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Consequently, extensive signal processing must be performed for carrier track-
ing, symbol recovery, interpolation and signal shaping. Second, such techniques
15  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

subcarier service) for the desired data rates.

It is also desirable to provide for several data signals through a channel.

20 Some modulation techniques utilize the channel completely, while others leave
some aspect of the channel unused. Frequency domain multiplexing and time
domain multiplexing are two techniques for sharing a channel among a plurality
of signals. By sharing the channel in this manner, the overall throughput through

the channel is increased.

25 In accordance with principles of the present invention, a digital data
modulator includes a source of a plurality of digital data signals having a
common data bit period. A plurality of encoders each encode a corresponding

one of the plurality of digital data signals using a variable pulse width code



havi ng edges occurring in respective non-overlapping intervals within the
data bit period. A plurality of pulse signal generators each generate
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encoded plurality of digital data signals. A carrier signal generator
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decode pulses received in a respective one of the plurality of associated intervals

15 in the bit period to generate the corresponding digital data signal.

The technique according to the principles of the present invention provides
for simultaneous transmission of a plurality of independent high data rate signal
through a single chénnel. A system according to the present invention may be
implemented using relatively inexpensive circuitry, is insensitive to multipath

20 interference, and provides substantial bandwidth compression.
Brief Description of the Drawing

In the drawing:
Fig. 1 is a block diagram of a modulator for generating a relatively high
data rate signal in a relatively narrow bandwidth;
25 Fig. 2 is a waveform diagram useful in understanding the operation of the
modulator illustrated in Fig. 1;
Fig. 3 is a block diagram of a receiver which can receive a signal

modulated as illustrated in Fig. 1;



nodul ation technique illustrated in Figs. 1 and 2; Fig. 5 is a block

di agram of an FM broadcast transm tter incorporating an i n-band-on-channel
di gital twanzesdgsi on channel inplenented using the 5 nodubarise/resshni que

illustrated in Figs. 1 and 2; Fig. 6 is a block diagramof an FM broadcast
recei ver which can receive a signal nodul ated by an FM br oadcast
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di agr am of ? reé:e]i ver which can receive the si_ﬁnal 20, pﬁ_od%qed by the
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narrow band signal. In Fig. 1, dan 1nput termnal TN recelves a high data
rate 25ndb@ilbedr ifiggeardaridwewithpptinéiplasi dfadhel present ii@ngidnt 0 an i nput
termnal of an encoder 10. An output termnal of the encoder 10 is coupled
to &% input ég.nd P kiecly diagrameptanetites enpandimens of ghe medwiaten obFigshe

differentiator,20.is.coupl.ed to an .input. termnal of | eve] . det ect or 25.
A out p 0 AR IS BNl B HlecuaPB as SiaRel Blas) i BShiah &S, ou
term nalra@fdgtargi?ﬁglﬂo. A local oscillator 40 is coupled 30 to a second
input termnal of the mxer 30. An output ternminal of the mixer 30 WO
02/ 09381 PCTFigs(ai2a988ck diagranoophedceiveawhictpetntreceiveaheafigmalbandpass
filter (BPF) 50, An output termnal . _
produced by the modulator illustrated in Fig. 8;
15 Fig. 10 is a waveform diagram useful in understanding the operation of a
modulator in accordance with principles of the present invention;
Fig. 11 is a block diagram of a modulator according to principles of the
present invention;
Fig. 12 is a block diagram of a receiver which can receive the signal
20 produced by the modulator illustrated in Fig. 11, according to the present

invention.

Fig. 1 is a block diagram of a modulator for generating a high data rate,
narrow band signal. In Fig. 1, an input terminal IN receives a high data rate
25 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 differentiator 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 input terminal of a mixer 30. A local oscillator 40 is coupled

30 to a second input terminal of the mixer 30. An output terminal of the mixer 30



of the BPF 50 is coupled to an output term nal OUT, which generates a
nodul at ed signal representing the digital signal at the input termnal IN
Fig. 2 i svaomensef orm di agram useful in understandi ng the ppEpUatN580f t he

5 nodul ator illustrated in Fig. 1. Fig. 2 is not drawn to scale in order to
more clearly illustrate the waveforms. 4ln the illustrated enbodi nent, the
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a known manner. The encoder 10 operates to encode the NRZ signal using a
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pul se width code is a variable aperture code. Variable aperture coding is
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The vari abl e aperture coded si gnal is differentiated by t
15  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.

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

20 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 transi-
tions from a logic '1' level to a logic 'O’ level, a transition is made in the encoded
signal eight encoding clock cycles (M-1) from the previous transition. When the
NRZ signal transitions from a logic 'O’ level to a logic '1' level, a transition is

25 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 signal nine
encoding clock cycles (M) from the last transition. The variable aperture coded

signal (VAC) is illustrated as the second waveform in Fig. 2.



differentiator 20 to produce a series of pulses tinme aligned with
transitions in the VAC signal. The differentiator also gives a 90 degree
phase shiWwo ova3she VAC nodul ating signal. Leadi ng edge trpandsenns produce
positive-going pulses and 5 trailing edge transitions produce

negati ve- goi ng pulses, all in a known mgnner. The differentiated VAC
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only substant'ial de ree phase differences an are not 1ntéended to
represent(LEN?i&L)aJlmslabulze phase WO 02/ 09381 PCT/ US01/22958 6 The BPF 50
filters out all "out-of-band"” Fourier conponents in the CARR

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

15 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
period long, and in the illustrated embodiment, has a duration of substantially 1/9

20 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
illustrated as the bottom waveform in which the carrier signal is represented by
vertical hatching within respective rectangular envelopes. In the CARR signal

25 illustrated in Fig. 2, the phase of carrier pulses generated in response to positive-
going LEVEL pulses is represented by a "+ ", and the phase of carrier pulses
generated in response to negative-going LEVEL pulses is represented by a "-".

The "+ " and "-" represent only substantially 180 degree phase differences and

are not intended to represent any absolute phase.



signal, as well as the carrier conponent itself and one of the sidebands,
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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
20 modulated SSB signal, described above. The integrator 120 reverses the 90
degree phase shift which is introduced by the differentiator 20 (of Fig. 1). The
limiting amplifier 130 restricts the amplitude of the signal from the integrator
120 to a constant amplitude. The signal from the limiting amplifier 130
corresponds to the carrier pulse signal CARR illustrated in Fig. 2. The detector
25 140 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 carrier pulses and generates a bilevel signal having
transitions represented by the phase and timings of those pulses. The output of
the detector 140 is the variable bit width signal corresponding to the VAC signal
30 in Fig. 2. The decoder 150 performs the inverse operation of the encoder 10 (of

Fig. 1), and generates the NRZ signal, corresponding to the NRZ signal in Fig. 2,



7 at the output termnal OUT. The above nmentioned U. S. Patent application
(RCA 88,945) describes a decoder 150 which may be used in Fig. 3. The NRZ
signal avoovhew3sut put termnal OUT is then processed by upPCTUz@I2058
circuitry (not shown). Because the carrier pulses (signal CARRin Fig. 2)
occur at well defined 5 tinmes with regpect to each other, and because
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energy in the nodul ated signal lies primarily between 0.44 (8/183/ and 0.55
(10/ 18) at¢areisr phisebistrecaived HW@ ofcthestionechetivwednallRe signaiviirdnsitiohs Girkce t i nes
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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
20 terminal coupled to a status output terminal of the detector 140 and an output
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.

25 In the illustrated embodiment, the energy in the modulated signal lies
primarily between 0.44 (8/18) and 0.55 (10/18) times the bit rate, and
consequently has a bandwidth of 0.11 times the bit rate. This results in
increasing the data rate through the bandwidth by nine times. Other

compression ratios are easily achieved by changing the ratio of the encoding



8 clock to the bit rate, with trade-offs and constraints one skilled in the
art would readily appreciate. The system descri bed above nay be
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r epr @8enne iatgreymibohirderichencgHn this dy sienevée navieéore shaping Gxigtaeauiyreds
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radi o st dbuatsrienynt rdvadoast comiroEhfori theasrtire dtiepedpdotancpenat vandowing |
power in sidebands within 100 kHz of the carrier. In 30 Fig. 4a these

si deband@nay bejuseddnrthedgcaivahie setectmeselyed £areak BrIsgapnly at times when

15  pulses are expected. Consequently, there are no multi-path problems with the

present system.

One application for the modulation technique described above is to
transmit CD quality digital music simultaneously with FM monophonic and
stereophonic broadcast audio signals. Fig. 4 is a spectrum diagram useful in

20 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
represents a portion of the VHF band somewhere between approximately 88
MHz and approximately 107 MHz. Signal strength is represented in the vertical

25 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.

In the United States, FM radio stations may broadcast monophonic and
stereophonic audio at full power in sidebands within 100 kHz of the carrier. In

30 Fig. 4a these sidebands are illustrated unhatched. The broadcaster may



WO 02/ 09381 PCT/ US01/ 22958 9 broadcast other information in 'the sidebands
from 100 kHz to 200 kHz, but power transmtted in this band nust be 30 dB
down fromwéorh93ppwer. These sidebands are illustrated hapchedol22d§8acent
stations (in the same geographical area) nust be separated by at |east 400
kHz. 5 The upper sideband above the cariier of the |ower frequency
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si deband s{gnal irs Rigsa asrﬂiuetiatdtbnrrﬂewsmrumrdlégram of Fagm 4. KhiFig.o4b0the kHz)
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full powvertiol direstipnyegressmie moguatiappergentage2d0 higz4br His MANARFoPHner

must be 30 dB do f
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and transmtted in a bandwidth | ess than 20 kHz. This digital audio signal
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si deband (for exa ) and trapsmtte ubc Si |, along with
the regulMed %?Baﬂg‘éﬁ? s‘gé‘l’\é@ré bgngi gﬁr@funa rqm%{(ﬁét@dggﬁ*ﬁ ENAdgN 1 n 25
Fig. 4b, i S g I

centered %?%gl&l?hgb( gj runs ﬁ{o%%alb%?g?(?ﬁ@t(% r}_g %E@E dllggg ﬁ%gé{ﬁernalf

si gnal i shuifidtjuentQbf tidzsuiprebsedraamieeiaisralss irvdldded nshe sijebadsraoandt t ed
at full power. Fig. 5 is a block diagramof an FM broadcast transmtter

i ncor por dhe maainrcartier.bdhusod7ckEdaineboth gha sprer sidshprdi(big. dbdmns the

i npl enenﬁqulegcszlc erbglngg(no%) shown) around the main carrier (i.e. from 53 kHz to 100

kHz) remains available to the broadcaster to 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
20 above, a 128 kilobit-per-second (kbps) signal, containing an MP3 CD quality
audio signal, may be encoded and transmitted in a bandwidth less than 20 kHz.
This digital 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
25  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 signal is within 100

kHz of the main carrier and, thus, may be transmitted at full power.

Fig. 5 is a block diagram of an FM broadcast transmitter incorporating an
in-band-on-channel digital transmission channel implemented according to the

30 modulation technique described above with reference to Figs. 1 through 3. In



30 nodul ation techni que descri bed above with reference to Figs. 1 through
3. In WD 02/09381 PCT/US01/ 22958 10 Fig. 5, those elenents which are the
sanme as tWoez093Bl ustrated in Fig. 1 are enclosed in a daBOrp@seexpisngl e

| abeled "Fig. 1 ", are designated with the sanme reference nunbers and are
not described in detail below. The conmbjgation of the encoder 10,
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termnal of"a first filter/anplifier 260. An output termnal of the first
filter/ ampre$emtin@@Migialcioppt sihriad (MREiafskigi Apuadll as eestrinéd abose svighal

conbi ner 250. An output terminal of a broadcast baseband signal processor
210 is 1refernmecty Figsa lrand . i fpueuirifinienaminalfoftherBRi 56 'ﬁéw@@.fj t\aphi r d
oscill atgr i I . egond Jn rm f tih rd m xer
220. o Sinegierieh Bl GhefinloprArsrtbubBarsPahe Srubits A npu

t er m nal cefipladsec® fidst inpuefibdAial bf 8rsecdAll- mbier RO.PW sé&rid Ba¢ill@ort8tRis
second filter/anplifier 240 is coupled to a second input term nal of the
si gntd coobpledrto2d8ecand owpyiuterminatiaidhesfecohd rxesifhalArcoutsividerdb@l i s

led t i termnal of . | ifi 270, .. whi.ch i oupl ed t
2t T ansnPt HingeRoRAHEeD80 11 Gpusiied 5 ADITPEIETENBGR) 3 f5o) EEerOROIHEH: gi t ol
tra 3 o ¢ PBPPEErEeBR 1t i gi
Thi's i ghaP": AN Rus eermieP bl the 1AL M Rl 2B PSR ED ETRE M,

the di gi tétninalddDa Gagrial HonesiRer 2500rward 25 error-correction (FEC) encoded
usi ng a Reed- Sol onon (RS) code. Then the FEC encoded data streamis

packetized. This packetized data is then conpressed by the circuitry
il lustrated i ANFPYPUL termpingl of aduRagdrgslaPasebandesignalRi@censere? 4P1is above.

The Ig qugﬂ]&%d% Etl ?i?stsfn r&%l’ce n[lfr)% 8?% tpu}?dtnh\&e?%d.l % %irégsti:i'ﬁatsoef\'lfi% ‘i:'\sd to be
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
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
20 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
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-

25  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.

The frequency of the signal produced by the oscillator 40 is selected to be
10.7 MHz, so the digital information from the encoder 10 is modulated around a

30 center frequency of 10.7 MHz. The modulation frequency may be any



10.7 MHz, so the digital information fromthe encoder 10 is nodul at ed
around a 30 center frequency of 10.7 MHz. The nodul ati on frequency may be
any WO 02¥Q93@®BsPCT/ US01/ 22958 11 frequency, but is noreP@r/asti/xadsl y
selected so that it corresponds to the frequencies of existing | ow cost
BPF filters. For exanple, typical BPF f{lters have center frequencies of 6
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produces a carrier signal at the assigned broadcast frequency which, in
t hel®| | ddither aonpdifisd dniha firstsfilgg/amphdfier 36@. third mi xer 220 generates a
nodul at ed signal nodul ated with the baseband 20 conposite nonophoni c and

st er eophoni c-audi o _signals as iJl.ustrated in FiQ. 4b. The nodul at ed

si gnal, at aT%Sﬁbﬁogacg?teéﬁ%%@ldoﬁ'gg%‘.goﬁ/ﬁﬁsoin@@Ar?ﬁe'f’ﬁ%asﬁgﬁqfa?ﬁg'obroadcast
audi o si ' [ | 1 ' ikl hd1ed by
he seoom B B s e e B S o T st

nodul at édsellngd tampxisipeadteado sigoahtieclutlimgpthentc y+ R sRfhal at lazelharadn thiee fi r st
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carrying the I'tal "audi 0" Si gha
is then modulated onto a carrier signal at the assigned frequency of the FM

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

20 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
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 at a center frequency of 88.27 MHz from the first filter/amplifier

256 260 to form a composite signal. This composite signal, thus, includes both the
standard broadcast stereophonic audio sidebands modulated on the carrier at
88.2 MHz, and the SSB modulated signal 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 the power amplifier 270 and

30 supplied to the transmitting antenna 280 for transmission to FM radio receivers.



centered at 70 kHz above the carrier (88.27 MHz), as illustrated in Fig.
4b. This conposite signal is then power anplified by the power anplifier
270 and 3osumsBied to the transmtting antenna 280 for trPangmERpisn to FM
radi o receivers. WD 02/09381 PCT/US01/22958 12 Fig. 6 is a bl ock diagram
of an FM broadcast receiver which can regeive a signal nodul ated by an FM
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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
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
20 audi'o signal from 88.27 MHz to 10.63 MHz. The BPF 310 passes only the 53
kHz of FM stereo signal 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 generates the baseband composite stereo signal. The FM
stereo decoder 316 decodes the baseband composite stereo signal to generate
25  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

frequency of 10.63 MHz, and passes only the 20 kHz digital audio signal around

'that frequency. In the illustrated embodiment, the passband of the BPF 110 runs
30 from 10.53 MHz to 10.73 MHz. The combination of the BPF 110, integrator
120, limiting amplifier 130, detector 140, decoder 150 and windowing timer



In the illustrated enbodi nent, the tunable BPF 1 10 is tuned to a center
frequency of 10.63 MHz, and passes only the 20 kHz digital audi o signal
around tWab2693eguency. In the illustrated enbodi nent, therCpaseiaesss of the
BPF 1 10 runs 30 from 10.53 MHz to 10.73 MHz. The conbi nation of the BPF
110, integrator 120, limting anplifief3130, detector 140, decoder ' 150
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widely spaced carrier pulses. In short, higher data rates may be
transmtted i mhaagrhpy¥EIimdrit dedtiiedt dbsapririidestideq@ingledt donfprieesibhens

associated with other techni ques, such as QAM Referring back to Fig. 2,
in the CprRosingnae ofia 10a¢ BAMesyatamatHowever, dnoraciceaQAM sysieas ajaps
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such as QAM.

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 further utilized. Fig. 7 is a more detailed

20 waveform diagram of the CARR signal useful in understanding the operation of a
modulator which can utilize these gaps. As described above, in the encoder 10
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. In Fig. 7, a bit period is illustrated from time t1 to time t10 to

25 illustrate that there are nine clock periods in one bit period. However, this bit
period is not necessarily time aligned with the NRZ input signal, and will most

likely be delayed with respect to the NRZ signal.

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

30 preceding one. Thus, carrier pulses may occur in any one of three adjacent clock



25 illustrate that there are nine clock periods in one bit period. However,
this bit period is not necessarily tine aligned wwth the NRZ i nput signal,
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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 an NRZ bit period, a first interval of the bit period, consisting of one of
three adjacent clock periods (t1-t4), can potentially contain a carrier pulse, while
20 a second interval, consisting of the other six clock periods (t4-t10}), cannot have

a carrier pulse.

During the interval when no carrier pulses may be produced in the CARR
signal (t4-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.

25 Respective guard periods of At each, a first after the last potential carrier pulse
(C) in a bit period and a second before the next succeeding potential carrier pulse
(D) in the next bit period surrounding this gap, are 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.
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enbodi ment, the auxiliary data signal is assuned to be in digital form
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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.

In operation, the encoder 10 includes internal timing circuitry (not shown)

20  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-t4, when
pulses may potentially occur in the CARR signal, and a second state during thé
remaining encoding clock periods, t4-t10. This signal may be used to control the

25  multiplexer 404 to couple the output terminal of the level detector 25 to the
input terminal of the mixer 30 during the periods, t1-t4, when pulses may occur
and to couple the output terminal of the FIFO buffer 402 to the mixgr 30
otherwise, 14-t10. During the periods, t1-t4, when the output terminal of the
level detector 25 is coupled to the mixer 30, the circuit of Fig. 8 is in the

30 configuration illustrated in Fig. 1, and operates as described above in detail.
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I nput termddgd, of a controllable switch 406. A first output termnal of
the controllable switch 406 is coupled to the input 20 term nal of the
decoder 150. A second output term nal of the controllable swtch 406 is
coupl ed to anFigfiis adrechdiagramaoi-s Fereiver whiclhgapueceivertheiomdl the FI FO

408 % Odl;J)(r:oe uéeraebe%ielsiy%{gmqﬁlas?trété%'ﬁg}hg. thqut 9E %(ggengllen%ntts rWhich 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
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

20 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
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

25 switch 406.

In operation, the detector 140 in Fig. 9 is always enabled. The windowing
signal from lthe windowing timer 160 corresponds to the timing signal generated
by the encoder 10 in Fig. 8. The windowing signal has a first state during the
period (t1-t4) when carrier pulses (A)-(C) could potentially occur, and a second

30 state otherwise (t4-t10). During the period (t1-t4) when carrier pulses (A)-(C)

could potentially occur the windowing timer 160 conditions the controllable
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15  one corresponding high data rate signals, as the auxiliary data. In the lllustrated
embodiment, two additional high data rate signals are included in the channel,

for a total of three data signals.

In Fig. 10, each horizontal line illustrates the timing of carrier pulses

representing a high data rate signal. The top line, labeled DATA 1 illustrates the

20 timing of carrier pulses representing a first high data rate signal DATA 1, similar
to Fig. 7. The second line in Fig. 10 illustrates the timing of the carrier pulses
representing a second high data rate signal DATA 2, and the third line in Fig. 10
illustrates the timing of the carrier pulses representing a third high data rate
signal DATA 3. As can be seen, the carrier pulse representing the first data

25 signal DATA 1 is located in one of clock periods in the interval from time t1 to
t4, the carrier pulse representing the second data signal DATA 2 is located in
one of the clock periods in the interval from time t4 to t7, and the carrier pulse
representing the third data signal DATA is located in one of the clock periods in
the interval from time t7 to t10. The carrier pulses from all the data signals

30 DATA 1, DATA 2 and DATA 3 are combined into a single carrier signal CARR,
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further understand that the encoding clocks used to encode the respective data

signals need not be the same, have the same period or be time aligned, so long

as the time intervals when carrier pulses may occur representing the separate

20  signals do not overlap.

Fig. 11, is a block diagram of a transmitter according to the present
invention which can transmit three high data rate signals simultaneously over a
single channel. Fig. 11 corresponds to Fig. 8. Elements which are similar to
those illustrated in Fig. 8 are designated by corresponding reference numbers and
25 are not described in detail below. In Fig. 11, respective input terminals, DATA
1, DATA 2, and DATA 3 are coupled to sources (not shown) of corresponding
high data rate signals. The first input terminal DATA 1 is coupled to a first input
terminal of a multiplexer 404' through the series connection of an encoder 10(1),
a differentiator 20(1) and leve! detector 25(1). The second input terminal DATA
30 2 is coupled to a second input terminal of the multiplexer 404" through the series

connection of an encoder 10(2), a differentiator 20(2) and level detector 25(2),
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illustrated in the bottom signal CARR of Fig. 10. This combined signal is then
used to modulate the carrier signal from the oscillator 40 in the mixer 30. The
resulting carrier signal is filtered in the BPF 50 to form the SSB signal, all as

described above.

20 It is possible that the timing of the high data rate signals DATA 1, DATA 2
and DATA 3 are not synchronized, and/or including timing jitter with respect to
each other. To compensate for these conditions, respective FIFO buffers, 27(1),
27(2), and 27(3), indicated in phantom in Fig. 11, are coupled between
respective level detectors (25(1), 25(2), 25(3)) and corresponding input terminals

25  of the multiplexer 404'. The FIFO buffers, 27(1), 27(2), 27(3), operate to
compensate for differences in data rate between the input signals DATA 1,
DATA 2 and DATA 3 and the timing of the carrier signal CARR generated by the

mixer 30, all in a known manner.

Fig. 12 is a block diagram of a receiver according to the present invention

30 capable of receiving the modulated signal produced by the transmitter of Fig. 11
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of a controllable switch 406'. A first output termnal of the controllable
swi tch 408" i$s souplepl todan infart tenpinal toedranse@indtlecoderr $50(2Jechd@utpG0( 1) . An

output term nal_ qof the first decoder 150(1) is coupled to an output
Cer 1 natermnal of the s d%a?&mg@%'ﬁ& Uplect Faap Guitput FarpMBakiATdn2. 406
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to an input termnal of a third decoder 150(3). An output term nal of the

third dd&&ddris asayley to ancoufplugdetroinah DAUEAW. termi nal DATA 3. In
operation, the detector 140 generates a signal corresponding to the 15
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conig ol LaRIpR sk t+icBvELSignkIS(CARR of Fig. 10) generated by the multiplexer 404" (of
Fig. 11). During the interval from time t1 to t4, the controllable switch 406’ is
conditioned to couple the detector 140 to the first decoder 150(1). During the
interval from time 14 to t7, the controllable switch 406’ is conditioned to couple
the detector 140 to the second decoder 150(2), and during the interval from

20 time t7 to t10, the controllable switch 406' is conditioned to couple the detector

140 to the third decoder 150(3). A control circuit (not shown) generates a
control signal for controlling the controllable switch 406" to operate as described
above. One skilled in the art will understand how to design and implement such

a control circuit.

25 The first decoder 150(1) receives the tri-level signal during the interval
from time t1 to t4, corresponding to the DATA 1 signal in Fig. 10. The first
decoder 150(1) processes this signal to regenerate the first NRZ signal DATA 1,
in a known manner. Similarly, the second decoder 150(2) regenerates the
second NRZ signal DATA 2 from the tri-level signal DATA 2 of Fig. 10, and the

30 third decoder 150(2) regenerates the third NRZ signal DATA 3 from the tri-level
signal DATA 3 of Fig. 10.



conditioned to couple the detector 140 to the first decoder 150(1). During
the interval fromtine t4 to t7, the controllable switch 406" is

condi t i orved 02/a938pupl e the detector 140 to the second dechdeUSMBE03B), and
during the interval from20 tine t7 to t10, the controllable switch 406" is
conditioned to couple the detector 1491to the third decoder 150(3). A
control circuit (not shown) generat egLAIMsontrol signal for controlling the
controllable switch 406' to operate as described above. One skilled in the
art wi'll understand how to design and inplement such a control circuit. 25
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respective p ses ator Raractertz
source pdspcpivermliséy, of digital data signals (Data 1, Data 2, Dat a 3)
havi ng a common data bit peri od;

2. A digital data modulator, characterized by:

15 a source of a plurality of digital data signals (Data 1, Data 2, Data 3)
having a common data bit period;

a plurality of encoders (10(1), 10(2), 10(3)), each encoding a
corresponding one of the plurality of digital data signals using a variable pulse
width code having edges occurring in respective non-overlapping intervals within

20 the data bit period;

a plurality of pulse signal generators (20(1), 25(1), 20(2), 25(2), 20(3),,
25(3)), each generating respective pulses representing the edges of the
corresponding one of the encoded plurality of digital data signals;

a carrier signal generator (30, 40} for generating a carrier signal having

25  carrier pulses corresponding to the respective pulses.

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

width code is a variable aperture code.

30 4, The modulator of claim 3 characterized in that edges for each of the
digital data signals occur in one of three adjacent periods within the respective

interval.



a plurality of encoders (10(1), 10(2), 10(3)), each encoding a
correspondi ng one of the plurality of digital data signals using a variable
pul se wwioh2/eB8e havi ng edges occurring in respective noReDVSII2PFS ng
intervals within 20 the data bit period; a plurality of pulse signa
generators (20(1), 25(1), 20(2), 25(2)2220(3),, 25(3)), each generating
respective pul ses representing the edges of the corresponding one of the
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characterized in that: the data signal source (Data 1, Data 2, Data 3)
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i ncl udi ﬂgH%b%tgﬁ‘?@v@ﬂ%é%bi ng intervals of three adjacent encoding cl ock

peri ods eachgdybekel BadHBeshé & digaahdeia §ibRald stdirtinla AabacHl8MMeSofoccur in
a respective one of the S non-overlapping intervals. 10 6. The nodul at or

of cl ai the Sfnen-beerlappingdntarvaled by a nul tipl exer (404') coupl ed between
the plurality of pulse signal generators(20(1), 20(3), 25(1), 25(3)) and
the'®arrier si gnal generator (30, 40) and conditioned to couple a selected

gener ator duPing the TRegdarol LR 2 AMFEA MAcka b LB, 0
si gnal (4@M¢rcaiupleddbetiween the plurality of pulse signal generators(20(1), 20(3),
25(1), 25(3)) and the carrier signal generator (30, 40) and conditioned to couple
a selected one of the plurality of pulse signal generators to the carrier signal
15  generator during the interval when the pluses from the selected pulse signal

generator occur.

7. The modulator of claim 6 further characterized by a plurality of first-
in-first-out (FIFO) buffers (27(1), 27(3)) respectively coupled between the

20 plurality of pulse signal generators and the multiplexer (404").

8. The modulator of claim 2 characterized in that:
each one of the plurality of encoders {(10(1), 10(2), 10(3) generates an
encoded digital data signal having leading edges and trailing edges;

25 each one of the plurality of pulse signal generators (20(1), 20(3), 25(1),
25(3}) generates positive pulses in response to leading edges in the
corresponding digital data signal and negative pulses in response to trailing edges
in the corresponding digital data signal; and

the carrier signal generator (30, 40) generates a carrier pulse having a first
30 phase in response to a positive pulse and having a second phase in response to a

negative pulse.



7. The nodul ator of claim®6 further characterized by a plurality of first-
in-first-out (FIFO buffers (27(1), 27(3)) respectively coupl ed between the
20 pl urawoy2zef3spul se signal generators and the multipl exereT/(80422958 8. The
nmodul ator of claim2 characterized in that: each one of the plurality of
encoders (10(1), 10(2), 10(3) generategzan encoded digital data signal
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signal and negative pulses in response to trailing edges in the :

corresponding digital data signal; and the carrier signal generator (30,
40) generates a carrier pulse having a first 30 phase in response to a
positive pul se and having a second phase in response to a negative pul se.
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that the first phase Is ubstantially 180 degrees out of phase with the
second phlasdity of Hulselbignabdehatatorsodornpeses:2 characterized in tha6t each
one of the plurality of pulse signal generators conprises: a
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plurality of. encoders; and | evel detector (25(1), 25(2), 25(3)), coupled
to the Ii‘Jfaé'ft\ér‘f’t(%iea{'tc(?ld.ers’1"’51 1. The nodul ator of claim2 characterized in

that the carrj edyeblgafedtor 925€NabeN 2 THBY)SedupRdCHy thetiftsrehtibedror (40) ;
and a m xer (30), having a first input termnal coupled to the pul se signal
15 generator and a second input terminal coupled to the carrier oscillator.

12. The nodul at f claiml1l furth h teri b band fiil
(50) coupl e 1b- ant o8 FRACIFEHA(HRNGR SR Epd aanat 56 B3R SORR al dat a

demodul ah QlerafiHHibAELEEd bY:

a carrier oscillator {40); and
a mixer (30), having a first input terminal coupled to the pulse signal

15  generator and a second input terminal coupled to the carrier oscillator.

12. The modulator of claim 11 further characterized by a bandpass filter

(50) coupled to an output terminal of the mixer (30).

20 13. A digital data demodulator, characterized by:
a source (IN) of a modulated signal including successive bit periods, each
bit period having a plurality of non-overlapping intervals respectively associated
with corresponding intervals in successive bit periods, each interval containing a
carrier pulse, spaced relative to carrier pulses in other associated intervals,
25 representing a corresponding variable pulse width encoded digital data signal;
a detector (140) for demodulating the modulated signal to generate pulses
corresponding to received carrier pulses; and
a plurality of decoders (150(1), 150(2), 150(3)), each decoding pulses
received in a respective one of the plurality of associated intervals in the bit

30 period to generate the corresponding digital data signal.



a source (IN of a nodul ated signal including successive bit periods, each
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correspondi ng output termnal during a respective one of the plurality of
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wherein the var b%?l e rgul se%(yvi dth code 1is a variable aperture code. 10 16.
The denpfuf ¥EPPE ARPAVIHR 9% %har acterized in that the carrier pul ses have
one of a first phase and a second phase. 17. The denodul ator of claim 13
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characterized in that, coupled between the nodul ated signal source and the
det ect or haye paapfa dirst phase pad @) second Phds{yrator (120); and 20 a liniting
anplifier (130). 19. A digital data nodul ator, characterized by:

17. The demodulator of claim 13 characterized in that the first phase is

substantially 180 degrees out of phase with the second phase.

15
18. The demodulator of claim 13 further characterized in that, coupled
between the modulated signal source and the detector:
a bandpass filter (110);
an integrator (120); and
20 a limiting amplifier (130).

19. A digital data modulator, characterized by:
a source (Data 1) of a first digital data signal having a data bit period;
a first encoder (10(1)), for encoding the first digital data signal using a
25 variable pulse width code having edges occurring in a first interval within the
data bit period;
a first pulse signal generator (20(1), 25(1)), generating respective pulses
representing the edges of the encoded first digital data signal;
a source of a second digital data signal (Data 2) having the data bit period;
30 a second encoder 10(2), for encoding the second digital data signal using
a variable pulse width code having edges occurring in a second interval within

the data bit period not overlapping the first interval;



a source (Data 1) of a first digital data signal having a data bit period,
a first encoder (10(1)), for encoding the first digital data signal using a
25 vari aWweopedsse wi dt h code havi ng edges occurring in a PCTAB/20%r val
within the data bit period; a first pulse signal generator (20(1), 25(1)),
generating respective pulses representjyig the edges of the encoded first
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and havi tige secondintpttades corresponding to the respective second pul ses
during the second interval.



