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PROVI DI NG HI GH DATA RATE THROUGH BAND|j NELS 5 10 15 The presen
i nventi oWQ &/@B8¥s to a nodul ation technique W provi depcwHuBIglrssidat a

rate through band linmited channels. It is ‘a%ays desirable to provi de data

at higher data rates through channels Which have |imted bandw dth. Many

modul at iAMOBEHATON TESHN IR PROMIDINGIHIGH DATACRATEITHROUGH BARDE

t hrough a channel. For exanple, Mar é)hase shift keyed (PSK) and
Quadrature Anplitude Mdul ati or\-"{"@ﬁ% RANMELSes permit conpression by

encoding a plurality of data bits in each transmtted synbol. Such systens
have constraints associated with them First, the hardware associated with

+such sysThepresermipeastiione relitésto & hedalaEien ttBERRILBORRIHUSRVIRSUS Hgt hi gh
| evel of channel linearity in order to operate properly. ConsequentTy,

ext ensi ve signal proceddatadate thropghguniddimitedfoadvanoels.i er tracki ng, symbol
"recovery, interpolation and signal shaping. Second, such techniques are
sensitive to nmultipath effects. These effects need to be conpensated for in
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avail abl e in sonme applications (for exanp nd on-chann adCast FM
subcar r'whichseaus limjtetl drantdweiddlesiMenly deddulatid e sechiiqases dagdaneRnwi t h

pri nci %I esl of t{;)? .Eresent invention, a digital data 20 25 nodul ator is
coupl ed'@V§'epedoiar dacreasinaing data mie shequghaa channeh cBereexampteddd-arie

di gi t al i - e _ barerxamols
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carri empesinginedmpesEsicn By dHRIRiRg Scplardity bf @ats biadh v tr?gnéiﬁ'f;c\{é.c?r pul ses

corresponding to the pulses fromthe pul se signal generator.

corPesSYAdg MY sestema have codatraints associatgnl wdtH thean s diirstetiaf a

nodul ath%?d%% nal hav%' ng c rr!&r {I)ul ses. spaced relative to each other to

repr esent aPPaYd eﬁﬁ\”é Wl RYSISERHSLRegSiva. dhisishesamse theset ect or
: . _ _ | dt . . N Cved

darri on renfigies vaRf B 1SR (A o SHRFRRTEncuRYIh el B BRRRAe aREH L gna

t o gendiatsequbetlyi gktealsiviasignal prodlessing mWe B3/ePRs3thdddrUSPkt22851 2 The
t echni que accordinq to the principles of the present invention nay be

i npl endREENLSYRPPIdesoropM, yniatesistiasiang sionsLshaningi Séamehsiuthve to
i i : i tanti al dwi dt h i on.
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di agr amonipensavstl Fe ipr thrcrRefidd tHird, BeBE 858fmé BRI Jeﬁpﬁreﬁ&&dv@id}tﬁ a
wavef orm di agram usef ul in underst andi ng t hé operation of the nodu at or
i |1 ust bgyetdithoss gvailable in some applications (for example in-band on-channel

broadcast FM subcarrier service) for the desired data rates.

In accordance with principles of the present invention, a digital data

20  modulator is coupled to a source of a digital data signal. An encoder encodes
the digital data using a variable pulse width code. A pulse signal generator
generates pulses representing edges of the encoded digital data signal. A carrier
signal generator generates a carrier signal having carrier pulses corresponding to
the pulses from the pulse signal generator. A corresponding digital data

25 demodulator is coupled to a source of a modulated signal having carrier pulses
spaced relative to each other to represent a variable pulse width encoded digital
data signal. A detector generates a variable pulse width encoded signal in

response to received carrier pulses. A decoder decodes the variable pulse width

I
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encoded signal to generate the digital data signal.




lo Fig. 3 is a block diagramof a receiver which can receive a signal

nodul at ed according to the present invention; Fig. 4 is a spectrum di agram
usef ul | WA andi ng an application of the nodul ati on peciugigr28s1
illustrated in Figs. 1 and 2; Fig. 5 is a block diagramof an FM broadcast
transmtter incorporating an 15 in-band-on-channel digital transm ssion

channel i mp! Bienéeshitae e CoRdingRAUhaliibipIBS Ut thuBSERE fivaArbA iy bl esent

invention; Fig. 6 is a block diagramof an FM broadcast receiver ich can
recei vel@plemended wsing eelatively inexpvsiveaiicaisty, is arsemsither to Mutspatat ed in
Fig. 5. Fiq. 7 is_a waveformdiagramuseful in understanding the operation
of ga Zo'nﬁ%'gﬁrleé‘tc& ang RLevistes @d QandyudEh esmgressienpr esent i nventi on:
+Fig. 8 is a block diagram of another enbodi nent of the present invention;
Fig. 9 is a block diagramof a receiver which can receive the signal
produced by the system il | usBrefF &kscriptibl ofdhe@wihgiss a bl ock di agram of
*a nodul at or according to the present r 25 invention. In Fig. 1, an input
terminal INreceives a digital signal. The input terminal INis coupled to
an ignput terpidl g afyvigg:. encoder 10. An output ternminal of the encoder 10 is
coupled to an input termnal of a differentiator 20. An output term nal of

the dif f er enfigatio a2Block dﬁ@ﬁf&rﬁ(bfté)n@féluildlﬁk'fac&@rrdm@% tH|B bpgeé&%e' det ect or

25. An output termnal of the |level detector 25 1s coup to a first WO

02/ 09380VeaPIUS01/ 22851 3 input terminal of a mixer 30. A local oscillator

40 i s coupl tg.a second input 5 termnal of the m xer 30. An out put
terninal of e’ﬂﬂeaﬂfﬁewagﬁg‘?r@ @&%PEH“?%QUEH’ HRderstandinpthe aeratiomefphes

filter BEGatePi U E; .mnal of the BPF 50 is coupled to an out put
term nal OUT, m%iljé\ﬂagener a'tgte'g‘r’a nodul at ed signal representing the digital

si d@al at tHdgi Bosta bleckidiagranNof B @cel or SwiRichedsf RIdEIvHE agigsgiuseful in
understanai In?%c& he operation of the 10 15 20 25 nodul ator ilTustrated in
Fig. 1.Mppylated pecoistingtawhe tseserd isvention:der to more clearly illustrate

t he wavef or he il tr.ated enbpdi.nment, the digital signal at the
i nput terni nrﬁé ' %Rfitasgpécgllq%vésg%ain&;hjﬁﬁpq A" HSﬁ’?F%PUPW&@f‘QPEC%NNZP?F%@ mat.
Thi s sirgoallationi tetHAlgLatiRsREtdd ™ £igh. YauRf ormin Fig. 2. The NRZ signal
carries successive bits, each lasting for a predeterm ned period called the

bit period, Raobris laybldak idéagranmes anrFMHerohBZasti ansmitaadinkaridretiag an
corresponding fr ueqc. called the bit rate. The level of the NRZ signal
reﬂ%’eséﬂ{hsangh%n'\(fggﬂ%e d.‘xlgttﬁ trapgmission channel implemented using the

modulation technique according to the present invention:
Fig. 6 is a block diagram of an FM broadcast receiver which can receive a
signal modulated by an FM broadcast transmitter illustrated in Fig. 5;
Fig. 7 is a waveform diagram useful in understanding the operation of a
20  modulator in accordance with principles of the present invention;
Fig. 8 is a block diagram of another embodiment of the present invention;
Fig. 9 is a block diagram of a receiver which can receive the signal

produced by the system illustrated in Fig. 8.

Fig. 1 is a block diagram of a modulator according to the present
25 invention. In Fig. 1, an input terminal IN receives a digital signal. The input
terminal IN is coupled to an input terminal of an encoder 10. An output terminal
of the encoder 10 is coupled to an input terminal of a differentiator 20. An
output terminal of the differentiatc‘)r 20 is coupled to an input terminal of a level

detector 25. An output terminal of the level detector 25 is coupled to a first



all in a known manner. The encoder 10 operates to encode the NRZ signal
using a variable pulse width code. In the illustrated enbodi nent, the

vari abl eWQIWE®3§) dt h code is a variable aperture code. VarCabkel/mpsrture
coding is described in detail in International Patent Application

PCT/ US99/ 05301 of Chandra Mhan, filedaMarch 11, 1999. In this patent

appl i cairipon teanindRaf ai mnalr 3G, PhasRl oB6indast 40id Beuprbl @ RAcHRENBut Each
bit period _in the NRZ signal is coded as a transition in the encoded

si gnal . tesmiealcdidthegmtesckO atAmoptput {eremingl aff theembier 3Grisscospleddd @o phase
encode fhe NRZ signal. |n the gbov tioned patent application, the
encodi nénpgfcgggnmﬂg?gtb@drpgﬁg fﬂf%%@lﬁ%? rﬁ%@”?ﬁ%@erwltﬁfﬁhﬁaﬁ%’? 5@nsn t he
-NRZ si ggpgi i} f lEAGH C i - sy 0 level, a
transi tigl#lpliggqrg? ebl tthtreeﬂlé}nrga(l)&ggir‘siwghr'é? g%ﬁéﬁteée(r%c@gpﬁ%‘té%s&n%ycI es (M1)
frord t heeppesentingsthe digiial siymal Whehe imsutNBémginRl transitions froma |ogic
*'0" level toalogic' 1 ' level, atransition is made in the encoded
signal 10 encoding clock cycles (M+ 1 ) fromthe previous transition. Wen
the NRZ si gngjy. @oRSs jidd ith Syl TRYACIN o) he
Sae val e Ren o3 Paner o i ysbRl i Bt R et g pgl Y e

PCT/ usomyorizgsor dlustrgned imiFige ndogli 2ds abbdkawy abescaldin brdan toh@ok@st
transition. The var iiﬁbl e agert ure coded signal (VAC) is illustrated as the

second WEOHY dlYatraiehg wavetprmsy oy thie lugisatad erabegdieant hedigitalxagnals

di fferegti i T I . 1 r a ri f pulses tine
ali gnedé]ltvx,:[r't?e%Fﬁi‘gru gﬁ%@?‘éﬂ"ﬁ i.ﬁéﬁfg@ %k&%&ngﬁ%rﬁ-@%ﬁﬁaﬁe? gr@ﬁ?i) if’gﬁagl SO gives
a 90 deghisesighalse iIAltfdteti st the MACWIREISAY iMBigs i NThe NRZYiG%aIHHBes
transitions produce positive-going pulses and trailing edge transitions

pr oduc eSYREgEsiveebiti aaghplastieg forlal predeterinedh paradanalleditbediif periedt i at ed
VAC signal aT~ i,s jllustrate the third signal in Figure 2. The a SAC
signal ¥ °‘1"83’é1 gﬁ%}e Jt"%%ls H&ﬁl%@ﬁﬁygpa'd@f‘gdﬁyﬁn B ¢YTeRRAIIHNG freaseprEs 1 o
of tril i Vi | ds i.Lf tiat ed VAC
si gnal géﬂgﬂcﬂ%ag'?za% EQ%?@?@%&@??%@??P?@%% é@%g?@e\é{ﬁ%’t big’l evel

si gnal alsirgareoatrecharmerndlte bhebdderal Doperdtes tbterdvduiecatHeaNRE diges ddvdd a
negative threshold value, a level signal is generated having a | ow val ue,

ot H&r wi 3 ¥arigblgpulge vedtlecodal Ug, thglilustratgdierohndimenieithe Masiabkevpllsei gnal i s

h . t i | 1 LEVE in.Fig. 2. The LEVEL si [ dul at
Shoan Siddied s ahieRR! adetulreldde | WRrrbiprartdiedians S90apetE 1 ve
pul se pd@RNGEInRrRaliGial PFateRf Np%'licﬁii&ﬁ‘@bﬂ@%b@golg39i1 r$t CRBASS MRRAN2

negative pul se produces a pul se of carrier signal having a second phase.
The fi rdleddvidrebet dnd 999as brsthis @aperst appittayiosubstMRZisdghal i3 hadegineededut 20
of phase. thj 3 carrier signal pulse is preferably substantially one coding
cl ock pBrir8dol'8WINg IANMET-the il | ustrated enbodi ment, has a duration of
substantially 1 /9 of the NRZ bit period. The frequency of the | ocal
oscillator 40 signal is selected so that preferably at |east 10 cycles of

t h@O ocal osE3gh gﬁd}er@idg'ﬁaﬂheclﬁﬁzcﬁiﬁm| ig¢odag ashe teansitian isthmancedddse tine

i od. Fi i i i 5 il lust d th tt
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Fig. 2, the phase of carrier pulses generate n response to positivegoing

LEVEL puinseat araterMpwbigdniseungytinaes the bit ratel Vibephihs NRZ siqarali er pul ses

WO 02/ 09380..PCT/ USOl/l2285;L D gener at ed i,B,res onse to negative-goi ng LEVEL

pul ses LPRSHERT dQIRAIQ0ls, T evel torpdogic 10+ | a transgipn kemadsgrinythe

subgt angA 3 J i d.t.o
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+ Four i erWtenpbeeMRE signdltearksifibn S fioing Rabgica D' WeVél @Sa tdificCcar [dvat, §onponent

itself and one of the sidebands, |eaving only a single si deband si deband.

The outiH@Rsitpgiamaderine isnererderbsigpel 10mnsoding gloskmylates (Me- bafrdr{ SSB)

- phase qp, _f C | at signal .Lepresenting the NRZ data si.gnal at the
Ppat ced EHER Rl S HRah BiaNBe Yo et P8natpacBiadR By any of

the manyudeasye BiaNGaN & shé BakROMILEYGRN Fittnsiidrs ifmldeGk PbaHTaf 2

recei ver which can receive a signal nodul ated according to the present

invention. In Fig. 3, an input termnal INis coupled to a source of a

si gnal nodul ated as described above with reference to Figs. 1 and 2. The

input termnal INis coupled to an input term nal of a BPF 110. An out put
termnal of the BPF 1 10 is coupled to an input term nal of an



15 integrator 120. An output termnal of the integrator 120 is coupled to
an input termnal of alimting anplifier 130. An output term nal of the

i mitingWah§¥u%%0er 130 is coupled to an input termninal ofprerdstensar 140.
An output term nal of the detector 140 is coupled to an input termnal of a
decoder 150. An output term nal of the4decoder 150 reproduces the NRZ

si gnal sigpalesiaatesdolding bieckocymek!i My eodnsitBadstatandiBoh NPHe V8aheal | N and
is coupled to an output termnal OUT. In operation, the BPF 1 10 filters
out out 2RAMTWEMRPAgdgHiaNal (\PACinilustraled ae thedatend dvasSosmgnadfig. Zhe
integrator 120 reverses the 90 degree phase shift which is introduced by
the differentiator 20 (of Fig. 1 ). The limting anplifier 25 130 restricts
*the anpl i t udehetatibdlelesaparaliref cartad $ignain\VeRC RIsOdiffE?Entisted I9PHIss ant

arrplitugl The signal fromthe limting anplifier 130 corresponds to the
carrier 'g‘&‘r %’3'65%% tpraRyqe 3 8erias of Putsesi imealignied withaicansition9in thei t her

an EM dy/gerd: at -l.aocked | PLL) used to denod e the FM
or B ot aBhd Phe dBfte b RAISCABIES piEabaiepal et shil: EEMR VAL 10
det ect smbbiela3Pgcagnaler Leuting BoRt 9908678 Bodhdy g i
transitions regr egent_e_d byI ?hg@ \;\D 021 09%80 P /%%gkl,?%g@quuge\éa@ and
ti m ngstrajfing welge transitiens Prieducs pagatife-ghmgdmilees,call I8 knovimenarargrabl e bit
wi dt h signal corresponding to tB/e E/AC signal in Fig. 2. The decoder 150

he iIRIBERAEY

per f or Mhd bEfdreMasaRl YRE algran 3QhEhiG ih Fi
generates the NRZ signal, E:dorresq’ﬁtondi ng to thea NRZO[fshl"gn%Pn%ln'hlﬁlgg%z,z' at the

out put termn 5 QUT. The above nentioned Patent application of Chandra
Mohan dEse 8GO UsJel ' b 26l @ esi gnal
at the out puit tesfgrri nal Qﬂ%ge%g%p%gglegéﬁ#}t%{]ﬁgi%a?%aer{gghf?cwéﬁfgy (not
shq%/n). fBe. ause she carrier pulses (signal CARR in Fig. 2) occur at well
def P ne LTt HRE Bulses hayirg canstantcametindes. A¥hepdbg ditferentiated WABs ar e
limted in 18yg@ration, it is possible to enable the detector 140 only at
ti mes h@elpatseshas e \wipegreater Eban axzogilies threshbkl valuysariaveldigndiadi ment ,
as described Ph detail above, each pulse has a duration substantially 1 /9

? ho ii v ' ut : o | .
Fecer v BB Ao H¥igh, e WHRRSE hhE B vailE Tond Ve bl thefiiolE eat ng
carri ervag,seldvet piget iy gogeratéd ialingta Ibwadlisd,, oleewRadit HasPA efrar €

expected only at 9/9 (no transition) or 10/9 (leading edge) of the tine

bet weerYay&z al igraknprensiannens Fheolevehsignplissshoven sl thiel fpurds signak carri er
puI1 e i(ﬁ \rjggei v‘gd 0l 9 of the tinme between NRZ signal transitions since the
pr ecedi 5 )rm ef" pul se (representing a | eadi ng edge), succeedi ng pul ses
are expected only at 8/9 (trailing edge) or 9/9 (no transition) of the tinme

bet ween 20 sigpal .transitions fromthat pulse. The detector 140 only
need be enablf%du%ozgh Ség"b’ir"??%ﬁ"a’fﬁﬂ g garriersigRAtfedm iedosal gseilatondQ enpor al

nei ghb h At ect . A W _ndow ng t.i mer,

i |1 ust 32?2’3‘51356960% %ﬂgﬁ 6’#7% R%E’ﬁ’gcgé%, 'S'r%'gg Oihg%?ﬁﬁw'gpef ﬁFWQP %im%? ed to a
st at us phaspuand ermegeriveopulsBeprdaliessd arpuldd oRBEr it SghAUNaviRg BeSd¥onal
coupled to an enable input term nal of the detector 140. The w ngovm ng

ti mer Pb@s@omhedirst andsgcent mhasesare ereferably substantislyab8edegnesglotiect or
only in the tenporal nei ghborhood

ort o R i 3L T N b4 SOt oL

0,44 (8108 ‘ang SRELIh Mis BRI RERSRED 2 d(RyeR s tbitalk P g "
of the NRZ bit period. The frequency of the local oscillator 40 signal is selected
so that preferably at least 10 cycles of the local oscillator signal can occur during
the carrier signal pulse time period. In Fig. 2, the carrier signal CARR is

25 illustrated as the bottom waveform in which the carrier signal is represented by

vertical hatching within respective rectangular envelopes. In the CARR signal
illustrated in Fig. 2, the phase of carrier pulses generated in response to positive-

going LEVEL pulses are represented by a " +", and the phase of carrier puises



WO 02/ 09380 PCT/ US01/22851 7 quently has a bandwidth of 0.1 1 tinmes the bit
rate. This results in increasing the data rate through the bandw dth by

ni ne ti N0 0XMB¥Y conpression ratios are easily achi eved bgrawlamgssg t he
ratio of the encoding clock to the bit rate, with trade-offs and
constraints one skilled in the art woubd readily appreciate. 5 The system

descr i bgeheabmdeinnigpbfisk 1Bl rRygRItiveothG EMES Sp 8BS ad Fésre8anted by, t han
either Mary PSK or QAM nodul ation techniques in both the transmtter and
recei vefhe \tr'easpec frepegsiept anty shlestaotislly 980 dégree phmsendididrenes sndnal i s

extracted, linmti lifiers (e.g. 130),my be used, which is both |ess
expensi%g fb‘%’fdﬁt%ﬂﬁgeg’ %b%resﬂ'gﬁrg\bﬁgﬁmf’ﬁ%£9ﬁ§%di ng and decodi ng of the NRZ
signal may be performed with nomnally fast programrabl e | ogi c devices
(PLDs). Such_devices are relatively inexpensive (currently $1 to S2). In

addi tion, thEheBPE %@ Tiltareosmoloutafdransl”drewiarcampeneryistiorthe S©ARBvef or m

* shapi ng.ij ired. Further, th trackj ng. ired,
oxodor ey ik AL B oo BotpghoRk fisf ardband,BE e HinrbRs et | e

r ansm oy esiAgRUSEcBEhY shletiid, LPhb QuREA §ighaPOUTIRGH) Y BPREA Nl O the

entire bit period, tenporal w ndow ng may be use e recei ver to' detect
r ecei veld acsingleesidpthiasel (S5Blyphase ombrsquivesy modidstear sigralpeptesbnting the

Conseq I there are no nulti-path problenms with the present system One
appl i cﬁﬁ%ﬁyaft%rs'q "ﬂﬁgﬁl'BPPBFPrfTég%HFHu@hﬁﬁeﬁﬁlb@@yékﬁﬁénﬁg“ﬂéd 28 @& ransni t
CD qual k¥ di @it 1 i n ] honi ¢ and st ereophonic
br oadcaﬂsegzglz\a/gélgg %yggg?‘:fgg "ﬁ@kﬁg‘@oggé%“égsﬁm@ﬁ%%%-usef ul in
understanding this application of the nodulation technique illustrated in

Gi R s i i ohif Bk AT of Seiel ViR Which Sy FREENGR SaA rpr csent s
f t t Fab
DT ox LA SRR E TS oRa HPonin IRSC R AR RS Rab een

r epr esestiupded o alspureetdfcabigiial aridutated Hredgsuribedt gsovenvatiorgsrepicesteect r a
of two F@d' a%ent broadcast signals are illustrated. Each carrier is
i |1 ust ridged! #0da2v e twutderranal A durauelgdiocan fnrut terminal gdisaRBE whi ch

carry t br, i d on the carrier. WO 02/ 09380
L R RO LA SO RGN R
monaphaniegrated F201 gapaghe: iiivel 3 theliausr 120 54 €BhARASIAM 100 ki
of the carrier. In Fig. 4a these sidebands are illustrated unhatched. The
br oadc detrainahgy abliroiirgmempdifieer! 30af Anneutpah temminkk of itie lisnitisg fanmfiflEd0 kHz

to 200 i but I5dpower.transrritt(?d in this bing ggst be 30 dB down from
full powtt 'S FRUYEILOGUL Y terinal ofi & defiestom At Phetn oadput tarmisalefi B1es (in

the samgutgeRerafiabupled to an input terminal of a decoder 150. An output
terminal of the decoder 150 reproduces the NRZ signal represented by the

20  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
modulated SSB signal. The integrator 120 reverses the 90 degree phase shift
which is introduced by the differentiator 20 (of Fig. 1). The limiting amplifier

25 130 restricts the amplitude of the signal from the integrator 120 to a constant
amplitude. The signal from the limiting émplifier 130 corresponds to the carrier
pulse signal CARR illustrated in Fig. 2. The detector 140 is either an FM
discriminator, or a phase-locked loop (PLL) used to demodulate the FM or PM
modulated, respectively, carrier pulse signals. The detector 140 detects the

30  carrier pulses and generates a bilevel signal having transitions represented by the



area) nmust be separated by at |east 400 kHz. The upper sideband above the
carrier of the lower frequency broadcast signal in Fig. 4ais illustrated
in the | Wp2/¢938ct rum di agram of Fig. 4b. In Fig. 4b, thepeeusigaks:
direction represents nodul ati on percentage. In Fig. 4b, the nonophonic
audio signal L + R audio signal is trapsmtted in the 0 to 15 kHz si deband
at  90% pivabel #id GMihY f-thdBE pulsesR HEicRtSI0BAthd BetdABSTUDIRANES &
doubl e- si deband- suppressed-carrier signal around a suppressed subcarrier

f r equend@riabiie B8 widthasignal sormeshuinging o itiee MAC Aidreaden Fig.d2barie désdderr uns
from 151%5; kl—F to 38 kHz, and an upper si deband usb%)_vgruns from38 kHz to
53 kHz. 'RV PETINS I VES R ORERREORA T thenengaday ukh é9f Big. (heard gsnesaies

-carrierghel I iin j [ r. h i n rier. Thus,
47 kit e REE SR EoHEShon Ao AR e T2 a AR W2 P S SufliieRfrndlon
shown) @UIUNTh¢ hbowei Meatbhéd PatdnteappiicatiohditRandraliBhkhiZdestABBS S

“avail able to the broadcaster to 20 broadcast additional information at full
pover . gerogies dEhuchiahdey berusedliodFigHd. t Bhe OtRZ signat ansmé bueslitpenerinatust
be 30 awn, from f ul | wer.. Using.the dul gtion technique illustrated
in Fi gg&? '%B%P’B&%%?%OE@& utijzgidon g”f%”k NGiROWRE- second (kbps) si gnal ,
containing an MP3 CD quality audio signal, may be transmtted in a

bandw dt h Igs than 20 kHz. This digital 25 audio signal may be placed in
the space betefddisestherarrighguises (Rigpal FARR inipiger2) gareatavell defisgenpl e)

and tr Lt L b ] S| | along wth the regul.ar, 6 broadcast
ster eoatgﬁglg tg%@?énaﬁ’?ct?sé ?ﬁ%éﬁe& é'g&?’ﬁcgk’g‘? QH%§3 PH}SEFQE!VG%'H]'??Q]@ di gi tal
audioo sdugagbnj ’ igrmsSﬁﬁe%%@bledﬂfecaéﬂ@%ﬁoram@%rﬂﬁ%&%rrﬁés HhetPphilses #gd runs
from approxi mately 60 kHz to 80 kHz. This is within 100 kHz oP the main 30
carri erexpegted.hfror example, inrthesitustratbdaembodim potyers. describedinQBa8D

PCT/ USOagbl 22851 ﬁ Fig. 5 is,a block dia r,al ?I an FM broadcast transm tter
i ncor paPRen§as q"H-%Qﬁﬁ-aoﬂur@ﬁ'gﬁn%ibsa?&'q& %Qﬂyﬁi’ digme RebwaandYRZ

i nmpl e ol t [ ' [ . with

of er o SRERRIOh Banb Fera¥ it i RENGRAR BRFOF WB6 e ROy Eoh .
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neighborhood of the duration of that pulse, as described above.

In the illustrated embodiment, the energy in the modulated signal lies

30 primarily between 0.44 (8/18) and 0.55 (10/18) times the bit rate, and conse-
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first ijrbd&it &R Ell.nfl er 260 to forma conposite signal. This conposite

si gnal |ncludes oth the standard broadcast stereophonic audi o sidebands
nodul ated on the carrier at 88.2 MHiz, and the SSB nodul ated signal 30
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20 transmit CD quality digital music simultaneously with FM monophonic and
stereophonic broadcast audio signals. Fig. 4 is a spectrum diagram useful in
understanding this application of the modulation technique illustrated in Figs. 1
and 2. Fig. 4a illustrates the power envelope for FM broadcast signals in the
United States. In Fig. 4a, the horizontal line represents frequency, and

25 represents a portion of the VHF band somewhere between approximately 88
MHz and approximately 107 MHz. Signal strength is represented in the vertical
direction. The permitted envelopes of spectra of two adjacent broadcast signals
are illustrated. Each carrier is illustrated as a vertical arrow. Around each carrier

are sidebands which carry the broadcast signal FM modulated on the carrier.
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audi o signal. Mre specific e signal rzed, and y errors
i nt r odkétdtad@O0NgHz transmitted power must be 30 dB down from full power.

Using the modulation technique illustrated in Figs. 1 and 2, described
above, a 128 kilobit-per-second (kbps) signal, containing an MP3 CD quality
audio signal, may be transmitted in a bandwidth less than 20 kHz. This digital

25 audio signal may be placed in the space between 53 kHz and 100 kHz in the
upper sideband (for example) and transmitted as a subcarrier signal along with
the regular broadcast stereo audio signal, as illustrated in Fig. 4b. In Fig. 4b, the
digital audio signal is the SSB signal described above centered at 70 kHz, and
runs from approximately 60 kHz to 80 kHz. This is within 100 kHz of the main

30 carrier and, thus, may be transmitted at full power.



1 o transm ssion are detected and corrected. The corrected bit streamis
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signal;_and the carrier signal generator (30, 40) generates a carrier pulse
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phase if@zr%‘ﬁ?&?@%% élgF %1%%%Eiiavgur%%lleS§PF 110. An output terminal of the BPF
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

16 312 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.

In operation, the RF amplifier 304 receives and amplifies RF signals from
the receiving antenna 304. The first oscillator 308 generates a signal at 98.9
20 MHz. The combination of the first oscillator 308 and the first mixer 306 down-
converts the 88.2 MHz main carrier signal to 10.7 MHz, and the SSB digital
audio signal from 88.27 MHz to 10.63 MHz. The BPF 310 passes only the FM
stereo sidebands {L+R and L-R) around 10.7 MHz in a known manner. The IF
amplifier 312 amplifies this signal and provides it to an FM detector 314 which
25 generates the baseband composite stereo signal. The FM stereo decoder 316
decodes the baseband composite stereo signal to generate monophonic and/or
stereophonic audio signals (not shown) representing the transmitted audio

signals, all in a known manner.

In the illustrated embodiment, the tunable BPF 110 is tuned to a center

30 frequency of 10.63 MHz, and passes only the digital audio signal around that
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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

15 multipath intersymbol interference resulting from the tight constellation spacing.
The above system has no IS| problem because of the narrow and widely spaced
carrier pulses. In short, higher data rates may be transmitted in narrower
bandwidth channels with none of the problems associated with other techniques,
such as QAM.

20 Referring back to Fig. 2, in the CARR signal, it may be seen that there are
relatively wide gaps between carrier pulses during which no carrier signal is
transmitted. These gaps may be utilized in an alternate embodiment of the
invention. Fig. 7 is a more detailed waveform diagram of the CARR signal useful
in understanding the operation of a modulator in accordance with this alternate

25 embodiment. As described above, in the encoder illustrated in Fig. 1 an
encoding clock signal has a period one-ninth of the bit period of the NRZ signal.
Dashed vertical lines in Fig. 7 represent encoding clock signal periods. Permitted
time locations of carrier pulses are represented by dashed rectangles. A carrier
pulse may occur either 8, 9 or 10 clock pulses after a preceding one. Thus,

30 carrier pulses may occur in any one of three adjacent clock periods. Carrier
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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
156 in the NRZ signal, a 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 signal.
This is all illustrated on Fig. 7. It is apparent that of the nine encoding clock
periods in a NRZ bit period, one of three adjacent pulses can potentially have

carrier pulses, while the other six cannot have a carrier pulse.

20 During the interval when no carrier pulses may be produced in the CARR
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

26  gap is maintained to minimize potential interference between the carrier pulses
(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

30 stream. In Fig. 8, those elements which are the same as those illustrated in Fig.
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modified in a manner understood by one skilled in the art to generate a signal
having a first state during the three adjacent encoding clock periods t1 to t4,

20  when pulses may potentially occur in the CARR signal, and a second state during
the remaining encoding clock periods t4 to t10. This signal may be used to
control the multiplexer 404 to couple the output terminal of the differentiator 20
to the input 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

25 30 otherwise {t4 + At to t10 - At). 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

30 coupled to the mixer 30, the data from the FIFO buffer 402 modulates the carrier
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how to match the throughputs, and also how to provide for overruns and

10 underruns, all in a known 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

15 the detector 140 is coupled to an input terminal of a controllable switch 406. A
first output terminal of the controllable switch 406 is coupled to the input
terminal of the decoder 150. A second output terminal of the controllable
switch 406 is coupled to an input terminal of a FIFO 408. An output terminal of
the FIFO 408 produces the auxiliary data {AUX). The output terminal of the

20  windowing timer 160 is coupled, not to an enable input terminal of the detector
140, as in Fig. 3, but instead to a control input terminal of the controllable
switch 406.

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
25 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
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modulating the carrier. Further processing (not shown) may be necessary do

10 decode the received auxiliary data signal to the desired format.
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a carrier signal generator (30, 40), for generating a carrier signal having

10 carrier pulses corresponding to the respective pulses.

2. The modulator of claim 1 characterized in that the variable pulse

width codes is a variable aperture code.

15 3. The modulator of claim 1 characterized in that:
the encoder (10) generates an encoded digital data signal having leading
edges and trailing edges;
the pulse signal generator (20, 25) generates positive pulses in response
to a first edge in the digital data signal and negative pulses in response to a
20 different second edge in the digital data signal; and
the carrier signal generator (30, 40) generates a carrier pulse having a first
phase in response to a positive pulse and having a second phase in response to a

negative pulse.

25 4, The modulator of claim 3 characterized in that the first phase is
substantially 180 degrees out of phase with the second phase;
said first edge is a leading edge; and

said second edge is a trailing edge.

30 5. The modulator of claim 1 characterized in that the pulse signal

generator comprises:
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10
7. The modulator of claim 6 further characterized by a bandpass filter
(50) coupled to an output terminal of the mixer (30).
8. A digital data demodulator, characterized by:
15 a source (IN) of a modulated signal, having carrier pulses spaced relative

to each other to represent a variable pulse width encoded digital data signal;

a detector (140) for generating a variable pulse width encoded signal in
response to received carrier pulses;

a decoder (150) for decoding the variable pulse width encoded signal to

20 generate the digital data signal.

9. The demodulator of claim 8 characterized in that the variable pulse

width code is a variable aperture code.

25 10.  The demodulator of claim 8 characterized in that the carrier pulses

have one of a first phase and a second phase.

11.  The demodulator of claim 10 characterized in that the first phase is
substantially 180 degrees out of phase with the second phase.

30
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windowing signal in the temporal neighborhood when a carrier pulse is expected;
10  and wherein:

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

14.A digital data modulation method characterized by the steps
Of:
15 providing a source of a digital data signal;
encoding the digital data using a variable pulse width code:
generating respective pulses representing edges of the encoded digital
data signal; and
generating a carrier signal having carrier pulses corresponding to the

20 respective pulses.

15. A digital data demodulation method characterized by the
steps of:

providing a source of a modulated signal, having carrier pulses spaced

25 relative to each other to represent a variable pulse width encoded digital data

signal;

generating a variable pulse width encoded signal in response to received
carrier pulses;

decoding the variable pulse width encoded signal to generate the digital

30 data signal.




