WO 02/ 09380 PCT/ US01/ 22851 A MODULATI ON TECHNI QUE PROVI DI NG H GH DATA RATE
THROUGH BAND LI M TED CHANNELS The present invention relates to a

nodul at i oWwdg @absgogue whi ch provides a high data rate thrgyahdsgnatksyi mted
channels. 5 It is always desirable to provide data at higher data rates

t hrough channels which have |imted bandw dth. Many nodul ati on techni ques

have bee\ MEBBLATRON PECHNIOYESPROVIDING HIGH BLETA IHAOTETHROVEMBAND O
exanple, Mary phase shift keyed (PSK) and Quadrature Anplitude Mdul ation

(QAM techniques pernmt conprebBVIOEDCHANNELSg a plurality of data bits
in each transmtted 10 synbol. Such systens have constraints associ ated
with them First, the hardware associated with such systens is expensive.

This is bprapPcsehit fiSfentidit HIAEH4SR & SHBHUIStGh feéamg@e{%meﬁ ,ﬁbﬁaeela highear ity

in order to operate properly. Consequently, extensive signal proceSsing
nmust be performed for calataa@ate thraagh bgnddimived channelery, interpol ati on and
si gnal shapi ng. Second, such 15 techniques are sensitive to nmultipath
effects. These effects need to be conpensated for in the receiver. Third,
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servi ce)whieh Hdwe IflaRrbd edndatidthi.alesny hbduteirdestmigdddhavé pebRl es of the
present invention, a digital data 20 nodul ator is coupled to a source of a

di gi t al deyelopsdgieslincraasiegcthvedatanodel dsroughea dhannell kit exanapleg Mratar i abl e
pul se width c A si ghal gener afor .. gener at es_.pul representing
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denodul alyorbdls Sumipsestets hagoepbostreihts assettib@dedith greah. Fret nidhecarri er

pul ses spaced relative to each other to represent_a variable pulse width
encoded NHirgvers assraiatesh Witk such aesteptsois dsasiveesTRIsvighessree jhesse wi dt h
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si gnal . Consequently, extensive signal processing must be performed for carrier
tracking, symbol recovery, interpolation and signal shaping. Second, such
15 techniques are sensitive to multipath effects. These effects need to be
compensated for in the receiver. Third, these systems often require bandwidths
beyond those available 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

encoded signal to generate the digital data signal.



WO 02/ 09380 PCT/ US01/ 22851 2 The techni que according to the principles of
the present invention may be inplenented using relatively inexpensive
circuitrwobzoissensitive to multipath interference, andrPET/O801dRS851
substanti al bandw dth conpression. Brief Description of the Drawings 5 In
the drawing: Fig. 1 is a block diagramgof a nodul ator according to the

present i nvenkit@Bhniud actdr8ing WRNRS Grindigica Wrameusiebbht IHVeHRERMAARME NY
the operation of the nodulator illustrated in Fig. 1; 10 Fig. 3 is a bl ock
di agr amiroplemerdediusimg wlatielyanexpemsdive cacsitgnas inserditive sxlnadtpatii ng t o
the present_ invention; Fig. 4 is a spectrumdiagram useful in understanding
an aBpI s fesrnass at”ﬁiepror’fﬁg%ﬂ sbgaAntidpandyridth colress'ed- in Figs. 1 and 2
Fig. 5is a block diagramof an FM broadcast transmtter incorporating an
15 i n-band-on-channel digital transm ssion channel inplenented using the
modul ati on techni que accor di BridfdDéseeippioncfthel Drewingen; Fig. 6 is a bl ock
di agram of an FM broadcast receiver which can receive a signal nodul ated
by an FM broadcast transmtter illustrated in Fig. 5; Fig. 7 is a waveform
di agg am usef i rstandi ng the operation of a 20 nodulator in

accodé dance V\H H'*%P,@,@?‘ I'es of the present invention; Fig. 8 is a block

di agram of arp.hels &bk GRGradf oft Hendd@s@ntaccBrBAgitBthe dredent®® IS a bl ock
di agram of a receiver which can receive the signal produced by the system

i|lustr#ivedtion;Fig. 8. Fig. 1 is a block diagramof a nodul ator according
v

O gi 18l "1 gnlo: ZrHeR RIS RRTREY UeRfIdn LBlBT SanFA A SRRIEHOBAR TRl of
an encogdefqutiror MuHitBHtintFeg M nal  of the encoder 10 is coupled to an input
termnal of a differentiator 20. An output termnal of the differentiator
20 1@ coupl ellig. B &na bk diagramnnefl a oécedvdrewich can receive a signal
modulated according to the present invention;
Fig. 4 is a spectrum diagram useful in understanding an application of the
modulation technique illustrated in Figs. 1 and 2;
Fig. b is a block diagram of an FM broadcast transmitter incorporating an
15 in-band-on-channel digital transmission 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 differentiatér 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



detector 25. An output termnal of the |level detector 25 is coupled to a
first WD 02/09380 PCT/USO1/22851 3 input termnal of a mxer 30. A |ocal
osci | | at w0 4009380 coupl ed to a second input term nal of tkeTwsxe2830. An
output termnal of the mxer 30 is coupled to an input term nal of a

bandpass filter (BPF) 50. An output temm nal of the BPF 50 is coupled to

an out piipteiefiniifll oP'dimixdH 30, e NIR1088]Iatdr40 iaE8dpRUNRAL sachRPigRANt | Ng
the digital signal at the input termnal IN Fig. 2 is a waveformdiagram

usef ul itermindkbotthandiixgr 80e Apeudpibterofinalhg theouideant3D is tousleddbeh i n Fi g.
1. Fig..2 is not drawm to scale in or to nore clearly jll rate the
wavef or I'Fb'?”tltr‘?rmmé"?iol?l%é?'?%ﬁaé& féﬁ%@%ﬁg%@ AMOUERYY termingl a‘iheugéf:g e'Si nput

t erm nal i i i Y - =L Q-.Zer exi mat. 10 This
si gnal ictheldﬁtso??rgltOle@ylgﬂste?he ?0%“3@3@?8‘5 %tel}{%ﬂg%ga @F)B*ﬁ%gﬁlﬁiéﬁlgnal carries
successirgsrebeiing €a€ didias tsidital fa@rtha ipp@deirenimalnRd period called the bit
period, shown by dashed lines in the NRZ signal, and having a

correspondi ng frequency called the bit rate. The |l evel of the NRZ signal

represents thpgy Valdg \Phyvdibah dbgram dskfdiNn AnNtRPWBNERY e odétatiBRGTde 10
operates to encode the NRZ signal using 15 a variable pulse width code. In

the il | osedubed ibmdicatedentFigt he Rigr Rabinet pindwe towscild irc odder ® movar i abl e
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transit iTois bignhhie iRNSPERY asStigNddp WeiveEiGATh Fy.C 0THheaNRE $Tyhali girged of the
bit rate is used to phase encode the NRZ S|gnal. In the above nentioned

pat ent &ppeessive bits, each astingi fieg acpissletermined perigdrealledvhghbit perigdni ne
tinmes the bit rate en the N i gna transitions froma lqgic '"1' |evel
to a1 ognewrbby Paghed 15% mias Nizmsfiahaand FvipHa SarerieRe Sresancy; gh
encodi ngaib@eie Bass. (Helibybr SMHUARRARY QhaepHIURTL theVaiudBPthdinis \R2
signal transitions froma logic '0" level to ogic ‘1" lTevel, a
t ransi t iathin iaskmade mantdre €he etieddsi ¢0adpetbiesnoeh cupectioc KRZysibasl (dhg 1)
from
15  a variable pulse width code. In the illustrated embodiment, the variable pulse
width code is a variable aperture code. Variable aperture coding is described in
detail in International Patent Application PCT/US99/05301 of Chandra Mohan,
filed March 11, 1999. In this patent application, an NRZ signal is phase encoded

in the following manner.

20 Each bit period in the NRZ signal is coded as a transition in the encoded
signal. An encoding clock at a multiple M of the bit rate is used to phase encode
the NRZ signal. In the above mentioned patent application, the encoding clock
runs at a rate M which is nine times the bit rate. When the NRZ signal
transitions from a logic '1' level to a logic '0' level, a transition is made in the

25  encoded signal eight encoding clock cycles (M-1) from the previous transition.
When the NRZ signal transitions from a logic '0' level to a logic '1' level, a
transition is made in the encoded signal 10 encoding clock cycles (M+ 1) from
the previous transition. When the NRZ signal does not transition, that is if

successive bits have the same value, then a transition is made in the encoded



the previous transition. Wien the NRZ signal does not transition, that is
if successive bits have the sane value, then a transition is made in the
encoded W O0240BOBE0 PCT/ US01/ 22851 4 signal nine encodi npctiuseik28iicl es (M
fromthe last transition. The variable aperture coded signal (VAC is
illustrated as the second waveformin Big. 2. The variable aperture coded

si gnal &ifa) nire shdddBhg Mo’ egcley (Mersthfthernast irahsitioR0 Tiee REASBIEe a series
of pulses tine aligned with transitions in the 5 VAC signal. The

di f f er eApeete cadled signabsVA D Os dhpteasedlaasbessecbndiwayeiermad Figodul at i ng
signal. Leading edge transitions produce positive-going pul ses and
trailing edge transitions produce negative-going pulses, all in a known
manner. TheTdefVagiabld bptrrdre/daded giymal NACCH $s differshtiateedlbpshé he third
signal in Figure 2. The MAC signal is |evel detected by the | evel detector
25 to g&Héerantiatpr2Q tepradues arsaries\ad] Psess Emenalignay woltstransitignpiin theles.
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is generated having a | ow value, otherwise it has a center value, all in a

known miwrailerg eddeetiaesilionsi groaluce egative-gasnd palskesuat! lin @i lgmakn BarfddfVEL) i n
Fig. 2. The LEVEL signal nodul a ﬁi a carrier signal fromthe |ocal
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carrier signal having a first ploase, and a negative pul se produces a pul se

of carrier gjgnal having a second phase. The first and second phases are

pref er alyhy té‘iphiaﬁis' ¥véBle @R £BY tAblevd] die®RIS td BoReft ld &ricyl gnal
pul se i s prefoerabl’y substantially one coding clock period long, and in the

illustrated enbodi nent, has a duration of substantially 1 /9 of the NRZ
bi t 1Per PodrIeYREPyIsRE haNIE BPNTIRAET itudRs W%%Fh%d'fé‘%/fﬁﬁﬁﬁtquV% ected so
that preferabjy at |east 10 cycles of the local oscillator signal can occur
duri ng sitgmal caf++ drassa gable gredaser thamea pesitivd. thresheld valye, tehkevebsignarissi gnal
CARR is 25 ill@strated as the bottom waveformin which the carrier si gnal

is repr . I L¢hi Do w t hin S i

el Opggﬁéﬁaﬁ&‘? ﬁév%@ﬂé@gkgm, QORER M Val RSREE thif o REJARR YR Eshold
value, a level signal is generated having a low value, otherwise it has a center
value, all in a known manner. The level signal is shown as the fourth signal

15 (LEVEL) in Fig. 2.

The LEVEL signal modulates a carrier signal from the local oscillator 40 in
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

20 of phase. This carrier signal pulse is preferably substantially one coding clock
period long, and in the illustrated embodiment, has a duration of substantially 1/9
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 pulses



illustrated in Fig. 2, the phase of carrier pulses generated in response to
positive- going LEVEL pul ses are represented by a " + ", and the phase of
carrier pudeBe3si0 02/ 09380 PCT/ US01/ 22851 5 generat ed i nP€RIpOIR8S1t O
negati ve-goi ng LEVEL pul ses are represented by a The " + " and "_"
represent only substantially 180 degrege phase differences and are not

| nt endegohsrat aPieRAHorBBY ARG ANGIEVETGUIBEE 2RO réhrbbeRteayf adl-h

"out - of -band" Fourier conponents in t signal, as well as the
carri er Toherdpohant '_t"srelpfesand ane substandially dé&ihddgred plradendifferemgesaard ngl e

si deband si deband.%ghe out put siggl QUT fromthe BPF 50, thus, is a

si ngl e- 8fqjRohivandeskis represent ANy AD§ORNR Pha88ul at ed si gnal representing the
NRZ data signal at the input termnal IN This signal may be transnmitted to

a receiver bé any of the many known transmission techniques. 10 Fi % 31is
a bl ock di agfBenBiF BOrfdkersvaitt alhi Qu-efaband cepwiieracamgaaentsnipdhede a8

according tp the present invention. ln.Fig, 3, an i.nput.tern.na I S
coupt ed 8o Aoniel STt curhabridmshisat aotedE o iBH SidsAloR 1 or ence
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a BPF 110. An output term nal of the BPF 110 is coupled to an input

t er m nals @single-tsle-bard (388} phade oAtfrequepgv medutatel sighat fepréserginoatter 120

i . erm nal of i i lifi 13Q. A
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2 det ec iy By LB LAY BBl BbntARcidilenifgyadd | o coupled to an

i nput term nal eco ou termn of the decoder 150
reproduces the NRZ signal represented by the 20 nodul ated signal at the

input termnal IN and, i oupl ed .to an.output termnal OUI. In operation,
e pr 1 107 1 & Dl AREPR-ar e it lon Gtk ve AR erd” nodutat d
SSB si 9RRjduiaBa ddHoRaindl @ the’BresBMERRtiIbAC 1R0Fide8r @R iRPas ferflthALIN i8hi ch i's
introduced by the difféerentiator 20 (of Fig. 1). The limting anplifier 25
130 restoupgled tbhe sanple videsigrial inhed datpthds Hesonilhdtb abovegvitt cefeldCe ™ a
constant, anplitude. The signal fromthe |imting anplifier 130 corresponds
to the EWSrilegnd 2. The input ferminal 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
15  integrator 120. An output terminal of the integrator 120 is coupled to an input
terminal of a limiting amplifier 130. An output terminal of the limiting amplifier
130 is coupled to an 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
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



pul se signal CARR illustrated in Fig. 2. The detector 140 is either an FM
di scrimnator, or a phase-locked |oop (PLL) used to denodul ate the FM or PM
nodul at edyoomeysecti vel y, carrier pul se signals. The det ecPOT/USIR28/t ect S
the 30 carrier pulses and generates a bilevel signal having transitions
represented by the WO 02/09380 PCT/ USO&/ 22851 6 phase and tim ngs of those

pul ses. pRAe: and RhINYs dhtodetRlddy. TAO dusptihef tvadieddier D40 MitHeh si gnal
corresponding to the VAC signal in Fig. 2. The decoder 150 perforns the
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times with respect to each other, and because those pulses are limted in
10 dur afieenderi 150 svhiebsnby de: wsashimblFig. BneTdeN4 sionahet g pusirut: ierg¥nalhen

I . ted. F I int il lustrated enmbodi t,
escri bBWT It GEapoceanEd LY BAEATpI el OGAPnEn substantially 1 /9 of
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since the preceding carrier pulse (réfr esenting a |eading edge),
succeedP¥Regiafs dorapxamplepéit thelillystipted egybpdiment | angeseried irdeted (no
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pul se. A™window ng tiner, illustrated as 160 in phantomin Fig. 3, has an
i nput N&Znsipadl wengitiedstsinee tHeaprexzedingocarrice puisealrepfesehtindeat waiiog 140 and
an out put

156 edge), succeeding pulses are expected only at 9/9 (no transition) or 10/9 (leading
edge) of the time between NRZ signal transitions from that pulse. Similarly, after
a carrier pulse is received 10/9 of the time between NRZ signal transitions since
the preceding carrier pulse (representing a leading edge), succeeding pulses are
expected only at 8/9 (trailing edge) or 9/9 (no transition) of the time between

20 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.

A windowing timer, illustrated as 160 in phantom in Fig. 3, has an input
terminal coupled to a status output terminal of the detector 140 and an output
256 terminal coupled to an enable input terminal of the detector 140. The
windowing timer 160 monitors signals from the detector 140 and enables the
detector only when a carrier pulse is expected and only in the temporal

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-



25 term nal coupled to an enable input term nal of the detector 140. The
w ndowi ng tiner 160 nonitors signals fromthe detector 140 and enabl es the
det ect or vomby09sBen a carrier pulse is expected and only i PCTSOREFIOr

nei ghbor hood of the duration of that pul se, as described above. In the
illustrated enbodi nent, the energy in the nodul ated signal lies 30
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technique illustrated in Figs. 1

Because, as described above, carrier transmission occurs only at bit
15  boundaries and does not continue for the entire bit period, temporal windowing
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.

One application for the modulation technique described above is to

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.



and 2. Fig. 4a illustrates the power envel ope for FM broadcast signals in
the United States. In Fig. 4a, the horizontal |line represents frequency,
and 25 rapoexenss a portion of the VHF band somewher e bet repuS@ppssixi mat el y
88 MHz and approxi mately 107 MHz. Signal strength is represented in the
vertical direction. The permtted envel opes of spectra of two adjacent
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vertical arrow. Around each carrier are sidebands which carry the
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runs from38 kHz to 53 kHz. A 19 kHz pilot tone (one-half the frequency of
t he supPranspbeniaevdiorgigngl lalts & audiel sigeal is AransenitieddpahasO e dédnkiHEhe mai n

carrier.. Thus 7 i th the r sideband (Fi 4h) .and the | ower
o1 debandoPREN QR mEBURY VAR A8 R RIS Pl 12 an8inifes 266t 100 ki)
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at full power. As described above, from 100 kHz to 200 kHz transmtted
power niregubercB@f @B Wbwratf4DY fodulgimrelevel. A lower sideband (Isb) runs from
15 23 kHz to 38 kHz, and an upper sideband (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

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

20 broadcast additional information at full power. As described above, from 100

kHz to 200 kHz 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.



Usi ng the nodul ation technique illustrated in Figs. 1 and 2, described
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i S coupbkecdond eniger VOpuA steeorrdrmslcnllmftonaSOus&bubleldErbae;pbnﬂnapufZﬁiBm:wm out put
termnal of the first 15 fllter/anPllfier 260 is coupled to a first input

t er mi naPf &he gegpReh AIXeL B AP ApUt tenipak ofithe 89GRNMINEr 4014F 6aHBISS!
ba_sebango %'nqgght P‘%&ﬂ'ﬁﬁgls&r a %IJI'Q 'aFgg‘%bgp 269 aARIJLgb{JIt Qg%lnta%mﬁ@jﬁrs&f a

third m Xxer rd osm coupl second

t er 18 naffiitet/ahififleRiZed ¥ &Qlipldd@Qo o firsdUhput tetrﬁ‘fﬁmrtﬁ' a 8fgnal hen{bhhérdzmxer 220
is coupled to an input termnal of a second filter/anplifier

An output terminal of a broadcast baseband signal processor 210 is
coupled to a first input terminal of a third mixer 220. A third oscillator 230 is
coupled to a second input terminal of the third mixer 220. An output terminal of
the third mixer 220 is coupled to an input terminal of a second filter/amplifier

20 240. An output terminal of the second filter/amplifier 240 is coupled to a
second input terminal of the signal combiner 250. An output terminal of the
signal combiner 250 is coupled to an input terminal of a power amplifier 270,

which is coupled to a transmitting antenna 280.

In operation, the encoder 10 receives a digital signal representing the
25 digital audio signal. In a preferred embodiment, this signal is an MP3 compliant
digital audio signal. More specifically, the digital audio data stream is forward-
error-correction (FEC) encoded using a Reed-Solomon (RS) code. Then the FEC
encoded data stream is packetized. This packetized data is then compressed by

the circuitry illustrated in Fig. 1, into an SSB signal, as described in detail above.



20 240. An output termnal of the second filter/anplifier 240 is coupled to
a second input termnal of the signal conbiner 250. An output term nal of
the si gved ozaaski ner 250 is coupled to an input term nal PET/ASE®R2EF1
anplifier 270, which is coupled to a transmtting antenna 280. In
operation, the encoder 10 receives a digital signal representing the 25
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nodul ating frequency, and the BPF 50 is inplenented as one of the existing
10. 7 WHtilterdd 868.sighal froml ther BEF SEBissamgphfied bynarhpbfi@PE0 Hhd sp-aoplefteed by
anplifier 60 and up-converted 10 by the comhinatign of the_second m xer 70
and1%ecEM&%ﬁs‘Eﬂth'QPBP”Qf.thﬁrﬁeccﬁ’@d eish ape seeRpadseiator 8lle 18db8nd
oscilla 2 | . [ onverted
to 88.2 %@e@%ﬁ@o@@%g? t|sdseg [ %ﬁ%dﬁgﬁér 8%?@94[%%%% |e|c?%bj)79?2e first

filter/ ampkiahtehe Z8B isThp-durmedeasto 88sEb Mgz .S THIMEighabeRkeredZ{d r ecei ves
a stereo audio 15 signal énot shown) and perforns the signal processing

necessaifyrther aoplfiethdy thestrsirittes mmoiare2@.ereo signal, including the L +
R signal at baseband, the doubl e-sideband-suppressed-carrier L - R signal

at a (suppressed) carrier frequency of 38 kHz and a 19 kHz pilot tone, all
in a known nmAhadroadtas lsasphbahd signal processor 210 receives a stereo audio

15  signal (not shown) and performs the signal processing necessary to form the
baseband 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 kHz and a 19 kHz pilot tone, all in a known manner. This signal
is then modulated onto a carrier signal at the assigned frequency of the FM

20 station. The third oscillator 230 produces a carrier signal at the assigned
broadcast frequency which, in the illustrated embodiment, is 88.2 MHz. The
third mixer 220 generates a modulated signal modulated with the baseband
composite monophonic and stereophonic audio signals as illustrated in Fig. 4b.
The modulated signal, at a carrier frequency of 88.2 MHz and with the standard

25  broadcast audio sidebands illustrated in Fig. 4b, is then filtered and amplified by
the second filter/amplifier 240. This signal is combined with the SSB modulated
digital signal from the first filter/amplifier 260 to form a composite signal. This
composite signal includes both the standard broadcast stereophonic audio
sidebands modulated on the carrier at 88.2 MHz, and the SSB modulated signal

30 carrying the digital audio signal centered at 70 kHz above the carrier (88.27
MHz), as illustrated in Fig. 4b. This composite signal is then power amplified by



is then nodul ated onto a carrier signal at the assigned frequency of the FM
20 station. The third oscillator 230 produces a carrier signal at the

assi gned woppemdeast frequency which, in the illustrated erbDOSOMEB51 i s 88. 2
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i | Tust r@ﬁ@goWberrﬁpliﬁ’é}-276%&@%"@8&6 theQPahsmitting drAenn£ng0rRAuency of
88.2 MHz and with the standard broadcast audi o sidebands illustrated in
Fi g. 4bjfransnti$son fto|IRMredicaredetugusi fi ed by the second filter/anplifier
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modul ated on the carrier at 88.2 Miz, and the SSB nodul ated _signal 30
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recei ve nambergaad arechdtadestribgdan detbéibbeladcadnh FHig.absairétavingl dntehnat ed i n
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detector 314. An output term nal, i
15 312 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



of the FM detector 314 is coupled to an input termnal of an FM stereo
decoder 316. In operation, the RF anplifier 304 receives and anplifies RF
si gnal s fwon/o43Be recei ving antenna 304. The first oscil|BpCDUSBAR8FENeEr at es
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frequency of 10.63 MHz, and passes only the digital audio signal around
that Webevesstorefersnisoty bizgs: The digitej assty sianals frem Ithe secederd50

nmbod h band of he BPF 11 10. 73 MHz.
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nodul at ed di gi tal I o signal, and denodul ate and 5 decode that signal to
r epr odubiore ts@edlfgnaﬂlal tlamdlgmaislsgdmiacIqenzedh,eamduanyrerdﬁsontrbddcechldumagvm th
reference to Fig. 3. The digital audi o signals fromthe decoder 150 are
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gnal . e speci sfgnal s depac etiZzed, and any errors
|ntroduced during 10 transn155|on are detected and corrected The corrected
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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 ISI 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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As described above, when a carrier pulse Is clock pulses fromthe 5
pr ededi ejydreinimediateiysfallodvechbe either eai 8 iclackepiglseiinterva (RRZrepregeiltingand
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opr eschisatnagacerange NA2 staer Sidhe Pt rerySCiCieEraB s vl
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foll owed by either an 8 cl ock pul se interval [gE) , representi ;g a | eadi ng
edge i nMmedigtelysiojaxied by edther apid plackerylae dPvaep(gsentingm &eding adgso
15 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 [t after the last potential carrier pulse
(C) and before the next succeeding potential carrier pulse (D) surrounding this

25 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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and are not described in detail below In Fig. 8 a source (not shown) of
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In operation, the encoder 10 includes internal timing circuitry {(not shown)
which controls the relative timing of the pulses. This timing circuitry may be
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 (14 + 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



10 condition to directly nodul ate the carrier signal. One skilled in the

art will understand how to encode and ot herwi se prepare a signal to
nodul at e veOoz0938@r in a rmanner nost appropriate to the charastensdtics of
that signal. In addition, in the illustrated enbodi nent, the auxiliary

data signal is assuned to be in digitais form This is not necessary,

however sigHa fadivt ithé @skilldeéraas] aree FIFY baffep 402 &Peratds ?@%%vé'tl%@ightdl n
operation, the encoder 10 includes internal timng circuitry (not shown)

wh| ch c@m(rher\s datesigebhat ae:mSMmtgblbfratehaanbts‘éw thensignal dumng the toea ry may

di f der st ki]led t rt t
o gnal Ipﬁ:‘alggﬁé” " T eihog, GTHoH RIS (@he 1ChFEeY bejPaeuesndbm HECHORR -
per i 005 4gh lier fro\Aha HRNSRS S5 TR, RALPRS LA L SHTas e ds@ﬁjaté' gnal

and a secon state during e remal I'ng encoding ¢ to t10.

Thi s5 si gnéihgreag thfe preiddt @4 ¢oit tok10 haathwhdptirxeuxiifdy tatLciupl ise t he
output termnal of the differentiator 20 to the input termnal of the

m xer 30ramgmitigdt hEhvpeet Haoughput of thg blwres qilawdiary mgtadbeeghatite t o coupl e

WA 1 o AR Sidhel ughimalih e SepahE et Yk Brae ol al<iiaEy it BT ERR i nal

of the @L&fh%hﬁHEtaﬂEn@ha?Qour%eC(ﬁBlP'sﬁQV\Frf? t(b‘ﬁe gkX88 i8Qhe e vhill UpdbEstdhd Fig. 8
is in the configuration illustrated in Fig. 1, and operates as descri bed

above i imogetainatchuherigrolnghmesj eds afgothewAto pvidéd fer éwgrrwmeantdhe Fl FO
buffer 402 is 30 coupl ed to the mxer 30, the data fromthe FIFO buffer 402
modif at 88deHENEaaN flep KROVY2 MR- PCT/ USO1/ 22851 15 signal fromthe
oscillator 40. The FIFO buffer 402 operates to receive the digital
auxiliary data signal at a constant bit rate, and buffer the signal during
the tine peﬁ%&ls(@i)'oc"t d»ag\m@rpfcarrm%verpwhmcmyecel(/e:)thﬁﬂg produced.

The FIFQ buffe ore data to t.he m xer
30 at | PR BY 0% SV S GUAHHISaE Fia e porioc (1hpoe alpRiepts TUREh A5 anen
the auxighd 3bhedsd thdse ﬂlgsﬁﬁteot T@P%g@t él%ddesTéWatBStwttHrtﬂléM r&erdite bursts
of auxiliary data through st gnal Tust match the constant net
t hr oughpumtodr anadxarel mtydemirmehrmrﬂ&the 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 controliable
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
256 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



auxiliary data signal source (not shown). One skilled in the art wll
understand how to match the throughputs, and also how to provide for

over runs vead2/aBsunderruns, all in a known manner. Fig. 9 peT/as@l/xeik di agram
of a receiver which can receive the signal produced by the system
illustrated in Fig. 8 1In Fig. 9, thoseselenents which are the sane as
those i kbHahuRiRM isNdEhBealXodthRt dREGRed a¢ FiY.td) e oparfes @k&Ie8BFBed NUMTber
and are not described in detail below In Fig. 9, the output termnal of 15
t he det @bbve irndetais coupled to an input terminal of a controllable swtch
406. A first output termnal of the controllable swtch 406 is coupled to
the input termnal of the decoder 150. A second output term nal of the
control | abl e Dusiwigtthle rédGaindecofiphedittperiad (tArtott 1108 thadbtarfton1 BOFSO 408. An
output term nal of the FIFO 408 produces the auxiliary data (AUX). The

out put €epesalo bre FIF® 408w Rubnw ffistpariad, tbe madulgtgd adxilinat dat@ isn enabl e
i nput term nal .of the detector,, 1 in Fig,. 3. but.instead to control
out ¢ SR VEBEHEELR e £ BDBL s BorBreghting Tafen ot Ret ect or
140 in Fgp 492 ﬁafa*i%%ﬁ #ieapiFed408hecyiBs oMé RYxilRrgRka bupsstismwhedow ng
timer 160 corresponds to the timng signal generated 25 by the encoder 10
i n Fi g. détecthe 1#i0nadodi genesatpsadn hasziliaryf datst ostpat esighali AlgXt dtea penstadt (t 1 to
t4) when carri pul ses (A -(C¢ could potentially occur, and a cond
state obHRifsd et Ay idhte SRFlTgPrasentR o aUKHiant Bathgs sRendedfan or

pul ses engi Y : i i | ondi tions

t he coﬁ@r%ﬁ%ﬁj%\%%' 40%%!3% %%S:%F%m%;Hgo{é‘%ﬁg@ﬂ&?ﬂi%ggﬁgecgegga@e&(}gder 150.
Thi $0 WOd@26 89 3188 ré¥ely 6 Halikdiddp Hatal Sighantd g dbsiesd Fermatentical to that
illustrated in Fig. 3, and operates as described above in detail. During
the remainder of the bit period (t4 to tl10), the detector 140 is coupled
to the FIFO 408. During this period, the nodul ated auxiliary data is b5
denodul ated and supplied to the FIFO 408. In a correspondi ng manner to the
FI FO 402 (of Fig. 8), the FIFO 408 receives the auxiliary data bursts from
t he



detector 140, and generates an auxiliary data output signal AUX at a
constant bit rate. The auxiliary data signal represents the auxiliary data
as encodedo bpe93scrodul ati ng the carrier. Further processi nBCT/ost/2REIWn) nay
be necessary do 10 decode the received auxiliary data signal to the
desired format. WO 02/09380 PCT/USO1/2¢851 17 CLAIMS 1. A digital data
nodul at or, characterized by: a sourgenifid) of a digital data signal; 5 an
encoder (10), for encoding the digital data using a variable pulse width
code; a pul se signal generator (20, 25), generating respective pul ses

representing, edges of .t encoded digital data,signal; and a carrier signal
generator (30; 40?,8'\959‘@@%%4” oL charpetarized ihal having 10 carrier

pul ses correa%@q&%g,\f)%tggi £5 REFL g@apul ses. 2. The nodulator of claim1
Y | sé

characterized 1 n that "'the Iable pualse w dth codes is a variable
apersure coden ebzoder The), Mot ehabddihgaheaigitan datahading taevariate ipoldehatdtht he
encoder (10) generates an encoded digital data signal having | eading edges
and trafPfelg edges; the pul se signal generator (20, 25) generates positive
pul ses in response .t0,a fir§t gﬁge é)n t he c{i ital data siI nal and negative
pul ses in regé)&l&e&sp&ag‘ggaer& P¥ n% s SCOfEF EIRFCOtNE 'Yt al data

si gnal ; réiidséAvhg BHELS OF Th8RcoBBA Gt AN a3 Qigrt)) afgnerates a carrier pul se
having a first "phaSe in response to a positive pulse and having a second
phase i n respasger sigaal gegeritore(30y 143, f@5gdneradtiagrdanrar sigra halveign 3
characterized in that the first phase is, substantially 180 degrees out of
phas@ W?H'Wt%"%c%ﬂemf‘g§8itgefr?$%5t°t%/@d§~”ﬁ%s-a | eadi ng edge; and said
second edge is a trailing edge.

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:



30 5. The nodul ator of claim11 characterized in that the pul se signal
generator conprises: WO 02/09380 PCT/USO01/22851 18 a differentiator (20),
coupl ed tvoobh@3encoder; and a |evel detector (25), couplrdTU0I26851
differentiator. 6. The nodul ator of claim 1l characterized in that the
carrier signal 5 generator conprises:1& carrier oscillator (40); and a

m xer (30), BaNffBeeriidtbf $20), BBUpledefdtH¥EnESHHY aFdt 0 t he pul se si gnal
generator (20, 25) and a second input term nal coupled to the carrier
oscillator @4eyel detegtorT@e) nealuled do thé diffeient@téurt her characterized by a
bandpass filter (50) coupled to an output termnal of the mxer (30). 8 A
digital data denodul ator, characterized by: 15 a source (IN of a nodul ated

signal | havigg canpbeholabGsoPRagEt LEbALSed M FATINGTRTel ganaPr esent a

vari abl e pul se wi dt di gi'tal a signal; a detector (

geneg at gageratoracomprieepul se wi dt h encoded signal in response to received
carrier pulses; a decoder (150) for decoding the variable pulse wdth
encoded si gnalcarider oscitleiosd40k ande digital data signal. 9. The denpdul at or

of claim8 characterized i.n that the variable puls i dth, code s a
vari abl e apeﬁ_t'mxgrgégé%%nq_a%ﬂgﬂp&g,;sgaml (5319%8*903%% Eugﬁaﬁj%@leri zed in
that thgegé@aibel2@UbSLeand haseRoRBaNAt ferihall cAUNEE t8He R aP&ONStIIMtBPe. 11.
The denodul at or of claim 10 characterized in that the first phase is

subst anf4@lL 1y 180 degrees out of phase with the second phase. 30 WD
02/ %9380 PCT/ US01/ 22851

7. The modulator of claim 6 further characterized by a bandpass filter

(60) 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



19 12. The denodul ator of claim8 further characterized by, coupled

bet ween the nodul ated signal source and the detector: a bandpass filter
(110); awobmnoewgrator (120); and 5 a limting anplifier PaBOB01/2281 The
denodul ator of claim8 further characterized by: a window ng tinmer (160),
coupled to the detector (140); for gengrating a w ndow ng signal in the

t emporal nei ghbor fraediafhedulatdtafrdIgim B ehdrcH Paetigdd byl @oaprbarher ei n:
The detector (140) is enabled by the wi ndow ng signal. 1X. A digital data
modul at Peiween iloel meodulatsdesipnaldsdyce lamdsthepdeteCfar: 15 provi di ng a source of
a digital data si %nal - enzggégg the digital data using a variable pul se

wi dth code; @ 265 riilter tive pul ses representing edges of the encoded

digital dat hﬂa@"f‘é efyating a carrier signal having carrier pulses
correspondi ngn?o thetorgggpgspecti ve pul ses. 15. A digital data denodul ation

met lod char aatlietitingdarbplifidre( 13 eps of : providing a source of a nodul at ed
signal, having carrier pulses spaced 25 relative to each other to
represent a variable pulse width encoded digital data signal; generating a

vari abl e pul wi gt h encoded. signal. i esponse to received carrier
pul ses; decoz:‘%’ng ﬁihg %&??%ﬁ?ﬁorp I(g%"%%d{%ﬁg c%@é%lcqtgf'éﬁ‘glbyto generate the
digital 30 daymdadh@Rg!timer (160), coupled to the detector (140); for generating a
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.



