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REDUCI NG PEAK TO AVERAGE POWER RATIO IN A MULTI - CARRI ER MODULATI

'COVMMUNI CATI ON SYSTEM 5 Field of the Invention The present invention rePat es
to mul ti-¥aoP@B4nodul ati on communi cation systens, and rermsgmambioul arly
to reducing the peak to average power ratio in a nulti-carrier nodul ation
comuni cation 10 system Background of tthe Invention Milti-carrier
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names i ncl udi METH OB AHIAIAFPARATUSY FOR REDUOING PRAKK TO0A VERAG gand
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applications such as high defdmMUNICheTION SvargPTV) . digital audio
broadcasting (DAB) and digital SUHSCI’I er“%op L), systens. An MCM

signal is a summation 20 of a significant nunber of sub-carrier signals.

Consequéntly, as in audio comiield aifithe, Iitveditiip! i t ude of the MCM si gnal
has a Gaussian distribution, which has a | arge peak anplitude to average
anmplitude ratio (PAPR). Conmunication systens that use DMI are known to be

robust to 25 Theqguesentdaveationerdlatidto anditiargbesodMliggan be- used
reliably for high data rate transm ssions. However, the high peak

anpl i t udes CPRIBUINgAtIGR Saieraanandumere pastigulanly 4dveduaiyes thepeak to

di sadvant a ' . d 6 range of .the. DMI signal causes a

i gitalt oleeises powtr raHB3a Y ARG CRRHE Bhablion BoutiieetRithusi ng t he
DMI si gmal systedd. be clipped. dipping causes severe non-linear distortion
to the transmtted DMI signal, which cannot be corrected in a

corresponding DM receiver. In addition, clipping introduces clipping
noi se that further degradesgflie 1 ANFE} thET, M si, anal -

Multi-carrier modulation (MCM) communication systems are
15 known by a variety of other names including orthogonal frequency
division multiplexing (OFDM) and discrete multi-tone (DMT), and
MCM has been employed in several applications such as high
definition television (HDTV), digital audio broadcasting (DAB) and
digital subscriber loop (DSL), systems. An MCM signal is a summation
20  of a significant number of sub-carrier signals. Consequently, as in
audio communication, the amplitude of the MCM signal hasa
Gaussian distribution, which has a large peak amplitude to a'verage
amplitude ratio (PAPR).
Communication systems that use DMT are known to be robust to
25 frequency selective fading and therefore, DMT can be used reliably for
high data rate transmissions. However, the high peak amplitudes in a
DMT signal can cause several disadvantages. One disadvantage is,
the large dynamic range of the DMT signal causes a digital to ané.log
converter in a DMT transmitter to saturate causing the DMT signal to
30 be clipped. Clipping causes severe non-linear distortion to the
transmitted DMT signal, which cannot be corrected in a corresponding
DMT receiver. In addition, clipping introduces clipping noise that
. further degrades the transmitted DMT signél.



- 2 AUG 2005 WD 02/063845 PCT/ S@2/00020 2 In order to overcone clipping,
the maxi num |l evel of the digital to analog converter can be set al\ a very
hi gh value to accomopdate the peak val ues. However, for a fixed I AU ¢
power |evel, an expensive digital to anal og converter having a high

resol uti 8Y0 0426P848e required. 5 Alternatively, the resol utbcmsciizobdze di git al
to anal ogue converter (DAC) can be reduced to reduce cost. However, this
results in a larger step size, which ifcreases quantization noise, thus
degrading the transmtted DMl signal. Another disadvantage is the wide
dynami ¢ range Impodes te lpvercomeedifpingathounaxmnmhi éwl off the digital 96
dynamc ra of T ch . power anplifiers are expensive and are not
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" Under st andigifg! bpfinalogSbmariter havinga Teghnesolytion Ywill bétefhired). M
Cioffi 1999, " teaches tone

nd J. Silyverman, publ.i shed by Prentice-Hall,
reduct i%n.‘“ﬁi%%?“‘ée‘& éggt'leﬁsr‘#‘ﬁéﬁnrfﬁn@é’r digital o analogatesconygmer (BA@)ol s
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up to 20%%tet Whichilincreases quantizatieguhois, thusni@stadifip @wnbol s, | eavi ng

fewer sub-carriers arrying information. In addition, this nmethod is
conpl ex astr?’tls?"étf&fir@é’[ i?‘gﬁﬁf'i ve nininization of non-linear functions and
conput ati on ofAncieedikalidahtdmld i [ é TS%* 22k et known
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met hods of reduci ng PAPR revolve aroun ver such
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I nvention 3 . . ,
poQ:ver amplifiers are expensive and are not power efficient, which

limits the use of DMT systems that utilize such power amplifiers to,
for example, non-portable applications.
Another method of reducing PAPR disclosed in a publication
15 titled “Understanding Digital Subscriber Line Technology” by T. Starr,
J.M. Cioffi and P.J. Silverman, published by Prentice-Hall, 1999,
teaches tone reduction. Here, a predetermined number of sub-carriers
inject symbols that reduce the PAPR of the MCM signal, and an
iterative algorithm teaches which symbols are injected. However, to
20 reduce the PAPR significantly, up to 20% of the sub-carriers are
required to inject the symbols, leaving fewer sub-carriers for carrying
information. In addition, this method is complex as it requires
iterative minimization of non-linear functions and computation of
several fast Fourier transforms (FFTs).
25 Other known methods of reducing PAPR revolve around managing
clipping, however such methods can themselves cause secondary

Brief Summary of the Invention
30 ’

The present invention seeks to provide a method and apparatus

. -for reducing peak:to.average pawer ratio in a multi-carrier modulation



The present. i nvention seeks to provide a nethod and apparatus for reducing
peak to average power ratio in a nulti-carrier nodulation - 2 AUG R098g;WO
02/063845 PCT/ SA2/ 00020 3 communi cation system which overcones, or at

| east red¥i®d2/063¢65 abovenentioned problems of the prior ap¢rsdeaeis naly,

I n one aspect, the present invention provides a peak to average power

rati o reducer (PAPR) for a nulti-carrieg 5 nodulation (MCM comuni cation
system conprising: a MCMtransmtter conprising: a probability

di st ri but i commanséation rsysasinnghich i R¥Eofes. of %&qgggp?egaéé\gs%gi gnal for
transm ssi orp), the MCM sjgnal conprising_ a plurality o ata packets,

wher ei n t h@PgVEmantignesk Prablemm ok she prior epi.esent a plurality of anplitude

val ues, wherei np R f | ;t ude val ues is. characterized by a
substantial |y Gatﬁggf déh%[)gr%’béglgla}stp%r%’em? Py ey VSR U Provideai | ity
di stri buti peakrtanataagepovear ratiarefiacsi (PAPREIRY &l a@fiepmp! i t ude
val ues qL)o a c%;uul&aj i tﬁ\gﬁi\ﬁ transforned anplitude values in accordance with a
probabi Pi t P Hony JoFPIIRRBIGRtIAN wjietesh wontppripingzal ity of transfor med
anplitude val ugsyi - el | substantially uniform probability
density function, t{% t @E&%ﬁ%@?‘ﬂ?‘??ﬁ‘&st ri bution transformer having an
out put for provadinobabilityadistboebnMEMnS e ﬁa{m{%‘ shigptbyral ity of
t ransf or med dat.%gpacl%ﬁés wherein the plurality of transforned data 20
packet s reffIERE 3R MEM signaldositransmissioal, ithy MCM rsigsélbcoragrising) i t ude
val ues; ang yg?%; | I S51,0Q:: 3. Rrobabi.lity distribution inverter
havi ng an 1 phlt _ rsfg%gféﬁgggg’ Vi%‘?’%é%&ﬁdﬁ’qﬁﬂgailbéﬁgw signal, the
pr obabl@ i t septiesent buphurali®p of mraplitidé QahicREHhFdTh NGl uﬁﬁ.}:‘%ﬁiﬁr %?St some of
the pluralit qud transfqrnmed anplitude values to a plurality of inverted
anpl i t ude am’f) Itude values 1s characterized by a substantially Gaussian
probability density function, the probability distribution transformer
for transforming the plurality of amplitude values to a plurality of
transformed amplitude values in accordance with a probability
| 15 distribution transform, wherein the plurality of transformed amplitude
values is characterized by a substantially uniform probability density
function, and the probability distribution transformer having an
output for providing a transformed MCM signal comprising a plurality
of transformed data packets, wherein the plurality of transformed data
20 packets represent at least some of the plurality of transformed
amplitude values; and
a MCM receiver comprising:
a probability distribution inverter having an input for receiving a
corresponding transformed MCM signal, the probability distribution
25 inverter for transforming the at least some of the plurality of
transformed amplitude values to a plurality of inverted amplitude
values in accordance with an inverse probability distribution
transform, wherein the plurality of inverted amplitude values is
characterized by a substantially Gaussian probability density
30 function, and the probability distribution inverter having an output for

providing a recovered MCM signal comprising a plurality of inverted



val ues in accordance with an inverse probability distribution transform
wherein the plurality of inverted anplitude values is characterized by a
substantially Gaussian probability density 30 function, and theé A6dBBbility

distri bugj &/d gkv rter having an output for providing a recovered MCM
signal ¢ r%% § ﬁg a plurality of inverted - 2 AUG 2005 WHFOA@386126
PCT/ S&2/ 00020 4 data packets, wherein the plurality of inverted data
packets represent at |east sone of t het plurality of inverted anplitude

val ues. In, anot hﬁ{ aspect, .the present invention provides a nmulti- carrier
modul at i or{i*%mc Slandrhenctn thenpluraiity of inverfedidatal pagkelisstepresenon

t ransf or i ' t . | Vi a ignal for transm ssion,
he MO o RSt el ol A plhaticy BF T Ve it 88 ughr of n i e
plurality of ddneameitiert aspectprthecpitesenelinvahtiby Sfovadeid nigigal ues,

wherein the plurality of anplitude values is characterized by a ,
subst ant i é:lalr}(/?‘eééﬁgé ¢m ( diransmiden conypiisimgt i on, the probability
distrigutiontralg,lg s Q- f ' the plurality of anplitude

val ues to a pl ar it%tﬁg?y dﬁ%‘% gir;l?re 3‘&%)8&%%1 RULdebr dance with a

pr obabi | i trgceittirg antMICMnsighad $6p transiryseon, Hhe MEM §i¢:§éﬂ %m%?ﬁ%?a%m med
anpl i tude Vﬁ{{%ﬁs i§ characterized by a substantially uniformpro ility
density i &P fre! data pagckeisopdisrein yheipluralitn ofodata pasketsrer havi ng an

output fo el @&iff l.gnal .conprising a plurality of
transforrrggﬁg%;égqpé; L‘gﬁésﬁ e%%@pﬁa&&gf i“fl'iprgﬁl fﬁﬁr@?%?‘ﬁgﬁogata
packets r emplitnte waluesait charsctetizetiebp busabstanteillyt chiséQaped  anpl i tude

val ue 20 | 1 ot her _aspect, the present invention provides a nulti-
carri i‘? rrBHBG%‘gﬁ’&ﬁ funetion; the pypbabiity dispribbsion transfosmer but i on

the transtoy censiraRs thl Sukeffs o Aol s T8 s ANeRiBTeh aata
packet s, warsformetheamplitude values in accordance with a probability
distribution transform, wherein the plurality of transformed amplitude
values is characterized by a substantially uniform probability density
15 function, and the probability distribution transformer having an
output for providing a transformed MCM signal comprising a plurality
of transformed data packets, wherein the plurality of transformed data
packets represent at least some of the plurality of transformed
amplitude values.
20 In yet another aspect, the present invention provides a multi-
carrier modulation (MCM) receiver comprising:

a probability distribution inverter having an input for receiving a
transformed MCM signal, wherein the transformed MCM signal
comprises a plurality of transformed data packets, wherein the

25 plurality of data packets represent transformed amplitude values, and
wherein the plurality of transformed amplitude values is characterized
by a substantially uniform probability density function, the probability
distribution inverter for transforming at least some of the plurality of
transformed amplitude values to a plurality of inverted amplitude

30 values in accordance with an inverse probability distribution
transform, wherein the plurality of inverted amplitude values is

L cha;;gcterized;,»byv._ya_._.sub_sgantially Gaussian probability density



25 plurality of data packets represent transformed anplitude val ues, and

wherein the plurality of transforned anplitude values is chara;{)ﬁqﬁ@j by
a substantially uniformprobability density function, the prob li)

di stri but warozioessaster for transformng at |east some of th BFH{/@(} ty of
transforned anplitude values to a plurality of inverted arrpF de val ues
I n accordance with an inverse probability distribution transform wherein
the plurality of inverted anplitude values is characterized by a;

subst ant i alfuycGens simh the grobability drss wégﬁ ﬁQnQ

PCT/ SG&02/ 00020, .,5 functi o?\hﬂand tf%’ prolll))t:z{])lgdlnltgl st rfgf)i i on 1 ngaﬁ}%

havi ng an dUYOBIfing# regavsrediMEM Sign@be@mqbd‘ﬂmgsa phalalitp wp iheérted a

plurality vﬂi’ﬂ ket .n the plurality of inverted data
packets r egiaetggqgéﬁég I easrt%"ggﬁn% %1?1 ?ﬁg' ﬂﬁ’Y‘:ﬁr teq ‘J@fta Pﬁféﬁqt‘éd'eﬁﬁ%qntude

val ues. 5 lat lshist bortwbhehe gsipeslity bh%@éﬁé&%ﬁg §i¢ VA& ovi des a met hod
for peak to average, ]iower ratio reduction in a ti-carrier nodul ati on

(MM c8mmuni catPotHld piiathes @npecti Hae rapsenrt siwantipra pyeideisgn ahefiid

t | | | S. lit f _dat

packet 5. gy BEARE Sugrae i F8 5 0BRon T Bra fublicRuciel moaiasian i 1y of
anpl i tude {HQM conniurdieation dysecl comlprising! anpl | tude val ues i s

characteriz é a.substantially Gaussian probability density function; b)
t ransf or m Cﬁfﬁlﬁmﬂ at MM signpl feritransmissiam whpteinathid MoO¥

f h b | 15
di otributt grﬁm CorHBFsLe d Bhanlie] G URAT BReKEAS, e Rhe mitTalan of ude
val ues 10s dasa getokects edphysent phtiAdlityadt élm‘fﬂ'itﬁ@é@a@ﬁ ﬁagh!i'v@{ qgpsity

function; g&% pr,ovi d|n a transforned sjignal, wherein the trans ormed signal

conpri ses H}Pﬁ‘?lll‘ﬂ'y bamplindecyauesdst charackerized b substdretially pl ural i ty
of transf Om%ﬁggﬁva?&"? agﬂéﬁ?%ﬁm@fo l.east sonme of the plurality of

transforned anplit
b) transforming the plurality of amplitude values to a plurality of

transformed amplitude values in accordance with a probability

15 distribution transform, wherein the plurality of transformed amplitude
values is characterized by a substantially uniform probability density
function;

c) providing a transformed signal, wherein the transformed signal
comprises a plurality of transformed data packets, wherein the

20 plurality of transformed data packets represent at least some of the
plurality of transformed amplitude values;

d) transmitting the transformed signal on a communication
channel of the communication system;
e) _ receiving the transformed signal on the communication channel;

25 f) transforming the at least some of the plurality of transformed
amplitude values to a plurality of inverted amplitude values in
accordance with an inverse probability distribution transform, wherein
the plurality of inverted amplitude values is characterized by a
substantially Gaussian distribution; and

30 g providing an inverted signal, wherein the inverted signal

comprises a plurality of inverted data packets, wherein the plurality of



d) transmtting the transfornmed signal on a comunication channel of the
communi cation systenm e) receiving the transforned signal on th

comuni cation channel; 25 fj transformng the at |east sone of tAH@ZUUS
plurality of transformed anplitude values to a plurality of inverted
anplitu 00406845 i n  accordance with an inverse pr obabi | IPCE/SG02/0¢020ut i on
transform wherein the plurality of inverted anplitude values is
characterized by a substantially Gauss®an distribution; and 30 g)
providing.an inverted signal, wherein the inverted signal conprises a

pl ur al i t y 1BYertsddatagpagkats semussent @eaneiof thieeplpiratity iafyinvértedZ AUG 2005
WO 02/ 063 qg% 020 6 inverted data packets represent sone of the
pl ural i ty%g?pﬁﬁ\]/é?t ed Q%npl i tude val ues. Brief Description of the Draw ngs
An enbodi ment of the present invention will now be nore fully described,
by way of exanple, with reference to the drawi ngs of which: FIG 1 shows a,
MCM conmuni cati on syst em BrichAQesaripiden aft the Dmewjimgsent invention; 10 FI G
2A shoyws a graph of a probability density function (histogram of a MCM
signal prior to transformation by a probability distribution transforner
in the MOM coftfupimbodimentyeft dm presera iriverftich wil sow\ise mareaflllpl a

robabi | i ity function hj st ogr a of a si.gnal after
'Ito ransf or ngié?%ﬁB%@»? ew%}'(%a% PAF WL I STORGE %/Elmer Qg%‘fviﬂ&ﬁa@f phiche MCM
comuni cat i ONFEGStleghdws il MCHE coffuniG sl iANedrdbbRe with |

characteristic of the probability distri %uti n transtornmer 1n
conmuni cath%rprwgnérmvcunupgs 1;, FIG 3A shows a graph of a probability

orobalS 11ty 25 2 PR EaRIe o & Probe RN e ARRGHRA on Syst em i n
FIG 1;  MiStogtnshera MCM ikhall pAoPt8 ReRhSidnn AR biVa ‘pHaBhbilly
distribution transformer in the MCM communication system in FIG. 1;
FIG. 2B shows a graph of a probability density function
(histogram) of a MCM signal after transformation by the probability
15  distribution transformer in the MCM communication system in FIG. 1;
FIG. 2C shows a graph of the characteristic of the probability
distribution transformer in the MCM communication system in FIG. 1;
FIG. 3A shows a graph of a probability density function
(histogram) of a MCM signal prior to inversion by a probability
20 distribution inverter in the MCM communication system in FIG. 1;
FIG. 3B shows a graph of a probability density function
(histogram) of a MCM signal after inversion by the probability
distribution inverter in the MCM communication system in FIG. 1;
FIG. 3C shows a graph of the characteristic of the probability
25 distribution inverter in the MCM communication system in FIG. 1;
and
FIG. 4 show a graph of symbol error rates of the communication

system in FIG. 1 and conventional communication systems.

30 Detail Description of the Drawings




(histogranm) of a MCM signal after inversion by the probability
distribution inverter in the MCM comunication systemin FIG_¢ljchhfs 3C
shows a graph of the characteristic of the probability 25 distribution

i nverter wo d2faesshd"M conmruni cation systemin FIG 1; and Ebﬁéf'é/@qﬁw a
graph of synbol error rates of the comunication systemin and

conventional communication systens. 30 Betail Description of the Draw ngs -
2 AUG 2ao5 WD 02/ 063845 PCT/ SG02/ 00020 7 The present invention, as will be

descri bed bel owhel SrésdtoRRRIk LSt ' roer in,a
transmtter that et_ gns??%r s ghoguassgﬁfrll %és%‘%%{ %t@gg‘g’ th Q%PQPPWNQ\A

si gnal havidigtributiohdremsforohebin iat MEngiahynfittee tthen thahSforki a

transm ssi and babiljty 5 distribution inverter in a MCMreceiver
that inver 3%‘&%8%@314%@ %;NPJ §<¥ @nmmed%@%ﬁlgi@rhﬁﬁmgmunﬁﬁ)ynﬁensi ty
function t eraBabiMg'd&tkitMaYheti : Q EFEIQE Caussi ap_probabi ity density
function. rgergf gjr.tg, thle traﬁggﬁtﬂ%gg@{ signa Sl(zﬂé’sggatﬁpf‘gt?ﬁ bability
densi tyS f ghstribationtinvbrtodan addChhvreceiver tieaPARRrtadreeivdeMa@ns i tt ed

lo wi thout the.need for expensive djgjfal to anal og converters or power
anplifiers sigra a‘f‘QBg'émoHE‘&@m Pr?hgia’é’&}’t‘ieé‘ﬁ}tYaqult to@af iny dto

the MCM si gp@M 8iorid&hdviassqid iafll : : Lger i the MM
receiver to conpgegnsat eét hg recéeﬁségﬁmbglﬁ@?e{%?&f@hgégésiLng‘r’?re ore,
char act er i $b¢ ¢cans$mitied M@AMirdigaal baschamifrnbptoebilit} 2

a MCM communi cation system 100

transmtter,_and the eceiver. In FI, 1

i ncl udes afu??té?@n?"lh(@(i?ﬁ QHHE‘Q"F&E‘PgErP%.aW§aﬂ badtransmitted 1

recei vgs awithdi@thd r S Py ' ich i s coupled
to an invg’rlse_ f agl% g‘)’ﬁ?i ??s%ﬂ%% %Q%IIQ%F% 41ﬁn’lfl)léllﬁln @%ﬁ%'}g%épﬁ%%

cormuni cat RB¥PlHiersewithod largeabdclyiaffil Incadditiving at Eyalic pséftradddditae

recei ved sj r.transm,si,on cConnris a nunber, of data packets.
UQQ?JICM) sign 2 the tPan Sl er, gﬁows a novel equalizer ﬁm the

MCM receiver to compensate the received MCM signal for

-

transmission characteristics of the communication channel between
15 the MCM transmitter and the MCM receiver.

In FIG. 1 a MCM communication system 100 includes a
transmitter 101 and a receiver 102. The transmitter 101 receives a
signal for transmission at parallel inputs 103 which is coupled to an
inverse fast Fourier transform (IFFT) module 105. The MCM

20 communication system 100 is a digital communication system and the
received signal for transmission comprises a number of data packets.
The inverse FFT module 105 functions as a modulator and modulates
the data packets on a number of sub-carriers, and provides modulated
data packets on the sub-carriers at parallel outputs 106. The

25 modulated data packets on the sub-carriers constitute a MCM signal,
which is provided to a probability distribution transformer 110. As is
known in the art, the data packets represent amplitude values, and
the amplitude values of the modulated data packets have a Gaussian
probability density function characteristic. The probability distribution

30 transformer 110 transforms the amplitude values of the modulated
data packets to transformed data packets with transformed amplitude

- » values, where the transformed amplitude values have a uniform



The inverse FIT nodule 105 functions as a nodul ator and nodul ates the data
packets on a nunber of sub-carriers, and provides nodul ated data packets
on the sub-carriers at parallel outputs 106. The 25 nodul at ed datlallifalgbtet s

on the syhs jers constitute a MCMsignal, which is provided to a
pr obabi I%by&%é{iirgi bution transformer 110. As is known i FGHREIZ09020¢ he data

packets represent anplitude val ues, and8 the anplitude val ues of the
nodul at ed data packets have a Gaussian ®probability density function

characterigtic...The probability distribution 3Q transformer 110 transforns
the anpli tgé%b%%qﬁ%ééwl t‘“ﬁ‘b%‘?ﬂ" acteiighiathe probgbilityrdistributionat a
packets wi tlansfefiateredpasalics Rﬁ}%e ’ d anplitude
val ues have a uniform - IZ) AUG Zggg tr%502 %cg@%&&é}é%%%%@g%

probabi | i tQutHsI19. function characteristic. The probability distribution
transforner 11 rovd des the.transfor data packet at parallel output .
112. A paral | e“ie ﬁ%%@f%%lseéﬁ‘mquﬁ%sls led toorecsies the t he 5

t ransf @ nedagaterhag iy 19&51( | . S.er [ rising

serial data packets totg cycl?g%?gﬁg%ﬁgeé gkﬁﬁﬁ%tﬁgﬁ%‘s‘ggﬁéﬁé’%r m ned -

data to thecriardata pacthetsatiketeyclio prefihumdder @20y eHatlatids packets. A
es the prefixed data ackets, and

digital to_analog conyerter 5 recej

converts t%’@%&?’gm&%{?&atwﬁ? ﬁ‘ﬁ‘a?i) afgpaskskuto praduce nisaxed datw si gnal
_i's then trpagtst add SO drtd ' i nection 132,
‘such as a tel ephone I@lltr‘#elfﬁt%Q%ommn%%%f?gﬁ%ﬁéi‘%r@e%gaﬂécﬁééﬁé a public
SWi tf:hedt tnét@iﬂtspnendeclsoémq«‘tﬁ PE&'N@ata‘(lj’p@cmmmea;nt : iamﬂl%og(}agm@%igxm[ Mhat i

coup 0.t he via ..a wWred conn i Qn , and a_correspondi ng
anal oégmﬁ%$8ﬁﬁ% ﬁ%n?t&m tangmuted Ry therpewes camplifies da0yiavem
signal is $hapad oy t Sgi;ehl hsSLl TN. 135, and
the wred connecti gr%ﬁ?gzlggamll%%,g]mﬁicﬂggé@gc?r%gﬁevgﬁyaokgﬂn}sggf% I cation
channel beei@orks h3Syenchramarpublic siiichedi te¢lephibii neweinke(PSIN).

The MCM receiver 102 has an input coupled to the PSTN 135 via
a wired connection 136, and a corresponding analog MCM signal is

15 received at the input. The received analog MCM signal is shaped by
the transmission characteristics of the PSTN 135, and the wired
connections 132 and 136, which collectively form a communication
channel between the MCM transmitter 101 and the MCM receiver 102.

A receive amplifier 140 amplifies the received analog MCM signal

20 and provides an amplified analog signal to an analog to digital
converter 145. In response, serial data packets from the analog to
digital converter 145 are provided to a cyclic prefix remover 150, that
removes the cyclic prefix from the serial data packets, and provides
the resultant data packets to a serial to parallel converter 155.

25 Parallel data packets from the serial to parallel converter 155 are
then equalized by the equalizer 160, and the equalized data packets
provided to a probability distribution inverter 180. At the probability
distribution inverter, the amplitude values of the equalized data
packets are inverted by an inverse probability distribution function,

30 and inverted data packets are provided to a fast Fourier transform
(FFT) module 190.



A receive amplifier 140 anplifies the received anal og MCM signal 20 and
provides an anplified analog signal to an analog to digital converter 145.
In response, serial data packets fromthe analog to digital conyerfyer 145

are proviged2toessas cyclic prefix renmover 150, that renovesctR8oHo663¢ C
prefix fromthe serial data packets, and provides the resultant data
packets to a serial to parallel convert 155. 25 Parallel data packets
fromthe serial to parallel converter 155 are then equalized by the

equal i zer 160, ﬁeTgJ [ . | a, probahility
di stribution i rrll\%g??‘er 8‘@ tlﬁﬂggﬁﬁ‘g%%ﬁﬁe ugxfegﬁc?@%.[t%g)ﬁc}(ﬁ e?{lar, t he
anpl i t ude verodexesfda taepacketsi atedutiaiin 19packeire theadatavpatiedsby an inverse
pr obabi Iity&i}stril&;@i on function, 30 and inverted data packets are

provi ded t FUPHaRHagy reRIesenttRe slata irthg inpati183100thaW @Y 063845 9 - 7
AUG 2005 %%&/epqqu The FFT nodule 190 denodul ates the inverted data
packets and produces data packets at output 195, where the data packets

igbit agtﬁTﬁl ly rélﬁ‘_xaesqu?légﬁeldat@omprislesf dfﬂD%th@ﬁcp{trdﬂﬁ?HﬁMnoﬁgﬁ?Sm atégr
: zer . onpri se ast Fourjer transform nodul e

that recei vi Lt BereiF e thataralst date Rackate Homdiapeniol jsaparalel
converter IRmwepiesd ﬂ‘)&?véﬂ&gpxrol&ﬁi&aﬂ?é E%?‘ﬁ?l&g%&a@é&étstt% g conpensator

170. The conpensator 170 conpensat es ues, represented by the
paral | el davanpersaos, 1 TQrThéeomperssdtesilai0 ¢ompensacseangslittsleol t he

Fepresent GRS ATEseR It Dy s HEERIS! dateopackse dor Ehe tsangisioy a
o 10 Rt 51 TR e Afeal i AR SO,
i nver se faselwesiof ¢heldatar pasketsrappesent Hafa wainsplep] the svpspéieatasp! i t ude
val ues of tl% rescales the samples by a complex value that is estimated from
the gains of the communication channel. The compensator 170
provides compensated data packets, to an inverse fast Fourier
15  transform module 175 which processes the amplitude values of the
compensated data packet to produce the equalized data packets.
Together with the cyclic prefix adder 120, the equalizer 160
advantageously equalizes a received signal for transmission
characteristics of the communication channel independently of any
20 form of transformation, such as that of the probability distribution
transformer 110 and the like, and/or modulation, such as that by tﬁe
inverse fast Fourier transform module 105 and the like. The equalizer
160 advantageously isolates the equalization of the communication
channel from the specific type of modulation and/or specific type of
‘25 transformation that may be employed. However, whatever the specific
type of transformation or modulation employed, a complementary
inverse transformer and/or demodulator is required to recover a
transmitted signal. Hence, functionally, the probability distribution
inverter 180 complements the probability distribution transformer
30 110, and similarly, the fast Fourier transform module 190

complements the inverse fast Fourier transform 105.




conpensat ed data packet to produce the equalized data packets. Together
with the cyclic prefix adder 120, the equalizer 160 advantageously
equal i zes a received signal for transm ssion characteristic f

g%qu@?fon, such

conmuni j nnel independently of any 20 formof tran
as that o? 0?ﬁ'?aﬁg}|€:2)g?obabi lity distribution transformer 110 PSAGGORBORY ke,

and/ or nodul ation, such as that by thelOi nverse fast Fourier transform
nodul e 105 and the |like. The equalizer *¥160 advant ageously isol ates the

equal i zati on the communication. channel fromthe specific type of
nodul ati on angf/hc?rlr’%%tc?]fgin@‘lta;a; oyt iagr&qlﬁpﬁﬁﬁﬁmb@kvmw&e enpl oyed.

rowever, \optesetiteloy SIAPet ifistdfiPh il chifl W ARBE O b RAN: Al HQ"

enpl oyed, _a conplenentary inverse trans mer’ an

required fo2Neamtex of the FFdhinadulesl@Baln DTS ehe tinedrnenad oM he

probabi | i 1S4 ] fon i rt 18 ompl ements the probability .
di stri but %%lgﬁ%lr%lh% rre%rqllﬁﬁf&éﬁ?} g( i isgdirppsfarmed into #ANilengt r ansf or m
modul es 19QecsRVIgERNise HithdB¥Rlcseveast iEG 1M e ngf 105, . WO

02/ 063845 10 The input signal at t e ?%EJF%@ %%{%‘% §‘é§f‘;‘%‘ﬁgd§ WRectors

r epr esent EANHISTEngymMetn and its dirst dhgomponereer eredeqQRI 85¢AES a 2N X 2N
matri x of RLT I 05. In. ., Lhe transmtted MCM signal should be
real . Thersgg’goroel, I%E%)%l'i 8(?r’§ng‘fc6’ﬂ%/g ‘?‘%?W-a 2N long 5 vector, where the
transformed vector is X(n). X(nk(h)s=Sych (Q}valn)it is conjugate synmetric
and its first N conponents are equal to the synbols in S(n). X(n) is

provi ded BerdwMTtrgnsmitted ventor iy givem B)Eherfollewinged vector is given by
the following. 10 x(n) =QX(n) FIG 2Aﬁshovvs a probability density
functi®n of the MM signal at the(ixm@{'X(86 of the probability
distribution transforner 110. As is known, when x is a Gaussian random
variable with a probability 15 distribution function Fx (x), then the

function g (XFIGsRAhslidwé adprobability density function of the MCM signal at
the input 106 of the probability distribution transformer 110. As is
| known, when x is a Gaussian random variable with a probability
15  distribution function Fx (x), then the function g (x), such that a

random variable y = g (x) is uniform in the range of values or band [0 1]
is given by below. |

&(x)=Fx(x)
(z-m)?
20 1 x T3
= 20
For y to be uniform in the interval [——%— %], g (x)= Fx (x)- 1
2
This gives N
25 PARP, =D2X")
E [y"]
= 3 or 4.8 dB @)

FIG. 2B shows a probability density function of the MCM signal at
30 the output 112 of the probability distribution transformer 110, of the
... amplitude values.y. From equation (2), PARPy, is bounded whereas



random variable y = g (x) is uniformin the range of values or band [0 1
Is given by below - 2 AUG 2005 PCT/ SG02/ 00020 g(x)=Fx(x) 20 1 x (z m 2
g(x)= 2~ca' J~ 2a dz 25 For .y to be uniformin the interval ThIS

' hows a
i ves maxstga29638RA. RPy - E [y2] =3o0r 48dB (1) 1 2 (21)C]F 2/0
grobabllﬁy density function of the MCM signal at 30 the ou put &2 of the

robabi ity distribution transformer 11§, of the anplitude values y.; From
gquation (2), PARPy is bounded whereas WO 02/063845 - 2 AUG 2005

PCT/ SCO2/ OPARP ik AR Swithly Hioh atﬁn}fopﬁlvd§ B, Q" 47 Stribution,

an inexpensive digital to andl og converter an anmarsg to di gital
converter Vaxpeasive fligitalgimanakey conventer,omtd mal ah@.logft@dﬁglzajng t he

addi t1on. CORPGPRa e Bpiibte: HRAFtPE erBts GRUMAICer SRLEmiging the ¢ hat
82n2QSUEﬁf?*é’%%ﬁé‘?‘s@‘%%?g’&}ﬁ’?ﬁg‘ﬁ%ﬁ““ oy (EhRaRAG TR inct i on
whi ch can %édﬁtﬂﬁ)m@tteﬁlmaﬂm mobahility dl‘strebaﬁoneﬁ.mctxc&pbf gsiatthap by a
set of pi e&F&‘ié ?d# Erea%rsfz)%%}lﬁrbs gernP X rent terms are introduced
and consequently power is not wasted. However, Fy (x) is a non-linear
function which can be computed only numerically, therefore an
approximation by a set of piecewise linear functions are employed.
10 The piecewise linear functions are implemented by a number of linear
transformers, where each linear transformer operates on a
predetermined band of amplitude values.
A practical implementation of the probability distribution
transformer 110 using the approximation by a set of piecewise linear
15 functions will now be described.
FIG. 2C shows a probability distribution transform characteristic
of the non-linear function Fx (x} 220, and seven piecewise linear
functions represented by separate portions 221, 223, 225, 227, when x
is positive and 223’, 225’ and 227’ when x is negative. These linear
20 functions are applied in accordance with the relative amplitude values
of the modulated data packets received at the input of the probability
distribution transformer 110, and in accordance with standard

deviation O criteria of the Gaussian distribution of the amplitude

values of the modulated data packets. The seven piecewise linear
25 functions and the corresponding standard deviation criteria follows,

where the mean of x is zero.

30




| 0 The piecewi se linear functions are inplenented by a nunber of |inear
transforners, where each linear transformer operates on a pregb&y rm ned
band of anplitude values. A practical inplementation of the pr 2005 ty
distribution transformer 110 using the approxi mation by a set of piecew se
| i near &‘g’ $%8%8%*Pons will now be described. FIG 2C showsPGU/SFO3880301 i ty
distribution transformcharacteristic of the non-linear function FX (x)
220, and seven piecewi se |linear functildns represented by separate portions
221, 223, 225, 227, when x is positive and 223", 225' and 227 mhen X 1S
negative. The ‘Vn@b& 20 functions are bplf Oed in accordance with the

relative anpl ift ues f the nodul ated data packets received at the
i nput of tg @D%y&}’?'(jo%gstrl bution t@afs¥&4@r 110, a_ng in acc](c)rdﬁnce
wi th standard on riteria of t eGau33|an di stribution of the
anpl i tude val U@e)/%hf O%m ated data 7 Q(':§e7f Orhe seven pi ec](caw: ise | i near,
25 functions An pondi ng stan e lon criteria foll ows,
where the f&ah ?ff}@"c’gg‘?% 30 - \%ﬁglz/ 063435 (0. 4/ (7)x;
(0.15/ ) x+ O. és(g‘%(ﬂ?—ég_/ s 0. 25; Y— 0 1/61'Lx +é)0.35 5 (0.1/(Y)x - 0.35;

X

0.95; - 0.95|1 ¥ x <26 26_<x
0.95; x> 60

\ -0.95; X <-60

The piecewise linear functions have low computational

10 complexity and can advantageously be implemented in software
and/or hardware. The choice of physical implementation is left to a
designer, and due the relatively simple task for handling linear
equations, a choice may result in software, hardware or a combination
of bbth, dependent on particular overall design constraints.

15 It will be appreciated by one skilled in the art, that the
approximation with the seven piecewise linear functions 221, 223,
225, 227, 223’, 225’ and 227’ approximates the non-linear function
220, however, the linear functions 221, 223, 225,227,223’ 225’ and
227’ are a relatively good approximation for x € [-30 +30].

20 Consequently, the PAPR, is reduced relative to PAPR,.

When the mean of x is not zero, then the non-zero mean of x is
removed before applying equation (3). The non-zero mean of x is then
sent to the receiver, where it is used to recover the transmitted
signal.

25 Relative to the characteristic of the non-linear function 220, the
characteristics of the seven piecewise linear functions 221, 223, 225,
227,223, 225’ and 227’ have larger slopes, which advantageously
avoids severe noise enhancement at a receiver, as will be apparent
from characteristics of the probability distribution inverter 180 in the

30 MCM receiver 102.



26 < x:5 66 (3) -6Cr:5 x <26 x> 66 x <-66 PCT/SG02/ 00020 The pi ecew se
| i near functions have | ow conputational io conplexity and can
advant ageously be inplenented in software and/or hardware. Thé BladlBe of

physi cal wopheesgtation is left to a designer, and due t?@%‘?‘iﬁml vel y
sinple task for handling |inear equati ons, a choice may

software, hardware or a conbination 2oth, dependent on particul ar
overal |l design constraints. 15 It WI|| l% appreci ated by one skilled in the

art, that the h the i ecew se Ilnear funct| ons 221,
223, 225, 227, IF2*2’?? t?g éﬁg‘%’%’i‘g‘suﬁﬁp? PHEeeYgae 1linfag fungtanon

220, howeve2l, tmmz&,arzz?umm 025’ 24l 2228 ¢l and 227
are arelativ ldSI%&Pd appr.oxi mation for X I':'mgéﬁ]gzégfg&g%t%égééﬁuently, t he

PAPRy is réd afm/ehmlmﬁmsmiémtm toefun, 676G i.s. thet zero, then
t he non-zergQ "ﬁﬁQ of§i< na d before applying equation (3). The
non- zer o deiv ‘f"h@ha g P%F?dtﬂét‘ifﬁé leat Wn@ne:lnppmgodsafbto
recover st heHe 8ipeial tthedip §l|ﬁgép} 35315@'&& Sgtlg Lhe har gerl stic of the

non-|inear function 220, ar act er| Wilgcewi se |inear
functions zguatims, 225 227,223, 225 and 227 have Iarger sl opes, which
advant ageousl y avoi ds severe noi se enhancenment at a recel ver, as wll be
apparent from characteristics of the probabl I gtitrl bution inverter 180
inthe 30 MCM receSNRglrp 200Qlog 0[@ f 8 PCT 2/ 00020 13
From the characteristics of the seven pi d—evvl I|nea funct 221, 223,
225, 227, 223', 225 and 227", clipping will tend to occur

10 where p = Adp/ O, then the SNRy; is more than 100 decibels (dB).

Hence, the present invention, as described, advantageously reduces
clipping to a negligible level.

The actual PAPRy will now be determined. From earlier equation

(3), PARPy can be computed with the observation that maxly?] =(0.95)2
15 =0.9, then,

By 1= [ )p(x) ax

—ZZ(I a4 ) p ()

20 i, 2 2 2a;b;0 oy 4
_22(‘[ (ai x“py (x)dx— «/‘ e 20 _e2cr ]
it > lerf 2L f‘) ()
()
25 where erf(x) = Tt I -

and where the vectors a=(1/c) x [0.4 0.15 0.1 0], b=[0 0.25 0.35 0.95|T
and

30 ¢=0x[0 126 «]Tcontain the a; ’s, b; ’s, and ¢ ’s values. The first
integral of equation (5) can be evaluated using high precision

- ... numerical methods, such as Simpson’s rule with midpoint. It can



[ I ppi [ = I.e. the anplitude
rarely since the clipping threshold is set to Adtp 66 i.e. t _
valueyof a modul ated data packet at which clipping occurs. 5 The signal to
clip noise ratio SNRclip, is given by the follow ng equation-72UBINRE!ip

= hen t he
=10l 0g10 + |[t2)]erfe( ) - lue-12 1 ] (4) 10 where It Ad,,/ 6, t
SNRdig |g&(917%10 3’%4ﬂan 100 decibels (dB). Hence, the prese®CI/SGHM0R2ON, as

[ | . The
descri bed, advantageously reduces clipping to a negligible |leve
actual PAPRy wi Il now be determ ned. Fﬁ)ﬂ)m earlier equation (3) PARPy can

be conput t he observatlon that max[y2] =(0.95)2 15 0.9, then,_
E[ y2] ™ etg‘&ﬁpﬁ?i‘?u’aﬁi thgt FARPy s appreximatelx 5:7¢B) mm)mB ofthe, 3 = 2

i i +b2 26)-erf(2 )] ~a
(2] 3t~+le-(a%gg&v%@%??ﬁs[ﬁ?zﬁeﬁd%ﬁ?z mmg@mré%: /(Y) x [0.4

latipfis pwhiere 185649, Q41T 642QAMGnedal & T~9 ain the
e 1 Shmalade spw srval ues. The fl(l’ggt I nt ggér&n]{;ﬂ #%c?ug %3’5 can be ,

el/al uat ed °&§Pﬁ3ﬂg¥?§m iy, Pe B oRiclagiing thelcocffiitntsof asared casasSfdi‘pson s rule
wi th ng dpeigiatiod (j&bove, it can be shown that PARPy is constant, and

independent of variations in the power 02 of x.

Therefore, the present invention, as described, advantageously
provides a MCM signal for transmission that has a PAPR that is
substantially independent of the power level of the input signal.

10 Turning now to the MCM receiver 102, FIG. 3A shows the
uniform probability density function of the amplitude of the equalized
data packets that are provided to the probability distribution inverter
180.

FIG. 3B shows the Gaussian probability density function of the

15 amplitude of the inverted data packets after inversion by the inverse
probability distribution function of the probability distribution inverter
180. _ .

FIG. 3C shows the characteristics of the probability distribution
inverter 180 which comprise seven piecewise linear functions 321,

20 323, 325, 327, 321°, 323’ and 325’, as provided below, that approximate
an inverse function 320 of the non-linear function 220 described
earlier. The inverse function 320 is a non-linear function which can be
computed only numerically, therefore an approximation by the set of
piecewise linear functions 321, 323, 325, 327, 321°, 323’ and 325’are

25 employed. These piecewise linear functions are implemented by a
number of linear transformers, where each linear transformer

operates on a predetermined band of transformed amplitude values.

30
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i nvention,

2 AUG 2005 WD 02/ 063845 PCT/ SG02/ 00020 14 then be found that PARPy is

5.7dB, within 1 dB of the theoretical value of 4.8 dB. Then,
Monte- Carl o simulations, where N=64, with 64 QAW rmdpjsation,
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it can be shown t hat WZ&&
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data packets that are provided to the probability
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5 equation (5) above,

f or

he 15 anplitude of the inverted data packets after inversion
o pPGiliabIO B8l di stribution O.&&kiyg 0095t he probability
nﬁ%rter 180. FIG 3C shows the characteristics of the
s{YPRRA-88) i nverter 180 wih8H<gonpl.568e {B)en pi ecewi se

function of t
by the i nversy
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| i near functi )n593’21, 20 323, 325, 327, 321', 323" and 325', as provided
bel ow, that app?©xi mate an inverse fundPdh9820 of the non-linear function
220 descri bed lier. The inverse function 320 is a non-linear function
whi ch can be kc%%ut ed only numerical | yY €tP&fore an approxi mation by the
set of piecew se linear functions 321, 323, 325, 327, 321', 323" and

325" are 25 enpl oyed. These piecewi se linear functions are inplenented by a
number of |i nds beforesithenseven pibeewistaliAeht BeALLD r erates on a
pr edet er mébe;i bﬁnd of, transfor rr%i,g anpl i t ude vaﬁuesﬁggm/%@gB%

10 » when y Is positive, and 323°, 325’, 327°, when Y is negative, have
low computational complexity and can advantageously be implemented
in software and/or hardware.

In one embodiment, the signal received by the MCM receiver

102 at the receive amplifier 140 is as provided below.

15 Y(n) = Hy(n) + n(n)

(7)
where,

y(n) is the transmitted vector;

n(n) is a vector of 2N of Gaussian random variables; and

H is the channel matrix.
20

Equalization is performed by the equalizer 160 prior to the
inversion by the probability density function inverter 180. In a DMT
systems inter-symbol interference (ISI) can be removed using cyclic
prefix technique, as in ADSL. Consequently, the channel matrix H is
circulant, and can therefore be factorized as provided below.
H = 0YA0 (8)

where A is a diagonal matrix which contains 2N complex channel

25

gains 7n(n) where

2mm

nw = Y neme | 2N

‘where h(m) represents the channel impulse response.

©)
-0 - 30



(2.56)y; (6/ 0.15)(y- 0.25); (6/ 0.15)(y+0.25); 106(y - 0.35); 5

10d" (y+0.35); 66; -66; 15 1 y150.4 0.4 < y5 0.55. -0.555y<-0 éhUG %0
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PCT/ S®2/ 00020 As before, the seven piecew se |linear functions 321, 323,
325, 10WOM06i#ken y is positive, and 323", 325, 327", RAEICGP2AMW2negative,
have | ow conput ati onal conplexity and can advant ageously be inplenented in
sof tware and/or hardware. |In one embodi®ent, the signal received by the MCM
receiver 102 at the receive anplifier 140 is as provided below. 15 y,x (n)
= Hy(n) + n(n) Inynekmbodimgnt) 7(n) cha be astimateedrelatively, predaigelys a vect or
of 2N of ssi an _r.andom variables; and His the channel matrix. 20

Equal i zat FOIFTi CAPRHFIPR B RCtne equal i zer 160 prior to the

Yese = QHA™'Qy,(n)
= ym) + 0¥A \on(n)
Applying equation (6) to equation (10} i.e. the estimation

(10)

5 performed by the equalizer, then applying FFT 190, we obtain an
estimate of the transmitted symbols X{n).

Hence, the present invention, as described, advantageously
allows equalization to be performed using the attractive cyclic prefix.
One alternative method is to employ an adaptive equalizer.

10 Conventional use of non-linear transformation to reduce PARP,
typically degrades the orthogonality of the sub-carriers in a MCM
modulation system, and introduces spectral distortion. Consequently,
the symbol error rate of the MCM communication system may be
degraded. However, the present invention, as described, in the

15 absence of channel estimation errors and noise in the equalizer 160,
restores the orthogonality of the subcarriers substantially at the
MCM receiver 102, just before detection by using the probability
distribution inverter 180.

In ADSL systems, the out of band radiation should be

20 minimized in order to comply with ADSL regulations, and to prevent
interference with other existing systems that share a common
communication channel. This can be achieved by employing pulse-
shaping techniques such as a raised cosine filter with a proper choice
of the roll-off parameter. In addition, other filtering techniques, such

25 as windowing, can also be utilized.

FIG. 4 shows simulation results for three channels with N=64
and 64QAM modulation. It is observed that the PAPR reduction, in
accordance with the present invention, as described, remains
approximately 5.7 dB, while the symbol error rate (SER) for all the

30 channels improve significantly with SNR. Results for an AWGN

- communication: channel of a conventional DMT system which employs



inversion by the probability density function inverter 180. In a DMI _
systenms inter-synbol interference (ISI) can be renpved using cyclic prefix
technique, as in ADSL. Consequently, the channel matrix His 25 kikikciliant,
and can twergjeesses be factorized as provided below. H = ? ere A
s a diagonal matrix which contains 2N conpl ex channel gains r (Onz) whe
.2nnm 71(n) = yMOh(me-3 2N (9) 30 wheye h(rn) represents the channel

i mpul se response. - 2 AUG 2005 WO 02/ 063845 PCT/ SG2/ 00020 16 1In one

embodi nent ,cligping teashtaen eSPARM &dsr?eHBt isvﬁéﬂ ?ér’ﬁ%w {:&t 4‘?& e%) Appl yi ng

equal i zation we get, Yest =
equation ( th@%q@é@ﬁsoﬁ()‘(r,m@@amd 4tG$e mgmqmdanue wittpehé @resehby t he

f the t tted
aymbol o x( AFVEREAREAY WP Reribdd. RRpw FuBriveshsEh 16t ebiueprentmimaageous! v
al | ows eqUAWEGN icommmarheaticn fc@faﬁﬁiklU§hagalb|if§4%téx?&hdseréﬁr%é§0%r efi x.

One alternative nethaod is to enploy an adaptive equalizer nvent i onal
use of Ron<PPNEAMicatinnfehrannclowittomibtiand sarPe ISLypsprictiyelediiades t he

t t and
Oy ogoneL rk¥uflh didaRBPalR Bl Bedi & B arlRUld) Sialb stited lor ABE of the
MCM comuniapplicationys weereRyphal SIRR2066s v'éﬁ?%"@&ﬁﬁe 40 BSepr ggent invention,

as described, in the 15 absence of channel estimation errors and noise in
the equal i zer 18owillthesappeeciates bytdnegskilledt in tie ang thataaxdingy s

substanti allyahid g employed with the present invention, as described, in an

10 ADSL communication system, would provide better performance.
Further, in an ADSL communication system, sub-carriers with very
low SNR, referred to as bad carriers, are not used for transmission of
data, the SER improves significantly. This is accomplished using a bit
loading algorithm, as in ADSL.

15 In accordance with the present invention, the probability
density function of a MCM signal for transmission is transformed
from a Gaussian distribution to uniform distribution with piecewise
linear functions of the form y=ax+b. The choice of the constants a and
b are governed by two conflicting parameters, PAPRP reduction at the

20 transmitter, and noise enhancement at the receiver. One method of
determining optimal values of a and b is by simulation, as shown.
However, it will be appreciated by one skilled in the art that while
analytical optimal values of a and b, may be derived, it is more
important to design a communication system which when realized will

25 have the values of a and b selected to compensate for other errors or
parameters in that communication system.

The present invention, as described, reduces PAPR allowing
inexpensive digital to analog converters, analog to digital converters,
and power amplifiers with low back off to be employed. In addition,

30 SER is kept as low as possible.

This is accomplished by transforming the Gaussian probability

distribution .of a signal for transmission to a uniform probability



MCM r ecei ver 102, just before detection by using the probability
distribution inverter 180. In ADSL systens, the out of band radi ?glwgn
should be 20 minimzed in order to conply with ADSL regul ati ons, 200
prevent interference with other existing systens that share a common
comuni cOA B¥Hannel . This can be achi eved by enpl oyi ng BSIVS§92/08M8pi ng
techni ques such as a raised cosine filter with a proper choice of the
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i3} praubiliep ﬁ'lwﬁbnsty@ecgﬁ%klﬂrttﬁe b%%ﬂl%%\;\lerrpl oys - 2 AUG

communi cation:  channel: of a. conventional LC system wh
2005 WO OFistdbeimnpofitisctrameformery signigh s igvertedtioaprodudABP of 5.7 dB i s

obor dgncdbsetued Mend? diavife FRUsH AR ardtiber AlsttuRtwrrim ovea ser
Pl ot 404 rdgteetiont InaaddiiGN, ApRMiBE Gt egicﬁbgﬂesk,ataﬂ{’e H@%ﬁnﬂ@é} and 408

represent a 5 communication channel with mld and severe I, respectively.
The resulWithaa coresaposisling egitalizesmin @dsergamed witlarthy prdsensui t ed f or

ADSL appl; f.ons, re typical SN es v from40 to 60 ot owil
be appr ecilgt% géhg);;/&’ &ﬁ\égglﬁg’?l eﬁﬁ#ﬁggﬂﬁwt%@?i%%ﬁ Coﬁﬁ?qqsé‘ﬁ?‘gﬁ?&

enpl oyed \gHdraceristics o tht ot @RicaiorleRahhbPBetivBeAs MEMDSL

comuni cation system would provide better perfornmance. Further, in an ADSL

comuAPcattranssiittesand apMéiMrieseivem th very |ow SNR referred to as bad
o ani f1 cant1 y THnPEERt Ry HERAS FREReR: Brovitft % matfosbanrgbmmatisas i n
ADSL. for reducing peak to average power ratio in a multi-carrier modulation
communication system which overcomes, or at least reduces the
abovementioned problems of the prior art.
15 It will be appreciated that although only one particular
embodiment of the invention has been described in detail, various
modifications and improvements can be made by a person skilled in
the art without departing from the scope of the present invention.

I claim:



15 I n accordance with the present invention, the probability density
function of a MCM signal for transmssion is transforned from a Gaussi an
distribution to uniformdistribution with piecewise I|inear functions of
the formy=ax+b. The choice of the constants a and b are governed by two
conflicting paraneters, PAPRP reduction at the 20 transmtter, ﬂﬂ% oi se
enhancement at the receiver. One nmethod%f determ ni ng opti nal vaP es of a
and b is by sinmulation, as shown. However, it will be appreciated by one
skilled in the art that while analytCéamsoptimal values of a and b, may be
derived, it is nore inportant to design a conmunication system whi ch when
realized will 25 have the values of a and b selected to conpensate for

h [ h [ i ] . Th
Pnvent on. s AR B ees o es B gRRERY Berfy T YRR ER
anal og conwcg\@r&gﬁ%ﬁgnﬁﬂ%%{a@hs& nverters, and power anplifiers with

| ow back o be enployed’ In addition, 30 SERis kept as | ow as

possi ble. This i MEWICeARMitshRROmPYisingansf orm ng the Gaussian probability

di stribution of a. signal for transm ssion to a uniformprobability - 2 AUG
2005 WO 02/ 0638 bRilitySiRiboi@PBarksrdies havibgitn opupfor ceceiving anaM€IN s si on

t hus reducing the PARP of the transmtted signal. Then when a transforned
si gnal havsigepl ferdrangmiissionnthe MeNbsignal gompysing B pluralify iof deta packetsd Whetein

e M e A AT o i L2
a. cor r espchiPHD SxPRyds M cRindeRed s Al PhbdyBlolifab IR, ™

pProduces aferRfdy &casH, tNQMo‘-EFQiE&?J disBdltibs tEATRENS %ﬁ?arfsﬂfrmilfghgé gﬁk@ﬁ ystics

of the comunitcati on channe étween a MCM 10 transmtter an

receiver. dihenplitedevdludsiy @ phirglity bh geasfefedrhglindRs/atucs it fedrdanct witpar at us
probability distribution transform, wherein the plurality of transformed amplitude
values is characterized by a substantially uniform probability density function, and the
probability distribution transformer having an output for providing a transformed
15 MCM signal comprising a plurality of transformed data packets, wherein the plurality
of transformed data packets represent at least some of the plurality of transformed
amplitude values of the corresponding transformed MCM signal; and
a MCM receiver comprising:
a probability distribution inverter having an input for receiving a corresponding
20 transformed MCM signal, the probability distribution inverter for transforming the at
least some of the plurality of transformed amplitude values to a plurality of inverted
amplitude values in accordance with an inverse probability distribution transform,
wherein the plurality of inverted amplitude values is characterized by a substantially
Gaussian probability density function, and the probability distribution inverter having
25  an output for providing a recovered MCM signal comprising a plurality of inverted data
packets, wherein the plurality of inverted data packets represent at least some of the

plurality of inverted amplitude values.




for reducing peak to average power ratio in a multi-carrier nodul ation
communi cati on system whi ch overcones, or at |east reduces the

abovenenti oned problens of the prior art. i5 1t will be apprecjzt ﬁ[??ﬂtﬂ?at

al t hough only one particular enbodinment of the invention has b é .
described in detail, various nodificatjons and i nprovenents can be made by
a person skilled in the art wthout de?fgarti ng fromthe scope of the
present invention. | claim 19 - 2 AUG 2005 Clains 1. A peak to average

power rati?® ( PA&@ARI%W@W ip gecozdange wﬂl@éam lewvhﬁmthstpm@bﬂ(tmlbutmn
communi cat j stem co ansm tter

o obabi ||t JRRF BUpoRS PR oA o ar T BEPOIHEY 8 o
signal for Iurallty of data :
packet s, \Aﬁ%@@ﬁmflﬁ qgm%@%%}@%fﬁ&ﬁ é’m%gg%é@fdrgg’%@egent a plurality of
anplitude val ues, wherein the plurality of anplitude values is
characterized by a substantially Gaussian probability 10 density functi on,
the propab3lityAdiARR tddutdramatdoadumtowithicldim R, ivheeii the plurgity bElipdatir al i ty of
anplitude values to a plurality of t ransf or med anplitude values in

accor dancetrgnsfdrmgrs qompisises atileast dieslincabransormer fnrdfapsformingerfasth t he
plurality of transformed anplitude values is characterized by .a

subst ant i apteget armm%ﬂbﬁllepéa@@ ifyde yalyenigiacgordance tyigrhe &%@wmgeequav%am lity

di stribution transformer having an outpgg for providing a transformed 15
MCM signal conprising a plurality of¥ r@fxor med data packets, wherein the

plurality of t ansforrred e set at | east sone of the '

pl ural i ty of tYy AEf ot Wk e"gﬂbﬁﬁlﬁﬁﬁé‘?fiﬁ“@i@“ fYatiee correspondi ng transfornmed

MCM si andal\/q,\/]re o 't]’fkgpl 1 flnlhg di stribution- -
invertgjrq havi ng an |n|5guat‘“Co e@ngc Vi r?g a cgérlgg%g%%k 0 transforned MCM
signal, the probability dalﬁﬁlqm@@{,ﬂ@@, inverter for transform ng the at

| east some of the plurality of t r ansf or ned anplitude values to a plurality

of inverted anplitudss a@‘edﬂermnechmtadaané with an inverse probability
distribution transform wherein the ural i ty of inverted anplitude val ues

is characterized by € isgtsnderdidesiation o wf s@btudet y density function,
and the probability distribution inverter haV|ng
values.
15

4. A PAPR reducer in accordance with claim 3, wherein the first predetermined band

of amplitude values comprises |x|< O.

5. A PAPR reducer in accordance with claim 2, wherein the plurality of linear
20 transformers comprises at least one predetermined pair of linear transformers for

transforming a corresponding pair of predetermined bands of amplitude values.

6. A PAPR reducer in accordance with claim 5, wherein the at least one
predetermined pair of linear transformers and the corresponding pair of predetermined
25  bands of amplitude values comprise:
y =(b/O)x +¢c when O <x <20; and
y=(b/O)x—c when-20 <x<-0;

where x is one of the plurality of amplitude values; -




25 an output for providing a recovered MCM signal conprising a plurality of _
inverted data packets, wherein the plurality of inverted data packets
represent at |east some of the plurality of inverted anplitude values. - 2
AUG 2005 20 2. A PAPR reducer in accordance with claim1, wher@iAGtps
probability distribution transforner &dnprises a plurality of |inear
transforners for transformng the plurality of anplitude values to the
plurality of transformed pie dotesifondigiar.of thedpluAliAHR reducer in

accordance with claim2, wherein the plurality of linear transforners
conprises at |east one |inear tramfigimedamplifuwle valugsisforming a first :
predeterm ned band of anplitude values in accordance with the followng —
equation: y=(a/6)x wher e and gagpeedsferpgned gopstantsiiapdof  anpl i t ude val ues; 10

y is a corresponding one qf. the.plurali.t transf or.ned.. anplitude val ues;
a is a predeternined consgalﬁtsgngﬁé%év’ia ng’g{li’ﬁé’ﬁlgglit@\f’rf&{nip&H‘%Sf the plurality
of anpljtude values. 15 4. A P,%PR reducer in accordance with claim 3,
wherei P the first pr edet er m ne#'¥4nd of anpl i tude val ues conprises Ixl5 6.

5. A PAPR reducer in accordance with claim2, wherein the plurality of
| inear 20 transformers conprises at |east one predeterm ned pair of |inear

transfornmeys fop HARRRIAEHINGcRrdafEs KRR eREth BYwhddeln thé afleRdeher M ned bands
of anplitude values. 6. A PAPR reducer in accordance with claimb5, wherein

the at | eapedaaeningd pdedMinghneshsfiamersaind|thaeatespormiivesf i s edetmmtined
correspondi ng pair of predeterm ned 25 bands of anplitude val ues conpri se:
y = (b/ 6) xbands ofireplitgdecxalgesgompaige: y = (b/6)x - ¢ when -20r:-<x < -Or, -

where x is one of the pluraljty of applitude values; 5 10
10 py=?d)073¥+e w. n20'<x520';and

y=(d/O)x—e when -60 <x <-20;
where  x is one of the plurality of amplitude values;
y is a corresponding one of the plurality of transformed
amplitude values;
15 d and e are predetermined constants; and
O is standard deviation of the plurality of amplitude

values.

8. A PAPR reducer in accordance with claim 5, wherein the at least one
20  predetermined pair of linear transformers and the corresponding pair of predetermined

bands of amplitude values comprise:

y= 095 when x > 60}, and
y=-095 when x <-60;
25 where x is one of the plurality of amplitude values;

y is a corresponding one of the plurality of transformed
amplitude values; and

O is standard deviation of the plurality of amplitude

values.




15 21 y is a corresponding one of the plurality of transfornmed anplitude
val ues; b and ¢ are predeterm ned constants; and 6 is standard devi ation of
the plurality of anplitude values. - 2 AUG 2005 7. A PAPR reducer in
accordance with claim5, wherein the at |east one predetermn nedl gHb g0(Hf

| i near transformers and the correspondi ng pair of predeterm ned bands of
anplitude val ues conprise: y = (dlOx 22e when 2 6 <x S 66; and y = (df O x
- e when -695x <-2(Y; where x is one of the plurality of anplitude val ues;
y is a correspondi ng one of the pI urality of transfornmed anplitude val ues;

dandear re ed const ant s 6 is tand rd jation_of the '
plurali ty rrg?)ﬁept% u?FéI‘%lé%cor ﬁglﬁhlmeldﬂ’ E‘gﬁpﬂ‘&h@é iREton ¢ ai m
5, wherein, th east ane . red E

er ned I|n ar nsf-or mers
and"the: coPvasahmeRSR Rt B KR ‘@51‘{8‘%5 A T
conpri se: £, 6 i ] 25 where x is
one of theﬁfa[}S %ﬂ%?fﬂ)?@oﬁldgnvgu%ﬂédtg@ t§°f§}p“ie§é%m;ﬁ“§esg%ﬁ I ng one of the
pluraligy of transforned anplitude vaI ues; and 6 is standard devi ation of
the plurality of anplitude values. - 2 AUG 2085 22 9. A PAPR reducer in
accor dancel@i tA PAPR mddcer wharcerdantchwitipclabna Bj Wheryindhes plurabity ofdimear

transformers comprises at least one linear transformer for a first predetermined band of
transformed amplitude values in accordance with the following equation:
s =(g0)y
10 where yis one of the plurality of transformed amplitude values;
s is a corresponding one of the plurality of inverted
amplitude values;
g is a predetermined constant; and ' .

O is standard deviation of the plurality of transformed

15 amplitude values.

11. A PAPR reducer in accordance with claim 10, wherein the first predetermined
band of transformed amplitude values comprises
v|<0.4.

20
12. A PAPR reducer in accordance with claim 9, wherein the plurality of linear
transformers comprises at least one predetermined pair of linear transformers for a

corresponding pair of predetermined bands of transformed amplitude values.

25 13. A PAPR reducer in accordance with claim 12, wherein the at least one
predetermined pair of linear transformers and the corresponding pair of predetermined
bands of transformed amplitude values comprise:

s = (0O/h)(»-i) when 0.4< y<0.55;and
s = (O/h)(y+i) when -0.55 <y<-0.4;



inverter conprises a plurality of linear transfornmers for transformng the
plurality of transforned anplitude values to the plurality of inverted
anplitude values. 5 10. A PAPR reducer in accordance with clai mZ, (\]/\l?ueﬁgei n
the plurality of linear transfornmers conprises at |east one |lin ﬁp
transforner for a first predeterm ned hand of transfornmed anplitude val ues
in accordance with the follow ng equation: s=(g6)y 10 where y is one of
the plurality of transfornmed anplitude values; s is a corresponding one of —
the plurality Wherg nvieistang o hsinlwghity efdranstormed amsplifude walBeser mi ned const ant ;
and 6 is standard devjation of the plurality of tI.ransfor med 15 anplitude
values. 11. A PAPR r%’&@c‘@ﬁe?ﬁ?nge’&ﬂn&é’ﬁ&l? YAPYAES, wherein the first
predeterm ned band of tr plitude val ues conprises lyls0.4. 20
12. A PAPR reducer in acco r'@gtg‘gée@a\(}l\nu%h claim9, wherein the plurality of
l'inear transformersy gipirk 3RIeRImInRASbnPifs; Bh@det erm ned pair of |inear
transforners for a corresponding pair of predeterm ned bands of
transfor med anplitude i¥alanésd debiafion oAhBARRalig dfafistbiimac cor dance with
claim12, wherein the at | east one predetermned pair of |inear
transforners and the corraspliiods wgugai r of predeterm ned bands of
transforned anplitude values conprise: s=(6/h)(y-i) when 0.4<y50.55;and s
= (6/h)(y+i) when -0.55 <y<-0.4; - 2 AUG 2005 5 23 where y is one of the
plurality of transformed anplitude values; s is corrnjspondi ng one of the

plurality Bt iAVévhBetsducsssn aqcouignesyvive slam 1an\'ahqrglaﬂwa A9 m ned

constants; pr%crl]edcermined pair of linear transformers and the corresponding pair of predetermined

10  bands of transformed amplitude values comprise:
s =100(y-j) when 0.55 <y <0.95; and
s =100(+j) when -0.95<y<-0.55;
where  y is one of the plurality of transformed amplitude values;
s is a corresponding one of the pllirality of inverted
15 amplitude values;
j is a predetermined constant; and

O is standard deviation of the plurality of transformed

amplitude values.

20 15. A PAPR reducer in accordance with claim 12, wherein the at least one
predetermined pair of linear transformers and the corresponding pair of predetermined
bans of transformed amplitude values comprise:

§ =60  wheny>0.95;and
§ =-60 wheny <-0.95; -
25 where yis one of the plurality of transformed amplitude values;
s is a corresponding one of the plurality of inverted
amplitude values; and

O is standard deviation of the plurality of transformed amplitude values.




6 is standard deviation of the plurality of transfornmed anplitude val ues.
14. A PAPR reducer in accordance with claim 12, wherein the at | east ©One
predeternined pair of linear transfornmers and the correspondi ngl gdb 200bf
predeterm ned 10 bands of transforned anplitude values conprise: 15 s
=106(y -j) when 0.55 <y S 0.95; and s =106(y+ j) when -0.95 <y <-0.55;
where y is one of the plurality of t r ariéf or med anplitude values; s is a
correspondi ng one of the plurality of inverted anplitude values; j is a

pr edet er mi hed &dWdtRaraduceinn agordanse with glaimde whareitote probehiditpdigiibpiien of
R
transf ' L1 o of t @i .
1 anst or el Gip TEbga Varias dgah prege o e MG FIRAT oM e _ _counen
y <-0.95; 2RrafesCinYerss iROE t@hstbiferP fotRhsfoymR ot [ANShAk TR theiTRlalityuste |

values; s is da corresponding one of the plurality of inverted anplitude

val ues; s angaiformedtagiplituidd viRiek & atdBasoforhdef the phurlity W ahplifude shlaesred
anplitude values. - 2 AUG 2005 24 16. A PAPR reducer in accordance with

claim2, wherein the probability distribution inverter conprises a
plurality of inverse linear transformers, wherein the plurality of inverse
li near trahbf or fepdltizpagriarmeoduinsiondMAYD) trasnptercompriping | i near

nverse

et or e B ShA Ol MRS LR APt Lolicne
R e
di stri byt i 98 plurdig o7 daR pabRMts RPréiBnt A PltkalityPsf rRSIRLIE WuANwiki¥n the
plurality of amplitude values is characterized by a substantially Gaussian probability
density function, the probability distribution transformer for transforming the plurality -
of amplitude values to a plurality of transformed amplitude values in accordance with a
probability distribution transform, wherein the plurality of transformed amplitude
15  values is characterized by a substantially uniform probability density function, and the
probability distribution transformer having an output for providing a transformed
MCM signal comprising a plurality of transformed data packets, wherein the plurality
of transformed data packets represent at least some of the plurality of transformed
amplitude values.
20
18. A MCM transmitter in accordance with claim 17, wherein the probability )

distribution transformer comprises a plurality of linear transformers for transforming the

plurality of amplitude values to the plurality of transformed amplitude values.

25 19. A MCM transmitter in accordance with claim 18, wherein the plurality of linear
transformers comprises at least one linear transformer for a first predetermined band of _
amplitude values in accordance with the following equation:

y=(a0)x

where  x is one of the plurality of amplitude values;




signal for transm ssion, the MCM signal conprising a plurality of data
packets, wherein 10 the plurality of data packets represent a plurality of
anpl i tude val ues, wherein the plurality of anplitude values is
characterized by a substantially Gaussian probability densi tyzf/Wﬁ@@Uﬁon,
the probability distribution transfornmer_ for transformng the plurality of
anplitude values to a plurality of “t r an®¥ or med anplitude values in
accordance with a probability distribution transform wherein the
plurality of transfopiticarspendingonsofithe pality oftansbumedi zed by a
substantially uniform probabjlity density function, and the probability

di stribution transforner ﬁ@P‘lWSegﬂu?ﬁét put for providing a transforned MCM

signal comprising a plurality of transformed data packets, wherein the

plurality of transfgﬂ%@¢8§¥%‘“88%%%?5§3“ﬁ€%§esent at | east sone of the

plurality of transfopyRrdind 'd&%@ﬂ%ﬂﬁéﬁ%ﬂtgﬁﬁ dlf%m&ﬁithEM transmtter in
abi

accordance with claim 17, erein the pr ity distribution transforner

conprisgs a plurality of Lipgar transforners for transformng the
plurality of anplitude values to the plurality of transforned anplitude
values. 25 19. A MCMtransmtter in accordance with claim 18, wherein the
plurality of linear transfornmers conprises at |east one |linear transformner
for a firs0.prAMCHM tramsittbioincicodrdasgepvith gin V9 whaeinrthe ficssrdedetamineadh t he
foll owi ng equation: y=(a/C)x where x is one of the plurality of anplitude
val ues; - BandléDad(libude vahies gomprisesddsr@spondi ng one of the plurality of
transfornmed anplitude values; a is a predeterm ned constant; and 6 is
standard deviation of the plurality of anplitude values. 20. A MCM
transmitter in accordance with claim 19, wherein the first predeterm ned
band of0 andl.i t AAdChatramsniteripracemdaricg With @ainy [8, dvherein themluehysfilinear in
accordance with claim18, \é@erei n the plurality of linear, trapsforners
conpri ses Hensfemers epmeptisesaldeast anepigdefssmingd paif oflineat transorgiertosas or a

corresponding pair of predetermined bands of amplitude values.

22, A MCM transmitter in accordance with claim 21, wherein the at least one
15  predetermined pair of linear transformers and the corresponding pair of predetermined
bands of amplitude values comprise:
y=(b/O)x +¢c when O <x <20; and
y=(b/O)x—c when-20 <x<-0;
where x is one of the plurality of amplitude values;
20 y is a corresponding one of the plurality of transformed
amplitude values;
b and c are predetermined constants; and

O is standard deviation of the plurality of amplitude values.

25 23. A MCM transmitter in accordance with claim 21, wherein the at least one
predetermined pair of linear transformers and the corresponding pair of predetermined
. bands of amplitude values comprise:

y=(d/O)x +e when 20 <x <60, and



correspondi ng pair of predeterm ned bands of anplitude values. 22. A MCM
transmtter in accordance with claim 21, wherein the at |east one 15
predeternmined pair of linear transformers and the correspondi nd B H0of
predeterm ned bands of anplitude values conprise: y = (b/6)x + ¢ when 6 <X
526; and y = (b/d)x - c when -26 Sx <44Q - where x is one of the plurality
of anplitude values; 20 y is a corresponding one of the plurality of
transfornmed anplitude val - b and,c a re erm ned constants; and 6

i s standard deviation of’ t fﬁfal??%ndgsggﬁfgﬁﬁde val ues. 25 23. A MCM

transmtter i”wﬁé%or?ﬂﬁﬁ%6@ﬁé¥ﬁﬂdﬂ$§f§nm%€e%ﬁﬁn the at | east one

predeterm ned pair o near transror ners U correspondi ng pair of

predeterm ned bands, af, &Rk | JF%iSe ﬁﬁr' = Lgd/ Ox + e when 2 6
<X -<66; and - 2 AUGin%OaOS 5 %%ddﬂ&;gd:iﬁ( d/ Mﬁ?&gw enan}é%)gméstg <26; where X is
one of the plurality of agmplithdeiealiveast ues; y is a corresponding one of the
plurality of transformed anplitude values; d and e are predeterm ned
constamts; and 6 i s &tadhdarereteterminedreonstantiyeand| ural ity of anplitude
values. 24. A MCMtransmtter in accordance with claim21, wherein the at

| east one 10 predet ePrisstaadgdidevigtion phdgmlyrality sf gmplifudeand t he

correspondi ng pair of predeterm ned bands of anplitude val ues conprise: y
= 0.95 when x > 66; and Values. 0. 95 when x <-66; where x is one of the
plurality of anplitude values; 15y is a corresponding one of the plurality
of transforned

24. A MCM transmitter in accordance with claim 21, wherein the at least one
10  predetermined pair of linear transformers and the corresponding pair of predetermined _
bands of amplitude values comprise:
y= 0.95 whenx >60; and
y =-0.95 whenx <-60;,
where  x is one of the plurality of amplitude values;
15 y is a corresponding one of the plurality of transformed
amplitude values; and
O is standard deviation of the plurality of amplitude

values.

20 25. A multi-carrier modulation (MCM) receiver comprising:
a probability distribution inverter having an input for receiving a transformed
MCM signal, wherein the transformed MCM signal comprises a plurality of
transformed data packets, wherein the plurality of transformed data packets represent a
plurality of transformed amplitude values, and wherein the plurality of transformed -
25 amplitude values is characterized by a substantially uniform probability density
function, the probability distribution inverter for transforming at least some of the
plurality of transformed amplitude values to a plurality of inverted amplitude values in
accordance with an inverse probability distribution transform, wherein the plurality of

inverted amplitude values is characterized by a substantially Gaussian probability -



anplitude values; and 6 is standard deviation of the plurality of anplitude
values. 20 25. A nulti-carrier nmodulation (MCM receiver conprising: a
probability distribution inverter having an input for receivin ?
transformed MCM signal, wherein the transformed MCM si gnal %p H%@QE
plurality of transforrred dat a packets, 7 wherein the pl urality of
transforned data packets represent a F% urality of transformed anplitude
ansforned 25 anplitude values is

| Wh th .
\éﬁatjgit erl‘g 5 Eg & é ulr)rg) ??}ﬁﬂ’(r)l‘glﬁtﬂi’ﬂ’i“ﬁ}’SB%tmrlhaYﬂ?gd’é‘r?é‘fH‘??orfuncti on, the

probabilit “@fflr [ r ns of ‘the .
plurality %r]pg dﬂ%}d%géxhcg%i anpli i% 1&)% r é)l?uraib ﬂgjfrlaYert ?6&%#3 |a§g§8rted -
anpl i tude yabkRSthé Blurélﬁ? QF tiRRaed Whth ff)aa&tg 1%151%5&& apregaeemle'otfxfhéiptﬁtaht}b&f ion
transform wherein the plurality of © inverted anplitude values is

char act er i ineertdalyanspliudesiaduiisi al | y Gaussi an probability - 2 AUG 2005 27
density function, and the probability distribution inverter having an
out put ¥or providing a recovered MCM si gnal corrpri sing a plurality of
inverted data packets, wherein the pluralit i nverted data packet s

represent & | e&MC %Wgelmrlp@gcngi%ncgwlﬂgplgmgﬁ Wé@%@eé’ﬁ?ﬁal tlifde val ues. 5
26. A MCM iver.in accordancevm hc wherein t r. bility

i st 1 but | SREPHEH P SRR Bt m&l oGt GFifHGE fof rraw??%t e | or
transform

plurality @%a?lgs%tt% 16o;iqnle{l|¥Itn§cﬂralh\%/a ues J@gpg’% t%"f/%qv’ler ecel httua? %Qg%cor dance
with claim26, wherein the plurality of linear transfornmers conprises at

| east one linear transformer for a first predeterm ned band of transforned
anpl i t ude YAl ueA Nl@Mareceivetan@aecotidree With diaiin 26pvhgreamthatplweality o£{ingyy  wher e
y is one of the plurality of transforned anplitude values; 15 s is a

cor r espondirangiasmerssomprisesatieast pnelingar {ranséarmerifon rapﬂrsttmdd;emmmmisban@ ofs a

redet er m ned _.const an 6 is standard _deviati on of the plurality of
F r ansf or megansforme ampfttude values maccorg ance vx(fjith e }‘o?low?ng equation: P y

s =(g0)y
where y is one of the plurality of transformed amplitude values;
15 s is a corresponding one of the plurality of inverted
amplitude values;
g is a predetermined constant; and
O is standard deviation of the plurality of transformed
amplitude values.
20
28. A MCM receiver in accordance with claim 27, wherein the first predetermined

band of transformed amplitude values comprises

y|<0.4.

25 29. A MCM receiver in accordance with claim 26, wherein the plurality of linear
transformers comprises at least one predetermined pair of linear transformers for a

corresponding pair of predetermined bands of transformed amplitude values.




anplitude values. 20 28. A MCMreceiver in accordance with claim 27,

wherein the first predeterm ned band of transfornmed anplitude val ues
conprises Iyl 0.4. 25 29. A MCMreceiver in accordance with claim 26,
wherein the plurality of linear transformers conprises at |east Abhd005
predeterm ned pair of linear transforners for a corresponding pair of
predet er m ned bands of transforned arrpl%8t ude values. - 2 AUG 2005 28 30. A
MCM recei ver in _accordance with claim29, wherein the at 1east one

pr edet er nmi #ed pAIeMoreceiverdapceordanse vitolaimadf whensinctbe plepsd 08¢ ng pai r of
predet erm ne bans, of, transforned anplitude val ues conprise; s = (,6/h) (y-
) when 0. Bredetprmanes gais ofyear GansTormet) aey L ForeapRIing Pago! Ressetagmipet wher e

y is one Oﬂarfs%‘f;tr%sg&%ﬁi%lteaﬁ(nm?{m&er\% )s/efsg*rn[lgsﬁseanpl itude values; s is a

corresponding one urall vVérted anplitude values; h and i

are predeterm ned const asn;wﬂﬂgg,-)a v{,}ﬁmsg_grld?rscb.plﬁ\éh@ti on of the plurality
I ués Iver i

of transforned anplitude va . 31. A MMrecelver in accordance with

claim29, wherein the ats;@gﬁ,;)gmf vHeRdqt 5y &y neglypai r of |inear
transformers and the correspondiig pair of predeterm ned 15 bands of

transformed anghrb ude;svk e heGMMAlilySE transfokRed ¥mplithddMpMfes?- 55 <y: 5 0. 95;
and s =106(y+ j) when -0.955y <-0.55; where y 1s one of 'the plurality of

transformed anpl it udeis\wdouespondingsone of tig siaRERdMavesred of the plurality of
inverted 20 anplitude values; | is a predetermned constant; and 6 is
standard devi ati on of t heampplilndd valyespf t r ansf or ned

h and i are predetermined constants; and

10 O is standard deviation of the plurality of transformed

amplitude values.

31. A MCM receiver in accordance with claim 29, wherein the at least one -
predetermined pair of linear transformers and the corresponding pair of predetermined
15  bands of transformed amplitude values comprise:
s =100 -j) when 0.55 <y £0.95; and
s =100+ j) when -0.955y <-0.55;
where y is one of the plurality of transformed amplitude values;
s is a corresponding one of the plurality of inverted
20  amplitude values;
J is a predetermined constant; and

O is standard deviation of the plurality of transformed

amplitude values.

25 32. A MCM receiver in accordance with claim 29, wherein the at least one
predetermined pair of linear transformers and the corresponding pair of predetermined
bands of transformed amplitude values comprise: -

s=60  wheny>0.95;and
=-60 wheny <-0.95;




anplitude values. 25 32. A MCMreceiver in accordance with claim 29,
wherein the at | east one predetermned pair of |linear transforners and the
correspondi ng pai r of predeterm ned bands of transforned arrp& tUEl@!ival ues
conprise: s 66 when y > 0.95; and s = -66 when y <-0.95; f 2005 5
29 where y is one of the plurality of transforned anplitude values; s is a
correspondi ng one of the plurality of i3verted anplitude values; and (T is
standard deviation of the plurality of transformed anplitude values. 33. A
met hod for peaWwhtre ay &y ageofpaeednraligt ofsransfbuwted emplimda values;i - carrier ~
nodul ati on (MCM conmuni cati on, system conprising the steps of : a)

recei ving a MCM si gnilS & rrespoiiing %Qfﬁheﬂm@l‘@i pyItadoM si gnal conpri ses a
10 plurality of data packets \ﬁ/nerel n e plurality of data packets
represents a plurality of ™ ﬁ%’ ues, and wherein the plurality of

anplitude values is raGher 3#‘9,?5 l‘lf';?d"SSi an probability
density function; b) a??zf%ﬁﬁ %ﬁdﬁfﬁ:ﬁ%ﬁ?ﬁo?t © ra |ttay t?aklarrp ude values to a
plurality of transfornedmﬁﬁpmu Y ﬁeval ues in accordance with a probability
di stribution transform el n 15 plurality of transfornmed anplitude
values is characterized by a substantl ally uniform probability density
function; c) providing a transfornmed signal, wherein the transforned signal
conpri ses 33. pl Armé¢thod/favfpeik mravbagepowelattio paakitdrsin awhatiedarrier evdplatioml ity
of transformed data packets represents at |east sone of the plurality of

t ransf or rre@MQM)lqosrun@nveémégstewomprtsmrtbwm$ﬂ% the transformed signal on

a conmmuni cati on channel conmmuni cati on_s recei ving the
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amplitude values, and wherein the plurality of amplitude values is characterized by a

substantially Gaussian probability density function;
b) transforming the plurality of amplitude values to a plurality of transformed
amplitude values in accordance with a probability distribution transform, wherein the

15 plurality of transformed amplitude values is characterized by a substantially uniform -
probability density function; |
c) providing a transformed signal, wherein the transformed signal comprises a
plurality of transformed data packets, wherein the plurality of transformed data packets
represents at least some of the plurality of transformed amplitude values;

20 d) transmitting the transformed signal on a communication channel of the MCM ~ ~
communication system;
€) receiving the transformed signal on the communication channel;
1) transforming the at least some of the plurality of transformed amplitude values
to a plurality of inverted amplitude values in accordance with an inverse probability

25  distribution transform, wherein the plurality of inverted amplitude values is
characterized by a substantially Gaussian distribution; and
2 providing an inverted signal, wherein the inverted signal comprises a plurality of
inverted data packets, wherein the plurality of inverted data packets represent some of

the plurality of inverted amplitude values.



25 distribution transform wherein the plurality of inverted anplitude

val ues is characterized by a substantially Gaussian distribution; and g)
providing an inverted signal, wherein the inverted signal conprises a
plurality of inverted data packets, wherein the plurality-oefpjznyérted dat a
packets represent sone of the plurality of inverted anplitude values. - 2
AUG 2005 30 34. A nethod in accordance3ith claim33, wherein step (b) _
conprises the step of applying a plurality of linear transforns. 5 35. A
met hod in accordance with claim 34, wherein step (f) conprises the step of
appl yi ng 3\‘8 urali inverse linear transforns, wherein the plurality of

i nverse |i¥kar Am%%@mraneorémet\mh ¢lpipe 3 evhstein h@pﬁbmmnrlswg stepo€ar

transf orns.
applying a plurality of linear transforms.

5 35. A method in accordance with claim 34, wherein step (f) comprises the step of
applying a plurality inverse linear transforms, wherein the plurality of inverse linear

transforms are the inverse of the plurality of linear transforms.




