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" ( N- BAND- ON- CHANNEL BROADCAST SYSTEM FOR DI G TMMHMMUMM&r esepts iRl Ofsi ON
relates to a nodul ati on techni que which provi i ta ,rate through

band Iimted channels, and in particular to an in+@asd- onchannel (1BOCC) FM

broadcast nodul ati on systemfor digital data, especially 6 digital audio.

In the United States, FM broadcasters dan transmt information in sidebands

within 100 kAN tN-BAND-ONCHANNEL BROADGAST SMSTEN FOR DIGITALD®TA and from
100 kHz to 200 kHz around the carrier at 30 dB down from full power. The
standard stereo audio signal is placed in a bandw dth within 53 kHz of the

1 o carrier. The resasicingbiiior folatbby¥s a rﬂBH@l-taEien b &HHIgNd whidhEhrolldbgrdmat i on

in the remai nder of the bandw dth, subject to the constraints described
above. | thaBgatRrsathirughrkanddinmiged Fhanmets arasinarasticWastonan trelparatishy

br oadcast i Loy : i Ot al ta could, for
exanpl e, ?fgéaf\égg%t@égFm g%&ggﬁ 'E“gh\‘/'gﬁéﬁéx-sr%?” gélrgé'é‘[%%lr(ga a’a?ﬁﬁe8'aﬂ\éi ng
br oadcast digitdliatdiequi res a 16 rel atively high data rate channel which is
restricted to a relatively narrow bandwi dth. For exanple, a digital data

stream carrying hi gh quality audio can have a bit rate of 128 kilobits per
second (kbps) .InAhé Usiab S?céfest'FN‘gbl?'\é}l‘élEas%egsaéﬁi%h%iﬂiﬁﬂ?ﬁ\%’tioﬁ% transmtted

in the bandw dth available in an roadcast signal w thout sonme form of
conpr essi HehandgarithiastOq kbzioftheir dssignedjcanried fiequedy sthiullsiayverl andt i s

al ways degj (FoLVA dat a hi gher d rates . thr h channel s ,
i oh-haviot 1T H2 A ke i nadiutria o Pacfh e Ailbersietn

devel opedTHestantsidestaratgatdie sitfabis' fhed i & baRd@idthavmah 53z x| e,
Mary1[ghase 'Shlﬁ'!%tt?ged (PSK) and adrature Anplitude Mdul ati on (QAM

t echnlque¥ ™29 p EEAPYE 43 1BHs APl@ e H@NRGIOtPUINEPINestiast indhea bits in
each trangMdidded ot XHB Yandwith, §'¥l§%§t§ﬁ)w xc?on%g%ﬁ'}té YeBbfoddSang)edt €d W th

them First, the hardware associ Su systens 1s expénsive. This
i s because these techniques require a high level of channel linearity in

order to oper erl . J 2005 2 Consequently, extensive signal
processi ng sz{ R%ééﬁ%gcwg?ﬁﬁglaatﬁg?orcéfwrk?rgﬁg’ﬁsé%rﬁi Ag” é’{}]ﬁ%%]”sfyet&r(?\? Fyst

i nterpol adtereo fAnlio ahgrigdit# apd. NThe RfiRNdatSb6dd ] R XafpRS Bhesefingi tive to
mul tipath effects. These effects need to be conpensated for in the

recei ver . Nighapalityyassien9f dha steree udior kejng beoastoastyi dhisseguines/and t hose

avai | gbl e4j i i f.oL: 1.n- - el broadcast FM
Subcaryi ap ot aReRts b cRRnG Phof e Bk eted Y PSR ARRE i ¢ 1

princi pl dsmandividtie Poreeamplene eigiiabdateaastrédvh waagihephigh tquaiemddieeahr ansmi t s

a broadcagst signal,k havij carrier at rqQadcast frequency and si debands,
Sle ro veritare a 48 Kol horiaacongilkhpel- oA S RPQURG SUch a data
stream cannot be transmitted in the bandwidth available in an FM broadcast
signal without some form of compression to decrease the bandwidth required for
20 the signal.

It is always desirable to provide data at higher data rates through channels
which have limited bandwidth. Many modulation techniques have been
developed for increasing the data rate through a channel. For example, M-ary
phase shift keyed (PSK) and Quadrature Amplitude Modulation {(QAM) techniques

25 permit compression by encoding a plurality of data bits in each transmitted
symbol. Such systems have constraints associated with them. First, the
hardware associated with such systems is expensive. This is because these

techniques require a high level of channel linearity in order to operate properly.
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o bandwi dth around the carrier. It includes a source of a nodul ated FM

* stereo signal having a carrier at the broadcast frequency and ha¥iSngAn 2005
si debands with a bandwi dth | ess than the transm ssion bandw dth
representing a stereo signal. It also includes a source of a nodul ated | BOC
signal, having carrier pulses spaced relative to each other to represent
the 1BCOC digital data signal encoded ag a 1 s variable pulse width encoded

si gnal , i it Rl p.at 1,551 p dt h _not overl appi ng
The P st arnssadfii Aot BB f6ed SR LET b ReBRNL Rk beM ke "noaul at ed
stereo sitpaukingsgnibod remehytiedr) QG e aghsignalosHapiryg. t Secdndpadsast si gnal .

I n accordtance w th anot her aspect of fthe present invention, an FM 20

br oadcast GP@E@F%WW%ed@ft{)’@st°dﬁ5|tt'83§b%§?°t§i gmese effertianesg 18 56 r st nodul at ed

signal r egynfsiRbidiOrcRin BN FdRIVRY. %ga%hesa@gﬁ@gf{mmr lahdidthgnal

having carrier pul ses spaced relative to ea er to represent an
i n- barfd- dieyendihese gy ini spmendpriisetions foaexampledediand oa-channelbl e pul se

wi dth en i ] - i | arator for generating a first
separ at egﬂ}gﬁgcna%:[g%%?%éséerﬂ%{%dygﬁgfogl\tﬁégggfe_edfé%a@ al and a second
separated signal representing the IBOC digital data signal. An FM si gnal

processor generates a stereo audio spgnal represented by the FM stereo
signal. An IB ag?%mﬁpc?ﬂ”d@’e%rmplﬁ%ﬂt RIesentinyentian. @aiRM dropdgpst
r epr esentteghshitteNerahBeies & robadasi @ighaPh&IRY a carreraat ahadOR fqliBRcy

techni que according to the principles of the present invention provides an
FM t r ansrAnsssigebands; alevimi kentransmitied at{ulk pewies withinnetragsmisgiong a

rel atjyel ' iaital. si camt 1S ' in the
por 1155 ferBnioAand 3h oftrlr, i inShERE solelors PRARlard P 4555, " e
circuitr ysigtmuuh'aviaﬁ & oarsier gptlf&nmbdemlir@uehanﬁﬁdi Rbeingléicfﬁbiaueé wiﬂhiérplje and

i nexpensiyve., Further, it does nat .require. hi channe inearity and i s not
subj ect t%nﬂm#ﬁhdﬁ?%ﬂb?’bmee%'?srﬂ*ﬁﬂo'&gaF@W&EEGR{PFWQ‘%%/ﬂ?é%‘é%‘ga?]y ito

i mpl ementalddiinglueB8RNSdurtd oft o' REQINRY IBOCT ShddI! N&idg SaRlel puRBY sPR¥ed
coupled to the output of the preexisting I cwcw? In the recelrver. 10

Bri ef Dedelatiyete®agh other torrapresgnt thet B Cadigivkindata Bignal en¢agled aslaock di agr am
f dyl o ich. i = . Syst ding to th
oy el Ul A B osRB N Sl B9, TMARPRRF BRI GRARERRTLnG: o | e

present invention; véform
oper at i orbantiwtidih rict owetliappingrthe IFMistered signalsiffétgands: Asignaledrbifel ock

di agram of g.receiver ich_can receive a sjgnal nodul ated according to the
nodul at orcoim?q"ﬂu%sc @det#EM sterae; ﬁgnaj and thgm{lﬁfﬁﬁlﬁﬁjggﬁ'%ﬁ' teérm in
under st anfb hgostitadPBighept i on of the nodul ation technique illustrated in
Figs. 1 and 2 according to the present 20 invention; Fig. 5 is a block

di agram of an FM broadcast transmitter incorporating an

In accordance with another aspect of the present invention, an FM

20 broadcast receiver receives a broadcast signal including a first modulated signal
representing an FM stereo signal, and a second modulated signal, having carrier _
pulses spaced relative to each other to represent an in-band-on-channel {IBOC)
digital data signal encoded as a variable pulse width encoded signal. It includes
a signal separator for generating a first separated signal representing the FM

26  stereo signal and a second separated signal representing the IBOC digital data
signal. An FM signal processor generates a stereo audio signal represented by
the FM stereo signal. An IBOC signal processor generates a digital data signal

represented by the IBOC digital data signal.



i n-band-on-channel digital transm ssion channel according to the present
“invention; Fig. 6 is a block diagramof an FM broadcast receiven c&w%g
to the 25 present invention which can receive a signal nodul ated by an
broadcast transmitter illustrated in Fig. 5; Fig. 7 is a waveform di agram
useful in understanding the operation of another enbodi nent of a nodul ator
whi ch may be used in the present invenfgion; Fig. 8 is a block diagram of
anot her enbodi TR techihidued e i ! ] t
vent i on o e s B g to K FilnciRl et (RS pHERH: IMlehiih PR

embodi menfndiM Fapamissias sysipncwhichyjndedassede¢and treanmebsamying avelativeip, whi ch

can recei t j . Qr ed- by the systemj.llustrated j Fig. 8. Fig. 1
T2 bi oc ok dta Sa@e A SAHAC T MR R R 1B oot fedtling 5
i nvent i on bahdwiitly which aan ibertednshittsil aekull Powerk eTHE Tiruidhydeh@tesiainal . The

i nput %erm’ al INis coupled to an input term nal of an encoder 10. An

out put °t el PRXPNHFUGTHE CBARBRIdS relatively sisipie apdirexpensiveutFurdeniindpesof a

di f f er ent hat Aquitd hi fiind i,nal: i ff i i oupl ed
to an input .t_eqrurri nflﬁmgf a Iel(‘/eﬁ?rrlc g{:ﬂg(ﬁ g§t %‘%ﬁe%ngooﬁpgﬁt%h?é&rrﬁeﬁﬁ' int he

1 evel det @ddigengincyittyongtasdaryotodnfplensenttBis chpwinet v aivaveivenis wlativer 30. A

| ocal osci ] at 40 i,s coupl 0 a Sseco i nput, term nal of the m xer 30.
An out put Is%gﬁ'mgrildawg&bet%%u:ﬁ?ig? h??omi'tQuEBﬂﬂ'leeU%Fﬁ'SHﬂg imptieuit Brthenal of a
bandpass taedetvet. (BPF) 50. An output termnal of the BPF 50 is coupled to an

out put term nal OUT, which generates a nodul ated signal representing the
digital signal at the input terminal IN ~s Fig. 2 is a waveform di agram

usef uhoi n under standing the OFB?feifdeQ&gﬁfoﬁMHEDﬁ}yﬁﬁgr illustrated in Fig.
[ e ear |

1. Fig. 2 is not drawmn to scale in order to nore cC y illustrate the
wavefornms. In the illustrated enbodi nent, the digital signal at the input
termnal | N i9nanelardgigl signal in non-return-to-zero (NRZ) format. This
signal is illustrated as the top waveformin Fig. 2. The NRZ signal carries

20 successive Mgt § s adbidek disgianyof amadytated ettdehriagchepesddod apafNied t he bit
period, s ashed lines jn.the NRZ signal, and having a corresponding
f requencyg%\agﬂfge)% sglﬁgengia{:c?rgm:g' {OTWQ RrEsRt 'Bqu}tWé" NRZ signal represents the
val ue of that Hig.t2 ish wdveférnk aRgferisbiein uldesanertitiheldhe? to
encode_t he %ﬁ% si,gnal usi.ng_ a variabl e pul se vvisdth codee.]&)l nﬁﬁr@si Pust r at ed
embodil frenfocpgEenjiysteaied ipkficsd: 25 wi dth code is a variable aperture code.

Vari abl e aper tg i i i I Al in U.S Patent i cation
(RCA 88, 945) ﬁ“#'i%ﬁ"(’?P?%ﬁa%?@f%?%%@é%?‘(‘ s‘?)ak‘.'e?%"? ﬁiségrﬁgmﬁggteg

appl i cat i agrording tiRZhg mpthilatos iljpktaseddndigdeld i n the fol | owi ng manner. Each
bit period in,';ti%e‘,,r NSRZ signal I.s codedf s a transition in the encoded so
signal . An encodi hy TPBRETYAT AR9raM Yssid IRupdetsianding ap apglicationefdheo phase
encode  thofulatiodtectti§lie Bubtretelife FRjsynad i i,gned patent
application, t{he encoding clock rungd at ;dr%?gbﬁﬂﬁﬁ%ﬁ}%%@ tinmes the
bit r&e. MPRIPYhe NRZ signal transitions froma logic ' 1' level to a

logic '0" |evek : it A I i oded..si gnal ei ght encodi ng
cl ock cycles ?Jl '1@#%?([)}’?1'(%%&6@3{%5% Qrghgc??sﬁgﬁqnsgmwre ceiper 27 gnal
transiti oinsandemn-chdrogl digita! trbrsmission chahegiazcodding e ehe pRséi@Nsi tion is
made in the ecncc,)ded signal 10 encoding clock cycles (M+ 1) fromthe
previ ous YVEREYi on. When the NRZ si gnal does not transition, that is if

successi ve bi tFig.f@isea blseksha@rabdiigh FMNERadcddt3884il 05k dotdi iy the -
encoded si gnal nine, encodi ng clock cycl esa( M frorln t he Iogogﬁ&??g}lé;i tion. The

var i abt e HeSHEDYRHEICRWhishsFamreceive AGHignal modulatedaiean M bisedsaatond

wavef or m §ondrhigter ﬁlusggf‘edvﬁ%r#i&bé-e aperture coded signal (VAC) is
differentiated by the T

Fig. 7 is a waveform diagram useful in understanding the operation of
another embodiment of a modulator which may be used in the present invention;

Fig: 8 is a block diagram of another embodiment of a modulator which
30 may be used in the present invention;



differentiator 20 to produce a series of pulses tine aligned, with

" transitions in the VAC signal. The differentiator also gives a 99 5dés¥ @5
phase shift to the VAC nodul ating signal. Leading edge transitions produce
positive-going pulses and 15 trailing edge transitions produce

negati ve-goi ng pulses, all in a known manner. The differentiated VAC signal
a SACis illustrated as the third signdl in Figure 2. The a SAC signal is

| evel det ect edFipy9tihia blesletiageineof enothér embgdinearated sreseiviessvigith iniay evel

pul ses haéi n éongﬁant anplitudes. Wien the differentiated VAC signal a SAC
has a val 8“8? Iy e piesantinygation, yihich cag feseive, the,eigna] Aradugeddwihe i s 20
gener at eds?ﬁéhﬁiﬂu@tré’ﬂeahn%.lﬁi when it has a value |less than a negative

t hreshol d, value, a level signal is generated having a | ow val ue, otherw se
it has a center value, all in a known manner. The |level signal is shown as

the fourth sigrgl 1(&B\Bibak Hfaghindof &-mddifatelF WHici? i) Ale (R hahs Présend! I er

a H&%U
signal _fromthe local oscillator 40 in 25 the m xer 30. posi ?)l ve pul se
producBs ¥ve0tieR & FigarlriaaringitgtesninghlN rapeivessia digitpheigng!. Jid iaputegat i ve

pul se pro [ I [ i ond ase. The first
and secongé}gﬁlzas!glgpﬁlrc ge%lrggftgradgl)'bg&ts%hg{?‘%ln??gﬁIeﬁg‘i%dsﬁgggge‘guq%ﬁttefﬂ'"rﬁhase.
Thi s car r pEthesenpaesler (10 is €ouplegrtefaarinplitytesmbrst ahtidifférgntiawr @odi Ag cl ock 2

5 JAN 200 [ | qang, dinthe dllustrated enbodi nent, has a duration
of substag%‘&’é'?ﬁ?/“ﬁgé' %f&ﬂfﬁ#f‘«fﬁzgﬁw e'FiC(S?brPr HE 87 BRukIRERIRA of gdeyalcal

osci | | at odewt@tari ZBralani sutpat esrinehl o thélePd&bEIR 8Yis HoubRRASH alﬁrs‘fyc' es of
the local  oscillator signal can occur during the carrier signal pulse tine

period® | KPpt germpnaligfea giraridd: AjlegaliosciiiRri4d i daupledttoz eetoms inpet bot t om
wavef or m idp kY ‘ h €Iy S S : .vertical hatching
withinr espgq\(‘:ﬁgll \Q/)E t&é;g?'g%%?'aﬁ @%L&Eﬁ{of)éé@."{q?%rfﬁ ﬁ%ﬂi&%ﬁlsﬁ%p@ﬁoﬁq rated in
Fig. 2, thpuphasénafofcabandmaspfilteetBRIeBOL; #recuthlt (@A DS the BPPSJ isvegoi ng
LEVEL pul 388 %ig%repr%sent ed t he phase of carrier pul ses

. b R d
gener at ed Pyp! SRS W@BWYQ@IQHYW{@ E%S@Eteﬁdi‘ ulgted sigpplgsBifred by a

'-". 0 Theerting thedigital sig as ey inpot Yerdiimnti al |y 180 degree phase
di fferences and are not i1ntended to represent any absol ute phase. The BPF

50 filters out all "out-of-band” Fourier conponents in the CARR signal, as

vel | as the caftigi 2is aaupasiomi didgesh fusand i 08d&Etdnamgsihdedpstion e Ng only
gnal OUT fromthe BPF 60, thus, is a

a single %i@Segand Si %egal . The output si ]

16 si ngl eMOAHREAANUTIERSRY inyFigs d - oFiDs 24y DehEiawb uFeale in erdgna0 maspr esent i ng
the NRZ d ' j j : | Si:Si

transi o aoRat e WEySOMS. LU Aahrei shibcidb 3he Wl Sionghni ques.
Fi g. 3 i satathelioplt wrminahil i a dilevat signal inwioreretomatorate i(NRZ pfosingaal

ot ot g st B A Do e et s 0 e L B
r ef er emcesdawebsigs bitd, each Rsting for a predetermined period called the bit period,
shown by dashed lines in the NRZ signal, and having a corresponding frequency
called the bit rate. The level of the NRZ signal represents the value of that bit,
all in a known manner. The encoder 10 operates to encode the NRZ signal using
a variable pulse width code. In the illustrated embodiment, the variable pulse
26  width code is a variable aperture code. Variable aperture coding is described in
detail in U.S. Patent Application (RCA 88,945) filed (filing date) by {inventor{s)).

In this patent application, an NRZ signal is phase encoded in the following

manner.

Each bit period in the NRZ signal is coded as a transition in the encoded

30 signal. An encoding clock at a multiple M of the bit rate is used to phase encode



The i'nput terming! INis coupled to an input termnal of a BPF 110. An

"~ output termnal of the BPF 110 is coupled to an input term nal of FanaN 2005
integrator 120. An output terminal of the integrator 120 is coupled to an
input termnal of alimting anplifier 130. An output termnal of the
limting anplifier 130 is coupled to an 26 input term nal of a detector
140. An output termnal of the detectog 140 is coupled to an input term nal

of a decofeNADeignan m%@%obsmdﬂ@neafpaﬂ}ﬂ a‘é@ﬁ@éiﬁfn 1R ohBtMiAgefRR the NRZ
si gnal re resent ed @/ t he nodul at ed gnal at the input termnal INand is

coupl ed 't "éﬁt@LﬁaEﬁJ waiahi in aineyimes Ithe Penata: |Wr|iientthé NB}%-signal filters out

out - of - bag Felpet g ¢} | at

i nt egrator 1 6 re\;@’rnséegﬁﬁq é%f%ljie’o %gggnﬁhggféqglh?f %jn %Eﬁ%%@% which is
i nt r oduceahcoded Isindl eightercdding otbcﬁ(cby(:tefsl(lvFi jofroth the prbeiolis miansiignanpl i fi er
130 restr itude of t nal] from ntegrator 120 to a
const dnt %ﬁpﬁ%ﬁﬁlﬁ@ﬂ@ lstf"‘!j'\sfﬁpnﬁq 89'I°i P;E&Vﬁgt%ﬁrbw??b °Y8loacor r esponds
R ‘S‘d“*‘il‘éf’e‘"@%hg ok o (MR 190 1
denodul att@etievipns tﬁanﬂlkmﬁothm e, Ngasﬁwtad does pot Uansltleln, that éeifsi gnal s. The
det ect or ner.at es a i |l evel gnal
havi ng tr%%gfgﬁo&egﬁggw%g@eﬁ% g('alre'? he %}ég’g"%ﬁa“ t maﬁja cbfk' PHB%%G ul ses.

The out puigre rﬂrfaeemteidem dbclié@cles (Mherowatheahlsevbhéltlm dtTihesigiadle
i 2. The decoder 0 150 perforns the

d V.
ver G dardrs Sade sionel GAddeiluBtyetd eing sepond WRIaERA Kb he Nz

si gnal , correspondl ng to the NRZ signal in Fig. 2, at the output term nal

QUT. The abo nment | Pat ation , 945) describes a
decoder 150 h@h aﬁ'ﬁgpb%oeu?é%lci’ é?'gngswﬁcﬁésﬂﬁierépﬁ?\téga% he out put

t ermi nal Mrd@nat&%ﬁ@%@@@ deyied loff Ipufsdk it Glidrfddl With thdHafticHaamihe 1 S
Because the carrier pulses (signal CARR in Fig. occur at well defined

times witYAPsignait The CBﬁ@W“H?WeIa'SOaﬁHde%é@QJ@%QFFﬁ@ aseeahiteto theeVACni ted in
d t , | wh
ool ses. oy aodulbfn@ SERRD Coddh oM fahdiipfieb Bt pbfyBHalnd bulbbdTeRg he"

descrishedrailingledgs transitiors pemitke mapstvdrgsing piilseat albin a knswantiaahéry 1 /9 of
the tinme between NRZ .20 signal nsition times. After a carrier pulse is
recei ved Rididferdritiatéd WOJQQM\QMZS sgnaked st tHiRNSgRaINg Figure 2pr ecedi ng
carrier pulse (representing a tréiling edge), succeeding pul ses are
expected onl ypge 919 (no transition) or 10/9 (leading edge) of the tine

bet ween NH@ asignalds davel detectaddmy thetevpldetectoBi2h toagengratafd eeries carri er

- pulse is received 1019 of the tine between NRZ signal transitions since 26

the preceditivePpilsed hkhgQohstaRt @@\%ﬂidd&g awheehddirrigflated voxeedi ng
pul ses are expected only at 8/9 (trailing edge) or 919 (no transition) of

the tine A NRZ i gl FJa?éT%Eh%n odith ™ rﬁgﬁ'}ol@\}éﬁ@angg\gerl]g@%gﬁsor 140

only need Dbe enébl ed when a carrier se IS expecte I'nthe
terrpozroal gréele(r;at}bg th\?f%% aqugBhv(f"aludel,Jr elnoltc] h%ts at\pa ue egg%aerg a%uelgesatlve thr%sr?olgAN 2005

value, a level signal is generated having a low value, otherwise it has a center
value, all in @ known manner. The level signal is shown as the fourth signal
(LEVEL) in Fig. 2.

The LEVEL signal modulates a carrier.signal from the local oscillator 40 in
25 the mixer 30. A positive pulse produces a pulse of carrier signal having a first
phase, and a negative pulse produces a pulse of carrier signal having a second
phase. The first and second phases are preferably substantially 180 degrees out

of phase. This carrier signal pulse is preferably substantially one coding clock



s A windowing timer, illustrated as 160 in phantomin Fig. 3, has an input

" terminal coupled to a status output terminal of the detector 140 add 34N 2005
output term nal coupled to an enable input term nal of the detector 140.
The wi ndowi ng timer 160 nonitors signals fromthe detector 140 and enabl es
the s detector only when a carrier pulse is expected and only in the

t enporal nei ghbor hood of the duration f that pul se, as descri bed above. In

o b 1yP S B TR R iysthGef BTN "(‘%‘8/ HEs TR R St g, g
conse q_uen’t tr'?]e N?K bit bmmdw'ﬂtdrfratﬁudhc&]oftt:\ﬁman bﬁcutne:jtm ﬂgt@gnaT hnd felé@:@ul tCIShi n

i ncreasin ra e ban ni ne tines er
conpr essi %%Itl?aitqrgfg %Pﬁl%a leapt Eoé'é'ﬁ 8 hB}OC@ESﬁ?ﬁ #Hg' ?WBa‘r BN BCa dureg

encodi ng ﬂieo&’#rlbroslém pbxlste HirAb Qorivh | anng’?“ie"tﬁ’é E§rr|@|“§|g‘ﬁ9 @IA iigts one skilled

in the artf would readily appreciate. The sy\stem escri above may be
i mpl enfent Hestipted asdbs b@@@m wavetaradincivhiebit pyaatrharslgmat hmepmsangedﬁﬂ( or QAM

modul ati o r’in@ﬁl%t%ﬁﬁ WIH’HRQ&J}JSEH?? éeradsc? h@.ﬁ%{ﬂ eldpe aqdéﬁ%ﬁ'ﬁf@?w act ed,

speci fica he“recerve

limting ditmtlraﬂeden $ig. €, ghe pBBJe ohyarder peleds gudrated in régidhsdeas poRitRRNSI Ve
and saves (ﬁomgjav\gﬂen conpared to other ci g,cw ts0. Also both the encoding
and decod??ge SU§ES a9 rRIPSetod BY gyt orRfbthaphaserRfrratEen Ruisesst

DI 09T ANl forki@al i retthGE to hBLHNe-aSHE LEVELiFfBs A€ réiebadiskglhy d Rlexpensi ve

|

b
20 (currently S S2). In addition, there 1s no int ersyng i I nterference
in this s{keem" @ﬂﬁ b "\fébtﬁsﬁntshldplwgﬂwtlaldﬂ 1B@qi§gr®dpha§ardlffere,ncehendz are no

t racki ng érg_or%sc |ﬁi%ﬂ85c§%jre eXCS ang bgﬁmg%ehock recovery | oop. Because, as

descri bed” above, —cartier Ara e only at bit boundaries and
does not continue for the entire bit perl od, tenporal w ndowi ng 25 may be

used in the reggl B’@E Sgc)flh%% 66t ?IF &]tﬁ\!ler P HuREr 9&%?8&@%%?(66& E% s when

pul ses are expecte nsequen € are no with
t he pr eseﬂgndyas avall asmhamameiaummpwmmh iteelf and pheofahe slizbpndsdedvingivent i on,

th dul at 1e d d ab t Lt d | dat
(oo Co Uy EiEHHRFa 555, 3R 03508 ok, DU b et e bty onds b P
monopfeoni slnglﬁdsI@éb%mQSSleWas‘ér&a‘ﬂé‘cﬂ.Fehc?%d?ﬂéibg RfYral rdbr@ébrEMthewst

signal. Fig. 4 is a spectrum di agmam useful in understanding
appl i catuféﬁiaﬁgﬁ%ét Fhﬁj'nptﬂ tesminad dhni Tdigesionalusey aeéwnsmlueggo a1reawuer2 to a

system acgog) B8 thenfah§ KR6GHEREndMYEBh@Bhnifldd; 42 111 ustrates the

Fig. 3 is a block diagram of a receiver which can receive a signal
modulated as illustrated in Fig. 1. In Fig. 3, an input terminal IN is coupled to a
20 source of-a signal modulated as described above with reference to Figs. 1 and 2.
The input terminal IN is coupled to an input terminal of a BPF 110, An output
terminal of the BPF 110 is coupled to an input terminal of an integrator 120, An
output terminal of the integrator 120 is coupied to an input terminal of a limiting
amplifier 130. An output terminal of the limiting amplifier 130 is coupled to an
26  input terminal of a detector 140, An output terminal of the detector 140 is
coupled to an input terminal of a decoder 150. An output terminal of the |
decoder 150 reproduces the NRZ signal represented by the modulated signal at

the input terminal IN and is coupled to an output terminal OUT.

In operation, the BPF 110 filters out out-of-band signals, passing only the

30 modulated SSB signal. The integrator 120 reverses the 90 degree phase shift



5 power envel ope for FM broadcast signals in the United States. In Fig. 4a,
" the horizontal line represents frequency, and represents a portio@ DAt peos
VHF band sonmewhere between approximately 88 MHz and approxi mately 107 MHz.
Signal strength is represented in the vertical direction. The permtted
envel opes of spectra of two adjacent broadcast signals are illustrat-ed.
Each carrier is 10 ~ illustrated as a yertical arrow Around each carrier
are side WA i ; ' I . the carrier.
Tt he. oneie IHfReed b hai R BRHEEs 20 68RE, 1L BB BBl anc

st er eophoh3Q restridéte the amplitudecetethei sigrsl drebattdsintédrision 1200tKélzondtahthe

ier. Ei g, th i debands, i)l ted unhatched. Th
b1 ondcastBP ke L L Gralan A rsraiiel SR a0 eRoRd LR R Tom 100

kHz to 2q&|A<elJeign51L¢AmmﬁIstrtafeiﬁﬁmf;.t2d The defléctoP?ad i§eikthesh P B down from
full power: These sidebands are illustrated hatched. Adjacent stations (in

the sdme Yesiipiaptorcen @ ahessrlogied lanp Rbblavseddta demedulatesbe FMor RMz. The
upper si b Ls | owar. fr.equ roadcast 2o signal
PR oo fEBa0h P fUpebiiel§ Al ok SiBRaC e ACERIFIEN aRARTRS, % N 2!
4b, the waartiercellsesi arecgenenates @ lsikesl signa) dalingi teansittdreadbagentedbyring. 4D,
t he nonophoni c g di.o si%L + R di o sign‘g}l ig transmtted in the O to
15 kHz siRIEBERGIHMIBESCFTRReRYIRRS | LhRPuteehaf the detestrsi W isghal i s
transm t tvefiadi 5t Aedthl grfdl @Shéélﬁbrﬁii#(ﬂzg)f&ﬁw%e@Aeaéidda‘ﬁn Rigdnal TRY GLdilier

y

suppressed_subcarrier 25 frequenc 38 kHz at 45% nodul ation level. A
| over10si dEMARErfeInaniherinverse operatdnkeithe engedearHA (efridg ah), apgdegensiadedhand

b f k . . i -hal f th
oo enarthe N falk BB bhantnt to 4 thiz KidhaPh 9. 2 Sk "Ll etetmplsaf o
around t heUTaiThecaovieenentiomes, U 47 Paténtiappleitiont(REAURB D4 5y iddebrayd  Fi 9. 4b)

and the | pwer, sjdeban not shown) around the main 30 carrier (i.e. from53
kHz to 1 CQﬂE’)!'ggrY‘al'ﬂ%g&Yat?q %\?ﬂde?"t%gt%eTBP&bﬁz?ca@ﬂélrattf@e output teARIN2005 10

br oadcastogde tieirochs¥ea tiPhfinatah cfrblitry RRYELhoWS). descr i bed above, from
100 kHz to 200 kHz transmﬂtﬁd pc;wercrrrlljjlsrtynbe 30°d down fromfull power.

Usi ng the nmodul ation technique illustrated in Figs. 1 and 2, described

aboves a 12$ lBekbalyet thpayarderqnsks((kigps) CARBNRIFig. )¥cRUPENG/eelRad CD qual ity
s audio s%{ﬁnal . rrag be conpressed and transmtted in a bandwi dth | ess than
20 kHz. THINeS Withireapeciaiegchioghely and Pepauss)thesripuises pee Hpited imet ween 53 kHz

and 100 kifdeafidh, ihR ;}b%QFBTeWﬁJ;[ thd &é’ﬁrec@ﬁrﬂ?)' l\((i%'?(i!in]iésav%m\ tpgﬁgs Are 2

subcarrier signal along the regul ar broadcast stereo audi"o signal, as
i |1 ustr ateegpectedrifpr exbmplas ifritie ilkibtratedeenbaylimant, aiscddescabemél détailt he SSB

signal described.abgve 1 o centered at aro 0 _kHz, and runs_from
appr oxi rra"’{%&v?' %%P%@S? Bes8 cﬁ'P&fo dtét?’&'%{)/ﬁﬂgﬁﬁbﬁﬂmﬁ?zb%wwﬁ%i n carrier
and, .ZohussigrisyraBsitibh aimsds. t AfEr atcalrilrlpur@WE recePdd 8 @ 6 SHimb et WESEd an
i n-band-on-channel (1 BOC) signal. Fi % 5 is a block diagram of an FM
A9

br oadcastNR4 §i98at rarsitionscinemEha piegeding icatrisamylseriramasansings trating

transm sy ; L j { | enment ed
s gt he Ry FEBRRlng BGRE S anTet B pRl SR B0 e e RURBRL 8L 0 fleddiR O]

t hr ough 3dgehotthg tihe bielwsen dlRZnsigha trdmsitionafeon hisatspuise.aSirhiee after

ar e desi GHEVEE BYEh IS HENad O/ SFE o daentDers NS aRel R mesCrngRd i n
ggt aids behe\wrecBIhgeHRENRAIIES (repfesbhfing BG4 ddhe) dblidRBMY RlISs 48, ™ xer
’ expected only at 8/9 (trailing edge) or 9/9 (no transition) of the time between
NRZ signal transitions from that pulse. The detector 140 only need be enabled
when a carrier pulse is expected, and only in tHe temporal neighborhood of the

duration of the expected pulse.



20 oscillator 40 and BPF 50 generates an SSB phase or frequency nodul at ed
" signal (CARR of Fig. 2) representing a digital input signal (NRZ @f5 GAm.205
2), all as described above with reference to Fig. 1. An output term nal of
the BPF 50 is coupled to an input termnal of an anplifier 60. An output
termnal of the anplifier 60 is coupled to a first input termnal of a
second m xer 70. A second 25 oscillatog 80 is coupl ed to a second i nput
term nal of t t ' h m xer 70
is coupled tohﬁr‘iﬁﬁmﬁ 'Pikerfﬁf Alg&trg]jﬁﬂaQﬁngtm?)ﬁF In P{ |§?§§ggﬁmﬁn out put
term nal Emingcpupled t6 jal stetysaosbut teeminzbof the ti@neptoard 4anrd &n ositputnput

t er m nal 0. br oadcast
baseband gr@?]na pp@é% g“"z’%&?'e p%‘oﬁgmﬁﬁ §gh? g%{cefﬁr ‘&I EU? term nal of a
third m xeind¥ing Airidti 180 Armitolighal2 3@m the detebtot A ROAD eAdbleHtHY €d to a
second input termnal of the third, m xer 220. An outRut term' nal of the

third i xEFtests only WhapacerTiier ause ispenpeptadhinhenlyrin he sepReral
f111ter/ amhbighbdhodd B tHidatdH ot RIS, A ddsBibsaBEdh. 1| Ler/anplifier 240

is coupled to a second 1 nput ter the signal conbi ner 250. An out put
termnal of the 5 signal conmbiner 250 is coupl ed to an input termnal of a

power amplifi qp tRd Qusatdehemdobitiepl %etéhe?gyl PR b &R PGS as 280. 1N
operation, the encoder 10 receives a digital signal representing the

di gi Ital apdmerily; hatwesn 04 (§/r1|eﬂ=) @nddy58 @ﬂu&%réw?es thei kit satgnand censen I\/Pg
conpl I ant ql?%rﬁ \&I?A(f gﬂghgwﬂtﬂ%? 0. 1W’Er?esstﬂg|§_3'gfd’a?@ IT¥I A ggﬁ'ggifgfnéﬁeﬂs§§%§§| ata

stream 1 s ~ O error-correc ) enco onon
(RS) todedafhirate *tHnwgrtheebmdjmdtrdav airsttiraesn Oshgracdapressidn rdtivsaeacket i zed

data is then co t he CII‘CUI |IIut ate in Fig. 1, into an SSB
signal, a%? %'&?&EP @3 f@ﬁsmglthawav%o eRng Fﬁ@ﬂs’?@ﬁwé{]"ﬂbroduced
by the osghbé amrana%dngtramlt@ehs@kmed e thkOarf WéitHd ééautyf}%pﬁé&#t% i nformation
fromthe encoder 10 is nodulated to a ~s center reque Cy of 10.7 MHz. The

nodul ati on frequency may be any frequency, but is nore practically selected

so that it corvsfiensh deactibed éﬁmawbesn@ferﬁeﬁtéalvﬁ% Ié&%@ﬁﬁ.&u&ﬁﬁdfllters
For exanple, typi cal BPF filters have center frequencies of .7

MHz, 21. ACikguitry toangizher MariiRSK et @AM mogdulatipp tee ma'tl%ﬁjmebﬂibdhﬁent 10. 7
VHz
ol enont Sa atter 3hd s BEUR, MBtd Sbolfaly e pfbi 0l R I

si gnal frsignallie eBPected, limitingoampliféats hg.gaBO) friagrbec0sah dvhiph ioboethriessl by t he

nmbi f.th d 70 | I, 80 h
T gst rat SRPER BTG o P& SHOIo AR PR AD G [RARP A0 Rl i a

77.57 Mizemeullind1endS8Ecdding! Bf emmaztse@uau thaSbelferibineod With Sdrbinally fastfi | t ered
and 25 further arrBI i fied by e first filter/anplifier 260. The broadcast

baseband BiGgFHETIMA '(9688@613@0% (P bl veuchdaieascayedalativelyi ipearensivst  shown)
and p?(gf_ rehﬁﬁ ¢S] n@ﬁ) pIr rPQh&% gﬁﬁq aﬁht%ﬂ lm(ftrﬂg?r?c%rmqmst e stereo
in , the double

si gnal, si gnal aseban
si deband- smjprmessm\mamnm ehaping ishat rgqairedat Fartien pheresse dhp tcaokinger
frequency ot tone, all in a known manner. This

signal i s'Opﬁgﬁequwfd Gﬁtﬁ?@qgegg'!legcliégg réociovery loop.

Because, as described above, carrier transmission occurs only at bit
boundaries and does not continue for the entire bit period, temporal windowing
26 may be used in the receiver to detect received carrier pulses only at times when
pulses are expected. Consequently, there are no multi-path problems with the

present system.

In accordance with principles of the present invention, the modulation

technique described above is used to transmit digital data (e.g. CD quality digital



12 nodul ated onto a carrier signal at the assigned frequency of the FM
station. The third oscillator 230 produces a carrier signal at 2eJasgned
broadcast frequency which, in the illustrated enbodinment, is 88.2 MHz. The
third m xer 220 generates a nodul ated signal nodulated with the conposite
nmonophoni ¢ and s stereophonic audio signals as illustrated in Fig. 4b. The
nodul ated signal, at a carrier frequengy of 88.2 Miz, wth the standard

br oadcast magi) ginwldﬁlaaua? With wM ﬁﬁhsﬂwdrﬂ: Fhg sté@opﬂoiué B%dﬁééttﬁd?dj and
anplified by the second lter/anmplifier 240. This signal 1s conbined with
t he SSB nbignslatredn ﬁl\ﬂ;bt%dcgstgmamalf ign4 lsea Smefcslturrf- diageammpfulﬁm er 260 to

forma co I C incl u

st andard ER %{?ﬁgi’?’ Qa E%cﬁqnc% ﬁg&a&l%ﬁcﬁm inﬁgadﬁuﬁré%e '%'ﬂ%’ {;arrier at
88.2 Mz, aaha@ mm&anrmbhﬂh@do shegmekberadnvearition. t Fg. dagldsadate%unﬂﬂeo si gnal
centered at 70 iﬁl\}lhe C rnerqéBB. 7 %{j as illustrated in Fig.

4b. Th BBWﬁb%"‘f 0%%8’6 PLogqcast $ig ?"h}?m IRt SHRFes h i flgnda Bl i fi er
270 and SHBone4l 118 rb s&ﬁ@rfﬁéﬂdeﬁb@%r@%ﬁ%@n%aé)pgﬂfontJfat‘?\%rvcﬁﬁbQﬁ'dt0 FM
radio receivers. 15 Fig: is a block di agram o FM br oadcast receiver
whi ch canS‘Pf@@‘efhe@ %etwegnapnn@dmlaml\eQSU\ﬂHannﬁmbrmmeam 107dviBmi tSigmal
illustrat ose el e S h, are the sanme as

t hose ill S@?’*‘%{‘ %prg‘lq—enltgdg'%ree&é f’ﬁn MR Fﬁﬂg P§HT eai ?ré"@{%ﬁﬁlo | abel ed
Fig. 3, asgediessigmes edﬁammﬁbrbhﬁcmmnélsfaeé (ﬂm@ﬁadebEééh édréiepise not

descrl bed,in detail below In Fi , a recejiving antenna 20 302 is coupled

to an'®F WHEirsteA&s aperticalamenp roy@(ﬂ RPFThFaTGer pYResifebands) Whick cagyAhes

coupl ed t BroadbadtSigridl BNE nidRhult8d®bn the Barkibf.St M xer 306. An output terminal
of a first oscil)| E{or 308 is coupled to a second input ternminal of the
first mxer 306. An output termnal of the first mxer 306 is coupled to

respective inAHithé eneBadtatddf FM R sthBoRd thay Briadddse nﬁPrl%p%an a% out put

term nal of the BPF 25 310 is coupled to an input term nal of

i nt er nedi steeeaphenigendio at Byl eeMyen injsidebands withim 1RRYKHFeofatHe] cmrrtnerngn
i f led t
"hput |t or hichap e siapstirlene il e, | prbiackpeE ) o\

det ect®r Brbédeastadhel ietbrhwatan lnmlpmsldbhaamdsrfad)mdfocahHE%ﬂOGrI&dz decoder 316.
2 5 JAN 2005 13 In ratip the RF applifier receives and anplifies
RF si gnal BOYPY W?%Q{)eéc'gitbls%a”grfmé%bae 4B dﬁi’é”? F”'gB%YVF’Ta BPse308

gener at essidelSdreidaire Austtéd Mitehed N AdfRERE é‘l%hbﬁé‘ (uﬁfthb R8s gedgrabifiddi! at or 308

and the first m xer 306 down converts the 88. main carrier signal to
10. 7 MHz, a@Aalmusk bsspoeriated by asle@atmaoéﬁr@nal from 88.27 Mt to 10.63 M.
The BPF 310 passes only the FM stereo sidebands (L+R and L-R) around 10.7

MHz in a known]_manner The | F anplifier 312 anplifies this signal and
provides it to %umrgge@@pg,abgiqt%pgﬁer ‘éfn'@edf’@@rtﬁf?éluﬁ'a%\éb@ﬁ C@¥nposi te

steregg si ggahl-in FE fﬂsﬁﬂﬁt%e&igﬁ%QBw%ilg é’&ﬂﬁﬁ'%?agtr% aaﬁgba@dma osite

stereo signal to generate nonophonic and or 1o stereophonic audi § signals
(not showdbp, ﬂ@ptee‘seaitdmegtlorrneenremquetttnanmemcmtgml & Figl. Ubi thea known

manner . h rat.ed 0 t he unabJ BPE, 1 ed to a
cent er frec?he 'J(“‘);éﬁ%’ %%nﬁ\&m gﬁgglﬁa%%rbaé's ??/Srf"lligeddpgtp?b i%ltk Zsi gnal
ar ound thﬁﬂetﬁarﬁlqatesm% mbdulaienilévels The e andipdigmits trhhsmiesipad of the
BPF 110 runs 15 from 10. 63 MHz tq 10.73 MHz. The conbi nation of the 8PF

110, int e@%ﬁl%ﬁ' eband-syupRrersRy-eatHeT Sioral aramd aisvRpressedigcagigfoder 160 and
d o Gt l,
1 logh by \ACYIRA 34 Bk IR IbdIE ARAABh A ey gy ST e

and denodu e that t ore

si gnal , i R3tkhiz toeBthkHzdawt an lipder sndeband (usb) runs from 38 kHz to 53 kHz. A
19 kHz pilot tone (one-half the frequency of the suppressed carrier) is also
included in the sidebands around the main carrier. Thus, 47 kHz in both the
upper sideband (Fig. 4b) and the lower sideband (not shown) around the main

30 carrier (i.e. from 53 kHz to 100 kHz) remains available to the broadcaster to



above with reference to Fig. 3. The digital audio signals fromthe decoder
150 20 are processed in an appropriate manner by further circuitr?fgﬂéﬂ 2003
shown) to generate audi o signals corresponding to the transmtted digital
audi o signal. Mre specifically, the signal is depacketized, and any errors
i ntroduced during transm ssion are detected and corrected. The corrected
bit streamis then converted to a sterieo audio signal, all in a known

manner . Ziroddeast mddttionaninfelastivhaduibowar.pravdeiesibbd abews)ifudmh aiTio
conpr essi cigzgerfor mance of a 1024 QAM system_ However, in practice QAM
systens afféZ 19 APP driz Bansroitied Power mpatdige30 B dravaifrom &l PQVER correcti ng

noi se and nmultipath intersynbol interference resulting fromthe tight

constel l ation acing. The above system has no | SI propl em becauyse of the
narrow and wi del’fe Qb%ﬁ@&“%&wﬁé?&%‘ﬁ/”epﬁ%t&mdl"ﬂl Figsorltandh2gfescriBef a rates may

be transmddadal TRRASEHIBEr-sacdnd® (IKY) 3@9§n,%6n%ﬂﬁw&tm§s@(3§§ﬂ&ﬁ w th none

of the problens associated with other techniques, "such ¥Qeferri ng
back t Ruglio gignah rosie bearRpsesgadiandittansmjttbe irs e drantlividtht! bssr thanrzo

rel ativel i e, bet rrier pulses durin ich rrier signal
is 5 tr anl}shn%/'mt ?gﬁgﬁ&?\ae'sag’dég:%gnq ya\f)getﬁ) ﬂCFﬁz"éaH? ﬁp%\% %Wﬁgﬁar}‘?&eﬁgﬁﬁfﬁi ment of
a syst em Ho® kHdiimghé appéresigetamerifor gxaaipld)aind frasmitteldsasta BcIndst ai | ed

wavef orm di a%r:i\m of .the CARR sj %ngl useful in, understanding the gperation
of a moduf'@BAINY WS JReWanPrORdeast Stepe audin HIBapas ilivsHatedds Fi@scri bed
above) imngh Cadehhd i&dighg) & ' signal has a
peri od one- nimnﬂ% gr? :t?]éehig?ttm %L‘gél%glrg?‘ghlgg?at%ﬁ\l&@ag%ghg%cp%g@r‘?ed verti cal

| i nes19 n qangered atapoerddd ki aud mgncfromkaprirgnialatelyro® ez te@0OkHz.ed ti nme

| ocati on .cakgie e re represented by dashed, rect es, A carrier
pul se rra?rlﬁ%ésuwt«%'h Rg@q{ﬁz %%‘P%ﬁncﬁa%ﬂ( apd L 'ﬂqyese gaﬂﬁ@ﬁg%i AfWhe. Thus,
carrier ppdwes Sagh adtghal istetl¥d anen-dbnd-bhamandiiogBot) sigask peri ods.
Carrier pulse Ais assuned to be 8 clock pulses fromthe previous 15 one,

carrier pulse Bis assuned to be 9 clock pul ses fromthe preceding one, and
carrier pul se Fig.i % isas blovkddiagraineoflah EMorsa@edss amarfshittet oottt &1y one. As
descri bed _gbove, en carrier pulse is 8 clock, pulses fromthe preceding
one (A), PRdiqIEFRaing d@'tﬁ[HFrl'q"ﬁas'@Bé’ga'i“?P't%EOWF&E‘?H}?aFP’,es%fﬁd can only be

I mredigat ghyerdtidn, @nadmpYerRértBe usgIhe InfeduI R b R chRlgRle \d@sciibda agler esent i ng
no .20 change in the NRZ si %nal, or a 10 clock pulse interval (E),

r epr esent Wi§ raferenas tgFigagt thigugins. NRFigi Bntiose siementswhighere thecarri er

PSS, b SR S ARG AT ARSAEHSERP USSR o2, 1,
ei t her an"Rg.cl'hcke plebigaatedt with ahe §drhe refepsreeeninibgrs andesdinag desigibedn t he
N e oIS B i o o b DB cr s miciiBge | the
20 oscillator 40 and BPF 50 generates an SSB phase or frequency modulated signa!
(CARR of Fig. 2) representing a digital input signal (NRZ of Fig. 2), all as
described above with reference to Fig. 1. An output terminal of the BPF 50 is
coupled to an input terminal of an amplifier 60. An output terminal of the
amplifier 80 is coupled to a first input terminal of a second mixer 70. A second
26  oscillator 80 is coupled to a second input terminal of the second mixer 70. An
output terminal of the second mixer 70 is coupled to an input terminal of a first
filter/amplifier 260. An output terminal of the first filter/amplifier 260 is coupled

to a first input terminal of a signal combiner 250.

An output terminal of a broadcast baseband signal processor 210 is

30 coupled to a first input terminal of a third mixer 220. A third oscillator 230 is



preceding one (B), this indicates no change in the NRZ signal, agéj ij %
imredi ately followed by either an 8 clock pulse (D), representin 3 AN 2005
trailing edge in the NRZ signal, another 9 clock pulse (E), representing no
change in the NRZ signal, or a 10 clock pulse (F) interval, representing a
| eadi ng edge in the NRZ 30 signal. This is all illustrated on Fig. 7. It is
apparent that of the nine encoding 24415 JAN 2005 15 clock periods in a NRZ

bit perio, - adi ] > a tiald ve
carr!oer pﬁ?uées,t%is%gsﬁg% g% ﬂ&e’ﬁﬁ%lg??it]éiﬁtﬁﬁ%gn&cez?nzgg ﬁg@gtt@ﬂcfgﬁhné%gﬁul se.
Duri ng t hthei thirdmoixker @26ris coumlad to en inguttesnimalyofoe seronduiiiest/anmpliflee CARR 5
signal (f tinmes t4 to.t 1Q), other xi i ar ata nmay be nodul ated on
the carri %@&Si%gﬁj‘gpuﬂ?rynp§ qqlth%ﬁ‘?%ﬁde@g ’#’Fﬁ&%f %495‘5 &"ﬁB’GHd@d‘ rectangl e
(AUX DATAgecthtilinwer fer@imlal BRtHEdiGh! cOnbitdr Rater AAbuebutQerdindafbr fee | ast
potential carrier pulse (C) and before the next succeedi ng potenti al

carri et ptifaa C(ij)b@@rr%%rﬁj?wlqdﬂ%argmur erminal tofianeaivecamplifieti2Z®, pot ent i al
i nt erfere@ﬂr‘chgﬁggtgﬁgdtllaea ﬁgﬁg*ﬁtﬁﬂﬁogﬁzgﬁa %% (A - (F) carrying the digital

audi o signa e carrrer no DATA). carrying the auxiliary
data. Fig. 8 is a block diagram of an enbodi nent of the present invention
whi ch can i mpliggRRtatidpe 1 i | L@l ' : ated

encoded data st E%an?t thhﬂwg}.‘&baepﬁﬁgégégééeheﬁ%l g\%ﬁ‘gwe%éesgﬁﬂgag@éne as those
i |l ust r at éiditalraudig signak th apeferesi gnabdichdny, thiwsigaatts mafMP8romplianber and

are not d ribed in detail below .In Fiqg..8 a. source (nof shown) of

auxi | i ar yglgg?laa“(di% nl"""S;3 @‘ISﬂepP%ecf'ffcﬁlI)ﬁhtnen‘ﬁ%aqtaé'sm ﬁ?}P Sa'fe(aa‘ Is forward-

firstio n-érrersdormttionRFEC) etdstde8usiHgZa REGD-Saldpdn (FE)Hodal ™entthg FEI-O buffer
402 is coupled to a first data input_termnal of a multiplexes 404. An

out put t e¥'H9EF 95Fa SHEAmP PApketized. Jtis packedeql detais taen Fapatessed Bvynal of
the 20 M #Rfoiditry MRsRittcdth FE! il arPbshiorsf ) adbehifed ff aédilaBobguP! ed to

a second data input term na the multi pl'exes 4 I'mng signal output
term nal of the encoder 10 is coupled to a control input termnal of the .

mul ti pl exes 40the fréqidiRyidfltHe s gp&p ; ik i gnal
AUX is assuned teo rﬁ% i n_yQondi t{g@%ﬁ@'g@ I re%??@é %%%E'fcgf‘gétl%]'g@%gﬁerﬁ?%fbési gnal .
One ski | | #7i MHzheo she digital inf@matiderfserarttie leovodes Khisadedaatbdatioher wi se
prepa i catrier in.a nner nost appropriate to the
char af: e??%t?gggg%éeﬁcﬁgcﬁu{s@m\ﬂﬂz' ﬁhega%q‘%'%bqn H?%”W?é! TFY B&E%t ed embodi nent
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the FIFO buffer 402 is coupled to the m xer 30 (taking into account the
guard bands Ljith)e’brt:ggcé@tb%sgga%w signal processor 210 receives a stereo audio

signal (not shown) and performs the signal processing necessary to form the
composite stereo signal, including the L + R signal at baseband, the double-
sideband-suppressed-carrier L - R signal at a (suppressed) carrier frequency of 38

30 kHz and a 19 kHz pilot tone, all in a known manner. This signal is then
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of a first oscillator 308 is coupled to a second input terminal of the first mixer
306. An output terminal of the first mixer 306 is coupled to respective input
terminals of a BPF 310 and a tunable BPF 110. An output terminal of the BPF

25 310 is coupled to an input terminal of an intermediate frequency (IF) amplifier
312 which may be a limiting amplifier. An output terminal of the IF amplifier
312 is coupled to an input terminal of an FM detector 314. An output terminal
of the FM. detector 314 is coupled to an input terminal of an FM stereo decoder
316.



CLAIMS 1. . An FM broadcast receiver, for receiving a broadcast signal
i-ncluding a first nodul ated si gnal representl ng an FM stereo si @riajjanap@ @
second 5 nodul ated signal, having. carrier pulses spaced relative to each
other to represent . an in-band-on-channel (1BOC) digital data signal
encoded as a variable pulse width encoded signal, characterized by: . a
signal separator (310, 110), responsives to the broadcast signal, for

generating a fihlopbras@patiad RE afitifiat 30&%@&%&&@%&3%&%5%@@% ﬁbrﬂnal and a
o] second eparated signal _representing the IBOC digital data S|gnal an FM

si gnal des@jvingznyenren 3043 e firsy g§cillater 388 generates & Isional as88Separ at ed
si gnal , f \ FM stereo
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represent ed,.by. t d Si naI The receiver of claim1 ,
char act er?lﬁdé?igwﬁl ﬁﬁ&?”%:%gﬁ'}/' @e%g Mpgr T@Grﬁ?ﬁ% pagsesi ondy thafiMbass
filter (38@)ed S1Hettmesi(DG Wéﬂd’Liﬁ’)G‘aréur‘icﬁﬁOsﬁm-fz%%dkrﬁiv%‘ﬁ{anngpdTﬁe$lecond |
bandpass filter (110) for passing only the second separated 20 si 3.
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I nt er medi g@gealé, AOMeNRYowR maiHerf eceiver of claim1 , further characterized
by an anplifier (304) coupl ed between a receiving antenna and the signal
separator (310, 110). 6. The receiver of claiml , characterized in that

the FM signal 14 tiee mueﬁmoams@drmehseme taRatiid/BPet el Rriuhdd 40 af@mpa@nsi ve to
t he secog separ at ed signal; and an FM stereo decoder (316), coupled to the

| =M det ecFeuansY of 10-63 Midaeanst Passes iahsther digital awidie eg@aiaarourw thitfe recei ver
of clai ”ﬂﬁreﬁmwcﬁﬁ&héﬁ@g{ﬁ etdhél%b{;&]@ ot e % INLSERRBPE 1 7o hiflid her

conprises an a fier cou etvve e si gnal separator (310,
1101 tnd from ’FOJEBEMHZKQHO(Z&MHZ 8Th€rwn1tmm;oneo*f thb BFIFa1 10 lintegedar act er i zed

in that t% |l|||311ogng o] %eP188e§§t%Et§r°{% dsecoder 180 and windowing timer
| 160 operates to extract the modulated digital audio signal, and demodulate and
decode that signal to reproduce the digital audio signal, in the manner described
above with reference to Fig. 3. The digital audio signals from the decoder 150
20 are processed in an appropriate manner by further circuitry (not shown) to
generate audio signals corresponding to the transmitted digital audio signal.
More specifically, the signal is depacketized, and any errors introduced during
transmission are detected and corrected. The corrected bit stream is then

converted to a stereo audio signal, all in a known manner.

25 The embodiment described above provides the equivalent compression
performance of a 1024 QAM system. However, in practice QAM systems are
limited to around 256 QAM due to the difficulty of correcting noise and
multipath intersymbol interference resulting from the tight constellation spacing.
The above system has no ISI problem because of the narrow and widely spaced

80 carrier pulses. In short, higher data rates may be transmitted in narrower



a detector (140), responsive to the second separated .signal, for
generating' 20 a variable pulse width encoded signal in response 2§ JAN 2005
received carrier pulses; a decoder 150) for decoding the variable pulse

wi dt h encoded signal to. generate the digital data signal. 9. The receiver
of claim8 characterized in that the variable pulse wdth code is a

vari abl e aperture code. . 2 5 JAON 2@05 20 10. The receiver of claim$8

char act erbareidvidth tHeinelsh@ithaidneesf tRYpssisiena\vesstidte@fwith btiar itetiingResand a
second phase. 11. The receiver of claim 10 characterized in that the first

phase is wsﬁsaﬂﬁi“’hl |y 180 degrees out of phase with .the second phase. 5
12. The receiver of claim8 further characterized by, coupled between the
si gnal separator and the detector: an integrator (120)g and . a limting
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edge in the QRZ signal. Similarly when a carrier pulse is 10 clock pulses from

the preceding one (C), this indicates a trailing edge in the NRZ signal, and can

only be immediately followed by either an 8 clock pulse interval (E), representing

‘a leading edge in the NRZ signal, or 9 clock pulse interval (F), representing no

25 change in the NRZ signal. When a carrier pulse is 9 clock pulses from the

preceding one (B}, this indicates no change in the NRZ signal, and can be

immediately followed by either an 8 clock pulse (D), representing a trailing edge

in the NRZ signal, another 9 clock pulse (E), representing no change in the NRZ

signal, or a 10 clock pulse (F) interval, representing a leading edge in the NRZ

30 signal. This is all illustrated on Fig. 7. It is apparent that of the nine encoding
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During the interval when no carrier pulses may be produced in the CARR
5  signal (from times t4 to t10), other auxiliary data may be modulated on the
carrier signal. This is illustrated in Fig. 7 as a rounded rectangle (AUX DATA)
with vertical hatching. A guard period of Ot after the last potential carrier pulse
(C) and before the next succeeding potential carrier pulse (D) surrounding this
gap is maintained to minimize potential interference between the carrier pulses
10 {A) - (F) carrying the digital audio signal and the carrier modulation (AUX DATA) -

carrying the auxiliary data.

Fig. 8 is a block diagram of an embodiment of the present invention which
can implement the inclusion of auxiliary data in the modulated encoded data
stream. In Fig. 8, those slements which are the same as those illustrated in Fig.

16 1 are designated by the same reference number and are not described in detail
below. In Fig. 8, a source (not shown) of auxiliary data (AUX) is coupled to an
input terminal of a first-in-first-out (FIFO) buffer 402. An output terminal of the
FIFO buffer 402 is coupled to a first data input terminal of a multiplexer 404. An
output te;minal of the multiplexer 404 is coupled to an input terminal of the

20  mixer 30. The output terminal of the level detector 25 is coupled to a second
data input terminal of the multiplexer 404. A timing signal output terminal of the

encoder 10 is coupled to a control input terminal of the multiplexer 404.

In the illustrated embodiment, fhe auxiliary data signal AUX is assumed to
be in condition to directly modulate the carrier signal. One skilled in the art will
25 understand how to encode and otherwise prepare a signal to modulate a carrier
in @ manner most appropriate to the characteristics of that signal. In addition, in
the illustrated embodiment, the auxiliary data signal is assumed to be in digital
form. This is not necessary, however. The auxiliary data signal may also be an

analog signal.
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to the inp.ut terminal of the mixer 30 during the periods (t1 to t4) when pulses
may occur and to couple the output terminal of the FIFO buffer 402 to the mixer
10 30 otherwise (t4 to t10). During the periods {t1 to t4) when the output terminal
of the differentiator 20 is coupled to the mixer 30, the circuit of Fig. 8 is in the

configuration illustrated in Fig. 1, and operates as described above in detail.

During the periods (t4 + At to t10 - At) when the FIFO buffer 402 is
coupled to the mixer 30 (taking into account the guard bands At), the data from
16 the FIFO buffer 402 modulates the carrier signal from the oscillator 40. The
FIFO buffer 402 operates to receive the digital auxiliary data signal AUX at a
constant bit rate, and buffer the signal during the time periods (t1 - t4) when
carrier pulses (A) - {C) may be produced. The FIFO buffer 402 then provides the
'stored auxiliary data to the mixer 30 at a higher bit rate during the time period
20 (t4 + At to t10 - At) when the auxiliary data is to be transmitted. The net
throughput of the bursts of auxiliary data through the CARR signal must match
the constant net throughput of auxiliary data from the auxiliary data signal
source {not shown). One skilled in the art will understand how to match the
throughputs, and also how to provide for overruns and underruns, all in a known

25 manner.

Fig. 9 is a block diagram of a receiver which can receive the signal
produced by the system illustrated in Fig. 8. In Fig. 9, those elements which are
the same as those illustrated in Fig. 3 are designated with the same reference
number and are not described in detail below. In Fig. 9, the output terminal of

30 the detector 140 is coupled to an input terminal of a controllable switch 406. A
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In operation, the detector 140 in Fig. 9 is always enabled. The windowing
signal from the windowing timer 160 corresponds to the timing signal generated
10 by the encoder 10 in Fig. 8. The windowing signal has a first state during the
period (t1 to t4) when carrier pulses (A)-(C) could potentially occur, and a
second state otherwise (t4 to t10). During the period (t1 to t4) when carrier
pulses (A)-(C) could potentially occur the windowing timer 160 conditions the
controllable switch 406 to couple the detector 140 to the decoder 150. This
16 configuration is identical to that illustrated in Fig, 3, and operates as described

above in detail.

During the remainder of the bit period {t4 to t10), the detector 140 is
coupled to the FIFO 408. During this period, the modulated auxiliary data is
demodulated and supplied to the FIFO 408. In a corresponding manner to the

20 FIFO 402 (of Fig. 8), the FIFO 408 receives the auxiliary data bursts from the
detector 140, and generates an auxiliary data output signal AUX at a constant
bit rate. The auxiliary data signal represents the auxiliary data as encoded for
modulating the carrier. Further processing (not shown) may be necessary do

decode the received auxiliary data signal to the desired format.
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1010%& O m%ldﬁgﬁd signal, has:)r/mqg carrier pulses spaced relative to each other to represent .
an in-band-on- channel (IBOC) digital data signal encoded as a variable pulse
width encoded signal, characterized by: _
a signal separator (310, 110), responsive to tne broadcast 'sign'al, for
generating a first separated signal representing the FM stereo signal and a
10 second separated signal representing the IBOC digital data signal;
an FM signal processor (310, 312, 314, 316), responsive to the first
separated signal, for generating a stereo audro signal represented by the FM
' 'stereo signal;
an'IBOC signal processor {120, 130, 140, 150, 160), responsive to the
16  second separated signal, for generating a digital data signal represent_ed by the
-IBOC digital data signal.

2. The receiver of claim 1 , characterized in that the signal separator
" comprises: _ |
a fIrS‘t bandpass filter (310) for passing only the first separated srgnal and
a second bandpass filter {110) for passing only the second separated

20 signal.

3. ' The receiver of clalm 1 further characterized by a downconverter
(3086, 308), responsive to the broadcast signal, and coupled to the signal
.separator (310, 110},
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109&' ()-+310%&' &)mike&(306)=0ddupled to the local oscillator and responsive to the

5 broadcast signal, for converting the broadcast signal to an intermediate

frequency.

5. The receiver of claim 1 , further characterized by an amplifier (304)

coupled between a receiving antenna and the signal separator {310, 110).

6. ' The receiv'er of claim 1 , characterized in that the FM signal
10 processor comprises:
an FM detector (314) responsive to the second separated signal; and
an FM stereo decoder (316), coupled to the FM detector {314), for

. generating the stereo audio signal.

7. The receiver of dlaiml, characterized in that the FM signal prdceé'sor
16 further comprises an amplifier (312) coupled between the signal ‘separator (310,
' 110) and the FM detector (314).

8. | The receiver of cIafm 1 , characterized in that the IBOC signal
processor comprises:
a detector (140), responsive to the second separated signal, for generatihg'-.
20 a variable pulse width encoded signal in response to received carrier pulses;
a decoder 150) for decoding the varia'b'le pulse width encoded signal to.

generate the digital data signal.

9, The receiver of claim 8 characterized in that the variable pulse

width code is a variable aperture code.
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a limiting amplifier (130).

13, The receiver o_f claim 8 further characterized by:
10 ' a windowing timer {160}, coupled to the detector (140); for generating a
windowing signal in the temporal neighborhood when a carrier pulse is expected;
“and wherein: '

the detector (140) is enabled by the windowing signal.



