gnapmjt(’h%%o uceégéng%%!t kﬁ?ix??sg%ﬁﬁé}%wm%k%%%% 16)%%51%& L 2003

13 11 _ A ﬂadu@uffsmefwehew(}'ecel ver according to claim 10, wherein said
means (Q 4) far filt ring,is characterized by: neans (48) far producing a
carrier anpli tudes(éstd(gftse(’lsl giiak; rgegﬁs 0821, far, desafithd)sai d zeal

si g~pal to produdgep byed real gl gn and ‘fedns (54[)a+ff(m)] subfrac~ag

said carrier am xlitude estlmae5| nal fromsajd del ayed 1real signal to
produce said filtered signal. ~(g o(f) Méﬁiﬁ&uﬂ clém;e A4()according to
claim 11, wherein said nss (4~ fofaf)f(t&ﬂum ng l&-chlryi er[aafm{rj]’c ude estimate

a=rding Lo erarmenty FurRRsRTanapibBr ganasbATE. VRET AT SETER ng i o

normal i zed ded Hp\ssiptteasbegppoximbdd b radl o frequency recei ver according to
claith 10, wherein sajd nseans,(3d.) for normalizing tl>Xx co-pasite signal

is cfiarar~erizxd #f8): ané&)fon _dj widj P st e &y by the
absol ute val ve of ];(})p{r(ﬁb(ﬂ } At . ,qdp&rﬂr ) [a+f(r)]?

The equation above shows that if the sclective fading-induced amplitude modulation
term f(¢) =0, then the original COLT method result is achieved. However, in the presence
of selective fading, the additional interference terms can be compared to those of the COLT
technique under selective fading conditions. Specifically if:

o 40 {[4 a+2- f)]-d(t) +fa+ f(O]-[2a + [ (0))- e“’“’}

o+ /@1 “a” |+2-a+ £OF ¢/ -d"()
then the self-induced noise using the method of this invention is lower. The above inequality
can be approximated by further elimination of less significant terms that are much less than
one to yield:

g7 L D
This shows a potential 6 dB improvement in noise reduction due to selective fading using the
normalization technique.

It should now be apparent that the present invention reduces the adverse
cffects of the interfering signal in the output, for example by increasing the magaitude or
power spectral deasity of the signal of interest with respect tot he interfering signal.

The FM cancellation process as described above is directly applicable to the
FM 1BOC DAB system whenever there is a first adjacent interfering FM signal. The first
adjacent interfering FM signals can be processed and effectively canceledfnotched out of the
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wherein the edge of the digital signal is placed almost out to +/- 200 kHz, which is the
center of the first adjacent FM signal Therefore, the digital signal is contained on one
half of the FM interferer. This is important since the undesirable distortion or image
produced by this extraction process appears on the speciral side opposite the placement of
the DAB signal relative to the FM signal.

3) The first adjacent FM sigual is about 6 dB stronger in power than the digital signal.
When the first adjacent power becomes to low, it is better not to perforn FAC. This
ensures that the FM signal is sufficiently large compared to the DAB signal such that the
capture effect is invoked. In a multipath fading environment the FM signal will
sometimes fall below the 6 dB more power threshold and thus a switching off algorithm {s
recommended.

Within one propased FM IBOC system, the three conditions will be present
some of the time especially in the regions at the edge of an FM stations coverage. First
adjacent FM cancellation will provide interference mitigation and thus extend the stations
coverage.

One method of switching on/off the FAC is to smoothly blend to and from the
non FAC processed signal. A measurement of the amount of power that is being nofched can
be made by taking the difference between the power that goes into the notch and the power
that comes out of the notch. The two signals are smoothed wusing 2 simple lossy integrator
before the difference is calculated. Figure 4 is a block -diagram which illustrates the FAC and
blending functions, which can be performed on both upper and lower interfering first adjacent
FM signals. The composite signal is input on line 62 and mixed with a local oscillator signal
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range. The coutrol signal on line 76 is representative of a percentage number that is used to
multiply the FAC processed signal in multiplier 78. A control signal on line 80 is
representative of one minus the percentage number, and is used to multiply the non-FAC
processed signal, which has been defayed as shown in block 82. The outputs of multipliers
78 and 84 are combined in summer 86 to produce a signal on line 88 that is filtered by a finite
impulse response filter 90. The resulting filtered signal on line 92 is again mixed with a local
oscillator signal in mixer 94 to praduce an output signal on line 96. This autput signal is then
subject to further processing in accardance with knew techuiques to produce an audio output
from the recetver. This blending produces a smoath transition between FAC and non-FAC
and is applicable to receivers umplementing various interference cancellation techniques
including those illustrated in Figure 3 as well as those disclosed in the above mentioned
patents.

Figure 5 is a block diagram of a radio receiver 98 constructed in accordance
with the present invention. Antenna 100 serves as a means for receiving an in-band on-
chanae] digital audio broadcast signal including a signal of iaterest in the form of a plurality
of OFDM digitally modulated sub-cariers and an analog FM carrier interferer. The receiver
includes front end circuits that are constructing in accordance with well known techniques.
After front end processing, the composite signal on line 102 is subject to a first adjacent
canceling and blepding in accordance with the methed discussed above as illustrated in block
104. The blended signal on line 106 is subject to further processing in accordance with know

«  techniques to produce an output signal on line 108 and an audio output from speaker 110,

The normalization process used in this invention improves tbe performance

under selective fading conditions. Besides being convenient for amplitude scaling, the
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normalization has a secondary effect of reducing amplitude variations of the DAB signal
which are tracked by Channel State Information (CSI) estimators in subsequent stages of the
DAB receiver. The improvement factor depends upon the type of CSI estimmation process

used and the bandwidth of these estimation filters. Furthermore the normalized signal uses a
smalfer dynamic range since the gain through the FAC process is unity instead of a®.
Matching the delay of the compasite signal path to the notch filter delay is also important for
goad performance.

The present invention provides cancellation and/or notch filtering of an
interfering FM signal's instantaneous frequency to suppress the effects of interfererice from
EM Broadcast signafs. The invention is particularly applicable to FM In-Band On-Channel
(IBOC) Digital Audio Broadcast (DAB) systems where first-adjacent FM signals act as
intecferers to the digital portion of the DAB signal. A device that performs this function is
called a First Adjacent Canceller (FAC). This technique can also be used in a Hybrid IBOC
FM DAB system to suppress the effects interference from the host FM signal to the digital
portion of the DAB signal.

While the present invention has been described in terms of what 15 believed at

present to be the preferred embodiment thereof, it will be appreciated by those skilled in the
art that various modifications to the disclosed embodiments may be made without departing
from the scope of the invention as set forth in the appended claims. For example, the use of a
FIR filter in the notch filtering process instead of a simple IIR filter may not significantly
improve performance. The IR filter may yield adequate performance with a significant

reduction in computational complexity.
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A method for redumug interference in an in-band on-channel digiral

andio broadcasting aystem, corprising the step of receiving a composite signal including a
signal of interest (10) and an interfering signal (24), and characterized by the steps of:
normalizing the composite sigual to produce 2 normalized composite sigoal;
multiplying said composite signal by a complex conjugate of said normalized
composite signal to produce a real signal;

filtering said real signal to produce a filteced signal; snd

multiplying said filtered signal by said normalized composite signal to
produce an output signal, whetein the adverse effects of the interfering signal in the cutput
signal have been reduced.

2. A methad for reducing FM interference in an in-band on-chanpel digital
audio broadcasting system according to claim 1, wherein said filtering step is characterized
by the steps of: _

prodocing a carrier amplitude estimate signal;

delaying said real signal to produce a delayed real signal; and

subtracting said carrier amplimde estimate signal from said defayed real
signal to produce said fltered signal.

3. A method for reducing FM inferference in an in-band on-channel digital
audio broadcasting Systemn according to ¢lam 2, whexein said step of producing a carrier
amplitude estimate is characterized by the step of:

passing said real signal through a low pass filter.

4. A method for reducing FM interference in an in-band on-channet digital
audio broadcasting system according to claim 1 wherein sald filtering step results in a signal
d=lay, further characterized by the step of:

delaying said normalized composite sigual prior to the step of multiplymg
said filtered signal by said normalized composite signal.

5. A method for reducing FM interfereace in zn in-band on-channe! digital
audio broadcasting system according w claim 1, wkherein said step of nonmalizing the
composile signal is characterized by the step of:

dividing said comiposite signal by the absolute value of the composite signal.
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a plurality of digitally modulated eub-carrjers and an analog modulated
carrier.

7. A method for reducing FM interference in an in-band on-channel digital
audio broadcesting system. according to claim 6, wherein about one half of the frequencies
contained in said analog modulated carmier interfere with caid plurality of digitalty
modulated sub-carriers.

8. A method for reducing FM interference in an in-band on-chamnel digital
audio broadcasting system according to claim 1, further characterized by the step of:

blending said output signal with said composite signal to produce a blended
output signal. )

9. A method for reducing FM interfetence in an in-band ov-channel digiral
auwdic broadcasting systern according w claim 8, wherein said step of blending seid ougpur
signal with said composite signal to produce a blended output signal is characterized by the
steps oft .

determining the difference in power level between said real signal and said
filtered signal; and

cantrolling the amount of said output signal and the amount of said
composite signal in response (o said difference.

10. .A. radio frequency receiver comprising means (100) for receiving =
composite signal including a signal of iotexest (10) and an interfering sigpal (24), and
characterized by means for reducing M interference including:

rocans (34) for mormalizing the composite sigual w produce a normalized
composite signal;

means (40) for multiplying said. composite signal by a complex. conjugate of
said normalized composite s1gnal to produce a real signal;

means (44) for filtering said real signal o produce a filtered signal; and

rueans (58) for mulnplying said filtered signal by said normalized composite
signal to produce an output signal.
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11. A nradio frequency receiver according to claim 10, wherein said means
(44) for filtering is characterized by:
means (48) for producing a carrier amplitude estimate siggoal;
means (52) for delaying said real signal to produce a delayed real signal; and
raeans (54) for subtracting said caoier amplitude estimate sipnal from said
delayed real signal to praduce said filiered signal.
12. A radio frequency receiver according to claim 11, wherein said means
(48) for producing a carrier amplimde estimate is characterized by:
& low pass filter.
13. A radio frequency recelver according to claim 10, farther characterized
by:
meaus (56) for delaying said normalized composite signal.
14, A radio frequency rectiver according to claim 10, wherein said means
(34) for pormalizing the composite signal is characterized by:
means for dividing said composiic signal by the absolute value of the
corppasite signal.
15. A tadio frequency receiver according to clatm 10, wherein said
composite signal is characterized by:
a plurality of digitally modulated sub-carriers and an amalog modulated

carrier.

16. A radio frequency yeceiver according to claim 10, further characterized
by:

means (74) for blending said output signal with sald composite signal to
produce a blended output signal.

17. A radio frequency receiver according to claim 16, wherein said means
for blending said ourpuc signal with said composite signal to produce a blended output
signal is characterized by:

means for determining the difference in power level betweeq said real signal
and said filiered signal; and
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composite signal in response to said difference.

18. A radio frequency receiver accotding to clsim 15, wherein about one
half of the frequencies contained jn said analog modulated carrier interfere with said
plurality of digirally modulated sub-carriers.
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