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This invention relates to PCM upstream transmi ssion and nore particularly
to ° a system device and nethod for PCM upstreamtransm ssion utilizing
an optim zed transmt constellation. 10
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modems take advantage of the fact that most of the network is digital and that

15  typically central site modems, such as those of intemet service providers and on-line
services, are connected to the I?STN via digital connections (e.g., T1 in the-United -
States and E1 in Europe). First generation PCM modems transmit data in PCM
mode downstream only (i.e., from a central site digital modem to an analog end user. |
modem) and transmit in analog mode, e.g. V.34 mode, upstream (i.e., from the end

20  user modem to the central site modém). Future generation PCM modems wili also

- transmit data upstream in PCM mode.

With PCM downstreaf_n, the central site PCM modem transmits over a digitat
network eight bit digital words (octets) corresponding to different central office codec
oﬁtput levels. Atthe end. user's central officé, the octets are converted to analog

25  levels which are transmitted over an analog k_S,op. The end user's PCM modem then
- converts the analog levels iﬁto equalized digital lé,velS, The equalized digital levels
are ideally mapped back into the orig'inall'y transmitted octets and the dé.ta the octets
'represerit. “With PCM upstream, the end user PCM modem transmits analog levels
over the analog loop corresponding to the data to be transmitted and the levels are
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upst ream abaaasl i everal PONIIpSt teay
ol 1oL System ﬁﬁﬁ‘ﬂfe{ﬂo%rl-sor Fansh Bing AnY i EAJaiabe proposed. See

Tel ec%mm%mm Egg@ m Ivigairments J1A)A Commumcatlon Network,

. Attorney Docket No. CX097023 filed 11/26/97. These applications are mcorporated
‘herein in their entireties by reference.

With upstream transmission, quantizat:on and PCM downstream echo, in
~addition to upstream digital impairments, add complexity to the PCM encoding and
25 .decodlng process. in partlcular, they add complexity to the selectlon ofa
constellation of transmit pomts (transmit constellatuon) for vanous upstream channel
~conditions. Several PCM upstream transmit constellatlons for data rates of 24-40
kbps, have been proposed. See Telecornmumcatlons lndustry Association (TIA),
. Technical Comm;ttee TR-30.1, Committee Contnbutnon Document Number: TR-
30  30.12/96, Progosed Baseline for PCM Ugstream Nuri Dagdeviren (Lucent
Technologies), December 4-5, 1996. ' With these constellations, it is indicated that
the effects of hybrid echo and analog Ioop loss were the primary focus. Thus,
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Technical Commttee TR-30.1, Conmttee Contribution Docunent Nunber TR- 30
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pr obabld i t whepsin the transmit éonsfuliation isidesighal WethdRmQsHilenlp ¥paced gi tal PCM
nmodem of the constellation . .poi nbs I n ,%e rFs,ence of PCM downst ream
echo, quahf??%?é‘%'ﬁnzfr?ﬁ“ﬁ B@Y"E)%Isu stagtiallysquivaignt, "E'“ mized efref Rrpbabilitigpoint

i ncreased tapaint, & e8abld Yecoding by a digital PCM modem of th idrEdoi ription
of the Dra g }I': 9 1 is a bl ocko dieazangﬁ,‘ﬁdﬁ?lﬁﬁgﬁPw

i ngs | G DI« gr am de
upst r eam t%ﬁ%ﬁ%’%‘?%‘i’f; PCM downstream echg,quaptizaion and figtahimpaimentswaie ti me

bl ock di agrmntanirigifclebeskdath agteam of FIG 1; 20 FIG 3 is
a representation of a portion of a [err]-law constellation in order to

il lusthate synbol - by- synbol decoding with a predeterm ned PCM downst ream
echo; ~ FIG 4 is a representation of a portion of the -law
constel lation of FIG 3 in BriefDesegption®fthe Drawings synbol - by- synbol

decoding with | f,ferent edet er m ned PCM
. 9 aFl(a 1is aebqockpéiagram depicting PCM upstream transmission;

'FIG. 2is an equivalent discrete time block diagram of the block diagram of |
FIG. 1;
20 FIG.3isa representétion of a portion of a p-law constellation ih order to
illustrate symbol-by-symbol decoding with a predetermined PCM downstream echo;
FIG. 4 is a representation of a portion of the p-law constellation of FIG. 3 in

order to illustrate symbol-by-symbol decoding with a different predetermined PCM
downstream echo; | |

25 -FIG. 5 depicts a portion of a representation of a p-law quantizer with a
Gaussian noise distribution centered about constellation pointy,;
- FIG. 6 depicts certain p-law quantizer thresholds and how the thresholds are
altered in the presence of RBS; and

FIG. 7 is a flow diagram illustrating transmit constellation selection according
30 to this invention. BT
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downst ream echo; 25 o FIG 5 depicts a portion of a repkesent ation

of a [err]-law quantizer with a. . . Gaussi.an.nai se distri-bution centered.
about constellation point y[err]; - FIG 6 depicts certain
[err]-law g h4k 't hreshol ds and how the threshol ds are peppses i,g,er ed in
t he presence of RBS; and FIG 7 is a flowdiagramillustrating
. transmt constellation selection according 30 .to . this invention.
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quant 13 ed HolevelPslapdngoms cmetreeeytsndﬁ ¢hthe LS qpaetf?eﬁzeﬂwrwb@ﬁw g.:@m
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| deal |y deF_crggleesnct.é\se 189 .et s, v(n), into their
The quantized octets (digital values), q(n), are transmitted over digital network
20 26 at a frequency of .8kHz where they may be affec_;tec_l by various digital _ |
| impairments, as discussed below. The possibly affected octets, v(n), are received by
_ digital lPCM.modem 28 which ideally decodes_the octets, v(n), into their
correspoﬁding constellation points, y(t), from which the original digital data, u(n), can
be derived. |
25 Before data can be transmitted upstream, the clock (f,) of D/A 16 in analog
PCM modem 12 must be synchronized to the clock (fz) of CO 24. This can be
achieved by leaming the clock CO 24 from the downstream PCM signal (not shown)
and synchronizing the clocks using the technique p_rbposed in US Patent No.
5,199,046, entitied First and Second Digital Rate Converter Synchronization Device
30 - and Method, incorporated herein by reference in its entirety. Once the clocks are
- synchronized, PCM upstream block diagram 10, FIG. 1, can be represented as

equivalent discrete time block diagram 10, FIG. 2, with like components being
4 _



correspondi ng constel | ation points, y(t), fromwhich the original digital
data, u(n), can .be. derived. 25 o Before data can be
transmtted upstream t he cl ock (f[err]) of D'A 16 in anal og PCM
nodem 12 nuswvob®34seenchroni zed to the clock (f[err]) of CO PeTnshérmze®an be
achi eved by learning the clock CO 24 fromthe downstream PCM signal (not
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flerr] n ipyldaecode MoBu!Hﬁ‘or* ?ﬁﬁ§mfs%fon8b%9§9m@5whﬁ:hﬂ§§s§:§r?ed3ﬂo%5 (flerr])
of CO.24 is tixed at that Trequency Precoder 14 (14') and

prefilt er assignep pf thapresent we@rmr@bwa@h ireiseerppEted herein in 'tseoﬂfﬁéﬁﬁy ng
| |
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entirety b e i on
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t hat the censivaleha¢ class pbunt)that(is pelacted ibusually determinedfto aninimideetheof points

I n an equi 15s. for, u( oint y(n) in the equi val ence

cl ass of uX’%“%%%&We?‘z"’ﬁ?br'%ﬁee’(?\‘reé ol?g{r% ly determned to mnimze the
transnis povver lsinglthe abwlae;:rpoumhng téchrigup, orldnother precddmg'tgcﬁrhm@,bnye
precedi ng t jcult .

to accurat c@e@&‘fﬁ”@i %oh r‘{;ﬁ] Cem@ﬁ@%}ﬁ?%g I %&? °er°@%-rﬂ5‘a"&[6%1‘mﬁ i on.
and diigifial inhpdirnents Wiide avproperiyt désngrredrtembmrtd:eastgnmtd;ntdfmm t é ).
Coo e 2t 1EE oBhae o o dssiag tha ansinl SPEIRES BF Vi o "
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20 constellation point to constellation point in order to decode y(n) (and eventu'ally u(n))
from v(n) in the presence of echo, quantization and digital impairments, while
“maintaining an increased data rate. The constellation design according to this
invention is not restricted to the above described precoding schemes and may be
utitized with various precoding schemes.
25

Optimized Constellation Design

Imtually, the design of a transmit consteliation (points y(n)), according to this
_- mventlon, is described assuming there are no dlgrtal impairments in the digital
network 26’, FIG. 2, i.e., q(n) = v(n). Then, this technique is generalized in orderto
30 . demonstrate how the constellation points are selected for a constellation when there
' are digital inipaiments in network 26’. The constellations are designed to achieve a
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20 constellation point to constellation point in order to decode y(n)

(and eventual ly u(n)) . fromv(n) in the presence of echo, quantization
and digital inpairnents, while mai nt ai ni ng an i ncreased data rate.
The const el yah bdasgdesi gn according to this Jinvention_is not
restricted to the above described precedi ng schenes and malj<BEs 824369
utilized with various precedi ng schenes. 25 Optim zed Constel lation

Desi an predetermined, minimized eyor probakility whichairobatiility isssubstantiait el | at i on
(poi nts y()) . | : | ti~d-NVENtion, is described assum ng
there -are n v&‘%ﬁ?ﬁ”ﬁ%&*ﬁﬁéﬂrﬁ éoqsﬁe"fﬁ%ﬂ'di gital network 26', FIG 2,
ier, q(n) = v{Thp tednigue fohdesigringan qptimized gemstelEtion adéomdingrtd@is t o 30
 denonst r at; - | 1 atjon pol.nts are sel ected for a constellation
when t her éﬁ"&%wﬁt‘%‘??%gﬁgéf‘f‘éﬁ°”i thﬁ'gle&ff@?ﬁ §°qeﬁ‘eh‘étﬁ'ﬁ5$by g@n_a{ RREeE FRstlel | ations
\a/t\;) eég?gz iS'gﬂ'Mrs(t beabbwe hewao design the constellation assuming no channel codingto = .. ©
~ PCT/ US98/ 2’2@6@"‘3 symbol-by;symbptdanoding. Then the senstelation designds penargliasdi ch
probabi | i tty thecasehsherthend ksXhannel cogifigity ﬂh?ﬁhdﬁ@@&itél%mﬁa’ieﬂ?#@%
constellatjion. . The teechnique for designing an opti ed
const el | at% %‘?ﬂ"&@ﬁ%f’ﬁ?‘?ﬁ’gd%?dﬂg!?heme’ s”qc"rﬁfeﬁ‘]W?fH' dacodingeaigrsitimu See, t he
decodi ng sereliee,A.EL, isnadduse ottt D.ERUBHIAC ommbinicRtion” Kiivef Absdend€ ShOWn
how tgﬂgeﬁs@nst he constellation assum ng no channel coding to - y(n)

ol - =

and s '%%‘)'ﬁb*tﬁg‘*decodi ng. Then, the constell-ation design is
generali zed to the .case. when there is channel coding to y(n) and the
di gital nodem 38' enpl oys a sequence based decodi ng schene, such as a

Vi t er bi 'd@@'ﬁx‘g\mﬁdg HBdBdirpee. ' e.g., Lee, A E., and Messerschnitt,
D.G; "D gital Communicatiton , Kl uwer Academ c 10 Publ i shers, 1994.
Sy nbol - by- Synmbels ahesi@ehphs] it is assumed that Yor ¥Y1r oor Yur} @re the M consteliation
points for y(n). When digital modem 38" receives v(n), and has an estimation of the
15 downstfeam PCM echo, echo(n) 20’ FIG. 2, then digital modem 38’ can decode
which y(n} has been transmitted by finding the most probable y, i.e.:

Max Pr(v(n) | y,, echo(n)) ' (1)
b/ '
20
‘Assuming no digital impairments, the most probable y;is the y, that is cloéest
in value to v(n) - echo(n) and this may be determined as follows:
25 7 Minlvin)- (v, +echo(m)] @
That is, the most probable y, is the y, which minimizes v(n) - (y, + echo{n)). With
digital impairments the most probable y, may be determined as follows:
30 : Min [vq(n) - (v, + echo(n)) ] o E)

b/



As an exanple, it is assumed that {y[err], y[err] ..., y[err].} are the M
constell ation points for y(n). Wien digital nodem 38" receives .v(n),
and has an estimation of the 15 downst ream PCM echo, echo(n) 20', FIG 2,
t hen di gi t alwodesgs 38 can decode whi ch y(n). has beerctusesdses t ed by
findi ng the nost probable ylerr], i.e.: ' Max Pr(v(n) I
y, echo(n)) _ (1) _ Y[err] 20-

Assum ng no digital irrpai rments, the most probable y[err] is the y[err]

that is cl Osesfrne echo ebﬁm&%ﬂ’%,ﬁé{n)/(aﬁh vqfrachﬁﬂﬂ)lu;ﬁﬁzér@bﬁtéf&ve be determi ned

as.foll ows: err echo(n é err]

(2) determmed by digital rypagm p8', as desam%ﬁ |p§o- r};ﬂﬁﬂp i%‘t\gﬁﬁw é[ err]
the y[err]p Bhi ' dlgltal
i mpai r ment éI‘\;ﬁ%eg;"\ré;ksﬂItﬂé *Hgdzfg Bﬂeeﬁngeﬁém'ﬁgﬁ]eah ggtﬁgpﬁﬂr?’e? as? h?gl | ows: 30

M n vgfn) GorimpkisicationNetwark.,GX 7029 filed on even date herewith @rg:j incorporated
Y[err]
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represent g-law quantized levels and the “I “ marks in the axis represent the u-law

herein in its entirety by reference. 6 . WO

Id - threshold levels. As is known in the art, there are 255 p-law quantized levels which
have predefined thresholds. Of course, FIG. 3 depicts only a sr_nali porticn of all of
the possible p-law quantized levels. In this example, it is assumed that a certain
constellation has points y, = 695 and ¥, = 730 and the estimation of the PCM
downstream echo, echo(n) is 15.4. If digital modem 38’ receives v(n) = 751, it will be

15  determined that y, has been transmiitted since, in the presence of noise, y, has the -
highest probability of being the transmitted constellétion point, given echo(n), as it is
the qnly point falling between the thresholds surrounding p-law quantized level, v(n)=
751. _ _

Another example using the same consteliation points is shown in FIG. 4. In

20  this example, however, the estimation of the PCM downstream echo, echo(n), is
370.1. in this case, for both constellation points, y, and y,, transmitted digital modem
38’ will receive v(n) = 1087. As a result, digital modém 38" may have difficulty _
distinguishing between constellation points y, and y, and, therefore, there is a high
error probability for these consteliation points.

25 .. The transmit constellation should be designed such that thns kind of error,
which occurs when y(n) + echo(n) falls where the step size is large for the p-law
quantizer, occurs rarely enough to achieve some target minimized error probability

- {e.g., P,=10%). Thiscan bé achieved by increasing the distance between the
constellation points. However, this will reduce the number of points that can be used

30 inthe constellation (since there are a finite number of p-law quantized levels) which



. Device and Method for Detecting PCM Upstream Di gital |npairnments inabs
Communi cati on Network, CX097029, filed.on even date herew.th.and -

i ncor por at ed herein in its entirety by reference. The
decodi ng_pr&g DBY be better understood by observing theP 9/5'?&" .
synbol decodi ng exarrpl e depicted in FIG 3. In this figure, X mar ks
In the axis represent [err]-|aw quantized Ieveb gé]sqga mar ks in
the axis ragucestm datadatpe Anp, ingiF230g theyAistanse befwrrn the consiel t‘RﬂB\%ﬁ? n the

art; ther e créééeétﬁéf%}&ﬁ ﬁ%ﬁbb?«@ﬂm'a‘ﬁéﬁgsmbbérﬁhz' FiG.2.have predefined

threshol ds. course depicts onl smal_l. gortlon of all. of :
t he possible [aﬁuh]theaqmstdmwﬂéﬂgnéf/mesﬂeﬁﬂ’fme&“@& FNOWniRow @ assumed -

t hat 730 :

hnd the: cerfiele s nigheRuBlA 60 M RdOhITBol bRichbiefatbipotg ygr ]

'dl[ gi tis\$hmadﬁrmsatbhleee:emﬂammm)mlzedfslera"tafﬂﬂ ¢""Q§é"’qt@b““lﬁéf‘§|am Eed } hﬁt o '
err] has peen,. transni r] has the

hi ghest prYBEANTF yf%qvageg?%lagﬂ ﬂ'ég?br“ggggﬂ? &%&éﬁ@g% %‘?.ﬁ)gﬁﬁﬁgp nt% gi ven

echo(n), axakripldssPCM dowﬁét&acﬂéqhopechu(n)f hes ereigriicanceffect pe themrecyhol ds:

surroundin d.lev _

Anot her eéﬂéﬂe@“}]g ﬁﬁmﬁlﬁgﬂ% eﬂgﬂsgz“t"ﬁ%ﬁ'de’éﬁfn mz‘élfo“ Wi in FlG 4. In
20 this %ﬁﬁﬁi(ﬂioﬁ‘dmﬁyﬂdl omm e.sénemawrmnelmamarenmdadmmeeam@bbo

echo( 2} &(gl S casefeﬁg 8th c nstell ation pornts
y[err]l an&“ﬁ[’&'ﬁ chqriiQﬁgﬁ'ﬁcﬂ(! vaniancegf eghgahd noise 38 will receive v(n) =
1087 As a result, digital nodem 38" may have di fficul ty

di sti ngui shi ng bet ween constel | ation points y[err] and y[err] and,

therefore, there is a high error probability for these constetlation
points. 25 The transmt constellation should be designed such that
this kind of error, whi ch occurs when y(n) + echo(n) falls where the

step size Géndidla88n Tisighqdiiirnlfod SWhbol-by- Dezadingoccurs rarely enough

to achieve sone target mnimzed error probability (e.g., Plerr] =

10[errgs) . This Wbd?ﬂteﬂﬁfﬁrﬁd@ibn@ésbﬁﬁé@mms%?mmmmmab&b\wen t he

constellation p0| nts. However, this w g?‘f?g t he, nu&ber of points that
0’

can be usetpnsipliation Pﬂ'@tscﬁfﬂgi"édqddﬂpcﬂ?stt‘é’? I‘FEB 108 POINGS ot Yini-Vewh8ier of
[ err]-law ik ESHstblPétﬁh?zld@{ ¢y, -y.}; however it may be designed |

PCT/ Us9sg/ 2asysmetrically. The design algonthm is recursive, i.e., assSUMING Y,,Y,s---1Y,.; have
already been deten'mned according to this algonthm. Y, is designed such that the

20 following condmons are satisfied:

Pr{.c..YoYue¥u  decoded Ly, sent)” < (10%)/2 and - (4a)
Pr{y Yo decoded |y, sent)” < (1092 (4p)

25 _ Thns assumes that 10® error probablhty is the desnred target error probability for each |
| pomt yk in the consteliation. This target error probabthty is exemplary and other error
probabllmes could be used. Note that each of the smgle sided error probabxht;es
namely, the Ieﬂ hand side (LHS) error probabmty in equatlon 4a and the right hand
snde (RHS) error probablhty in equanon 4b are smallet than half of the target symbol
| 30 error probability. This guarantees that the double S|ded error probablllty is less than-

the target error probability.



reduces the data rate. And, increasing the distance between the

constellation points - - also increases the overall transmt power in
anal og nodem 12', FIG 2. _ Wth the constellation design of the
present i nvewopmmsés i s shown how to achi eve the hi ghestrnssdasgoat e

(i.e., the largest nunber of constellation points, y(n)). 5 and still

achieve a certain, .mnimzed qverall Lt nd a
substantial ly gﬂﬂa(‘)gﬁ’ gﬁtre%‘f'%ﬁh%rtﬁﬁgﬁqtq%ﬁ §; tsg{%&R@ﬁtgme.cohéhpgn%om in
tpfe above w&ﬁich a@(@ﬁallmhafwb;ﬂgsfmtpbm;pvéﬁm saledied aje déugﬁe_dg&bgnhéi pﬁnt ]
effect on the error robabj ity of a const ation design. .As Wi be
evi dent -f rJRSEMLON) ¥=o'a?*ﬂ§ tfansmﬁ@ﬁh%[séfﬁ&ﬂ%}?ﬁ}fgé Gl 'SF‘p%quPﬁﬁ?habél f er ent
const el | at EQiRicAl4d reqareihkothetirbbatilty thee ahp pdibis in dnslcartslRtioh whittsei stics
(Iike variance of echo and noise.) e O?lnstel,l ati gn Desi gzn '
Al gor i Shm lreger 81a1es PigyiossRoNt, Yoe G581 AREPIef:given the previous pointoRet RAMGt i on
desi gn desggih@fed & 18EHaS cheHERthe GRbet drfbr bfodabliRe y[err]

constel l ation points are divided into positive constellation Foi nts {y[err]

ylerr] ...y[errThe Rrbability Priyait Q.. c #RPPEeE dt¥ 58Npoi GeNsbe ojouiated wser r |
-ylerr]}; haugyer it may be designed asymmetrically. The design
al gori-thmis recursive, i.e., assuming y[err]y[err]y[err] have

al ready been determ ned according to this algorithm y[err] is designed

. such that the A |1 gw | tLgns are satisfied: : -

Pr(.. .‘F"?[-err]y-[2’2’#?]"?’.91";’%'8??‘1&3‘23}65%’351{err‘] y[err] sent )(SL_ (10[-ert])/2 and
(4a) Pr( ¥[ ykerr)] ... decoded. | .y[err] sent) <(10[err])/2
(4b) 25  Thi i’é)u}feétyv F"‘i‘iﬁ’[‘%rsﬁj"&?’?s&"r%%robabi lity is the desired
target error probability for each point, y[err] ,in the '
constellation. This target error probability is exenplary and other error
probabilities could be used. Note that each of the single sided error
pr obabi | i t where e is the PG rdowpstreann dcbbt edhafn), andishquidiBe integratedhe ebabifoi ty in
equation 4a and the right hand side (RHS) error probability in
equati on 4be. ahe iGwgtdtioh df Baanhtal dppdxitBRedite agRimmatinadf sBfll intehaly of e.
probability. This guarantees that the double sided error probability is
| ess ttfan Fort the grabglsility af reehopr.abRlie), mieycan assume Gaussian distribution

(The constellation will be different if we assume a different distribution for echo),
which is | |

S . 2
Ps(e)=\[i;6 exp(-—-z—eg_-{). _ o _ ' (6)

20 wher_e o, is the echo variance determined by digital modem 28’, as described in co-
pending application CX097029.

In FIG. 5 there is shown an assumed Guassian distribution for noise 40
centered about the constellation point y, + echo. The areas 42 and 44 under
distribution 40, beyond quantizer thresholds 46 and 48, provide the error probabilities

25 for the LHS and HHS,' r;a_spéctivély. For éxamp!e, 'th_e area 42 under curve 40 is the
 probability that y, + echo + noise < threshold 46, From FIG. 5, it can determined how
to calculate Pr(..,y,,,y,,c"),_y,‘,1 decoded | Y senf; e')' assuming some distribution for
noise (like Gaussian distribution for noise 40), aé foliows: o '

9



WD 99/ 34566 '
PCT/ US98/ 24369 - .- -Equation 4a‘requires that the probability that

any points in the constel | ation whi ch are smaller than the present
poi nt, y[errnkeooknisfd sel ected are decoded given the p;,g.%ggm%% nt,

_ y[err] being transmitted is | ess than one half the target error _
probabl lity. Equation 4b requires that the probability that any points
in the constell B dn)',vﬂ-lymﬁiea@@edsl Y. sPak gk that the previ point, y[err]
are decoded giv , y[err] bei ng ~transmtted is |ess
-t han one. hal f. tﬁgf ﬁ gb%%ﬁolef lity. The Probability -

Pr(O vy{err},y[err], Oy[err] -decoded [err] Y[err] sent can be cal cul ated

"'?Zr F1 oyl e]; | g@ﬁt )Shanmugan, K.S and 5@)%% rA! My["pRranliane%lgr}qJ%/ [ Bet \.ito'? ecoded
Pr(y[ers], Hstifation, [a@ﬁ]Dai@%d@Qisy [JeFih Wik Sorsy, RB88," ok tidl@efinition of Q_fi1ere e

Is the PCI\/I downst r eam echo, echo(n), and shoul' d be integrated e =Terr] to

[err]. The iNRivagrblei threshold is the b‘éavaﬁﬁﬁ‘?i%?mf%qdd”%ﬁ@ ieudawiever small
wo. oo nes HALRL(OWE) than i toreshifft it o BESANA | Y y0h, Atk frepoll " ()

di fferent AIGWe Fbewmdabled s meelmmcesbfrndmﬁ. iThis rfome caniumne from additech i s
[err] err] is the echo vari-ance

. 6) .. 0
det er m ned “B§"RR! geiss) '“%ﬂ%‘l’l’%@gﬂe‘%%f@%%%ﬁ&ﬁf‘? Pregoding, and imnegienty

appl i cag i oRchX@BtiHAN. The variance of ndise Edrfbe Salbl@es asoldyyn an assumed
@Quassi an distribution for noi se 40 centered about the constellation

point y[err] + &BR&OISEhE, aiFdhe neiseprmpRIenhght before the p-law quantizer. The
noise consists of three components, namely: i) ISt due to imperfect precoding (i.e.
p(n) is not exactly c(n)*g(n)) and/or the estimation of c(n) is not perfect), ii) echo
estimation error, and iii) random channel noise. |
15 The calculation of 6.2 is consnsts of three components. The variable ¢,? can be.
calculated as follows:

o':=‘7m+a + O - (8)
20 where o, is the variance of IS, ¢ is the variance of echo estimation error, and

G IS the variance of random channel noise. The variance of IS can be calculated
in the analog modem as follows:

o-li'l=Ex

re-pf o

where Ex is the power of x. We can use -0dBm/Igl*which is the limit imposed by FCC

or some other limit like -1 0dBm/igl that we intend to use. Note that this does not
include the error term due to ir_nperfect estimation' of c(n). We can increase &,; to
take this into account.

10



di stribution 40, beyond quantizer thresholds 46 and 48, provide the error
probabilities 25 for the LHS and RHS, respectively. For exanple, the area
42 under curve 40 is the probability that y[err] + echo + noise <

t hreshol d 46vobwmisse-I-G. 5, it can determ ned how t 0 earmsdszdms9
Pr(..,ylerr],y[err],[err],y[err] decoded [err] y[err] sent, e) assum ng
Zg;re gISS]E (r): ngvlsﬂne Ie(l)'r[nsaj.+c' noalrg %yp(l ally caﬁhjstgd ialf'lnthdeI }g;{télbmugde%] afsofcr:llqr;!(v)sl 5¢

WD 99/ 3456 t
PCT/ US98/ Zglf@ssume the digitai xmBar{ments hg}lcra bee erer ct?/ h ri]alf dd.lg ex dnade ﬁ o, r]
sent; [errihe received signal (7)) we first fmd out tggfc@ndlpg(eﬁ[ for r{n).efForTexarsple] &) /

[err]) S g n :
S gnal s: CRPSIENE S o AREBA8 melas AEn BCHRE k. e Yaye i PESHes s,
1988, fsor t(h)&e drefriemich iv(n), edicuRitbalfn) whzch :sTd:‘(e) wafn)ald(e WFFéree'e-l’)dé dfioden tbhe -
[err]-aw quanti z r eshol rr]-law | evel gher. (1l ower)
han 1 hi s DRP GFRIP aPRR Al ) 380 DI fhe SHHAFY ok Hings ymraafino) d
46, Fbiiy cémamethéaédha%ﬁmkﬁaﬁ rrbPad Farlih GHHrRePRoild bixaisd Boritaihl s€
can cone fromadditive- channel noise, intersynb Interterence 1rom

i mper fect Mectamirgioninise. fhereferet wa bave ttakse &yjs it ecenunt Ihipliows: ance of

noi se can be cal cul ated as foll ows. : The noise, [err] is the

noi se conmponent right before the [err]-law quantizer. The noi se

con5| sits of three cw’gm@‘tso-’naﬁel y: i) 1Sl due to inperftept precoding

(i. p(n) is not exactly c(n) g(n)) and/or the estimation of c(n) is
not perfect) i ) echo estimation error, and iii) random channel

Conponent s 517y 5 PR BN At irende! s Sl ot verase

[err] of quant:zation noise vaiahte of each r(n).

: | ) . :
s o= % ;n(sxep&ze(r(n)))yn | 11

where step size(r(n)) is the p-law quantization step size where r(n) resldes For
example, if r(n)=99 in linear value then step size(r(n))=8.) '

We can run the above o2 +¢2

noise

calculation algorithm only when Ir(n)l £ MAX,

20  e.g. MAX=83 which will make step size(r(n)) < 4, to make it more accurate.

- From equations (5), (6) and (7) above, the Probability PrO.YoY, 0.,
decoded | y, sent ) is as follows: |

Y, +e —Threshold 1 702 , .
. ——mm—— "¢ do :
_-[Q Jen( o, )‘J-Z-:?a; ¢ _(12)

25
where _equaﬁon (12) is approximated as follows:
~(jay

Y, + _}A Threshold —"'T'
2M+1,§{,Q‘f o o, )J_ (13)

11



20 where [err] is the variance of I1SI, [err] is the variance of echo

estimation error, and [err] is the variance of random channel.. noi.se.. .. ..
The variance of ISl can be cal cul at ed in the anal og nodem as foll ows:
[err] wooozsses  (9) 25 + Wwhere Ex is the powerp@fnmp }glg can use
-9dBnilgl[err]which is the limt inposed by FCC or sone ot limt

like -10dBmIgl[err] that we intend to use. Note that this does not
i nclude the error termdue to inperfect estinmation of c(n) W can increase

[err] to. take this into account.

10 ' WO 99/ 34566

PCT/ US98/ 24369 The integration muﬁaﬁpwi’{) gan e aproximaiedtq @smmtwrapémah the .

digital no |d t | have been

det ect ed. ﬁﬁ@?ﬁ%ﬁd‘f% #g{?(strr%e eme %t‘ﬁﬁgwwﬁgs?‘géc%@lgg SlI. g n . we first
. find out th& ndldatesfor r(n For exanpl e, i f RBSlNoRBS di gital

| 0ss=CdfB, RES2=i8 apﬁ@x'm@ie!ymazﬁpﬁpm VREh B4, KiRystish &si ‘Brivarged r(n)'s. For

each v(n), Eﬁ@ingg Rz ty,\_dgt ?JBhH\WIQ @S J(-,gés- e(n) where r(n) is chosen

to gi ve srra*“{i‘%r absol ut € val ue ? n and e(n)is the estimated echo.
Since d(n) not The RHEheyorgrabahilitg cambe eelnulawtmiiwwm waymdaadmnamhbm

channel no Eyéml 30 FR0 Ty ?ﬁ\éesp?gﬁ nﬂH@éElgﬁﬁ‘&'l%Qc%%'tﬁg largf%ﬁ?lrp?:}cn e

have to ta b accoun
(10) - that u—law can support which is 8031. Since it IS a recursive algerithm, the mstrai

10 consteliation points -y,,y, must be determmed flrst This can be done by fi ndmg Yo
that satisfies the following conditions:

Pr(-y, decoded |y, sent) < (10*)/2 and ~ (14a)
Pr(y, decoded |-y, sent) < (10%)/2 (1 4b)
15 ' _

B Again,lthis assumes that 107 error probability is the desired target error
probability for each point y, in the consteliation. Note that each of the single sided
error probabilities, namely, the left hand side (LHS) error probability in equation 14a

~ and the right hand side (RHS) error probability in equation 14b are smaller than half

20  of the target symbol-error probability. This guarantees that the double sided error
probability is less than the target error probability. Equation 14a requires that the
probability that -y, is decoded given that y, is transmitted is less fhan one halfthe
target error probability. Eqﬂat_ion' 14b requires that the probability that Y, is decoded

- gi\(en that -y, is transmitted is less than one half the target error probability.

25 The constellation design algorithm' according to this invention for designing a

constellation with points {-Yorazeoos "-y,, Vi Yor Yor Yor Yas =Y Given an echo, echo(n),
- having a variance c? and a noise variance, 6,° , may be summarized as follows:

"1)' " Findy, that satisfies:
30 Pr(y, decodedly,sent)<10%2 and Pr(y, decoded |-y,sent)<™%2;

12



where [err] is the quantization noise variance. This can be cal cul ated as
t he average .of quantization noise variance of. each.r(n).. . 15 :
[err] (11) where step size(r(n)) is the [err]-Ilaw
guant i zat i onWOIP456¢ ze where r(n) resides. For exanpl ®CTUSISZ4p89=99 i n
| i near value then step size(r(n))=8.) We can run the above [err] +
[err] cal gul at thmonly when [r(n)| [err] MAX, 20 e.g. MAX=93
whi ch WI||§ 'bpgegkrg‘gzﬂg(r(n)) [err] 4, to nmake it nore accurate.

From. equatlons (5), (6) and (7) above, the Probability

Pr([err], yéf”]HX&? f'gktéa‘ifsuésy[e”] .decoded..| y[err] sent) is.as

follows: [etr] "~ 7257 "0 wher e equation (12) i-s-approxi mated as
follows: [er rF]‘r( ,yn,y,, Vi decoded VW) @0#)34 562 and Prly,.Y,...... decoded ly, sent) <
PCT/ U898/ 248.@‘78

4) iy, < MAX_CONSTELL_LEVEL (e.g. 8031), k=k+1 and Go to 3)
else STOP.

‘10 . : . -
| " There is shown in Table 1 an example of a constellation assuming o,=7, and
o, = 150 and in the presence of no digital impairments. Orﬂy the positive constellation -
points are shown. It is preferred that the values for y(n} be integers; however, this is
_ not required. |
15
Table 1
37, 113, 192, 275, 361, 450, 544, 646, 755, 870, 988,
1108, 1229, 1351,1479, 1634, 1804, 1982, 2164, 2348, 2532,
2716, 2900, 3084, 3268, 3452, 3722, 4022, 4331, 4640, 4949,
20 : 5258, 5567, '5876, 6185, 6484, 6803, 7112, 7422, 8287

Con’s;eﬂeition Design Algorithm for Channel Coded y(n) and Sequence Decoding

For chan_nei coding and sequence dec'oding.'the same consteﬂatio.n design
25 aigorithm may be used. The only'. difference is in how to calculate the LHS and RHS
o ‘efror proba_bilities delineated above in equ‘aiions 4a and 4b. These calculations will
~ depend on the pa'ﬁicular'cod"e' being used and those skilled in the art will be able to
make the appropriate calculations given the coding being used.
Hdwéver,_ if calculating the error probabi!ity in the presence of coding is too
30  difficult, or not desired, then the error probability bound instead of the real error
probability miay be used. A good error probability bound can be found in the

13



The integration of equation (12) can be approximated to a sunmmati on of

csmall. . .. ... ..intervals.of e as illustrated in equation (13). Mis chosen
| ar ge enough such that [err] 5 e i's approximately equal to
zero. See, QdbumadsE€yYStig, -E., "Advanced Engi neer i ngMRbHaR@RL i cS”,
John W1 ey & Sc?nsgg 1983. The RHS error probabi F@%y can be
calculated in the same way to determ ne the Bgesent point, y[err].
Thi s r ecurfsiovéngreferenses: diteibhued.; Gmura, LiKe Pripciples oh mh@ommu@@etwrpm nt

that-[err]-] h
al. gorl[thrr% r{da%’ocﬁlﬁé]t %Wdﬂm&’gﬁéf‘}l?rﬁ%ﬁg %on%?gbgﬁ e%rF?l E%FHP rrust be
- det er-mi nedChannet W|tﬁ'muantlz=auobm ﬂilerﬂa‘ebgncblQ‘idﬁr‘-ﬁ;‘lﬂibbrfp‘ieffefencet satisfies

the.follo ndi ti - Y, oded | y[err] sent)
< (10[errwgr)‘?‘8s anson °m%t')‘ cations, vol. 45, pp"'EI=$(1(' g?é ezoded | -y[err]

sent) s(10[err ]\Mth?sequeqce based decodmg {l(hlﬂh')aylt& decoded as follows: &graDp, y(t-hi s
assunes that 10[y<§thNerror pr ob e desired target error -

pr obabi | i ti-1en hd$ ﬁ’?"s;?[‘etorr]"'"frﬂ‘zgﬂ? f@h?t‘g'f‘%leﬁﬁ?tfoé‘n Note that each of

t he single sided : error probabllltles nanely, the | eft hand side
(LHS) error probability .in equation 1 %} t. hand-side- -
(RHS). err on&ﬁ'ﬁbfé!b")-i AXINNDI ¥ejcak - d’rﬁ“‘le'ﬂy eﬁ‘i’ém%r P °(f' If 20 of the
target symbol error probability. This guarantees t hat - the doubl e si ded
error . probability is |ess than the target error _tprobabl lity.

Equat i16n 17ise exaptcelesliatidracf thiseprobability :queo,bemmlex gnd thereforg, &y practice, decoded

t hat lf th t t
arror pronlast Eppplek g e g iviel SRRm Ry B8, (00071 i1y cnat yPerr]
i s decoded in Hegzbeeq H.lamid Saltzbeng] BLR 'tG@mfot & &hansellvithcsQudndizatiore hal f
the t t. b " d
2 oS0 PS8 3 o Eb8 e R TARBBSGHR B on desian
Wi th poi nt Sofnynivatibns, Vol.e15; No. 1yJanuaty 1987¢cading for epstrearh enadp, y[err],

o 2b ar | BRRHENY B EPYSISIRIpR SR ASERNE, i derbThe | DiRConsialtiond &2 Lok, 2y
ylerr] thaj tﬁ%t hydr lS do Qt neces gard}? W6 Yul-Bh l}avéi@qw& él?/er fc;détlg ﬁﬁeﬁes

<-10[err]/2 an Pr err eco “y[err] sent) <
12 are readily apphcable to these constellations.

Consteliation Design when there is Digital impairment in the Digital Network

20 The above descfiption of constellation design according to this invention does
not account for digital impairments in the digital network. The detection of upstream
digital impairments (i.e. RBS and digital loss) is described in co-pending: applicati'on.

_ CX097029 The upstream d:gxtal |mpa|rments detected by digital modem 28’ are
_communlcated to analog modem 12'. Then, usmg the detected d:gltai lmpalrments
| 25  and p-law quantizer 22' a new quantizer, i.e., new t_hresho!d levels, can be
” _medeled Fdr exardple if there is odd robbed bit signaling (RBS) in digital network
26, i.e. the type that forces the least Stgmf‘ icant bit of the affected octets to a “1”,
then the original p-law quantizer, see partlal representatlon 50 FIG. 6, is modn‘ied to
~ account for RBS to form a new equwalent quantlzer see partlal representatlon 60,
30 FIG.6. The same constellation design algonthm. as descnbed above. is used but

with the new equivalent quantizer thresholds.
14



WO 99/ 34566 |

PCT/ US98/ 24369 - 2) let k=1 initially; "~ 3) Find Yk that
satisfies Pr(..,y[err],y[err]...,y[err] decoded | y[err] sent) <
10[err]/ 2 anwoRniydeerr],y[err]... decoded [err] yl[err] Se“tﬂcﬁu%i

[err]/2; and 4) 1f y[err] < MAX CONSTELLLEVEL (e.g. 8031 1( k+1 and
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There is shown in Table 2 an example of a constellation for use when RBS is
present in digital network 26’. Note that the constellation is the same with LSB=0

- and LSB=1 because the equivalent quantizer threshoids are the same for both RBS
conditions. The constellation design also assumes that 6,= 7.0, and 6, = 150.0.

15 Only the positive constellation points are shown.

Table 2

49, 152, 262, 378, 520, 682, 856, 1036, 1219, 1403, 1673,
1973, 2282, 2591, 2900, 3209, 3518, 4056, 4620, 5184, 5747,
20 8309, 6871, 7434, 8287

COnstellatiori Selection

For data mode, i.e. when ahalog modem 12’ transmits data to digital modem'l
28', one transmit constallation of a number of consteliations that have been
25  predetemined according to the above described algorithm for various digital
impairments, noise variance, 6,’, and echo variance, 62, is selected for trénsmission
of data for each RBS time slot, The selection of the transmit constellations may be
done by either the analog modem or the digital modem. _
in a preferred embodiment, digital modem 28’ determines and transmits to
30 analog modem 12’ the type of digital impairments affecting the upstream channel

and the echo variance. Then, since the calculation of the noise variance, o’ is
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make the appropriate cal cul ations given the coding bei ng used.

However, if calculating the error probability in the presence of caoding is. .. -

t oo .30 difficult, or not desired, then the error probability bound

i nstead of t error pr obabl lity may be-used. A ood error
probabi | ity ‘Egu%’%é%:an be found in the 7US98/24369

13 : : WD 99/ 34566 '
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Princi pl es of: 979 -and

gltal Conmuni cati on ccj% MG aw Hi | |
Her zber g, rppders APt (Fhdr gt isagsiblecbat hhgnocﬁe\@nance be sakcuiatedcompletelyzat i on

In the Presanca %ln%ﬁtf-‘%ﬁp%\%éi&fagﬁﬂ W@ﬁ%&armncs} ahgHaRactons on.

Comuni cat'i ons, dnoe\wt h sequence o
based decoxainagcqé trRnsmit cbnstel&rodmjseisctéabfdr@ash tipmerstd®) , y(n- D 1), o

-D-N), h h
| ég ? v(ny, v( InS 1;3858 S?R)ftﬁdl'\'l'f gl mf%gﬁ%?gé %b \94 ?'ﬁe %ﬁﬁé@p?ynents, scho
.echo(n), . .vargfé® G'F, N[rﬂré'%l-)o-’ ( 12rb obtifed, sT&ﬁ@é(aﬁtsté@‘lM'u%ﬁmbOB"QlI?i his

probablllty is very co ex and therefore, in practice;

conpl ex althenbishvaliahees, bﬁess‘e’atceiatad dhetep 108tnaglighel impaitments and sand | N
Herzberg, H _and Saltzberg. 'Coding for a Channel with QJant I zation

in the Prébefl@Loqpasy Es‘it?rﬁﬁl‘iﬁts ot cligitef ispRaiiments andauantized waluesies ogn
Conmuni cat 2 _ st [ node, 15
~assuming a ?o@n‘st t?J aatcﬁon 0 tlthef@{%%%r‘éevj?r s,camgi%é%bg rq%gelg 'e‘ﬁn
E:onsit aol atealahﬂmtime(tlmg stored ﬁobs:eléwoa i$ ﬁeieetei:l dasetom e d&ﬁ&?ﬁ&lﬁé ly use
err ev t he .codi ng theor are readi
appl i cabl \éht e??é%%%%?"%?’?&h%se with the St°'€§r‘?§“€l Vé&afrﬁ}ﬁ’"ﬁe%'ldgﬁ%&ﬁ?@n' there
i s Digitale}ampsf ﬁﬁﬂh? vBlubY Gretetitha tACENBIKted 2 and o 2. The- above
description of constell ati on desi gn according té thi &'invention does

it should be noted that this invention may be embodied in soﬂware and/or

firmware which may be stored on a computer useable medium, such as a computer
15 disk or memory chip. The invention may also take the form of a computer data
signal embodied in.a carrier wave, such as when the invention is embodied in
software/firmware which is electrically transmitted, for exemple, over the Intemnet.
 The present invention may be embodied in other epecific forms without
. departing from t_he spirit or essential characteristics. The described embodiments
20-  are to be considered in all respects only as illustrative and not restrictive. The scope
of the invention is, therefore, indicated by the appended claims rather than by the
o foregomg description. All changes whnch come within the meaning and range within
the equwalency of the clalms are to be embraced within thevr scope
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not account for digital inpairnments in the digital network. The detection

of upstream digital inpairnents (i.e. RBS and di-gital less) - is - -
described in co-pendi ng application CX097029. The upstream di gital

i mpai r ment swoebsessed by di gital nodem 28' are conmuriCrAisesi248¢9 anal og -
nmodem 12' . Then, using the det ect ed digital inpairments 25 and [err]-Ilaw
quanti zer 22' I.e., new threshold | evels, can be :
nodel ed. For W Q?*Qc‘?éiﬂ@& ere |s odd robbed bit signaling (RBS) in digital .
“net wor k _ 26 i.e. .the type that forces the least significant bit of

the affected oct ets toa"1",, -  then the orilﬂllmullnmmmm quanti zer, -
see partial representation 50,. FIG Gy 0di fi unt -for RBS
to forma new equival ent .quanti zer, see part i-al repFesbnt'ht i*on*60, 30

FIG 6. The sane constellation deS| gn al gorlthm as descri bed above S

used but with the new equival ent quantizer thresholds.
14 5 1. A traneite9 ir3 45 @6alog pulse code modulation (PCM) modem which

PCT/ US98/ 2 h
PS50 4388 gl ovr & R BE SUARhES Bn Sl RELEY. 1 L1
channel depuentizatiohedicg] whéreinittie wo@eliation points correspand jorgroupb pf g3tabol

d d d 2 F digital
mpai r mentl 38 bp JenGREedss 2 gt PEM Rodem, e terBiRRS Hofefersi ne (he”

possibl-e 5  papgemeferdelice ahidh salédts fdi@deh Qﬂwpeslﬂdiataailtsﬁb beueinsmitss From
h constell ation

t he range of the oder can detge

poi nt 10 [@r?qnsgﬂ)gf'%emﬁb%q"qspRefﬁiyg i thegrPyR foc{ata bits a%frﬁresm HROVRELRS | bed
above in gqgafig &i&ﬁnéll)ﬂév'é) ﬂﬁb%ﬁbmé\xﬁ&b ArtRgTrpbEtoahe guahizatibe Bewiee He

the transmtted data, u an he recovered. Seé]tgence based decoding in

t he 5&#@&%‘1‘1‘6@3@“3&?’@?"?'&1 Whﬁfﬁ‘i‘ theasanstalalion eoigts are ShosenfRmAp| | shed and
w il be aﬁfk?fsﬁmtcoﬁgteﬂét%ﬁém%hﬁﬂf'df'aegﬂuﬂaﬂt?to‘ﬂﬂoﬁ-hhtfemly spaced colgsB.teTitﬂfne i's

shown in Table 2 an exanpl a constellation use S
present i rPointy thaélhaneswknt@éy eqjyelent, minimized arwn prehablity. Gﬁnsteﬂatwe same

with B omttoc ﬁﬂ%éﬁﬁp&rﬁecause the equival ent quantizer threshol ds are
the sanme fo Pu ‘condi tions. The constellation design al so

assumes thet [er_r]— 7.0, and [err] = 150.0. 15 Only the positive
constel | atg on RgHtahshitfer DP O 1 wherein the transmittéitdvice inciudes:

a precoder which receives the groups of data bits to be transmitted and
eelec_ts for each group a digital level that will produce at the input to the quantizer
20  device the selected constellation point;
a preﬁltei' which filters the digital levels; and |
_ a dlgltal to analog converter, interconnected to the prefilter and the analog
. channel which converts the filtered digital levels received from the prefilter to analog
levels and transmits the analog levels over the analog channel.

3. The transmitter of claim 1 wherein the transmit constellation is selected from a
plurality of predetermined transmit constellations based on upstream digitai
impairments, echo variance and noise variance.

30 4 The transmitter of claim 3 wherein a transmit constellation is selected for each

of a plurality of robbed bit signalling time siots.
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- 49, 152, 262, 378, 520, 682—856;—31636—1219, 1403, 1673,

1973, 2282,..2591,.2900,..3209,. 3 184, 5747, 20 6309,

6871, 7434, 8287 Cons_tg wz, EEM For data
rtans to digital

node, i.e. Wygkemfagd 09 modem 1 ! pOPAISHRassy 28" -
one transnmit constellation of a nunber of constell ations that have been 25

predeterm ned according to the above described algorithmfor various
digital & ﬂn-pa.anﬁ@mmﬂsemdgénwmmdé’cwémqem whighd@msmitaghalege, [err],
is select I o ad é’@&rété!l@f rP@‘Eﬁ'l RB t. The

sel ect.i onelgyéltgﬁgé{%g%ig[é?b@%r?s’g rgt 'l'l%ns may e g 5%%%.%%& her the
anal og nodeewice, wheesinithe wtstaﬂammmts correspond tO Igfpﬁwsmf@iﬂtﬂ!prtsdomom ment |

digital no e t he
type of di {g?g#gq%éfdrrg’a%rg nt s a ettnﬁ %’%ﬁﬁéﬁ’lﬁ%@{‘?‘gg‘mﬁ 'ﬁﬂ ﬁgqxl@@%rnxétﬁo% _
" echo v&ri acareprisiigen, since the: cal cul ati on of the noise variance, [err] IS
WD 99/ 34566
|PCT/ US98/ 24369 S8/°0ting fof Gagh groyR of data,Bits. fo b transmit d|an°%“sé?'{a§f’” RBBEr n 28
[err]) andcaresspoadihy té theag‘rabmf data bits;ramgiern 12" ([er r]). is possible that

Todem . From  hRIER OYeFsRE ARARGSTSWIA A BRTHG %{w%ag@e imbino Ua ance

a transmitg hﬁi&t@hldémce $hé @élé&b& doﬁaénamﬁ Ipornt rvq-geré:atthe cﬁnstellaﬂon As

depicted.in 100 Fl G h tal I ppai rrTF ? etho

o | B S s eyt cambiebion et o Beep " 104,
using [ err bty spaced conétemeﬁlp%mv%t a@@subbﬁhﬁéuy ecf.mra@érﬁ UniirRideg | N Step
106, the digital rT{l)alrmants and [err] [err] are conpared to-
stored set g"%’TPTBPg*P %c‘?“ﬁﬁét?‘ﬁ'%em@"ar?ﬂ“ﬁ&%?ﬂi’@ﬂ‘tval ues forf[err] and

[er] For each stored set there is stored a pre-cal cul ated constellation and
for 10 each RBS tine slot a stored constellation is selected based on the

conpari son§.  The methedgtcigim Sdudiprovhareinthesisp of selestingdnclugesy the stored
di gi tajs i mpai rment s s@fé@tufé gg h Lpraup of Batal i W kigitd Ydvel' M4t W pradutas OF eat er
than the calculated [err
the input to the quantizer device the selected constellation point; and :
the step of transmitting includes:
filtering the digital levels;
converting the filtered digital levels to analog levels; and

20 - transmitting the analog levels over the analog channel.

7. The method of claim 5 whérein the transmit constellation is selected from a
‘plurality of predetermined transmit constellatlons based on upstream digital |
“impairments, echo variance and noise variance. = ' |

25 o | |
| 8. - The method of claim 6 wherein a transmit consteilation is selected for each of
a plurality of robbed bit signalling time slots.
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It should be noted that thi enbodi ed in software and/ or
firmare which my be storealllmmml“mumm Eeabl e nmedium such as a

conmput er 15 di sk or nmenory *chi¢p. LThe inwventi on may al so take the form of
a conput er wawn34ses si gnal errbodl ed in a carrier wave, Sarlusss24ésen the.
i nvention is enbodied in software/firmvare which is electrically

e e, oDl pe P b eadatio rogram BB BRGRRT |
from:t hg embasdnécé ﬁmrexaﬁmﬁam&n&tb@datatmslfs:t isEsin aﬁmxadm.ﬁselmﬂegrrbodl ments 20.
.are to.be conside ects tiv no '
restri.ct irU% é‘%&ﬁtmogem ‘([r?.rgm! ﬁ%}iﬁ%ig%%{]%f 5’1‘%‘?@%?%? Pated by -
t Ee appemr%}edﬂ@é @chrrﬁelm?ﬁhamtnﬁmra duantifstion devicef %e@;mhm ddﬁSteHatwri on. All
changes I,C cone w In e ran 1.Nn

oqui VAl erwfa@frﬁémda@rag%s@@%o@?%#ﬁ ARl A paitel P ke,

WO 99/ 34566n nsmg :

PCT/ US98/ 24 : What i s claine

daims 5 P°mpuﬁﬁft"?§¢%tﬂ? program fogg, "‘@?&Pg‘ﬁ S&ﬁ%'ag s gechamupafidsta (Pov).
modem Wi G to be trdrisAtitel & 2oiala88n bBIHELSTEMRINGHG 18 V\gﬂuﬁ 'aﬁaéls' bifs? produce .

const.el | at1 on poi nts at a quanti zati on devi ce, ereinth
constel | ahn points correspond.to groups of data bits to be

transgitted tg CYALY LiSLOG.~

a transmtter gﬂ"\}:m(‘:e wﬁ& tﬁ%l ects %E%g?%h l;HCg{SHﬁﬁm g@thihﬂﬂogo be

transnit tehenoe! a lavel tmsval pratuemattbe inpud o W@sp@nﬂzatgntdevpa&egsejaﬁedf data:

bi ts and écfr%f%ﬁh%ﬁ B&Ynf”w epéin the con Q{.&GP@H&FQ}S'cthArﬁf&JP L produce
nput to th ec

at the i dan |on evi ce stellatlon
poi nt; whenrsteilatibre commstb':gl bfaa plorzlityodfmon-unifernolyspaced cmtstejlatlon points ansmi't

const ol 1 aebfe iR Sayhidhe Rl Srof PREMBUCERBRE Bt 1 e

er r orl5pr otxaistdtiiatign poinhst el | ati on 15 point to const el lation point.

10.  The computer useable medium of claim 9 wherein the computer readable
program code means for selecting includes:
computer readable program code means for selecting for each group of |
20 data bits a digital level that will produce at the input to the quantizer device the
selected constellation point; and
the computer readable prbgram code means fortransmitting includes:
. computer readable program code means for filtering the digital levels;
computer readable program code means for converting the filtered
25  digital levels to analog levels; and
" computer readable program code means for transmsttlng the analog
Ievels over the anaiog channel.

11.  The computer useable medium of claim 9 wherein the transmit constellation is

30 selected from a plurality of predetermined transmit constellations based on upstream
digital impairments, echo variance and noise variance.
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2. The transmtter of clai smtter device includes:
a precoder which receives the s to be transmitted and
sel ects for each group a digit MH "ﬂ ﬂjﬂ/’“L produce at the input to
the quanti zeygdbayssddevi ce the se ec tion point; a
prefilter which flfters the digital Ievels and PCTrys

anal og converter, .interconnected to the prefllter and t he anal og
channel , & ch TH8FPEIPUierUsaable megiusuotitiaim 11 wheisin 8 trapsmit verktdilation ishe

orefilter sbfbc@?:ﬁdo?gach °fa§i“%’wrﬁéa§%$§s'fng§m”@‘%'%?F‘%al og.l evel s over the.

al to

anal og- channel ;er arm 1 wherein the

transmt constellatlon is selected froma plurality of predeternlned
transnmit constellations based on upstreamdigital . . i mpai rnents, echo

vari ance and noi se variance. 30 4  The transmitter of claim3 wherein -
a transnit constellation is selected for each- - of-a plurality of
robbed bit signalling tlne sl ot s. S : - _

17 - WO 99/ 34566

PCT/US98/24369 . 5. I'n an anal og pul se code ‘nodul ati on (PCM npdem
which transnits anal og - levels . over an analog channel to produce
constellation points at a quantization devi ce, wherein the

constel l ati on points correspond to groups of data bits to be
transmitted to a digital PCM nodem a net hod f or transmtting data bits,

the method 5 conpri si ng: selecting for each group-of data
bits to be transnmitted a constellation point - corresponding to the
group of data bits; and transmtting over the anal og channel a
| evel that will produce at the input to - the quantization device the

sel ected constellation point; wherein the constellation 10 points are
chosen froma transnmit constellation conS|st|ng of a plurality of non-
uni fornly spaced constellation points that have substantially equival ent,
m nimzed error probability, constellation point to constellation
poi nt . " -
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6. The met hod of claimb5 fur e step of selecting includes:
15 sel ecti ngtl| “‘iﬂ li! Il

that- will produce at anti zer device the sel ected
const el | at i oWOP8B#866 and t he step of transm t tpargudesredsedes:
filtering the digital |evels; ‘converting the filtered

oot 2 ovedS AP S gl et caripy R0 NI PRSBAECILARS .,
t he transniempsiesdata smaé Are eoraputetteadableqrogram code rpeansﬁ’or trgnsmrttmg S
predet er i pggh SABRHE inGANSERL] AULOBSADARBAAA RS SRy %,éﬁ.hng%d o |

| npai r ment s, vari ance and nol sé varl-ance.
claim®6 vvheneiog Iwats'rw&tHntanatmgsihahhatttommdls:esaehsteuatdmfpmmeaeh of

pI ur al '5t y 3[1&51%9%%3&@%%2&% ltllae-n gO'IngEtKS)n %tolnts correspond to groups of dafa

PCT/ US98/ 28886 be transrSitted toha digkplPEM mederh] eompdsibgn havi ng conput.er
readabl e program co erein for transmttln data -

bits for use i nc%{ﬂplgﬁ 5988 @apg%gr E'a‘o@d% mea"r?gah?%?‘ftﬁﬁ fer=agh greuR Af datrch

transm ts bhatobe transthited donsteli@N MintTdAeBSIndiry to the gRIMIGRLa b
constel |l ati 08 points at a quantization device, wherein the const e‘ﬁ ation’s -
p

poi nts _corF ond to groups of data bits to be transmtted to a digital PCM
nmodem 10 . - computer readable program code means for transmitting over the analog .

channel a level that will produce at the input to the quantization device the selected.
constellation point; wherein the consteliation points are chosen from a transmit
constellation consisting of a plurality of non-uniformly spaced consteliation points

- that have substantially equivalent, minimized error probability, constellation point to
15  constellation point.

14. | The computer data signal of clajm 13 wherein the computer readable program
code means for selecting includes:
computer readable program code means for selecting for each group of
20 data bits a digital level that will produce at the input to the quantizer device the
selected constellation point; and
the computer readable progrém code means for transmitting includes:
computer readable program code means for ﬁltéring the digital levels;

computer readable program code means for converting the filtered
25  digital levels to analog levels; and

computer readable program code means for transm:ttmg the analog
levels over the analog channel.

15.  The computer data signal of claim 13 wherein the transmit constellation is
30  selected from a plurality of predetermined transmit constellations based on upstream
digital impairments, echo variance and noise variance.

21
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conpri si ng: cdﬁﬁUTE?_*‘adabfe-peegran1code means for selecting
for each group of data - Oﬁlmwﬂm tted a constellation point
corresponding to the group ﬂ n !'r and 10 " conputer
readabl e progoassaege nmeans for %ransﬁlt over the anal g channel a
| evel that will produce at the input to the guanti zati on dger '

sel ected cqnstelatlon poi nt; wherein the constellation p0|nts are
chosen front8 t fARSIMPUter data-gigral of tlaim 36 wherein attlangmﬂfconsmﬂa:i’oﬂhs ty of

non- uni f or rge}gme@a@pgﬁg gmﬁg}bgg ?&ﬂlissrgwahmeqt@% Fi(S’%ve substantially

-equi val ent n1n|nlzed erro nst point to 15
constellation point.- “~ - - -10.- .The conputer useabl e nediumof claim?9
‘wherein the conputer readable - - program code neans. for. sel ecting

i ncl udes: : conputer readabl e progranlcode means for

sel ecting for each group of 20 data bits a digital level that will
produce-at the input-to the quantizer device the .. .selected
constellation. point; and : the conpUter.readabLe program code
nmeans for transmitting includes: ’ - - comput er readabl e

program code neans. for filtering the dlgltal levels;
conput er readabl e program code neans for convertlng t he flltered 25

digital l'evels to analog |evels; and - S © - conputer readable
program code neans for transmtting the analog o | evel s over -t he anal og
channel . 11. The conputer useabl e nediumof claim9 wherein the
transmt constellation is 30 selected froma pturality of predeterm ned
transmt constellations based.on upstream . digital inpairments, echo
vari ance and noi se vari ance. ' WO 99/ 34566

PCT/ US98/ 24369 - 12. The conputer--useable mediumof claim 1 wherein a
transmt constellation is .



selected for each of a plurality of robbed bit signalling time slots.’

\
omes Ry W

17. A sYstem for transmitting data from analeg pulse code modulation {PCM)
. modem to a digital PC modem, wherem the analog PCM modem transmits analog
. levels over an analog channel o produ::e cor .steuatsm points that correspond fo
groups of data bits to be transmitted to a digital f’CM modem, the constellation points

-th

being affected by a PCM downstream echc and received by a quantization device,
wherein'the quantization device converts the constellation points to digital values and
transmlts to the digital PCM modem the digital values over a digital network having
imparments wherein the digital PCM modem is adapted to receive the impaired
10- ~ digital values and decode the ;mpalred digital values to their corresponding
 constellation’ points, the system comprising: _
an analog PCM modem which selects for each group of data bits to be
transmitted a consteliation point corresponding to the data bits and transmits over
the analog channel a level that will prodiice at the input to the quantization device
15 the selected constellation point and the PCM downstream echo; wherein the
constellation points are chosen from a transmit constellation consisting of a plurality
- of non-uniformly spaced constellation points with substantially equivalent, minimized
error probability, constellation point to constellation point; and _
a digital PCM modem which receives the impaired digital values and decodes
20 ~ them to their corresponding consteliation points. '



20 WD 99/ 34566 _

PCT/ US98/ 24369 13. A conputer data signal enbodied in a carier
wave, wherein enbodied in the conput er data signal are conputer
readabl-e prggr 82@'5%9% means for transmtting data bits for use in an
anal og pul se e nodul ati on (PCM . nodem which transmts PCT’US”%%ﬁgog

| evel s over an anal og channel to produce constellation points at a 5
quanti zation device, wherein the consi#l | ation points correspond to groups
of data bits to be transmitted to a digital PCM nodem conprising:
~conput er readabl e program code neans for selecting for each group of data
bits to be transmtted a constellatlon poi nt correspondi ng to the .group.of

data bits; and_10 \gqnputer readabl e program code neans for
transmtting over the an Iog channel a level that,w produce at the
I nput to the quantlz:at\LQﬁ device the selected- = corﬁ eM\ti on point;
wherein the const& | at jeh=poi nt re chosen fro“rga\_ransmt

constel lation consPst.u“lgof a rality of no& unifargly spaled

constel lation pointg that ve substant i akly] egdi val , mnimzed

error probability, @ns.L%I | ati p0| nt to 15 consté?l atio oint. .
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14. The conputer data signal of claim 13 wherein the conputer readabl e
program code neans for selecting includes:

- conput er readabl e program code neans for selecting for each group of 20
data bits awdisgissaé | evel that will produce at the input m@ﬂnﬂmnmmmnuzer
device 't he - sel ected constellation point; and

conput er readabl e program code neans fqy4transn1tt|ng i ncl udes:

conput er readabl e program code neans for filtering the digital |evels;
conput er readabl e program code nmeans for cOnverting the filtered 25

digital levels to analog |evels; and : conputer readable . ...
program code neans f,of tran tting the anal og- - | evel s .over the analog - -
channel . ecnm rEK)THVE &ggput er data signal of claim13 wherein the _
transmt conste IatLo @ sel ected froma plurality of predetermn ned
transmt conste tlons sed on upstream digital inpairments, echo

vari ance and noygf war] '
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PCT/ US98/ 24369 16. - The conputer data signal of claim 15 wherein a

transmt constellation i %/j%%ﬁfo{ﬁ for ea?g.yy‘ci—ﬁ) ur ality of robbed bi t

signalling time slots. 1 l
v '
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PCT/ US98/ 4369.. ... A7, CA.systemfort ransmitti ng data from anal og pul se
code nodul ation (PCM modemto a digital PCM nodem wherein the

anal og- PCM mmlevadsesansmi t s anal og - | evel s over an anaPonjusssaseel to -
produce constellation points that correspond to 5 groups of data bits to
be transmtted to a digital PCMnodem jlae constellation points : bei ng
af fected by a PCM downstream echo and received by a quantization device,
wherein the quantization device converts the constellation points to
di.gital values.and . . . transmts to the digital PCM nodemthe digital

val ues--over - a ‘di gi-tal - network having - - inpairnents, wherein the digital
PCM nodem i s adapted to receive the inpaired 10 di gital values and decode
the inpaired digital values to thei r (Iccgmmsp ndi ng “constellation

poi nts, the system conpri'sing: n .anal og PCM nodem whi ch .
sel ects for each group of data bits to be trans IQ%d a constellation
poi nt correspondl ng to the data bi ts andetransrmits ovf t he anal og
channel a level that will pyod Htﬁ’kﬁ# he jquanti zati on device

15 the selected constell at 'ﬁﬁ% ib ﬁﬁ“tﬂ@ t ream echo; wherein
the . constel l ation poi nts ar 5e hmrbﬁ&-ﬁﬁgm@ trangmt constellation
consisting of a plurality o= formy—spaced ﬁgnst el lation
points with substantially eqU|vaIent ni;lnlzed erlP8r probability,
constel l ation point to consgetteattomr—porft-——and a digi'tal PCM
nodem whi ch receives the inpaired gsmctolr va dik%s and c]ecodes 20 themto
their correspondi ng constel] ati on p%A['(EU?LATE Ol :
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(57) Abstract

A transmitter in an analog pulse code modulation (PCM) rodem (12) which transmits analog levels over an analog channel (18) to

quantization device the sclected constellation point; wherein the constellation points are chosen from a transmit constellation consisting of |

a plurality of non-umformly spaced consteliation pomts that have substantially eqmvalent, minimized error probability, constellatxon pomt
to consne)lahon point.

produce constellation points at a quantization device (26); wherein the constellation points comespond to groups of data bits to be transmitted | T
| to a digital PCM modem (28), the transmitter includes: a transmitter device which selects for each group of data bits to be transmitted a
| constellation point corresponding to the group of data bits and transmits over the analog channel a level that will produce at the input to the.



