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SYSTEMS AND METHODS FOR DESI GNI NG A HI GH PRECI SI ON
NARROVWBAND DI G TAL FILTER FOR USE | N A COMMUNI CATI ONS
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TO RELATED APPLI CATI ONS The present application clains
priority to U S. Provisional Patent Application No.

60/ 626, 212 entitled "USM (CGeneric, Symmetrical and
Asymmetrical" filed on Novenber 8 , 2004, and US

Pat ent Application Attorney Docket Nunber
186367/ US/ 2/ AJT/ MBS (476496-2) entitled "Systens and
Met hods for High-Efficiency Transm ssion of

i nformati on Through Narrowband Channels,” filed
concurrently herewith on June 24, 2005, the entire

di scl osure of each of which is incorporated herein by
reference . FIELD OF THE I NVENTI ON Thi s invention

rel ates generally to the transm ssion of infornmation

t hrough conmuni cati on channels. More specifically,
this invention provides systens and net hods for
transmtting information at very high data rates

t hr oug BYSTEMD VIR METHARS FOBt PBAIEHENH A JITEH-FFEGTISION

Epmhah Rﬁﬁﬁm@tﬁﬂﬁiﬁ@ Qfﬁ%ﬂﬁd FBRPUESE Z’m at ebMMUNT C'zl}El éONS
i gh-precision digit t .

| NVENTI O AYS3RH TR ’(%Mét%”gh ?5??%5?% es,
conmbi ned with the 'wi despread adopti on of persona
comuni cation devices ("PCSs") , have revolutionized
the way information is dissem nated and shared.

LideQr ielde Rk G4 Rke 0N DEpdiehiveE ed directly to conputer

gesktops, aptops, personal digital assistants
(" PDASRY | R 99tar application claims priority to U.S.

Provisional Patent Application No. 60/626,212 entitled

“USM (Generic, Symmetrical and Asymmetrical” filed on
November 8, 2004, and US Patent Application Attorney
Docket Number 186367/US/2/AJT/MSS (476496-2) entitled
“Systems and Methods for High-Efficiency Transmission of
information Through Narrowband Channels,” filed
concurrently herewith on June 24, 2005, the entire
disclosure of each of which 1s incorporated herein by

reference.

FIELD OF THE INVENTION

This invention relates generally to the transmission
of information through communication channels. More
specifically, this invention provides systems and methods
for transmitting information at very high data rates
through narrowband communication channels using a novel
modulation scheme and sophisticated high-precision

digital filtering.
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tel ephones, digital music players, and other portable
devi ces over wired or wireless connections, providing

wW@2006/053331 | y unlim ted connection experience fRCT/EE1005/040405

users. In particular, the rapid expansion of wreless
technol ogi es has fueled the demand for faster and nore
efficient wireless transm ssion of voice, data, and
video on a global basis. Infornmation is transmtted
over a wireless channel froman information source to
gacedtnnat il ByenTR@NS Of a W rel ess comruni cati ons
yste such as _the convent.i.onal %%sgngishown in FlLG

AR nplest OO %er& essSTEonunt ongmotned
ﬁyﬁﬁeﬂhéoQﬂidgﬂpMBﬁﬁ {dgpudul aEO@KQQBhaQZ)communlcatlon
transmtter 110; (3) wireless chan 1

15; (4
fetetser CESES dnd HESF 48N RIS 5th ﬁrbfrorf@glon

PEOCeSSRMihhRe ctinf hdratdnarelnt 0 ard Mriasubhabtenf aiow be
transm ssi on over wireless channel 115. The

Aat brerad ondhEgcheYi n the FOPRYOFT vorEaktaBfa, dFRGPS

LERGSI YL Vi dRQ4 @ anya o hefadipe of nponsent COn%ﬁMﬁﬂar
In an information signal, also referred to as

Freseriyenasi gnall 91 MBHUITBISHC 1D52E85@Nt i#aF) yOW%ﬁsl%&%@ble

PQ§18§§S§9§rSM99@h b@tQu%eq%gglﬁkﬁﬁe§k98ﬁ£ S%EE@QH@ng a
or transm ssion over wreless channel 115
m@trﬁaﬂhg onkl ot afbr @oTEIRR A e IS RSLE S B §Oéararllerusers
ul a s,llgé]_@j is n to-Wr
ﬁé%rtfllgl%gdtraﬁgm tter 1d10 ﬁ%@ﬁgagual% R8s
t@chmltce;r@sanuaamﬁlwﬂﬁ@s thke dryduldat ks sfgpadr pRndr moge
Lis;Lransm s, The tuoclion of wirel esechannel Wiso
rovide a wreless of connection between
bhealq;ﬁcmarﬂatbaﬁlssour ce and destination. Once
transmtted

Information is transmitted over a wireless channel
from an information source to a destination by means of a

wireless communications system, such as the conventional

system shown in FIG. 1. At its simplest form, wireless
communications system 100 includes: (1) modulator 105;
(2) +transmitter 110; (3) wireless channel 115; (4)
receiver 120; and (5) demodulator 125. Modulator 105

processes the information into a form suitable for
transmission over wireless channel 115. The information
may be in the form of voice, data, audio, imagery, video,
or any other type of content conveyed in an information
signal, also referred to as a message signal. Modulator
105 essentially translates the message signal into a
modulated signal suitable for transmission over wireless
channel 115 by modifying one or more characteristics of a
carrier signal. The modulated signal is passed on to

wireless channel 115 by transmitter 110, which wusually



t hrough wi rel ess channel 115, the nodul ated signal is

detected and anplified by receiver 120 to take into
w@ewest33any signal attenuations introduced dupPCryS2005/040405

transm ssion by wreless channel 115. Finally, the

transmtted signal is denodul ated by denodul at or 125

so as to produce a close estimate of the original

message signal . The performance of a wireless

communi cati ons system such as wirel ess communi cati ons

sikterR 10071 3P AT RS ttheyi BParedt ey the perPorManted ofS

LESn 4ROl 401, 1810 -funPRdYh ab or w105 e f0rcrdnrdes tihe is to
modul ator that is responsible for converti n%ﬁt he

resskdfe st gnalr¢ R a SirghaloBui TABISETHER t PEAYRPEsI bR
§ﬁf§¥h§ﬁ{dﬂax%gh%@ethﬁmysgegglﬁgguﬂyeralbn§¥St@¥Qnsm1tted

resources. For exanpl e, hi gh performance nodul at or
showlah geneepatesa qiﬂ@@ﬂléét edl i ghak Wedwgteds r%gﬁmzarilcyls

goectiam Lhal . BN {dd t gled, and; jLansmit t ed into
ransmtter such as transmtter , woul d uti |ze
antgurat snmahly f raicdriadn ofttéweusotals chanhebdbaﬁ@iw dukhing

hereb enabllng man er s, ar he channe
andsvvl < it aﬁég%%cf% kha%r}'?li ’}L%r mance m)d-LlY l"at o the

sha)rwlﬂltatlesb g rka i niacodjamu@mlemnedmw% dehpdhlator 125 so
g rtcorrmnce filter.in the tr nsm%t% to ensure

Pt i Iprﬁldé?gr\iaat?]o%s £ o7 hee eqliency“spécthum of the"
BD@Iruéat ed signal . Current wireless comunications
systens use many different nodul ati on techni ques,

LU0, 0S8, .1 AL L0, AL LG
shit t akewiingles BPSKinhun huaidt @t ur evpteasel @hi L6, keyi pgrt,

&ic ate nd %%S performance of its modulator, e.g.,
modulator 105. For it is the modulator that 1is
responsible for converting the message signal into a
signal suitable for transmission so as to maximize the
use of the overall system resources. For example, a high
performance modulator should generate a modulated signal
having a frequency spectrum that, when filtered and
transmitted by a transmitter such as transmitter 110,
would utilize only a small fraction of the total channel
bandwidth, <thereby enabling many users to share the
channel bandwidth simultaneously. A high performance
modulator should also work in conjunction with a high
performance filter in the transmitter to ensure optimal

preservation of the frequency spectrum of the modulated

signal.

Current wireless communications systems use many

different modulation techniques, including, but not
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wore@alsi3son techni ques are digital

variations, mninmmshift keying ("MSK') and Gaussi an
m ni mum shift keying ("GWSK"'), anong others. These

the nessage signal is represented by a sequence of

bi nary synbols. Each synbol may have one or nore bits,

dependi ng on the nodul ati on techni que used. Typically,

t hese nodul ati on techni ques switch or key the

anpl i tude, frequency, and/or phase of carrier_signa
Bpncy

Brora ngoro el idisky y5§§/ﬁjbolkseyﬁﬂntghe(§%§§é e ditgh
S Gre %&%g?'fﬁg"sk@)bi BaRyrSyphols sii'r@andyihg (Fepsk”),

exanpl e,” ditferent anplitudes are used to represent
podrpivem y syabel s $ESK, KVEREr ent eFe{uenci®®s ar e
xlélglfedagioor{se,pr ﬁ§ﬁ@ﬁlurpms}hi@tnafcéfyﬁy(qul“@lsm'ESKan@n@aussian
TFierent phases are used to represent both binary
symbols i ghiBRSKkePSK i 6" @IS at PBANSf BESK S n whi'BRSe
t | {8 01 or d hni@ PNasenotnt be
r&(\é\\%faetrl?nakteeg&gﬁqg%g %?gf 88?5%%%a 'y nslpaced val ues, ©
secda@s 8ignpl2,isp, repukBp/tzd Wt haeasdaualqse of binary
cor.r ondi to a ique nb e. 0 11,
%W@O%sig I\/BKnéglanc&1 Gﬁé&gg?e @§¥i ak?%%ens ot FSC% i #%V\r/hei Rt
t&eedrangeor nheanpiet af t eguerdhpifguemused .- bi nary synbol
to another is half the bit rate of the nessage signal.

The sel ect of i Qi l.at dvon; Lauenf ar «
B B S
seyerahp fiantdr,s. fAedesicabl erdi/girt abhaedul @fi on carrier

Lgehol Que BLOVLAS WD LBEERT KALES 1. O pcsence

én(lgatl 0S, oOcCccuprtes a mni mum Da
peghar s ewel. | i rcthedpnes enc éoiofanyul $yrgatls ahd” f aditng1-”

%ggg%%%ﬁgignaggékgrgggté%%&?gﬁég§ ggeigEEQHQQ}'represent
both binary symbols in ASK, different frequencies are
used to represent both Dbinary symbols in FSK, and
different phases are used to represent both binary
symbols in BPSK. QOPSK is a variation of BPSK in which
two bits or more are used per symbol. The phase of the
carrier takes on one of four equally spaced values, such
as 0, m/2, m, and 3m/2, with each value corresponding to
a unique symbol, e.g., 00, 10, 11, and 0l1. MSK and GMSK
are variations of FSK in which the change in carrier
frequency from one binary symbol to another is half the

bit rate of the message signal.

The selection of a digital modulation technique for
use in a wireless communications system depends on
several factors. A desirable digital modulation
technique provides low bit error rates at low signal-to-

noise ratios, occupies a minimum bandwidth, performs well

t echni ques PCT/WRi00$1040405



physi cal characteristics of the channel, required
| evel s of performance and target hardware trade-offs,

W@ 0ve/0fBaul ati on techniques will prove to be aP@BEUSB®N5/040405
fit than others. Consideration nust be given to the
required data rate, acceptable |evel of |atency,
avai | abl e bandwi dth, and target hardware cost, size,
and power consunption. For exanple, in persona
conmuni cati on systens _that serve a | arge subscriber

BomhDfi Wesﬁﬁ%ec%t HAG LR HpI 8RFt 2 heoPaLervRT 5 and

st cHec nd i dArzed. |ﬂ'ﬂ>“’hn§31‘éﬁl§ﬁt a M ddpahi®Ag on  the
technique that is sinple to detect is _nost attractive,

Py Thtd | gra mpdeais thker ©fi Hh8r SHmBSIe L ntrePdrecéevsls

s M} Of £ SslRe t B@gPerhoraBNCe; piwd he MDHHALI@R, some
t echni que 1 n an | nterferénce environment is ext remel X
an

noporatamy TEvengereer wdRde P&PVE FBdiFafi & tteEhAifue
%an gen lﬂie@@tlent ﬁl[l% Qé ?Ix%erpot\,’@rtl'?éc ffe‘EjDEi@%M @an

wi dt h" efficiency. Power efficiency describes the
a@té;tycoépB@MbﬁuﬂaV¢bnOﬁed@ﬁﬁqay t aVpridedrge Hepawidth,

LjfxéijeltlaE ot ! h%rdwggeacccoesoct abéiezéol taﬁ{ie ow%r Ob&m uﬁ“ﬂb)flon

ssage si gnal ‘| ow power el In digital
E@nnumampme@nusysnswmalhmgmeuni¢@kﬂ¢nysy@@meé@ahughéve

SI Jgin?!ae Sl\,ll\gscrl-li)he am)unt th%/l \M%I %h o@% Sar?};\aléeolmg(i%@.{ty of

3hdb beé T ncrease n a certaln
fmdelﬁéqaﬂ&pendmusn the hypeﬂohemndulaEnont@an@y@e, a

pover_ e ficienc i tal dul atign techni
?Fbja%rhrge 1 HE fgg?g?atﬁ v ?hm%ﬂﬁo o eoft ebéct Ee %ggt
éwl;eidcﬂ:yveand shgnalepavierr | Ssymldﬁus andrhle3eof tlefcersymbol
gre sed as the ratip of ,the si %F ener per i% to
%6%%%3sb%cf%aTaH%ﬁsﬁﬁﬁu?Eq%‘ ed”at #Qh?nce © ©
modulation technique in an interference environment 1is

extremely important.

The performance of a modulation technique is often
measured in terms of its power efficiency and bandwidth
efficiency. Power efficiency describes the ability of a
modulation technique to preserve the fidelity, i.e., an
acceptable bit error probability, of the message signal
at low power levels. In digital communication systems,
higher fidelity requires higher signal power. The amount
by which the signal power should be increased to obtain a
certain level of fidelity depends on the type of
modulation employed. The power efficiency of a digital
modulation technique is a measure of how favorably this
tradeoff between fidelity and signal power is made, and
is often expressed as the ratio of the signal energy per
bit to noise power spectral density required at the

receiver input for a certain probability of error.



receiver input for a certain probability of

error.Bandwi dth efficiency describes the ability of a
wore@alst3son techni que t o acconmodat e data w t hPET/ES2005/040405

limted bandw dth. In general, increasing the data

rate inplies decreasing the pulse-width of a digital

synbol , which increases the bandw dth of the signal.

Bandwi dt h efficiency reflects how efficiently the

al | ocat ed bandw is utilized. Bandw dth efficienc

i s defiPRedLas t %ft#ﬂa%%ﬂcaf fRECERPBEgHDLR @R 1F4t e© st a

PRIdueRt 2n M acHh YEhe ban dvd oo dHRR sikskem eapacht yidfted
a dlcgll tal nodul ati on technique is di rectI%areI ated to
At dt HPefdréiréney t8F R MBdtRat Fake t Eehni yiielies

Sié?ﬁ%aélﬁgdbﬂkﬁ I gnitechniaye ckavi n@l%lgﬁﬁats%fmbol which
bandw dth efficiency wll transmt nore data in a

dinFeisaspect Flfm aPPoeatfioh. Ph géher ablgpddul at i Bandwidth
té%%ﬂ@l%H@§ trade handw gih ef%&9b§@9¥l§ortﬁﬁyerall?cated

efficiency. For exanple, FSKis power efficient bu
rretndys dsandwi dith laffacsi en@afaivdl@SKeml@m& dre defined

QQPQ%LQt{hgﬂflé% qghabyﬁréHqggﬁgmﬁgﬂ$? fggl Hef@ NG8 o

nost w rel ess systens are 15m e due to
fariegumenbgndpedts um alilf@catsvehsm nogied @ittiyon otfechm duestal

E{b%l%‘%”%ﬁ”%é@ﬁ&%&‘ee' triﬁ);cr%l% %a?a‘(’:"‘{:g Bandwidth

I Ci ency are era bl e
wﬁfelcesscyommfhl cahieon mm@&mm avaed:]aﬂnicmet,odayluse a

no ndvvl dth-effi CI ent rmdul atiaon technique uch a
g}%l Tts Qa??% Bhs, 10 0Se by théT ﬁﬁ%g %ﬁjm&th
Jsef;fa.rct&secgt andar da:artmdtl Shcbe angcd Si85 aArgatv@ﬁnspectrum
st gndardsf1 and GVBK, in use by the GSM gl obal
TAR4AFd°  The bandwi dth effici enci es achi eved by the

digital

In general, modulation techniques trade bandwidth
efficiency for power efficiency. For example, FSK is
power efficient but not as bandwidth efficient and QPSK
and GMSK are bandwidth efficient but not as power
efficient. Since most wireless systems are bandwidth
limited due to frequency spectrum allocations, mcdulation
techniques that concentrate their performance on
bandwidth efficiency are generally preferable. In fact,
most wireless communication standards available today use
more bandwidth-efficient modulation techniques such as
OPSK and its wvariations, in wuse by the PHS and PDC
Japanese  standards, and IS-54 and IS-95 American
standards, and GMSK, in use by the GSM global standard.

The bandwidth efficiencies achieved by the digital
modulation techniques currently adopted by the wireless

standards are, however, only in the order of 1-10 bps/Hz.



10

15

20

25

30

nmodul ation techni ques currently adopted by the
W rel ess standards are, however, only in the order of

wa26/083337 Hz. Such bandwi dt h effici enci es are nPCT/EHR1085/040405

to satisfy the rapidly rising demand for faster and
nore efficient wireless services that are capabl e of
serving a large nunber of users sinultaneously. To
address these concerns, two new sets of nodul ation

t echni h been, devel d (1
o0l B R TG0 RRF GRS (9)° Y oBBund- frodaFAeY fnthe

teghai pues.si18pr eadmspectadmm reduleat i @Adi Snérd eelpiiiguent
in which the nodul ated signal bandwidth is
Yi Rt e TaREryGRdet iBhaR e AP AP MM reqiTed 9si Ynafr9e

hangwi dih., Bandwisdih:expansipn is achieved by using a
function that is independent of the nessage and known

to the receiver. The function is a pseudo-noi se % PN %
sequefte BRIPREEOdEPCHRI cFOPSE BT naryOsedtfdthceSthat ©f

ABRERL S Jrandaphhutuean e o epeeduced,diRpad: (1) spread
determ ni stic manner b{ t he receiver. Denodul ation at
fRecEedRi vBPARsa B npl FEMeHIRSS tr 0889 corlFel atadT oyPand

Lbgu T sceived. shonale W t hsgrsyachpeneush ymgeneseisd is a
replica of the wi de-band PN carrier. Spread spectrum

edh dion thasvivhay flégt ueguinbed mkepl partdeidtar | ys
?E%ﬁ?fiééﬁ%{yn-w %%r'ntwéﬁeL@§§ SHSL SR f%ﬁéﬁréﬁ“jsignal
orenost, spread spectrum nodul ati on enabl és many
bsedwidih si mAaamédub| prusesthe sane? Gard®ddthy whekout
ﬁkﬁé‘ﬁ&‘%a{‘%%’ { ot ﬁﬁéeegér{&%n‘% tdk AR analfet. ofhe Wsenoto
codes allows the receiver to separate each user
easi |ne@ierrt. hougheal funseren odeupy tidseudaneospect (i)

é%qgeﬁggugE’ r%%%e§p%ﬁﬁkﬁp1%gsgﬁnﬁinary sequence that
appears random but can be reproduced in a deterministic
manner by the receiver. Demodulation at the receiver is
accomplished by cross-correlation of the received signal
with a synchronously-generated replica of the wide-band

PN carrier.

Spread spectrum modulation has many features that
make it particularly attractive for use in wireless
systems. First and foremost, spread spectrum modulation
enables many users to simultaneously use the same
bandwidth without significantly interfering with one
another. The use of PN codes allows the receiver to
separate each user easily even though all users occupy
the same spectrum. As a result, spread spectrum systems
are very resistant to interference, which tends to affect
only a small portion of the spectrum and can be easily

removed through filtering without  much loss of
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are very resistant to interference, which tends to
affect only a small portion of the spectrum and can be

we@2®blgs3senmoved t hrough filtering without nuchP¢DES2005/040405

ofinformation. Additionally, spread spectrum systens
performwell mthe presence of nultipath fading and
Doppl er spread. The mam di sadvant age of spread
spectrum systens is that they are very bandw dt h
inefficient for a sjingle user or S|n%§>e Wi rel ess

LOF PNt he BATKIRT T | RS MECR bfe CHERC™S

bhatonecassar Vid ornkr afsdissiconor| mifiagbathangiddich and
efficiency for a single user is so | ow that nost
BPPRERF sPEEum systens report bandwi dth efficiency

for the whol e channel, to enphasize their ability to

si mul traneguts] Yo s&iMR ey WFersoMalch sphetavai sgbtems is
channel bandwi dth. In addition, spread spectrum

553t efrBedr @54 s&eﬁﬁcﬁaﬁe%d%%mn&?fﬂﬁéﬁn ydogms2 single

£5%F oyixngat r adhdiongl repdykatiom t eghntguesne t RhERYdth
i ncreasing overall system design, deploynent, and

Wil ht28thncé Scosech NaFPsRbaneh #dult&eiton Peehiiafles,

sHShs RS dihgse %Is%fa'c@edbbﬂdwl&hpéfﬁﬁlé}%y Fo33Q, %Qﬁgle
U S. Patent No. 6, 022, and U.S. Patent No.

68<7'4~‘451$3$0 r}p@vut@etam@ﬁt isriep i FEeStaHT. yieREh report
ﬂ)Qﬁ&v?Pc&kpfeJ.sﬁ&aéyc{}g ftol}e t%‘]egn/ﬁ{ol%ved'ha%n\@'lde t@a@n\ﬂhgghze

range to optimze the number of users sharing t
thannelbbafdwitdt Bigudibranesls| yervarmaowbarsers w1th the

g@gwtaabtﬂ&h {:ﬁ&&l&‘éﬂ“eéa@&& eorg%{ to sgueeé%d&tegoﬁtqusygxd
spectruminto a as narrow o aban as pOSSIbeIn
epderruno sEsdians ea dzotadl schendyandwimt heceffliesi emey fsoptams

!ferg}igji(\)gidnugal J?S’a?gll@fodnatlhe n%/c?ul%ltllo%ha%eéhnlit lulels%at It?lgreby
increasing overall system design, deployment, and

maintenance costs.

Narrowband modulation techniques, such as those
described in U.S. Patent No. 5,930,303, U.S. Patent No.
6,748,022, and U.S. Patent No. 6,445,737, provide an
entirely different approach. Instead of spreading the
signal over a wide bandwidth range to optimize the number
of users sharing the channel bandwidth simultaneously,
narrowband modulation technigues attempt to squeeze the
freguency spectrum into a as narrow of a band as possible
in order to maximize both the bandwidth efficiency for an
individual user and the overall channel utilization for a
large number of users. In the narrowband modulation
techniques described therein, phase reversals occurring
before, in the middle, at the end, or after a bit period

are used to generate a modulated signal having most of
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| arge nunber of users. In the narrowband nodul ation
t echni ques descri bed therein, phase reversals

wo@ewansiey before, in the mddle, at the end, PCT/H$1005/040405

a bit period are used to generate a nodul ated si gha
having nost ofits energy concentrated in a very narrow
peak centered at a carrier frequency. A s nost of the
signal energy is concentrated in the narrow peak,
transm ssion of the nodul ated signal may b
aééoﬁﬁ?F%ﬁeﬂO%&ﬁwﬁ%ﬁ%sﬁi&&i8nVSFY?H%IB%VX%%§$é§¥Feer at
thelehy 5l gniddweanrtly |npravisig diheciandiydéh energy is
ef ficiency for an I ndividual user. Wile achievin
FARER B RCe f ii¢i eheP e UL 30- BB bps/HARSTHSESEOn ©F the

RBkh PxPand s pHEL ahb on et Hes sake MYt tiemission of
practical because they require the use _of a '
speci el afdlog en§sely fsigEdiwethly ro8BFARRY the

bLegyency duned Ly arshunt capasiden. Sueh a filter is

very difficult to inplement in practice due to tuning
i nperfections of the shunt capacitor, irregularities
of t h8h&ksstafhiitied alPa@mpidyed, chhacbierethdl ended?

@ﬁ%?ﬁ%at eg Wit My oSl @iy Rbghrbres stom@naldg are not
cryst al filters. Furthernore, these narrowband
wvediil apraAtieehni brexuss e Mty SIRBEFE bltEStouse of a2

E%Eigy@@é ioterferencesropy wotiperfoimpweld undehant

It error rates, and require higher transm ssion
foweretrhanturadi by opalshpdulcatipehteechniSygls esydhtas is

LR and BRal Bacausho eURLent Ly ayaldable dpdulationing
techni ques have not en able to ‘achi eve hi gh ‘
Bapdwidchiamd poweheefdliwitencimscitivit, e pardorwiragioel oL
%ﬂge.r c\fgyf%fs 1%9@@1{]&%!1 CQU Ilto:Y%@lS’ Qﬁ?adgéﬂgrw &%Ilq,sa%ges
service at reach a | arge runber of users

sisgukl ahedustiyhhaies inpti ngethiggeiprecision analog crystal
filters. Furthermore, these narrowband modulation
technigues are very susceptible to intersymbol
interference, may not perform well under high bit error
rates, and require higher transmission ©power than

traditional modulation techniques such as FSK and BPSK.

Because currently-available modulation techniques
have not been able to achieve high bandwidth and power
efficiencies while performing well under various channel
conditions, broadband wireless services that reach a
large number of users simultaneously have not yet been
fully deployed. Such services should be able to serve
users with voice, data, audio, imagery, and video at high
data rates and low infrastructure costs to service

providers and consumers alike. Such services should also
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fully deployed. Such services should be able to serve
users with voice, data, audio, imgery, and video at

whe@h/oskssa rates and | ow i nfrastructure costs POI/US2005/040405

service providers and consuners alike. Such services
shoul d al sobe able to optim ze the nunber of users
served by better utilization of the allocated

frequency spectrum In view of the foregoing, there is
a need in this art for a digital nodul ation techn'gue
bhatbaehfeveRt Verde Hiltth HAMRA dtfh “éfefrisci5§ﬁéf§dumﬁielo tter
Y1 ohs ichanekheondi bEQNsy - £ iR clS seftrther need
in this art for a highprecision narrowband digital
filter for use in conjunction with a narrowband ,
di gi tH Vbl af i bhet &HRFdBT n tREEBmhini T atFohst ™ thiS
systesm thati qchilevesiuniaghohandvh et huefdii ency ewbenvery
transmtting information through narrowodand

RN RAGBH tEhanFEFd CiTREY e | %50 & afeeSi n £hpgnel
astqfiorerf communi cations systemthat optim zes

bandw dth utilization when providing wreless services
to a | arge nunber of users simultaneously under

vari otRehanfelr coreitsongeed SUVERY: SOF2THE SPRVENTRERP -

brediewof the boreaal nGui @ tganer akijoblectrof thee in
present invention is to provide a digital nodul ation

terhm e hat'1hBhi eves VAHSPHIRGR bandtitrh efrregilahéyn

upders yari opschapnehieopdibt 08Sstdi €A asRBELved NBigh
present invention provides a high-precision narrowband
dendvidth i | eéfifdengge ivheonj GReRFBAt WA a information

9ﬁ£59&@4ﬂQth%Bké|cBHHHE?%éE&bn channels.

There is also a need in this art for a
communications system that optimizes bandwidth
utilization when providing wireless services to a large
number of users simultaneously under various channel

conditions.

SUMMARY OF THE INVENTION

In view of the foregoing, a general object of the
present invention 1s to provide a digital modulation
technique that achieves very high bandwidth efficiency

under various channel conditions.

In one aspect, the present invention provides a
high-precision narrowband digital filter for wuse in
conjunction with a narrowband digital modulation
technique in a communications system that achieves high
bandwidth efficiency when transmitting information

through narrowband communication channels.
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techni que in a conmunications systemthat achieves
hi gh bandw dth efficiency when transmtting

WO ndoensssT on t hr ough narrowband communi cati on PCT/US2005/040405

channel s. I n anot her aspect, the present invention
provi des a communi cations systemthat optim zes
bandwi dth utilization when providing wreless services
to a |large nunber of users sinmultaneously under
vari ous channel conditions. These and ot her aspects of
t he ﬂﬁé§€ﬁﬁh@ﬁVéﬁ%Fﬁﬁ'aﬁ@eaéﬁﬁﬁﬁplSHQHGB§1%R09FHV%QFS a
SN GALILRRS SYSt&nBy and tiekhodsybhati AL pandwidth
characterized by their bandw dth efficiency, high data
 tat lelsz arich ne riiec el Wlait i " prEidi e S STHE 18Tani t®at § ohdrge
SyEt&m and H@&Pgdssﬁﬁuf%e%ru%ﬁnt uhAYENL AN RRAP! BYafinel
novel narrowband digital nodul ation technique in
comjirictiscon with a high-precision digital filter to
achi eve broadband-|i ke services within a narrow
frequency. SRECHEUM, Igge89¥e$fr@ﬂécﬁﬁggé% tdij@itak ion are
nodul ati on techni que of the present invention,
herwimaifthed r dfver p@s@vmla@ umrmwrsw@tws MBHEEaRF onand
J LERIN auge CRERLLSES 2 JPLULD-TOREREO pandwidth
D ation technique that uses abrupt phase changes to
$Eiﬂ$¥&ﬂnyArhmyhr@Ptﬂnaﬁyesyﬁb@l§nhﬂnaeﬁndat@t§dpaClty
n e er N d aty
A S oGt , Sihe "SDrUBe phase ShaRges™™
occantimnd- pup ey B engveéeln hheroitice dfigatdl t mpdriletion

BLLS A | BL cagp nunber, of ol €5 .0, LNE SAIIL T icican
n mplary enbodi nen bi nary synbo

fnlﬁer‘ﬁx)aﬁhheh bm@adepnésbrk&xb@MWﬂmamwMimhégea narrow
g¥ nber of cycles, e.g., n cycles, of a carrier signal,

SRR FF5CEy B es

The novel narrowband digital modulation technigue of
the present invention, hereinafter referred to as Ultra
Spectral Modulation {(“USM”) technique, comprises a
return-to-zero modulation technique that wuses abrupt
phase changes to represent incoming binary symbols in a
modulated signal, herein referred to as a “USM-modulated
signal.” In one embodiment, the abrupt phase changes
occur mid-pulse, i.e., in the middle of a bit period,
after an integer number of cycles of the carrier signal.
In an exemplary embodiment, a binary symbol, e.g., “0” or
w17, 1is represented with an integer number of cycles,
e.g., n cycles, of a carrier signal, of which n/2 cycles
are used at a given phase and the other n/2 cycles are
used at a phase shift, with the abrupt phase shift
occurring mid-pulse. In one embodiment, the USM-

modulated signal has a double-sideband suppressed carrier
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are used at a given phase and the other n/2 cycles are
used at a phase shift, with the abrupt phase shift

W@ewansi3ey m d- pul se. I n one enbodi nent, the PCT/US2005/040405
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USMrodul at ed signal has a doubl e-si deband suppressed
carrier("DSSC') frequency spectrumwth two w de

spectrum si debands and ho carrier. The USM t echni que
represents all the information in the nessage signal

Wi t, g, abrupt phase shifts occurring in the

Uél\/:%rsrégui at éfdg Fohal . FRETGW arith hgeicwlonf JifHt i ofpectrum
cendepedds mtdendessagersi gnal may be recovered by

knowi ng where the phase shifts occur or by preserving

the posjti f the phase shifts dur.i transm ssi,on.

As a r@%%l?,gﬁt rggﬁérﬁ%%@ei oﬁepnﬁlsed]écsac%oln‘pnﬁ%esﬁékfs ation in
t thrsmessadg oidyala wianr avebandupt bPheeIesiCi @S occurring
required f jdentifying the phase shifts, i.e., b

trlgns '%teti %bejo_mofuéa%SEti St 96fLone or Kot h Js?debélllés the
I AinfhemdiSMrodedaiegsi gnal wid hinessR@r r ewghand ey be
frequenci The present invention also provides a

S,
hf g 9Efr€f<§mk>%| SPEaYERY sBPRT St FRat BR8P gFbalt$i PEERL t R&L PY
| prabbeviy preser yestheoposidi onsof phhse phasershi ffising
in a very narrow band of frequencies. Filtering the

USHA S si gndl wit h FRevHigi t AFarsmisgiqiesi gped be

ageebfb NG t he, primeisphiesiand gnbedirents of, the, g of
present invention and described hereinbel ow produces a
f fFEerRFiignaPIW £ ¢ a fornel deesspdiydact Hate apkarat elhyjifts,

i deptifirgs @P§ﬁ§m$@@hﬁ?rHHEprQS%o§@%BEScﬁﬁ %Eg .or both
USM nodul at ed signal occur.”In a preferred enbodi ment,
t hedeP@yidsal 1ni It FEY-bBedwbsiehedibyakeléthiing @ narrow

CERLET of IEANRNGY 3d a bandwi dth

The present invention also provides a high-Q, low-
tolerance sophisticated digital filter that is able to
preserve the positions of the phase shifts in a very
narrow band of frequencies. Filtering the USM-modulated
signal with the digital filter designed according to the
principles and embodiments of the present invention and
described hereinbelow produces a filtered signal with a
time response that accurately identifies where the abrupt

phase shifts in the USM-modulated signal occur.

In a preferred embodiment, the digital filter may be
designed by selecting a center frequency and a bandwidth
based on unique fractal bifurcation patterns occurring on
the frequency spectrum of a USM-modulated signal. The
USM technique of the present invention produces a USM-

modulated signal having a unigue DSSC frequency spectrum
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wa @688t echni que of the present

based on uni que fractal bifurcation patterns occurring
on the frequency spectrum of a USM nodul ated si gnal .
i nvention prpdUUSR0H040405
USMhodul at ed si gnal having a uni que DSSC frequency
spectrunt hat may be nodeled with fractal bifurcation
patterns or a set of fractal primtives. In a
preferred enbodi nent, the fractal bifurcation patterns
are selected so as onlyé a nharrow band of freggeqcm es
3

et rndiiceted. VALY 4Tresatt PLABFFRbAhPa ot io OF

tar %@%m&sgggcggllﬁ@[ﬁrﬁwe@n may be acconplished since
only a narrow band of frequencies of the nmessage

Si gnal may be transmtted at any desired dat
one eX8mgt aPYeEHGH @RI twi rtéTeesgr%%E%ua‘F%gﬁ%%?on
Pettems sand  get fods-1efy t Re pagsesiiy nwentizeroar ebabl e of

to transmt 5 Mops in a very narrow 50 KHz channel
TEATISSFEnNFS o> IS Tt AEed sPgnal &y ibe narrowband

accommliisshed hy: twardRihguest r angm biers anpinaches: {ijce
a fractal -based transmtter filtering approach; and

(@ va & r@%:lfl”aﬁw beesel ¢Hokrapraebicss t¢ n&lhg t feFsage signal
gr%gfr oggh. tra sﬁb@té& a%ttal WSQQSH@@S%EBGF:JH |.teritRg one

oach, high-Q | owtol erance digital filter is
dae@rrgﬂ@@tyb&gléddmemhe Slet e\@tﬁQiﬁfS@f cprfgécgbions systems

ba fdreation i @g %eapgeée data rate qﬁw@g fPLnsmit

transm ssion. e digita ter is used to filter the
USMbmdulnataedesygrmrqud} KiH@ thansed ssi on t hrough a
comruni cations channel. In the fractal -based table

| 00k- up., %@gﬁQEEQm the USM ﬁ@guﬁ@agﬁa@é@na&lg@l may  be
transmtte rough use of a sinple |ook-up tabl
stordnyg- isarpl oy éxrlor acticgef rtéﬁnmet*ﬁmcﬁﬁprm@ﬁ nglof 2

tgkaggg%yﬂ%g%& %Q%%%EQQEQE %hﬁterlng approach; and (Z) a

fractal-based look-up table transmitter approach. In the
fractal-based transmitter filtering approach, the high-Q,
low-tolerance digital filter is designed based on the
selection of a fractal bifurcation index and a given data
rate desired for transmission. The digital filter is
used to filter the USM-modulated signal prior to

transmission through a communications channel.

In the fractal-based table loock-up approach, the
USM-modulated signal is transmitted through use of a
simple look-up table storing samples extracted from the
fractal modeling of +the frequency spectrum of the
filtered USM-modulated signal and used to represent a
binary symbol, e.g., a “0” or a “1.” Transmission of a
binary symbol is accomplished by simply encoding the
symbol into its corresponding samples stored in the look-

up table.
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filtered USM nodul ated signal and used to represent a
bi nary synbol, e.g., a 0" or a "1." Transm ssion of a
is acconplished by sinply encodP@yusives/040405
synbol into its corresponding sanples stored in the

| ookup table. Accordingly, two unique receiver
approaches may be used in conjunction with either one
of the two unique transmtter approaches to recover

t he tr nsm 41 1) a fractal -based receiver

fil terl C%ﬁﬂ dch; Wa?nduéjz%uea Fract'al™ bakRCIpect rafy Pe
essed&ratmr cfcﬁCﬁin\tQ[ioapmlﬂ:&EhelﬂHbﬁ hénd r agt alndased unique
recelver filterin pproach, a receiver filter

dBEF e He G CPsst he FPEeYer bi% ur o edgx Inal :

and) t he reest b edpd daN S Ssi d@l&eﬁ:@h? Ep@}%g@}ﬁ Oand (2)
extract the transmtted _signal. The clock is recovered

apdi tREWP t P PIREs SPEGEK L hB8SEbRRT Verradocier WhirERars. In
theo synchionized wethithe Erapspitd %p%%f@! Areceiver

denodul ator including a correlator,” a phase detector
ahdl e Hedasiigmes oeRCPEditen Ipsedbeo Fredivar tHeurcation

tragsm thedegibonak: 48 thenfractals hased spectral iseq to

estimator receiver approach, a spectral estlnator IS
us¥draer r eecoverandiel Wirebt s af. t hEhe r ahsakt tied recovered

Sérgcﬁ]auseé\ §Qe§ﬂ£§é fc?élgcgk% Ihesa,elﬁf%q tc‘io %l e%tntl'izﬂels then

transmtted frequencies int recovere rum
denmchit atiored neltlditig dﬂ@@ﬁmekaedr81anphaseﬁdekawﬂoﬂator

aﬁgcﬁj exfgleZA OQOPJEﬁ%&ﬁ]S th %a%se%etc%c%ggovgr thedec151on

transm si gna sent inventiroh al'so
pbb@¢ueSsaﬁun1qmedttansava@rﬁﬂezemuesmpbtadlzzgﬂaﬂw
approach suitable for satellite comrunications. The

satel lyte H%%Tg?g§%%%sn%y @c@%?s Y5€tor receiver

hori zont al tica
approach, a spectral estimator is used to recover the

spectrum of the transmitted signal. A spectral selector
is used to select the transmitted frequencies in the
recovered spectrum. A demodulator including a
correlator, a phase detector, and a decision block is

then used to recover the transmitted signal.

The present i1nvention also provides a unique
transmitter/receiver polarization approach suitable for
satellite communications. The satellite communications
system makes use of horizontally polarized and vertically
polarized antennas to transmit and detect USM-modulated
signals. The satellite transmitter includes a signal
generator for adapting a USM-modulated signal for
transmission through the polarized antennas. The
satellite receiver detects the transmitted signal by

means of a spectral estimator or a fractal-based receiver

~14-



10

15

20

25

pol ari zed antennas to transmt and detect
USM nodul ated signals. The satellite transmtter

WO pwbaosE337 a si gnal generator for adapting a  PCT/US2005/040405

USM nodul at ed signal for transm ssion through the

pol ari zed antennas. The satellite receiver detects the
transmtted signal by neans of a spectral estimtor or
a fractal -based receiverfilter, a reference phase |ock
| oop, a spectral selector, and other receiver

EiLERT 1 13y . T SRIaTCEy BBasPy 1 OF hel eafmumi TG 0rs SYSr&EE™”
ang hods Qf; the pregentyinvention enable data rates
exceeding 5 Mops to be delivered through frequency
channel s as narrow as 50 KHz under a vari et

of
channdlvadgridiavsny TH@“tonﬁﬂ%T%%&?%ﬁﬁ9”§ystéﬁ?%ﬁﬁf and

feLhods ofr t he, dr esentenNVEALLANi BRY oPeal e RS ad rates
st andal one network or be |ntegrated into existing

piccepeby syt dfieosat tfer Yol ofled¥EPRERd Estydn | rrequency
agddiLien, oL hg cogpunicabi gps system.and Aeihods ofhahel
presgnt i nventi on enabLe W rel ess service providers to
poodi teotr oadBEn dcwimreliess iges vegaset ol Inggedfurmberthe
Of cUSEL S, 8| M { ANSOUS! ¥, &y, ACCRSS] NGk dhdloht Wddhiozed or
reguency sped%run1t at- may be divided into various
channekgrafed ei ytoaex 0L ven dui tites s BRISEEMBPESCERIVETIYON OV
OF THE W T f or eqai ng 0 '
Pﬁgrg%%gﬁﬁ?SP%?en?ﬁbna%fgﬁiﬁﬁ 3%%%r%%§&ﬂggﬁtqghé Yysten
eadsi geratdsonodf the froldsenkngimetratiiced desbieptvigigless
taken i n conjunction with,the acg¢o i '
PR VR CREPTREST of b7 oRER” L 25T ST T 51 150 1 1 ke 1oes
ﬁ@rtﬁlbhgeughmubr_amdpbeﬂsmhimhltaﬁ%dﬁalxlhysﬁqn%ssing a
el ary, schematic di.agram of, comyentional Lui rel At

into various channels of very narrow bandwidths.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects of the present
invention will be apparent upon consideration of the
following detailed description, taken in conjunction with
the accompanying drawings, in which 1like reference

characters refer to like parts throughout, and in which:

FIG. 1 1s an exemplary schematic diagram of a

conventional wireless communications system;

FIG. 2 is an exemplary diagram of a message signal
and a USM-modulated signal according to the principles

and embodiments of the present invention;
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FIG 2 i s an exenplary diagramof a nessage signal
and a USM nodul at ed signal according t o the
w@einosPBEs and enbodi nents of the present i nvRCIL/USWP5/040405
FIG 3 is an exenplary diagram of a USM nodul at ed
signal and its frequency spectrum according to the
princi ples and enbodi nents of the present invention;
FIG 4 is an exenplary di agram show ng a USMhodul at ed
signal and the filtered USM mydul ated signal filtere
with BI¢i | ferl Uedt gREFREROY dPNGIET t ﬂg g’ri[ﬁ%bf[_ﬂ‘foecgllg?‘rﬁd
enhadi ments oftd herpupsent, i Bpentiron; HGrdids am  the
exénpl ary diagram of a magnified frequency spectrum of
2 TUSM Proeiu| e ETEIogHERN BE cof di MYy RFSERE pRYAREFPPRS and

enbodi nents of the present invention; FIGS. 6A-B are
exenpbacy di agranmsnof ckwessets ofidgratt abhpwimgt iaesisu-
for nmodeling the frequency spectrum of a USM m)ﬂul at ed

giognarted coraPad 124 hehor ifAditpres ARy -8roddPhErt &gt

thepresent,iLAveRti on1tELG désiignan exenBkaiygfrast althe
bifurcation tree generated according to the principles
arvdnehbbeld merd o tReNpF eSEntN e NVERFENGN I "EFEL 18" s an
exenpl ary nodel ed frequency spectrum generated by

addi ngr@, sef ofs fract akeRpidi$ i Wei@emOr dEngat anddieified
princi ples and enbodi nents of the present |invention;
Hlreaueneg apeexepl A ¢ SEREMROVE 28PAg SR ThRF TR THE t°

%%Eeﬁkiggiéie Jﬂdtéﬂbogﬁﬂgﬂkgt@faﬁﬁe%&%%%htfﬁﬁﬁéﬁﬂgyn;
according to a fractal bifurcation tree; FIG 10 is an

exenplary graph of a filter bandw dth sel ected

accor BF g t S Fe PFS nBFPRes? Bhd erBbHFrefts '9ft haets of
RI-8SERt LDYRNLI PN VRS SusR1fihactkak brégisaty ofpdddex of

a USM-modulated signal according to the principles and

embodiments of the present invention;

FIG. 7 1is an exemplary fractal bifurcation tree
generated according to the principles and embodiments of

the present invention;

FIG. 8 1is an exemplary modeled freguency spectrum
generated by adding a set of fractal primitives according
to the ©principles and embodiments of the present

invention;

FIG. 9 is an exemplary schematic diagram showing the
selection of a filter bandwidth and center frequency

according to a fractal bifurcation tree;

FIG. 10 is an exemplary graph of a filter bandwidth

selected according to the principles and embodiments of
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for a given desired data rate; FIG 11 is an exenplary
graph show ng the capacity of a conmunications system

waele®snsisa7 according to the principles and enboPCTESL085/040405

of the present invention versus a fractal bifurcation
index; FIG 12 is an exenplary plot show ng- the
frequency response of a high-Q |ow tolerance,

| i near-phase digital filter designed according to the

principles and enbodi ments of the present_ invention;
F¢¥3PH§5¢%tahﬂ%ﬁﬁﬁﬁﬂ“aWFr§&ﬁeﬁht@€“&@§g?&ﬁ$€ agion ihdex

opmung Gati ops iteanggid tefcSystem using the
ractal -based transmitter filtering approach to
transmt nessage signals_through a connunicggions

chand%V3ac%braFn§nt8xﬁﬁ@lﬁFYn8%ﬁPQsSQHHl%ﬂb PrefPechEY

BEeapr%%%Rhnh@M@ﬂ&ﬁé“TbyEk@ﬁ.1&eéfgdﬁm exeaptaiyg to the
schemati ¢ di agram of a communi cations transnitter

syt @i ngiitthe MPaiBEDBAsed | obke uPdsiine  tnvention

E%@Q&@g ter, appr 9@%91&&15@@{'84%”53339? signal s
through a communi cations channel according to the

princi pl es and enbodi nents of the present |nveq;i%ﬁ; cy
re en

FI G 853§ slaniexemplearirse hEngticé gp&@ﬁﬁﬁigpea

COONMNL LAt § ONSy fBECRY Ve, SYSh eMaUsE NOL Ihes ffactsl hasedl
receiver filtering approach to recover nessage signals
£/ abeni t tded ignrdughe GEESHRINI chPi ofdechaRRelC R ot di ARG

Eeabc'sé?ﬁn&{éygc%%t%i%6@9gsgﬂ@ommi%an t he present

I'nventi on; I's an exenplary plot show ng the
frequency response of a high-CZ | ow tol erance,
ery

| i neafIphade ditgi talt rECEPYEFYTi Ftumaddser FAPBETE Wit h?

EBﬁmﬁﬂf IHH%rﬁ¥§%§%§%ggrasQEQQmChsiﬁbwEK%Eﬁﬁﬁﬂﬁél—based
I'i'near - phase digital transmtter filter designed

aceoswihiget o ﬁﬁétgrim&ipﬁggroach to transmit message

signals through a communications channel according to the

principles and embodiments of the present invention;

FIG. 14 is an exemplary schematic diagram of a
communications transmitter system using the fractal-based
look-up table transmitter approach to ftransmit message
signals through a communications channel according to the

principles and embodiments of the present invention;

FIG. 15 is an exemplary schematic diagram of a
communications receiver system using the fractal-based
receiver filtering approach to recover message signals
transmitted through a communications channel according to

the principles and embodiments of the present invention;

FIG. 16 is an exemplary plot showing the frequency
response of a high-Q, low tolerance, linear-phase digital

receiver filter superimposed with the frequency response
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and enbodi nents of the present invention; FIG 17 is
an exenplary schematic di agram of a denodul ator for

WQIe®6MFI3B7 t he communi cati ons receiver system sSPOIISI005/040405

FIG 15; FIG 18 is an exenplary plot show ng a
reference signal to be used in a matched filter
according to the principles and enbodi nents of the
present invention; FIG 19 are exenplary plots of
signal s generated by a second order Costas deci si,on,
¢Dopaf orhi@eqdm al ¥OMiEALEAETONs r &¢8PFEFPRYSE enfiiottal

acoonding tosihe pradci ples and enbedi fentseohrtiheiples
present 1nvention; FIG™ 20 is an exenplary schematic
giagramddifmea teorfubh e at f ot 68PPELCBY st em usi ng t he
fractal -based spectral estimtor receiver approach to

recovef; Messages siggnakschpansi td@dnbRiougligdgram of a
comuni cati ons channel according to the principles and

ermodlirents 6PIt hespr esdit  ith¢enEPBRUNFIE YT | $eR VST
S%§&Q{§%Mwﬁpﬁgp%ﬁ§nt19f a conmuni cati ons system
desi gnhe

according to the principles of the present
invention; FIG 22 is another exenplary enbodi ment of
a coriii cabi drfs &y sEERTBEEFYn®d ChccHATIY 1B tiFéerence

9£IQ§%p£SSbeL£Q% Resenh o+ Avent F o & Gacddrdisn@ned hene
exenpl ary enbodi nent of a communi cations system
pesih e acost ¢githgdiverhe P itE presest tRESHrEdent
invention; FIG 24 is yet another exenplary embodi nment
of a gpamuné Catd onsegyIshMhesisgngd ActRNd REnkeatbe by
principles of the present invention; ,

a second order Costas decision loop for wuse 1in a
communications receiver system according to the

principles and embodiments of the present invention;

FIG. 20 1is an exemplary schematic diagram of a
communications receiver system using the fractal-based
spectral estimator receiver approach to recover message
signals +transmitted through a communications channel
according to the principles and embodiments of the

present invention;

FIG. 21 is an exemplary embodiment of a
communications system designed according to the

principles of the present invention;

FIG. 22 is another exemplary embodiment of a
communications system designed according to the

principles of the present invention;
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FIG 25 is an exenplary enbodi nent of a satellite
communi cati ons system desi gned according to the
w@rioeosPBESs of the present invention; and Fl G PRBUSR05/040405
yet anot her exenplary enbodi nent of a satellite
comuni cati ons system desi gned according to the
princi ples of the present invention. DETAILED
DESCRI PTI ON OF EMBODI MENTS OF THE | NVENTI ON Ceneral |y,
the present invention provides conmunication s sten§
and netthods2¥ orl s r AHRSE nFSERAPOFREL | GACPHMBEYH ©
0 19ﬁﬁﬁﬂﬁ nmugi jhoon gba $. 1 Bhigon, ta8s  the
ﬂ?@% erelﬁ%%nayggge%ﬁ thg fg$%%of voi ce, dgta, audi o,
progerndevicdesheoprapynot Herentypeiof content conveyed
in an information signal, also referred to as a
nESSQQﬁ3§|9@aH5 T@@t”%%%@Q@rsbgaﬁblEQQVQﬁﬁﬁkﬁment of a
information by neans of binary synbols, with each
symot i driviong oneveEekor edpsidEedes e sligal sto the
BEEOLAING. 10 Lhe present Jduantin are mdul ated prior
0 transm ssion through a conmuni cati ons channel. A
channel, as used herein, may be any communications._ .
chann@lG. i A2l ddi i aS¥FTRER Chapadinerg okapl #2t6L14e
wirel ess,channel s kh.genepal; gimdul aldQn-diefger stbo thge
process by which informationconveyed in the nessage
srgnalpless erfcédedricasantatrVertisingnardt o generate a
nodul ated signal. Typically, the encoding involves
modi fyihg ope jQf ?@fea%%@%t Qidefibil 68 yOferdiiRIiGRAE] &5f a
signal according to the binary synbols mthe nmessage
shgnbl itA eurrirdcagighal SayeDelehlonathl FFEGGRAl taf tac
%gﬁ%i@g%ﬁfﬂ% 0L sexaMphfontd o3 Nusoi dal wave at 100
. modul at ed

signal, as used herein,

a

DETATLED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

Generally, the present invention provides
communication systems and methods for transmitting
information through narrowband communication channels.
Information, as used herein, may be in the form of voice,
data, audio, imagery, video, or any other type of content
conveyed in an information signal, also referred to as a
message signal. The message signal represents
information by means of binary symbols, with each symbol

having one or more bits.

Message signals according to the present invention
are modulated prior to transmission through a
communications channel. A channel, as used herein, may
be any communications channel, including a wired channel,
e.g., cable, or a wireless channel. In general,

modulation refers to the process by which information
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refers to the carrier signal that has been nodified
according to the nessage signal. The nodul ated signa

whaweassrquency spectrum representati on conprPGI/OR0E/640405

frequency conponents. Mdul ated signals according to
the ultra spectrum nodul ation ("USM') technique of the
present invention have frequency spectruns conpri sing
no carrier and two bands or "sidebands" of

frequenci es, one above (the "upper sideband' or "USB'
apav orRe bel o et RESSPERerstRadbadfd etrodqdsp) §hearrisr

carni er hrequencyte Trangmusskan ofi gna of rihecally, the
si debands is referred to as sngle-sideband o
suppi s edntalvdernpdsEamy eransKi $I6n Hmgacteristics
Lranspi ssipn.of chath sidebands is referyied 40s3bols i
dougﬁe-é?ggggﬁdlgﬁépressed ca?rﬁ?r (PDS§C'gy s§hbols in
thansmessgonsidransni 8sicenroer t Bégnddulray elespghaknalog

t hr ough comuni cat] nn ifst be . :
Sedonml PEned By T | %‘?ﬁegrg I e g%aﬁltnélsomal
exteact thd ridtessary foaguerci esionkdcords ngbygd tiegein,

nodul at ed signal  may. he fi e a n Of . 4 ¢
APGFEal 111 EQT AT Ga et hent o haaodt ot eqodiied
stgoadling Hd lther edsbyga sigqredr.phase digital filter as

descri bed hereinbelow. A filter, as used herein, is

any deyvi ce ocess, or_algorithmfor-limting t
spect?%ﬁh d?oég%§%ﬁ$ZI %%?é}lgi5¥ﬁ$ bé%d %#%%Hﬁ%f nci%ﬁ%étrum
Thprbaad:ofidir equengiesing geher alingqueherr edampoasnts.

h andw dth of . the filter. The ba i d t
@HEHE%F6¥LfE+%n?%Fth%cﬁgﬁ "ot ff%qugﬂ§1egﬁgg%ocg ;i
froaul sahsm ssven” pf ‘onshrarquenr ef nodd abedssinignalryenkdon

exanpl e, a channel having a bandwi dth of 100 Mz
8GBPortE HREY r FREM SN GFPoRg BF ¢ caTTer Tand twe

bands or “sidebands” of frequencies, one above (the
“upper sideband” or “USB”) and one below (the “lower
sideband” or “LSB”) the carrier frequency. Transmission
of one of the sidebands is referred to as single-sideband
suppressed-carrier (“SSSC”) transmission and transmission
of both sidebands is referred to as double-sideband

suppressed carrier (“DSSC”) transmission.

Transmission of the modulated signal through a
communications channel may first be accomplished by
filtering the modulated signal to extract the necessary
frequencies. Accordingly, the modulated signal may be
filtered by an analog or digital filter. In one
embodiment, the modulated signal is filtered by a linear-
phase digital filter as described hereinbelow. A filter,
as used herein, is any device, process, or algorithm for

limiting the spectrum of a signal to a given band of
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wo pdobes3a7 down to a bandwi dth of 10 KHz,

nore nodul ated signals within a frequency spectrum of
100 WHz. I1f, for exanple, each nodul ated signal is

channel is able to support the transm ssion of 10,000
such signals. The anobunt of data that can be
transferred in a channel having a given bandwidth is
referred to as the channel's data rate and expressed

in bits per second. The maxi mum data rate supported iﬁ
arepapmeles.or a WicverPand@fdt AreABrse TovelS &rgerat-y

9%?8£r§@%&0%3 assuURRLERNS I Sof efiey red k@ as the
channel capacity and gi ven by the Shannon-Hatl ey

theorem Aspects of the invention further provide fgr
the fFhetBrndobElN nyt oF N depRarRts H%F%J@SngcFa? pand of

?'\:ga{lgﬁl&i@é’] RRL LEeL PSS Off ol act Al sipId ST VES. ofef r@€t @lore
as used herein, is a geonetric object with a _
mefflated | sl userdct ur Ftthat*aEelPs at FPPRBRéEntPIEVHE s@

Bgngagg{ﬂi8@11@@'Mﬁ2fEéﬁgéytspQQMPQHQQEQE%%@gnbﬁfaone or

repeating pattern, in atypically recursive or
mbepanpyel Prot esignalive vispeat Pngrpareesn srgcyem of 100
ferreq to,as tal, pri ol Ve e rs Sl Yos 88 1@ ered
Prﬁéét al%%bi ?8?05 F%Eﬁgét %%ﬁl.ﬂ%&%racet aIS%dlfur casti on °re
patihern ias tangeonetr o 3Bj &z, t raerndyrebechsinhgl catedbd e

nunber of tines,.to at e - Sj.mi |
b8t CEPRS &t H&T%f Flé?%gﬁrﬁpsg%a esosfg?ﬂ(%’gj\yloeq gs(ﬂocf dzgtlraé}nla.%'i'he The
awphar off bibtacatizonsces dgiavenrbyséefradtdn a channel

i furcation index. .Th resent.i nvention e P
g?&ﬂ“ge? Foreth a%%%%‘g%ﬁo ° ared?egrljieaﬁ? %Cf I?%?{Mq Channel’s
thaaswetternandxpecesveribaseds operf rastald.nodéle mgpxgfmun

si debands. A digital filter be. desi d b d
flrget AP B FUPESLFOR Pdéx RRg el Tor 4 gtven Baitawtlich,

noise level, and other channel assumptions is referred to
as the channel capacity and given by the Shannon-Hatley

theorem.

Aspects of the invention further provide for the
fractal modeling of sidebands using fractal bifurcation
patterns or fractal primitives. A fractal, as used
herein, 1s a geometric object with a self-similar
structure that occurs at different levels of
magnification. A fractal can be generated by a repeating
pattern, in a typically recursive or iterative process.
The repeating pattern may be referred to as a fractal
primitive, or simply, as a fractal bifurcation pattern.
A fractal bifurcation pattern is a geometric object that
may be bifurcated a number of times to generate smaller,

self-similar patterns at different scales or Ilevels of

t hen PEEUS2005/040405
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wo ewhnosee. The USM nodul at ed si gnal

a desi _red data rate as descri bed herei nbelow to
transmt a nodul ated signal nodulated with the USM

transmtted by using a fractal -based | ook-up table,
with entries generated according to the fractal

nodel i ng of the sidebands of a USM nodul ated signal .
Different alternative enbodi nents of receivers for
denodul ating the transmtted nodul ated signal and
detcoMer i et engeirgichab L FBseAUgeeRs gifaldidFe Bysg fractal

k?ﬁﬁg&'ab&%nhgkgggbel ow. It wll further be appreciated
a

_ as new and different nodul ation techniques,

filter design approaches, and transmitter and receiver
ci r cdilter y Pace cdéy elopedtseeh ottt i oIt réclhfii ques, “he
fidier design approaches:cand tansghbter andirecebvee:
circuitry may also be accommpdated by the present |
paventérorractalumecg ) Specet abidperndti ot Jigigal filter
FRECLL alo MOl A0 (IS e COMRI S5 A cEEE WAt hOeZ LA
modul aton technique that uses abrupt phase changes in
ahdasir@d Sitgnatate aepiesentbdchdormngbsilasEr FosFFBersit
The ab t, phase .ch C ' I B ;A Th
R A o T
oyehesddfatidie cianrsdlemssi grladq loe atramshittdsoundarying na
n_exenpl ary enbodi nent, hi nary. .symhol,, .e.0. Q"
e s oot T ¢ FBA ST nt Gy munBGr LF cyerag 22k
gcfordinELYed eshe of ractar riedebimgnadf bdhewhidhbaids of a

cycles are used at .a give hase d the.other n/2

Eytresedid le dieh priCerdntiy, e anmpetnenes
phasecshi-étsogeur rddigdui s prfsehelherareduitatdd reglizépd
signal is referred to herein as .th_ei " USM nodul at e

signal and recovering the original message signdl are
also described Thereinbelow. It will further be
appreciated that as new and different modulation
techniques, filter design approaches, and transmitter and
receliver clrcuitry are developed such modulation
techniques, filter design approaches, and transmitter and

receiver circuitry may also be accommodated by the

present invention.
I. Ultra Spectral Modulation

Ultra Spectral Modulation (“uUsSM”) comprises a
return-to-zero modulation technigque that wuses abrupt
phase changes in a carrier signal to represent incoming
binary symbols. The abrupt phase changes occur mid-
pulse, i.e., 1in the middle of a bit period, after an
integer number of cycles of the carrier signal, or at a
bit boundary. In an exemplary embodiment, a binary

symbol, e.g., “0” or “1”, is represented with an integer

may al So PET/US2005/040405
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signal ." Referring to FIG 2 , an exenplary schenatic
di agram of a nessage signal and a USM nodul ated si gna

W@ewensi3sy to the principles and enbodi ments OPCT/H82005/040405

present invention is described. Message signal 200 is

a signal represented by the follow ng binary sequence:
"010010." Message signal 200 is nodul ated using the
USM t echni que of the present invention into a
sinusoi dal carrier having a given carrier,frequencx,
whied |91 1 egas@ -Ps - f BUFYEYRF esChet GRAEEWSdORA: Fort
$%§g@|572léyé%§§“§¥% &%&kﬁ%ﬁﬁtﬂfgiﬁ%n5¢mgb% Bihty kast Sther
one second,” then the carrier frequency would be 4 Hz,
n/e. cytleycles iyswheateeomiiasal t¥Hdti velth f thpe abrupt

éggééeghifgqgﬁgg%%%§?Sﬁidgémlg@y e*ﬁgph%duggt@hhcaérier

arrier signa our cycles per pulse-width or
Bognakycles pererpiad woel dhpesiht & athfat 8 FBtEcshigted
Nbﬁs. Using USM to nodul ate nessage signal 200 with a
Ef_ﬁ%%idal carrier having a carrier frequency at | east
twice of the data rate produces nodul ated signal 205.
Modul ¢ ek siignaio 20831 2/a & nerselielad - e itgg diagram
abrupt phase shifls every ghd-pubsescdkpdh i iscorain
g
represented w wo si nusol dal patterns, a "data bit"
patt ehn | astinngpfies t hedfi egbodamgénbs thé pihse- wrgshnt
e.qg., for the first, t c f % ar ki et ~
Frdatieroy, | andacThatdin ofEe T2af: st Eat 0 g ror rene!
sepoagehadd bf thepulséowidthbimagy, degruenive:| a¥ilCOW8 - "
cycles of ,the c ier fr ency. A.dat It t .
FF= a0 v bl napy axgreo drged g Sg WepE e ique
phasget paésdst l8vadegpeednanay blonsdhéal carrier having
a given carrier frequency, which in this case 1is four
cycles per pulse-width. For example, 1f a pulse
representing a single bit lasts one second, then the
carrier frequency would be 4 Hz, i.e., 4 cycles in one
second. Alternative, if the carrier frequency is set at,
for example, 20 MHz, a carrier signal with four cycles
per pulse-width or four cycles per bit would result in a

data rate of 5 Mbps.

Using USM to modulate message signal 200 with a
sinusoidal carrier having a carrier frequency at least
twice of the data rate produces modulated signal 205.
Modulated signal 205 is a sinusoidal wave having abrupt
phase shifts every mid-pulse. Each bit is represented
with two sinusoidal patterns, a “data bit” pattern
lasting for the first half of the pulse-width, e.g., for
the first two cycles of the carrier frequency, and a

“datum bit” pattern lasting for the second half of the



10

15

20

25

phase of the datumbit pattern. Additionally, a data
bit pattern for a given binary digit has a phase that

W0 2006@88538Egr ees away fromthe phase of the datBCDUS2005/040405

pattern of the other binary digit. For exanple, as
illustrated, a data bit pattern for a 0" bit has a
phase of g while the datumbit pattern for the "0" bit
has a phase of q - p . Conversely, a data bit pattern
for a "1" bit has phase of g - p while the datum bjt
prat 3T Sy Ehe - 1f05| Ehpakast p%ecyéfle& ofThESnERAT LT
%@i cﬁ/lstlc of the USM technique lies in the abrupt
e shifts occurring md-pul se. The abrupt phase

shlfts may be vi ewed as anot her | ayer of p %
reversadataceil r PRG-I t BPF of ©7F %A1t PORAFY BPSRIL: ©-9--

apdul ation techpi guese E%Whé:rlS@ha@&gﬁEsﬂa‘i«za@CCflﬁbm the

only at the bit transitions, i.e., at the edge of each
plud s .o Havienglatha @atuﬁﬁbtﬁrpatt@ﬁ%lﬁlr?g@rltléfd ion dahghbit

gﬂg%«geeme%é%cedfs A S8t UEARL9- 280 MLyl athionsd eqhid que 180°

requency spectrim i.e., W thout energy
flagtdms cavay efréregbencpasas ofesdrd btk e &t npalk o™ | o1

%hom F Hglqg£it ?le’py O@’%rSQxalﬂSge' natshgl@ﬁtst‘i:'é'@éd a

e carrier si carrier frequency, and phase
M@t&&@lmmﬂ&m@ul at eod signaksacootabdengpft ® twﬂuelEJSNhe
technique may all be selected as desired. Further
shouh dobe Ddersr ootk byhoned skpiF edRs na t RBaag t Of g

\Aﬁrelvg‘ el'ﬂ%} @aé%asmltt SparE@érkﬁe @f B +h~ bidegrees, phase

i“dany hase valUe between 0 and 180 degr ees.
bt shouhdwﬁis@ blee undems toiad dyttene Shirl ked rmit’heiar has
that the phase of the data bit pattern for the 0" bit
raphdee sol éct ed as desired, with the corresponding
data bit

The main characteristic of the USM technique lies in
the abrupt phase shifts occurring mid-pulse. The abrupt
phase shifts may be viewed as another layer of phase
reversals occurring on top of traditional BPSK modulation
techniques, in which phase shifts occur only at the bit
transitions, i.e., at the edge of each pulse. Having the
datum bit pattern inserted 1in each pulse ensures a
return-to-zero modulation technique with a DSSC frequency
spectrum, i.e., without energy in the carrier frequency,

as described hereinbelow.

It should be understood by one skilled in the art
that the carrier signal, carrier frequency, and phase
values used to modulate a signal according to the USM
technique may all be selected as desired. Further, it

should be understood by one skilled in the art that the

abrupt phase shifts may be of m +/- ¢ degrees, where @ is
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pattern for the 1" bit being a phase shift away. The
use of the USM technique results in a DSSC nodul at ed

W@ e@nabs3bavi ng a frequency spectrum cont ai ni NngPCTOS20081@10405

spect rum si debands and no carrier. Referring now to
FIG 3, an exenplary schematic diagram of a
USMhodul at ed signal and its frequency spectrum
according to the principles and enbodi nents of the
present invention are described. Mdul ated sig

| 300
#BY r BprESefEédemiehEePPedlieRty &89m4?QE?eFrequgﬁc§§0uld

§P§§tEQUR%%%rsEB@QU%QC%nﬁpegkiyﬂéﬁoﬁnh&&etWﬂﬁﬂﬁ&ﬁht the
symetri c sidebands, "upper sideband 310 and | ower

shaeband 315, WichOaF e peédpant AR yiibovl” arft et P©
88%&&@<j{%%§38§£%m§§g t+20 Miz. ddppespshdehandia3t0 bit

ext ends ile lower sideband 320 extends to
pOtMHzy fdrertdlsy “iéshitipglin a AISHENBHEL At @U2%i gnal
bandw dth of 20 MHz. Since the sidebands are

symetyd c,,bransmigsi ofs@f ethigi.debandsi dss net a Dpssc

required. A nmessage signal may be USM nodul ated and .
nednsatied edianal SSSCLRYsBerfr SWENCYs SAAARSHI 118G Wl ERY
a,51 nale %k>%&%ﬂﬂ'éﬂ@@%ﬁ%ﬁs_Shﬂ?enéh@a%@%@fQChﬁ&ﬁ@%ring
representsall the information mthe nessage signa
wbthtbh&Iabr Gpt sphasensfiefys sebeupEiagCiadtpe of a USM-

Us dul at ed_ s ,oal i r [ c
R eLeg o el A e one e o
the phaseiphéft sndcembodinbytpr egethienPaerenposinvieans on

of the phase ,shifts. durin m $Si Ot [ ' -
the €ﬁ§§§l§ﬁ9ftsD%%%gfﬁﬁﬁg,é{ﬂgg%r$%?ngf Eggggsgntéé o
shgnal rieafudbernecoveanech Foy ex@npiwsnas i Bbastrat ed 308 -

ety STO LR oL T BRSSO 4 sicenancs
peskti ansidfarichesphas@dshidétsr sideband 315, which are
respectively above and below carrier frequency 320 at 20
MHz. Upper sideband 310 extends to 30 MHz, while lower
sideband 320 extends to 10 MHz, thereby resulting in a

USM-modulated signal bandwidth of 20 MHz.

Since the sidebands are symmetric, transmission of
both sidebands is not required. A message signal may be
USM-modulated and transmitted in a SSSC system, that is,
transmitted with a single sideband. However, since the
USM technique represents all the information in the
message signal with the abrupt phase shifts occurring in
the USM-modulated signal, all the information conveyed in
the message signal may be recovered by knowing where the
phase shifts occur or by preserving the positions of the
phase shifts during transmission. That is, if the phase

shifts are known, the original message signal can be
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every md-pul se, and the occurrence of a phase shift
at the beginning of a pulse when there is continuity

WO pooblss3pi t pattern conveys enough i nformati onP¢DUSH05/040405

receiver to be able to recover the original nessage
signal. As a result, transm ssion nay be acconplished
by transmtting only a narrow band of frequencies
required for identifying the phase shifts, i.e., by
transmtting only a portion of one or bot side? ds
TR 2gSMDdBPaL et EIRFal Wt hi-ht &S et rSw band 2?

fleaugncigs. ifhe:HSM sl abed wignabnmaydt heref oseghel
filtered with a very 'sharp narrowband filter as ,
descrsidsedisheicei hbed olv Ehat PpresetvesCt he &bPlipt® pillst™*
éﬁ%%}s?iéL e USMmdul it edesianalccanse ad t gAY eshife at
other frequency conponents. Because the phase shifts
wre driupting of. 2 quele ivignattherce Wi 9T&A P iRedi At Bhe
change in. ph h en shifbci BnPRaseal Seces t
?%?I%%%%ék#ﬂéﬁﬁﬁ?ﬂﬁ éﬁglectghnfsidebgnds tﬁateﬁgiv%é ?
Beé | delreedt coutecbyea hlae r owbaieh )f inlesepdassdese+i bed
her ei nbel ow to produce a filtered USMrodul at ed signa
t hat s pp,and down, according, 1o the phaseshidds. by
The #%ﬁg?ngydi ad down I n the f?l?ered Uswﬁﬁ%dulated
stgmatititsira resul ta ohatrhewr bepfnofo-Zedsegsips required
echni redng t kG 44, can g1 o} IR-Y MV
o A o g O LR i ei s gnsl and the. iceing
$hl¢ ermedpSMdubét eshesi gmalbdtl t erdeoaidsh anf jtiser USM-
desi gned, accordi ng .to.the principl d, embodimeRtScs.
%?glf:ﬁ%ep(% esséﬁ?# n\%eltr??lllgln Ts nélggf%?i g§ea . U%%/L moddl at ed
BhenasM-400H sl freldt eredadutabythe rafvevdend flitered woth a

g?fga : gjL%g%€§&é§%§nggﬂkg£eQﬂ§i%@%%r%géd Fg%einbelow

that preserves the abrupt phase shifts 1in the USM-

2]

~r

modulated signal and attenuates the other frequency
components. Because the phase shifts are abrupt, i.e.,
occurring at once with an immediate change in phase, the
sudden shift in phase is reflected in the wide spectrum
sidebands that may be filtered out by a narrowband filter
as described hereinbelow to produce a filtered USM-
modulated signal that ramps up and down according to the
phase shifts. The ramping up and down in the filtered
UsM-modulated signal is a result of the return-to-zero

USM technique.

Referring now to FIG. 4, an exemplary diagram
showing a USM-modulated signal and the filtered USM-
modulated signal filtered with a filter designed
according to the principles and embodiments of the

present invention is described. USM-modulated signal 400
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used to generate filtered USM nodul ated signal 405 has
a given center frequency and a given bandw dth that

wowene/0sBBect ed by sinulation to produce the deBCT/ES2005/040405

result of accurately preserving the abrupt phase
shifts in the USMwdul ated signal within a band as
narrow as possi ble. A s described hereinbel ow, the
center frequency and bandw dth of the narrowband

filter may be sel ected based on fractal nodeling of
ihe FirldquescyospechY um o AISHKRBALI aszjdt%l? gﬁgl g@@?rate

0j N9 S0 1RNEHLES 1808V 8DgABT €1 @CCUrBatee ddddcebbRg filter
process, that is, an even nore accurate positioni ng of
as a

tived abe upenpiidse SHitaue ot FPAY LR ReUskhBtt af &
(gi\g&‘?l 400 ¢ A%é%/{qﬁé’ﬁ&% ated, -abfuRin Phasey st tehat were

cecurring in | nmodul at ed si ghal 400 deternine peaks
orlaaiddylsy | aifilawred USMPredidat Bee silgrareA05eswht cAT
r anps_.up, and .acc [ t rypteRhage -
A S P e
S T atiethadi gnahid08 besdlas narzpwesk AogstPleer eds

yEM mdul ated ,94,a0al, 40R-WALLE. ADEURL, ANAS S aNiLhaflach

_ “ated srgnal results in avalley in
$E | ties eda tiSMmdulfafied rsingpabe 405l edted Hondad o fractal

under st ood by one illed in the art th t
Aary nd’ ilt?’eer %setquk?remgar %?%??@ﬁ%ho%%en Ulgﬁ/l_cr)nro (Ielrlattce)d
acgus At elow .captogiedt heopasidures ofnt kegphasershisccsirpfie
t he USM nodul at ed signal. As descri bed herei nbel W, itt
Wi+ FeBE Ap P it t © t e narfowband fiTrer mist be -
éogig{bh&nd 03 t%{@g@m@t w:]w -phiase fddduerinigt hna USM-
very sharp passband, very sharp transition bands, and
pefylakad poleghdfds . In one enbodinent, thefilter is
desi gned to have a passband ripple of no nore

As illustrated, abrupt phase shifts occurring in

USM-modulated signal 400 determine peaks or valleys in
filtered USM-modulated signal 405, which ramps up and
down according to the abrupt phase shifts. For example,
abrupt phase shift 410 in USM-modulated signal 400
results in a peak in filtered USM-modulated signal 405
while abrupt phase shift 415 in USM-modulated signal 400
results in a valley in filtered USM-modulated signal 405.

Tt should be understood by one skilled in the art
that the narrowband filter must be carefully chosen in
order to accurately capture the position of the phase
shifts in the USM-modulated signal. As described
hereinbelow, it will be appreciated that the narrowband
filter must be a high-Q, low tolerance, linear-phase
filter with a very sharp passband, very sharp transition

pbands, and very sharp stopbands. In one embodiment, the

—-27 -
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than 0.1 dB and a uniform stopband attenuation of at
| east 60 dB. Such a filter is designed based on

wo ea@esd33Todel i ng of the frequency spectrum of PEI/US2005/040405

USM nodul at ed signal. Mdulating a signal with the USM
techni que of the present invention produces a

USM nodul at ed si gnal havi ng a uni que DSSC frequency
spectrum The unique feature of the frequency spectrum
is that the abrupt phase shifts occurring md-pul se
Fekift i d9USBaHst? AV hay eP7 2Pt ngt el -%fnﬁl? afere

tpak ldeesnihal gRYrbE Medebsdnasifgehuaciah of at
ifurcation patterns or fractal primtives . Referringl

hrows't o6FIdB- 5 Suah exErpier ySscifétaried dPagramlof “a<"
rg%g%ﬂr%}qido£ re léen§¥e§19§§$§ U%QétﬁuﬂﬁjSM'ﬂTDQmU%Miﬂlo%{hgaabd

( g to the principles and enbodi ments of the
present invention is described. Frequency spectrum 500
has two mai n sidebands that are symetric around the

cartlElaLedugney. < The. sYMIBRrLnel Ude sidebapds o5 the
reflected in the self-simlar patterns Al-A2, Bl-B2,
pnes €1t ChveTtidse selddusie |2ar Pattosins tafe ShgRetedaving
W th. frac PEL LA fd Ves, escri hed herehabekbawurands
%i&n%%ughgﬁgélé%t1%%K§?Eg%§g%tef frequenég and a r_
thét Erebaemwy dshefbrunhé snahedwbard fbreef BhRagpe shifts

rgérePJ?r%gl nvention Jd 1. Fractal ir@bdghhggaﬁcﬁs Si dgbandsave
e selrt=sIm I patterns present I n frequency
speest Uy 500 fskowd lem Bpectfahayinrs ndudl @gvusiengiegeled

set_of _fr ctal.ggfur ation ns. ok _fr.agct T

B i L FURE i e g ROw oL BT . CBA B erepl 47y
Elﬁagfam;g of ot wosetFsGof 5 r act adxeuudlrrtyi \esshefort ivoddlsiorgm
tofe ar?n %EQ%Xed frequency spectrum of a USM-modulated
signal according to the principles and embodiments of the

present invention is described.

Frequency spectrum 500 has two main sidebands that
are symmetric around the carrier frequency. The symmetry
of +the sidebands 1s reflected in the self-similar
patterns Al-A2, Bl-B2, and Cl1-C2. These self-similar
patterns are modeled with fractal primitives, as
described hereinbelow, and aid in the selection of a
center frequency and a filter Dbandwidth for the

narrowband filter of the present invention.
II. Fractal Modeling of Sidebands

The self-similar patterns present in frequency
spectrum 500 shown in FIG. 5 may be modeled using a set
of fractal bifurcation patterns or fractal primitives.

Referring now to FIGS. 6A-B, exemplary diagrams of two
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spectrum of a USM nodul ated signal according to the
princi ples and enbodi nents of the present invention

bifurcating fractal primtive with a trapezoi dal

shape. Fractal primtive 614 in FIG 6Bis a

bi furcating fractal primtive with an arch-1i ke shape.

Fractal primtives 600 and 614 may be generated by any

fractal pattern generator capable of .generatin
Generargrs"y

F9ect 8 s, FIRGER LasP v HP I ol St r 52t al™g 8¢n

ég!HHt%f{?cm ed as seifwWRI®i QUi Nesgn&Dr examlieg atdbitee
Mandel brot fractal pattern generator as,i Ierrent ed

H’rﬂ—ftCI‘ilé’l&lSt Ak FETRAFE (SN Sor° Vet F bR E iy S Hay HES sty t 7°

generate frackal patt effisitBoth tpactah prign tickesi600a
and 614 have two symmetric bifurcations, an |nner

i Funrasdtingn famdtad ovtier Biveurddii of, ttrﬁ%?z%@a%esmpe
Etltjaréc]ﬁaf]T %ﬁnﬁfcﬁ%egﬂaolgeﬁ% at g addi 1 | o8l chith ugcatiens1

ent scal es, resolutions, or |levels of detail.
Fihienii fuer cattilonapr combs 164A SR adkoughtTaFtah Paffs toFes

;fragtal, bi %n%rcaﬁégrhr [88ceaWidh each f@/@galofpglagern

ree represen er ent scal e, Fesol uti on, oOr
devetatofr depablle mﬁegeoerabinq h‘éretcrteaelsoorsrdéép@ﬁdéfaf-’éous

he origin fract al ve ct
)%:) ?ﬁzijl ep%o i FP@IQ%%S\{%%H%% l?m%?%%?tl%% Gfgfltﬁare
f(bl];ﬁ;lr&& At Feachesaisegueat Mogvel ¢n thedétlaeetal fractal
i furcation tree, eac i furca |on n t n M
BT D P aCEaP P TR IV et KOS (RS Sphar 3%e o
184 ¥ LA Yr@a pod tisse0r ity nahengté rﬂ:crstcaialprplc‘zlrtnttEirxzef except

t hat it is at a |lower scale or higher resolution. Each

OUter fL”éigdé% primitives 600 and 614 Thave two

symmetric bifurcations, an inner bifurcation and an outer
bifurcation, that may be further bifurcated to generate
additional bifurcations at different scales, resolutions,
or levels of detail. The Dbifurcation process can be
thought of in terms of a “fractal bifurcation tree,” with
each level of the tree representing a different scale,
resolution, or level of detail. The root of the tree
corresponds to the original fractal primitive, e.g.,
fractal primitive 600 in FIG. 6A or fractal primitive 614
in FIG. 6B.

At each subsequent level in the fractal bifurcation
tree, each bifurcation generates an additional fractal
primitive that has the exact same structure as its
originating fractal primitive, except that it is at a
lower scale or higher resolution. Each outer bifurcation

in the new fractal primitive 1s centered at the outer

-29-—

primtive 600 in FIG B&I/US2085/040405



10

15

20

25

30

whedoansast ng fractal

in the new fractal primtive is centered at the
out eredges of its previous bifurcation. For exanple,

primtives 602 and 604, with the sane structure as
fractal primtive 600 and with the outer bifurcations
of fractal primtives 602 and 604 centered at the

out er edges of fractal primtive 600. Simlarly,

bi furcating fractal primtive 614 generates fractal
PRUH t | 9Bs B6E6 amdeBi8USwi PATEREAEAME st ru&Pdr e S¥8mPLe,

oj%ﬁ?fcaalt g{g' mive 614 andiwith t heeoutehekiakdscatiransal

ract primtives 616 and 618 centered at the
puimitictges 6@F2 f pagt abO%i f idht | GRhe612aMEactrructure  as

.ijgﬁ{aclatﬂ@ﬂnlsg ' ) d ndexed pw tﬁearbdt@ztregﬁrf’urrc%ft?&ﬁgd of

erein as "fractal bifurcation index.
fractal blrflmm:atfﬁsn G02dexnd ndildat esndeSscalke, tfll%v@IU’Cer

%f:l%gset% | eacﬁtgfpggl}%EF{rg %66 fr a§lt llaqllfé/ur qgfquaatlng

scalé or Tevel in the fract
brfutrcat ponmi t eee tdidr egea"reerathSf r écaclalpr ppimivieses 616

wher i s. the fractal | ' .1 Eor. | e,

S %%l’enojt fife 586t Sor s% % %? th%g&%grlac%(%mq)ﬁ% 814
bhﬁum:tat i e tcneaeamlct:]fumbagwab bfattacttaplr i o itni gy eB00 16
FI.G 6A) and 614 (FlI . N=1 ther are t
%cht 3& prﬁ’ﬁ“ttle\?@g 6%22@? atoﬁﬁ 62 4G Gfg-GfgaaC}@l
Fl&ur&fi dNa= 2, there are four fractal

bi furcations, 606-612 at FIG 6A and 620-626 at FI G

6B. ferrjin to FIG I fract

bi f ur'tht ohl?}l Sherer aFed accor(f? oﬁ{ e Sfﬁl nlglltp 65’

aeﬂeefémdicﬂeme&edfn the phese‘rftralcm\aénthicﬂmmcatdescru%@k
|on tree 700 is shown at ,a dept.h or

Fr act al t
FhacERrcrat LbEahs i fdhe s h 2R AERLA O eve)

of detail, or depth within the fractal bifurcation tree.
At each scale or level in the fractal bifurcation tree,
there are 2" fractal primitives, where N 1is the fractal
bifurcation index. For example, N = 0 denotes the root
or start of the fractal bifurcation tree with original
fractal primitives 600 (FIG. 6A) and 614 (FIG. 6B). At N
= 1, there are two fractal primitives, 602-604 at FIG. 6A
and 616-618 at FIG. 6B. At N = 2, there are four fractal
bifurcations, 606-612 at FIG. 6A and 620-626 at FIG. 6B.

Referring now to FIG. 7, an exemplary fractal
bifurcation tree generated according to the principles
and embodiments of the present invention is described.
Fractal bifurcation tree 700 is shown at a depth or
fractal bifurcation index of 5, i.e., at 5 different
scales or levels of detail. Fach vertical 1line beyond

the tree root corresponds to one fractal primitive

._.30_.
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w@eooriosizsegener ated of f fract al

scales or levels of detail. Each vertical |ine beyond
the tree root corresponds to one fractal

| evel of the tree, twice the fractal primtives in the

previous level, i.e., 2N fractal primtives, are
generated. For exanple, at N =1, there are two
fractal primtives, i.e., fractal primtives 710-715.

At N= 2, there are four fractal primtives, i
Fermotedlccpra il t fvest2opr IBELivg WY @tap?ﬁ%bué?%%l of

%ﬁ@tgﬁégh E&%CEaQHQWfPééﬂé% Gahibe it RQuUa oheaprbwlous

si debands around a particul ar frequency. For exanple
feadtali prim 2 vérmlcwij@ﬁmmfghtar@f eIy For

?i%f%%} rmdeJE a{‘fepﬁese{ﬁi@lté Ogr-f %Jbe gL 4epands, Qhidives,

Sdul si gndl requency spectrum
i hat, nﬁra:tﬁbsptmx‘es&%l”é@ﬁrlfappr@m Natest hehere are

i deb nds of a USM m)dul at.ed be-n_
Qffer 4F 8GRy diAgTA St of f?gcﬁlg%c%?ly ?%gé%efs 720

ugfferent levels of detail. Fractal primtives, such
as fractal prinmtives 600 (FIG 6A) and 614 (FIG 6B),

can use ltBen%%EFe%h§#£&egHEECXaéﬂe%EEQQEQfp%lmltlve

USM riodul at ed”Si rst selecting a desired
gedebt nghacgutacy, ds etyo seléebamds hanoehdse thpeticular

del ed freq Icy_s tru shou
?%Cﬁi?é}?é’y spc'\ét%cru 2hiy Cl erm%?ng%%ggwgsg@gg:%%{ be

bhéugroationad n@IeXefﬁqmm@hnl taicichl evprelsendesiipedof the
accur ac The nopdel e enc spectyum may

@éﬁ%k?ad}%% By aa&{ﬁwﬁg‘ngflﬁ gg cf‘%l P urz'g:a |%ﬁlse&atr}er%|%a%ncy
Leved sunof e rfuﬁ%t@ioslmfwrmemasr@e sRefrerrimagenonhe
to FIG 8 , an exenbpl ngdl

sidebands of &&l 8 signal may therefore bDe

generated by using a set of fractal primitives at

different levels of detail.

Fractal primitives, such as fractal primitives 600
(FIG. 6A) and 614 (FIG. 6B), can be used to model the
frequency spectrum of a USM-modulated signal by first
selecting a desired modeling accuracy, i.e., selecting
how close the modeled frequency spectrum should be to the
original frequency spectrum, and determining a
corresponding bifurcation index required to achieve the
desired accuracy. The modeled frequency spectrum may
then be generated by adding all fractal bifurcations at

all levels of the fractal bifurcation tree.

Referring now to FIG. 8, an exemplary modeled
frequency spectrum generated by adding a set of fractal
primitives according to the principles and embodiments of

the present invention is described. Modeled frequency

_.31_.
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frequency spectrum generated by adding a set of
fractal primtives according to the principles and

Model ed frequencyspectrum 800 was generated by addi ng,
at each frequency, a set of fractal bifurcations at a
fractal bifurcation index of N=6 . As it can be seen
fromthe figure, the higher the fractal bifurcation

index used to generate a nodel ed frequency spectrum
sPRC ghet 08 el ¥ SRR and 2920 0 ST %/a&%} HgF equency,

?p%%ttr ung of 1 be, USM podul atsds signal shetrndedethrcation
Frequency spectrumwould be. It should be understood
bydeneo§kN| Fed-i nPshétaran gt seént dFiCHy Hive Tggep, the

gi%#%fa‘chQ”%rQEtM agt al, PLi M | VeS8t uBedi ¥8N gbheBate a
epth at the outer edges of the fractal primtives at
hbee pravi vesidnae sgepthusnsiheshigRar thee fiegdugdon and

requency_spect ' urn-to-z iy I I
SR =RECL AT L8] Ve s o gt
shgnaddelsetl freqyeneyateetSMmodullat é¢-si gnal 300 shown

in FIG 3 and at the lower and upper limts of the

USM ul si.gna| dwidt by il 10y and 30
vy T sAbfa o ben ey %’bgi By, ot Rt o i tii
beaapprecitatrédgt hatheusi mgeer f r gefarcaifentat Pén threetal

to.nodel the fre y ct of a
g?"brﬁ%ffl‘ﬁ%%/ %E} Fh%ﬁ&%& 0 z%s CEI V|hdi(_jntgl t %Agggg\%m tgt%%egf ot

Blge ﬂS%}m]JI@Jaireiotjsziegnalt ithieo 2RV bdfisir caes ol tITHasures
ul at, si gnal_havi f
Lol modul ated signal having opdelad, freauency, spacliiup,

| Mt requency spectrum
500t8hovBri e Fl Gednanay ,f iil.ter edOvHiih fodi gh¢ asifudaiciel

havi ng a given center frequenc a given dwi_dt
Rat: rég%\f‘ ct'@d béosgﬁﬁ?ﬁﬁ%n@g—mogﬂﬁedmﬂdﬂﬂ Boo
shown in FIG. 3, and at the lower and upper limits of the

USM-modulated signal bandwidth, i.e., at 10 and 30 MHz.
III. Fractal-Based Digital Filter Design

It will be appreciated that wusing a fractal
bifurcation tree to model the frequency spectrum of a
UsM-modulated signal may be thought of as dividing the
bandwidth of the USM-modulated signal into 2N
bifurcations. The USM-modulated signal having modeled
frequency spectrum 800 shown in FIG. 8 and magnified
frequency spectrum 500 shown in FIG. 5 was filtered with
a digital filter having a given center frequency and a
given bandwidth that were selected by simulation to
produce the desired result of accurately preserving the
abrupt phase shifts in the USM-modulated signal within a
band as narrow band as possible. However, since the

frequency spectrum of the USM-modulated signal may be

_32_
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produce the desired result of accurately preserving
t he abrupt phase shifts in the USM nodul at ed si gnal

since the frequency spectrum of the USM nodul at ed
signal may benodeled with the fractal bifurcations as
descri bed herei nabove, a higher-precision digital
filter may be designed based on the fractal

bi furcations required to achieve the return-to-zero

et lant erv st cstist  theadhaequetidy rspédoram 6f t RgScribed

NSM mdul at ed_signale - -Reterkipg noW k@ 1Fl € 10ex @By be
eXenplary schematic di agram showi ng the sel ection of a
dé4 tmrechahdvidt hnandieceht eetdy egubneya bkdst dF gt h t°
fractal bifurcati tree i.s.de j ) kgni ng the
%?%%%Vci I Svfnvgt o%értg%g e tEjalrZ r g&baﬁ%{éd%gﬁtegll%? illg? er tig

Pregesnvey tdrecaboupt £ phlas eUghinfadsi lietegd BSHRabdul at ed

signal, e.g., USM nodul ated signal 400 shown in FIG 4

. starls with the realizationgthal, theehbl58f schematic
band\?\%ed]f%&r%g& bggvéele%ct ed as the nar rlosv %an W olst_chem
deegheth t showtled the Seequehey sheet fahter tRedwidth and
USM nodul at ed signal_w.th the fractal prdtiNvesonas
FFIUst rg %%u?%cyd%a%ogﬁlégo.&rha{ sﬂ%ar "ow bandwi dih is a
fsactieenrdbed he toDakibandwi deh ofighhe, USMowodoargance

signal.. The fractjon. the to handwi gt h_i iV
%?79¥%‘%b%?€i g?%htab]lf ?ﬁng?Fegcﬁe c@ésspect\r,\‘lCJlﬁlnéoiabt§ﬁgJC phase
USMeedulmat ed siMnaldulntte2Nsforect al epoi. ni tTegodPRated

is, the ndwi dt h, of e filter, .denated herej -
Wahﬁggesgﬂwlécf%d Fggi véHerSga i swjtt%e LJtl“oet a%&lméatlon
bagdwi-dth fafi - he bLSH ot atedbsi geakcand Msi $hehearrow

Lractal bl furcati on [ndex. Jhe £oal andudiD.of okhene

USM-modulated signal with the fractal primitives, as

illustrated in diagram 900.

This narrow bandwidth is a fraction of the total
bandwidth of the USM-modulated signal. The fraction of
the total bandwidth 1is given by the division of the
frequency spectrum of the USM-modulated signal into 28
fractal primitives. That is, the Dbandwidth of the
filter, denoted herein by BWF, may be selected as:

BWﬂTzégg (1)

where BW is the total bandwidth of the USM-modulated

signal and N is the fractal bifurcation index.

The total bandwidth of the USM-modulated signal may
be given, in turn, by a desired data rate for

transmission. For example, with the carrier signal used

_33_
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be given, in turn, by a desired data rate for
transm ssion. For exanple, with the carrier signal

having 4 cycles per pulse-width, the bandw dth of the
total nodul ated signal nmay be given by four tines the
desired data rate, that is: n ttrr , 4xDataRate

Dat aRate BWF - 2 (2 ) The bandwi dth of the high-Q |ow

tol erance narrowband digital filter that may be used
to preservR PHETRS UG phasenshi (A% iorf F{%?\//r‘ﬁo%‘f%%%d‘l
%&&H@% Wﬂ%:tﬁﬁﬁ%éﬂ%QdEﬁ,gly@@ a§aﬁﬁﬁiﬁﬂﬂi Q¥ oftha total
esired data rate and a fractal bifurcation index. |
Spi ) alrddy, sidr@ lcevrierbd r gURhcyY of Othe tdinget ARt PEEF e
g%pggggc@,er%i n ag.FF, may be given as a function of
the eS|redt ata rate, fractal bifurcation index and
the carrier frequency Fc, according to: DataRate Fp c
+H2(tm) -K) JV-1 Vgg,= 2 DatgRatewhelfigRyfe= | : (2 N 1))
and N 0 . Accordingly, thecapacity”f a
ccﬁmmnilvfati olns system (given in bits/sec/Hz) that uses
t he nodul at i techniq of .t. ese in i
and a 'hi gh- é,ng%@v&t‘ol eogncggel i nhelgﬁjgl{ﬁasem%%r r\g\%gtghgﬂce
?égf&ﬂ&aﬂdl tegiesi ghedeni thaa baydwet hsandtcemreserve
requency as .above to_transmt racti of a.
E1eFRFEPSF R AW ottt At &8 & gﬁg “HayH agtngl venhy: ey
thekdfdre be given as a function of a desired data rate

and a fractal bifurcation index. Similarly, the center
frequency of the digital filter, denoted herein as Fy, may
be given as a function of the desired data rate, fractal
bifurcation index and the carrier frequency F¢, according
to:

DataRate

FFNFCi(ZN—K)—‘éNT‘“ (3)

VK = 2M - 1, where M = 1: (2%, and N # 0.

Accordingly, the capacity of a communications system
(given in bits/sec/Hz) that wuses the USM-modulation
technique of the present invention and a high-Q, low
tolerance, linear-phase narrowband digital filter
designed with a bandwidth and center frequency as above
to transmit a fraction of a sideband of a USM-modulated

signal may be given by:
C=2""? (4)

It should be understood by one skilled in the art

that Equation (3) described hereinabove gives the values

-34-
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It should be understood by one skilled in the art that
Equation (3) descri bed herei nabove gi ves the val uesof

wo bweossser frequency FF within the range of tPEI/US2005/040405

frequency spectrumfrom (Fc - BW) to (Fc + BW) . It
shoul d al so be understood by one skilled in the art
that other values of FF may exi st outside the

her ei nabove nenti oned range based on a given fractal
bi furcation index. For exanple, if it s desired to

Q8| dete aceBhtEr FrEgiRiey But iiddithe tPEngetFOmPEFc the

ﬁwgauéﬁbjféiett§WE)fr&ﬁe(ﬂgLUQW@ﬁ Es in. equation (3)
descri bed herei nabove may be set to a val ue offset by

BWF. Referring nowto FIG 10, an exenpl ary, graph, of
filtekt b%ﬂ%‘gt?ﬁl%%l Bt BT R Ny t gH*F hé}ébﬂ%@i bt eEge
apd ephodi neAks ofathespresent, i p¥entkRNsversitside the
fractal bifurcation index for a given desired data

haf el 13 aiEes cRPREHON Y apiiP600P3FoMs That theven fractal

gormunicat onsasyst em of thgopeesent ijnventi onLnabl eso
data rates exceeding 5 Mps %o.be del i vered through
sebeuienay ceharfiel s essiamalr GWtE4 950 Wi ety ATFari(Bey~

Sfirehannely copdidyans +pRefanbng, pow t o Fl Gruddiodn (3)
exenpl ary graph show ng the capacity of a

dennuitharht hensisyistesn desi gredssccbpdiengvaloia heffset by
principl es and enbodi ments of the present invention
versus a fractal bifurcation index is described. G aph
1100 shows that broadband-Iike wreless services my

be achdfeamed ngi thet heo c dRfiunilOat iBhsessiEt EnhvofIiqd ©f a

Eifwg'gptbér{%ﬂ%ho%evﬂetc@eﬁ BeUEEY: MRTLOW L GUGRGY Lo and
spectrum Transm ssion of a fraction of one or two

embodiments of the present invention versus a fractal
bifurcation index for a given desired data rate 1is
described. Graph 1000 shows that the communications
system of the present invention enables data rates
exceeding 5 Mbps to be delivered through frequency

channels as narrow as 50 KHz under a variety of channel

conditions.

Referring now to FIG. 11, an exemplary graph showing
the capacity of a communications system designed
according to the principles and embodiments of the
present invention versus a fractal bifurcation index is
described. Graph 1100 shows that broadband-like wireless
services may be achieved with the communications system
of the present invention within a very narrow frequency
spectrum. Transmission of a fraction of one or two
sidebands results in a capacity exceeding 100

bits/second/Hz for a fractal bifurcation index of 9 and

—35-



10

15

20

25

30

si debands results in a capacity exceedi ng 100
bits/second/ Hz for a fractal bifurcation index of 9

w@nwabsssg] far superior than any currently-avaP@HDOE®05/040405

Wi rel ess communi cati on system It should be understood
by one skilled in the art that selecting a given
fractal bifurcation index is a function of the system
designdfor adparticular application. For exanple, if

it is desired to transmt 100 channels in.a total
Hapitrni it STPSE LKz ,thtaﬁeawa%:tla%efb*rJrso-raef&tliléﬂ?tlffnaé%eﬁ%%ﬁ
bsnGioser ibe apttahze the filter design for a given
desired data rate, carrier signal, number of users

accessi ng the channels, and.so forth. |t _should @Aso
e

be under VO bYS oNBUEKTTPRY PH RE &Y RSt thet's ot

Phoh- Qe1bow A Q! er agtesn | Fpgaraphaseudegiial fnbter is a
desi gned according to the principles and enbodi nents
Brnehopr e3bnt GV entY B thas d88dPPi o’ deli g3rticuiar

P Aelals ot hes- tbanndhe fifter bandwsdibqand eceahenit
frequency sel ected as above. For exanple, to achieve a
V@9 yolirargd sstigpbaneo talhadicgilcan of| tér Mgy pee fractal

gdesi ol t:{hc?e}ynlinfaQr pLstophand &l t gpuatin ehe foNter
exanple, at least 60°dB . And to mnimze the passband
déppie, fohe o | pteen neysheedesiagiedrafeh a2pakehasdonal,

‘gm@éf & e ore than, 0.4 dBy 58 shai bgept i | ter

esign conditions may generate digital filters having
a large nunber of filter taps. Those filters nm

i npl ehentieeilich waPewar evBSPRYE2bchal PYe cBht egg the
gﬁggirlét ﬁgﬁégﬁi%}\f\lép desr easl AL har el Coshse SUGhtal
y be easily inplenented in a cost-effective
fahner . Rebépnedg MowareliFDG 19, dicexepdiariplsicot and
gﬁggéfﬁbnts of the present invention has additional
design parameters other than the filter bandwidth and
center frequency selected as above. For example, to
achieve a very sharp stopband, the digital filter may be
designed with a uniform stopband attenuation of, for
example, at least 60 dB. And to minimize the passband
ripple, the filter may be designed with a passband ripple
of no more than 0.1 dB. These stringent filter design
conditions may generate digital filters having a large
number of filter taps. Those filters may be implemented
in hardware using specially configured circuit boards.

With decreasing hardware costs, such filters may be

easily implemented in a cost-effective manner.

Referring now to FIG. 12, an exemplary plot showing
the frequency response of a high-Q, low tolerance,
linear-phase digital filter designed according to the

principles and embodiments of the present invention is

-36—



t he frequency response of a high-Q [|ow tol erance,
I i near-phase digital filter designed according to the
w@einosPBEs and enbodi nents of the present i nvRCIL/USW05/040405
i snow descri bed. Frequency response 1200 of a high-Q
| ow tol erance, liner-phase digital filter designed
according to the principles and enbodi nents of the
present invention is shown with very sharp passbands,
transition bands, and stopbands. The passband ripple
BPVt ARSET YR f FFRBIEHAN i TP AT &Guenty Pésﬁoﬁ‘slé?hIgi)oloW
LS1¥BEYcs Ml { nd o disicgnifdcant , s whidre ddhe gleephardrding
attenuation is very high.” The bandw dth of the digital
£P| t 8hehawragcipégiienePdr esporsiénerbd was déSegnédeegnt
gﬁvéﬁQHﬂg §§'§h5¢g_ﬁq%ht9§rge95§f fﬁ§§§%ﬂ&%,wa§ansition
esi gned at approximately 47.6 KI—E away fromthe
band$ erafd exfiarivyndssed Thissicag sbae ainple et didplddgital

. ansmi SSi LtaLn 1bhe very rr 1
CUTAAESTATLYS, B2ecPolonn pLBn he et v peg gl <
Tnangmi fiemtFi | weiilag Appr sachbRefl eratiteguadwono H Gvery

3,nan exenpl tic diagram cgm Inj catior
%il IﬁSm' tter s% %%C%g?;ﬁg Ot%helt?rgactméﬁ%%se tranrgm%tatggﬁg
firbyesnayg apppoasdh €200r arsnidenessage silgnakgothd 0agho

communi cations chapnel according to the principles
ng en%%%i ments of Sthe” pr eéreenquelnn ent I'on iséed%ls(%rel ed?"
Eopruiatd IoNs4Ur angHkt tavasystem 1800 amay ibe uSediutocy
transm it a nessage signal according.to the principle
AR eb O R 3001t hEL pFB @it o orf Sy S °
megll atiamik306hé 0 viergul ak eréhe pamssageh Sicghathéntddgatal

carrier signal and high-Q |ow tol erance, |inear-phase
ditgFtal filter 1310 designed as

IV. Fractal-Based Transmitter Filtering Approach

Referring now to FIG. 13, an exemplary schematic
diagram of a communications transmitter system using the
fractal-based transmitter filtering approach to transmit
message signals through a communications channel
according to the principles and embodiments of the
present invention is described. Communications
transmitter system 1300 may be used to transmit a message
signal according to the principles and embodiments of the
present invention by using USM modulator 1305 to modulate
the message signal into a carrier signal and high-Q, low
tolerance, linear-phase digital filter 1310 designed as
above, such as the digital filter having £frequency
spectrum 1200 shown in FIG. 12, to filter the USM-

modulated signal.
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above, such as the digital filter having frequency

spectrum 1200 shown in FIG 12, to filter the
wQBMansiiBat ed signal . It shoul d be under st ood bRCDNE2005/040405

skilled in the art that additional functional bl ocks

may be present in conmunications transmtter system

1300, such as a channel encoder to introduce

redundancy in the nessage signal prior to nodul ation

by USM nodul ator 1305 and a transmtter circujt having

an arjl i sherld obanprreysthed nbds&ge si'grardpritortho aft

L £ ans /E1HAR AT 0HGH- 81 GOMMUNICRLISONSs Ghatnelpredent  in
Fract al - Based Look-Up Table Transm tter Approach

Refrerrigrg ivow ttoaRPGLtLAr ansesenplly sSchedt iAc channel

' ngqg% l.ca smtt S Skt 1
?ﬁgg%gglgglébase ngk%%%ﬂég%F t?gn§ﬁ$%t%§£§%%$oagﬁna
poidr ansai t mpgsdaigeorsi gonal SUBHr onghluaacommubdeat i g 2

hannel, .according. .to ri_nci odi
%ﬁ%ﬁ?ﬁ%&&%ﬁ Fﬁ%éntioﬁgygn ef@?i{ﬁgiif%%%nﬁ%?cgiggﬂéf ehe
heansya t t eri gyst enpdd@0 nmeyo be tusedmissteomnsmittroagh  a

nessage si.gnal according to the principles and
8%%8&%ﬁ§%é§%ﬁ‘?ﬁgn%?ésent inven?ion vPa a sinple

| ook-up table operation. Fractal-based | ook-up table
Y405 i sFgenbaitBabdsy IsaipilUion §ahlaptednsniigiimdgprasel
signal, such as nodel ed USMrodul ated signal with

model ﬁ&éfﬁg@enﬁé{w spect gad 8QQ, shown ci.a Fhk G-y 8 schshicec

the frequen spectrum of a USM nodul ated signal may
Beagmodel| efl @i chrfvactati dis urcatdt tpat sesfisnagsing the

pescribed. hereinanovg, anAld eriabie ceabodiigobaly o
ransm ssion of a nmessage signal 1nvolves sanpling the

transmit message signals through a communications channel
according to the principles and embodiments of the
present invention is described. Communications
transmitter system 1400 may be used to transmit a message
signal according to the principles and embodiments of the
present invention via a simple look-up table operation.
Fractal-based look-up table 1405 is generated by sampling
a modeled USM-modulated signal, such as modeled USM-

modulated signal with modeled frequency spectrum 800

shown in FIG. 8.

Since the frequency spectrum of a USM-modulated
signal may be modeled with fractal bifurcation patterns
as described hereinabove, an alternative embodiment to
transmission of a message signal involves sampling the
modeled USM-modulated signal as above and transmitting
the samples through the communications channel. Sampling
the modeled USM-modulated signal is an approximation to

sampling a USM-modulated signal filtered with a
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W®@200pl0533¢7 t he nodel ed USM nodul at ed si gnal

nodel ed USM nodul at ed signal as above and transmtting
t he sanpl es through the conmuni cati ons channel .

approximation to sanpling a USM nodul ated si gnal
filtered with anarrowband digital filter, as perforned
i n comuni cations system 1300 shown in FIG 183.

Fract al - based | ook-up table 1405 therefore stores

sanpl es extracted fromthe tinme response counterpart

oA r ol e Fitedudnéyespedt r BRT BPTREUSNE notituRt Egt1ons

i Ig\Pg:]._l 1 3ihe Saupl es arg. i pgependent of the
%\é m)dlu3i at e%? signal, that is, they may be extracted
fromthe tinme response count elr?t&)art of

a

f r actBadicdelred e ebREAEP spebtpumYr ahferefore stores
sl0Rgbnandeusedei Redhien dd ansiftesbant 0b

%%%{%ﬁ/}%n%gdﬁtat?gd%si anngl.e iﬁﬁ ?)nee eﬁn]%})di nent (ROPAALOLE

fiodetad - Hasadehook-Weatapie 2405 cHRtarASuE WPt oRdIBRL -

gﬁgpgsaglar%t Frgagndé%&aw espondi g o disfiber eaynai,
Inary symbol, e.g.,” 0" or "1." The sanples for each

bharar yssyntoty arey eker actted g dods@nyi Hee t henpodeseanse

freqguenc pectru JS I ' I
LAPE st ol ISR s N oy o
phaseskghnbtiutoradespiondilngartd wedl om dhel transmission of

Transm, ssi f a_binary synbol in a nessage signal is
%E%oﬁ%ﬂ‘i‘% fg@a%fdsisﬁﬁfligiéncodi ng the synbol into its
correspondi ng sanples stored in | ook-up table 1405. It
shoul Th benandebsdouehtby BrectskidHesgd i acke uar ttabhgt 1405

LOAufgPChal BRsed ) iR, Rl Laosi o an anpcsachs
addiz i ohfferachi evhagy hisgmbdat a a-at-es W't hen alvéry The
g%%é %%L % “§£§¥1§ﬁﬁﬁﬁflgymbkﬁ %quggt§£§§éém%y observing
the modeled frequency spectrum of a USM-modulated signal
and noting which patterns arise as a result of an abrupt
phase shift corresponding to a “o or a 1.
Transmission of a binary symbol in a message signal is

accomplished by simply encoding the symbol into its

corresponding samples stored in look-up table 1405.

It should be understood by one skilled in the art
that this fractal-based lcok-up table transmission
approach is very simple and cost-effective to implement,
in addition to achieving high data rates within a very
narrow frequency spectrum. It should also be understood
by one skilled in the art that such a system employs high
oversampling to reduce the noise in the system and
achieve the desired data rates without being
significantly affected Dby channel distortions. For

example, 1f 32 samples are used for each binary symbol
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by one skilled in the art that such a system enpl oys
hi gh oversanpling to reduce the noise in the system

wanweasdsseve the desired data rates w thout beP@IyUS2005/040405

significantly affected by channel distortions. For
exanple, if 32 sanples are used for each binary

synbol and the carrier signal used has a carrier
frequency of 20 MHz, the sanpling rate is 160 MHz. For
a channel of 50 KHz, desired data rates of 5 Mps and
abdvehcarestidr spenadhiiepddnayla  CHrEQ I LBagEaCyY of 20
Fi%,e'%’ﬁé Eé@%ﬁ%grﬁ@@rgsac%ﬁ%@{“ nﬁoﬂow tRafh& 45, 50

exenpl ar mati c diagramof a wreless
R@nmmm&$xmednﬂatﬁe@eﬂVEi<3y§1éﬁw@s@w@ e ver aetabtbasele
egelve filtering approach to recover nessage signals
transnitted t hrough a communi cati ons channel according
to the principles and enbodi nents of the present
VhverE¥agtslsBdssdr ReedivennfaktierdndoAsPreeet ver system
1500 nay be used to recover a nmessage signa

transg ¢1.6d CCIQ%] ing terghepringi p'e@%m?ﬁ]gry schematic
enbodi ment s e present invention by first

meliqﬁearm N he tvanshess edcWinymalcafilons hi GREQVarowsysten
\STQJ[ 4 2nge. Han;et%ﬁq%@%%% df&setla;le i HE e A gidal o

5is afilter designed based on |g -Q | ow
tetevance, nksHEae - phasendigltakrﬁnﬁméttQQlo Showwolin 2

Eoyd e Cethaladr equeney: of dioldpl LLiheloddlOang
s se ds @ tunction o arrier frequency, a
ém]a@diaherbisf urcfat i ome i ndexsamd ardesitied datsa datseraded.

Bl AT O RcCedosgr g s Y ST o
f@ﬁ@ﬁeﬂna@fméséa@mtahgbaﬂunnamsmmttadeﬁmanddandeﬁuredhe
g?g.gc{p es and embodiments of the present invention by
first filtering the transmitted signal with high-Q, low
tolerance, linear-phase digital £filter 1505, Digital
filter 1505 is a filter designed based on high-Q, low
tolerance, linear-phase digital filter 1310 shown in FIG.
13. The center frequency of digital filter 1310 is
selected as a function of a carrier frequency, a fractal
bifurcation index and a desired data rate as given in
equation (3) described hereinabove. The bandwidth of
digital filter 1505 1is selected as a function of a
fractal bifurcation index and a desired data rate with
the addition of a small band of frequencies to take into
account channel distortions such as fading and inter-
symbol interference, as follows:
4 x DataRate DataRate

BWF ~ N +8§= e o) (5)
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the addition of a small band of frequencies to take
i nto account channel distortions such as fading and

w0 paoes3pabol i nterference, as follows: t;r . _, P@I/KS2005/040405

Dat aRat e DataRate BWF d = 2 N2 d <5 >where d is the
smal | band of frequencies related to a guard band,

Dat aRate is the desired data rate and Nis the fractal
bi furcation index. It should be understood by one
skilled in the art that equation (5) is derived from
efuati dh {2)tlabowradlvicagdt he bbretpadtdiesf melditgid ato 2
trangmtter filter, w,th the addition, of the s :
B4AE%0 @Fquéﬁégééed.lngf%gr rdlaensglrr%jwdtagaalzllé elngJI%nN e
exenplaryaplgteishiewiing tiheefr equency response of a

Pl Igh- Q lowtolerance, linear-phase digital receiver
ilter, superi sed wth the frequenc n a
hi gh-& I° A %Fan%ngeﬁsitr?%gr -ba’hg%“ee d%(]é{ffa%o £ Phefar

lth_aesrgai([aeﬁﬁofni | ter desi gaetvatcdrdinngequritibe (2) above
princi pl es and enpodi nents of .th resent i.pventi [
dé¥drPpedie A%aﬁ“?‘_ﬁfiﬁ? afed 1 ndb%{?a'% ,af]tsﬁ%g*%?féqufglﬁéﬂf%'
%E%H%ﬁ@ Ofgecs] ver thicl t8k11505d o Sldrghbycvedes.

than the frequency response of a transmitter filter

desi gned as descri bed herei nabove, such as transmtter
filteReISIDLRNOWI i O FF &7 - 130, THe PFEHukiey R&dpoisying

receiyuer, &yl tars 0% algo showsqhhgl resei vies ,
?%Ft er 1%05n h%s s_,lsi htly small er .fgss%and ripple earnacrllc_:e
annewenprsae p@rlggfﬁégbaﬁ%bqw i £5160F r spsHdTRES with

LT | e o Ly T e adee
tliarsm-bhese digital transmitter filter designed
according to the principles and embodiments of the
present invention is described. As illustrated in plot
1600, the frequency response of receiver filter 1505 1is
slightly wider than the frequency response of a
transmitter filter designed as described hereinabove,
such as transmitter filter 1310 shown in FIG. 13. The
frequency response of recelver filter 1505 also shows
that receiver filter 1505 has slightly smaller passband
ripple and an even sharper stopband than its

corresponding transmitter filter, such as transmitter

filter 1310 shown in FIG. 13.

Referring back to FIG. 15, once the transmitted
signal is filtered by receiver filter 1505, the
transmitter clock is recovered and used to phase-lock the
receiver clock by clock detection circuitry 1510. The
phase-locked receiver clock is then used to synchronize

communications receiver 1500 with the transmitted signal
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signal is filtered by receiver filter 1505, the
transmtter clock is recovered and used to phase-| ock

wao b@oensssal ver cl ock by cl ock detection circui tP@I/LSH05/040405

The phase-| ocked receiver clock is then used to
synchroni ze comuni cati ons receiver 1500 with the
transmtted signalin order to extract the binary
synbols in the nessage signal encoded into the abrupt
phase shifts in the transmtted signal. The nessa

5P gredldeirs fecoVeFer by Eerddar st oSrY”MQ llieefte??.ﬁ%sr?s&e

LOgFLG b od%@ exemBl afye s Ccal'ﬂﬁcrﬁi‘iﬂ Cpflbhagr amoftaA in  the
denndulator for use with the connunlcatlons receiver

syster strolwnsigndll .G TBej Begeage i bédnabeiddiPSPYRTE200Y
LEGOME St & MBssage signal transmitted by

communi cations transmtter system 1300 shown in FIG
13 or comunications transmtter system 1400 shown in
FI G Raferpiad i pav dtepFibwards rdtorseiRgthe S7E§ER§EC

Cor??{a ' St PEY &Qﬁggglg’&’ofofcﬁel @@rwﬂgﬂ%hé’\m&tﬂnunlcatlons

ates the phase-locked receiver clock with the
frebeeV@Jd t saAsANt t ethosingnadn | F8G. with the described.

%Qéﬂ}é%%ﬁé?ﬂﬁﬁQku,W%EgrgdmgxsgﬁgeéYSﬁaf'ﬂﬂéﬂém&%@%d by

, 1n order to extract the transmtted
sogmahltaattztdvres dieasairm@tftleefqmﬂie@s 130 r%ﬂca\trbrlrl755Grra93
b | emrent t [ 0 t
3he “TRIENEGE FhoN e D2 fin e h SNt LE PMp P IR 2.
Chr curheyfiRef estrémgewdso rléb@.vewng ahh@)(@ﬁ.ﬂa@%/ splooe 1
show ng. a reference si n t us 1
e s T
bhaspFES@%HdifﬁﬂHﬂd&ﬂ1dh@c®€$¢tthUe E@itﬂmﬁﬂxxﬁaqymﬂtted

égagﬁgtegA%ftgﬁgn:setgour {gﬂ%t%ggusggé%gl m@yftered by
receiver filter 1505 shown in FIG. 15, in order to
extract the transmitted signal at the desired
frequencies. Correlator 1705 may be implemented with any
correlator circuitry known to one skilled in the art,

including matched filter circuitry.

Referring now to FIG. 18, an exemplary plot showing
a reference signal to be used in a matched filter
according to the principles and embodiments of the
present invention is described. Reference signal 1800 is
a zero-phase four-cycle sinusoidal wave generated at the
center frequency selected for the transmitter filter used
to transmit a message signal for recovery by demodulator
1705, such as transmitter filter 1310 shown in FIG. 13
and designed based on the fractal modeling as described
hereinabove. Reference signal 1800 may be used in

correlation with the filtered transmitted signal in
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center frequency selected for the transmtter filter
used to transmt a nessage signal for recovery by

wa@leowwmsd3at or 1705, such as transmitter filter RGW0S2005/040405

shown in FIG 13 and designed based on the fracta
nodel i ng as descri bed herei nabove. Reference signa

1800 may be used in correlation with the filtered
transmtted signal inblocks of four cycles to generate
a noi sel ess output signal with the sanme phase as the
Prafsmi OfedfSrgnalyCltie tat GREBTRFPt &t BRPPBYESS output

LOURa EYiel & raferanee pshgpals 18Q0 i rdnk @EBLVEL gSYBL em
for which the corresponding transmtter enpl oys a USM

techni que using four cycles per pulse-width to

modul Bee i FHEY SYNSGE | ARBLAYSi nbeot dalC idar risderence

sikgnat- hboshould be updesstnod bysone skét! edniiBnt hene
art that the nunber of cycles chosen for the | ,
spnusepeldinef bF eneel Kighat s by VAE reCEREdUEi 195erd

%ﬁgb%yé%g%éq 35180y IHPReE cOfoeehes Lhali mtChs i1
nunber “of cycles used by a ultra spectral nodul ator
whén encodiimgseadhlbi raryisynmbeional a nesdhge s$icgadl Pe

“%h@&ﬁtgb@i¥§n Hgl§§1Tﬁg&hinR%£§rEE@gtHQEkthg Rhoet’ of
the phase o t he out put signal generated by correl ator
ty05eb scidetact £or byhpreisesdétiedt oeferdmse afidindhe used by

tect ed se,| h S j t out p [
GErorkioatny Ear el arhy 1505 M Aekra ot dod oo of
blyotks17h5tt matetovdre thendsimarfy syebed susetodedai mltra

the tr 1 tted Si |, i.e.,. .t
§P§ﬁ%FgPE§%gug?%§%g@$§?6%K%F%b of%%gpﬁgéa%ges@%%§§g§n a
tepkanens ghai tvhiany: webl vénowwl shatal dibt. deci si on

circuitry to one skilled in the art, including wwth a

COStaﬁeggfffﬁgnbgggpto FIG. 17, the phase of the output

signal generated by correlator 1705 is detected by phase
detector 1710, and the detected phase is then used with
the output signal generated by correlator 1705 in data
bit decision block 1715 to recover the binary symbols
encoded in the transmitted signal, i.e., to recover the
message signal. Data bit decision block 1715 may be
implemented with any well-known data bit decision
circuitry to one skilled in the art, including with a

Costas decision loop.

Referring now to FIG. 19, exemplary plots of signals
generated by a second order Costas decision loop for use
in a communications receiver system according to the
principles and embodiments of the present invention is
described. Plot 1900 shows the message signal
transmitted with a communications transmitter system of

the present invention, such as communications transmitter
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Referring nowto FIG 19, exenplary plots of signals
generated by a second order Costas decision |oop for

W@ g®6/055337 conmuni cati ons recei ver system accorBCTyS1005/040405

the principles and enbodi ments of the present

invention is described. Plot 1900 shows the nessage
signal transmtted with a communi cations transmtter
system of the present invention, such as

conmuni cations transmttersystem 1300 shown in FIG 13
SGteBmmuiRiOfat | YHE™ r als mi F%@r sySt eAPEH00C SRBYRL GaF1ons

Rl Gn st b £ 01, 4905 showsnbhe Hﬁeg@@ncjﬂl response @ shows
Hubert transformfilter used in the Costas |oop, and

fhet £1630eBAOWES IRNBUIBUE SilgRaIrt gbheraf o byl tifg used
st as t899a§u]9§5£5 W%%eq)wtthgtlbesﬁmag@e sw@@ht signal

recovered by t Cost as | oop. s Il lustrated,
@enaryts@nbbj/s bme t H@S’T@@S&@@OQI gﬁapepil‘m@%%m rwlﬁlhot the

%g% &%f ef:téc)(rer%&o §r€ﬁe b@'ogg%%lgg% as loop in

pujf Si gna plotted’ in plot he exenpl ary
Cost as | oop used to recover the binary synbols was
desi gﬁed iluistrhéeflol [t My rGast asyisdy paf afbrerzessgige

fsr %n;’l glot &6§_§x5{pﬁot8 1309 Qﬂe%%g/éoasre%q F = c%%&%ﬁ by

guen Fhe 't Fansnit filter selected accordi ng t
etdp&at@coarta(ﬂ) labpven |thsheukdube iwded stwbekind ohe plot

skl ed gﬂet h&e% a&@at Sother Eé‘é@”%‘s%s @gﬂyrggoyésdme

im a "Cosfas 100 recoverlng ssage signal's
triansm tedyedbcard w&seldeedgaeaomdmﬁg tioe t Heolpoivnoopl@Esstas

enbodi nent s th resent i n., VLI
g}’oggt gf‘r%rﬁ%%%r%pec]traleo Eét %mtorqéggge{ger Appt okt 0/ 167
Reiderr |=n¢ermw;ct d rekGen, ointkxenphasylits cheletd cselected
di agr a connunlcatlon recei st em usj ng t

gfaFn%aE%de%'ﬁ%%Jﬁ%l 3éstal YRt or ﬁgcgﬁ%%iga%%r oa&h Sthcood
by one skilled in the art that other parameters may be
used 1in a Costas loop for recovering message signals
transmitted and received according to the principles and

embodiments of the present invention.
VII. Fractal-Based Spectral Estimator Receiver Approach

Referring now to FIG. 20, an exemplary schematic
diagram of a communications receiver system using the
fractal-based spectral estimator receiver approach to
recover message signals transmitted through a
communications channel according to the principles and
embodiments of the present invention 1s described.
Communications receiver system 2000 may be used to
recover a message signal transmitted according to the
principles and embodiments of the present invention by
using spectral estimator 2005 to estimate the frequency

spectrum of the transmitted signal.
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recover nessage signals transmtted through a
comruni cati ons channel according to the principles and

Communi cations receiver system 2000 may be used to
recover a nessage signal transmtted according to the
princi ples and enbodi nents of the present invention by
usi ng spectral estimtor 2005 to estimate the

frequency spectrum of the tragsnitte% si.gnal ..Once_t
frequele dpect iErABF the Fransmtt &d si 738} Bea

Wal 'S

gﬁ?@iﬁt £d Bynspecdd aly estddmt0r «200hatspectonal, spectral
selector 2010 is used to extract the transni%%eg . 1
setpaicmt 28 He HesHPed fPefiéréres tIf. &X30gMitheY St9na

L ansiy t hed; fegquencies cwethi ni the naer owhanc :selsectedd
for the transnmssion filter bandw dth according to
Beats i) whdve. TRE nessagebargnaPei§cthdn for the

' l W | . aBion
Eﬁ&ﬁéfﬁ%%k&y gemodul 8 0h, 2020 LakiRa s HpeLsad (2)

phase- ed receiver clock generated by clock
devect i on Ehecuines§a@015sapdathelfr ahbiit t §CSVRAPs DV

55@8&&{5@3 %uﬁﬂﬁ%%&gkgsQEeﬁhBﬁt§Q40bhA§e£¥BEﬂéﬁ BRceiver
understood by one skifled inthe art that traditiona
speck rg¢nestiarhtivorlospederartset extion trand@015 and the

enpdul .at i on .cj rcui gonmupLEAL i NS .
?5%%?@%$U§§sj‘ﬁﬁggo%é¥%or %ggﬁgﬁggcgéﬁndulator 2020
may be inplenmented with the correlator, phase

det ector shandd dira vbiderdeepdi b cinecuitirylest in the art
%ﬁ?ﬁd?Lséfgl&?allS ssg%?:\g}alln e%lt(j.;inlagusoﬁ,ndsﬁﬁ@é@fa!lbe&lm\i%n,

eference to 17. VIl Communi cati ons _
Sydt eémpotitlghout delatsu they urderst oot chyPwnecERiTEd 1oRs

Lhe arl, Lhal GOMY Cathon SYSLAE dRslanad econdhnga
FSC?h%e%r?%%?%Tes and ed%odlneﬁfg'of the present Y
bﬁvembﬂemenayd with the correlator, phase detector, and
data bit decision circuitry of demodulatcr 1515 shown in

FIG. 15 and described above with reference to FIG. 17.
VIII. Communications Systems

It should also be understood by one skilled in the
art that communication systems designed according to the
principles and embodiments of the present invention may
be implemented using any combination of the communication
transmitter and receiver systems shown in FIGS. 13-14,

15, and 20.

Referring now to FIG. 21, an exemplary embodiment of
a communications system designed according to the
principles of the present invention is described.
Communications system 2100 is implemented with

communications transmitter system 2105 and communications
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be i npl emented using any conbi nati on of the
comruni cation transmtter and receiver systens shown

WO p00k0B337 13- 14, 15, and 20. Referring now t o FCTAISDA5/040405
an exenpl ary enbodi nent of a communi cati ons system
desi gned according to the principles of the present
invention is described. Comrunications system 2100 is
i mpl enented with comunications transnmtter system
2105 and communi cati onsrecei ver system 2120.
CEAPINEEAtSYSRE™ FaRSm t CEFTdpsfam 21p5trgngnitter system

brignsmd tery syshemdes 's%%gmuéé Bogide fi& ﬁ@é at Pasethctal-
transmtter filtering approach as describ

traseidnabbvansiiitt eref ef bheer iy FI @pqsachcom«m;m cat 3 orided
%%‘i%'l\é%o%gskﬁ%Z%él%n%ef ecei ¥eg SYL%t em @Sﬁhaﬁ@atlons

using the fractal -based receiver filtering approach as
deserdivbed shyetceinnabaVeiai gh rle@faeV@ncey@berFI Gsiiged using

f h
Eﬁxee”kﬁ?gc%’if" Ddd G 220 1@%%” efl BPQQ&kE‘éntas

communi cat1 ons systen1 esi gne acc dlng tot
preisnciipedshefetimbpreesent rafentnon s KEscrlidShed.
Communi cations system 2200 is inplenmented with

Comm'&ie%é'ﬂr?ﬁi trapsmdger pgyst em,2205, a0g,o exemplary

communi cations receiver system 2215, Conmuni cat 7 ons
Em@w@ﬁmenerO§y91enm@@@Scaslan$ramsh¢mtéﬁssgs¢®naccordlng

designed, using,the % %%dgs%ég %H&&‘?bl? described.

transm tter approac Cri erelnabove W

rC@ﬁremamcetuOnH G sﬁglterﬁorrnam@:at [ J;ms remplmeernis@cst emith
is a, receiver t.em desi gne in

Fombua e BE LR ST AN (SRR SR odln AErmutis s

herelinabows swethmh2peber emeeninai Ea G ols. tRefient g nowetem

SO o | Ky SE e GOBT Ghedcacord hyuto fhe ractal-
based look-up table transmitter approach as described
hereinabove with reference to FIG. 14. Communications
recelver system 2215 1s a receiver system designed using
the fractal-based receiver filtering approach as

described hereinabove with reference to FIG. 15.

Referring now to FIG. 23, another exemplary
embodiment of a communications system designed according
to the principles of the present invention is described.
Communications system 2300 is implemented with
communications transmitter system 2305 and communications
receiver system 2320. Communications transmitter system
2305 is a transmitter system designed using the fractal-
based transmitter filtering approach as described
hereinabove with reference tc FIG. 13. Communications

receilver system 2320 1s a receiver system designed using
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to the principles of the present invention is
descri bed. Conmmuni cati ons system 2300 is inpl enented

WOWGk/08BBTUNI cations transmtter system 2305 apdI/US2005/040405

comuni cations receiver system 2320. Comruni cati ons
transmtter system 2305 is a transmtter system

desi gned using the fractal based transmtter filtering
approach as descri bed herei nabove with reference to
FI G 13. Conmuni cations receiver system 2320 is a

Flow ef Vet Gy PPerfdesrghedl ust ngtHe § rsdsivegagBgroach as

ﬁ@§&£fk§éd esti-ARL Qb L €Ll Y e fARRMRACh cagdeses | bed
erel nabove with reference to FIG 20. Referring now

to FIG 24, yet another exenplary enbodi nent of a
conmitf Taitii6es 894t &R dESPgnedt acdsitdi ARCEEET hexemplary

prbosiplgas of 1heopresettlnventjiard deseetbedcording
Communi cations system 2400 is inplenmented with _
tonhhni pathohslay afsnite epr apstteh PA0S 1gRd 1s described.

SOIIUNI cati QRS recgirver syshem 2415. Goprupkaationsyith
transmtter system 2405 is a transmtter system

desingnech Usingg trhashiateal basert | HbRE Upnd ggmgunications
%;‘Qm} t e 2N ascdescribad her el nahove Wit Bystem
reference 10 14. Conmunications recei ver system

2405 is a tesesvertsystesaesiqmiehagsiusgohghe fractal-

fractal-based spectral ' r ' appr
e I
shoal thiberaindetist cedebynone tskillGd L.t heCammuntiisat ions

the conmunicatio ystems of .FIGS. 21-24 may r
FRCE SEandat bhk %Rﬁsorszllesssa nre?%:?‘i(erorssbsétel%nt egr g?‘gg i%ltrsn’euélq
exéstiragral feless sskeandai dssahdaisyst easeatervemppribewh as

over head costs. In addition, the co l.catiLons
g@%?ﬁh]%e%?heﬁ%akfﬁzﬁlf;li&yréofeeﬁ%lé:f iryr(;gugl\%ar?gt y of
comuni cations applications, including in satellite
syst ems whthld be understood by one skilled in the art

that the communications systems of FIGS. 21-24 may
operate in a standalone wireless network or be integrated
into existing wireless standards and systems at very low
overhead costs. In addition, the communications systems
of FIGS. 21-24 may be used in a variety of communications
applications, including in satellite systems with

polarized transmitter and receiver antennas.

Further, it should be understood by one skilled in
the art that although the systems and methods of the
present invention were described with reference to
wireless communications, they may also be used in wired
communications to achieve broadband-like wired services

within a very narrow frequency spectrum.
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pol arized transmtter and recei ver antennas. Further,
it should be understood by one skilled in the art that

W@baokoss3s7 t he systens and net hods of the presePCT/US2005/040405

i nvention were described with reference to wireless
comuni cations, they may al so be used in wred
communi cations to achi eve broadband-1i ke w red
services within a very narrow frequency spectrum I X
Satellite Comuni cati ons System Referring nowto FIG
I%. aRatsbhiptarGemavnddiatiaes ofyateatel lite

communi cati ons system desi gned according to the

princi pl espofc t:hg preggpt kBventi@n i ssdesghi begkempiary
Satel | ite communications system 2500 may be used in
ehectianshi 85i en seftedilghal sowpdnl @t o t iy Lifa yemigned

Lechobane of he RLASRNEILOVER! Lo A JRSRAGE RhEnsh is
i's first " nodulate y M nodul at or 2505, using either
theecfribetal - baded litanswnuaicatioes i AYshppr 82eh wry be

Lhe fractals basedshpokyp LabLehLaDS Hleh BBPLARAN the
and Cadapt ed” f 6r "t ransm ssi on over hori zont a y
peMariezediam ennat 25 15r egvahtv éntvieoalby . poRanggegge signal

ant enna 2525 si gnal er at,o l.ac 10..1 .
tPansHit e %%%antaﬁggr}%yrgggi Ve uata?ﬁgrikzzfséﬁt’aﬁs}q% either
polear f zet aarbennd 2520 santteer ficakkynpolkapirgedh or the

t enn 530. The nessage, signal_is .recovered b
?&&?ﬁa‘ I'%%i?ﬁi Mt ot 2535, apg?e&ern%nesmplhtgcseé I 88%?%%% and
2240 eti NEosynehsnphzadicon bleek 2945 :zoetkatky depelctiiored
2550, spectral selectaqr, 2555, informtjon decode
PESE P And Hat a?Bi't Voeer%lﬁagﬁym%) D565 RFEHH n%S%{’)Wby
0 ghbG geher¥@dr atmiher2sexenpl ary enbodi ment of a
satellite comuni cati ons system desi gned

The transmitted signal is received at horizontally
polarized antenna 2520 and vertically polarized antenna
2530. The message signal 1is recovered by spectral
estimator 2535, reference phase lock loop 2540, time
synchronization block 2545, clock detection 2550,
spectral selector 2555, information decoder 2560, and

data bit decision block 2565.

Referring now to FIG. 26, yet another exemplary
embodiment of a satellite communications system designed
according to the principles of the present invention is
described. Satellite communications system 2600 may be
used in the transmission of signals modulated with the
USM technique of the present invention. A message signal
is first modulated by USM modulator 2605, using either
the fractal-based transmitter filtering approach or the
fractal-based look-up table transmitter approach, and

adapted for transmission over horizontally polarized
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according to the principles of the present invention
is described. Satellite comunications system 2600 nay

wWheooa®ss33i n the transm ssion of signals nodul ap@dusion$040405

the USM techni que of the present invention. A nessage
signal is first nodulated b y USM nodul at or 2605,
using either the fractal -based transmtter filtering
approach or the fractal -based | ook-up table

transmtter approach, and adapted for transm ssion
GVERTRGT | 240t abN§ pETarCaedENtRNTE 12605 ANeEVEr t PEAPI PV

%gg%rhzggnégg %F] oRYosi gnal generator block 2610.
si gna

transmtt is received at horizontally
pol ari zed antenna 2620 and vertically polarized
ant enA&e2630NSTAHRRAAI CAENBAS e ced SRV esy stteni 9835 1 2 ld v

p%ciedlr\iQEdS%%'i:%thesé ned sl @egrﬁf@alflrya%ﬂaﬂaz%%ﬂ antenna

receiver filtering approach as descri"bed herei nabove
\/@&31@ ré?oelmelneeateomGrqulvaﬁhesmt@@oﬁﬁé5 déscrd pegemisrer

RECI fa ggip 'T%%Eﬁ and,best smnde qf bggsdprelsgéglver

|39ent|on een pre ented for purposes of
|ﬂﬂhmetuaglonﬂandxdéscraptlo@e@©¢yb@ﬂhey@aeenﬁb@ve with
|n%%nded tgo gystive or tolimt the invention to

the ngg?se forns 'scl osed. Specific features of the

i nvention are shown in sone draw ngs and‘not in
other§hefdbrﬁ@péogegkﬁﬁré@ﬁﬁeﬁsenﬂ% @Wﬁ@ﬂf%ﬂmPEWWGlmentS
a %t ué)% [anmlg%. CO%EI n%ge Fgegg @r g@ Ilfll'['eogh I nnave
accordance mnt theée i nvent t eps O :he descrlbe
precesses nﬁyfbpur@@$®@reﬁ @ﬂjc@wbﬁmedn amdl othegription

éésé?lbeﬁegﬁa%ggég to %%2%3 q;%Ialn gu@?#ﬁ%?p 3%96ﬁﬂgt
the unwemtuon and e mm&uﬂsqxﬂonmﬁﬂdxﬁﬁhqmwd to Specific
gggy%?%s EeOE%%%%tlon are shown in some drawings and
not in others, for purposes of convenience only, and any
feature may be combined with other features in accordance
with the invention. Steps of the described processes may
be reordered or combined, and other steps may be
included. The embodiments were chosen and described in
order to best explain the principles of the invention and
its practical application, to thereby enable others
skilled in the art to best utilize the invention and
various embodiments with various modifications as are
suited to the particular wuse contemplated. Further
variations of the invention will be apparent to one
skilled in the art in light of this disclosure and such
variations are intended to fall within the scope of the

appended claims and their equivalents.
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skilled in the art to best utilize the invention and
vari ous enbodi nents with vari ous nodifications as are

W@ 0608538 t he particul ar use contenpl ated. FuPCTIE82005/040405

variations of the invention will be apparent to one
skilled in the art in light of this disclosure and
such variations are intended to fall within the scope
of the appended clains and their equivalents. WHAT | S
CLAIMED I S: 1 . A systemfor designing a narrowband

dingi tafrAMin @8: for filtering information through a

comruni cations channel, the digital filter centered
around a center frequency and having a filter

Q@nd%dggstgme f%xsh%@&g%npl $i NGy MRAd 2l thar filter
modul ating a carrier signal at a carrier frequency
worh £ifgssage siigdarmesigenertdreughnodul at @i Girglions
Egghgg%?t1%&955i§99af!qﬂgﬂﬁﬁg @Q?t%&éﬁa%&%hngatéek%nter
generator for generating a set o ractal bifurcations
tftoenodety t end r équeéngy spetitism ofoanbeidbdul atleel system
signal and selecting the center frequency and the
FP%P@%Sb%%dmﬁdth based on a transm ssion rate and a
fractal nhidudacati dor ndedul2cindThe spstréprofsicdralmdt, a
wher ei n the nodul at qQr . conpri ses _an encaoder,_for

EREBEThg & SAPFSEY bi'Haly %yﬁﬁgﬁaﬁﬁt§l§négrs(ngFPF%%t%fa
bautatsd esi@ignalayvihbeati Lsasposid aridebatiie eadri er

si gnal having an i nteger nunber n_of %Xgleg.and at. a .
first2phagetatoPtb by I d BortToF 251 "Phé S©
¢akeiter shignabatidhes sesorddpor tihen fofedubaceargdeettrum of
si gnal having an i nteger_ numnber of _cycles and_at

r a
§€€Oﬁ@dﬁﬁ§§§ ﬁH@Pé?n nd selecting the ceé%er frequency
and the filter bandwidth based on a transmission rate and

a fractal bifurcation index.

2. The system of «c¢laim 1, wherein the modulator
comprises an encoder for encoding a first binary symbol
into a first portion of the carrier signal, the first
portion of the carrier signal having an integer number n
of cycles and at a first phase, followed by a second
portion of the carrier signal, the second portion of the
carrier signal having an integer number n of cycles and
at a second phase, wherein

the second phase is at a phase shift away from the

first phase.

3. The system of claim 2, further comprising encoding a
second binary symbol into a third portion of the carrier
signal, the third portion of the carrier signal having an

integer number n of cycles and at the second phase,
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first phase. 3 . The systemof claim2 , further
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third portion of the carrier signal, the third portion
of the carrier signal having an integer nunber n of
cycles and at the second phase,followed by a fourth
portion of the carrier signal, the fourth portion of
the carrier signal having an integer nunber n of

chel bavathdbiatat RRUEFRsPOpRaRR. 08 ThengasyseentoP et ai e
lroumhierghpcidie Bkl tiefe Q%Y%Méﬁ'%iihéﬁﬂﬁﬁﬁfﬁbbéﬁerQ@ger
a desired transnmission rate and a fractal bifurcation

i meeler B ofTkecdpst epflort cthg hiirst whéFein the center
frequency is selected based on the carrier frequency,

a desired transm ssion rate, and the fractal

bi f ur cEtd cwvstsdexet 6claifhel ,sydteamiol tWleaiflier Weaceitdth
t n Lgital fi r i . @ slin -ph

e e R AL g il
naraowblarnd fadirgiettabnf ihtdex. conpri ses a uni f orm st opband
attenuation of at least 60 dB. 8 . The systemof claim
1, wherein the narrowband digital filter conprises a
passbdric rayppleen off nolaor € ,t hdre®ih dBe TentArneireodency
for designing.,a narrowband digital filter for .
f?Ft@Fiﬁgg?ﬂf$Fﬁ§%%o%nt%58u§h 5%&%ﬂ$ﬁﬁ%§¥¥335 3 desired
chaanehisdike diagiet abnfli therf cemntedr éd faroantom Cedder
frequency and having a filter bandw dth, the nethod
conprising: nodulating a carrier signal at a carrier
feequenty system of «claim 1, wherein the narrowband

digital filter comprises a linear-phase filter.

7. The system of claim 1, wherein the narrowband
digital filter comprises a uniform stopband attenuation

of at least 60 dB.

8. The system of claim 1, wherein the narrowband
digital filter comprises a passband ripple of no more

than 0.1 dB.

9. A method for designing a narrowband digital filter
for filtering information through a communications
channel, the digital filter centered around a center
frequency and having a filter bandwidth, the method
comprising:

modulating a carrier signal at a carrier frequency
with a message signal to generate a modulated signal

having at least one sideband;
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wo e@e5333bi furcati ons to nodel

with a nmessage signal to generate a nodul ated si gnal
havi ng at | east one sideband; generating a set of
the frequency SPETUB205/040405
of the nodul ated signal; and selecting the center
frequency and the filter bandw dth based on a

transm ssion rate and a fractal bifurcation index. 10.
The nethod of claim9 , wherein nodulating a carrier

si gnal rrier fre n i th a pessage signal to
gener a%%ear%%ggl at eéegi SO al f%’aoc%]j s,}%%gglf'ft:%%iOﬁjg's a-fi pefiel
bt mar frsyudrely speotaudi @Sttk%ﬂ)ﬁrﬁid@ﬂa@%dt begear s :ae{]d
signal,_sthe.first portion of the carrier signa avin
an intseegleercecﬁﬁl%erthﬁ of & EFes TARGUERCH f PPt Eﬁ%se,fllger
fldnwett bybass@cemd porii0rmekstibe Caldd eangl Hakractal
tkpef secqcnd por}ji on of the carrier signal having an

i hit eger® mihber“fiof cycles and at a second phase,
wherein the second phase is at a phase shift away from
t% first phase. 11. The nethod of claim 10, further

C (ﬁ‘pri%en ©8diYtg 434t ond WbicASRy SPABéRting 02 acarrier

thigrthipost i encafrrtibe calduehcsi ghdh, o hed .&§i§¥§¢4pnto
of the carrier signal hQV|ng an integer nunber n 0
GRAEE B P afefhéasee ofd 9phhs eompsiiFere dipdantour t Airst

Fﬂﬂﬁéﬁ¥1é%ﬁb%ﬁ?iﬁ@ﬁrEefi§EQQ§LﬂjEnﬁc&p%m%thQEEg?nsggnal
the carrier signal having an integer number n o !
V& 4 twtd PertERe pfrsheppamrierl Z21dTké metvhod oft theémer
Hampahierei ne t he-nag r guha igi.tal filter conprises.a

Iirﬁnear-phase' f?lcter. 1}3?@ %Eeqn% tr%& op#l‘!ac “di rﬁoo ,Owe% by a
WIFEIO8Ion & ipar pdwiared dirgiieal sfighaer tbapeksesd aportion

Qﬁ?fgﬁg1%£QHQ%Qd gi&ﬁgya%EQQHSf‘§$ E%%%gegorg%mer n of
cycles and at a second phase, wherein

the second phase is at a phase shift away from the

first phase.

11. The method of claim 10, further comprising encoding
a second binary symbol into a third portion of the
carrier signal, the third portion of the carrier signal
having an integer number n of cycles and at the second
phase, followed by a fourth portion of the carrier
signal, the fourth portion of the carrier signal having

an integer number n of cycles and at the first rhase.

12. The method of claim 10, wherein the narrowband

digital filter comprises a linear-phase filter.
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filtering information through a communicati ons
channel, the narrowband digital filter conprising: a
filter bandwi dth sel ected based on a transm ssion rate
and a fractal bifurcation index, wherein the fractal

bifurcation index is selected by del i,ng nodul at e
silfahal ﬁr\}métﬁ“%tn%oe 5t fcr:g%%‘%l Jo(lsj’fug”ggtrieéﬁs, Ppfe nazrouband
nodgi bt bd fsilgeal cgepetated abyurd fmaul st @barEnNattenuation
mpdul atj ng_ a rrier signal at a carrier frequency
vvloghag in%asqsé%g(g@s Bgnal; and a center frequency sel ected
based on the carrier frequency and the fractal

b'flurc tion index. 16. The narrowband digital filter

of *tl at't 185" r8fn the'fodill/at §Pe€6APri 888 arprrowband

eacodes] f gnleseodidngprasbisr sd §EQ§E¥n§y@@9Flan% o more
fil!'f*t Cportion of the carrier signal, the first portion
of i¢he’ cartier si gnhal having an integer nunber n of
cycles and at a first phase, followed by a second
portion of the carrier signal, the second portion of

t he- cdtri erasrgHANhaviHg @@l nt egditerunbeiom offiltering
cygf&smanbat ap d phasgypuhereln Lhe s phas
is at a phase s,h?fg]%&gwa)% frg?nthe %%s%phagggﬁ%l'me%he
naf Fowaig digiital filter efmwetiziimgt6, further

conprisi pg | Q1+ $€ l.nak |l into a .__.
third portlitgénhpglgérgﬁveﬁggr %f%%%egné’?é,saﬁﬂgt i pgdraﬁgptllsgﬁon

ofathershry ifsracsbgnbi fhavd higpranridetegehenamber n of
cycles andtﬂua fractal bifurcation index is selected by
modeling a modulated signal with a set of fractal
bifurcations, the modulated signal generated by a
modulator when modulating a carrier signal at a carrier
frequency with a message signal; and

a center frequency selected based on the carrier

frequency and the fractal bifurcation index.

16. The narrowband digital filter of claim 15, wherein
the modulator comprises an encoder for encoding a first
binary symbol into a first portion of the carrier signal,
the first portion of the carrier signal having an integer
number n of cycles and at a first phase, followed by a
second portion of the carrier signal, the second portion
of the carrier signal having an integer number n of
cycles and at a second phase, wherein

the second phase is at a phase shift away from the

first phase.

-53-



at the second phase, followed by a fourth portion of
the carrier signal, the fourth portion of the carrier

W@ e@nabs3bavi ng an i nteger nunmber n of cycl es aPdI/as20051@40405
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first phase. 18. The narrowband digital filter of

claim 16, wherein the narrowband digital filter
conprises a linear-phase filter. 19. The narrowband
digital filter of claim 16, wherein the narrowband
digital filter conprises a uniform stopband

attenuation of at |east 60 dB. 20. The narrowband

digi t dihef i hgerowdfare! adigilts,1 wherein shecnaish oweangurther

?%%#g%{sffny;eer{cocc& gr Iasegego££sgfr?ggy réyrr%oel o:anQg gmtcﬁird
portion of the carrier signal, the third portion of the
carrier signal having an integer number n of cycles and
at the second phase, followed by a fourth portion of the
carrier signal, the fourth portion of the carrier signal
having an integer number n of cycles and at the first

phase.

18. The narrowband digital filter of claim 16, wherein
the narrowband digital filter comprises a linear-phase

filter.

19. The narrowband digital filter of claim 16, wherein
the narrowband digital filter comprises a uniform

stopband attenuation of at least 60 dB.
20. The narrowband digital filter of claim 16, wherein

the narrowband digital filter comprises a passband ripple

of no more than 0.1 dB.
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