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nmodul ation with sinultaneous phase and tine shift nodul ati on. BACKGROUND
OF THE | NVENTI ON 15 El ectroni c data transm ssion requires sone form of
signal nodul ati on that encodes data onto an information bearing signal so
that the signal can be propagated over a transmtting nedi um and

denodul ated to unanbi guously recover the data originally encoded.

Modul ati on can be 20 viewed as the process by which digital data, voice,
music, and other "intelligence" is added to radi o waves produced by a
transmtter so that the intelligence is in a form suitable for

pr opagat i on. Nbdulation can al so be viewed as the addition of information
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TECHNICAL FIELD OF THE INVENTION
The present invention is directed, in general, to a
propagated signal and, more specifically, to a propagated
signal modulated by combining multi-pulse per group
10 modulation with simultaneous phase and time shift

modulation.
BACKGROUND OF THE INVENTION

15 Electronic data transmission requires some form of
signal modulation that encodes data onto an information
bearing signal so that the signal can be propagated over a
transmitting medium and demodulated to unambiguously
recover the data originally encoded. Modulation can be

20 viewed as the process by which digital data, voice, music,
and other "intelligence" is added to radio waves produced
by a transmitter so that the intelligence is in a form
suitable for propagation. Modulation can also be viewed as

the addition of information to an electronic or optical



Morse code, invented for telegraphy and still used in amateur radio, is a
nmet hod of nodul ation that uses a binary (two-state) digital code simlar
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of bandwi dth, a precious resource the conservation of which is of
increasing inmportance to all but nost particularly to those in the data
and information transm ssion business. 15 Bandw dth conservation

requi renents has increased the pressure on users to nake the nost
efficient use of bandw dth as technology permts. One nethod to increase
bandwi dth efficiency is to utilize transm ssion techniques that maxi m ze
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(two-state) digital code similar to the code used by modern
10 computers.

Modulation implies the occupancy of bandwidth, a
precious resource the conservation of which is of
increasing importance to all but most particularly to those
in the data and information transmission business.

15 Bandwidth conservation requirements has increased the
pressure on users to make the most efficient use of
bandwidth as technology permits. One method to increase
bandwidth efficiency is to utilize transmission techniques
that maximize the amount of data or information that is

20 transmitted over a limited period of time. One way to
increase the amount of data transmitted over a limited time
period is to utilize those modulation methods that maximize
encoded data transmitted over the allocated time period.

A number of methods are now being used to modulate

25 electronic signals to transmit digital data. For most
radio and telecommunication wuses, the carrier being
modulated is alternating current (AC) within a given range
of frequencies. Some of the more common modulation methods
include: amplitude modulation (AM), in which the amplitude

30 of the carrier signal is wvaried over time; frequency
modulation (FM), in which the frequency of the carrier
signal is varied; and phase modulation (PM), where the

phase of the carrier signal is varied over time. These are



all classified as continuous wave nodul ation methods in order to

di stingui sh them fromthe pul se code nodulation (PCM nethods used to
encode diwptoalemmmz anal og information in a binary way. TiRerasaveisat so nore
conplex fornms of 5 nodul ation, such as phase shift keying (PSK) and
quadrature anplitude nodulation (QAM, as well as nethods to nodul ate
optical signals by applying an el ectromagnetic current that varies the
intensity of a |aser beam Depending on the intended use, all the foregoing
10 met hods of rmodul ation permt a relgtively reliable transm ssion of

el ectroni c data over a distance. wever, as nore and nore bandwidth is
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10 methods of modulation permit a relatively reliable
transmission of electronic data over a distance. However,
as more and more bandwidth is being used because of a
constantly increasing amount of data to be transmitted,
there exists a need for even more efficient data
15 transmission capability. As more information is digitized,
even more pressure 1s exerted on transmission systems and
bandwidth demand. Although improved equipment and
technology is of some help in resolving the problems caused
by an increased demand for bandwidth, other solutions are
20 also required.
One way to partially resolve the problem of limited
bandwidth is to encode more data on the carrier. If the
amount of data transferred over a limited period of time is

increased, the infrastructure and equipment required to

25 gupport such infrastructure can be significantly reduced.

Thus, what is required in the art are new and novel
methods to modulate electronic signals that increase the
amount of digital data that can be transferred and the rate

30 at which such transfer can occur.
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The present invention therefore introduces the broad
concept of a propagated signal that has data encoding by
more than one pulse in a group of slots having unique
phase/time positions in a time period. This new and novel
method of encoding a signal permits a dramatic increase in
the amount of data a propagated signal can carry over a
specific period of time as compared to that which could be
carried using prior art encoding methods.

In one embodiment, the propagated signal has a data
element that is ascertainable by mapping. In another
embodiment of the invention, the propagated signal has time
slots in the group that are adjacent while in another
embodiment the time slots are not adjacent. In still
another embodiment of the invention, the propagated signal
has time slots that have a non-uniform spacing.

In a particularly beneficial embodiment of the
invention the propagated signal has a data element that is
at least fifteen bits long. As will be understood by those
of ordinary skill in the pertinent art, a data element that
ig fifteen bits long permits a large number of unigue codes
to be encoded thereon.

In yet still another embodiment of the invention, the
data element is selected from the group consisting of a
header; an error detection message; and a data message. As

will be understood by those of ordinary skill in the

a



to be encoded thereon. 30 In yet still another enbodi nent of the invention,

the data el enent

is selected fromthe group consisting of a header; an

error detwotmsoesenessage; and a data nessage. As w | be woaarsst/eome by
those of ordinary skill in the WD 03/065672 PCT/US02/ 41523 -5 perti
art, a propagated signal will nost likely contain a nunber of data
el enents that, when conbi ned, make up a discrete body of information. Such
a propagated signal may well contain different types of data el enents so
that the 5 discrete body of information_w Il have sone conbination of

header data, data nessage,

el ement s.
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a propagated signal that has a plurality of time periods.
Another aspect of this embodiment provides for a
propagated signal where the groups have differing numbers
of multiple pulses. In yet still another aspect of this
embodiment, the number of time slots wvary in the time
periods provided.

The foregoing has outlined preferred and alternative
features of the present invention so that those skilled in
the art may better understand the detailed description of
the invention that follows. Additional features of the
invention will be described hereinafter that form the
subject of the claims of the invention. Those gkilled in
the art should appreciate that they can readily use the
disclosed conception and specific embodiment as a basis for
designing or modifying other structures for carrying out
the same purposes of the present invention. Those skilled
in the art should also realize that such equivalent
constructions do not depart from the spirit and scope of

the invention.

nggtion. Those skilled in the art should
y use the disclosed conception and specific



designing or nodifying other structures for carrying out the s
of the present invention. Those skilled 25 in thg a?t shoul d al 2(rjrer2;|r ipgzes
that suchweguioesarent constructions do not depart from thecsfisez41sand scope
of the invention. WO 03/065672 PCT/ US02/ 41523 -6 BRI EF DESCRI PTI ON OF THE
DRAWNGS For a nore conpl ete understanding of the present invention,
reference is now made to the following 5 descriptions taken in conjunction
with the acconpanying drawi ngs, in which: FIGUREs 1A-1D illustrate graphs
of the pulse positions of a conventignal prior art digital pulse position
g]?d]lcjl)ﬁf—l gnl (PPM _rr;a_t hod where data is encoded by a pulse 10 |ocated in one
ul se positiong, J t t of four slots
separately illustrat e%ﬁ?ﬁF%E‘éﬂiﬂiﬁ,dﬁh@% r%@’tvﬁ:reﬁaggorrect conventi onal
\I;ZME]PUI se p]?S| a:son }‘o_r Ieach pul se; FIGURE 3 illustrates an exanpl e of
veforms o mul tiple pul se i th | it e
adj acent  pul s€Posft i“gjrﬁ‘? EP@BE@WE i %E?%g?%(g%égr%hegﬁgwﬁﬁ%&?ﬁg l'inited
det ect i on ;RIS REt WeRIT adiragent is| ohoposimbidens twhertthen  §phhavihgs

strongly overlapping pul ses; 20 FI GURE 9A-5B | | |ys te . apd
i magi n&r y Ge&EPHONS | 'GHERH e 1Pul TS FEF 17 ‘(“:%lé‘ié{ E)tP’laew?)E%ﬁg%%ﬁ%leﬁg added
]E)g';vnvgen egehadiacent pwise: FIGURE 6 illustrates a graph show ng the wave

FIGUREs 1A-1D illustrate graphs of the pulse positions
of a conventional prior art digital pulse position
modulation (PPM) method where data is encoded by a pulse

10 located in one of four pulse positions;

FIGURE 2 illustrates the group of four slots
separately illustrated in FIGUREs 1A-1D, showing the
correct conventional PPM pulse position for each pulse;

FIGURE 3 illustrates an example of waveforms of

15 multiple pulses with a large skirt overlap between adjacent
pulse positions;

FIGURE 4 illustrates a graph showing the limited
detection margin between adjacent slot positions where a
signal has strongly overlapping pulses;

20 FIQURE S5A-5B illustrate the real and imaginary parts
of allowable pulses for the case of +90° phase being added
between each adjacent pulse;

FIGURE 6 illustrates a graph showing the wave forms
for an embodiment of the present invention using a 78.5°

25 phase difference between adjacent allowed states; and

FIGURE 7 illustrates an example of an application of
a minimum spacing rule that allows multiple pulses per
group along with simultaneous phase and time shift

modulation.



for an enbodi ment of the present invention using a 78.5 25 phase

di fference between adjacent allowed states; and FIGURE 7 illustrates an
exanpl e ovoan/oespt i cati on of a m ni num spaci ng rul e that parluses4sed ti pl e
pul ses per group along with sinultaneous phase and tinme shift nodul ation.
WO 03/ 065672 PCT/ US02/ 41523 -7 DETAI LED DESCRI PTION Referring initially to
FI GURES 1A-1D, illustrated are graphs 100 of the pul se positions 110 of a

conventional 5 prior art digital pulse position nodulation (PPM nethod
where data is encoded by a pulse 120 |pcated in one of four pulse
positions 110. To facilitate a better understanding of the present

invention, a brief exaninatiBEFgggggh%hgcgggbggﬂl. 10 Conventional PPM
I VI

provides for a streamof data ed I nto separate sanpl e val ues
and then using a single pulse 120 to transnmt one sanple val ue.

II'lustrated in_ FI GURES 1A-1D ace the 0sgi ble
p05|tions_1;0,R@ﬁgﬁrﬁﬁﬁéénf%éa%éyh% g&%ﬁgggeié-E%éan#Hggr??%%PQ#%2 f our
glulofg pgs@ﬂﬁ@pﬁ;_ 111&% ﬁaﬂ Qh&o_zhﬁ.sei epesh asondelhg lodcat edonvert Hpo@ap of four
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of the present invention, a brief examination of PPM is
helpful.

10 Conventional PPM provides for a stream of data to be
divided into separate sample values and then using a single
pulse 120 to transmit one sample value. Illustrated in
FIGUREs 1A-1D are the four possible values, or pulse
positions 110, of a pulse 120 within a discrete span of

15 time. The four pulse positions 110 can also be viewed as
being located in a group of four glots.

By changing the position of the pulse 120 within the
group of slots over a discrete span of time the data or
information in the sample is transmitted. A series of

20 pulse position 110 transmissions is used to transmit the
entire stream of data. Single pulses 120 in subsequent
time spans similarly transmits the information contained in
subsequent sample values.

Turning now to FIGURE 2, illustrated is the group of

25 four slots separately illustrated in FIGUREs 1A-1D, showing
the correct conventional PPM pulse position 110 for each
pulse 120. Conventional PPM provides for the transmission
of only one pulse 120 in a gJgroup. When demodulation
sampling is performed at each allowable peak pulse position

30 110 in the group, three of the samples will have a value of
essentially zero and the correct sample will a value or
amplitude of unity. If sampling during demodulation is not

properly synchronized to these peak positions, however,



subsequent sanple values. Turning nowto FIGURE 2, illustrated is the group
of 25 four slots separately illustrated in FIGQURES 1A-1D, showing the
correct cwowaMsisenal PPM pul se position 110 for each pul #eTAB02/41523
Conventional PPM provides for the transmssion of only one pulse 120 in a
group. \Wen denodul ation sanpling is performed at each allowable peak
pul se position 30 110 in the group, three of the sanples will have a value
of essentially zero and the correct sanple will a value or anplitude of
unity. If sanpling during denodul ation, is not properly synchronized to
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Tmin, which is the_ general ' i nj ' i i
e e R e e
to accurately Ldentify a parti%ﬁlg%ﬁ 9: wathorl  Sefipeng DeUg@ing able
pogitions 110 to be su iciently large enough to ensure
10 that the skirt of a neighboring pulse 120 is egsentially
zero at the peak of an adjacent pulse 120. Also
illustrated in FIGURE 1A and FIGURE 2 is Tmin, which is the
generally recognized minimum time spacing or separation
between allowable peak pulses 120 required for PPM. This
15 Tmin is designed to improve the ability during demodulation
sampling of being able to accurately identify a particular
pulse 120 and separate it from the “inter-symbol”
interference, if any, caused by close or adjacent pulses
120.
20 Another factor to consider for reliable transmission
of data is the synchronization of timing of sampling to the
potential pulse positions 110. If such sampling is not
properly synchronized to the pulse positions 110 or if the
pulse 120 is not properly within its intended slot, the
25 amplitude for the “correct” pulse position 110 will be less
than unity while the amplitude at a neighboring location
will become larger than zero. Even if this were to occur,
however, the signal most probably can still be correctly
demodulated because PPM generally provides for only a
30 single pulse 120 to be transmitted during the designated
period of time that constitutes a group of slots. This
factor generally permits the position of the pulse 120 to

be correctly ascertained without much difficulty.



pul se 120 and separate it fromthe "inter-synbol"” interference, if any
caused by close or adjacent pulses 120. 20 Another factor to cbnsider %or
rel i abl e woanseiessi on of data is the synchronization of w®CrEUsg2/efs23anpling
to the potential pulse positions 110. If such sanpling is not properly
synchroni zed to the pul se positions 110 or if the pulse 120 is not
properly within its intended slot, the 25 anplitude for the "correct” pulse
position 110 will be less than unity while the anplitude at a neighboring
location w Il become larger than zerq,_ Even if this were to occur

however, the signal nost probably can still be correctly denDduIaied
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transmtted du esi gnate perirod of tine that constitutes a group
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long as the timing error is less than Tmin/2 .
10 Although PPM is widely used, the amount of data that
can be encoded within a discrete time period is
significantly limited. The present invention provides for
a new and novel method of modulation that permits a number
of pulses 120 to be included in a group of slots. This
15 feature permits substantially more data to be encoded
within a given discrete time increment and transmitted.
Referring again to FIGUREs 1A-1D and FIGURE 2, one group of
four slots permits the transmission of only 2 binary bits
of data when conventional PPM techniques are employed. If
20 four groups of four slots are used in PPM, there are 256
possible combinations of data (4 states X 4 states X 4
states X 4 states = 256 states) that can be transmitted.
This corresponds to 8 bits of data, or four times more data
than can be encoded in a single group. These 256 states
25 will occupy a total of sixteen slots. If the gsixteen slots
are combined into a single group and conventional PPM
methods are used to encode data, only one slot out of the
sixteen would be occupied by a pulse 120 and 16 states
would encode only 4 bits of data. This is obviously
30 significantly less than the 256 states the same sixteen
slots can accommodate when divided into four groups of

four.



can be encoded within a discrete time period is significantly limted. The
present invention provides for a new and novel nethod of nodul ation that
pernmts awpwaiess72 of pul ses 120 to be included in a groupPofl/tshpers23 This 15
feature permts substantially nore data to be encoded wthin a given
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binary bits of data when conventional PPMtechni ques are enployed. If 20
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’ used in the group of sixteen slots, there are 12,870

10 possible states available to encode data, which represents

an even more significant increase in data carrying

capacity. Extending the concept further and allowing 7, 8,

or 9 pulses in a group of sixteen slots, there are at least

35,750 states that can be made available to encode data,

15 which corresponds to more than 15 bits of data as compared

to the 8 bits of data that can be encoded in the same space

if conventional PPM is used.

A method of utilizing multiple pulses in a group of

slots to encode data is described in detail in U.S. Patent

20 Application Serial No. 10/066,173, entitled Modulation by

Multiple Pulse Per Group Keying and Method of Using the

Same, Hartmann, Clinton S., commonly assigned with the

invention and incorporated herein by this reference. The

invention described therein provided for multiple pulses in

25 a group of slots, but still requires pulse positions to be

separated by Tmin. The present invention provides for the

use of multiple pulses in a group of slots without the more

burdensome limitations found in Hartmann-One. This is done

by incorporating herein certain of the principles used to

30 encode data by simultaneous phase and time shift modulation

that is described in detail in U.S. Patent Application

Serial No. 10/062,833, entitled Modulation by Phase and

Time Shift Keying and Method of Using the Same, Hartmann,



enabl es significantly nore data to be encoded than the 256 states
avai | abl e t han when using conventional PPMin four groups of four slots.
Furt her, WO ogiogisr2 pul ses 120 can be wused in the group of PETAISemMS23 ot s,
there are 12,870 10 possible states available to encode data, which
represents an even nore significant increase in data carrying capacity.
Ext endi ng the concept further and allowng 7, 8 or 9 pulses in a group of
sixteen slots, there are at |least 35,750 states that can be nmade avail abl e
to encode data, 15 which corresponds_{@_-nore than 15 bits of data as
conpared to the 8 bits of data that can be encoded in the sane space if

conventl on, BM i s used,nho hogs Of griid | vzitlg Reet | pheepuieas amda group
slots (:)Lngn?:{lodé "dat aol S gggcrl be in detail in US. Patent 20

Appl i cat i ancSepoaiatig. hegedss by7Ehisntefr&@™¥sdul ati on by Miltipl e Pul se

Per Goup Keyipg 1:hod, of SUsiRgskEle 1ySamstL it BN behdat otwsS. |,
commonl y assi gne& rbd%l\;f_al%p t?m?entl ors1 andyl ncorpclzh?jz;t ed t‘lerelatq1 b%%t hi s

refer encepoﬁsabhenvpnwbmdéscqfi bad s nPHLEF ded 1Bt Th ®Pul ses in
25 a gr ou%bﬁ .S Oetsp 1 satfé lpd 8IS PUL s& pBShpi nsslecde weparated by

Tm n. |nve S on provides for the ‘use of nultiple guj;ﬁes in a
group of st @umaelmlmfet m:@ml}’b@w@éﬂél@@@d{ i(gist AL 6RETPEGHIP

Hart mann- One. This i.s i ncar perat i-pg herein gephal A1 0bwhbee
pri nci pl edVEFPTE §61 encoae ?aZt a%% E?‘la%u t aneous pﬁase and time shift
nodul at i opultdeat posidéser i dyeelrlanp%letam | apfagest Fﬁ‘%ﬁ? AR oRt Seri al

No. 10/062,833, entitl tiaQn SEe e d; Shid tnkeythg and
Met hod of s[ ﬂ@lﬂ@aﬁéf@ﬁg 1%&%% d% (gg?OG%G?Z P USOZ/ 41523
10 pulse position originally encoded can be detected. As the

overlap becomes larger, detection becomes even more
problematic.

Turning now to FIGURE 3, illustrated is an example of
waveforms of multiple pulses with a large skirt overlap

15 between adjacent pulse positions. Because of the
significant skirt overlap, it is readily apparent that
discrimination will be particularly poor with respect to an
adjacent pulse position. While increasing the number of
pulses in a group of slots increases data density, it is a

20 method rarely used in PPM because of the obvious reduction
in detection margin.

Turning to FIGURE 4, illustrated is a graph showing
the limited detection margin between adjacent slot
positions where a signal has strongly overlapping pulses.

25 To demodulate a signal with such strongly overlapping
pulses excellent synchronization is needed, which means
that it is critical for the received signal to be sampled
at the peak locations of all possible pulse positions (i.e.
at all integer locations on the horizontal axis). The

30 signal to noise ration must also be very strong (i.e., even
small noise amounts can be larger than the small detection

margin) .



-11 dinton S., comonly assigned with the invention and incorporated
herein by this reference. The ability to successfully distinguish between
two posswbloa/ogmsitions of a single pulse is critical whemrCTA/SubtSPl €

pul ses are being used in a group of slots. \Wen the pulses are partially
overl apped (as illustrated by the waveforns in FIGURE 2), so that the
skirt of one allowable pulse position overlaps an adjacent pulse position
it beconmes nore difficult to denodulate the signal so that the 10 pul se
position originally encoded can be dg& cted. As the overlap becones

| arger, detection becones even nore problematic. Turning now to FI GURE 3,

illTustrated i s_an ex | e of efo i : W

. p ar ge
skirt overlap _TfS eﬁnofgﬁ a%% le%ﬁe%%%%%‘ﬁis& Bg%iﬁ]zlem%%g%ﬁ%ﬂl °
ELgBIf;p&ﬁéﬁﬁ@dﬁ (pumdeﬁ? ithés peedehy appaeattiorhatPreNsdes m Ha¥ion will
_ articul ar oor with respect to.an I u { LLong ile

i ncreasi ng-t' aﬁﬂﬁbé’ﬂﬁl&es ol 55 r?%&)%ﬂger%ﬁ%l%?e%ﬁ%t?sé%ﬁgfgggée% (r:}%?t\é\h
density, idnlys @ad0 methoffemerty wied ippFRMdbecalsd oflske BB ods

Showi ng HE IR e TREBCT Bh T G Bt a0 acent” sTat P pesi frons
W?Lesﬁcﬁi%ﬁgﬁgﬁgtggésfgl yg@vﬁd;:&fm nigs puldees be2Fetn ¢erbdatiapecatsi gnal
Whi ch- a1 Shathen | 66y PELER Fort t by derTed Sl oral 25 be Sangl od- at
the peak |1'9é3\?éi(PnﬁhQEeaJahg}D@$Stbéeloﬂhbéeatpotsi=tibrvsil(lg.l’a,ve i9Oe°,S€]Te) ed a
pulse at t = 2 will have +180°, the pulse at t = 3 will have
10 +270°, the pulse at t = 4 will have +360°, etc.
Turning now to FIGUREs 5A-5B, illustrated are the real
and imaginary parts of allowable pulses for the case of +90°
phase being added between each adjacent pulse. Using
multiples of 90°, as illustrated, all odd numbered pulses
15 have real parts equal to zero and all even numbered pulses
have imaginary parts equal to zero. AS will be apparent to
one of ordinary skill in the pertinent art, however, it can
be shown that, in general, a wide range of angles can be
used, many of which give equal or better performance than
20 the illustrated 90° case. For example, the phase angle
differential could be varied by more than =x20° without
significant degradation of the ability to detect pulses
during demodulation.
To demodulate the illustrated signal, the real part of
25 the received signal would be sampled at the appropriate
peak locations (t =0, 1, 2, etc.). In addition, the phase
of the sampling signal would also be shifted from one slot
to the next, so that the sampling signal would agree with
the expected phase of a pulse at that slot location if a
30 pulse should occur at such location.
Turning now to FIGURE 6, illustrated is a graph
showing the wave forms for an embodiment of the present

invention using a 78.5° phase difference between adjacent



at all integer locations on the horizontal axis) . The 30 signal [
ration nust also be very strong (i.e., even sn%ll noi se anngnts Egnnggse
| arger t a0 oBlesesal | detection nargin). WO 03/065672 PCPCUSGRZ/AG323 - 12
To enable nore efficient and positive discrimnation between pulses, the
present invention provides for allowable pulses to be nodified such’that
each pulse, not only has a different tine position, but also has a 5
different phase fromits adjacent pulse. For exanple, if a phase step of
90 degrees is added between each adjggggt pul se, then the pulse at t =0

gginfhgqualf zer?) niggt _h?ve 0 phaseé”angle, the pulse at t = 1 will have
, pul.se = W ave p a =g3oW 4 | 10
270, the 6&I1§é’e§t staLed w %"1 pEl 5 i%%f‘feg}ggl.t %?‘%anhﬁgﬁﬁ oVLiFﬁlL’ &KR%§§5A-5B
l: glsust][at g% aieﬁndrt&bfai‘lﬁé thad suegienaiplpar tispsfovsd ohdtelpiaEoRor t he

e of + phase bei added bet ween .eagh ' nt. |.se; '
nultlpIesﬁ&aQfo%§F§I£%EW?%Fe8,Qﬁﬁr%%ﬂ %E%%%{%ﬁap&F§§§¥ﬁ§¢§$€g?%a| parts
Sgggl 22 ﬁﬁﬁﬁﬁ?ﬂtdﬁ|aIm%W%HMHﬂ#HIEEFEb&E$n9$a¥@ Tyl har§y parParedual to

. \ e apparen 0. one of_ ordinary ski.ll | '

howevef, ite &8 1HEPSAGHN %%%?WeéiP%ﬁﬁﬁu%H%01 QM%&ghpg%géﬁgfgg%%+gggéaﬁrLé
used, manypfi Whigh i vesagtale®dr bet tercyes f o3 mantieis hagrapht halso

Vari od by ione EiiF 200G EHOTEATAGH# AAREOHE0r GUSt FONLBR R SrF ty t
detect pulsesstdwdigedemdbatd®n. state and its neighboring statesI y ro
for a phase angle shift other than 90°. As can be seen
10 there is a dramatic improvement in discrimination when
compared to the more conventional PPM with allowable pulse
spacing of Tmin and no phase shift. Without the phase
shifts, the detection minimum margin is 0.067 while, with
the phase shifts, the detection margin to adjacent states
15 is now 0.81, which is close to a conventional PPM detection
margin approaching unity.

Thus the present invention is best characterized as
using multiple pulses in a group of slots and
simultaneously shifting both the phase and the time

20 location of a pulse signal for adjacent pulse positions in
a known manner. By mapping the encoding, the amount of
data that can be sent and decoded is gubstantial. Mapping
constitutes a predetermined arrangement whereby an encoded
signal has a specific meaning attributable to such signal

25 that can be ascertained when such signal is decoded or
demodulated. This agreement can take the form of a
protocol, such as an agreed upon table of codes, or other
arrangement whereby an encoded signal has a reliable and
ascertainable meaning when decoded. The advantage of using

30 the present invention to encode a data message is clear.
A vast amount of information to be encoded on data elements
within a propagated signal to permit the transfer of

gubstantial data over a very short period of time, thus



To denodul ate the illustrated signal, the real part of 25 the received
signal would be sanpled at the appropriate peak locations (t =0, 1, '2
etc.) . Iwoaddéxsron, the phase of the sanpling signal WO RCTH/ TSI B015E ’
shifted fromone slot to the next, so that the sanpling signal would agree
with the expected phase of a pulse at that slot location if a 30 pulse
shoul d occur at such location. Turning nowto FIGURE 6, illustrated is a
graph showi ng the wave forns for an enbodi nent of the present invention

using a 78.5 phase difference between adjacent WO 03/ 065672 PCT/ US02/ 41523
-13 allowed states. A phase increrren?l%f her than 90 is shown to

denonstrate the substanti al I Nproy. | | M nat i ; i bet

a correct CSPEFEVARE P?dWéﬁgﬁbop?%goggt%t‘%é&#‘gérﬁgl f(;vr:t/a %%\Lﬁeﬁgﬁéci n\é\gegf

Ihm ]p{ 5 afﬁ@?”ﬁﬁéﬁiglllé,tmotrbethdﬁnfiﬁaéeal bbwedopuiaea sprieilery SRIMRA phase
ifts that was Illustrated in Fl GURE 3. Thi I tes th

substanti &Pl ¢ ?ﬁ.ﬁgé%ﬂraf@c?’f‘ﬂi ngY i BAPY HA? lL}]‘ila;%i cg%gg%elt%v%%h faéic%%%%t st atg

and its ngighbewi.ng states for a phase angle shift other than 90. As can

be seen 10 there is a dramatic inprovenen

to theSmore comPentPSiEP BPRIGI t A aTngwa‘S%‘éhgﬁlmséfr ;rg%@?%%@g?wap%s g(r)urjrp ﬁ(r)ed
ghggs 3\2: Fiteescv\%li{g&@uh%ﬁ@hp&m&aﬁlf@ﬁigm«ad hien detgctupn Mmi BURTHBRGI N i s
LM el o, e oeei e PR SRR R L B crbce
;n:r gi N apRieRARIRG Y thasthumd hel s esentt i ventéonpissbeposthaeast eri zed
which permitted allowable pulse positions to have a
10 significantly smaller time interval. The present invention
uses both of these features with the addition of certain
other features that permit the two methods to be
gimultaneously employed.

In the multiple pulse per group of slots situation otf

15 Hartmann-One, two adjacent slots were permitted to be
occupied because, as illustrated in FIGURE 3, the skirt of
one pulse did not overlap the peak of its neighboring
pulse. However, if two adjacent or closely neighboring
slote are to be simultaneously occupied using strongly

20 overlapping pulses, the potential for strong inter-symbol
interference exists between pulses that could result in
almost total cancellation between the two, if a gsignificant
enough phase shift between pulses was present or a
significant synchronization demodulation error existed.

25 This potential interference needs to be addressed.

Oone method of solving the foregoing potential
interference problem is to impose a minimum pulse spacing
rule when combining multiple pulses per group modulation
with simultaneous phase and time shift modulation. An

30 example of a generally useful rule isgs that, while the
allowable pulse positions can have time separations that

are significantly smaller than Tmin, in a specific phase of



using multiple pulses in a group of slots and sinultaneousl hifti
the phase and the time 20 location of a pulse signal for ad chn!tftplulngebOth
posi ti onswpn3/oeseknown nmanner. By mappi hg the encodi ng, thecarmsonsises data
that can be sent and decoded is substantial. Mpping constitutes a
predeterm ned arrangement whereby an encoded signal has a specific neaning
attributable to such signal 25 that can be ascertai ned when such signal is
decoded or denodul ated. This agreenent can take the formof a protocol
such as an agreed upon table of codes,_or other arrangement whereby an ’
gggggfg S|gPaI has goreLiable and ascCertainabl e meani ng when decoded. The
ge of usi_n t resent in i t. i
cl ear. Aavét@tv_eéﬁgﬂhtanéﬁ‘% &lﬁﬁelsor%\ﬁ%(}%%henlgﬂbgge}g&%ﬁwﬁfgéﬁ? empélza?ft?fe :/vist hin
Shgifpgg?}ﬂggtng?gyst @aﬁ%r minhewtr apsténgobresubst &lweinalTmddta over a very
iod o i me, thus 3/065(37?2 PCT/.U 4 - i
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fifteen bijsiakadaim e@nabaienendedpating siihgl ehgtoapland, mbyt#RpPi ng t he

codes used, reliably decoded. 5 In Hartmann-One a n ! hod of ; i
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type of mogulmati gegwastdescri bae priové diesgnfodre a osemuptbseods phse and

time shift between pul se positions ich perm.tted, al] owable pul
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rule, the next pulse in that particular phase of the

10 waveform is excluded from positions t =1, 2, 3, and 4, but

is allowed to occur at any position after t = 5. 1In this

example, for the waveform shown, at least four pulse slots

had to be skipped between selected pulses where Tmin is

equal to five slots. A general rule can be constructed

15 such that if a slot width equals Tmin/N then a skip factor

can be defined as N-1. Obviously, larger skip factors can

be used and be well within the scope of the present

invention as well as being beneficial, such as, for

example, in operating environments with strong outside

20 interference. Of course, somewhat smaller skip factors may
also be beneficial in certain other cases.

Another method for solving potential interference
problems between two adjacent glots when multiple pulses
are being used in a group together with time and phase

25 shift modulation is based on the orthogonality between
adjacent slots where a phase cshift between slots is +90
degrees. If the phase shift is sufficiently close to x90
degrees, then a pulse in any given slot will not interfere
with either of the two adjacent slots. In this case, all

30 odd numbered slots become totally independent of all even
numbered slots. However, as pointed out above, a pulse can
still interfere with its neighbors where the same pulse

phase exists, if the spacing of these neighbors is closer



other features that pernit the two methods to be
In the nultiple pulse per group of slots situation of

si mul t aneousl y enpl oyed.
15 Hart mann- One, two

adj acent wboBs6iser e pernmitted to be occupied because, asPCriussyaeed in

FI GURE 3,

the skirt of one pulse did not overlap the peak of its

nei ghboring pul se. However, if two adjacent or closely neighboring
are to be sinultaneously occupied using strongly 20 overl appi ng pul ses, the
for strong inter-synbol interference exists between pul ses that
could result in alnost total cancellq} on between the two, if a
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between slots, generally allows for a significant overlap
between pulses in neighboring slots.

While the embodiment of the invention described herein
provides for uniformly spaced time shifts and uniformly
spaced phase shifts, those of ordinary skill in the
pertinent art will understand that non-uniform spacing of
time shifts or phase shifts (or both) is well within the
intended scope of the present invention. Similarly, groups
can vary in the number of slots and/or in the number of
occupied slots and still be within the scope of the present
invention. Also, a single group can be defined such that
it only has a fixed number of occupied slots or,
alternatively, it might allow for a varying number of
occupied slots. Also, a single data message could include
more than one type of group (for example the header might
be one type of group, the actual data a second type of
group, an error detection/correction word might be of a
third type, and synchronization might be a fourth). As
will be recognized by those of ordinary skill in the
pertinent art, all of these variants as well as others are
well within the intended scope of the present invention.

The present invention also provides several
embodiments of methods for propagating a signal. In one
such embodiment the method calls for designating a time

period divided into a group of time gslots each having a



sel ected phase of a waveformoccurs at t = 0. In accordance with the above
descri bed m ni num pul se spacing rule, the next pulse in that particular
phase of wbe3aesenmvef ormis excluded frompositions t = 1PCT/USBy4m3l 4, but
is allowed to occur at any position after t = S. In this exanple, for the
wavef orm shown, at |east four pulse slots had to be skipped between

sel ected pul ses where Tmn is equal to five slots. A general rule can be
constructed 15 such that if a slot width equals Tmn/N then a skip factor
can be defined as N-1. Obviously, Iar_q_gr_ skip factors can be used and be
well within the scope of the present “invention as well as being
beneficial, such as, for. examle, |n ratl I £.0n Lt st rong
out si de ZOJrHﬂLéE?f@P%%%&?“E? Eggﬁgé?héoqn@%hﬁées}%a Inée/ljrlélgk?}rga?g%%\%rs may al so
be benefi cisdtiibweirdi mudthenl ecapedsednacitmerg mstisbd FéResdidatfy pBtenti al

interference r obl bet ween. two _ad] t.slats \Qg%n litisple pukses are
bei ng usedtPHE ¢t df?&sat oegleet%eé}q; WY 5 S%nrqf‘é%{z%n&%&%tggg gfﬁéflt ‘modul ation is
based on thesext heganallivdedetenmesnl athareembedbnsnikhere metiingse Lo/ f t

between slots is 90 degrees. If the se shift _Ls.sufifici y ose to
90 deg? edRTORIMEAL HHuPsE i Hny gi v‘*‘éﬁp@ S elgmﬁlbekﬁ%%ii rﬁa{esrcfggéﬁ vSvi%tth ei t her

of the tworggimceranot $o | 8ntble case, of | o8Givddynusbet&d 1 otdehecone

totally independent of all even  nunbered_ slots, er. A8 RYied out
above, a pRFSEIRIRE AT | Goht FPEFESRITh Tre net Yy %?% vﬁ1he($e the same pul se
phase exi sifpod{méhies SPRCENGn Ofict hede. nei ghbors is cl oser WO 03/ 065672

PCT/ US02/ 41523 Ai%ﬁough the present invention has been described in
10 detail, those skilled in the art should understand that

they can make various changes, substitutions and
alterations herein without departing from the spirit and

scope of the invention in its broadest form.



than Tmin. In this special "orthogonal nearest neighbor" case, a useful
nmet hod for analyzing the options is to divide the slots into two

i nt ertw &0 osbs6g oups, such as an | group and a Q gr oupPCThmsSn2/415p3
necessary, the Tmn 5 m ninmum spacing rule illustrated herein can be
separately applied to each such sub-group. The new type of nodul ation
descri bed herein, characterized by using nultiple pulses per group

conbi ned with sinultaneous phase and tinme shift between slots, generally
allows for a significant overlap 10 _ki%t_ween pul ses in neighboring slots.
Wil e the enbodi ment of the invention described herein provides for

uni formy spaced._tl shi uniformy spaced phase shifts, those of
ordi nary skill Wﬂlfgs %#@%%hrt wi || understand that non-uniform
spacing of 15 time shifts or phase shifts (or both) is well within the

i ntended scope of the present invention. Sim ly..groups can vary in the
nunmber of sl ots? and/porlg)lf‘?P?%t% et ot co%cpuxk)%lcfy% ots and still be within
the scope of the presariddvubntidsd Altsna grsiupgled griow sdatsbeaddf i ned
such that 20 it only has a fixe;i nunber 01{1 occu rilgd slots or,

al t er na® i VRRYANG t2 AU PRRFF oF 8% RS W hurbe? of  occupi ed sl ot s.
Al'so, a single gateipessaga el diboeivdeedmunerchanadde time eflogsoup (for
exanmpl e the header m ght bhe one pe of grou the agtu .a .a_second
type of 25eBEeNPRT #h Brhdorelgaedtt %’n?i‘b?lr W@‘iﬁ %arsaeé%lg‘% p%%t%fl%él' third
type, and synchroni zation mght be a fourth). As wll be recognized by
those of ordinary skill in the pertinent_art, all .of {hese | ant.,s as
wel | as others are TReRl RAWATRY ?ﬁ?@ﬁ&ledaicd:&?l%@# hénpr(\élgéeinrﬁ g

inventi@”'wherein said data element is ascertainable by mapping.

3. The propagated signal as recited in Claim 1

wherein said time slots in said group are adjacent.

15 4. The propagated signal as recited in Claim 1

wherein said time slots in said group are not adjacent.

5. The propagated signal as recited in Claim 1
wherein said time slots have a non-uniform spacing.
20
6. The propagated signal as recited in Claim 1

wherein said data element is at least fifteen bits long.

7. The propagated signal as recited in Claim 1
55 wherein said data element is selected from the group
consisting of:
a header;
an error detection message;
a synchronization element; and

30 a data message.

8. The propagated signal as recited in Claim 1

further comprising a plurality of said time periods.



30 The present invention also provides several enbodinents of nethods for
propagating a signal. In one such enbodi nent the nethod calls for

desi gnat iwg@ 0a/0636me  period divided into a group of tine slPeraseactszhavi ng a
WO 03/ 065672 PCT/ US02/ 41523 -17 uni que phase/tine position. The met hod
then provides for distributing nultiple pulses anong such tine slots to
encode a data elenent by a uni que phase/tinme position. The invention

i ncl udes several other enbodi nents of nethods for 5 propagating a signal.
Sufficient detail has been set forth.,Rerein to enable one of ordinary
skill in the pertinent art to understand and practice the various

enbodi nents of such t hods ug prese nti{Qn ween
described in 1U det 9, 'pfﬁgggaEEﬁlI%ﬁé$$Fth§§a?%c§E§§'diﬁnégsgiand t hat
they can na@r-ofari susdchangess Bebst i diffamnigndurkersr 2§ oRsLE&PERN

wi t hout de gﬁ%lng fromthe spirit and scope of the invention inits

br oadest f €MD 03/ 065672 PCT/ US02/ 41523 -18- WHAT IS CLAIMED IS 1. A
propagat ed si gnal, conpr|5|ng. atime period divided into a group of tine
slots each 5 having_a uni ha e/tine_position; ti ulgses
distributed anohy saiif t %i eRtading aé dat é: glr(l'(i:ﬁrr\e\n%1 @ifla[?d Suni que
phase/ti me,posdih Ora;alcﬁ nuhlbemr ooﬁg&t:eda sisdodals asargci ted saidl &ilmel 10

wherein said data el enment is ascertainabl e by napping.
periods.



3. The propagated signal as recited in daiml wherein said tine slots in
said group are adjacent. 15 4. The propagated signal as recited in Caiml
wherei n swDM3063622 sl ots in said group are not adjacent. 5PCThSOpsBpagat ed
signal as recited in Claiml wherein said tine slots have a non-uniform
spacing. 20 6. The propagated signal as recited in CCaim1l wherein said
data elenent is at least fifteen bits long. 7. The propagated signal as
recited in Claiml1l 25 wherein said data elenment is selected fromthe group
consisting of: a header; an error detegf{ion nessage; a synchronization

el enent; and 30 a data rressage 8. The propagated signal as recited in

Caim1l1 further.conprjsi PEhbPES 03/ 065672
PCT/ US02/ 41523 {}19 Iln%llgg%ro g£8%%§%F§%a a%gg%%g?te ?n C%g¥ﬁ18 wherein

sai d groups havéedlgm@tlng aunﬁmﬂfpaﬁlQﬂﬂdﬂVpﬁ@d pukees. 950up, offfgime
propagat ed nal d i d; gyobgrgof time slots
vary in saf g ??n%ac erlo ES Hﬂgﬁgégggis%@§§£%38§%l553 -20 11. A method
of propagated ad$sgnﬂbutmngpmuktmgle pulses among said time slots to

5 encode a data element by said unique phase/time position.

12. The method as recited in Claim 11 wherein said

data element is ascertainable by mapping.

10 13. The method as recited in Claim 11 wherein said

time slots in said group are adjacent.

14. The method as recited in Claim 11 wherein said
time slots in said group are not adjacent.
15
15. The method as recited in Claim 11 wherein said

time slots have a non-uniform spacing.

16. The method as recited in Claim 11 wherein said

20 data element is at least fifteen bits long.

17. The method as recited in Claim 11 wherein said
data element is selected from the group consisting of:
a header;
25 an error detection message;
a synchronization element; and

a data message.

18. The method as recited din Claim 11 further

30 comprising a plurality of said time periods.

19. The method as recited in Claim 18 wherein said

groups have differing numbers of multiple pulses.



designating a tine period divided into a group of tinme slots each having a
uni que phase/tinme position; and distributing nmultiple pulses anong said

ti me sl otwotod/es7ENncode a data el enment by said uni que pha®ertisar4y5esition.
12. The method as recited in Caim1l wherein said data elenment is
ascertai nabl e by mapping. 10 13. The nethod as recited in Caim1l wherein
said tine slots in said group are adjacent. 14. The nethod as recited in
Claim 11 wherein said tine slots in said group are not adjacent. 15 15.
The nethod as recited in Gaim1l whergin said time slots have a

non-uni form spaci ng. 16. The nmethod as recited in Caim1l wherein said 20
data el ement 1s,3l |93 ddddREMDI £801008. 17 c1fA% MR MpkkASid eghied 1 n
Claim 11 wherein sai data elenent 1s selecte romthe group consisting
of : a headeumb2s arf érimer sdettectvieay nossage tamsympemiodiszati on el enent; and
a data message. 18. The nethod as recited in Caim1l1 further 30
conprising a plurality of said tinme periods. 19. The nethod as recited in
Claim 18 wherein said groups have differing nunbers of nultiple pulses. WO
03/ 065672 PCT/ US02/ 41523 -21 20. The nethod as recited in C aim 18 wherein
said nunber of tine slots vary in said tinme periods.



