} WOQ;2(507/0@4001 PCT/IB2006/001731 METHOD AND APPARATUS
FOR GENERATING M-ARY CPM WAVEFORMS FROM A
SUPERPOSITION OF PAM WAVEFORMS TECHNICAL FIELD: [0001]

wOR@resent invention relates to an M-ary constant phase mﬁ@ﬂ@%@smonﬁ
signal, and is particularly directed to decogﬁosmg that signal into a

METHOBANBHASHARATHS ERBRCTATHRABEN GidfAR Vi PING WV ACERRRMS
and commERCANg SUPERe GHTIORASFPI Ny BAGHSIRAUND: [0002]
M-ary signaling can be regarded as a waveform coding procedure, and
refers specifically to signal processing where the processor accepts k data

TEditg@atpfime:and instructs the modulator to produce one of M=2k

[0 Oﬂaveformﬁ%l}ggg ’F’E@%@&W&a& 5 th g%amal C?m%? phase here K5 15'11&1:@% signal,

all y refers to'non- |nar and Tonvention is con inue
aﬂdtkﬁcm@mdmﬂh“ sdm@smed&mmmtth@h@mJaMWd@@mmmm of pulse
ampBRHHRIN BSIARGSS. FQtRHISEAMRdg.modulation (RAY, (e Signaling e
order M refers to the” number of unique discféte amplitude values over
decopmesrdispalse is allowed to vary. Instead of transmitting a pulse
waveform for each bit (where the rate would be R bits per second), parse
BA the data into k-bit groups and then use M=2k-level pulses for,
jon. Each pulse waveform then represents a k-bit symbol

[opozhoving at Mw&mﬁ%@uﬁh&b@ﬂa&%@@%ﬁ@dﬁ edd@@sliftﬁedure and
refm@gﬁé %@ ggnggqgnﬁs rg)%& aredito Pyl S%f gaods%!%“ 2 %P%egs £ time

transmitted as O ose ough a OWGI‘

and ﬁasmc‘@fﬂmémmeam Hepitvcreesesf Mel’éﬁamﬁpfmsjslﬂlmqr&gﬁimgt (M““Z)
is thd '%S%%'@%@W?@f&lfo P! R Qe Al RS RS ATR)Y BEURD! '&ﬁi%ntmn is

ses (M=2). The result’in the prior art is that, as k increases (higher
con‘férr%% feugbeTun e disalnpes et Sreristnetinn IoAer paderpralicé in certain
instdREseaIRy puthe segnad sienakiRmesevslic,s NetachaicalWERENO)kSthe

expense of hbandwidth. For ngn-orthogonal signaling, the

educed, at th
g @b T, SRR el R T RSB B RaiRRoth Siqped to vary.
Instendpefismahlcivgraepudreperfeforante exdntieasackeSMRate would be R bits per

second), parse the data into k-bit groups and then use M=2%-level pulses for transmission.

Each pulse waveform then represents a A-bit symbol moving at the rate of R/k symbols per
second, which reduces the required bandwidth as compared to pulse-modulating each bit
because symbols are transmitted as opposed to bits, though at a rate slower by a factor of
k. As M (and k) increases, the receiver finds it more difficult to distinguish between, for
example, octal pulses (M=8) versus binary pulses (M=2). The result in the prior art is that,
as k increases (higher order M-ary signaling) with orthogonal signaling, error performance
increases or the required signal to noise ratio SNR (technically Ey/Ny) is reduced, at the
eﬁ;pense of bandwidth. For non-orthogonal signaling, the tradeoff is reversed in that
increasing & improves bandwidth at the expense of lower error performance or increased
SNR.

[0003] Constant phase modulation (CPM, also known as contintious phase
modulation due to its smooth phase transitions between symbols) is a signal modulation
technique that increases bandwidth efficiency by smoothing the waveforms in the time
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[0003] Constant phase modulation (CPM, also known as continuous
phase modulation due to its smooth phase transitions between symbols)
is a signal modulation technique that increases bandwidth efficiency by

vwamoethngethe waveforms in the time 1 CONFIRMATION CQRX W /001731
2007/004001 PCT/IB2006/001731 domain. Bandwidth efficiency is

dompii B UGB ARSI NS SHRatstonergymiatinaribivasisahesrsngy in a

narr@halingradjacentsignalgiiede paskedclespidagetinge: lnemat ittbisnt in
fhis smo%r}lness i%athﬁ %%tlr;[?at S, rvs%ol tr_a,nsigon features are muted, and

FRA RS | 38 S ORI AT s HABHHSD desiars oFF (o s gy symbol

syncleatirgsobeiciydesinidpekboantiosth ttheitiorelcamainbsign ale fattouS CRMoth
i r. more of the..follawing features; usi
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follofjagtirgtatny elivitar sygnbopifsesfarish cecodhatdadividuainiulses clecupiives;

interRHAINARNQRG Sigdab UME- IR EANA FEAICIOIRe mamumaowedcy,y
phase change per symbol interval. [0004] As a cursorié description of

moreipay AL R SRRV ATSIing BrrE ek bpbrshehange per

symyimapekiterval as s(t, a, h) = expj j2,7hla;q(t-iT)}, nT t<(n+)T; [I] where t
denotes time, T denotes the symbol duration, a;e { 1 } are the binary data
bits and h is the modulation index. The modulation index h is the ratio of

[ooo4the frequency aiesdstidesciipthe feqhencyHhihesngiiualnywaveforhesn be

in inusqjdal wave as in CPM. The phase function, q(t), is the
eXpr%ﬁ%tgchge?)?%ﬁg i %\lgﬁ\%?%ﬁrc f%)sn, f(t), which is zero outside of the time

interva%{?,L%gnd hich i sc?d;ed_ hthat L ff(a)da=q(LT)=2 [2] O
[0005] AN &L SRR gR RN averim is"tﬁéfbézﬁr&@énsion of the [l
binary single-h casein which the information symbols are now multi-level:
e, ate {1, 3,..., (M-1)}. [0006] Finally, an M-ary multi-h CPM waveform

whereiRR 84 HRB, 3Sdenotes the symbol duration, aje {1} are the binary data bits and
h is the modulation index. The modulation index % is the ratio of the frequency deviation
to the frequency of the modulating wave, when using a sinusoidal wave as in CPM. The
phase function, g(t), is the integral of the frequency function, f{t), which is zero outside of
the time interval (0,LT) and which is scaled suc;h that

[f@adr =gk =3 2]
[t}

[0003] An M-ary single-h CPM waveform is the logical extension of the binary
single-h case in which the information symbols are now multi-level: i.e., aje {£1,+3,...,

+ (M-1}

[0006] Finally, an M-ary multi-h CPM waveform can be written as

s(t,a,h) = exp{ j2r Za,hjg(z‘ —iT )}, nl <t<n+1T 31
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s(t,a,h)=exp{j27rZa,htq(t-IT) nT<t<(n+)T [3] 2 WO 2007/004001
PCT/IB2006/001731 where a;e {1, 3,..., (M-1)} and the modulation
index, h,1 assumes it value over the set: {h(l)...,h(Nh)}. In one

wignpkemesntation, for example, the modulation index may cyelerayendbeseh
of permitted values. [0007] In_his seminal work entitled "Exact and

whepggFolinate Tonshtiibn rishgiEPBHEeR NstdhHS Hestipettbsitiite

set; OfxmPlityeg) ModylafienBplsaentAdE) for| BiplanBactionsi@bn index may
Communications, vol. COM-34, No. 2, February 1986, pp. 150 - 160, P.A.
cycle gy st RetN R AR binary single-h'CPM signal can be exactly

represented by the superposition of pulse-amplitude modulation (PAM)
aveforms. ].Q-1 Sstfﬁ’h =exp j2nh -IT=Eybkck(t-nT), Q=2 -1?%
[000::71]\;) k=0 ?ﬁbéﬁ@ IS1S e%fﬁﬁe%l‘%@e“ﬁﬁ%ﬁ I%%%olr%) oos}lgt]fgﬁpa(r%ng%%?g ,Of
Digiteh PHase ) Merbsionts th S ppepdsittatatymipitidy Ririald ob Rited [HNP)”,
IEE %ﬁn&&%}aﬁh&%’&% QI%%BH?%W?@@W@ Dol L auiRBhIaXs t€s, pp, 150 -
theoretical groundwork in the above paper for representing’any constant

160.afitdaarpms drgsp FResennibau riio v th sisgle-bf aiiditsientinfser by exactly
reprif08inBierk RURSREHIUGSRUHME RUIRARI HRAGP AL AR RRAINS

that binary single-h CPM, which may be appear to be rather complex in
its classical representation (equation [11), can be replaced by a much

simpler notatign by using what “ha ome known as the Laurent
DEE A <0 FOUDS PN VAN enD Db dompbstBhiof edbtion: (4] 4
expresses a binary single-h CPM §’|§r’1’al as the sum of 2L-1 PAM
waveforms (where L denotes the number of symbol intervals over which

its frequengy function is defined). The Laurent.pulses, ck(t), are ,obtain
000} e AHded B B T oSN K B A aHne
repribase thuisesds-that tyenbignalvkivhraye ishimievé ity disintintediasiiongstm the

iR s Are ISR EN oftasl Thuf, SRUISSHAY o

e "mainh pulse", w carries most of the “signal energy (often up
‘represfegli9g) Aukt peatiatbrmnlifideh lsvsyenbiey medulisivases the sum of a finite
number of time-limited pulse amplitude-modulated pulses. Hence, Laurent shows that
binary single-k# CPM, which may be appear to be rather complex in its classical
representation (equation [1]), can be replaced by a much simpler notation by using what

has become known as the Laurent Decomposition.

[0009] The Laurent Decomposition of equation [4] expresses a binary single-4
CPM signal as the sum of 251 PAM waveforms (where L denotes the number of symbol
intervals over which its frequency function is defined). The Laurent pulses, ck(t), are
obtained from the phase response of the CPM signal. An imporiant characteristic of these
pulses is that the signal energy is unevenly distributed amongst them and that the pulses
are distinctively ordered. Thus, ¢o(t) is usually the “main pulse”, which carries most of the
signal energy (often upwards of 95%), c¢1(t) contributes much less energy and the last
pulse co.(f) contributes the least amount of energy. Thus, in many cases of practical
interest, the CPM waveform can be approximated using only the PAM construction of the

“main pulse”



pulse cQ.I(t) contributes the least amount of energy. Thus, in many cases
of practical interest, the CPM waveform can be approximated using only
the PAM construction of the "main pulse" 3 WO 2007/004001

wioGIBaeeHs/001731 s(t,a, h) - jbo,nco (t - nT). [5] n [0010kBeeeussedéies:
pulses of Laurent's approach are defined in order of decreasing energy,

equation [5] can be broadermd,ﬁw@wmﬁwsum the energy over the first5]
pulse or over the first few pulses ofithe decomposition in order to
synthesize an "almost binary single-h CPM" signal. Thus, for many cases
of practical interest, the binar é?éasmgle -h CPM S|gnal is well apF{)roxmated

[0010)s s (t,a, S BRI Bses o fertea s ArRrops e e iy cprier chdreispsing

enci2ECaIIARSION dgnl a6 GauRRvidi m@&ﬁﬁﬁﬁéf@@myeﬁﬁé/ﬁrst pulse or
ve whic simplifies receiver orlthm or binary

oveh NG TR SEE e fE EETEAT o e U PO R B

singdtefn OIFAS” v igima) | e Thuks ecasnansecpsatiofipiakticsjuatiyes{Sibe hadolas st plifi€8M

iGN g{, ipary CPM" transmission schemes as well as for the
Slgngi?mp% ?fa %elgger design algorithms by using only a few of the

leading Laurent pulses rather than the true CPM waveform itself. [0012]
However, with increasingk (and thus increasing M in an M-ary waveform),

further extensiotisapktie ¥ abranicpeeotfiposilichostappear to [6]
preserve the mathematieélly elegant PAM signal structure that makes this
decomposition so useful for generating approximations of binary single-h

CPM wav 013] Specifjcally, i er entltled ecom osjtio
(001 ary CP@}1 ?5?1‘31@“ I]R%) %ﬁ%&’i’lé?o’ﬁﬁ?ﬁ % the &
cmmmasrrmn Fhiebryreuti; %yuﬁeﬁxe@ameﬂgmmﬂzﬁ%omnéammaﬁnammg
them 1% %nMs iVI 3?”| ei‘(t%%qag]enlﬁ?g{emce?vee SltIO tO inclu s as

mult eve (smgl S|gnalong and show tha sm ?elﬁ
in equgesorn. haﬁeaﬁ@ml[éﬁvln@ﬁmsd@mmém of “almost binary CPM”

transmission schemes as well as for the simplification of receiver design algorithms by

using only a few of the leading Laurent pulses rather than the true CPM waveform itself.

[0012] However, with increasing & (and thus increasing M in an M-ary waveform),
further extensions of the Laurent Decomposition do not appear to preserve the
mathematically elegant PAM signal structure that makes this decomposition so useful for

generating approximations of binary single-# CPM waveforms.

[0013] Specifically, in 2 paper entitled “Decomposition of M-ary CPM Signals
Into PAM Waveforms”, IEEE Transactions on Information Theory, vol. 41, No. 35,
September 1995, pp. 1265 — 1275, U, Mengali and M. Morelli extend the Laurent
Decomposition to include multi-level (single-h) CPM signaling and show that M-ary
single-k CPM waveforms have the following PAM decomposition

s(t,a,h) = exp{ jZn'hZ a,g{t — iT)} = JﬁZbk’n gt —nTly, N=Q"@2" -1; [7]

b o1
where a now denotes the M-ary data symbols gy € {+ 1, 3., =+ (M-1)}, Q= 28 and P

is an infeger satisfying the conditions



N~~--1+ s(t,a,h)=exp j2,7h:aq(t-iT)bk,nSk(t-nT), N=QP(2P-1); [7] i k=0 n
where a now denotes the M-ary data symbols a; e { I, 3,..., (M_1)}, Q =
2L-a and P is an integer satisfying the conditions 4 WO 2007/004001
WoGH1B4006/001731 2p-1 < M:5 2P. [8] [0014] The MengabanskbMacati7az
approach is seen to view an M-ary CPM signal as the product of P binary
CPM waveforms, apply the Laurent Decomposition to each individual
factor, and then write the figal'expfesgion as the sum of PAM [8]
components. In general, this approach yields 2P-1 PAM component
pulses of significant energy. Furthermore, unlike Laurent's solution for the
[0014hinary cakee Metedhpréddhrdbiennoacbdaisem oM dedbmpsStbnignal as
the pibigh the o anppt 'ﬁﬁ%%ﬁx{%?t%ﬁg ARNGHNLe58S AhIRHP RS REn

. .. signal energy. [0015] E. Perrins and M. Rice also extend the Laurent
indivigBabResiaRh FavEisdpe dnakssarmsiona Hetea Bty lesponents. In
genezﬁeceﬁ&;(rspiﬁgm?aryimlti%ﬁéb?m Wkﬁﬁﬁﬁ&a%%ﬁféﬂéd NigatigpsAaGt energy.
Networki nference 4, pp. 1165 - 1170; and,"PAM De omposition
Farthggigpes, B St bt e Gt IDTE FP PP SR BT
in a R2dvhdwenicatidtieofor futivle theblicatinantThdsaoskeafaRestinsichetRig@erms of

decred8RERliz8 the, .aurent Decomposition by applying it to M-ary multi-h
e CPI\% Wga&ve%orr%ésy.aln their approach, Perrins and Rice first derive the PAM

decomposition for the binary multi-h case and then extend this result to
[oo1sthe general ddeary Mt GaRe NRrdereins shavt HAlN PRGBS in two

{32nZh_aig(t-iT)}=Ejlbk,ngx.n(t-nT), N=QP(2P-I). [9] ti JJJ k=0 nJOOl'G]‘
Paperfh RSERAb AP ASEINFO NS IINFP e HBR o AT ok (BN laltirpless
Cominglaxgsotise aﬂe:{mgx)vbfﬂj)mg.,tnﬁﬁmﬂeam aoeg” ﬁpdiqqtgﬁhmo%w@ mt::m%m

B. An. imparfant distinct etween equation [9] and the abgve work o
Decogﬂ%%%% |na(§ . éﬂ}l}[gﬂg&}v?’, tggﬁaveg %o ge sub[mlxtted to IEEE Transactions on
Communications for fiture publication. The work of Perrins and Rice generalize the
Laurent Decomposition by applying it to M-ary multi-h CPM waveforms. In their
approach, Perrins and Rice first derive the PAM decomposition for the binary multi-/ case

and then extend this result to the general M-ary multi~% case in order to show that

W= - '
s(t,ah) = ex:p{ J2my ha,q(— z'T)} =3 b ,g,t-nT), N=0"@"-1. [9]
i =0 g
[0016] The notation i' = i mod Ny, where N, denotes the number of modulation

indexes (i.e. b={h(1),h(2),....,h(Np)} and “mod” indicates modulo addition &. An

important distinction between equation [9] and the above work of Mengali and Morelli is
that {g¢(t)} is a now sef of Np'N component pulses. Note that the Perrins-Rice deriva’tioﬁ
results in the generation of Nu-2F™ “main pulses” that carry the most significant proportion
of the total signal energy.

[0017] Each of the above extensions of the Laurent Decomposition is seen to not
preserve its mathematical simplicity, which makes it so valuable in mirroring or

approximating a binary CPM waveform. What is needed in the art is a method and



that {gj "(t)} is a now set of NhN component pulses. Note that the
Perrin-Rice derivation results in the generation of Nh2P-1 "main pulses”
that carry the most significant proportion of the total signal energy. [0017]
WG 98I above extensions of the Laurent Decomposition BCI@mnass/mat3;
preserve its mathematical simplicity, which makes it so valuable in
appagiitboiim gliveadp piesematissy enbivkeyyC P Mavigoim vwithatisdeedeekionable

approfnAtids 3IM6Hhesa ééé%oﬁﬁoﬂ%%ﬁgyégr{%%%@ Q8P i nsed is

paratus to linearly decompose an M-ary CPM signal, witl exact or

ap > - A N .
seen fop SotnsRelahkmviidnmedulasioatiicidst bagomthPreempostiniwisrelfiisageen
=5 adBGBSIAPSelarhi pRcr denaces o ol sisdleshang Bk RAOAUA Gy
. . The Laurent Decomposition itself is seen as adequate for binary single-
single-f RRd iruh el SeramaaRtiftihe area of non-binary single-h and all
multi-h CPM decompositions. SUMMAR17: [0018] The foregoing and
other problems may be overcome, and other advantages may be
realized, in accordance with the presently preferred embodiments of these
Sunpartings. [OOIlgal In a first aspect of the invention, there is provided a
ethod gof transmitting a _signal comprising: modulating a signal onto a
0Ly U IR AR R TP ARA W SABFAT AT S SRS o be
realizgf Qo spcopianecuitipbnarispufisasrifesteh ssyhodioh s rvEthserctedbisings,
least a significant portion of signal energy over each symbol interval of a
[00188{)rst is witHirfitriee)ert PARE BB ADBIdb Sraviiedrarmyhedmy trrasmitting a
signalooptaiag signakinwhereMPehis aviumbeanef .aliowed disarata amalitudgorn:
.values, L represents.a.n er of symbol intervals..[0018b] In a second
et . TP 2 BrOIed Aot b PG e that o
least &jgjemmificanhpersivgoiniasel anergyaosiyrarbistebobimesry anefl-burst is within the Qg
PAMPBSREPIuGe; nad watedBAMwarRiama dhakis a:S1HReRROSITIoN Qfmber of

0<2IA PAM co nent pulses in each symbol interval such that at least
o G TRE Ao BF b e Sty TIRFE AER BHBBFival of a burst
g - -
is within the Qo PAM component pulses; and transmitting the modulated

oo1s8ignal, where zliis,g.aumbenafemoduaing indiaes: Misid AUMRSEine «
_allowed discrete amplitude values, and L represents a number of symbol
s1gna]m@wgr§;}g: modulating a signal onto a binary multi-h pulse-amplitude modulated PAM

waveform that is a superposition of Q2" PAM component pulses in each symbol interval such
that at least a significant portion of signal energy over each symbol interval of a burst is within
the Qp PAM component pulses; and transmitting the modulated signal, where b>1 is a number of
modulating indices, M is a number of allowed discrete amplitude values, and L represents a

number of symbol intervals.

[0018¢} In a third aspect of the invention, there is provided a transmitter comprising: a
signal source; a modulator for outputting a M-ary pulse-amplitude modulated PAM waveform
that is a superposition of Q,<2"" PAM component pulses in each symbol interval, where M>2 is
a number of allowed discrete amplitude values and L represents a number of symbol intervals; a
multiplier having inputs coupled to the signal source and the modulator; an antenna having an
input coupied to an output of the multiplier; and a processor coupled to a memory and having an
output coupled to an input of the modulator, said processor for driving the modulator to shape the
Qo PAM pulses in each symbol interval such that at least a significant portion of signal energy for

each symbol interval of a burst is carried in that symbol interval’s Q, PAM pulses.
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[0018c] In a third aspect of the invention, there is provided a transmitter
comprising: a signal source; a modulator for outputting a M-ary
pulse-amplitude modulated PAM waveform that is a superposition of
Qo<2"™ PAM component pulses in each symbol interval, where M>2 is a
number of allowed discrete amplitude values and L represents a number
of symbol intervals; a multiplier having inputs coupled to the signal source
and the modulator; an antenna having an input coupled to an output of
100786 multipliet: ‘AHE SBrOCRIsSriBYIsIen theseriaroiyedndihavintarmnuiing: a
signatouphed to mndirigu ﬁ;fwrthﬁﬁn%ﬁglat%rﬁgig @mﬁsggggt?y?gﬂt}{j&g xllﬁ%ﬁui fieg PAM
 the \ es in each symbol interval such tha
.waveg%i?gg%g%%}%% ar%tt%%?t%ﬁ%%r%a TGS YO PERER RyATB SY TP bt |
is a ypbeiC bRt RadieynY o interrdis QPN alseseGiGOARE ] wWus, and 1,
reprefnith aspeet af ShevifvaBKan IRKRHPRIOVURE ANANSTIHE! SUMRISING, 2.
and t%;eqna})lﬁgatgrce- a ngﬂ(}l}glﬁg%rnfor outguttlng a blna_ry. multl-gfulse-am li ude
modutated PAM Wavetorm gt {2 SGPESORIAN BFRMES thp ANAtiplier; and a
Procesisin peiRistt uisesmimeathheymbat intepuatohpidd i anupaber @ medmating; q
procefREIGRS d iy 30 lﬁm@-%t&f té‘lgg%%q}lgiégor? A%Mégﬁg %ai\églg?nsrjo?ﬂg%!’val such that
ultiplier S

nsiiBRLesents pmber of symbol intervals; a multip aving inpu
.SU ’ coquplz to the SIgnAT SOUrcs a%n%f?ey ASAUTASr 2 Sh A RAVIh §igrsymbol
nteryaht Re8apleditssan output of the multiplier; and a processor coupled to a
memory and having an output coupled to an input of the modulator, said

ocessor for driving the modulator to shape the Qo PAM pulses in each
{00}&% mbol inili]are\l/agj j%s}{fgﬂfﬁtaf’lpsﬁﬁs’fg’ﬁﬁﬁﬁ%afp%‘i@ ARIREPEREY foPreatamsyfrheshine-

readajrieeinpaluefienb urseild cantiedidn shahsyrfobebtiniendals QeRAMABWERSkbIe by a
dizitd08sldnadifth ashegct Rfthe i jan..there is provided a program of
ng machﬁ\ - read,ab%%instruc%%ﬁs%\gg#%&@wéﬁ%ﬁ%étgﬁ an'i fgﬁﬁ%%?ﬂoﬂ‘e actions
comPE &g ettt afd Bt IREBRBP A WiRyitapdueeprddedsoratoiperform s a
superpetions dfreeted tbwser ddfﬁ@dlﬂﬁtiplgslag iﬂ@dﬁﬁig\a@@omdﬁt?%hgﬁgg I\t/lhat at least a
o ising: ining. a M-ary pulse-amplitude modulated PA|
e R ST RIS Lt PAM
compangiy ByHithofttERRE Sichithait b Mast e feignifidant siortlon of signalited, and

transreinetg Yho VesRaed §W%H@P@m@|ﬂf$3&}ﬁuﬁ%é§d@’ gﬁ&@«é&%z@%@e@%&zﬂ litude values
and L%QHQ&%H{%%B%@?% (S:on%kg nln?qr tr]e M-ary PAM waveform with a sﬁ;na to
be transmitted, and “transmi |ﬁ%sthe modulated signal, where M>2 is a
number of allowed discrete amplitude values and L represents a number

[00186f symbolsinteryadlSspect of the invention, there is provided a program of machine-
readabie instructions, tangibly embodied on an information bearing medium and executable by a
digital data processor, to perform actions directed toward modulating an input signal, the actions
comprising: determining a binary multi-h pulse-amplitude moduiated PAM waveform that is a
superposition of Qg2™' PAM component pulses in each symbol interval such that at least a
significant portion of signal energy over each symbol interval of a burst within the Q, PAM
component pulses; combining the M-arv PAM waveform with a signal to be transmitted, and
transmitting the moedulated signal, where h>1 is a number of modulating indices, M is a number

of allowed discrete amplitude values, and L represents a number of symbol intervals.
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[0018f] In a sixth aspect of the invention, there is provided a program of

machine- readable instructions, tangibly embodied on an information

bearing medium and executable by a digital data processor, to perform

actions directed toward modulating an input signal, the actions

comprising: determining a binary multi-b pulse-amplitude modulated PAM
~ waveform that is a superposition of Qo<2'' PAM component pulses in

ch symbol interval such that at least a significant portion of signal

mlg%e;rgy oy%r aeasgﬁeg%hm%sgﬁcrtlt{e)gv%eofng BUFSEWIITH the Ry iBsspn - appasatus for
modggimson signp Lisesrisomisiamy thechMrasgrRANOMaMBfo e itfa dignaliddg, for
eachRENEANSMIAD rANG-Y NS MIIDG g @%@H@&B@xé&%@k WOLEE BZL B Rlitudes, a

number of modulating indices, M is a number of allowed discrete
Pl“r%ﬁlﬁp‘?ﬁd%?é"%}éfiﬁé‘%*éﬁ%%%ﬁr%‘:%@ﬁi@taﬂﬁ%ﬁ%&s GF &IPS RterhAgoBs of signal
enerfQ @B gkiny drseventhiaspestsdhtter ifwentionyihelecis:provided @), pulses into a
comBRRALARITA wRpdUiating 2 a&%&%%m&@g&gg S1003LSPUECR. MEANS) . and

modulating means for determining, for eac symbol1 interval ot & burst i
ransfpiiie SRS e THE RS Htctcsvar s iaiserdhe ennpinedieey efomturality of

Qo pulses that are shaped such that the pulses are ordered by an amount

signal gnergy.they carry, the modulator means further for

[{)m@ﬂperimpénsiﬁ% tl‘ég%ﬁfrl%ﬁﬁy o(%}g(fgepb 83t %aﬁeé%rﬁ 'r%%‘é“&%%v%?o?ﬁ?%?ﬁ for
modigatiin GolLp s e ggiates nieerputoddhiatiig matame fimsiesamtining, for
each WARBONIHEBE NEADSTRT FansENtG e Sonalkmadylaecterihe compined. .

avefarm. [0018h] in an eighth aspect of the invention, there is provided
o LR P ffgﬁg%%ww@a S4B e e s
are oLt ating mERRL fol dEEINIFTRGY 1OP8atdSy 5o MAtARIAT JResisu ety for
supeshjchiny thbolerarey nfddwat@d over Mbdisoreteramfilitudes eorpialityiefe theat
mod QRSO e N fexh gk Riineh IBAIE SRRt A1 SRARGTS YR igna

that the pulses are ordered by an amount of signal energy they cafrry, the’
mw%%‘l’ﬁt@? FRERHEFIHREPBY superimposing the plurality of Qo pulses into
a combined waveform with continuous phase that modulates an output of
e signal means. r itting. means for tra itting the sigpal . .
O et B b oV st b B e o
signgh GERRERIEn SFEARS plviged i appafls FotsteeBIDiiiEda mighisted PAM signal
char RIS Gt RARGFOS iaBeI ilRghan Msanipylse Replitde medeliad ievels of

. PAM signal racterized in that, for each symbol interval, a plurality of
8 gnaplj S?S@g?(nﬁﬁm‘ gcggzﬁlg%iugt}m rinse%rF lor %erpoc}{mﬁmg E’%?Sl\ﬁgﬁl, the pu%es.

Ing leve gnal’energy;
demodulating means for demodulating symbols from the pulses.
[0018j] In a tenth aspect of the invention, there is provided an apparatus for receiving a

signal comprising: means for receiving a binary multi-h pulse amplitude modutated PAM signal
characterized in that, for each symbol interval, a piurality of pulses exhibit descending levels of
signal energy, where h>1 is a modulating index; demodulating means for demodulating symbols

from the pulses.

f0018k] In an eleventh aspect of the invention, there is provided a program of machine-
readable instructions, tangibly embodied on an information bearing medium and executable by a
digital data processor, to perform actions directed toward demodulating a received signal, the
actions comprising: determining a generalized phase function of a received puise amplitude
modulated signal; deriving a function g.(t-nT) from the generalized phase function, where T is a
symboi duration; for each n" symbol interval, resolving pseudo symbols by, using the function

gix(t-nT); and determining symbols from the pseudo symbols.

6b



[0018)] In a tenth aspect of the invention, there is provided an apparatus
for receiving a signal comprising: means for receiving a binary multi-h
pulse amplitude modulated PAM signal characterized in that, for each
symbol interval, a plurality of pulses exhibit descending levels of signal
energy, where h>l is a modulating index; demodulating means for
demodulating symbols from the pulses. [0018K] In an eleventh aspect of
the invention, there is provided a program of machine- readable
_ instructions, tanfgibly embodied on an information bearing medium and
[00181gxecutable BY ATHRTRET Pt IBEEE8r HE pErIfT et RS B &t d
signal dgmedulptiog@iseeeivesksignal, thanadtions comgtising: tletemioinga nT;
. generalize ase function of.a received p amplitude I e
o B B e g
and shifigér@rtien asgrionigratiem fombelenh Cspriisel erial reddliihgides. &
represRSEUAD:SHRP OIS KL using thedupction, gk.t (Fahisand.desermining
symbols from the pseudo symbols. 6b [00181] In a twelfth aspect of the

10019} INVENEQR:dRESIBHIOVERH) 8 MBTAOL 40 6ORRIIGLA 051938t PofHansmitting a
. compyrising:_constructing a function gk"(t); shifting the function by nT;

signal. . ihithHs e EhRsTs Ri BRI RSG5 SR S B! DRiss-supiinifiy Tedniatd
prise iplied . iftedfunelign, and summing over n ;

PAM g}%wbols t%ge (%S;E pu%ggﬁg\}v%gg?rﬁngﬁ tim(%' NOox R PSRy BEE Rt RRAn symbol

imervaDSIA0 R BSSt 5 A BrA g B e RS Syl iallgn 10019) 19,
accordance WI_E)h an example embodiment of thé invention 1S a metho ofclJ

burst i JHEHRRGR SAMACTAOREHRHIRGE- o Shgriapiineduiansti 8 thsmatravea

The valise MMpsside: Mesvlater RANTHAVOIRFHARY i SURSHRRSINOR Rfmber of
bogeczul PA& C%ﬁ%qonent ulses in each symbol interval Such that a
SYHPY t poft

SEThETRT B RERTFBvE Cuaetep Ao ARth af $enlsness,
and prefeithly the¥de:FH8td eompenefitivs|segnd hespedulaaesignatis thghsonen:

_Jlransmitied. . The value M is greater.than 2 to indicate nog-binary PAM,
pu]s“%ﬁﬁﬁgbeagyeagle%%gfﬁﬁ“melrs(%‘ sym%%ﬂ TRAPRE A significant portion is
generally more.than about 95% of signal energy, and preferably is about
98%Aogtﬁr1orq of t]he si%r&al eneg%)(, Where Qo=211 component. pulses,
esséntially all Signal energy is withifl YHE S B4 shifonoBpateeiely
abovee Ruh TR D SHRHSETO RER TRV Then: ismsimitduieting inveth enld myaye tiabéiyry
with \@hove, but the PAM waveform uses more than one modulating index and.
may be binary

10620]

10021} In accordance with another example embodiment of the invention is a wansmitter that

inciudes a signal sowrce, 2 modulator for outputiing an M-ary pulse-smplitede modulated
PAW waveiorm, & multiplier, an antenna, and & processor coupled to 2 memory. 1he nop-

binery PAM waveform is a superposiiion of Q<2 PAM component puises in sach
symbol intervel. The processor is for driving the moduistor to shape the Gy PAM puises

In each symbol imerval such that 2 significant poriion of fhe signal energy for srch symbol
imterval of a burst is carried in that symbol intervel’s Qp PAM puises,



with M=2. [0021] In accordance with another example embodiment of the
invention is a transmitter that includes a signal source, a modulator for
W(?%ﬁ /ttd-s(% an Mary pulse-amplitude modulated PAM waveform, a
iplier, hn antenna, and a processor coupled to a memoWWﬁﬁWlﬁl

f9022] binary P&Mtﬁ@&@z{ @n@oﬁ%@ﬁp Q%itio 1Qvg1];t(1%0<132 sl I g tot e an%nt
he processor IS $tor driving the moﬁulator

L‘-‘Hé nea mbol.interval. T

LR C%%S% s |ﬁ°é8§ﬁ’§§7?ﬂﬁcﬂ ﬁiPéWaF’é% tﬁ&ﬁea&mphmdﬁ

modub@d[ﬂéaﬁwmafonmfaﬂmﬂgﬂak enrfgydosLachambehdRtarval of a burst
is carried in that symbol interval's Qo PAM pulses. 6¢ WO 2007/004001
PCT/1B2006/001731 [0022] Another example embodiment of the

[0023] infremtioriiscsi mmmaﬂaﬁ&f@m&ﬁyié%mnﬁaﬁkesbﬁﬁﬁpﬂﬁ oput the

machiX isdenqiipu Iti-h pul I|t de .modulated ..
Pgﬁﬂgﬁg\%form whertggfa1 gfﬂgp a num 5 EB ﬁﬁrfnng TRdices: %66&2% and

execitagle, byl AERtgE mapRaRer. éﬁmm@mﬁmihtpmmﬁiaﬂﬁg an

input diaahinExeadapladeriiylens:Hanoibhnembadied o0, ARIAIIMANAN: p A
_bearing medium and executable b¥ a digital data processor, to perform

wavelame GHa" di e unwsitibmof QatiAy al Al bsigaénT pelestipns:sciugshol
determining an M-ary pulse- amplltude modulated PAM waveform that is a

interved §HERIBLi foH SR asats PoTHOR M Eniiome neplals evdn asst lsysyhoboltenmrusih
burst isueiththahe QigPilicamneion shitke sianabemeim %@I\FW ORketorm

interval of a burst is W|th|n the Qo PAM component pulses, and
witha Zﬁﬂ% g’ AR STk ISP Bengn ShetsamaHdis

grea:emasm;mg the modwatemg Aehofligdenm Whistuareaterthaning. saHhR;
ofsymbpl \{%gyﬁsorm |§ng0|& The term | represents the number of
SyMbol Intervars QUer wht ﬁ%??gfﬁgﬁ%%%éﬁ@ﬂc% (§eriRQuatigmel2] for an
exampieguation [2] for an example). [0024] Another example embodiment of the
invention is similar to the program immediately above, except the PAM
waveform uses more than one modulating index and may be binary with
[0024] M=2nq00SLMplacdrsiines with-aneifiRh eXamMe S RDAINENIIS A ately

gbove, dBRBAAER @m%@@&a@@“ﬂ&h&@%ﬁ@%ﬁfﬁg BAl30MI58 may be
bmarymetgrﬁ J)nodulatlng means, and

f0025]  In accordance with another example embodiment is an abparatus for
modulating & signal. The apparatus has signal sowrce means, modulating means, and

transmithing means. The modulating means is for determining, for each symbol interval of
a burst in which symbols are modulated over M>2 discrete amplitudes, a plurality of Qq
pulses that are shaped such that the puises ars ordered by an amount of signal energy they
carry, the modulatar means further for superimposing the plurality of Qo pulses into a
combined waveform with continuous phase that modulates an output of the signal means.
The fransmitfing means is for tramsmitting the signal moduiated on the combined

waveiorm.

’) . . . i . .
£0026] Another example embaodiment of the invention is similar to the apparatus immediately
above, except the PAM waveform uses more than one modulating index and may be

binary with M=2.



transmitting means. The modulating means is for determining, for each
symbol interval of a burst in which symbols are modulated over M>2
g|sc{:]r_f%[& amplitudes, a plurality of Qo pulses that are shaped such that the
puPses 4 ordered by an amount of signal energy they carPFHFg2006/001731
modulator means further for superimposing the plurality of Q pulses into a

L omBIRBE RATES AR SR R RROTICP R E BR-APRIGHNA Sre scem brmpsiend. This
appargies dignakme dos reféieitg n omisiinaryesuise sufoplirades mﬂﬂn@xﬁdemgm algnal

%Hi%g ||1 2 nother e
that lgn& bodiment of the m%bgntmn :%@{g&? to tﬁgé gpglara E% thif atgﬁ} eghibit

descea@aﬁée@%&@étwbmavéﬁ@mmmmmmmnggmmfm |

demoBii é&ﬁ%of&”ﬁﬂﬁi‘ﬂ&@'}a&&e@ 7 WO 20071004001 PCT/M006/001731
[0027] Another examplé embodiment of the invention is an apparatus for
receiving a signal. This apparatus has means for receiving a non-binary

woasrpulseaRpllide naariaRt AN sioal MMel s Fharartarised o thabdar
sbove e%%g sgrgéb% terval 3 uralit ﬁ;é of pulses at exhibit descen |ng evels
K fg)i % E%’é Tftifie §B%W§% s aadmay be
bmaryjmﬁnhﬁﬂ%.tlng symbols from the pulses. [0028] Another example
embodiment of the invention is similar to the apparatus immediately
above, except the PAM waveform uses more than one modulating index
[0029]andVm ag}otier btwap}eﬂﬂbdﬂinﬂﬁ@ﬁﬂ@]i%@hr@@ﬂﬁ@ﬁﬁéﬁm @ﬁﬁéﬁhﬂﬁd@ﬂ%&of
insrRAQVBAERIL IS ARG of RGHASIRARanle, NsHUENaNS. %’e‘

embodied on an information bearing medium a execu glt

digitelidfte SFBEEESH Q@%@%WM%@C%WMI%WY&@& signal.
Theser@@@é&i@@nﬁlgﬂ@ﬁeﬁﬁﬁmcé QRsdnchie dalermininga9ene et BhasE.

func a recei non-bjnar pulse amplitude modulated signal,
BRI AU 5 FEFTANAE GoPBrEHR sl A Ghe Aalioed
phase.sﬁmmpmmmarmum immmwth%mmfm@iﬂnmﬂa@mbﬁm n

teryal,. ve. Joseudo s Is b usin ion nT),.and the
Symb e%rk%%%lrfn%%sg)i/ gsﬁom mggeuo‘b“siflsm ‘fﬂggé@% B@ d then
determpinipp dimbals dfametivpsetdnseabolethod to constructaS|gnaI x(t. a, h). In

the

Another example embodiment of the invention is a method to construct a signal x(t, a, h}. In the
method, 2 fumction gi.«(¥) is constructed and shifted by n'T. The shifted function is
multiplied by a pseudo symbol by, summed over Qo pulses, and the Qg pulses are
summed over o symbols. In the above notation, t is a time index, a represents data symbol
phass, hisa modulaﬁpg index, and T is symbol duration. .An exemplary mathsmatical

reprasentation of this method is shown at equation [29].

[0030] Further aspects and implementation details are given below.

.BRIEF DESCRIPTION OF TEE DRAWINGS:

[0631] The foregeing and other aspects of these teachings are made more evident
in the following Detailed Description of the Preferred Embodiments, when rcad in
conjunction with the attached Drawing Figures, wherein:



method, a function gb;,a(t) is constructed and shifted by nT. The shifted
function is multiplied by a pseudo symbol bye, summed over Qo pulses,
and the Qo pulses are summed over n symbols. In the above notation, t is

watimesn@ex, a represents data symbol phase, h is a modulatingsiadens1731
and T is symbol duration. An exemplary mathematical representation of
this method is shown at equation [29]. [0030] Further aspects and

implementation details are given W rT .
0 AWING B D051 Tha Tor e e AP Lpemts S inSan (o ngiary
compragnigdefrrorsmsvid singlerth & Fowrig Dataite dDEweristidn ehttrxact PAM
aec2iBlEIERH GrRRPCERLS, YR st eanlungyon with the attached

Drawing Figures, wherein: 8 WO 2007/004001 PCT/IB2006/001731

[0032] Figure 1 is a two-part graph separately showing real and imaginary
feosgoMponentsnt a binasyalnalerhuCRMNAUSIRHD asEOMITIBEIehaPBXaGH a
. PAM d%eiqompos%ion of that wave grm using the present invention. [0033]
singlq syebe! i0ig gl §t3f’f‘6’ﬁYe§?EBﬁ€€ KWy energy of different pulses in a

single symbol interval for the waveform of Figure 1. [0034] Figure 3 is
imilar to Eigure,l1, but showing a P approximati ing_only the first.

003 e of T e Lo erabon B e o Shog
onlyjdBBisFigsecs thaskmiterG8 N igareltrb mddrlativimasysad HHEGRM 1.

waveform. [0036] Figure 5 is a series of two graphs showing one main

pulse with highest energy and one secondary pulse carrying much less
[003gnergy in Bsireddssimbal indigupbrowhbnmpbiomsimyite QF%WWEU@%’?P-
. Figure 6 is similar to Figure 4, but showing a PAM approximation using

only the first pulse from Figure S. [0038] Figure 7 is similar to Figure 1, .but
058hy 1 (ot 1 ArSFAGHL T BRI AERITHS, G681 PGS iiplietest
ene:38T iR ohéveecondplySpsievetngy Dipenmdiiqn bewithimigliest enebgyiatdval for

the %Qfeﬁ?n%)gfiﬁ%ufe carrying much less energy in a single symbol interval

[0037] Figure 6 is similar to Figure 4, but showing a PAM approximation using
only the first pulse from Figure 5.

[0038] © Figure 7 is similar to Figure 1, but for a (non-binary) M~ary single-A# CPM
- waveform.,

[0035] Figure 8 is a series of two graphs showing one main pulse with highest

energy and one secondary pulse carrying much less energy in a single symbol interval for

the waveform of Figure 7.

[0040] Figure 9 is similar to Figure 7, but showing a PAM approximation using

only the first pulse from Figure §.

[0041] Figure 10 is éimﬂar to Figure 1, but for a (non-binary) M-ary muiti-# CPM

waveform.



the waveform of Figure 7. [0040] Figure 9 is similar to Figure 7, but
showing a PAM approximation using only the first pulse from Figure 8.
[0041] Figure 10 is similar to Figure 1, but for a (non-binary) M-ary multi-h
wePbh7mweform. 9 WO 2007/004001 PCT/IB2006/001731 [QOAZGiQldbs 731
11 is a series of four graphs showing one main pulse with highest energy
and three secondary pulses each carrying much less energy in a single

[0048ymbol i farithe wavelgrm.of Figured 0, 100431 @ﬂﬂ{%&zeim%m

to Figure 10, but showing a PAM approximation using only the fil
enexgy s Jiies 1ecpptu] Fﬂjﬁ?@&@@%’ﬁﬁ)%ﬁbd@é BRASEGYIFOR thisilee symbol

intePHISRS WheRRMNBIRGY M-ary multi-h CPM signal is decomposed to
PAM using a technique in the prior art. [0045] Figure 14 is a two-part

graph showing pulse energy in each of two different symbol intervals
foo4sghen the EiRMesignabofikigw ittrisldebonposes:aceardiagiothtation using
Om}p{ﬁes lpl;finﬁigggggi 1@904?«'11]1 F_igure 15isa block_ diagram of a_moblle station

in Which The presentinvention may be embodied. [0045b] Figure 16 is a

schematic block diagram of a transceiver according to an embodiment of

e presenrt | i I Tl F nQRI TS OF

e n\;wlz?Ji en %8%(%££n! faaaE:il;%%%%%ﬁ%%tpﬁ%ﬁ%ﬁ%o%‘ongmm)

M-y pveitics Work dereliie dasawesiidr Rl theinerrstptbaiseeidie otigyart.
Laurent Decomposition's mathematical elegance and simplicity for the
following reasons: , The M-ary CPM decomposition yields several pulses

0043k significAMER&rGS A8 R BRI RS maSienares Hsa5ii e tordifferent

symbbhiytERM ddes nbt €83 Egnaxanplgudhes M@%M@iﬁ”according to the

rE5Sd§tc¢or‘p@?ﬂ_(t)l%ition of M-ary single-h CPM generates 2p" "main pulses" and
PreShe Perrn-Rice decomposition of M-ary multi-h CPM yields Nh2™

[0045&] Figure 15 is a block diagram of a mobile station in which the

present invention may be embodied,

[0045b] Figure 16 is a schematic block diagram of a transceiver according to an
embodiment of the present invention

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION:

[0046] An analysis of the prior art extensions of Laurent’s work detailed above
indicates that they lose certain of the Laurent Decomposition’s mathematical elegance and -

simplicity for the following reasons:

e The M-ary CPM decomposition yields several pulses of significant energy, so that
the concept of a single “main pulse™ for M-ary CPM does not exist. For example,
the Mengali-Morelli decomposition of M-ary single-2 CPM generates 27! “main
pulses” and the Perrins-Rice decomposition of M-ary multi- CPM yields Np-2™
“main pulses”, where P ~ log;M and Ny, denotes the number of modulation indices.

e The PAM component pulses in the M-ary CPM decomiposition are not distinctively
ordered as in the binary CPM case, which implies that it is not trivial to determine

10



"main pulses”, where P - log2M and NI, denotes the number of modulation

indices. The PAM component pulses in the M-ary CPM decomposition

are not distinctively ordered as in the binary CPM case, which implies that
whissebisial to determine 10 WO 2007/004001 PCT/1820Q6/88H38d001731

which of the component pulses contribute the most significant proportion

of energy; The number of PAM component pulses in the decomposition of

M-aulyi€BRifkTs coxponentiailyencraaiededhentbe sipnfiembbtepmédhaf are

reaelﬂgled in the expansion of binary single-h CPM. [0049] The present

inventh can be used to decompose any CPM signal - whether binary

€ PhheMampsing RAMVCRMpondt anisasttitheGRodmrinstian eqyteatdiiig AV

way 85%%‘&%%%&@%%%%%4B?t%@ﬁ%%&%%&%%é"“CtUre

of the Laur Decomposition for binary CPM waveforms. [0048]
THEERER: Haivaissrbvh @RM-any CPM waveform (whether binary
single-h, M-ary single-h, binary multi-h or M-ary multi-h) has the following
PAM decgmposition: s(t,a,h)=Y,Zbk',9k,n({-nT), Q=2L1£€#el§a=0 z, [0049]
04Thhere b1 HEIESHHESEEGRG TS Sh B HARATAR derVeteghdhn et
binaM-&PMSyiahels ingenrcinéanfaghion nand-s k) dennie suhedRiddlent PAM
component pulses. Proof of e all CPM. wavefor

Wave orélﬁx)clélt g. (ﬂj po%r { at é)raserves %%a%;%&l%l%];%;{l& eie %ne’rbsanr']ué: nh%?tlr%e Laurent

pre € expression of any comp
Decovanesfidien fus bitsina@P Mo fmaneform. [0050] PROOF: Over the nth

symbol interval, any complex-baseband CPM waveform may be

expressed as s(t,a,h)=expjj27cEa,h,q(t-1T)}, nTSt<(n+1)T [11] where T
[04genotes tAEESREN.| difiatibns ahoval hes oy fhakbavarehamaompribes dtaary

singR 001 afjefaslne bR PINRNLJRNFHON YA/ IAGE/A| Baf ke Aollowing PAM
. _pseudo-modulation index, hi, may take on any one of the definitions
decoRBRd S able 1, or may easily assume other definitions

-1
stab)=> Y b, g (-al), Q=2 [10]

k=0 n

[0049] where by, denotes the pseudo-data symbols, which are derived from the M-ary
symbols in a non-linear fashion, and g x(f) denotes the PAM component pulses. Proof of
~ equation [107 for all CPM waveforms is predicated upon the expression of any complex-

baseband CPM waveform as a binary multi-# waveform.

[0050] ProOQF: Over the mth symbol interval, any complex-baseband CPM

waveform may be expressed as

s(t,a,h) = exp{ jir Z a gt - z'T)}, nl st<n+ DT [1}

o0

where T denotes the symbol duration, a = {a;} are the phases of the complex data gymbol.
Hence, they are binary random variables: a; ¢ {£ 1}. A pseudo-modulation index, #;, may

talce on any one of the definitions found in Table 1, or may easily assume other definitions

11



11 WO 2007/004001 PCT/IB2006/001731 which are apart from those
listed in table 1, but which are consistent with the upcoming derivation).
[0051] Definition of hi CPM Scheme Comments hi = h Binary single-h

weonstantyalue of h. The number of modulation indexes, Nhgedapdhtkno1731
. Binary multi-h i =imQd Nh. T odulation index cycles periodically .
Wh“‘ﬁ%%éﬁaﬁs’%@% gf(ﬁ&ﬁﬁfé&i é%’jﬁrﬂas%‘ﬁ AV i PRSI FbErerosEe

derivitimunodulation index can assume. hi = hbi M-ary single-h bi denotes the
m agnitride of the nth symbol, which is taken from the alphabet {+I, +3,
...,+(V-1)}. The modulation index, h, assumes a constant value. Nh is
[0051kqual to the number of data symbols transmitted. hi = hibi M-ary multi-h bi
denotes the magnitude of the ith symbol, which is taken from the alphabet
{+1, 43, . +(M-1)}, h; denaotes the madulation index, which may cvcle
Dipfiétden- by oF BRMRrbeme, 4| Gemmenitich may be otherwise defined. Nh
pis=gfual to the REEREE.Qidate SGnkals HaDsed Tabte I Defnition f
hi used in the/generalized biqar multi-h interpretation of CPM signals.
[00521 The phase pulse, q(t)} e 8HRRE 4 medwaininesse Megukncy
mpekse, At). TheHigsyeney:pulse-s gelined to be zero outside of the time
interval (O,LT) and is scaled

The modulation index cycles periodically
through its set of permissible valaes, Ny, is
equal to the number of values the modulation

index can assume.

by = hby M-ary single-h | b; denotes the magnitude of the nth symbol,
which is taken from the alphabet {+1, +3,

.- H(M-1)}. The modulation index, 7, assumes
a constant valne.

Np is equal to the number of data symbols

transmitied,

By = hyb; M-ary multi-h | b; denotes the magnitude of the ith symbol,
which is taken from the alphabet {+1, +3,
coorH{M-1)}. by denotes the modulation index,
which may cycle through a set of permitted
values, or which may be otherwise defined. Ny

is equal to the number of data symbols

transmitied,

Table 1: Definition of #; used in the generalized birary multi-k interpretation of CPM signals.

[0052] The phase pulse, g(t), is defined as the integral of the frequency pulse, At).
The frequency pulse is defined to be zero outside of the time interval (0,LT) and is scaled
so that

[r)ar @n)=2. 12
&

12



so that f, f (z)dr A(LT) [12] 0 12 WO 2007/004001 PCT/1B2006/001731
as in equation [2] above. Over the nth symbol interval then, the CPM
waveform is given by n-L L4 s(t,a,h)=exp j~c2amhm
wEXRGAFERsIN-,q(t-(n-)T)), NT<t<(n+1)T. [13] m=-co i=0 Layefig¥ass/001731
shown that when a" e {l } e 27za Tz t-nT sin(zzh" -22zhnq(t-nT))+exP,za
h}sin(2szhq(t-nT)) [14] (j n nq()) = sin(rhn) {J sin(zhn) We note that this
as ineoqpratEsidRlisbomty Meariirgfil fpmbohiittegd thealubs CPMevpeelodo is given
modulation index, h., (i.e. when sin(ith")#0). [0053] Now, rewriting the
signal rsin(ffh -2;rh q(t-(n-1)T)) nin-i+ n-LL-1sinnh s(tah) =exp JTZE
a h 17 n-i C na- in m)i=p ex sin(2~zh-.q(t-(n-i)T)) p~Jzza h n n-i n-i~
SWO nipT<,1i5 (n+1)k [15] [0054] A generalized phase function is now
s(r,mlrbd@ag@mvﬁgkﬂsﬂj ower thegihtepral PO Ty Erd wifleh ifs  [13]
defined as fotlotws sin(2yzh,q(jT+r)) O<j<L-1 sin(szh,) =
sin((zh,-2rzh,q((j-L) T+r)

Laurent has shown that when a, € {£1}

sin{rh, —27h, q(t —nT)) sin(2ah, g(¢ —nT))

explj2ma h g(t —nT)) = +expyjmah 14
XP(J H MQ( )) Siﬂ(ﬁhn) p{] n rz} Sin(ﬂh”) [ :l
‘We note that this expression is only meaningful for non-integer values of the pseudo-
modulation index, Ay, (i.e. when sin{mhy }=0).
[0053] Now, rewriting the signal
| sm(ﬂhn i 2%;71” _ z.g(\r -(n- i)T)) .
- . I-1 sin[ﬂhn_ij
f,a,h)= f R
s(t,a,h) =exp| j7 _Z_ ah jEI sin(Zn’h .q(t_(n_z_)T))
meTe 1=0 exp{jm h | L A \
n—in~il Siﬁkﬂf’l )
L n-i i
T <ts(n+0T . [15]
10054] A generalized phase function is now introduced, which is non-zero over the
interval (0,2LT) and which it is defined as follows
sin{zh, )
2, () =" sm(yrki -~27fh,q((j —L)T+T); L<j<20-1 [16]
i sin(7, )
0, otherwise.

L

The time variable, T=rmod T.
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uJ (r) L<j<2L-1 [16] sin(,zh, ) O, otherwise. The time variable, c =t mod T.
13 WO 2007/004001 PCT/1B20061001731 [0055] Using this definition,
the signal may be expressed as n-L L-1 s(t,a,h)=exp jn~an,h,,,~~[u,+L "_i
w@pvexpdidcian_hn_, _(z)~ nT<_t<(n+))T. m=w 1-0 [17] [OG&E}/M806/001731
product actually yields a total of 2L terms. However, Laurent has shown
that many of these terms are similar and that they can be grouped into

[oos3--1 Pulses,0f, ¥aUQUEIERAhE. EOLEXAUDRIL. WER 73, e obtain an

expression that has eight terms: s(t, a, h) =b0'nh - uO,n - ul,n-1 - u2,n-2 +
bO,n-1 - ul,n-1"'u2,n-2u3,n +h0 n-2'U4-2 -u3 n u4 n-1+b0O,n-3-U3,n -
Z14,n-1 "' usn-2..#bl,n zub,. ud,n-i 212,n-2 +bl,n-I - ul,n-1 _u5,n-2 ' u3,n
s8I b2sp| 60, |,k lﬁ[ﬂ:&,@b&ﬂ X, U0 W, LR NETBR(RAERT)T
(where the eperfdence ith r is understood). The pseudo-symbol is
defined as bk,n = eX131liwwL hm am- h,-,an-iak,, [19] | ne=-w i=0 and akl{’]
(i=1,... L-1) is the ith bit in the radix-2 representation of k. L-1 k=~2llaki;
< k<_2L:-1-1.[20] i=1 ak,0 =0 for all k. From, expression [18], we
[9058hserve tLr’1r tﬁgogé%tum’g}?ﬁ%?lg%f, foishia %sthig%QWSWF fgfprent has
showyritlaohintgruiihe {0 OFiflsGlo siniapectitintahexpie $eigrolibel reueais fiddes of
varidifs Pe%%tﬂ?fpo% EQ{%%&'&%H& L =3, we obtain an expression that has eight terms:

s(,a,h) = ba,n Uy Uiy Uy g H By Uy, Uy oz " Uy,
+b0,n~,:3 Uy en Mgy Uy +b0,n—3 Hyp " Uyp M5 pn,
+bi;n 'uﬂ,n ' u4,n——1 'u2,n—2 +.b1,n—1 'ui,n—i ' u5,11~2 ‘ u&i,n ) [1 8]
+b,, Uy Yy “Us g Oy, Uou Uy pg HUspn |
nf <t<(m+1T

(where the dependence on 7 is understood). The pseudo-symbol is defined as

i L=l
bic,n = exp{]ﬁ.li Z hm am - Z hn-i anw—fak,i J} [19]

] i=0

and oy (= 1,...,L-1) is the ith bit in the radix-2 representation of k.

L1 -
k=Y 2"a,, 0<k<2"-1 , [20]

fx]

o= 0 for all k. From expression [18], we observe that the pseudo-symbol by, modulates

the signal over four symbol intervals.

[0057] Close inspection of expression [16] reveals that we can define the following

four functions

14



four functions 14 WO 2007/004001 PCT/1B2006/001.731 ua,n
(Nul,n-1(r)u2,n-2 (r), 0 <-t<T ul n (NuU2 n-1 (NuU3,n+1 (r), T <-t< 2T gO,n
(t) = u2,n (Nu3,n-1(r)ud,n+1(v), 2T <_t < 3T [21] u3,n+3 (r)u4,n+2

wo) o), 3T<_t < 4T 0, otherwise. u0,,, (r)u4,n-1(r)u2,npfNxRvedoTE1
gl,n (t) = ul,n (r)us,n-1(ru3,n+1(r), TSt < 2T [22] O, otherwise. g2,,, (t) =
JuOn (r)ul,n-1(r)u5,n-2 (r), 0G t <T [23] O, otherwise W - uo,n
(Nu4,n-1(r)us,,,-2 (r), 0 < t <Tg %\Ezs) 1 other ? [24] [0058]
Consequently, for L §° rite1 7Q(t a, )‘_ k,ngk,n (t-nT), Q
=2L-1=4[25] L-Oit [@m&?%h+s(73fmuﬁ’ﬂon gglgrefrél%s nicely to all of

the other casgs, (Bp=thak.gty)C PN Bignaly s (t, &) searsBe decomposed [21]

into the superpositio ?Qf P aygfor 1-8fta;MAE=Dbk,ngk,n(t-nT),
Q=2L1 [26] k=0 it whef&" %hﬁje%::’id' Y?j enﬁﬁlse Js defined as 15 WO

2007/004001 PCTns2006/0017 1 L--|(gku 2T T BV i, +),iv(n,j,1) (2)
j=0

ul,n (T)us =1 (T)?;{3 4l (T), T i< 2T {22]

Uy 1 (T)u’é n-i (T)uz,n._z (T}, 0<Lr<T
g 1n (f) -
otherwise.

Uo (Tt (T)us wa(T)  O0sE<T 03
g 2,1 (f) { o therwise. [ ]
Uy (T)M4 a1l (T)MS -2 (7") O=sr< T
t " 24
Esn(0) = { otherwise. [24]
[0058] Consequently, for L = 3, we may write
=
S(IS a=h) = %Zbkm gi:,w (t - nT)» Q = 2L-1 = 4 [25]
k=0 »n
[0059] This formulation generalizes nicely to all of the other cases, so that any

CPM signal, s(t,a,h), can be decomposed into the superposition of PAM waveforms

St = S S b, G- nT), Q=2 [26]

k=0 u

where the component pulse is defined as
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v(k,j,t)=j+m+LakJd ((n+in-(j+m)modL)modNh, k7 -)i" (n+m-(j+m)modL),
otherwise r =tmodT m=LTA. [0060] Note that the same definition of v(kj,t)
also appears in Laurent's work. In addition, when Nh=l, then w(nj,t) =0
wanghdheogupression for the signal pulses simplifies to the equidagR6/001731
expression for binary CPM that is found in the Laurent Decomposition of
binary CPM wavefprms. [0061] As in the Laurent Decomposition of binary
single-h GRK) # [sadso; phser(@d that the durations of the component
pulses for M-ary €PM are defined as follows go'. (t)
........... }z(k,j,tf)....,z.tm:t..l}a.. ....(L +1)T g1,,, (t)

............. (r)i L T é‘g:x]ohTL gmd@) 93 B @ 5 o, a7 o
........... Wit LD =5 gs o] g7,n

®)..ceeeee. (L-3)T 90127, (B &ﬁnﬁ?@ .......... S%Q“qsfn general, the kth
component p@ilséﬂgld,,,(t) |s non-zero over the interval 0<t <T X
min,.1,2.... ,X-1 [L2}- ak.,) -1] . [0062] There are three important
differences b&tw g the decomposition of equation [26] and those

obtained in the work detailed above by Laurent; Mengali and Morelli; and
Perrins and Rice. (r) The number of PAM components that are required to

[oosJﬁpfesenN&% Blgnal-quere &%&3@&0&%{0 eyvaLds, 59 Rl dwA%inm

e original Laurent Decomposition. 16 2007/

| addifeT whepdbBIO0hBY(WE nAvedise RISERE0 %{f%%@ %k@%mgg%fsmphﬁes
to th@é@ﬁ%lgﬂré‘ﬁﬂés&dﬁ'—ﬂ 804 alsRriRARSRSd Retle Riled thelomposition of

. contributes most significantly to the total signal -energy. This finding
binagy (o NRAYREBISsibility of approximating the PAM representation of the
signal using one pulse of length (L+I)T.

[0061] As in the Laurent Decomposition of binary single-h CPM, it is also
observed that the durations of the component pulses for M-ary CPM are defined as follows

oalhoiciiiniinr e (L+DT
T 20 3 OSSN (L-0T
Baerrerrererrsnresnnsencsssueneens L-23T
gan ), gS,n( ) ( ) 28]

g4,n (t)S gﬁ,z: (Z.)s gﬁ,?‘! (l‘), g?,n (t) ““““““ (I" - 3)T

PPN () SO 5 WO T

In general, the kth component pulse, gca(t), is non-zero over the interval

0<r<sTx 1:r1:'L1“1L,=1’2,.._3L_1 [L2-a,,)~i].

[0062] There are three important differences between the decomposition of
equation [26] and those obtained in the work detailed above by Laurent; Mengali and

Morelli; and Perrins and Rice.

e The number of PAM components that are required to represent the signal over each

symbol interval is equal to Q =2"", as in the original Laurent Decomposition.
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The shape of the main pulse is dependent on the transmitted data. Hence,
this shape can change from one interval to the next. [0063] Based on the
proof outlined in this section, we now propose synthesis of the following

wgavefmon@t the transmitter Qod x(t,a,h) = ZI bk,,, gk"(t-nT), sk 1B qdmR61731
(Q=2L" [29] k=0 n where x(t,a,h) = s(t,a,h) when Qo = Q. Equation [29] is
eth&Mmative nimticeddegnitdiortertho biilis diVengish dyparowfich T trah#nmister
arghi [ e deyel -And. upon whi C to drive
e o e B R e S S e
m&BPIEE rekid dbldingsteaeetntemgiembarpeexsraiDiRitdy
St%ﬁ%e&l‘t@%&%ﬁﬂ&@i@%ﬁu‘éﬁ@%%ﬁ@%ﬂgi?éﬁz?(ﬁ??ﬁpry of a mobile

el

station or other wireless communications device. nstructions are
*extotthens ol thegraienalbe sudrrerdantingiiedimaniied dstoifone4hiFhe
apﬂfé}i@rﬁiﬁcﬂﬁig% phbResanke selegiedaecording to a particular
performance criterion, If, for example, transmitter complexity is the primary
concern, then selecting Qo=l yields a signal that closely approximates
[0063CPM witBawsdionthe monfletihedAs aiseaniish examplepiaidds SHReBeot the
fOHO\tﬁ%t t‘ggv%r,%%m't{gg Wavef&%n should contain T% of the total CPM signal
engrgy. en,%o sﬁ%‘fﬁgﬂbe the smallest value such that the
approximation error is within (1-T)% of the total signal energy. As a final
example, Qo cag.also be selected such that the resulting waveform
satisfiesrani)pper Bodngk canstiaint on @, Regk-taaAvetdge-Power Rafieo]
(PAPR). [0065] Aquantitative analysis of the accuracy of the present
herl tipn.i vith reference to the drawing figures. Figures
e %%ﬁes%ﬁ?%ﬁlﬁgggggﬁggsition, according to an embodiment of the
present invention, of a binary, single-h 17 WO 2007/004001
Eqwﬂ@lT%BﬁﬁgﬁéQﬁaﬁ&kaﬁc%N' kﬂd@ﬁgtﬁiﬂh wﬁbﬂ\ﬂg? hﬁfcﬂt%ﬁ bpsh REék aidinsmitter
.raised cosine. .Figures, 1 a show. hoth .real and,imagjnary component
il GE B8 T g cu e Bl Pfere code o drve the mbdulaton
may be based. As software, it may be a program of machine readable instructions tangibly

embodied on a computer readable storage medium such as a volatile or non-volatile
memory of a mobile station or other wireless communications device. The instructions are

executable by a processor such as a digital signal processor,

[0064] The appropriate value of Qg can be selected according to a particular
performance criterion. If, for example, transmitter complexity is the primary concern,
then selecting Q¢=1 yields a signal that closely approximates CPM with minimum
complegity. As a second example, let us suppose that the transmitted waveform should
contain T% of the total CPM signal energy. Then, Qg should be the smallest value such
that the approximation error is within (I-T)% of the total signal energy. As a final
example, Qp can also be selected such that the resulting waveform satisfies an upper bound
constraint on the Peak-to-Average-Power Ratio (PAPR).

[00657 A quantitative analysis of the accuracy of the present invention is now

presented with reference to the drawing figures, Figures 1-3 represent PAM

decomposition, according to an embodiment of the present invention, of a binary, single-A
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decomposition compared to the waveform, and Figure 3 illustrates an
approximation based only on the main (first) pulse. That the two distinct
plot lines appear as one in each of Figures 1 and 3 indicate just how

vaseuratesthe PAM decomposition according to the present iventinnGaR:1
be to the true CPM waveform. Figure 2 shows the first four pulses over a

symbol interval. Clearly, the majority of energy is within only the first
ulse. It is noted that the pulses are distinct, and naturally defined in
CPM&;@@’ ‘? 3

ploPaSderuliTg sigrar e REryy Ttoraeg cogts; Kiiemeose1dnighvesboth

4-6 illustrate similarly for the case of a binary multi-h CPM waveform, but
real \ond reipsHIaRE| SGRRECE = eRgratnlys - Digiied cYLREAES Whh PiatireRAM
deco@plsdidhecia-alab %&ﬂ?@@ﬁﬂl ’hmi%;gll @ﬁf@ﬁ%&ﬁéﬁ@pﬁ@ﬁ _"rﬁaﬁon based

approximatign) are, ideptical to the scale illustrated. Figure 5 illustrates
ooly (LRl (bCL @W&F e 1R R 5 PR RS e of
FigusynibabdBeigdidste gndained withintth ehdirSA U Ideswopdistiappiedraaiioro ohe
ool i that fir Ise,. is accugate ta, relatively hi
B B A AT s BB A e
over ysambslriglectal CPRkasavesonai ot ofesreoy iwihiv bl the  fidst pulses it is
noted HRRAEO PG NUGIALhis. vaYRlar asayel as that ol Faues il 10ma

corresgéz)nds to an advanced range telemetry (ART) CPM waveform
energy B A BIA8S K%Age Commander's Council in its IRIG-1-6 standard.]
The exact and approximation PAM decompositions of Figures 7 and 9,

respectively, very clqsely track the true, CPM waveform, as they did with
10066 jqures \?’%‘Wﬁ %’gr B%H%ﬁér?@ﬂ@tﬁéﬁrf%a%f&ﬁ‘?ﬁ Qﬁoam}?fﬂaﬁgm&"& o
wavelol8, the WinapRultizh [ﬁ%\{%ﬂ%ﬁk@%ﬂ@?&&%ﬁ&aﬁ S0 Hihes

two pulses of a symbol which the first pulse carries the

1 md;@iﬂfétmﬁl wmmbsﬁ%%a@gﬂﬁ ?ﬁwgiﬁetm %Mt)af@ar@r@ﬁ%%on) are

. iqure 9. Note that In Figure:8, a component puises have an

?‘demé’r% ptf?tl}%% ?ﬁ%% é@@%%a&g(%n%gﬁ%\ieﬁ]éﬁ%%sc@ﬁ %ﬁeﬁf‘b@l‘é‘@?a‘?g a symbol

interelipetisnpibetigand2jrermajettinos uyhbol ayeHagtitheoresiukin g ittay efer st
h 0 . 0 f unity,.18 WO 2007/004 . .

Pl B ORLOTIL  ToDil P 13 Mudtecd Sy 8 e

relatiyphyéishrinlerencbinary M-ary,

[00671 Figure 7-9 illustrate similarly for the case of a non-binary M-ary single-%
CPM waveform, bui where M=4; /= %6 : L=2; Q=0M1=2; raised cosine. [Note that this

waveform as well as that of Figures 10-12 corresponds to an advanced range telemetry
(ART) CPM waveform adopted by the Range Commander’s Council in its IRIG-1-6
standard.] The exact and approximation PAM decompositions of Figures 7 and 9,
respectively, very closely track the true CPM waveform, as they did with Figures I and 3
for the binary single-# waveform, and with Figures 4 and 6 for the binary multi-h
waveform, Like Figure 5, Figure 8 shows the first two puléés of a symbol interval, of
which the first pulse carries the majority of symbol energy and is used in the PAM
approximation of Figure 9. Note that in Figure 8, a few component pulses have an
amplitude that exceeds unity. Flowever, the component pulses are superimposed and

interleaved in such a way that the resulting waveform has a constant envelope of unity.

18



multi-h CPM, where M=4; h=[%6,5161; L=2; Q=2L-1=4; raised cosine.
With the illustrated resolution, it is only seen in the PAM approximation of
Figure 12 some divergence between the CPM signal and the PAM

wapgiexasaaiion, yet they still track one another closely. The f@upashORh;
of Figure 11 shows the majority of symbol energy in the first pulse, with

the proviso as noted above with respect to Figure 8 concerning those

ooss SCON g LIS WD APl reaterdhan i, [9080) Elduies. A9yang

14 illustra e difference In pulse‘energy between a decompo

mmﬁaﬁ@w@mfewg@u[%g, ofeltiapprpaghi-disqunsedcabeve, aRHA the
a

decomposition according bodiment of the present invention. For
illustraadh réhsimion; Binarpdi-anesitgleh CRM wemekdmattaisdi FEdnhe % Loie

; =2: raised csi frequency pulse. Additionally for Figur = M

diverg B S B P B RO B B e
anothpiagleslsiniler ome gyt dispibofiBiguen tlatiess ththegesone apdbhlrepergy in
the AR SRR GHROLYISHAGHY S 1ARKeHoNANEHORSEHNFSRRMSEMEARIRE those

ignored'if a PAM approximation of the CPM signal is to be accurate. In
secongiey PSR Bide EReiEb FPOREAT pulses required to exactly

represent the CPM signal in PAM over each symbol interval is

N=QP(2P:-1)=12. [007Q] Contrast Figure 13.to Figure 14, which employs
0065 proa i IehToHh el EAONAEIRD AR, EahLt dBFIEY Mg
deconipsitiia apssRogner gyl vlifle rent Myrabohjnieasdl, dseashd above, and a

substantial portion of the bol en is concentrated ina_single pulse,
o B B B N S e iy

binarfaR-Eepsanably kepignorerkmiROsNehlogs: 9? acpuacyin.a Misddrelfine
approximation. In fact, this embodiment of the p‘i‘esent invention -
frequgenesates ouddithasd wor Ritses &) i shl. slipRrividesirfephoHigeads tthat

an exact PAM decomposition of.the CPM signal. Two .different symbol
e o R 00 B e e S B s
the searigh et ahigbrinlsifferenciyistivotiimevalsshubitns tdahsmedmbealsresanbe
jgnorddE U END G, AT LSS HHIROFIANE LLNSLAY SRNEEANAION IRA MR Rumber

pulse, distinctive pulse energy ranking, Q = 211 total pulses) in order to
of LajpgpicchBmBiefryubicapaaira (roncty deamvenhibe (Egadmas b hlideover
each SHARS YAHIACR FEQ%2ByRbo| intervals. 19

[0070] Contrast Figure 13 to Figure 14, which employs the present invention in the
PAM decomposition. Each graph of Figure 14 illustrates pulse energy in a different
symbol interval. In each, a substantial portion of the symbol energy is concentrated in a
single pulse, the first pulse goa(t). The second pulse g »(t) exhibits little energy and can
reasonably be ignored without much loss of accuracy in a first order approximation. In
fact, this embodiment of the present invention generates“ only those two pulses shown, so
superimposing both leads to an exact PAM decomposition of the CPM signal. Two
different symbol intervals are illustraied in Figure 14 to show that the shape of the pulse
might change in different symbol intervals, but the features of the present invention that
are deemed important (energy concentrafion in a main puise, distinctive pulse energy
ranking, Q = 2! total pulses) in order to make non-binary M-ary CPM practical are

retained regardless of pulse shape variance across symbol intervals.
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WO 2007/004001 PCT/IB2006/001731 [0071] One important aspect of
this invention is that it is the first extension of Laurent's Decomposition
which allows any CPM waveform - whether binary single-h, M- ary

waingtetuaniM-ary multi-h - to be described as the sum of Q s2kad BAM1731
pulses over each symbol interval. The following observations are
noteworthy: This invention can be used in order to synthesize "almost

oiM-ary CRYC and e C&s M &5 '\?n‘%ﬁﬁg o 519 ése%]%cﬁxs%rex g}r&ttg rof
complexity Vis- VIS revious solutions o Ris nvent

Lawﬁ?@tgﬁaﬁé?mg@pﬁﬂﬁah 6RO CPMER Wr&mwﬁ}@bmmatbmu
ary sRIAESHES {RBRINAR wg-q%rb%rgggcﬁﬂgd@!s’llﬂ$s%mer S AMp ulses over

Implementation of this invention may reduce tra -vIS the

each ﬁg\hB RFRAbWHIS SHIGSHES (RS T PR ROMBOERents of the present

invention are now detailed. A mobile station MS is a handheld portable
.d ce that iS ca le of |reI ly acc unic network,
o R R RO O B~ L AT Yo Pescs
le+ety %mmmmmmmmmmmmaﬁmmerry(r)
V%Jgﬁo&ng)ﬁgg gg&}%da%ft@ﬁ?sstam (PDA) with internet or other
t a

-way communication lity are examples of a MS. A portable
°W|Té1§35‘ic¢@vme1ﬁgﬂud@bmﬁ@ bitelsations 8P kathd shadditronetdesadheld

deyicesaHeas ks 1SS RRRAeVICr S ANAL M 39985 RRNgCa!

networks such as a wireless localized area network (WLAN) or a VJ]FI

* nEPIgnToBTSL Pifhis Nl aerintbiger Wwagrittrenst dniobitdhstation

MErdBdaswhishuthe REGRRNt invention may preferably be disposed. These
blocks are functional and the functions described below may or may not

be performed by a single physical entity as described with reference to
[0072Fig. 15. &@&ﬁaymﬁmémiaﬁa%@s@ﬂ RS tedibeardiandivienabile

displ t terf 24, h it
st S AT O Aol So e LUt B S T pROVERSTIOR ©
Gommmpfaimngkmrm& usmh The mlzo t&icpwmn ckideskaqidwer stties A6t are
coupRUB AR IRALPIAMAER PALARA. CRULERLOMELINE CMBlocrry®
tions wit

processor 28 that controls func in the MS 20
device, and a personal digital assistant (PDA) with internet or other two-way

communication capability are examples of a MS. A portable wireless device includes
mobile stations as well as additional handheld devicesl such as walkie talkies and devices
that may access only local networks such as a wireless localized area network (WLAN) or
a WIFT network.

[0073] Fig. 15 illustrates in block diagram form a mobile station MS 20 in which
the present invention may preferably be disposed. These blocks are functional and the
fimctions described below may or may not be performed by a single physical entity as
described with reference to Fig. 15. A display user intexface 22, such as a circuit board for
driving a visual display screen, and an input user interface 24, such as a unit for receiving
inputs from an array of user actuated butténs, are provided for interfacing with a user. The
MS 20 further includes a power source 26 such as a batiery that provides portable
electrical power to a central processor 28 that controls functions within the MS 20. Within
the processor 28 are software and/or hardware conirolling functions such-as digital

sampling, decimation, inferpolation, encoding and decoding, modulating and
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the processor 28 are software and/or hardware controlling functions such
as digital sampling, decimation, interpolation, encoding and decoding,
modulating and 20 WO 2007/004001. PCT/182006/001731
wiempdiulating, encrypting and decrypting, spreading and degpteadingdiers:
a CDMA compatible MS 20), and additional signai.processing functions
demoddigting,iretiosy piilnd 0 [Ivaiagios othemdltial inpuiSaresdicgives al TDOMA
nICK 30.that.may,be coupled to t ocessor 28 thyough a buffer
comp . B A R e R S R R
algorithms to modulate, encode and decode, data arrays such as look-up

00747 tables, pgl VS‘?E{]BH{Q PIYAME9,0SCNRASE @ M 9P that may be

accordance the present invention are stored In a’'main memory

couplegkdpaie meshsseuibHienusiay butln Bieetrne, obteal s pragiastt such as
driverdEMRENRINLSYE MBdidnaad S Ao, he.aiL I SIRENG, eam such as

readable instructions and programs and data. The main memory 34 is

look-up, 3bIgk, 258 HHGREGL RIS FETATIE SREPREISFola M SHiBHSI#gElance with
the preRmtMoniidispes sestamangneifieren ato seeginisdso e wilighighytayan

be removable such as a subscriper identity -madule (SIM), . The MS 20 .
electro G A RGO BT A SR BT e BRy A digine
compuberereadabde éraittetinas 86 tivagmmyay dvel detectViedyein plechoiga 24 TiRypivitth

artitica i, dipgle filter 10 a fransmitter. 40 and a.receiver 42. The MS 20
p. may a di?foqéﬁil éga%é%sl?e‘}:%?ﬁggr %%gﬁlgﬁﬁi%dgﬁ‘ér%er%lcﬂel eras-1 ﬁ%erm% arnong
differegd rimagicatity sves afldiitthaiethoressublicasich WiLANDWiEr identity

modulBlegiapthiid, torresaine Aigial ydeo Lroadeasis skpown ﬁ!&ﬁﬁ@%@%}ﬁﬂ@éy

. . _include monopole, di-pole, planar inverted folded antenna PIFA, an

inke vigpis S P AHERTSS AR RS BEHGH IRt BRieiy (867 2

dipolewhig), @ eompletalyin@rmaly afdhecMS. 20housigo Akidibledikpatyrame
he '\tr/IS 20 is _trar(;gduced at SJ)eaker.44.. Most ofcf e ag%gve-deg(cribe

SO S mponents, and e8Pt %?5?|§fhe°%%‘é§%8?gz§,"%‘ré HOBRERP B A TR 28

a WLALNGIBh dthewhib® typioakydivel didslavgioubcbqleasts tdiubieh dhienna types

includ@%g&gcg%? éép%fg’, ﬁﬁ%i&%&%&%ﬁ@gﬁg fﬁﬁﬂga o E%.P%e various

receiv maximu elihood estimation of the symbol based on

autennppyasise wresyhaEbuen exiomlbiaeanahion forcestneialndrdematikraiitle
MS 20°Rsagter Qi resiverbsignahir oisley fo.senaate: theeyrabals, Wessr

transitions are . i )
the above-described components, and especially the processor 28, are disposed on a main

wiring board, which typically includes a ground plane to which the antenna(s) 36 are
electrically coupled. '

100751 In traditional CPM receivers, maximum likelihood estimation of the
symbol based on Bayesian theory has been a dominant method for estimating an wnkanown
parameter of the received signal in order to separate the symbols, whose transitions are
somewhat obscured as compared to other waveforms. This results in a branch metric
computation and generally either a Viterbi algorithm feedback or known symbols inserted
into the data stream (e.g., in message headers or iraining sequences). Non-data aided
approaches are also known, but generally less reliable. The present invention dispenses
with the above computationally complex realizations because the receiver receives a PAM
signal that mimics a CPM signal, and decomposes it as a PAM signal whose phase and
timing uncertaintics are more separable, and better resolved, than CPM. That the present
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somewhat obscured as compared to other waveforms. This results in a
branch metric computation and generally either a Viterbi algorithm
feedback or known symbols inserted into the data stream (e.g., in

wiessagrdeaders or training sequences). Non-data aided apRRYAacHNS1731
are also known, but generally less reliable. The present invention

invenGaPERRGS W He-aPaVE SomBURHRAAHLLABR I IERIZAIN DRGNS or

the receiver receives a PAM signal that mimics a3 CPM signal, and

only oRR G B des BB MSRIREITHUS S PRaleand HRIFGuifceriandamsntal

advan@l&: DS sRparabiEnend hsttaiiasolved, than CPM. That the present 21
WO 20071004001 PCT/1B2006/001731 invention does so in a manner

that enables a high degree of accuracy using the energy of only one or
[0076]two pulsEsiexastoeechimpaditisockidinGamN aptisesiisrd fundariiontal one

vantage over prior. art PAM decompositions. [0076] Figure 16 is a..
e R e PR B e e

1~eceivedﬂjg_nﬁhmﬂéﬁ1¢1gsﬁte§enmﬂéinﬁxﬁnp@ﬁbgmmgmr_@m Retenpesstisttia
are plfal’:égé&?iibgmfﬁ&?}%r‘é%‘ %i%%a@h% hesell afier ORUiicRiion andotated,

into | and Q components that are processed in parallel, whereas Figure
generaqfgd ity Hrilymenitisn ppading dpyRarEngn §¥felaredcies(®) ape or more
receivé WRGMHIEI3BECAFIMELA BPUAtIRRI29: isresRiVeAlON 0L OHRs 18RIV,
- antie%r%gs 36 arg({)lified by an_amplifier 52, and filtered at a low pass filter
o sgpline i,

SeF aenatid s ighied & ambiRken o Sa Y fokadBsief g ve
outputrfosl die driodvietod it ffaenmibéuband dsiciodapbhs mededaiardSSanal r(t)
. d oses the received signal r(t) .into the PAM signal detail
o A A B B e B 0 B ey
decomaggoperiatigoahelt) shan plabies Gauplet Gin etk aabistidnet)shovmome | aterlzied
(if spreRICREARESIMMIVESONE.BD SGTEY BRSO stances of

minimizes instances of false alignment. When an energy peak of

false odigmraentt MAGHiRIFEBER PRk LTRPESRISH Teritaie ossse Shaeshoié Hetarior
68 clRBableitor slebpraprsanakigrpass;vags fHhenrreTeaSING RS8R 70

o i et g o e s Sl o b B
feedbaptrlink so ihftam deegpreeddunhen dignalssnarenafficienthnrasherdibftest
s R B NS ST o gt
[0077] The processor synchronizes other components éﬁch a;s the sampler 60 with
a local clock 72, and accesses various computer programs, data storage tables, and
algorithms that are stored in the memory 34. Certain of these pertain to controlling the
modulator to decompose the received signal r(t), which mirrors a CPM signal and which is
input into the multiplier 56, as a PAM signal s(t) that is then detected and decoded. In
accordance with equation [26], the computer pro gram confrolling the modulator causes the
processor, for each 7™ symbol interval, to determine the product of a pseudo symbol byq
and a function gy .(#-»T), and to sum those products over Q=2" symbol intervals, where the
function g ,(t-nT) derives from a generalized phase function and where L is a number of
symbol intervals over which a frequency function is defined. If the energy of more than
one pulse is to be accumulated, then add the summed products for all & pulses between the
0 and Q-1 pulses.
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a local clock 72, and accesses various computer programs, data storage
tables, and algorithms that are stored in the memory 34. Certain of these
pertain to controlling the modulator to decompose the received signal r(t),

wahishsos@ars a CPM signal and which is input into the muliphefs58sas:@s1
PAM signal s(t) that is then detected and decoded. In accordance with

[0oyuation [Bhitiveandritputes j pgreent abiitectmgtisen ochdrtasausestients
r ch.n bol.interyal,.1o determine the uct of a,
e o R e B e o
claigye thougy inyirissici s afsmvhent thy doeretiofoyloth il tenives frmhtecive
mof8Netalzad phaseduRaHAn ARMDRIRi%.A RUABRL AL SWBRALIAIOYAS i

over which a frequency function is defined. If the energy of more than’ one

modyipted; ot Shiscmpduiaon i vt rihedRANG daseinneacer saveferror talrrsplilse ghe
sighetgen heqR-an8 R41Puises. 22 WR2Q0 ZRGHAML IR G IBR0RR WM Adkion

. C4(9078 im'l%{ arch&zcture, is§resent at the transmitter, where some

. c83m%g§32° nt& 58k s e TRBH N SP A O DB E REREAAE Zh P aerr st

detgidinef theplransceiwndi-foand iyt ugh-bidargcliGaroni-ealifigO e BiRkble
for both the transmit and receive _modes. The desired information

wo e b e R e R T e A

aboisoHiitarsmbsy evmplneip A bedors fader] thavetd Qu-tb sesut thethés signahe

valod Rl £EHaHOR 2] cif ;Eh%#ﬁ%lﬁrﬂl{é%f &%HM@Q;?SE%EIQ i%Ee%er bia and 2

modulation_indices and/or different M-a%zlgnamg,t e comp

fonciion Gt themf swsripase fredusieneiiisambrl iervalsitshaan dpifmstion
B n@rI9SI0G Yrbnd Vo 6iRRA1IRE. phRG FRRIAAICH RO TRLLET RECOFRAMUASSE symbol

. . determines how many pulses are {o pe resolved at the receiver. As
intep el VST R EHBIRIERAIOR 5 PRIy i CHRERY SERREe s aRgulse
is tdfhenreismalytahchoradde fior shemndex dddkarfeagh PeukyshatlemMal and Q-1
termi eudo symbaol bk,n and a_function &,.(t-nT), and sum those. .
D 0 S e B T T R e Bl e o
therfesnplifigé Adkatibidapbatitedby cicvandroviiersniitisrdennaBéb.of symbol
intervals over which a frequency function is defined. If the energy of more

than one pulse is to be accumulated, then add the summed products for
1078 kpulsed BekFdess tHaeiany andirgsaresrsveiLkastiedsiy fap dscamoyes a

lookaipddbansfuledheRA M @@&Hlﬁiﬁﬂo@i%@oﬁtkﬁbodied as hardware, software, or
both, and readable/executable by a digital processor. S

[0080] Embodiments of the present invention preserve certain advantages of the

Laurent Decomposition in non-binary M-ary and mudti-% modulations as follows:

e The PAM compouent pulses in the decomposition are distinctively ordered,
so that the first component pulse contributes the most significant energy to
the waveform and the last component pulse is negligible ~ just as in the
binary CPM case.

e Over each symbol interval, there is clearly one “main pulse” that may be
used to synthesize (or evaluate) the Mtary CPM waveform with a high
degree of accuracy — just as in the binary CPM case.
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then amplified 52b and transmitted by one or more transmit antennas 36b.
[0079] The various functions and parameters may be stored in the
memory as a lookup table, as algorithms, or a combination of both

wembediedas hardware, software, or both, and readable/exgeyai@ddodrs1
digital processor. [0080] Embodiments of the present invention preserve

certainad¥areeepst sfrhe! indprrahttivdetimpashisoff Adh dinaopdvt anjsent
multi-h mogdplatians asollows »siheHR AhAPMRENeRE pulses in the

decomposition are distinctively ordered, so that the first component pulse

contrib@te & #8OPRE Bl BMEIAIE anSriRas Mraria S o ‘eractiid-rastCPM”
componenplgsisedigiigidkshasie-hepr RINA RN £388:. Q¥REn

each symbol interval, there is clearly one "main pulse” that may be used

to synthesFPBRVAI a8y &I -aistep it habdrerr{Rihasigh degree
of accuracy -just as in the binary CPM case. 23 WO 2007/004001

CT/1112 06%00 7 Over each symbol interval, the total number o .
0o comPorRASBTE B e R P, MK MBI aBRy e in
expeessang |ais posyhIePi gemariimans  dhm cebpanitiGP M BAdxactdleatys. In
d&ﬂylthié/ d l,ifsigge inimal aumber of PAM component pulses
? (W%en compargg to theglrl)lr{%oqrﬁghrt ﬁ%%‘{ﬂél ﬁ]dyﬁgjc\éﬁ%ry CPM case. [00817

As detailed above, the present invention solves the complexity problem in

expressing, agMaty GRMMANEINR As e @H@%@%‘l@%&} RAM: synthesis

waveforms. In addition, this iny}entlon also results in the folfowing
advantaged: “AlrRstMsH iFRMn SRTEEESmplexity (and possibly cost) for

the synthegiseffciRbnashMe=ey SFAMT ey efonmsi 1A\ elustion. inthelevek.

of difficulty required to evaluate the Eperformance or characteristics of

M-ary CPJY WaRrassHiTEcs AT daistichYh wateiarsomplexity (and possibly |
cost) far the rerepinmnotocnmeiiiianyy M pessiBXasdsi foF e RiVEption of

Waveform§a1most ﬂ{["“al'y CPM:: or ::e.xact M-al'y“ CPM” Wﬂvefoms-

{0082] As a review, the present invention embodies a new decomposition that
generalizes Laurent’s work on binary CPM to M-ary single-h, binary multi-h and M-ary
multi-h CPM waveforms. Importantly, it retains many of the useful properties of the
Layrent Decomposition for binary single-# CPM. The significance of this invention is
that one can use this new PAM decomposition in order to define an optimized “almost M-
ary CPM” waveform that constructs the desired signal using the smallest number of
component PAM terms in the decomposition for a certain metric of performance (such as

an upper bound on the Peak-to-Average-Power-Ratio) (when compared to the prior art).

[0083] Specifically, the present invention poses an alternate, exact and concise
formulation of M-ary single-# and multi-h CPM waveforms as the sum of a finite number
PAM signals. This formulation facilitates the synthesis of “almost M-ary CPM” or “exact
M-ary CPM” signals with reduced transmitter complexity. The present invention may be
used to linearize GMSK waveforms and design simpler receivers, for example by using it

to develop simplified techniques for correlating the received signal against a training
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[00827 As a review, the present invention embodies a new decomposition
that generalizes Laurent's work on binary CPM to M-ary single-h, binary
multi-h and M-ary multi-h CPM waveforms. Importantly, it retains many of

wibedds@ldbqroperties of the Laurent Decomposition for binapy-$igiRide1 731
CPM. The significance of this invention is that one can use this new PAM

decomposition in order to define an optimized "almost M- ary CPM"
Ay farm ‘haiconstr cts the desired signal using the rrr%_%:‘l‘%s number
po cor%tf)aoobﬁlérn P ]1\?1 %er?#ess%lﬁ atﬁnel%eocvoerrr%%%t%{ni?osregncté’rt% Eoreet M

waveiestfisrmance (such as an upper bound on the
Peak-to-Average-Power-Ratio) (when compared to the prior art). [00837

Specifically, the present invention poses an alternate, exact and concise
[0084FormulatiBA &M stasesiry Isecahtrvaotiih TPNisn vafmehandant et simpiizs

the PM%@%%&EW%@JM% HBHREA RGeS INE SHUDEIISRE one

"almost M-ary CPM" or "exact, M-ary CPM" signals with reduced
of the, GRFR AP BN BRI VT CE TR B GF AL BEM ks RAtapide igh
capadBMiSieivavesatmmratdesigpcsimalay, Reeivers, dof @ aaiadRy S0 is

to develop.simplified, techniques for correlating the received signal against
e o 50O BETTASbBRIO0 1P RBRICIHBHop BEraFmy
challepigingreBe stysawiingsmarerijihio cartples eavelopbe fruhigRBM sieraCRMdrive a

. i ent invention embogies a
PO B e e D B R DT SRR o o
signahiBpEmoRreERadhay o sisTatovesgiome dnomatiestiie GRGRA SRdftialismes

are efﬂ_ﬁ%ﬂﬁiﬁ tRUSEGFPMIbiaghan nﬁl%@%é?f%%&ﬂ 4@&3@@0&1&%&1‘%@&%@&%}3

wireless communications. Specifically, one of the major drawbacks of
due 10 ESNITE TIvE B RinWRREr S target e vampl-renidne s, Wishcimplarastation
compliadar am difivatior e xicemel \:cehnllenging. daetsymamiciangeehiti®ention
. .Complex envelope of an OFDM signal can drive @ power amplifier to
s S%S% i |0n‘6?1rﬁlr?eé§$n@ qaerxalgéﬁlslﬁ se?é\l%% %&%{%Iﬁékﬂfe]?lgﬁﬁﬁ’lgmrgg e signal

input power approaches the saturation region. In contrast to OFDM, CPM
R R R A T A
appargi g diosssiidied i figiiseranedeo of coifiestignanddlifidos cbiuess to
these WIEOHERERIRFEEBIVET ARINIGOHIEEthe TS RIRRERANVRRIN icularly shown and
described with respect fo one or more preferred embodiments thereof, it will be
understood by those skilled in the art ﬂiat certain modifications or changes may be made
therein without departing from the scope and spirit of the invention as set forth above, or

from the scope of the ensuing claims.

25



IS seen to resolve that complexity/non-linearity problem for higher-order
CPM. [0085] Although described in the context of particular embodiments,
it will be apparent to those skilled in the art that a number of modifications

vanchvasiausg changes to these teachings may occur. Thus, whitab@sce1731
invention has been particularly shown and described with respect to one

or more preferred embodiments thereof, it will be understood by those
d in the art that certain modifications or changes may be made

WHARreinwitheat departing from the scope and spirit of the invention as set
forth above, or from the scope of the ensuing claims. 25 WO

1. 2007004003 REFHBRROHERA t3kpSkiAM IS WHAT IS CLAIMED IS: 1.
n B A 15: WHAT IS CLAIVE

N R A BT G o R S R RO A e Ak s e

R TR et R AT A BT Ao B e

is o RbREs2iEk BAY e m%&&ﬂ%ﬁa%m@a@ﬁmﬁm&&u@sﬁaﬁtﬁt at
cns

least a significant portion of signal energy over each symbol interval of a
leasthipighiS cithporitbe e fAMeapInaRe BidiisetcR ddran ST HAgTREwithin
the (glg ted sgg&&lﬁpe(%\gﬂ is a number of allowed discrete amplitude

alues, S

"E“%EBres Eriimber of symbol intervals. 2. The method of

claimarkmithegdhe Qoddlanmiisigralast a significant portion of signal energy
: ) o .
whedDBS ?Qgﬂou&%ﬁgfgﬁg%%&tﬁ%ﬁﬁ 38#3% g%ﬂh%?ﬁ?ragﬁf e%fté %ber of

energy. 3. The method of claim 1, wherein Qo= atleast a
symbghEREEHE-portion comprises all signal energy. 4. The method of claim 3,

further comprising truncating the modulated signal such that each symbol

interval includes less than all Qo = 2L-1 PAM component pulses, and

2. WhERR MBI G the hSRitReEd agritleashiealifar SemioRgfivignal

energsuinahtesaiovateshsignahube Thegeshacl efscaim df wheleiferpy.
modulating comprises, for each nth symbol of

3. The method of claim I, wherein Q0=2L'1 and at leasta significant portion
comprises all signal energy.

4. The method of claim 3, further comprising truncating the modulated signal such
that each symbol interval includes less than all Qp =2 PAM component pulses, and
wherein transmitting the modulated signal comprises transmitting the truncated modulated

signai.

5. The method of claim 1, wherein modulating comprises, for each n™ symbol of
duration T, determining a product of a pseudo symbol by, and a function gy ,(#-#T) that
derives from a phase fimction of the signal, and summing the products over Qy PAM

component pulses.

6. The method of claim 5, wherein modulating further comprises adding the sums of
the producis over all symbol intervals for all component pulses.
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duration T, determining a product of a pseudo symbol bk,a and a function
gk,,,(t-nT) that derives from a phase function of the signal, and summing
the products over Qo PAM component pulses. 6. The method of claim 5,

wihmeedulating further comprises adding the sums of tBe-prRsigis1731
over all symbol intervals for all component pulses. 26 WO 2007/004001

PCTIIB2006/001731 7. The method of claim 1, wherein for each nth

symbaol. a first PAM component pulse. is: of lgnger duration.than any other
o T O e R BT 4 e A e

is of [pegPydurabm tomentpulse of dhetiat i byomiponcotpsksesd a8d farrietioatof
enerdfARUINORG SiAPANRISIAG MAdHalifaa,sianab oniGARIBgY mult-h

pulse-amplitude modulated PA aveform that is a superposition
ofQo<2L"i PAM component pulses in each symbol interval such that at

8. leashasigniferntpetinn.olslanalspeigy.over each symbol interval of a
burst js,within the Qo PAM_component pulses; and transmitting the
me‘iﬁS]taéﬁl%Fgﬁ&E PeP PP @#&%@@F&ﬁ%&ﬂféﬁﬁ@oﬂ%@?m a

wavePHRRELGE AUauEshaisgiciofepituda yalues, ARd e Rie SEQIS Apdmber

of symbol intervals. 9.. The method of claim8, whérein Qo=1 and at least
intervusigoifieandnesionsphsiansl peRRIEYMilhel QRS FAM-E eRRQDERL PRSI
Ofabcorgfnse .a%eﬁstﬁgggﬁ of S|%nal energy. 10. The method of claim 8,
Whardi @8: t *ahd-at RSP St artPortion of signal energy
comprisdtiag Signaidaesdyight] The method of claim 10, further
h pé’ ing.tx ing.the.madulated signal such that eac mbol
e A R S e
amplififereshieta Astrittienyatrroouidiedosigmabdoniprisés transmitting the
* truncated modulated signal. 12. The method of claim 8, wherein
modulating comprises, for each nth symbol of duration T, determining a

9. probusdod pEeliis 8y missrBIQoanmrd siseronsisaifieant pontienoé igssl
cnerghf@fintice Pha®a funetionaidha e bahRad s ihe Areducisoyer Qo

PAM
10.  The method of claim 8, wherein Qu=2"" and at least a significant portion of signal

encrgy comprises all signal energy.

1L The method of claim 10, further comprising truncating the modulated signal such

251 PAM component pulses, and

that each symbol interval includes less than all Q=
wherein transmitting the modulated signal comprises transmitting the frumcated modulated

signal.

12.  The method of claim 8, wherein modulating comprises, for each #™ symbol of
duration T, determining a product of a pseudo symbo} by, and a function gy ,(#-#T) that
derives from a phase fanction of the signal, and summing the products over Qy PAM

component pulses,

13, The method of claim 12, wherein modulating further comprises adding the sums of

the products over all symbol intervals for all component pulses.
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component pulses. 13. The method of claim 12, wherein modulating
further comprises adding the sums of the products over all symbol
intervals for all component pulses. 27 WO 2007/004001

woGTHiReaRe/001731 14. The method of claim 8, wherein fopeagkbitiive: 31
symbol, a first PAM component pulse is of longer duration than any other

14. of thEcQRAMAN RN E)WHRHSRS abld /Lasies N o 8-S oNaf epeigdhesulse

. Il othe PAM compgnent pul hat nth symbol combined. 15. A

5 o A T G G A L TR P B A o

signill ey gyullse: athplitdg, MaNieteddRavipwiasefor thatidt smebsLipenposition
of Qo<2L'1 PAM component pulses in each symbol interval, where M>2
is a number of allowed discrete amplitude values and L represents a

15. nusemetigynsosiorisémgals; a multiplier having inputs coupled to the
siggg{ggﬁygggrgé?d the modulator; an antenna having an input coupled to
an output of the' multiplier; and a processor coupled to a memory and

haifePar Ber T R @ Mrisn pulsrapelifde matsiasdi 84 caastirer

B B Tt st 1Saet b At MRS S SR, e
M>BWRLRIEsY ahioladuisslen RISIRHI0 JARESYRI00LIplenAls QonbaM e

ulses. 16. The transmitter of claim 15, wherein Qo=I and at least a
symBRl iesASportion of signal energy in the one PAM component pulse

corppiiseplet lersiOblunisighal enpkoyenki sdihe:tiansmaitiriaelelaim 15,

wherein Qo=2L-1 and.at least g significant portion of signal energy

o AREE A A PR e Hh LA B R 19 i orn the

muitipheesspesatpledoauliphethend pavifom tuepsigrabkolucenliymat of the

rne i fr he -modulator [ ted I rized
B A B
symbdl. revelatishieed eblcerinPEB Homer pitiple B riptrlenmeyH e pysibol
interRRASEAIRY i0¥ar@akn that symbol interval’s Qp PAM pulses.

16.  The transmitter of claim 15, wherein Qo=1 and at least a significant portion of

signal energy in the one PAM component pulse comprises af least 95% of signal energy.

17.  The transmitier of claim 15, wherein Q(,:z“ and af least g significant portion of

signal energy comprises all signal energy.

18.  The transmitter of claim 17, wherein the multiplier operates to multiply the input
from the signal source by a truncated input from the modulator, the truncated input
characterized by less than all Qo =21 PAM component pulses for each symbol interval.

19.  The transmitter of claim 15, wherein the output of the multiplier is represented by:

1

Xt k)= Y, > b8, —nl), 1£Qy<0; (@=2"");

k=0t n
where by, represents a pseudo symbol, g a(F-#T) represents a function that derives from a

phase function of the signal, and T is symbol duration.
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x(t,a,h)_ 1 Zbk.ngk,n(t-nT), 15 QD ~Q; (Q=2r 1); k=D n where bk,,,
represents a pseudo symbol, gk,,,(t--nT) represents a function that derives
from a phase function of the signal, and T is symbol duration. 28 WO

w6491 PCT/IB2006/001731 20. A transmitter compristiggostanats;
source; a modulator for outputting a binary, multi-h pulse-amplitude

20. madwatediRAMmpaMaierm that is a superposition of Qo52L"1 PAM
compogﬁﬁn&@ulses in each symbol interval, h>l is a number of modulating
|

indi® “humber of allowed discrete amplitude values, and L

repraséuitsa fumbipnihsyrbbarnteniis paleutiplindeviodlnRaBAM
coupled to the signal source and the modulator; an antenna having an
wavelABa R D R RS RRSHifp O Ge e nﬁﬁ%i@@@ﬁaeat@%w%am%b a
. emaqry and having an output coupled tq an input of the maduylator, said
e b o R A A MR ARG eomch
ampisydebelvateavdlIstghethatssunstartialf\salisghateakrgy for each symbol
interval.of- i ried | t interyal' PA Ises. 21.
B B X s o

ofasAsiE g ditiervheoPrnd tormpsoitier s thsemdiiplits eadt least
2%@&&4%%%@@&% 2 %eenl 1§ SRNSIDIHE LRLEIBIM A MR SIS0 Sl

at least a significant portion of signal energy comprises all signal

modulafergiridBropRutr Apiivias Sicmnrriaioninshens the Rudidpriardise maesho
symbBlutighyathadn g frepminelsignali sesreechy foi v e ioPIroM dhe burst

. _madulator, the truncated input &Par cterized by less than all Qo = 21"1
18 C%%}Pc%ﬁ%%?ﬁ%ﬂ‘ﬁtﬁ%" ‘Ofggg& Bl interval. 24. The transmitter of
claim 20, wherein the output of the multiplier is represented by: Q'-1

21. XGFB&@%&HQ&&”&QJ% Iﬁg%ﬁ%ﬁﬁ%ﬁ%&ﬁd le(xtzl%agt a significant portion of

signal energy in the one PAM component pulse comprises at least 95% of signal energy.

22.  The transmitter of claim 20, wherein Qg=2"" and at least a significant portion of
signal energy comprises all signal energy.

23.  The transmitter of claim 22, wherein the multiplier operates to multiply the input
from the signal source by a truncated input from the modulator, the truncated input
characterized by less than all Qp = 2! PAM component pulses for each symbol interval.

24.  The fransmitter of claim 20, wherein the output of the multiplier is represented by:
ol
*(tak) = 303 8,8, -nT), 15Q,£0; (@=2"");
k=0 n
where by, represents a pseudo symbol, g (#-#T) represents a function that derives from a

phase function of the signal, and T is symbol duration.
25.  Aprogram of machine-readable instructions, tangibly embodied on an information

bearing medium and executable by a digital data processor, to perform actions directed

toward modulating an input signal, the actions comprising:
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where bk,, represents a pseudo symbol, gk,n(t-nT) represents a function
that derives from a phase function of the signal, and T is symbol duration.
25. A program of machine-readable instructions, tangibly embodied on an

wioigimasian; bearing medium and executable by a digital dajapPHRcesSR 731
to perform actions directed toward modulating an input signal, the actions
comprising: 29 WO 2007/004001 PCT/IB2006/001731 determining a
M-detgrpitsegeaniybtavcen o dulsdiadiCAdMuleue ak thatdfoans Upgipasition
of Qo<2L4 PAM component pulses in each symbol interval such that at

SUPCTRANEOR Sifimant HorfGRIBPSIGHEP LSS 28t peabH dyieriel sheR bar af ast
._hurst is within the. PAM component pulses; combijning the M-ary PAM

e SRR o o T S B 0 D G e

P AMsigmglonehepelbds:2 is a number of allowed discrete amplitude values and L

repg Putﬁaqﬂ Rer o symbolintervals. 26. The program. of claim 25,
Whege%% Qo=lan I%L%%eé&slta a@‘éﬁ?&r‘?ﬁ%&ﬁ?ﬁ%ﬁgi%gﬁnesxr%%iﬁin e one

P AIEBHEBE &t PofsBatshsimebs at least 95% of signal energy. 27. The
wherBlSPRLOLGINE of NSRS BIL LR iR LIRASED FIRHICAt PO of

signal energy comprises all signal energy. 28. The program of claim 27,
Sym termining a M-ary PAM waveform comprises: for each nth
symbol of duration T, determining a product of a pseudo symbol bk,n and

a function gk,n(f-nT) that derives from a phase functiop of the signal, and
26. MR esE %%S%Q?oo‘éﬁefsﬁéﬁ%b%ﬁ%% A FORD G SEFRth
energyfiol dimed PARE eimsetarmpiiieg durthisecariupsisesyadtifgnihersums of

the products over all symbol intervals for all component pulses. 30. The
program of claim 25, wherein determining a M-ary PAM waveform that is a

27. subesperson of cingls, MhwEEORTER e ApaldessosprSesntiptarioninifig a
signalvsanePAMWAVear sthatis.gpuperposition of Qo=21'1 PAM

28.  The program of claim 27, wherein determining a M-ary PAM waveform
comprises: |

for each ™ symbo} of duration T, determining a product of a pseudo symbol by y
and a function gy ,(#-#T) that derives from a phase function of the signal, and summing the
products over Qp PAM component pulses.

29.  The program of claim 25, wherein determining further comprises adding the sums

of the products over all symbol intervals for all component pulses,

30.  The program of claim 25, wherein determining a Mi-ary PAM waveform that is a
superposition of Qe<2"! PAM component pulses comprises

determining a M-ary PAM waveform that is a superposition of Q=2 PAM
component pulses in each symbol interval such that at all signal energy over each symbol

interval of a burst is within the Qp PAM component pulses, and
truncating to Qu<2" PAM cormponent pulses.
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component pulses in each symbol interval such that at all signal energy
over each symbol interval of a burst is within the Qo PAM component
pulses, and truncating to Qo<2L'i PAM component pulses. 30 WO

wAPR 641 PCT/1B2006/001737. 31. A program of machiggqrgagallg 31

instructions, tangibly embodied on an information bearing medium and
31. exetmBIaB PRGN rdable destastiaBs plamaihly satlmskedirsop dnfiowaton

bearM@AR4ALING AN IBREUSIERAYy hEARIRS FRFORKSING FEIBHRINIRGR BIRRANG
m Itl-ggpul,se-am,plltude modulated PAM waveform that is a superposition
tow {2Uns AR USSRk ARp AR08 FEERFS#hbol interval such that at

leadtansighificabibporiantof sigpaheptitgieaveddant ByunbabinRivatioh s o
burst is within the Qo PAM component pulses; combining the M-ary PAM
SUPGERRAHOR VNS S%Mwwmﬁ}&s@a%wwmfﬁwmmm&m

.signal, where h>| is a number of modulating indices, M is a number of
i RAGL0RE! SBHRIGREY ARFe S St T2 PO HESEYRSOS kB & B bbbl
PANNtematsed2pillbe:program of claim 31, wherein Qo<2L-1 and at least a

significant portion,of sj energy in the one PAM.component.pulse

R S PSR SRR SR R )

Whéxei}s@ﬁﬁ@.ﬂi@ andldtiebsigaakignificant portion of signal energy
whe BRI EalhBNR AT D RIYIPIAbEIAF L ARSI

letermining an M-ary PAM waveform comprises: no’ symbol of
amEE SAES detd AT PRy Els oBgeber of prsabebizigmbisl bk,Il and a function

gk,,,(t-nT) that derives from a phase function of the signal, and summing

the_products over Qo PAM companent pulses. 35. The program of claim

32- 34, TR EFEF R R ARG s SHREPRSHpTiseTddbisEst e Siis R mpdion of

signpledeigisioke atlesyATdalomisvalSidsalceormisenebauBR2s.03GighiBenerey.
program of claim 31, wherein determining a binary multi-77 -
pulse-amplitude modulated PAM waveform that is a superposition of

33. Qo?ﬁtgrmm-mﬁpbbném pliseis Q{)———ZL"1 and at least a significant portion of

signal energy comprises all signal energy.

34.  The program of claim 31, wherein determining an M-ary PAM waveform
comprises: ) ‘

for each 1™ symbol of duration T, determining a product of a pseudo symbol by,
and a function gy »(#-#T) that derives from a phase function of the signal, and summing the
products over Qp PAM component pulses.

35.  The program of claim 34, wherein determining further comprises adding the sums

of the products over all symbol intervals for all component pulses.

36.  The program of claim 31, wherein determining a binary multi-z pulse-amplitade

modulated PAM waveform that is a superposition of Qp _<_21“'1 PAM component pulses

comprises
determining a binary multi-h PAM waveform that is a superposition of Qg=2""
PAM component pulses in each symbol interval such that at all signal energy over each

symbol interval of a burst is within the Qy PAM component pulses, and
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comprises determining a binary multi-h PAM waveform that is a
superposition of Qo=21"1 PAM component pulses in each symbol interval
such that at all signal energy over each symbol interval of a burst is within

wieo@middyl component pulses, and 31 WO 2007/004001 pe1iB2006/001731
PCTas2006/001731 truncating to Qo<21™1 PAM component pulses. 37.

An EppesitinadoShmod AMgangieprak polssrising: signal source means;
modulating means for determining, for each symbol interval of a burst in
which symbols are modulated over M>2 discrete amplitudes, a plurality of

37. Qo phirEeirys fremydyltiasasiemberpitings are ordered by an
amenbiofosigRahensrgy they carry, the modulator means further for

superi sing the plurality of Qo pulses into a combined waveform with
oo GRS DU R SR AL Al S ecas et
syniselssumittioguiatans to Mrehdistiitio gaﬁii]ﬂll 'sigmﬁla.rpnﬂmﬂa;&eﬂ%@}mgmbm@d
r T aratus of claim 37 rein the modulating means

S e B e e BN S e

modulgtthemeags Intherjoasanesifaposing thamhgAitigfDconisesising » sigridghed

wave MG S Re A madUAingneans ard %Leé%%gupgf f0r §ach dﬁ%ge%%%d

interval of a burst in Which symbols are modulated ovef"M discrefe
ampritiREing SigrasfporosEtiseshnsenmmadwshen theommbineg

wavitdiees that are shaped such that the pulses are ordered by an amount of
signal energy they carry, the modulator means further for superimposing
the plurality of Qo pulses into a combined waveform with continuous

38. phaBe thaermamdeibtkdn A Outpuioflihecighainpeanss anaires Miigssor, a

me;%%?ﬁ;%ﬁg&ﬁﬁ%ggg}g%c aﬁﬁé n\%énr%gr:{lat&ge?n the combined waveform.

e apparafus o € modulating means comprises a
processor, a

39.  An apparatus for modulating a signal comprising;

signal source means;

modulating means for determining, for each symbol interval of a burst in which
symbols are modulated over M discrete amplitudes, a plurality of Qp pulses modulated
with />1 modulating indices that are shaped such that the pulses are ordered by an amount
of signal energy they carry, the modulator means further for superimposing the plurality of
Qo pulses into a combined waveform with continuous phase that modulates an output of
the signal means; and

transmitting means for transmitting the signal modulated on the combined

waveform.

40.  The apparatus of claim 39 wherein the modulating means comprises a processor, a

memory, a modulator, and a multiplier coupled together.

41.  Anapparatus for receiving a signal comprising:

means for receiving an M-ary pulse amplitude modulated PAM signal
characterized in that, for each symbol interval, a plurality of pulses exhibit descending
levels of signal energy, where M>2;

demodulating means for demodulating symbols from the pulses.
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memory, a modulator, and a multiplier coupled together. 41. An apparatus
for receiving a signal comprising: means for receiving an M-ary pulse
amplitude modulated PAM signal characterized in that, for each symbol

widtgisalea@lurality of pulses exhibit descending levels of sigaah@nakb1 731
where M>2; demodulating means for demodulating symbols from the

42. pulsEhe APAMAE0TIR4Q0HIREGT BDOGINNN T8k cThprRpparalls eiaM
claim 41, wherein each symbol interyal comprises Qo=21"1 PAM

comc%orlﬁ%%ﬁglnstesﬁu Eleeg? z\ill’vﬁ%%é el}tg&rxé%%a\é 3 %?ﬁ h‘gr%%g‘{/ar%bol intervals. 43.
"The apparatus of claim 41, wherein the demodulating means operates to

43.7ESANE PSEUAR SYROIS: P,Kﬂhééixﬁﬂg &%%ﬁ%&g&%@@}@%%@ eeindhe

means for receiving comprises at least one anterina, an
Psem@ﬁr@gwneans comprises a demodulator, a multiplier, a memory,

and a processor. 45. An apparatus for receiving a signal comprising:

means for recei\llﬁjgg a binary multi-h pulse amplitude modulated PAM

4. sigrate GRS SR MR R e YRARD F IR ESITAY 08 SRR GRSt gne
ant@xhibihd dacendidgldane sahbsignabensrgiembeiadosk wnatpoel iadidghory,

andindeX'e%Seorpodulating means for demodulating symbols from the pulses.
fﬁ?tfﬁe apparatus of claim 45, wherein each symbol interval comprises
Qo=2L"1 PAM component pulses, where L represents a number of

45, SYTRPBIGEALS Ao Ehe, BRRAIRILS Sl 5. wherein he

demodulating means operates to resolve pseudo symbols bt,,,,. 48. The
appaatiTeRTI S WhereuiemEln o iade mpdpiesid roéssismrast
chafRerARIERANEaARS herdsmpsiulatRnaIMSARS ERNPHSRS A damPLIaldIR

ultjplier, a memory, and a processor. 49. A program of
1ev%ﬂ?a%¢ﬁ’r$‘é‘§e@8%’le"% PRt & PHBRPE fRE68ied on an information
beadiigotheaingmancheike dstabial yng cigitalld@apracestes, to perform
actions directed
46. The apparatus of claim 45, wherein each symbol interval comprises Qg=2"" PAM

component pulses, where L represents a number of symbol intervals.

47.  The apparatus of claim 45, wherein the demodulating means operates to resolve

pseudo symbols by .

48.  The apparatus of claim 45, wherein the means for receiving comprises at least one
antenina, and the demodulating means comprises a demodulator, a2 multiplier, a memory,

and a processor.

49, A program of machine-readable instructions, tangibly embodied on an information
bearing medium and executable by a digital data processor, to perform actions directed
toward demodulating a received signal, the actions comprising:

determining a generalized phase function of a received pulse amplitude modulated
signal;

deriving a function gux(f-nT) from the generalized phase function, where Tisa
symbol duration;
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toward demodulating a received signal, the actions comprising:
determining a generalized phase function of a received pulse amplitude
modulated signal; deriving a function gL,n(t-nT) from the generalized
wahase/dugaction, where T is a symbol duration; 33 WO 2007#a439d0s/001731
PCT/IB2006/001731 for each nth symbol interval, resolving pseudo
symbols bk,,, using the function gk,n(t-nT); and determining symbols from -
thefqrseie SsynibolsnbayaA, methditytpseads tryebal signalsi(l @e Minction
gk,n(l‘;}?f?f) ising: constructing a function gk, (t); shifting the function by nT;
multiplying the shifted function by a pseudo symbol bk,,; summing over
QulparsEsitss TmbialsliGoratht shtitdd sumbtbn; and summing over n
symbols the Qo pulses; wherein t is a time index, a represents data
symbol phase, h is a modulating index, and T is symbol duration. 34

50. A method to construct a signal x(t, a, h) comprising:
constructing a function g ()
shifting the function by #T;
multiplying the shifted function by a pseudo symbol by}
summing over Qo pulses the multiplied and shifted function; and
summing over n symbols the Q pulses;
whereintis a time index, a represents data symbol phase, b is a modulating index, and T is

symbol duration.
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