METHOD AND APPARATUS FOR SUB- BAND MODULATI ON OF SI GNALS

FOR TRANSM SSI ON ANDY OR STORAGE BACKGROUND OF
THE I NVENTION 5 TECHNI CAL FI ELD The invention relates to a

met hod and apparatus for encoding digital signals for transm ssi on

and/ or storad@ nvention is especially, but not excl usPGEF437/00608 -

appl i cabl e to the encoding of digital  signals for transm ssion via
comuni cati ons channel s, such as twisted.wire pair subscriber loops in
t el ecommuni cati ons systens, or to storage of signals 10 in or on a storage
medi um such as video signal recordings, audio recordings, data st orage

i n conput er syst FREQUENCY DIVISION MULTIPLEXEDQRERSMISSIONOF SUB-BAND SIGNAEShodi nent s
of the invention are especially applicable to Asynchronous Transfer 15 Mde
(ATM tel ecommunications systens. Such systens are now available to

transmt mllions of datBAOKGROUNB OF THEINMENTIONaNd are expected to
turn futuristi concepts into exciting realities wthin the
next ‘f ew y @m&%ﬁ%ﬁpl oyment of ATM is hi ndered by expensive
port cost and the TheShventiond reldlés' D 2ihethBd afd bppardtey Agridls, whefhigt t Ch

to the custoner-prem ses using an archltecture knovvn as Fiber-to-the-hone.
20 Running A mmiatml,oa,rfoqommyﬂopned/%sgwbaiheumuwgremmnmhgn@bpper

ATM Lo oust orfslufiFel pbinie®ld, 6} Glebfihg Por’ diif ') sin' EmRERREGH T,
signals in t]teemmunmhay tchiannels- suh asibtwastedhewiteoqmir subsdriberis loops ain
convent i o tbeiulidiof Haters of iesiladt Gf sigriha 62 Oy AScheel il Yokl o€
hi gh bit rat addeo signal recordings,caudiorrecordings, datacstorageriaicomputer systeing, Mhngher

frequency part, causing the signal quality to suffer significantly.
This is particularly acute in two-w re subscriber | oops, such as

so-cal | ed t WBAGKIGROUNDARE. Using quadrature anplitude nodul ati on (QAM,
it is possible to_neet the requirements for, Asymmetric Digital Subscriber

Loops (ADSL), 30 Emhodiments of thedavegtiomargespecially applicabletorAsynehronous Tragsfet
| oops up 11 Jubde ﬂefec& MAtnititions systehiRE Buch Spkidphs’ 26 n&ﬁtaeﬁlabietm'u%nsmn

envi saged that ADSL stems will all'ow rates up to about megabi ts per
second over Imlhmmﬁ bitsdp singlp Seqond, and g5 expeeted: to am@tumcsmmcnve

322? l: dered t QoRplsifto'eRitingteXfities Within the AEK %W !yealtd! 'HbWRvey, dBPIOPRER I ATM ATM
is hindered by expensive port cost and the cost of running an optical fiber from an ATM ¢
switch to the customer-premises using an architecture known as Fiber-to-the-home.

20 Running ATM traffic in part of the subscriber loop over existing copper wires would
reduce the cost considerably and render the connection of ATM to customer-premises :
feasible.

The introduction of ATM signals in the existing twisted-pair subscriber loops
leads to a requirement for bit rates which are higher than can be achieved with

25 conventional systems in which there is a tendency, when transmitting at high bit rates, -
to lose a portion of the signal, 'typieally the higher frequency part, causing the signal -
quality to suffer significantly. This is particularly acute in two-wire subscriber loops,
such as so-called twisted wire pairs. Using quadrature amplitude modulation (QAM),
it is possible to meet the requirements for Asymmetric Digital Subscriber Loops (ADSL), -

30 involving rates as high as 1.5 megabits per second for loops up to 3 kilometers long with
specified error rates. It is envisaged that ADSL systems will allow rates up to about 8
megabits per second over 1 kilometer loops. Nevertheless, these rates are still’
consxdered to be too low, given that standards currently proposed for ATM basic
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2 subscri ber access involve rates of about 26 negabits per second.

QAM systens tend to operate at the higher frequency bands of the channel,
whi ch is particularly undesirable for two-wi re subscriber | oops where
attenuation and cross-tal k are worse at the higher frequencies. It has
been proposw® 8983 ef ore, to use frequency 5 division nBHﬂFﬁWWUﬁB(FDW to
divide the transm ssion systeminto a set of frequency- | ndexed
sub-channels. The input data is partitiéned into tenporal bl ocks, each of

whi ch I § i ndependent | dul ate dtransptted in a respective one
“of the sub- E‘ﬁ’é?ﬁi‘@“%wl%%ﬁﬁ S e'Hfg"ﬁ%Rﬁ O screte nul ti-tone
transm ssion ( DMHAM byistettis3€ndac operats at ihe higter frequerfSy damis op tiechannelewiiéh cat i on
No. 5,479, 447 i ssued er, 1995 .and. in ag article entitled, 10

" Per f or manc i Ragtiguiazly;w, g‘HPbe for Jwe-Wirsr Y breniberdnong YisTS AtAYatiop apderopsrlk 1,
- h- H n - f
H gh- Speed ,pe w&@%ﬁ%ﬂﬁg’%ﬁﬁhmgﬁ% M%Wgﬂ;&@ﬁ%}' td\hm@cy

Comuni cat i ons, , 9, Decenber, 1995 by |. Lee
Speci fi cabl yivisith modulation/(FDM) i divide the trenspission,system intg st Af feeqpenicy-

“adaptive, vary { d i gl ﬂﬁﬁﬂ' inhﬁﬁ L5 Blotis Ridi
carrier si QWV%P@%:MQSI ?@F'@tﬁ%g%t?l er ”F’g%‘g. eigata to’%‘:hta.}fansm tted
i sI di v: ded Emdepbﬁdan:]lymoﬂuhtedandamw&nmm enc ofdhe sub-channeisat@ne - |
mul tiple carriers. These . Ll onV. .single
hi gh speed §?‘d‘rﬁ¥%"ﬂ%‘%§? M&&' fome tns &%@P%%F%ur%‘?‘gﬂ’g%@%m
bef gre trargmspa" h. ﬁeatspeﬁfitduond‘ m&{ﬂ_@ﬂ#‘?ﬁaﬁd D'weml bad%anﬁﬁana;tic}?&z)iﬂed s
used to split the received signal into mdulated carrie | e .
dermpdul af®d ?ﬁffmﬁﬁ)gﬁﬁl%“?ﬁ@?%%?ﬁ fﬂ’&}p"m}f"f f\&"éﬂﬂ'é?‘ﬁ 'é't bm ﬁaga?srpeed " Such
a DMI syst eybseribé LEdP"| IEEE JGuthd] UncSeledted ArRas inSCorhimuiivations,” Yols 1BsNbi ber
| oops whi chrggtr,%negy suscem to g&iﬁpgnand %t r%gr éources of tii.g:;rsgtéiation
whi ch coul d9 Pec¢rehqs|1199$ Ry ahp P Iy é‘l 2 idf‘f@l%s’t‘.“.e y one
sub- channel aﬁﬁdﬁtﬁs f&emgg\?e, iat6 bRRGAIE] highospesd &fth anddbdion of &multibe

S corrupt an f

total signal ei t her lost or, i error detection is

enpl oyed, * nuwarrige signal-avet aidigitelisubsaribee loope dive datgite be dransmitted,issljvided intos
robl em adapt.i V. L. {11 i i DLt 'ﬁﬁfﬁd otfatipu! d

!Dnvol ve rwﬂgpletﬁ%ﬁ%(hwgbi r§/lm QW‘%@EW er pro @m WI% DMT

systens i s paniers aracomverted toca siogle higho spead sigoaisby means| of IBRT: GuvegseaFast -

pat ent specificattlon P! .t SSU [ G e L . and
M C Tz ahné?%mgggp@m%;ﬁﬁﬁi eﬁgl%/ é‘?ﬂerb?gsgga% zﬁ%g&%m

sub- channel igQsddofsspliomi rebdivedsigmal intp anodutatedcasrdiers) ovhich arerdemiodylatedyto -

repl acing the Fast Fouyrier .. Transformwith a | apped transform thereby
i ncreasi ng tQbsain therenginal mulfiple data, sreams ;| | obe and side | obes of the
filter regponse igucka ot enthl§ safistRshy foris MrtkorRire subscriefpr.i e

wavel ets, as disclosed b A. Tzannes, M C. Tzannes_and H,L. Resni koff
loops which are v&ly susceptible to noise and other sources of &gradauon wﬁch 00158 :

result in one or more sub-channels being lost. If only one sub-channel fails, perhaps
because of transmission path noise, the total signal is corrupted and either lost or, if
error detection is employed, may be retransmitted. It has been proposed to remedy this
25 problem by adaptively eliminating noisy sub-channels, but to do so would involve very -
complex circuitry. -
A further problem with DMT systems is poor separation between sub-channels. -
In United States patent specification No. 5,497,398 issued March 1996, M.A. Tzannes
and M.C. Tzannes proposed ameliorating the problem of degradation due to sub-channel -
30 loss, and obtaining superior burst noise immunity, by replacing the Fast Fourier -
Transform with a lapped transform, thereby increasing the difference between the main
lobe and side lobes of the filter response in each sub-channel. The lapped transform may
comprise wavelets, as disclosed by M.A. Tzannes, M.C. Tzannes and H.L. Resnikoff
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WD 98/ 09383

PCT/ CA97/ 00608 3 in an
article "The DAWI: A Multicarrier Transceiver for ADSL usi hg M band

Wavel et s", ANSI Standard Conmittee T1El.4 Contribution 93-067, Mr. 1993
and by S. WO%MMMBer g, M A Tzannes in an article "Over| RGHCAITH0608 ot o
Mul titone Modul ation for H gh Speed Cgpper Wre Conmuni cations", |EEE
Journal on Selected Areas in 5 Conm, VoP. 13, No. 9, pp. 1571-1585, Dec.

1995, such sygie ' e s TGk t ). one
(owe S Y St CDUNIRE A Mcarries TGS ot WOSE wdllh MBS, |
typi cal | y useWavelets") ANSE Standdsd ComimitseeT 1B 12 Conteibutionr93c067nMaz. 1993 and by12,
whi ch | eads t l.eXx t ._equi nd ual i zat { on d .
eyhhr on vat | SRy K& Toannes in SRR veftiped Bistide Bolsibne Mbctation
t ake advant aggrdfighSpebe iCopperCWirecCortmsitations") TEEB Joihal vh 'SeleSted AreasORm

| oop at | ower freque e nu bits transmtted at the | ower

frequenci es5i Gomm., VE&@:?@; aPRt ﬁg‘&ﬁ - §993, sych sysiems heing geferzed toras

hi gher frequenﬂmgwﬁmacumﬁmngmndi ngly. It is known to
use sub-band filtering to process digital audio signals prior to 15

|
recording on a st oAd!j@dmrﬁf'b?ﬂtPNgE and, DIWMT ssystems ds thatTthey typisilly nse
speci fication Im EEHP I ' a nt
for encoding a“fﬂl foy gﬁgﬁgb-éﬁaﬁnﬂ%o{ e h%kid?{t%zg*@g{' i%ﬁé %om%dggﬁgﬁal S
usi ng a conmueqipment rand cequialization tand synchmariizatios difficultied. t Fhese difficiitiesoaded be
conbi ned. ul t AISEe | | C r he sub- .pand
oi gnal o as iy PrcEPaB i B 1k iahlapof BE APt Shaal R o1 e Gt sptmcrit)
because each Rp at ddbwdrairequendies: ithemhiser rof dits tansriiged anthe dowerdfrequensieslisor ,
i f applied to,transm ssion, its .OowWn _transm ssion, channel .
Uni ted Stat es’“ﬁ%@%ﬁt “%“Ee‘@? f'lue‘i’ﬂ &f Wms"g%it, Z‘EW&%FB&V@EW%)”&P@I oses
a siml arm%mﬂf;cl?.echni gue to that disclosed by Rault et al but, in
this case, the sub-han si gnal s are conbi ned by means of a synthesis
filter before recoltdknows do juss sub-band;fitering to process\gigital apdiogrignals prior to
PCT/ CA97/ 0980fecording on a storage medium, Juch as 3 compact disc. Thﬁs, US patent g)eéiﬁc%tion
signal first 1s ana %/zed and an identification si %na s mxed wth each
of the sub- bamember 5,214,678 Rault anad disglosnanarmngement forenpoding-audio vignsls and
usi ng a synt hgsiifalihdnt of : s t R
I dentificati og‘gélﬁ{gnla iggentnot gmde%ﬁ%&ﬁg@ﬂ@)\}&%gr%% plhaﬁty of analysis
filters, which could be combined. Rault e al use recording means which record the sub-
band signals as multiple, distinct tracks. This is not entirely satisfactory because each
20 sub-band signal would require its own recording head or, if applied to transmission, its
own transmission channel.

United States patent specification number 5,161,210 (Druyvesteyn) discloses a
similar analysis technique to that disclosed by Rault et af but, in this case, the sub-band
signals are combined by means of a synthesis filter before recordal. The input audio

25 signal first is analyzed, and an identification signal is mixed with each of the sub-band
signals. The sub-band signals then are recombined using a synthesis filter. The
technique ensures that the identification signal cannot be removed simply by normal
filtering. The frequency spectrum of the recombined signal is substantially the same as
that of the input signal, so it would still be susceptible to corruption by loss of the higher

30 frequency components. The corresponding decoder also comprises an analysis filter and
a synthesis filter. Consequently, the apparatus is very complex and would involve delays
which would be detrimental in high speed transmission systems.

It is desirable to combine the sub-band signals in such a way as to reduce the nsk

This Sheet Has Been Rerlaced .

| THS S&Eﬂgég 'BEE-N-_ R , ’"m, ,m" "" m




filtering. The frequency spectrum of the reconbined signal is substantially
the sane as 5 that of the input signal, so it would still be susceptible
to corruption by |oss of the higher frequency conponents. The
correspondi ng decoder al so conprises an analysis filter and a

synt hesi s fwomoemIsstonsequent|y, the apparatus is very conBFEEA%IMRoul d

I nvol ve del ays whi ch woul d be detrinmental in high speed transm ssion
syst ens. : It is desirable to%conbine the sub-band signals in
such a way as to reduce . thg risk 0 of ,corr ion resylti.ng f rt of
The 'si gnal BEATEERGLESYng PRt of G AEPR petns W A Senpied durihg sl 0
|t shoul d bgndlef fgragélat . al though Rault et al use the term "analysis
filter" in therr specification, jn this specificafion.t t,.erm .

"anal ysis fil terl"hﬂl‘ﬁgﬁ@%%’?&‘!!‘é*\gﬂé“&‘“_ “ﬁ’é\m my@ﬁgﬁ&dﬂ%ges a
signal int PW&&&L i i 'spevititation theStefifl *hsialysis Al VALY udelab dbhotk fae
original signal can’'be reconstructed using a conplenentary synthesis
filter. 5 devi@iwhitiRdecomposesasignalNmo@ plurality of sub-ganmabrnes a wap/bak i on

seeks to eliymnate, Or 114 t | of these
known systeﬁ?mmg%"ﬁg&% J“F,‘C% tq%ﬁﬁraoé\g’ﬁ‘ggé@% ﬁ%r ove% e 0d and 20
apparatus for encoding signals for transm ssion and/or storage.

According taq e ' ntion, there is provided apparatus
conpri sing sm&@%@é(@mﬁﬁgncodi ng a digital input signal for
transm ssion or gTheprgént Mvéntion seeksholicitinate, lor)at feast mitigate; thy disadvantagesoded
signal to reconstruct the input  signa) he gncoder conprisjng apal ysis
1 Prer bk ofdemse known:sysiemp,anc has Jor 4, obiRE o pravide g Jmprevip othotb add
plurality ofapgaa.-,p aa@?i iPnal ORF Frafsntissi ehdf@MidtigRd at a respective one
of a cor spong‘f}% p ra?’im%y of frequencies; interpolation neans, (52)
for interpol ati ndceording to ops aspegtiof $hednvention, apparas forArcoding %} Bppihisnal
correspondi g RhdthildonorBorngdl & olifi' sidienbaRel sigral & RBSHsEUAAL iR UPYI NG
t he sane frer}gruency é’hdpras eﬁ{gt ers;  means (25;5%1) for provi ding a

pl urality ofsignak, chamacterizgddys; nodul ati on nmeans (22;55) for using at | east
sonme 30 of  the interpol d sub-band signals each to nodul ate a respective
one of tHe rﬂﬂﬂﬁ?‘f%ﬁg@ﬁ}‘& carriers; and conbi ning nmeans (23, 25; 55, 56, 58)
for conbi ni ng t he nodakadysixiilen means for analyzing the nputsignal inta & plusalitydbwbsi gnal
for transm ssion. or storage; nd e _de r, (.13 .] Si s (31,
6l[err],61l[err], 61] eri’ﬂdag‘?gm‘éxt? tﬁ“hg’a‘?ﬂeg%&g?dal#té %?‘S&Hé diié @a{‘}\o

98/ 09383 o corresponding plurality of different frequencies; PCT/ CA97/ 00608
modul ated carrier signals fromthe recejved or, recorded encoded .signal ;
means (35; 63 fomeg%\f?fdﬁ’ﬁy‘di%laul’ fy, of; carges, iskﬂf"‘éin'é‘ﬁ'mgsd‘sfk"g"“?
corresponglh ng to thosgma;mgﬁg;d encoder; denodul ati on neans (32;62) for
using at least some of the carrier signals to denpdul ate the extracted

modul-at ed cadi er si gmeadylation meansfor using-atdeast oMo dhe spbrhand signats each to
modulate a respective one of the plurality of carrier signals; and
@iv) combining means for combining the modulated carrier signals to form the
encoded signal for transmission or storage;
25 and a decoder comprising

(v) filter means for extracting the plurality of modulated carrier signals from
the received or recorded encoded signal;
(vi) means for providing a plurality of carrier signals corresponding to those
of said encoder;
30 (vii) demodulation means for using at least some of the carrier signals to

demodulate each of the extracted modulated carrier signals to extract the
corresponding plurality of sub-band signals; and
(vii) " synthesis filter means complementary to said analysis filter means for
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5 interpol ated sub-band signals; and deci mator neans (66) for decimating
each of the plurality of extracted interpolated sub-band signals at the
rate at which the interpolation was performed and appl ying the

deci mat ed si I synthesis filter bank neans (33;67) conpl ement ary
to said anal %Mer bank means, the synthesis filter baﬁ?"ﬁgg‘ﬂ!"qnor
processing the plurality of deci mated sub-band signals to reconstruct said
i nput signal. 10 According to secdnd.and third aspects of the

nvention there are pryiuiefith Whe plumlicf OSRaciE subBadl dighl GBRARL RO e

of the apparatus. nalysis filter means y be rm for

exanpl e an M band fil t edecesied signal corresponding ta thednpus signalour i er Transform
unit; or non-unifo . @Hﬁ datg'i'nﬁlﬁ!s ' e‘;f% i on: L1t . such
as an octave- band é?aoéé}g%fcg | %‘r ank #dcrrgl erreéjnﬁv%hogf g‘c%%%%vgge] €15

t ransf or m ( D\Wijcoxiéri peein seviahd therdecoderperuie-of alrecpplsatusng di f f er ent bandwi dt hs,
typically eachl,lﬂ_glf th i dt h of ibgn.i hhour . é@g
interpol ati®n rate M@!ﬁi}@ﬁwmm% B 1P Cxampls, oMsband bgakg

E i gnﬁl s abt :é&ﬁuﬁ_ fo&hehfaaamnpmaemulmso' hfltion" ﬁl@?aﬂk:ﬁu@ﬁ %mm bandorv | |
e chosen according tq the requirenents of a particular transm ssi on
channel or st&aétje&\‘ﬁgﬁgk mﬁt‘VHipﬁ%ﬂ“ﬁ/-‘%‘degﬁ‘@ﬂg differcat bandwidths; typieallynor e.

The i nt er pol ag4ch kTR WidiPUf RORGIEHLOE, OF v me F&M F§§&%M@$.Se

interval s between actual val ues, and filter neans,
Cosi ne filter meanWheredhe input sigaalds digitalige enalysisSilise meansmaytcomprise anl octavep! es

and insertj ' ' S Usual ly,
when used %VI Mﬁgﬁ%ﬁ“ﬁ%ﬁ“ﬁé%ﬁ?ﬁﬁﬁqﬁﬂﬁ¥ banks create sub-
band si gnal s whi cHFareacqsingdigitaliinputsignals, te encodermayr farthericoinptisecinierpolyition |
signal, which . tign diffjcult. . In ol at | and snoot hi ng
t he sub- band Fﬁnﬁaﬁg%&g@\%ﬁ’gt&g@egﬁé‘{#%g‘! IW‘W@% h¥ %%%Me
sub-biand sig:‘adﬂmlvmemitthbrsg)-bnﬂﬂmal' .?)rl‘hedecokigrmﬂgw:ﬂletmpﬁs‘eiwhﬁad stopifog, for
exanpl e Dou pr Single Si an i.tude 30 Modul ation, Quadrature
Aol 1t e, VORI thenpirciel Aiteband. Seil 1. oM dlpoted yaihes HHorom
(CAP), andy$ Oapplication to the synthesis filter means. - The interpolation rate will be in pro(?ottion o 6
According to fourth aspect of the invention, there _is provided a nethod
of - i-encodﬁﬁéammof%ﬂ’mm@)FWﬁ%@@‘m rspultingointerpolatedisubcbasdi rig
such encoded ginfa{@dll have thé nfecanstruct the input signal, the encoding of
the i nput signal conprising the steps of using analysis filter bank

means to anal yze tTheintemelation giewill bechosen grenrding tojthe requinementsof a paBiculagnal s,
Frequonci e, SRISioR hBineFor SRR hiaEo 0By il Bk of P3RS 4F 1 B oty '
(i) i nt e2@ol at i rfheciatekpoldtion meeand may comprise fan pkanipler foriigterpolating imervatsde a
aeUpyl gt nebebusse geptal yaley 458 et nidant, VP ckagde sl {XtnR ek iR, "t
determining values between the actual samples and inserting them at the appropriate
intervals.
Usually, when used with digital signals, sub-band analysis filters create sub-band
25 signals which occupy a wide spectrum as compared with the original signal, which makes
modulation difficult. Interpolating and smoothing the sub-band signals advantageously
band-limits the spectrum of the sub-band signals, permitting modulation by a variety of
techniques, for example Double or Single Sideband Amplitude Modulation, Quadrature
Amplitude Modulation (QAM), Carrier Amplitude/Phase modulation (CAP), and so on.
30 According to a fourth aspect of the invention, there is provided a method of
encoding an input signal for transmission or storage and decoding such encoded signal
to reconstruct the input signal, characterized in that the encoding of the input signal
comprises the steps of:

This Sheet Has Been Reﬂlaced

ST AR

REPLAGED




10 (ii) conmbining the interpol ated sub-band signals to formthe encoded
signal for transm ssi on or storage; and t he decodi ng of
t he encoded signal conprises the steps of: (i) extracting the
plurality of interpol ated sub-band signals fromthe received or

recorded eWQM8 gnal : 15 (iv) decimating each of the FTHFANPIYS of
extracted interpol at ed sub band S|gnals to renmove val ues
|nterpolated during encodi ng; and usi ng synthesis filter bank

nmeans conpl amentary ta_sai n ng the
pturality deci m%eﬂ!‘? ﬁ%e\é %ﬂét ’é‘hs%‘“gi'mﬁ“‘e‘“ ségﬁglg{cﬁodegimwéfgnal
correspondi ng to thegsiabibdid siggls)! eacROsub-band cémtered datng respetiive lonarof 3i xt h

aspects of the invention, (F@ ded t he met hod of encodi ng per
se and the method of “OREeSBoR aﬁF‘E‘ g{&q ©s; I n enbodi ments of any of

the above Kects of Irdwam ¥ Pltirdlity of\bdrfibr mmgaﬁﬁeremﬁamwa:

Transform e di gltal ut si gnal _may divided  into ments and the -
di scret e Sl et tra#&#‘BP é‘ﬂ“?Bf'thF& rﬁ&!‘é&?@%‘gﬁ"\f@"@&gﬁém"t he §
digital signal. eofmmtftﬂi@%'cﬁgleﬁ gmg Qﬁp objects, features, aspects .

and advant ages of the prese I nvent | becone nore apparent from
the foll owi @iy det ai | edmbiningrthemodnlatetl cprrist signalg to formeth eneoded tsignak forhe

i nvention which are ﬁ%ﬁ:@&pg}%&fo&@‘ of exanple only with reference to

t he acconpanying dra
7 BRI End[#h&aEotih O tigeriotied! signal comprises the steps offi gure 1 is a sinplified

schematic diagramillustratin st em ncl u an
encoder h?id("gecoder E (detormei] H{fg'flﬁﬂi'ﬁ °r}s’ﬂ?}€'ﬁ%“¥er signals from bnd ‘EM is a
schemati c bl ock di aghashrédd eadoded Q:igilﬂt; enbodyi ng the pr esent 5 i nvention;

Figure 3 is a schematic bl ock, diagram Qf a corres ecode fo.r
si gnal s ™iX r om t h@reyidiag a plusality-p Signals corre nding ‘8%’ ’%;

i[lustrates three-staggodiigcrete Wavel et Transform decorrp05| tion using
a pyramd al gorithmto pr ovi de sub-band si gnal s; Figure 4B

i 11 ust r at es(Mildr ee- st Agingsatrieast spme of tha, castier, signals Q?]é@“ﬂ%tq‘ﬁ‘ee%@and
2 oncodP sing a sihodulted caror splallofextialithg cOnBpOndieg IR offsdttr am ©F
anpl i tude nodul ation hmdlsngnﬂs,amdsub bands and correspondi ng carriers;
(vii) using synthesis filter means complementary to said analysis filter means,
processing the plurality of extracted sub-band signals to produce a
decoded signal corresponding to the input signal.

20
According to fifth and sixth aspects of the invention, there are provided the
method of encoding per se and the method of decoding per se.
In embodiments of any of the above aspects of the invention which use Discrete
Wavelet Transform, the digital input signal may be divided into segments and the
25 discrete wavele: transform used to transform successive segments of the digital signal.
Where the input signal is analog, it may be digitized and sampled, then segmented
(if appropriate). Where an octave band filter bank is used to implement DWT, however,
segmentation of the input signal is not needed. Alternatively, an analog analysis filter
bank could be used operating upon the continuous analog signal directly, each sub-baud
30 signal comprising a different centre frequency.
The foregoing and other objects, features, aspects and advantages of the present
invention will become more apparent from the following detailed description of preferred
embodiments of the invention which are described by way of example only with
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15 Figure 6 is a block schematic di agram of a decoder using three

sub- bands and carriers for use with the encoder of Figure 5;

Figures 7A, 7B and 7Cillustrate the frequency spectrunms of an input
signal, and ree sub-band signals before and after nulti-carrier SSB
nodul ati on; wo Figure 8 illustrates, as an exanpl €; F’?‘e‘?i npl e

input signal S[err] applied to the 20 enc.pder of Figure 5;
Figures 9A, 9B, 9C and 9D illustrate the Sub-band wavel et signals y[err],

Y[err], Y[err towit}i:ihé)é&gl'rlﬁﬁﬁixﬁydrﬂ)ﬁ sis filtering of the input
signal S[err] of Figure 8; Figures 10A, 10B and 10C illustrate
nodul ated carrier signals y'[err], y'[err] and y'[err] nodul at ed by

sub- band vvavehﬁ%m,s' e bﬁr&,,n%wbsand ylerr], respectively; 25
| 'Ustratres the i

Figure 11 il encode ransmtted signal S[err];
Figure 12 il ustr dFigerethis psimplifiseh) actiematic diagrame illustrating 4 ttentismisgiom systéner r | ;

Figures 13A. 13B.and 13C.i|| rate the.recoveted wavel et nodul at ed _
carri'ers, A?’ mg‘“f’@ﬁﬁ'“?’dfre %Wéqlpqgo%emvennon, Figure 14A, 14B and
14C illustrate theriggre@ iy £ dchiomdte block idighdnt of [afenbodey [eaibollying thk pleSént] ;. 30

and . Fi%g_re 15 illustrates the reconstructed signal.

WO 98/ 09383 invention;

PCT/ CA97/ 00608  Figure 3 is a schematic block di of a corresponding decod ignal :
DESCRI PTI ON OF THE PRBFERRED EMBODI ME A tgr al’lsmersglr(gl S)s/St em
enmbodyi ng t hefrpmdheencodes\of Fliguse1i s i | | ustrated in Figure 1. The system

et um 12, P 0coder EHEAATIERAes i saGe Ul WHE Gknsfobm LSRRy

si gnal sour cea pyramid algorithm| tb provide suhdandisigaads; 11 whi ch encodes it using -

7esulti ng encodeq PR AP sk ot inge BB i i ool R S sibtine

represent ed hgigmistofdFigwreda;on channel 15, noise source 16 and sunmmer 17,-

the  latter comrini nQi, s ith the signal in the {ransm ssi.on channel
15 before it reac é%“reg%staﬁ%""ge’ﬁ °MP§%W?W@§MWH%m12
is illustbpd efiterahd DEUBIEISIdEbaRH arhPlitBdSHn O ton With tES subRindSarid toiRgednding e

out put of the decoder 13 is supplied to the signal destination 147 The
usabl e bandwi¥MIBf channel 15 dictates the maxi num all owabl e rate of a
signal that QOUM#?E(:&%%@%"BI&&!@Q}IMch RtAdekoder usin 4rld§ Sihd

- enbodi nent of the encoder 11 is illustrated in nore ctllet%il H?ulelbgl??e 2.

The input si grsversfesiyse with the gacoder ofiEigwm 3t nput port 20 to analysis filter
o, 8 1 15 SRR € L gk oSSR 02
hi ghpass s21b-thmedub-bembsignalschefdre ahd afieromultiredrrier §SBImodpfation; - : =
Figure 8 illustrates, as an example, a very simple input signal S; applied to the
encoder of Figure 5;
Figures 9A, 9B, 9C and 9D illustrate the sub-band wavelet signals y,, ¥,, ¥; and
¥, produced by analysis filtering of the input signal S; of Figure 8;
25 Figures 10A, 10B and 10C illustrate modulated carrier signals y’q, ¥'; and ¥';
modulated by sub-band wavelet signals y,, y, and y,, respectively;
Figure 11 illustrates the encoded/transmitted signal S,;
Figure 12 illustrates the power spectrum of the transmitted signal S,;
Figures 13A, 13B and 13C illustrate the recovered wavelet modulated carriers,
30 y", ¥"; and y*,
Figure 14A, 14B and 14C illustrate the recovered wavelet signals y', y*; and y';;

and _
Figure 15 illustrates the reconstructed signal.
‘ _ ., - This Sheet Has Been Replaced
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y[err] are supplied to a multi-carrier nodulator 22 which uses each

sub- band signal to nodul ate a respective carrier of a selected
frequency, as will be explained later. The | owpass sub-band si gnal
y[err] contains nore | ow frequency conponents than the other sub- 20 band
signal, andWRMM¥} to nodulate a | ow frequency carrier f[EH

bandpass sub- band signals y[err] - vy err] and hi ghpass sub band si gnal
y[err] have nore high frequency conpone X than the | owpass wavel et

Si gnal y[err lf‘ﬁm &Fﬁﬁﬁw i gher frequency
carrier signals err respec |ve Y, whi ch the frequencies

I ncrease f rom fle tr}ms:mssiqnexyst}:m embo‘ﬂymgrthnjptemeihvemmimrillmirgwdlm Fygurer r] -

unt o 15 1 ano R sl SmBHER SeiaD ot 80T shit, I, ELPRA L, opimg; o

transm ssi onmédium! 42,0dseodet 13 (ahd gighsl destination 14. Input signil §,fronpiipmal escsies 13,

for decoding the encqoded output .signal, wl| now be described wth
referenceﬁds%'ﬁg@g‘ Wqﬁ @mezt%—b@rrdaﬂm@ AHEgaTsier
12, the transshuidion ant Supplieslth kesulfRY ehcoded sighal Bh Fheli 1%6

ance as received 30 by the decoder at port 30 |t |s Identifre

recei ved si gﬂuﬂ\ @[Wﬂ(eﬂm adransmission nhmyelrlg, noise source 16tanl summer iﬁdhe i cal

1o oI e, 90 g3 e ok b 38 e BB 1

flerr]of t hetherdbchude::;lsr i Although artransnission ﬂﬁdl(lﬁl ylmsenlm}mwrtj nte:ooldeheSaﬁ he

cor 1 €SPOndl Neapol sibrigh Sdhfuh®lnshd]" T8 oulfi€ of the decoder 13 EuPghed 3 Re
recovered ms@ﬁhlauaﬁnm 14" Thegugbke banki®idth of charnel 15 di€mes MeS thakivminh e
array then are dulate b rrultl-(;arrl er denodul ator 32 to recover
t he | owpass, lﬂﬂﬂtﬂﬁé%‘g Agignal éﬂ@a’%"s ersthg changely o 1] - ylerr]

cor respondi ng t o ASgest Raibddifen\af the thetded 11 w’illﬁi -in more RBASAFMREL. 1N .
t he encoder 11. The .recovered sub-band signals are supplied to synthesis 5

filter bank '!3@ inpy ;&r%mlgd.vm anemprpené&@rsnalm filiey hank 2dpwhich - t o

anal ysi s f 91%@ U\Erpa‘?_. shoul.:d
cl osgl y rese eI tﬁe |nput Sl gha | itrgél k gure éskﬁadl"supp@ges it
to signal desyb-rbamdslgnalmﬂ. -\Mnaawaplghmrsub-wmuar"l.yﬁew-band sigmals\yer ed
. signal. S Jerg e ensate
fo? dr[ st 31]"( i'on ‘ﬁgbﬁ eﬁtrﬁﬁ% ug'%&&gﬁ?%%‘é% 'I‘fﬁg% %‘Pﬁge '
shguLd 3e nohaitlﬂhatreﬁ;hm»/el@hmaﬁ'assﬂecbdgtbqﬂexgy;ads willdreréxpmwdambmhe o
sub- ban Si gha err i n, Fi gur no e
transnitted, l"Y’?&F b%'{%ﬂﬁ# ‘%{"ﬂ ore l%&?ﬂ‘ﬁ'f@ff’ﬂ%"%@ﬁé @e ﬁ’ﬁbﬁ’rbed Wi th
other sup mads@anmmm.ﬁmmsmwm carrie §) 2 bafdpaR0iub-band

transmtted, the synthe5|s filter bank 33 shovvn in gure will insert
18

zeros in pl Aignalsyit Fea ﬂﬂdslyghﬂj"ss%b'%&%ﬂl Ymuhaye mprehi W%@'&Pﬂﬂ@nal |
Sr Egﬁgilr] S\[Aglrjlr QMF%a t he gri‘r%ﬂ’a' sub- ban%g , thea%(kat r c%nput "
appr oxi mat i garrier signals l‘, f,,_,, respectively, of which the frequencles increase from f, to fy,.

The modulated carrier signals y'y - ¥'n, are combined by summer 23 to form the

25 encoded output signal S, which is transmitted via output port 24 to transmission medium

12 for transmission to decoder 13 (Figure 1). .

A suitable decoder 13, for decoding the encoded output signal, will now be

described with reference to Figure 3. After passing through the transmission medium

12, the transmitted signal S, may be attennated and contain noise. Hence, as received

30 by the decoder at port 30 it is identified as received signal S', (the prime signifying that

it is not identical to enclosed signal 8) and supplied to a filter array 31. Each of the

filters in the array 31 corresponds to one of the frequencies f, - f, of the multi-carrier

modulator 22 (Figure 2) and recovers the corresponding modulated carrier signals. The



Preferably, analysis filter 21 is a nultiresolution filter bank which

I npl enments a Di screte Wavel et Transform (DWI). In order to facilitate a
better understandi ng of the enbodi ments which use DWI, a bri ef

i ntroduction to discrete wavel et transforms (DW) 20 will first be given.
DWI' represent Jﬁmi’%itrary square integrable function as t CAS
superposition of a famly of basis functrgns call ed - wavelets. A famly of
wavel et basis fuctlons can be generated by translating and d| I at| ng the

th I f al gf b
ggt alene\cliva\tl)i SWhe |nner prod&@nﬂpey. n}'v%ers\aaﬁae m%C@ al an ?Re e.

wavel et f unct demodulagidieya mmdti-oarsies démoduiator32 tor recver theahsrpasseuamipaksohnuat ed

aLoor it or gPent AR bafd el ¥y 2 vioconsbontR 10, Bb e, dioal b "

t heory of Tespectively,sin mmmmgmmmmmmm gplieatto synthws
representatjo b&%T ans. Pattern Recognr tion an I\/achr ne

I ntel’li gencd, M whf WF 4 gereplementany;aad inverse manoer;to anal

coef ficients gink@1¢pfidags aﬁ%ﬁtpbﬁstglﬁl sywnicﬂdném&atbwye%b@%eqﬁsﬁtfsiﬁhmt s of .

t he previous stage which is, expressed as foll
[err] in Figyye 2,md sypplies 1thos1gnaldesunauonl4 via output port 34. Usually, the

PCT/ CA97/ 0060, ’
[err] vd%‘r’veaﬁ( P, q31 sl’s %vsgrge?" 3FY uealn'feratf) %oﬁl?easaﬁ]fogt age,

and h(n) and @mmrmdmmmmaxyrmmwmcr ents correspondl ng to“the

Vi cocr f1EPent o o s b 0054 o RRYPLR!Si-sond g o i BP it

dat a repr esensignals\g, D\W, dncigurei 2 niay mot need)itq bertemomitled Off thep ¢ontafndliglel ons

tages. In | HERISERQENe! 8 SOMPRIH L, ¢hes FibSal SEGRe VR (e sy

stages. |t shagtatk &@ riofuakniifted, the synttiesis diller basi33 MWl i Bigle 3 Wil insert

represent a |owpass filter, wher eas t he coefficients a(n). represent a

2! ?]npass fi| t2eros inglace of missing sbrband WMW%WQWMSMMO
| fferent $&apesnly Itsl:lfosfa‘zfﬁ'%) :ooé.etsa ﬂ%@ﬂ@f'dﬁ&@éﬁﬁé%@ &bbe

details of the frequency co e second and
al | subsequenkands uspd #éPPfOleaGQ!Eorrpo& tions extract -progressively

Chat conpact {TLLS%%?@ LSRG 1 § FRARRRD Rfon iy bl PP el °C

reconstructi onxscmmekaﬁsfdme(ﬂ)mkm arderito facilitate albettet undérstandibp ofithe

tree-structure rc‘gﬁ\%ﬁ @!gﬁ&ommm dd&m&th%&o als "tﬁSvﬁ"j‘”ks

can be used t@"
20 will first be given. DWT represents an arbitrary square integrable function as -the

superposition of a family of basis functions called wavelets. A family of wavelet basis
functions can be generated by translating and dilating the mother wavelet corresponding
to the family. The DWT coefficients can be obtained by taking the inner prodict
between the input signal and the wavelet functions. Since the basis functions are
25 translated and dilated versions of each other, a simpler algorithm, known as Mallat’s tree
algorithm or pyramid algorithm, has been proposed by S. G. Mallat in "A theory of
multiresolution signal decomposition: the wavelet representation”, JEEE Trans. on
Pattern Recognition and Machine Intelligence, Vol. 11, No. 7, July 1989. In this
algorithm, the DWT coefficients of one stage can be calculated from the DWT
30 coefficients of the previous stage, which is expressed as follows: :

Wy(n,3) =Y W (m, 5-1) h(m-2n) (1a)
o



in these system A three stage octave-band tree structure for Discrete

Wavel et . Transformation will now be described with reference to Figures
4A and 4B, in which the same conponents in the different stages have

t he same reference nunber but with the suffix letter of the stage. 2 0
Referring t WO9888383 4A the three deconposition stages A PET&AS? ve

di fferent sanpling rates. Each of the three stages A, B and C conpri ses
a highpass filter 40 in series wth® downsanpl er 41, and a | owpass
filter 42 in series with a downsanpl er 43. The cut-off frequency of

each lowpass filter 42 is sybghaff 3y, (Whg-spganam)t he cut-of f  (ib)
frequency of the associ at edmﬁl gh{)‘ﬁasgfllter 40. In each stage, the cut-off

frequency is 25 equal to one quarter of the sanpling rate for that stage.

The N sanples of input si gnal Slerr] are suppl ied in co n to the jnputs
of hi ghpass where W(p,gl istheypth wavelet sogfficientrat mqeg?mﬂde&( ?FHl“‘Fg

hi gh frequera‘gxnmm nmng'tﬂmaﬁlﬁg'inhﬁfavéﬁffuﬂéﬂbng%ﬁwwd by a

factor of 2 A an resul ting sarrpl es supplied
to the output astheoﬂm'@hsd@VHmﬁimeﬂs@f edlmete-lttmecﬂammswqmﬂy

Gownsanpl & DeAPR i rpiepils ¢ PPt FpdBUEREIEA Rifn Mol R84, Biuaiola, .

sane and 1bV@nOthed D3ased for obtaining DWT coefﬁcxents of subsequent stages. In
PCT/ CA97/ 00608 ,

pr ocedur e -1 PrACtEeShisdecqmpositign is performed qqly for;a few, stagps, |t showld é%ﬂ?)%gmt rom
hi ghpass fi liheHilation cheficn® ARy repicaattad Idwpasionitea wbkras theFeoeffitidntiog(n)

resulting N4 sanples supplied to t he out put, tas bandé(ass Waoﬁ\‘[ﬁeﬂl‘fi
y[err]. The repmaient W‘ESMI@@U rdeRcPo RYEE ogmation éf'rpl ed
by downs gl e.é,}%ﬁ@gi sthdel HOwhvedet m&&@ﬁ%‘mmm dfitfie 5
third stage I n I ch ghpass filter 40C and downsarrpl er 41C process

themin Ii. k@mmm{mmwcpmm@)uhllqthemm Wﬁ!ﬁ@eég Wﬂﬂbass

Wg\\//ﬁ!sgﬁrpﬂgr#o'ﬁg%%o%rl er %"""‘gﬁ/ﬂ%‘ﬁf@f m@mg@ég suppl 1 es them to

- the output asshould besmtedethatl comppétly supported wavelets can be gensated by arperfeet-t hat

e A G T 6, e o Yl o o2 g 2

conpri se&é%cmmmsommmbimm filteryanksoan bB igedta gpierate wavelets.

| nst ead of the oct ave ban ucture re 4A, a_s e SS,
t wo: bandpathese g‘ﬁ%ﬁ@'g‘ﬂjl%r t@ﬁﬂfed?%regﬁ?e%e ‘b it

parallel, wi Tﬁnﬁbﬁﬁﬂoﬁ Will now bd am&whitmaferatcem Figlres 4A and 4BRm‘mhch thg now
to Flgure 4B, in order to recgonstruct the o I nal _input s Lh
DWI wavel et Smgreomponents inthe different shages bay é&e E‘Lgrsé‘l tvgth &‘G\Npass
and_ hi ghRRES 1ehkt bEthe m&ge operation bei ng expressed as:
20 Referring to Figure 4A, the three decomposition stages A, B and C have different
sampling rates. Each of the three stages A, B and C comprises a highpass filter 40 in
series with a downsampler 41, and a lowpass filter 42 in series with a downsampler 43.
The cut-off frequency of each lowpass filter 42 is substantially the same as the cut-off
frequency of the associated highpass filter 40. In each stage, the cut-off frequency is
25 equal to one quarter of the sampling rate for that stage.
The N samples of input signal S; are supplied in common to the inputs of highpass
filter 40A and lowpass filter 42A. The corresponding N high frequency samples from
highpass filter 40A are downsampled by a factor of 2 by downsampler 41A and the
resulting N/2 samples supplied to the output as the highpass wavelet y;. The N low
30 frequency samples from lowpass filter 42A are downsampled by a factor of 2 by
downsampler 43A and the resulting N/2 samples supplied to stage B where the same




[err] where h'(n) and g'(n) are, respectively, the | owass and

hi ghpass synthesis filters 20 corresponding to the nother wavelet. It is

observed fromequation 2 that j-th |level DW wavel et signals can be
obtai ned from 35$ th Ievel DW coefficients. Conpact |
support ed wavy He’yg’ e generally used in various applicati oRS T’Em"‘g{ﬂ“é%

lists a few orthonormal wavelet filter coi:fllments h( n) that are popul ar

vari ous applications as discl osed by Daubechi es, in "Othonor nal

bases of conp

pp. 906-966, 198 m‘f’ﬁ‘e‘?gwr B ets Me tgﬁlﬁgarop Efnﬁﬁofﬁ%%gs}/ﬁher =

I
in

maxi num nunbe MBfarwdawmmbdrhyrﬂmmm;dcr 41B andl the vesnltiog IN/4 samples supphemm/m as

o B o s oRle output as bandpass wavelet ¥} TH¢ Set Ni2 samples from lowpass fijter 42B are

Wavel et s downsampledoley dowrisampler 43B and the resulting ND#isdingles are supplied to the
Daub- 8 . .(,0). 0.33 1

0. ;30378 5 third stage C, m%%lﬁnghpass ﬁlberWCanddownsa@lgoégggmcess them in like
0.714847 5 manner to providé athe output N/8 samples as bandpas® wavilét fB The other N/4

0. 630881 h(3) -0. 13501
-0. 027984 samples from lowpassfjiter 42C are downsampled by dewrsaBplen 43C to give N/8

0187035 samples and supplidd{tBem to the output as low-pass wavellt §3°22°
0.032883 10 It should b agted that, if the input signal segment comprises, for example, 1024

-0. 010597 ble |
enmbodi ment of W&ﬁ ﬁ{/éln nts n"a ele"f“lyt'h dI'Yil éﬁmpngeugnlxa S teshé\[avelet Y2
transmit'ted, audpﬁmausmeﬂmmmwm prises SEainpless for encoding a

An

di gital signal ow escrj bed WI reference to Figure 5. In |
t he transm’tter/en['m oﬂh BcRangvap_& 9—5““30 gure iy, 2 St f qne > e -

supplied to aparidphést fildérs tand Corfef sysmrfcbhrdese WRANSn paralleR "With diftEre
oct ave- band filter bank 51 for applying Discrete Wavel et Transform as

sampling rates
15 Referring now to Figure 4B, in order to reconstruct the original input signal, the
- DWT wavelet signals are upsampled and passed through another set of lowpass and

highpass filters, the operation being expressed as:

w.(n,J) =Y WL(k,j+1)h’(n-2k) +2 Well,3+1) g/(n-21) )]
k ol

where h'(n) and g’(n) are, respectively, the lowpass and highpass synthesis filters
20 corresponding to the mother wavelet. It is observed from equation 2 that j-th level DWT
wavelet signals can be obtained from (7 + 1)-th level DWT coefficients.
Compactly supported wavelets are generally used in various applications. Table
I lists a few orthonormal wavelet filter coefficients h(n) that are popular in various
applications as disclosed by I. Daubechies, in "Orthonormal bases of compactly
25 supported wavelets”, Comm. Pure Appl. Math, Vol. 41, pp. 906-966, 1988. These
wavelets have the property of having the maximum number of vanishing moments for
a given order, and are known as "Daubechies wavelets”.



illustrated in Figure 4A to the signal S err] to generate |owass sub-band
wavel et signal y[err], two bandpass sub-band wavel et signals, y[err]

and y[err], and the highpass sub-band wavel et signal y[err]. In this
i npl enent atj o only sub-band wavel et signals y[err], [er and err]
will be 20 WP@B@%’%d Hi ghpass sub-band wavel et si gnal c&?’é@é{‘ded.

I nt er pol ator neans 52
y[err] and y[err] by factors 2Nl 2N|andP%A
i nteger, ty phuwedd

sifgnals (y[§
i nt er pol at of
are upsanpl ¢
whi ch inser§

I nt er pol at es sub- band wavel et sr gnals y[err]
respect [ veI y, where Mis an

=rr])haveequalwaasmdse rate Thus |
hnd wavel et signals y[err], y[err] any[err]

b3[ er r | paggr espectg vel y,
pen_actual 4 The

upsanpl ed sgnals t are fil e Rai sg- Cosi 5err]
54, and 54[ ¢rr] spective I'nsert at] each zef 0"
poi nt a sanf ac0.86689%2al ues )f prevo. Umarrpl es The
Rai se- Cosing filters e prefefred so nimze,i syrrbol
interferefcg. The trﬁ@ I nt erppl at ed Q%ﬁ"‘fﬁnd vvavel et sr%ﬁg are 30
suppl i ed tofjdoubl e sp@p-band (PSB) nmupnasesarri er trodul atgp2gggwhi ch Qpises
themto ]

VWO 98/ 093 PS

e T -0.085441 -0.187035

nodul ate thgee separ carrie srgna r], flierr] 3@)ﬂﬁrr], ere
flerr] < f[grr]- <f[e’r?rrs provi dged by hquiczgrler generatﬂj‘d(j')r6 6. The |
nmodul at or 5 conpri Sk6) nul tipliers 57[err], 57[erf] and GPB2883] whic
rruItipIy ¢ carrier (9 gnals flerr] f[err], and flerr] %0}6@7
interpola]fte wavel et 'signal s ylerr], y[err] hnd y[err], vel y

The resultifjg three nDduIated
are 5 addet . 1Y} TAT=e YL Ol
transm ssi on by way of port 24 t daple

At the correspondigngmBSERER o?—fihe Stor in mehl{ Ghé hifHeP sibBaRds

arrler srgnals y[e y[er_r],

nsni ssi on medi um 12.

i ters

recei ved at port 30 is supplied to each of three bandpass
61[err], 61[t@nsqutta¢»can§1\[«'bph p umtqr wavslettransforms for enpotling:a d@gnahmgndr
signal s y[e

J erny 1§¥ |'nal s
ylerr], 10 y err wa‘err a?é ce%efig usﬁ%émgt“?@%%rnrs?éee? oulg "

si deband J(SDmurdésmhmmubs:gm S, is supplied 40 an enpugmr& off anglysigfilter aveans

cre sppt | SasmBrRRY of ol RN ol 8 e apbh Sl DBl B Trahlbil o

denodul at or ifiubtrated infFiguke 4A to thesignak§, Yo géeratalowpass sub-dami waveletrsighal yof er r |

and f[err] b e,recoyered nodul a carrjer Si S err err
and y% err} Eé’ﬁ@ %‘@a“gﬁé‘ %3‘3“@???\9 34’ aﬂé%&ajﬂ'ﬁp q]mﬂa‘&'y I t]er s -
65[err], 65 aﬂ 1fn mrsot fahoii ,Qonly sdbtuahu RéavElBEsignHIDW, §, ahd ?pe«m be
rrultrplrers 6:4 and err respectively, as is usual in a
denodul at?(Pr prooessed. gh signal vy is, figcarded, Interpolator means;52 err]
65[err t%lajg Yo oM e ly,
deE:r rra% ors g%t??o 66[er and '\%fanéi e%rylrrga?%rr unrtgg%sg%\én

ds an gmaes, sypmlm 8 to[24; suchothat thecthree sub-dand

ank. %?%L?a?ré%&%ﬁ*@ﬁ??ﬂg'?he o Rl gl = e i B

the sub-band wavelet signals y,, ¥, and y, are upsampled by upsamplers 53,, 53, and 53,,
25 respectively, which insert zero value samples at intervals between actual samples. The
upsampled signals then are filtered by three Raise-Cosine filters §4,, 54, and S54,,
respectively, which insert at each upsampled "zero" point a sample calculated from
actual values of previous samples. The Raise-Cosine filters are preferred so as to
minimize intersymbol interference. The three interpolated sub-band wavelet signals are
30 supplied to double side-band (DSB) multi-carrier modulator §S which uses them to

resul ting raespectively



Wavel et Transform (IDW) as illustrated in Figure 4B to recover the signal

S [err] which corresponds to the input signal Sl err]. The highpass
sub- band wavel et signal y3, which was not transmtted, is replaced by a
"zero" signal_at the correspondi ng "highest" frequency |n_Put 68 of the

synthesis i VO™BRAk 67. The resulting output signal S errPCHE e 25
synthesis filter bank 67 is the decoder %t put signal supplied via output
port 34, and is a cl ose approxi mati of the input signal S[err]

supplied to thes sgphérp the
transmtted si gr}ﬂﬁlggﬂgl 556 p_ﬂf:ﬁﬁgnéﬁér" andf,\g!fz:zlfhi Mﬁ‘mﬁ%
because each carrier [generaton S6U modulatoroifecomprisesomnltipliers Sig o W t| on
can "be ac i.d SB T

t he encoder ‘%e‘r!ﬁg,?)géf‘é‘ﬁ*‘@gé’m%dg@ %@%&Wﬁ%é’% '&ﬁn b? 1t he
mul tipliers 1, Irespectively: | Thearesultin] bdulsted &SBgrialy ), af,Gind y;i el es
TA, 7EB) and 7?‘qupu]st rate g{)!aratl igwmencgge?rﬂ very@t s’fﬁgﬁ f I ed
signdl s and® Yeﬂé'émW%] W‘H‘ﬁ h tragsmission by way
Figure 7A shq)ﬁ,ohtm ﬁrmmﬁm of a much-sinplified input signal S,

WD 98/ 09383
PCT/ CA97/ 00608 At the corresponding decoder 13’ shown in Flgure 6, the signal S, received at

o5 Biter © TOREHA 6 slpbti i Ach il ohfdpNIIE 1) "6l lapd 6, ‘%ﬁ*?*@?dgﬂaf lerr]
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mul ti-carrier ,nodll,ati on neans bandw dt hs BWerr er r°]' ‘and _:

BWerr] of t 6 anst¥ ectssneatively- babé’&mdvlmﬁ%ewmlww& Ifers

hgs . Th
Yot ol bandey Pkt tleRfe P oRpHR o B halkicd edy 6 6, gt %r% °
bandwi dt h BWhisgaldn a RSB ter: e used but rray be less if only two are

uhi ch, a5 shown | B PRI kipsle ok e FENIES o %‘ow'“’??’%%’ﬁii”“mf

| obe cent er edMiand Mcrespectively, coyrdecinmators 66| ﬁ.fwd“pohydéchhﬂmcmﬁtﬁ ad thé

frequency flerr and an 15 u fr uenc qbe cent d at frequenc
The three lo P‘é’%’&?ﬁ@ X“‘i %ﬁ ?‘F&B”g@mﬁgﬂ

avoi d i nt exd foefaﬁempﬂd oerassymehhﬁlte:emh ﬁ&ﬁliﬂ:lﬁ&pphestdﬂnﬁﬁrﬂﬁhiveﬁemicrétés own :
sub-band only |H% verS| ons of the input S|gnal Slerr], ..

sub- band vvaveWéYel%F’é'ﬂ‘hﬁf@"y fed iy Figure #B 30 gecover the, 8 :‘S@iﬁhband
| et d |
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2 and 5 are dwbwansmitted, s replaced by a (zero” signal at the corresponding "highest” frequency -

input 68 of the synthesis filter bank 67. The resulting output signal S’; from the
25 synthesis filter bank 67 is the decoder output signal supplied via output port 34, and is

a close approximation of the input signal S; supplied to the encoder 11’ of Figure 5.

The bandwidth of the transmitted signal S, is wider than that of the original signal -

S, because each sub-band has upper and lower sidebands. A bandwidth reduction can

be achieved by using Single Sideband (SSB) modulation. To do so, the encoder 11’ of
30 Figure 5 would be modified by replacing each of the multipliers 57,, 57, and 57, by a

SSB modulator. Figures 7A, 7B and 7C illustrate operation of the encoder using very

simplified signals and, for convenience of illustration, SSB modulation.

Figure 7A shows the'frequency spectrum of a much-simplified input signal §;



Figure 8 shows the sinplified input signal S., (which is not the sane as
that illustrated in Figure 7A). Figures 9A, 9B, 9C and 9D il lustrate
the sub-band wavel et signals y[err], ylerr], y[err] and y[err]

obt ai ned by DWI' processing of the input signal S[err]. lgures 10A, 10B and
10C i | | ust rO88BHB cor r epondi ng nodul ated carrier si gnal SPGTEAYTO0608 o 1|
and y[err] obtained by 25 nodulating the carrier signals f[err] flerr] and
flerr] with the sub-band wavel et signall$ y[err] y[err] and ylerr],
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shoul d be nfiequéncy spestoum lofl thiecoriginal sighaltSad WO 98/ 09383 -
PCT/ CA97/ 00608 t hat

these sinplifi edF‘g}‘b‘ﬂ'éﬁ @%P?"?'brbyl W&?aqx?lgumﬁrquoﬁa{nqnéa{»s s*h&nal S
woul d be nMugghdwidth{ BVWE,, BW lafd BW, of the corresporiding’ modultéd catiérs 'y yL,3nd

Verr] raiﬁdiﬁfgéemwver&dbﬁ%“m' PRIng 765 o 1 90, PR B THG O CimoavidBH
wavel et gW'-ﬁmbeﬁ-fiG %MMW%dwﬁﬂfﬂWffaﬂEﬁlﬂmsiéused

|Ilustrates the 'recondtructe signal S[err], can he seen to be a

cl ose appr okutrmay berlessif oply twnpmussd gAbe O‘SP\*}rquﬂwm the snmging.mgans 58

Lgeéhe abovﬁiﬁ@%ﬁnﬁbw pr%ﬁﬁbly cont a| ns n‘ggﬁ}gﬁbl e energg/ Ir]?ti'i

has signifi mbateemdgyfrequency]m\mddleﬁeqmydpbpm@ud at figguengy ;ewdca!er and

decoder difie i at

usi ng mor S ar e posSi : mg t e
13" ek e 0 fﬁ@s*aaéﬂswvﬁz%mm% o adhe b

desirabl e i ptheprsy two @uadt baniesG fooavoib Shteeferehcec and @nsure cthat ench aspeci al | y

communi cat i Q of digital si twisted wire subscriber |oops, they

wout d g? Whg'f%'%q"f%ut significant inprovement in"~ °

per for rmnce Simplified védsiofi§'of4he iRt signal S sut-bud wavelensigials ¥ 9y, afd -

modul ation m ght be used to npdul ate 15 the S&lb band . si naI s for gfarrpl e,
nar r ow band ¥5,rsubband ya M“ﬁ‘?ﬂslo'ﬁn Y’z and the 50" be

:pﬁ g(rzllsﬁkt ?er‘ﬁ%taw m%& na pr oc Ssli %Wmﬁ%%ﬁgﬁgﬁ hse ggﬁéze?f
13 and Figyre8 stiows theasimplified dAnpus signal s, (whichsis oot the somme am@m@ :
rﬁ\sgln;/?(r)n U%FHW% A%?%% t% ﬁ%e ?Igw gnal's, i t 'S sgm s&ged
t hat ot her ¥p,iand i obtainedsby-DVWE proeessing of the-input s1gnal S, Figures 10A, 10B and -
10C illustrate the corresponding modulated carrier signals y’,, ¥, and y’; obtained by -
25 modulating the carrier signals f,, f; and f; with the sub-band wavelet signals y,, y, and -
¥,, Tespectively. Because the waveform of the simplified input signal is so smooth, the
wavelet signal y, is interpolated by a factor of 2 only, and the wavelet signal y, and y,
by a factor of 4 only. This is, of course, for illustration only; in practice the interpolator
may typically range from 1:8 to 1:24. Figure 11 shows the encoded signal S, and Figure
30 12 shows its frequency spectrum which comprises the spectrum components of y'y, ¥'y
and y', centered at frequencies of 1000 Hertz, 3000 Hertz and 5000 Hertz, respectively.
for a message rate of 750 Hertz. The asymmetric distribution of transmission power
between the lower-and high frequency carriers should be noted. It should be appreciated



comuni cations, mght use only one or two of the wavel ets. | NDUSTRI AL

APPLI CABI LI TY An advant age of enbodi nents of the present
i nvention, which use sub-band 25 signals to nodulate carriers, is that
transm ssion is reliable because the inpairnent of one sub-band in the

syst em woul d WQH¥*e transni ssion systemto degrade only
Al so, the decoder bandpass filters can be_easily designed because there are

only a few frequency bands used. Mor &8ver, in applications involving
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a suitably progranned . di gi tal signal processor or as a cu
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have been des t
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T1E1l. 4: Contr |dndts13nal destingion 14iwould begarts of a corresponding receiver.
Although the above-described embodiments of the invention use three or more of -
20 the sub-band signals, it is envisaged that other applications, such as deep space -
communications, might use only one or two of the wavelets. i

INDUSTRIAL APPLICABILITY
An advantage of embodiments of the present invention, which use sub-band -

25 signals to modulate carriers, is that transmission is reliable because the impairment of
one sub-band in the system would cause the transmission system to degrade only gently. -
Also, the decoder bandpass filters can be easily designed because there are only a few =
frequency bands used. Moreover, in applications involving data transmission, data °
synchronization and clock recovery can be easily achieved in the decoder.

30 It should be noted that the present invention is not limited to transmission systems -
but could be used for other purposes to maintain signal integrity despite noise and -
attenuation. For example, it might be used in recording of the signal on a compact disc
or other storage medium. The storage medium can therefore be equated with the -
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Apparatus conprising an encoder (11) for_encoding a digital input signal
for transm ssi on or storage and a’cfecoder (13) for decoding such

Compr 1 si ng: saiiion medi % Mglve; 2l Pyt ¥ Hpcinct ) Uiy e, g
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S.CT/ CA%:)Q?S?ES as cl ai Jim'cuuly|'wu"!l’,,mar acterized in that the e

I nt erpol ati on_means (52) conprises a plurality of upsanplers
(53[err], SS[WPP?',”’S%[err]) each for upsanpling interals %'mn
actual values of a respective one of the _sub-band signals and a plurality
of filter nmeans (54[err], 54[err], B4[err]) for determ ning val ues
between the actual sanples of a respecigpwimys 5 one of the upsanpled
sub-band signals and inserting such determned val ues at the

appropriate upsanpled intervals. Apparatus as clained in

Fi Tt or heane {oaf dhfeptanis Yok Rpaiok b BET 6 copipmion oc s aid e,

10 4.  suéjppenacoded:signal to resomserdceti the dripat sipadl, eaicReib®@l byied in that the
plurality O.‘If carrier 1 si.&na_l s provided in the encoder (11) have
different f %s(, hRMPESPES o sj gnal s provi ded in the decoder

(13) having tge same diaﬁil?ﬁmfﬁmflgl?ﬁ:rana_lyz‘iﬁﬁ]ﬁeinputé)&mm&iﬂzﬂ:ﬁﬂﬁy

claimed in any preceding claim characerized in that the analys

filter bank. neans (21) 9 Subspandcsignals, saeh sub-band: eenterednat 2 gesppetiveuenenef a

sub- band signal s ga&%mégﬁ m wi dt h and the synthesis
filter bank neans (33) conprises gﬁﬂﬁr co%bndi ng uniformfilter bank.
20 6. Appdiidt us as @eans@8;56hfox providing aplusility ofcatrierighals hlaving differénted in-
that the 0 anal ysi s ﬂ%& ..hank neans (51) conprises a mnul dresol ution
filter baan “for providing sub-’ bands signals having different

bandwi dt hs, t@# i nter pacdulation medns €22;55) foruding dtdeast some of the sibBahd Signals
I nt er pol at ed sub-band si gnal have t.he sane rate..the synthesis filter
bank means (67) co%‘f%ir}gé'i(’dﬁia&ﬂ H%??Fg‘%w‘ﬂ?ﬁ%%?ﬁ%ﬁ?‘g Aok,
and the deci n@yor (66) cémbidtingint@ahe@3;58) fortohbinihg/the Mbdalteal carrii isibnhls Yo t O

t he interpol ator neans. 7. ] Aﬁpar atus_ _as clained in any preceding
claim characterized i forthe encoded pignal fornsmission of sloragehe nodul ati on neans

(22;55) usps ﬁd%&i&@d&?ﬁg% gngl Uurality of interpolated sub- band
e

r“ﬁg& the synthesis filter bank means (33;67)
meRis {31610y (611, 1l ,)sTop extmacting the-plusalinof medulatedd .

signals and, jn the deco
substitut es J¥) zer o- | efiller

.carrier signals from the received or recorded encoded signal;
- (vi) means (35;63) for providing a plurality of carrier signals corresponding

to those of said encoder;
20 (vii) demodulation means (32;62) for using at least some of the carrier signals

to demodulate the extracted modulated carrier signals to extract the
_ corresponding plurality of sub-band signals; and
= (vii) synthesis filter means (33;67) complementary to said analysis filter means

for processing the plurality of extracted sub-band signals to produce a
25 decoded signal corresponding to the input signal.

2. Apparatus as claimed in claim 1, characterized in that the analysis filter means
comprises a uniform filter bank for producing sub-bands each having the same
bandwidth.

30
3. Apparatus as claimed in claim 1, characterized in that the analysis filter means
comprises a multiresolution filter bank for providing sub-bands having different
bandwidths. '
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An encoder for use in the appar at'us "accor di ng to claim1, and for encoding

an i npWO%BMWAX| for transmission or storage, conpri srﬁgcmmm
analysis filter bank neans (21;51) for analyzing the input signal into a
plurality of sub-band signd8, _each sub-band centered at a

respect ive gne o “ﬁ'? ﬁ L urali 'IY'FOf IW;
|nterpolat| N rre&?@"(’&?s?lﬁlp'l Maw%i&% t’v -

Si gngl sdt 0 bank compnsﬁs mra@d&aﬂdﬂmdnﬂo@ﬁ?%l@mreﬂ&lm 421/8!0? at e?h _
sub- band si C. ccu e reque an as e
otheror . Hkimic/) hpisrieafil Besein Waveler rmastiin 5B s rdes |

signal's;  18fwavelets mﬁulmnyomwa Agadis; hnd e symesg m&rhﬂﬁﬁfcoﬁxaﬂhof the

|nterpol at ed sub-band naI s each to nodul ate a respective one
of the pl%ran petyveoband filterchagk (E’{gd4B) !mp lementing 2- gorsesponding Inyveese (Discrets) f or
combi ni ng t {eaRtHaAtEancarrier signals to formthe encoded
signal for transm ssion or storage. 15 9. An encoder as clained in
claim8, for use in the apparatus of claim2 and characterized in that

(550 err] 3 or 4 obiEaiSas chfhed 8 Hiion 1 e bhitfictiba if nah BO0Bo Rt igial
1 1 s s et G i,
Seterm' niﬂg "ﬂ’@{‘&é‘@ﬂ‘{‘ éé rh?ﬁf?"&& é‘%’fﬁi’%“%ofo‘%s‘&' t he

upsanpl ed sbgnd s%abaﬂdﬂﬁltﬂ&ﬂeﬁ(lamﬁlm%mpﬂ@siueﬂnﬂﬁfmﬂﬂdﬁﬂmmhﬂﬁ&eat the,
approprlatelnter cl ai_nmed |n,cla|m9

char act er i &3¢ tﬂ‘bfsbal’ﬁe“MrQI Wﬁfm{el?ﬂ%?er valu PRe application| to B oy r]

54[err]) eagmiesislics Wﬁ@p&iﬂ&%m%suchtﬁﬁtﬂémumﬁﬂ .ﬁeﬁaﬁ% as
clainmed in claim8, 9 or 10, characterized in that the pl urallty of

carrier si gﬁ&'@“ﬂé\ﬂﬂﬂlﬂlfm% spme slenci es.
15

-6, Apparatus as claimed in claim 5, characterized in that the interpolation means :
(52) comprises an upsampler (53,, 53;, 53,) for interpolating intervals between actual
‘values and means (54,, 54,, 54,) for determining values between the actual samples and -
inserting such determined values at the appropriate intervals.
20
7. Apparatus as claimed in claim 6, characterized in that the determmmg means
(54, 54,, 54,) comprises Raise Cosine filter means.

g o
1RH)

8.  Apparatus as claimed in claim 1, characterized in that in the encoder (11), the

25 modulation means (22;55) uses fewer than the total number of said plurality of sub-band
signals to modulate said carrier signals and, in the decoder (13), the synthesis filter
means (33;67) substitutes zero level signals for the unused sub-band signals.

9. An encoder for use in the apparatus according to claim 1, and for encoding an

30 input signal for transmission or storage, characterized by:
@) analysis filter means {21;51) for analyzing the input signal into a plurality
of sub-band signals, each sub-band centered at a respective one of a

cones’ponding'plurality of frequencies; _
! \
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12. An encoder as clal one of claims 8 to 11, for use in the
appar at us of cl ai m w’ Mﬂ,’, d in taht the anal ysis filter bank
means (21) conprises a u bank for produci ng sub-bands each

havi ng the sanme bandw dt h. *An encoder as clained jn an* one of
claims 8 to 1VOBIPRse in the apparat us of claim6 and | zed
in that the analysis filter bank neans corgorl ses a V\D 98/ 09383

PCT/ CA97/ 00608
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i nt er pol at ed sub-band dregnesiciesal | have t he sane rate. 5 14. An

o %" QT ai nf 2 ondpuEn Sea'it G259 br btnd Rt heriS O sreBep DG .

a“sel ection of the eaaiwmbdmateafrespwmeméefmmnbh@mﬁ@amws@hﬂs and

(11) - 10 aceol ng to CPRPIIE mekls (S8 5r Sopie de HObiARd e SPREIP bank

means for providing fornf ttcénestRd signflNfr tamnifois st O the i nput

signal, the decoder being characterized by: means (31;
6l[err], 61[err] 61[err]) for extracting the plurality of nodul ated carrier

signal s | el |
means (35 63) or pr oVl 8 nag%'ﬁur (i:l'fl ty ?@gﬁygfrjt%%g cofrresponaé'dng to

t hose M&Mdb@l@nﬂym filter menns mmalaaumfomwﬁhcrsbmczmz)

for using g[sg 8 r denodul at e

t he extrac?édﬁ%‘?l?é carrl er m%hgl S o ex ract t he corresponding '
plurality of interpol ated sub-band SI gnal s; and deci mat or neans

66) f d t th I t d t | at ed
bant o1 anare SEt e ot 6 S B oBh 92 The e el 0B o a3
appl yi ng the characterized in thitthé aralygisrilter eickris)conprisa mmﬁmmm fral s

to the synthesis filter bank the synthesis filter
bank neans- prmmgrﬁg‘ Ib%dsdﬁ!ﬂ“glq‘mb"ﬂ%ﬁﬂ’ﬁt ed sub-band signal's to

reconstrucygsaid input signal. A decoder as clained in claim
15, for use with the encoder of cI aim 11 characteri zed |n t hat the

pI urality of barriAn escodenps claimed inelaion i, forruse e the spnemtsnef elgim 4 and
- characterized in that the multiresolution filter bank comprises an octave band filter bank .

(40A/B/C/D, 41A/B/C/D, 42A/B/C/D, 43A/B/C/D) implementing Discrete Wavelet
Transform (DWT) to produce a plurality of wavelets as said plurahty of ‘sub-band
20 signals.

13.  An encoder as claimed in claim 9, for use in the apparatus of claim 5 and
characterized in that, for encoding digital input signals, the encoder further comprises
interpolation means (52) for providing, for each sub-band signal, interpolated values
25 between adjacent actual values of the sub-band signal, for use with a decoder further
comprising a decimator (66) for decimating the extracted sub-band signals to remove
interpolated values before application to the synthesis filter means, the interpolation rate
being such that the resulting interpolated sub-band signals all have the same rate.

30 14. An encoder as claimed in claim 13, for use in the apparatus of claim 6 and
characterized in that the interpolation means (52) comprises an upsampler (53,, 53;, 53,)
for interpolating intervals between actual values and filter means (54,, 54,, 54,) for
determining values between the actual samples and inserting such determined values at

) ..'r ~j.,;9 pE :
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as the carrier signals used in the encoder. 30 17. A decoder as cl ai ned
in claim15, for use w HMImmllmlu) ||| I claim11, to decode an encoded
signal in which the nod gnhal s occupy different

frequency bands in the encoded si gnal, WD 98/ 09383

PCT/ CA97/ 00WQP8/09383 PCT/CA00608
characterized in that in the extracti ng means conprises neans (6l[err],
6l[err], 61[err]) for detecting the%ifferent frequency bands.

18. A dec er as .cl ai ne |n clainms 15, 16 or 17, for decoding a signal
ehcoded by 11) of claim 12, and characteri zed in that the
synthesis filter bank neans corrpri ses a uniformfilter bank for

produci ng su bands each hayvj bandw dt h.
decoder as gr‘é“ '“1@3‘8} 1 '7f°"f“6? | %nme“& of ﬁ‘ﬁ‘ﬂ 7eﬂ\"90ded by

10 the enc%}@h&nﬁﬁﬂ%ﬁew&aﬁmwm cdnifitises/ RAISEChsind fildrer bank
means (33;6 conprises a nultiresol utlon filter bank and the deci mator

means (66% wWedNsnat es t he extracted sub-band signals non-uniformy and
conplenmentarily to the interpol ation. 20. A decoder as clained in
any one of clainms 15 to 19, for decoding an encoded 15 signal encoded by
t he encoder 1&f cAniencddér asiclaimédime claioh &, fohese ot the appadatss off claim 8 and

char aot or | it in RaPRE oG L 2D Ber iR ol i o paplt o
subst i t ut essaid plurdlity ef sub-tgnd signile to mbdulate said cartier! signdls.band si gnal s.

2. A nethod of encoding an input signal for transm ssion or storage and
decodi ng 10 such encoded signal to reconstruct the input signal, the

encodi ng of 17.he AnRjebdded Bszér decodlﬁg)ﬁpéﬁc%délgmgﬂi?eﬁoﬂaﬁb)oﬁndysxs filtering an -
an

using analysis filter b means, t o_ anal yze, the i nput si | into a
plurality ~input signal to produce a plurality,of;subrpand signals, using.at ?ﬁb%@f the fulrr ed at

a respecti vsa,ﬂnﬁgms of can&@' 0 tnYodufated
frequenci es;  tiodulate aplm'ahgr pol at i nﬁﬁ?ﬁeaﬁl S?‘gﬂhty o% sub- band

signal s to garder signals toform sheenepded srgnal the decoder being characterized by: -
15 filter means (31;61,, 61,, 61,) for recovering the plurality of modulated carrier

signals from the encoded signal,
means (35;63) for providing a plurality of carrier signals corresponding to those
used to encode the encoded signal;
demodulation means (32;62) for using at least some of the carrier signals to -
20 demodulate the recovered modulated carrier signals to extract the corresponding
plurality of sub-band signals; and
synthesis filter means (33;67) complementary to the analysis filter means used to -
encode the encoded signal for processing the plurality of extracted sub-band -
signals to produce a decoded signal,
25
18. A decoder as claimed in claim 17, for decoding encoded signals derived by
encoding a digital input signal and interpolating values between adjacent actual values
of the sub-band signals, the interpolation rate being such that the resulting interpolated
sub-band signals all have the same rate, the decoder further characterized by a decimator
30 (66) for decimating the extracted sub-band signals to remove interpolated values before -
application to the synthesis filter means.

19. A decoder as claimed in claim 17 or 18, characterized in that, for decoding an
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plurality of interpol at naI s each occupying the sane
frequency band as the oﬂ I, ﬂ ,I providing a plurality of
carrier signals; 30 at | east some of the sub-band

signal s each‘g‘g Iate a respectlve one of the urality
of carrier si and conmbi ni ng the mod FSHEA! @&Wl er
signals to formthe encoded signal for 21 transm ssi on or

st or age; WO 98/ 09383

PCT/ CA97/ 006 @ficoded signal encoded using fewer than the mtal number of sub-bands generated by the 2nd
the decoding of the encoded S|gnal conprises the steps of:

extracting t RBalpsis Aler means,; %M%@MMQléﬂgﬂbﬂﬂ@tﬁsrmm signalsifored or

recorded encwmbm providing a plurality of
carrier signals correspondi ﬁg to those used in said 5
encodi ng; . using at |east sonme of the carrier signals to

denodul at e t ex rﬂgq dul at ed ca r| er s to
extract the corres on |ng a'?uragaf' pu];s:gnalfo:pgansnnssn aﬁlgf@%
sub- band si gmdh&ncoded mgnalmreoonstmctthediqmtﬁyialrnmnmwd&ﬁmg& of

extracted in ol at ed, sub-ban nal s at the rate at
which the i nil'l?r‘g Pt 3508} camprisss, S‘FGH%H} and usi ng
synthesis filgyer bank wgaleRTIRM itk ¥n ?Lufgaméuﬁiﬁ ﬁdl%ﬁ)'ﬂglrﬁ]lﬁ ityof

bank means, processing Iurallty of decimated su and si
produce a decoded si gn%\'i"q’éﬂ‘g spsbande centpsert %lagﬁ%ﬁpmve as QQa A

met hod asjgl ai med in ClopteSponding ﬁﬁ\ﬂ'ﬁlﬁ? that the interpolation step
i ncludes the step of upsanplinginte va:ﬂeagéit ween actual sanples of each of
the pluralit (i) of mvxﬁulsca ueglityl of carrier isignale haviog dﬁ&tenbfreqﬁaacm;;sarrpl ed
sub-band sig s to def valdle act v es of the
upsanpl ed su@ﬂ%and Si g Z&ét | nsg?t%%ﬁgﬁﬁ% H?o @g%équﬁe
appropriate intervals. or@(bftheplﬁﬁhtyof/mnmrh!gﬂahsamll a| med in claim?21,
characterize n t hat th f|| erin ass i n 24. A
net hod as cl g *red in C@g} h" 2’2“8’!'*‘ af?ﬂ’@l’etf’l tﬂf e‘l"ﬂ‘!ﬁd sigpal for
pluralityasf 25 carri aransnM%rbbme;dl fferent frequenci es.

and the decoding of the encoded signal comprises the steps of:

v) extracting the plurality of modulated carrier signals from the received or
recorded encoded signal;

(vi) providing a plurality of carrier signals corresponding to those used in said

20 encoding;

(vii) using at least some of the carrier signals to demodulate the extracted
modulated carrier signals to extract the corresponding plurality of sub-
band signals; and

o (vii) using synthesis filter means complementary to said analysis filter means,
25 . processing the plurality of extracted sub-band signals to produce a

decoded signal corresponding to the input signal.

21. A method as claimed in claim 20, characterized in that the analysis filtering uses
a uniform filter bank to produce sub-bands each having the same bandwidth.

30
22. A method as claimed in claim 20, characterized in that the analysis filtering uses
a multiresolution filter bank to provide sub-bands having different bandwidths.
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25. A met hod as cl ai cI ainms 21 to 24, characterized in
that the anal yzi ngﬁumﬁnmmﬂmmm uses a uniformfilter bank to
produce sub-band si gnal avi ng the sane bandw dth, and the
decodi ng uses a correspondl ng uniformfilter bank 30 as the synthesis

filter bankWQS84e3ss A method as clained in any 0608 s 21
to 24, characterized in that t he anal yzing of the input signal uses a
mul tiresolution filter bank to provi de %ub-band WO 98/ 09383

PCTI CASTI 0003 » et g it 1o 24 Shacyterond 1y g sy SeriBR uoes . 11

t Ee (rjesul t iagoctave bandlﬁnerm?hlaim;ﬂemaiungmm Wastlet 'a’ahsfdimvﬂ?lmmomcleat e,
t he ecl nmatl1 on ITorm C nt the, I nt atlon,
g hol e 4 @liastity Of ayeius 3% Hif gsality of Sibasd Segas: dnd te sygibess Sldtig
corres pond' s aub&w&&ah e BarkiimbRineiipa &ﬁreki&itdﬁt‘g%@&' msétetetwavét@nk

nmeans. . A nmethod as clained 1n any one of clains 21 to
charactrlieﬁumﬂhﬂbhat t he nodul ati on step uses a sel ection of the
plurality of interpol ated sub-band signals and the decodi ng i ncl udes

the step of supplying zero-level signals to the synthe5|s filter bank
means to su&ti tAtmethod ag tlained int claims20-furths cteriz hat, for em@ding A

The . *" st gl e gnht3P e Mﬂ%ﬁ%&“ﬁfﬂ%@‘éﬁ%‘ﬁé e

the input sbgidadignahbyp menﬂxgﬁﬂbrpbhtuifvahnbbetween adjio&dt a:ughaﬂaes ofahé ssbib- band

;:(ragtqﬁreﬁg at_a rggtﬁ)ﬁct I&“t?h one & 5%‘5“? resEo.ndl n Iura |t ﬁ'ﬁ’ gﬁ"&nal ‘ to

provi lde a Cﬁw apmh&etlﬁwbﬁtddt\?mes before synﬂm@fmueﬂﬁgrta@tmé@aawbd&taﬂd
signal s each”occ y|n e sang fre ot hers;
provi di ng abeings %B?'%‘&FN W@%F@Ibaﬂg signals é‘d@?ﬁﬂ‘%éﬁt ‘some of

t he sub-band si gnal s each to nodul ate a respective one of t he

plurality of carrier signals; and combi ni ng the nodul ated
carrier sigRds A@ﬂmstm%mm%ﬁswmm emlelwlﬁmlmwso or

(Slalt'lg; Zg?er ] Zé%éﬁ ng@ﬂpﬁﬂfﬂﬂ'sﬂﬂb?ﬁﬁ%ﬁl tion COiﬁng | SGS%%% ep O

upsanpl i ng nnngrpmimlstastmlemm :mqlate@ memmuamm&mdl ity of
sub-band si %Ral Sla%ﬂ%a{wl gtetﬁéW&M, upsanpl ed sub-band signals,

26. A method as claimed in claim 25, characterized jn that the determination of the .
20 interpolated values uses Raise Cosine filtering.

27. A method as claimed in claim 20, wherein the modulation uses fewer than the -

total number of said plurality of sub-band signals to modulate said carrier signals and,

in the processing by the synthesis filter means, the unused sub-band signals are replaced -
25 by zero level signals.

28. A method of encoding an input signal for transmission or storage, characterized

(§)) using analysis filter to analyze the input signal into a plurality of sub-band
30 signals, each sub-band centered at a respective one of a corresponding
plurality of frequencies;
(i) providing a plurality of carrier signals having different frequencies;
(i) using at least some of the sub-band signals each to modulate a respective
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to determ ne val ues betwe f the upsanpl ed sub-band signal
and insert the deter jM“ML“Mﬁ mﬁm appropriate interval. 30

30, An encodi ng net hod as* cltai med®i nsclaim 29, characterized in that the
filtering is ass filtering. WD 98/ 09383 .

PCT/ CA97/ 0060 L PCTICAYTPR608

31. An encodi ng nethod as clained in cl,gim28, 29 or 30, charaterized in
that the plurality of carrier si gnal S have di fferent frequencies.

32. An encodi ng rret hefle 38 the! r%? Qﬁﬁs Qhdcl ainms 28 to 31,
characterized in t hat thgm anal yzi ng o?l é I nput signal uses a uniform
filter bank f@w) producmgbmmg the:midulated cairiev siggals ke foranthe leacaliei dignal for

33. An encodi ng neth a any one of clainms 28 to 31,
chracterized in %%Pﬁﬁﬁg&‘ #W%g of the input signal uses a

mul tiresol ution filter bank for provi di ng sub- 10 bands having different
bandw dt hs th n rate.is that the esltlng

i nt er pol at e%%b bg'h 'é’ﬁ ﬂﬂ?@dt‘?@ﬁ’é‘éﬁg the agalysis
encodi ng net hiiltering Wk ianmiform ﬁw WAk fof pfid ng sBbirils hch HaRng Ghé€ shep€d | N
t hat the comi ning step conbi nes a sel ectlon of the plurality of .

I nt er pol at ed bangw d 15 signals. A met hod of decoding an

encoded signal encoded by the nethod of cl al m 28 and conprising a
plurality of int eu{)'gl ated sub-band signals, characterized by the steps of:

ext racting -t 9. pl ﬂncpslmsfmmﬁsanla;ue@m clais 28, gharacterizedhin thakthe awoalysied or
Hﬁp&ﬁg QVi
pI urality o‘* car r?er cor'rﬁespon I ng E@ Pﬂ%{s LPsr%vddllnﬁ %";ﬁ"a“"s ﬁ){vmg glfpegm?

encodi ng; - bandwidths. using at |east sone of the carrier signals to
denodul ate the extracted nodul ated carrier signals to
extract the corresponding plurality of 25 I nt er pol at ed sub-band -
si gnal s d31 l;\nﬁnmdmgwmmdﬁﬁelhmmtmm_&ap&eﬁﬁlﬂ a%ed

i nt er pol at ed gub-band si gnhal s renmove I nterpolate

val ueg;r and filters b' g uses an octave band filter bank implementing Discrete Wavelet Transform -

15 (DWT) to produce a plurality of wavelets as said plurality of sub-band signals.

32. An encoding method as claimed in claim 28, characterized in that, for encoding ~ -
digital input signals, the encoding further comprises the step of interpolating each sub-
band signal to provide interpolated values between adjacent actual values of the sub-band

20 signal, the interpolation rate being such that the resulting interpolated sub-band signals
all have the same rate.

33. An encoding method as claimed in claim 32, characterized in that the
interpolation comprises the step of upsampling the sub-band signal to establish intervals

25 between actual values, determining values between the actual samples and- msertmg such
determined values at the appropriate intervals.

34.  An encoding method as claimed in claim 33, characterized in that the values are
determined using Raise Cosine filtering.

30
35. A method of decoding an encoded signal encoded by analysis filtering an input
signal to produce a plurality of sub-band signals, using at least some of the sub-band
signals to modulate a plurality of carrier signals, and combining the modulated carrier
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using synthesis filter enentary to an analysis filter bank
nmeans used to produce I m&mﬂﬂ’@ sub- band signal, processing the 30
plurality of deci mat ed to produce a decoded signal

correspondi ng to the [ nput si gnal . WO 98/ 09383

PCT/ CA97/ 00%088/09: PCTICAKN0608 3¢
A decodi ng net hod as clainmed in clai m for use in decoding an encoded

si gnal encoded hy the nethod of cI |m31 characterized in that the

The. car | crerith i B0 RAUS senal, HEUSAHE pefiR bcinp <
37. deﬁ geo}ﬁﬂleng rre';rg?ﬂ Ss ?l aimed in claim35, for decoding a si gEZI
xtract i on st op EEVRHE 06 el B fhodbmed Yol gt o B chchapd &

f requency bands. rovndnia@a%ﬁlralltyéfdamedslg@lsme@ndmg%dlomkedtoalwdme of

clainms 35 to 37, L use in decodi ng a signal encoded according to the
met hod of5cl ai m@ S8t erized in that the processi ng step uses a

uniformfilter axli{r?]l 6 at RastiRbMe Of tHeCafriee siknaE to HaodUhtd (he ré&dvered modiaedwi dt h.

15 39. A deco met hod as clainmed in any one of clains 35 to 37, for

decodi ng a gagmmgenlédqemwmmwﬁns Rty ﬁsa!bobmélswwg@dand
characterized i segl&lr er bank
to process the smﬁg'gasgn%'gg? S‘n‘%ﬁ@ avi ngm ﬁ lfofatpent&l*)s‘n W Hﬁ%ﬂé"u t he
extract ed sub- bancdodei theredcoderk signab qirocessing the plugality ohextracted sulabndaignalat es-
correspondl ng tq those i nterpol ate the correspondi ng sub-band 20
si gnal s. prods %ﬁé‘gﬁgt hod as clained in any one of clains 35
to 37, for decodl ng a si gnal encoded according to the nethod of claim
34, and cha ctelze in t Zer,0- signals ar li.edq to.the
synt hesi s f ter 98‘??%‘ % ‘8?“83(50f Bﬁggﬁgﬂ ﬂﬁh‘?fls
omi tted durpylghcodingdidipial input signal and interpolating values between adjacent actual values
' of the sub-band signals, the interpolation rate being such that the resulting interpolated
15 sub-band signals all have the same rate, the decoding method further characterized by -
the step of decimating the extracted sub-band signals to remove interpolated values
before applmtlon to the synthesis filter means. .

37. A decoding method as claimed in claim 35 or 36, characterized in that, for

20 decoding an encoded signal encoded using fewer than the total number of sub-bands
generated by the analysis filter means, the processing step by synthesis filter means
(33;67) substitutes zero-level signals for the unused sub-band signals.
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