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BACKGROUND OF INVENTION

Conventional modems, such as V.34 modems, treat the public switched
15 telephone network (PSTN) as a pure analog channel even though the signals are
digitized throughout most of the network. In contrast pulse code moduiation (PCM)
modems take advantage of the fact that most of the network is digital and that
typically central site modems, such as those of intemet service providers and on-line
services, are connected to the PSTN via digital connections (e.g., T1 in the United
20 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 modé, e.g. V.34 mode, upstream (i.e., from the end
user modem to the central site modem). Future generation PCM modems will aiso |
- transmit data upstream in PCM mode.

25 ~ With PCM downstream, the central site PCM modem transmits over a digital
- network eight bit digital words (octets) cormresponding to different central office codec
output-levels. At the end user’s central office, the octets are converted to analog
levels which are transmitted over an analog loop. The end user's PCM modem then
converts the analog levels, viewed as a pulse code amplitude modulated (PAM)
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the central site PCM modem to accurately recover the data transmitted.
Therefore, a need exists for a device and method for precoding data signals
20 for PCM transmission such that the analog levels that are transmitted by the end
" user PCM modem accurately produce predetermined analog levels (constellation
points) at the input to the codec in the end user’s central office, which analog levels.
(constellation points) correspond to the data to be transmitted by the end user PCM
modem. Moreover, there is a need for a device, system and method for precoding
25 data signals for PCM transmission which limits the transmit power and combats a
channel null introduced by the analog loop and quantization noise introduced by the
codec in the end user’s central office.

BRIEF DESCRIPTION OF THE DRAWINGS

30 FIG. 1 is a simplified block diagram of a typical teiephone company central
office;
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spectral |y shapi iggss Wiabbor BR3FH B9 tiPendticer dFid. BYRBHIsBEIfcally for
creating 2 DC null in said analog signals over an analog loop of the PSTN;
FIG. 7 is a block diagram of the encoder of FIG. 6 which may be used
generally for modifying, as desired, the frequency spectrum of the signals output
15 frdm.the analog loop to the end user;
FIG. 8 is a block diagram of a typical'analog PCM modem to digital PCM
modem communication system; :
 FIG. 9 is a more detailed block diagram depicting PCM upstream transmission
according to this invention; _
20 FIG. 10 is an equivalent discrete time block diagram of the block diagram of
CFG.e;
FIG. 11 is the equivalent discrete time block diagram of the block diagram of
FIG. 9 with the analog modem sampling rate twice that of the CO sampling rate;
FIG. 12is an example of a transmit consteliation having equivalence classes
25 according to this invention;
- FIG. 13 is a2 more detailed block diagram of the anaiog PCM modem
transmltter of FIG. 10 according to this invention;
FIG. 14A is another example of a transmit constellation having equivalence
~ classes according to this invention; |
30 FIG. 14B is yet another exampie of a transmit consteﬂatlon having
- equivalence classesaccording to this invention;
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anal og PCM nodem transmtter of FIG 10 according to-this invention;

FIG 14A is another exanple of a transmt constell ation having equival ence
cl asses accor di ng RETAILED PESSRIPTRN OF A PREFERRED EMBODIMENT anot her

exanpl e of a transmt constellation having ~equi val ence cl asses
accordi ng to thi Shengjefitst gascribed below a technique for PCM downstream spectral

pCT sl 48RS S reeSiing oiita gnale. Togn, thore deserbed ARGt ana og
PCM nodem t technimiuedoPPRM upstreandtsansrmissiom ot deta signelss tFémally, it is describedFl G 16
is a more dgtaid eecih OpkirsiA BraatgRb S AP RSR SN hly boe
generélized for use in a PCM communication system interconnecting two analog
" PCM modems, as opposed to the typical analog PCM modem and digital PCM
15 ~modem interconnection.

PCM Downstream Sget_:tral Shapina/Precoding

FIGS. 1 and 2 illustrate the presence of energy hear DC in the signals
transmitted to a remote user's modem over an analog loop. There is shown in FIG. 1
20 a portion of a typical‘telephone central office 10 on a PSTN which receives at input
12 p-law octets transmitted from a modem (transmitting modem, not shown) directly
attachg_ad to the digital portion of the telephone system, such as the one described in
the co-pending applications referred to above which directly encodes the digital data
into octets for transmission. These octets are converted by a D/A converter, also

25 known as a u-law to linear converter 14, to a sequence of voltage levels, yk, each

level being one of 255 p-law ic_-z'vels. The levels are output over line 16 to a LPF 18
which outputs over analog loop 20 towards the remote modem’s receiver a filtered
analog signal s(t) which is an analog represenfation of the levels. The analog signal
is demodulated and decoded by the receiving modem which outputs a digital

30 bitstream which is an estimate of the originally transmitted data.
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4 15 levels) must be kept close to zero. The shape of the spectrum around the DC null 28 |
can vary from a relatively shallow sloped spectrum 30 to a spectrum 32 which falis
off very abruptly at DC. The sharpness of the null depends on how tightly the RDS is
controlied. .
The present invention accordingly encodes the digital data being transmitted
20 into p-law octets in a manner that maintains the RDS near zero to create the desired
'spectral null at DC thereby reducing the non-linear distortion caused by transformer
saturation.
To illustrate the method of creating a spectral null, we consider an example of
, tr_ansrﬁitting 6 bits with every symbol yk. It will be apparent to those skilled in the art
25  that the invention can be used for transmitting any other number of bits per symbol,
or when the number of bits per symbol transmitted varies from symbol to symbol. In
a system without a spectral null, one first selects a subset of 64 levels from the
“available 255 p-law levels such that a minimum distance dmin between levels is

maintained. These 64 levels are symmetric in the sense that for every positive level
30 there is a negative level of the same magnitude. For example, one can achieve a
" dmin of 32 for an average energy well under -12 dBmo0, the regulatory limit. -
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In order to achxeve spectral shaping in the above example, additional levels

are also used, but the minimum distance between levels is still kept at 32. For
example, consider the case where 92 levels are used. First, these 92 levels are
divided into equivalence classes. Thers are a number of different ways for

20 generating these equivalence classes. One particularly useful way is described
here: we label the levels by integers 0 through 91, for example by assigning the
label O to the smallest (most negative) level, the label 1 to the next smallest level,
and so on. Then, we define 64 "equivalence classes"” by gro'uping together levels
whose labels differ exactly by 64. Such grouping leads to 36 equivalence classes

25 with only one ievel corresponding to one of 36 innermost levels of smallest
magnitude, and 28 equivalence classes with two levels whose labels differ by 64.
Other methods for generating the equivalence claSsés may be used. Each possible
c‘ombination of 6 bits to be transmitted is then represented by an equivalence class.

For example, the bit combination 000000 may correspond to the first
30 equivalence class which consists of two levels '
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| evel t hat 'g?oﬁ!ag 3Fsik, ftoPe)tcgrgplge alcx %g(- i(tjlgu%up is provided to encoder 56 which
15 selects the equivalence classes from which the desired levels to achieve the spectral
" null'at DC will be selected. The octets which represent the selected levels are output
from encoder 56, transmitted over digital circuit-switched telephone network 58 and
arrive at the remote user's central office 60. At central office 60, the octets are
converted by p-law to finear converter 62 to the levels, yk , which pass through LPF

20 84 and are output over local analog loop 65 as a signal s(t) having a spectral null at
~ DC.In recelver 66 the sngnal s(t) is sampled by sampler 68, an equalizer 70
compensates for the distortion introduced by LPF 64 and the local loop, and then a
~ decision device or decoder 72 estlmates the transmitted level by selecting the level
that is closest to the received point. From the level the decoder 72 determiness the
25 - equnvalence class and then recovers the six lnformatlon bits by performing an
" “inverse mapping function. ' e
- The operation of receiver 66 is essentially unchanged as compared to the
. - .receiver described in the co-pending applications referred to above. The only
- difference is that thereceiver now needs to consider a larger set of possible levels
.30 . and the inverse mapping involves the determination of the equivalence class.
. -+~ Equalizer 70.compensates forthe linear distortion introduced by the LPF 64 and the
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nan 15 Foreach estimated symbol yk, the decoder determinss its equivalence class and
| fhen finds the six information bits via an inverse map.
" Encoder 56, FIG. 6, includes MAP 74 which is a look-up table containing for
each possible combination of the six-bit groups of data received from bit collector 54,
FIG. 5, levels representing each equivalence class i, where i is an integer between 0
20 and 83. Each level, two in this example, y(i,1) and y(i,2) is provided to level selector
76 where a decision is made as to which level, yk, is to be transmitted.

This decision is made as follows. First, encoder 56 keeps track of the running
digital sum (RDS) of the transmitted levels, yk, by feeding back the output'of level
séiector_ 76 to function block 78. From the previously transmitted Iévels, Yk, function

25 block.78 calculates' the weighted RDS, zk = -(1-b)RDS, where 0 £ b < 1 is weighting
factor. Becé.use of D/A nonlinearities, the exact values of the yk levels may not be
known in encoder 56; however, this shouid not have'-a significant effect. Ii is possible
to det_ermin_e_t_he error and send this information back to encoder 56 to make these

_. calculations more accurate. _
30 Given the group of six bits to be transmitted, level selector 76 selects as the
- level yk from the equivalence class {y(i,1), y(i,2)} the level closest to the weighted

RDS. It can be seen that when the RDS is poéitive, zk will be negative and vice
8



equi val ence class, the information bits nust be mapped into one of the
.levels in a 10 sel ect'ed equi val ence cl ass before an octet representlng

that | evel IPVS Irsgglgm tted. This function is descri b%ﬂ%&,ﬂ

regard to &S Transmtter 52, FIG 5, recerves roma

di gi tal dat goRQUrffs eAXSIEs gﬁw ci:é)dertc &%Hta%velay@%ﬁ{émﬂ (ﬁférﬁ&etcﬂéséiat a

‘and wi'th bit collector 54 s the bits into gr oups Si X

exanpl e. Eashcls thatlwttengtsmahxe is guided el IRBSemallidlmng Etﬁ:loder tchzerﬁﬂha:s theect s .
t he equi val enc h,.t.he el.s chi eve t.he

spect ?al l{herrli%\(qsgwtetﬁse %ﬁéc?gﬁe& %d.se’%%g‘gg%t‘é?v? Q%mﬁﬁ'@n %"pvf@g‘ént the
sel ected | evepresente tioeitavel vk is deteriined IBnoctdecorhbriet SRuasdiratedittedevedite t-al -
circuit-switched tel ephone network 58 and arrive at the renote users
central &ff |¢@3€09th ¢ &he value of theckansmitied ectet ea Be ghtained from edadkekiped by
[err]-law t g lbnear converter 62 to the levels, yk which pass through LPF
20 64 and are output over |ocal anal og | oop 65 as a signal s(t) having a .
spectral - null at The variapieb i weqbﬁmgeflacmmatmwsbigmtref!e-pﬁbstvmmﬂhed by

I 68, t d
2P o2, FHAEMR R syt R SRS i e S Bbb Ml 7S
esti mat es ttmatysmssr:jm ﬂhet/wh?:rbjhesr:ur:nhzenofgp\leﬂmslsgﬁfelegﬂy Ia;ger:jthah ths es.thel :

I h ro e |l evel ecoder

o5 equitbal NGt oL sE AR Bipsrdst DR redeRES YW e 2 g i s
perform ng gpprdRipbied BEPRITRer féépsﬁsm(o)— (1-D)/(1-bD) cT Bﬁ)PWeﬁtB 21, erflnd
receiver 66 I's essentjally unchan% as conpared t recei ver

descri bed i nthaty n\,G-anH’PW@ e w h@m%é&é&lf@saw%e %59“1:“
di fference i Et@ shtags éfa@ﬁng'é’ﬁull a%n%e%&yaﬁudggbggb@%t BRés § She”

possi bl e | evel's I nverse mappl ng 1 nvolves t erm hati on of
the equi val epeetramdreomes flat gerogs mush of thebanskexceptior sorenhsharpspactral null

(71' stortign 'aﬁ{%ﬁggﬁggggéetehethéﬂgr 54 Gk hi¥age energy of yi will be twice as large
PCT/ US98/ 24 338n the case of a flat spectral shape. As b approaches 1, however, the average
energy increase will disappear. In some applications; it may be desirable to keep the
constellation expansion, measured by the ratio of the number of levels to the number
of equivalence classes. .
20 } will be apparent to those skilled in the art that the invention can be used with
. constellations of an;; number of levels, and with any smaller number of eduivalence
élas_ses. _ | | |
The present invention may be more broadly utilized to spectrally shape, as
.desire&. the analog Signals output from the p-law to linear converter at the central
25 . office. The example déscribed above is a specific case of' using this inventidn to
: reduce the energy of the transmitted signal around DC, but the principals of this
{invention used in that example can be generalized to spectrally shape signals in
- numerous ways, for example, to pre-equalize the signals.
- A generic version of the encoder of this invention, encoder 564, is shown in
- 30. . _FIG. 7. The only difference between this general case and the special case of a.
- spectral null described above'is. how the sequence or spectral function zk is
generated. Let h(D) be a monic, causal impulse résponse of a filter representing the

9




| ocal 1oop 65, as described in the co-pending applications. For exanpl e,

when a | i near equalizer is used, the output of the.equalizer can-be
represented as foll ows: _ ' . rk=yk + nk

(1) 5 wWH9ss4skk 1S the total noise plus distortion preepussassss he

out put of the equalizer. Decoder 72 then selects the levels yk nearest

to rk as thdesird spestral shepe; whersD iig 5 delay operpion Suppose siecrepresantithshen

recovers the six inf ti hit LNV, ' he
equal i zer i RETAES® éﬁ{}%éﬁﬁ}%ﬁ%ﬁ%ﬁ@@g‘&%ﬁ@e@@ A P ss B.EC,:twt & 10

Vi terbi equihégahe sehhence2(D) cache vartesérgadkscan be represented in the form
rk = [err] yk-j fj + nk, L o () and-this
time, the decoder selects the cloSest sequence {Yk} using a Viterbi
decoder.s15 - For each estiZpja¢i SYmo)) vybj. the decoder deterningg its
equi val ence cl ass and then finds the six information bits via an

I nverse map. Encoder 56, FIG 6, includes MAP 74 which is a
| ook-up tabl e coptepidal d@ndiRétion of thi8 BGHaRASBVEAIS i B YNNGk, H6nipi X- bi t
groups of data retgzc% ve 'fro’m‘ bit col IaeCt or 54, FI'G 5, levels y

repr esent i ngepends enypastarbiesof ykaans theralprercanibe detemnined mgursivaly.wbws.0 20
and 63. Each,,l |l ot thi | ' ' | [ o jded to
| evel sel ecfb &-e%\éﬁ SiX %Bﬂﬁ‘gr %méﬁ ggéléérp%{ra?wﬁ‘gﬁa ecrglgg?%{dm%%héﬁggggﬁa yk, is

t o be tn@nsequivalgnce class is nearestihivgludde izk aod selectsdbat lavelf dheomtet Fir st ,

encoder 56 keeps track of the.running. . .digital sum S) of .t he

t r ansni ttedr?@’g%‘?'g‘,“gf}ﬁ?ﬁﬁ\}elf%mpRﬁnﬁg’ggdﬂ t@a&gt%ﬁﬁnﬁﬁs@%‘fw that forg o) ect or
76 to funct sgfficiehgy largs nufriberof lBeelp ireviaiehye tyidtransrhited b?/QN@bémtraibﬁice
function 25 block 78 cal cul ates the weighted RDS, Zk = -(1-b)RDS, where 0O

[err] b < 16Pwilhbrymaispgetrum cigsghtappromating thegipegnanifing Mg withi es, t he
exact val ue | evel s may not be known i n encoder 56; however,
t hi s shoul d%n%m%g%gg significant effect. It is possible. to detern ne
the errdf and sefibetenhniquef dasctlvédherteak also ke usetbin dajunctivmwith eltoere

coL o oL 1o AEHEEE mafing ha rfo e o B ioRle Sl i 0
equi val ence exhmpte, ftyoan, He) used(in cahjunciion witkeskell mbppieg,ta napping teehnidgues d
' used in the V.34 high-speed modem specification.
The examples described above are for an uncoded system. However, the’

20 principals can be easily applied to a coded system, for example a trellis coded
system. The only difference in this case is that the equivalence classes are further -
bartitioned into subsets, which are used to construct the trellis code.

For example, when a one_-dimenéional trellis code based on a 4-way set
partition is utilized together with the same 64-level signal constellation to send 5 bits

25 per symbol, the eq;iivalence classes are partitioned into subsets as follows: a1, b1,
c1, d1, a2, b, ¢, d2,...an. bn, ¢ndn. In the example described above, the 64
equivalence classes would be partitioned into four subsets each containing sixteen
‘equivalence classes. The butput of a rate-1/2 convolutionatl encoder, e.g. two of the
six bits in a group, then determines the subset, and the remaining four "uncoded" bits

.30 select the specific equivalence class within the subset. The actual level from the
chosen equivalence class in the chosen subset is selected as described above. The
operation of the encoder is otherwise unchanged.

10



RDS. It can be seen that when the RDS is positive, zk will be negative and

vi ce 8. ... .. WO 99/ 34565
PCT/ US98/ 24368 ~ versa. This enabl es the encoder to choose a | evel, Yk,
from each eWa%&#¥hce class such that when its vaI ue |c§"‘é§?ﬁéﬁ§o t he

RDS it will brin erothan | evel

-equi-val ence cl asg)é %"?%%’%@ﬁnet&] fsn‘boq'%'sl L&Ué?d §hke {eﬁgwg[:!{vgltuswﬁ @‘P. oder t°'
represents tgwadtmeho,skhkeiy sejusnob) Tteliesliisadetbdeanae slso betth equklizen fsintly t ed .
over the 5 di the tra s ted octet can be

f
_obtai ned fr f eﬁ‘f?t"‘s mléetaé‘gl eé:;uak;zmg? rintersympolin{sriareifi. b is a .
wei ghting factor. | fay Hhd possibid & Usa iRy %&‘-"Iﬂeﬁmﬂn tdénable defé&ﬁf}ﬁ aess of

the spectral null and the average energy o he transmtted signal. Qur

- anal ysi s ShaslossalfameSynGhenizatien Rutaseiver. T@ﬁé’?g bpacsemplishasHy. y | ar ger
than the 10

L pant o wi SREEGSRYOhuEHORAIF RIS E Rl o} oRBINFESIolar ol ) g‘j\ﬁw

~ (1- D)/ ( 1- bD)equivalenge,class aviepe theppering is |chqsen to bet amnteg(eoynwﬂple pf thghich is
t he wel | -kno r

shape havi ng&% %ﬁ at’ gD% ibéﬁb fﬁﬁﬁggﬂ@%r an %l&aéé@kig(&le%%&a% n theﬁc?c%i&ér%y

spect.r um becmoaiorirgsuchautesdolatians. ofhe tee:eivanclarealsepaachurre a'am y sharp

o “vic i 14" sbyrifreriayBios P eRB65%) f ARbplRlpalom o balRl AR RELLY

As b appr oaciems the transwitter, t he aver age - energy increase wi'll”’
- di sappear. In sone applications, it may be desirable to keep the
constell ati on expansi on, neasured by the ratio of the nunber of levels to

t he nunber qf Lval ence classes. 20 1t will be apparent to those
skilled in tMMnti on can be . used with constel |l ations
of any number of RRLE Bl e, Rl by QU o S B8 Svstm
spectral i5 shapinciuaies analogdRGMmadderh hezaumhagea tQa Qéléplfﬂﬂemdmﬁdmddﬂﬁl -
o 3 E) R4  loohL by B dhedne 185, et s haied o
: digital network 106 which is interconnected to CO 104 and te digital PCM modem
108. With this system, PCM data may be transmitted both in the downstream
direction (i.e., from digital PCM modem 108 to analog PCM modem 102) and in the
20 upstream direction (j.e., from analog PCM modem 102 to digital PCM modem 108).
- This type of bi-directional PCM communication system is described in US Application
Serial No. 08/724,491, entitled Hybrid Digital/Analog Communication Device, which
is ass:gned to the assignee of the present invention and which is mcorporated herein
in its entirety by refererice. '
25 - In the above section a technique for PCM -downstream spectral shaping or
: precoding of data signals is described. In this section there is described a
' precoding technique for PCM upstream precoding of data signals. _
in FIG. 9 there is shown in block diagram 110, an example of PCM upstream
transmission in accordance with this invention. In block diagram 110 there is
30 included analog PCM modem 112 interconnected to analog channel 113. Analog
"~ .PCM modem 112 includes transmitter 120 having a precoder 122, prefilter 124 and a
digital to analog converter (D/A) 126. Precoder 122 receives digital data u(n) and-
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| around DC, but the prrncrpals
t he ener of the transmtted signa

gfd?ﬁ?s |nggnt|on used in that exanple can be generallzegoto
spectrally shape signals in nunerous ways, for exanple

[ ' ersi on of er of
- equal i zéve pag4sdsgnal s. A generic v %
ItoFileselqnventlon encoder 56a, is shown in 30 FIG 7. The on 3|’?‘?erence

bet ween t hi sOlg!fPH@rm'ECQQthdlgm datesrgp&loa(@l meéi}de@ ‘%,?,gar% dﬁﬁeﬁéﬁé?lls Allrbg
gener &t od. LY PrieF £ Ve SHHRLSR iR S Eicblenl i 9280 esiccoverts

repr esent i-ngthetfitered signai z{n) to analog form and transmits analog signal, z(t), Ser analog

-'\Sgrfalsggfgis‘é?”“e‘ ”%é‘&ﬂ"&ﬁ gﬁ%@? charapigristic, #ere Dis a del ay operat or.

e e ! oD Ly Tt afdiey charre AIENGS th sty iy O WA SIS 1o be
e bson: ag e bigBA Y tan encounters towndtream Psw:eahe SthBRIE 3 i added to

e 1o 0B ) B 3L P o o o

glevggt telr gengwwée of the\/!éﬁyqua'fmzer 130 in cehtrél SHIE(CD)1 1 &ncﬂirsfb}dﬁ gpoder 56a

P I S nearest
vl ue o ZEORINGGhe - 8Y, ka8 aTeRonatielesemeninications Unarosent i ng € hat
| evel | slot heftedormmandation . 786 % lss Ldtie MstutloR (@BWQ VRRE Frdfuansies, $578e

sufficiently - Iargi_ri;’e unber of 1eve e sequen

tral office a@ntized ocrtatséd@tsfpwﬁsmrq(n). Q&Bﬁa{néﬂﬁiﬁé@&@drgrm nb’ﬂﬁ:m
gggc[ (rium of et érécfif E%BPBkHz whér%%ﬂgyﬁrﬁlg%e%ﬁ#qqp)év gr(]iregrgaleChnl e

re can a e used 1 n con
descri bed h?mparrments, as discussed below. The possibly affected octets, v(n), are received by

digital PCM modem 118 which rdeally decodes the octets, v(n), into their
15 corresponding consteliation points, y(t), from which the original digital data, u(n), can
be recovered. The decoding of v(n) is described in co-pending application entitled
System, Device and Method for PCM Upstream Transmrssron Utilizing an Optimized
Transmit Constellation, CX097028, which is assigned to the assignee of the present
invention and which is incorporated herein in its entirety by reference.
20 - Before data can be transmitted upstream, the clock (f,) of D/A 126 in analog
- PCM modem 112 must be synchronized to the clock (f,) of CO 114. This can be
achieved by leamlng the clock from the downstream PCM signal (not shown) and
synchronizing the clocks using the technrque proposed in US Patent No. 5,199 ,046,
" entitled First and Second Digital Rate Converter Synchronization Device and
25 Method, incorporated herein by reference in its entirety. Once the clocks are
synchronized, PCM upstream block dragram 110, FIG. 9, can be represented as
equivalent discrete time block diagram 110", FIG. 10, with like components being
" represented by the same reference numbers contarmng a prime (). In block diagram
110'itis assumed that f, = f; howsver, it must be noted that f, does not have to be
30 equalto f,as long as the two clocks are synchronlzed When f, is equal to f, ,n is the
- time lndex for 8kHz samples, since the clock (f ) of CO 24 is fixed at that frequency.
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conpl ex scheme for mapping the information bits to equival ence cl asses. For
.exanple, it can be used in conjunction with shell mapping, a mapping

techni que ed in the V.34 high-speed nodem speci fi CalirRidosr24368

The exanpl ALY (%Ig%r bed above are for an uncoded system However, the 20
principals can bgy ssdéﬁ o 8 aE&gﬁal@n@ rellis
coded : system e on‘?ng'% ?%érégrr‘]%e c‘ggae‘ | sGtﬁgt e equi val ence
cl asses ar e disaretébme block qélagtaim HﬁECFlﬁnﬂd, s%ume ameemvele@t dl%@gtqfsne .
construct t ﬁ%d pt{beé} - di mensi onal .
~trellis cod ﬁg&é@#r{%ﬁ a 4%\/'\/5 19, exceptthat Eeltl on hgﬁsa I'rze Q?@get her with
..t he same 64iranshiiter 204" mledMmew Qeaaf 16 abeaunt &% thetact thatfieRt.. t he

I | . 1 ”n & L
pler ], 5 TheaRebies i BRY hE hBRE gt BpStessEt Iof oy afiPoaili ]
blerr], c[er—és]pébwély I'n the exarrpl e described above, the 64
BRI T M AT o SR AT X e
encoder, e. gankMR sifnal B@Y) over arﬁallé’g Ehérﬁ'tel 11 RsEIOMBL pledsrRreiRicarotherfatidte
subset, and the remai ning four "uncoded" hits 30 select the specific

equi val ence pelnis ¥(m) eonresronding i siaital defa wle) araipredured at theinpHiECT i-law chosen
equi val gﬂc ]qﬁ%ﬁlizseé ?8 d@? f‘&“B@?ﬁoﬁ WRESh dc %El@ghsﬁn Bendifip ?frdrgfé?\tf‘blﬂvo%he The

operati- 2 WS &M GTCR
10 . woreiz, 99¢ Brpubbf i-law quantizer 130" is y(n) + e(n} in the presence of echo(n} and
PCT/ US98/ 24368 O course, when trellis coding is utilized, the

recei ver wi fystyéy "athfe%!aﬁﬁepepéec olnj-sel ect the nost |ikel y sequence. The
trellis decoder pRingahs P ﬁﬂﬂ%ﬂeésam?kéaﬁmduﬁ descnbéte&ér&w& dritftndr el 1 i's

code and equalizingfor inte 3/ I nterference may al so
be possi bl epmmmg tesbniguedibistdiifienitior idmliatchgﬂendéﬁef@tacewa&lyslecwgs of

i squan | LA D, b e plepaRld B ech Bl s tBAusP aRf GORRIrpRRRch: pithart e
point in a @ropstly desngrwqaramnutmsallam ofgrints, y(nh ipad@&nbed respending be
Synchr on zatPBICHER Y0878 haw.to Radrle e} Songiolitch & yid MEhable v,
rul e viol at i(amd evé'rttuallyetm(e))\imm vén)) ol heodeanaded in the ﬁresam:e of echo, quantlzatnon
and digital impairments with minimized error probability.
20 As described in co-pending application CX097028, for a given connection,
depending on the line conditions, a transmit constellation for each robbed bit
signaling (RBS) time slot is selected. As an example, transmit constellation 140is -
depicted in FIG. 12.  This constellation includes ten constellation points, y,y,,
. .-ranging in value from -39 to 39. It should be noted that the constellation points, y(n),
25 - are not necessarily G.711 p-law levals.
- The constellation points y(n) corraspond to digital data to be transmitted, u(n).
“In other words, each constellation point represents a group of data bits and the
number of data bits represented by each constellation point depends on the number
- of points in the constellation (and the number of equivalence classes which are
- 30 described below). The more points in the constellation, 'the more bits of data that
- - -canbe represented. As shown in FIG. 12, digital data u(n) is divided into four groups -
of bits 0,1 2 and 3, corresponding to 00, 01, 10 and 11, for example. Thus, in this
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10 synchroni zation or may sinply request a synchronization pattern

(trai ning sequence) fromthe transmtter. PCM Upst ream

Precodi ng . There is shown in FIG 8, a typical PCM

comuni cat iwa9gysésem 100. System 15 100 incl udes anal og FRVPBEEREE 102
connected to a tel ephone conpany central office (CO 104 over a Iocal
anal og | oopemmnlnaammcoms@ﬂaﬂmmwt teangmilted reprasents two bits andisincedhenet wor k -

whi ch d 108.
win this SeFRREBRPER; R fhditdh Btk B illarlh IS RIS Hitustbe

direction (uneerstdoddhatdhgns elmmﬁef#mtempmri datamadyoke PEEPed ey singnd in. - -

the 20 upst rﬁ?ma%?m%céc't‘ign\e@t can&ﬁ%%ﬁ@k%ﬁq@%ﬁ&dﬁggsjeg Jcﬂ égg‘k{ﬂal PCM -

nodem 108) . ype o7 ) SR Cat 1 'on sys
descri besl i md#ﬁ:nﬁwlmc&ﬂuwmnversxoxﬁeri al No. 08/724,491, entitled Hybrid
Di gi tal / Anal og on. Dev S, ass ned the assi gnee -
of the present Cﬁ%‘ﬁ?‘f"&% %“\XEW:W "l%e ?9‘[@6%38?%?8‘5%@?699?1“” %nits
entirety byeq@iﬁzgteaeseiaseés An equivslehbeclaboisa wﬁwbaaym@bﬂmte for PCM
downst r eam spect sha recedi n

“described. F ﬁtﬁéag‘oEé’é’E %W%Oﬁéﬁafeﬁenﬁégeﬁmewﬂp o blgsaéraqﬁ%ggal X I':ls’-°'echn| que

for .PCM upstraRsiteHee@) Withtonseliaticr W'rﬁs shown that constelldtiohigeintd ylstye is.
shown i n bl ock dlm:?ram 110, an exanpl e of ;)ﬁolream transm ssion in:
fa@mﬂa

accor dade Wilt8) and w45 jem tf@reqummcecqlaaﬁ 1@ensieliation poigis Yii(ﬁéi,uded

anal og PCM Pfo% I -
m)demgl' 12 P}rggflggéﬁBPans mqﬁlgﬁﬁtllg%n %3?5)?&% e?'&g@ coix%t%llat@?\?l I tgf( 124

and a ailyiangly.418) toven the equivelence elageionu(n28. Finadly epnsteliation peists es
glc% bgiQB?ngéq@)aW(m& fm'mutthse 9 uglggéﬁ g%/dé ?@1’( lzlat' a signal x(n). The
precoded di gi t al Equivalesrg nlass selecﬁ:m lsrgguerally accomglispeé’a's ffoltows12vhet 0o form
si gnal %é ") c8fkiEhatlon, RitR YA B6ifltst R iffhdketPls y B A 2% SO (or descending)
order. Assuming u(n) has U values, e.g. U=4 as in the above example, then the
equivalence class for u(n)=u contains all the y,’s where k modulo U is u. For
example, in FIG. 11, the equivalence class for u(n)=0 is y,, Y, Y., Where U=4. Note
that each equivalence class is not required to have the same number of constellation
20 points. _ |
The number of suppdriing data levels for u(n) should be chosen to satisfy the
following two conditions: 1) The expansion ratio, which is defined as the ratio
between the number of constellation points for y(n) and the number of supportmg
_ data levels for u(n), i.e., M/U; and 2) TX power constraints.
25 The expansion ratio should be large enough to guarantee stable operaﬁ'on.
The size of the expansion ratio will depends on the channel characteristics. In voice
band modem appiications there is at least one spectral null at f=0. Therefore, we
should have an expansnon ratio of M/U = 2 to make the system stable. In practice, to

guarantee the stablhty, the quality of the channelis determined from the channel
30 response, c(n), and the minimum expansion ratio is set accordingly. For example,
we can use C(f=4kHz), the frequency response of the channel at 4kHz (with respect
" to other frequencies like 2kHz), as the quality of the channel and depending on that
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the filtered signal z(n) to anal 09 formand transmits anal og signal, z(t),
over anal og , channel 113, having a channel charaeteristic; c(t). - -
5 Thg anal channel nodifies the transmtted si gnglcrhlshdndses form
si.gnal y(t)‘.’ew”g"s(z_9 The signal y(t) then encounters doyvns?} eam F”zae/l echo,
echo(t) 128, wb Sefildafininfum exPansidr‘ Faltio. R A8 US B4Ry R r= 3RE7) Stheadl

. r(t) is received by Jerr]-law (A-law in sonme couniries - out si de of
the US) quanweé et MLAD2i20.cAsthalC(Hif4kElz) GES)snidler and singllep, thet éxpechsion _
according to t,h’e-Jﬁfrr ]-law. See I'nternational Tel ecomunications Union, 10
Recommendat i 1Ho @ust B¢ ingsaRsas. code Mbdul ation (PCM)-- of - Voi ce Frequenci-es,
1972.. : As dé_sf&ﬁbga%@W‘%%db@b?ﬁéz'(s@t&tétﬂb appldpfiale coshllatién Boint,
transm tted over. digital networ 116 at a frequency of 8kHz where
they nay %be W fron We aspivalence plassi fgr thel data, u(n), 1o he Hapsraites anddefeminesad -

bel ow.. The - | naf - \ coj Ve ; L4, t al
Pt modem 1 AP hEH Brifich e sbibn Gl SEr B e input to
corr espondi nguspeiget €30°at i on points, y(t), fromwhich the original digital
dat a, n), can - be recovered. The decodi.ng of , 1§ descri i n
co--pengi(ng:; appl i cH& ﬁCBWPQPF%%f"e' 8., tgg @H]"If Qéﬁ‘yg% alﬁatpﬁ?ﬂtefégg’gékﬁ
Upst.r.eam Tr ai&iigestribedlds follews OF roin ARt dhsirddteristics of ardleg eRanngPanat efr)at i on,

CX097028, whi.ch is assigned to the assignee of the present . I nyention
and whi-ck i sh¥hior-Not edSgmriaed Py digital F@%Wﬁ?@v%ﬁsr@ls@&@ﬁ:@.cwmmg :

Bef or & data gifichfiort SARRA DV 'akﬂmemfo?b;@téé’mqhd\i Uﬁéﬁéém@i?'ﬁlA 126 in
anal og : CM nodem 112. nust be s&cwhronl zed To the clock (T[err]) of CO

114. This calinpgirments in @ Genutdnication Neiwerks £X09Z029.0vhich isansigneddedhit r eam
PCM si gnal ([Qt: : ]?m%m I Z i i i e

t echni que pr%%é%ﬁowr?‘%g aetn }a'r?tv =R . 1@8"’&%&:&%&&&%ﬁ%&t’f@o’%?@%’aﬂd
Second Digi Ej eefermnce mnteTaléargsyw_@nom péad.ire®, Deil,ch aardopssponding peefilter
i'ncor por gt e rein by, referenge tir . e, e

synchr on@ed?@dﬁ'ﬁﬁgﬁ_’é&ﬁ% egﬁ‘”}&géég@"rf‘%ldﬁ E}g?ﬁcge%ﬁ, %%%‘%o@ ?‘?é?iég he®d as
SCI!Ji val ent dﬂél@frﬁin@d{ mgisb@fbblﬁh iéisﬁmﬂérrf? HbtErmirfidheldptimall fdedforsard angonent s
ei ng epresent e e .sa -ef erence n rs, containing a prime
3™ n b oclesabagt e for a dapkion [aedback equAiear WHE. Thepriter Garthspphts 1o
however, it fgediforardiite?@f DFEtarld herthrgde Asepbide E6hepohas RffeddbadiCiifer of O

flerr] as | oBig_, as the two clocks are synchronized. Wen flerr] is equal to.
flerr] ,n isDFFe See, N.AhRhahifgetali GifcdigntCompyiation ofdhe Delay{aptimiged Finiteer r ] )
‘{fz QO 24298 LertA NUMSEDBFE, 1B Shsactions On Signal Processing, vol. 44, no. 5, May

1996, pp.1288-1202. P_referably, the target response p(n) and the filter g(n) wilt be

determined in the analog modem, but they can be determined in the digital modem

and f;anémiﬁed tothe analog modem. B
L The prefilter g(n), n=-A,-A+1,..., -A+N -1, and the target response p(n),
25 n=0,1,...,N-1, (where p(0)=1) can be derived given c(n) by minimizing the cost

function { as follows:
¢=lerrem- polirofeent %

30 ' The first term ensures _.Small__ intersymbol Interference (ISl), i.e., the receiver of
| digital PCM modem 118’ receives what precoder 122’ tried to encode, and the -
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WD 99/ 34565 :

PCT/ US98/ 24368 . . . _ .An exanpl e where f[err] does not equal f[err]
is depicted in FI G 11. EqU| val ent di screte time bl ock diagram 110a',
FIG 11, ‘i sydbyses@dme as equi val ent discrete tinme bl oedwrososeuseam 110' , -
FIG 10, except that there is a 2X up-sanpler 123a' in transmtter
120a' and asetsndeevm erfortesthd #ansmit o(Tad powet totstay fidite drabdémalhaThe term atis

flerr]=2f[err]. 5 The variables "m' and "n" are.the time indexes for 16kHz
and 8kHz s aarﬁ%%ant term whichshouid ke 9hoseﬂ depending of the appligation.othe Igrger o

Sl Gnal oy o P TR el e S BE e mp e oIS MR e Lo IR,
poi nts, y(nis| affhel SHRASE bf‘ﬂx?@lwék gfﬁét\éfoﬁs’:‘&%hb\ﬁlabe%h@sﬂ{ Q&bErRIhgbn What isnput

of” [err] -I aw 10 quanti zer i n conmbination with an echo conponent,
. echo(n),s i fdgsireddot I5! ahd 7ot prawer fora given éxpplidationi Apan exampley m]daa\/oequant i zer

130" is y(n) + e n)b in the resence of echo dyé( in the
absence of e the sugna to noisgsiafg ($’N@)P&Pl§ﬁ§tﬁﬁbmo&'§(§ﬁ & } €chni que
descri bed beI ow, or anot her precoding technique, it is difficult for

di gi tal PCVSNedsdrmbitsd bpcitatiet shergy, mpsmdb:ﬂ] . UEo) EGFome\an)usengtiBm
presence of echo, quantization and digital inpairnments wthout a -
properly dewhghwtftermﬁncbnsmmfer Lipstremm tangroission., Thismpinimization problem bed

di X097028, h d t
constel | at | Bine GEme RS T BlielERRProb e b8 e e PR et RRIed 3m v ()
~ to be de@odesbdriﬁeahec@beﬁ@nggpgﬁca@i@h@xmasI zatlon and digital
i mpai rments with_mnim zed error robabl lity As described in

co- pendi ng appl i R itiaixisteroined P(B’b ag @W)@ﬁ"&%ﬁi@&q w3ed it the anpdogndi ng on
the line co rgrlepa ) i rﬁé ﬁ‘ﬂéﬂhﬁt FBWE(I@:I hr@ﬁﬂaefbé( 9%?@&% Rlﬁhmdtﬂahbh it is

signaling ( I's sel ected
constel | at i very sivly §hangmg dEherefare, $qm¢km Oiadantm@ meeﬁlr@pewry fRnedes

.t e” const el +vg§l't Ho R3S gi ﬁ:ﬁnﬂ drforbAts %n?d retrain f #&h ?ni!@bggs Eé&”ﬂe 39 to

It shou not e e constellation p
n ec essat$ | yresestimatingra(h) indbe Higital modem mﬁe and ﬁgt\@hg atnamc(o&) bac)sto)an@log

cor espond. e {2k HRaRy Il B ahAIA ! Adiher s to fockBalt BRTanlids. each

constel l ati on pol nt” represe ; S an er of
data bits refmmﬁéetreds@yalemdar(rm)oastie'sd:rd:teidon cppending @pplicidion CX087088Ther

0 PO Roblighisdn #1448 shE hdforh 192 hedlon AR | 25505 v cf

are
transmission and use that error signal to adapt p(n) and g(n)

20 ‘Once the target response p(n) is determined precoder 122" can be

. implemented. As explained above, we can send data u(n) by transmitting x(n) such |
~ as to produce at the input to quantizer 130°, FIG. 10, a consteliation point y(n) which

_is one of the pointé in the equivalence class of u(n). Which constellation point from
.. the equivalence class of u(h)_to use to represent u(n) is usually selected to minimize

25 the TX power of transmitter: 120", The TX power of transmitter 120’ is the pbwer of:
z(n) (or some.other metric). In practice, since it is hard to.minimize the power of z(n),
. the power of x(n) is minimized instead,. which is a close approximation of minimizing
z(n). | | _ | : S . '
The following is a known rélationsh_ip' among x(n); y(n) and P(.n)':
30 . o B o . |
yiny=pm*xm o ®)

| 16



30 described below). The nore points in the constellation, the nore bits

.of data.that = .can.be represented. As shown in FIG 12, digital data .
u(n) is divided |nto four groups of bits 0,1,2 and nding to
00, 01,10 X¥RPB465tor exanple. Thus, in this: SrefiibEaR
13 WO 99/ 34_565 _ '

'PCT/'US98/ 24368 - " exanpl € each constellati-on point transni tted
represent s wherelf"t repeasents ¢aswolution. That relatinnship cam beexpw@isaed ag fallows:
transmtted at 8K/ sec, the data rate is-16kbps. It nust be under st ood

that- this is-a. S|rrpI|f|ed exanpl € and data may be rapped into u(n) using

any nepping schenes that @) #;dﬁ))iﬁm)t-sp(‘!r)x(u-‘le)q-u.l. \NgrimeN 2| asses, (Buch as -

shel |- 6% meppi ng or nodul us conver si on. Accordlng to this
i:nventi'ch, the constellation points are grouped into equi val ence

cl asses. ANSREEip(@) iedesighbdssequl fo $cthenfeqlistiorc®) ban besinplifisdras follows: :
constel l ation points which represent the sanme group of bits or digital data
to be - - transmtted, u(n). Wth constellation 140, it is shown that '
constel l ation points y[err]( 60), 18, yl[err](-6), and y[err](45) formthe

equi val'ence cl ass for-u(n oi nts err 45

y([:]err] (6), and Y[err] (6(()) ) H‘g'?)m%Z‘Wr&Rge cl asg[ f or] l(.l( n) = ). 1(7and
constel lation points y[err](- 31) and y[err](18) formthe.
equi'val ence cl asand,@inag(p(hjand fFienzdst yalue90‘52(a) bt k'mwmmmappropna‘te y(n),

L o anphg oY Solobn s h e R AR R EeSioE bu By borne 1

const Sl | at I( Q&eawdttb ngﬂums):@m) i %rdeﬂd@mdnﬁz‘e mberrx ;bowarr[nﬁmrahﬁmnte\‘haor 1 in
ascen |ng or cendal ng Sum u(n a val ye . 0.
(=4 as in the abévﬁéo@samaﬁéte (asitoday) oan be it hepse BV ol i) -
contains al gnt Foafl) Eﬂos%nWPcﬁﬁﬂ} Bhﬁiv&le?%lﬁlasg for n-A toHIRFREE: | N

FIG 11, ence cl ass u(n)=0 I err ylerr], where
U=4. Note Ix(n-a) |£ halx(eaah) Baui. ¥de(31) Bwhesss i s not reqw red to have the
sanme nunber of constellation 20 points. + The nunber of

support ilﬁg data |l evels for u(n) should be chosen to satisfy the
following two conditions: 1) The expansgon rati o, which is defined as the
ratio | o x(n==ym-j)- 2 pi)xn—j-9 . | 8 |
wheré j‘=b,1 ... Aand where y(n-j) is chosen from the set of equivalence classes of
u(n) (=0,1,... A1).. | .
' Precoder 122’ may be lmplemented accordmg to thls invention as depicted i in
20 FIG 13. Precoder 122’ includes a mappmg dewce 150 whlch receives the incoming
| ) dugltal data u(n) from a dlgltal data source and dependmg on the number of bits that
can be transmitted with each constellation point, determines for each group of bits
the equivalence class associated with the group of bits. Mapping device 150 outputs
the cohsfellaﬁon points, y,, forming the equivalence class to TX signal/constellation
25 point sekctor 152 which selects the constellation point, y, ,from the equivalence
class and determmes the transmit signal x(n) based on the input from calculation
_'dewce154 e . . L
. Filter device 154 recelves the transmit s:gnal x(n) and calculates the
o _summatlon term (or running filtter sum (RFS)) of equation (7) above. Based on the

30 value of the RFS, TX signal/constellation point .selector 152 selects the constellation |
. 17



bet ween the nunber of constellation points for y(n) and the nunber of
supporting data levels for u(n), i.e., MU and 2) TX power
constraints. 25 The expansion ratio should be |arge enough to

guar ant ee swoelbbsseper ati on. The si ze of the expansPORUSHEAGE W | | - -
depends on the channel characteristics. In voic band nodem _
appl i-cat i onPointfrethe equivalence-plassshat wil eét%x(nhm equation 0. topreelepestdn we |

el havevame%%ceéﬁ@cae&ees%e%Me[cﬁ&rl)f.%nf]mer&t&eet&ea Erhat abl e. 1 n

practi ce, uarantee the stabil dy ual 1t e channel is
det er m ned fsemad\@rtstﬁihhem POEBC) The:cglowiste: tta(nﬁamtmlx l&#’ﬁnmﬁi@%ﬁ)@nm on- -

ratio is s eér&ﬁ{éptl Ehrlﬂlls%re ,Jg,ﬁ e{% 't(?f P'I—fzs'?nal fzﬁﬁ W 4 $8néhl tt‘e%kc%@ a{,%ﬂg

frequency résponse of 't respect

frequencises chaheelZIldBZ)FlGawthe qual | ty of the channel and depend| ng on t hat-
14 9/ 345 y = "

 PCT/ US98/ 24368 ”°’d&ﬁg‘? 1’%*%%8?"”?58*%?’?%%% 1205516 4% ' kppR it within fhe o ¢
=4kHz) [ er r | GOC reqilidtions, thacquivalenee chasedforu(i)anugt ba. c{esrgﬁedtdeeoﬁﬁrfglyMkHz)

t |1 d | , th t
R oot bedVop sanaialgiids eavingos bradet aTmined BHnGss 5 Banstalop gt Tion We: on

point., 5 yhdrithe séﬁ&ﬁ&@ﬁaﬁqmeh&h%@oﬁémﬁ@ ru(ﬁmndabﬁee Bqityalehss be
transmtted and determ nes a value faor x(n) t produce t he

sel ect edOcorfiasses ign R wiibe reguirgdhAs Agasul 8‘9[@'\5]‘3”%&9 pomts Vlffl'x Bedugher 130
awa%d’@ﬂ?ﬁéucf&m%?é‘@%md péwer. fi’HE @Sééél@e%n)ﬁé ERe¥tasl22' and -

prefl lter 124" are - now described as follows. From'the characteristics °
of anal og cliasadbed bhefow accandingty eqyation (7). t° mipigyizg x1n). dehesefersdidhBy di gi t al
PCM nodem 1 JarsoTels | iid ke Devi ce
and Met hod ?‘%P g té%%f?&gsg@lﬂﬂwé ‘ﬂ\?he'am Dg&es are sﬁ&}@d fﬁﬁﬁéﬁ%@?“l%\

Communi cat.i dielydhaior (@) memw Thus, o reducedhe @Kd@“@@. weéean makezlbsl gnee of

LD oo™ SN Yol o BREGHGHEL SAHIE Al ey RHGSTA®
corr espondi rag1qo‘r4£| l-ter 15 g(n), n=[err]+1 ,..., -[err]+Nerr] (where A
|'s the decision qelfyd; 148 aRE 4B, béth chitelfion8 186, FIG. 144, and 158, FIG. 148,
have the same number of constellation points; however, constellation 156 has only
three equivalence classes u(n)= 0,1 and 2 while constellation 158 has five
20 equivalence classes u(n)=0,1,2,3 and 4. Usfng constellation 158 will require more .
TX power than constellation 156, but it will be capable of transmitting at a hlgher data
rate. . _ :
- The approximate TX power (the power of z(n) ) can be calculated as follows
o when U is the number of points desired 1o support u(n):
25 . _ _ _ | o
=|g(n)|’ —Z dist* (u(n)= i)/ 12 (9)

r=0

where lg(n)l2 is the energy of preﬂiter and dlst(u(n) l) is the minimum dlstance _
N 'between the pomts in the equivalence points. For example, in FIG. 12 dnst(u(n)—O) =
30 |-6-(-60) | = 54. Several values of U should be tried to find out the one which

satisfies the power constraints. Note also that this should be done for each time slot.
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determined. This problemis simlar to determning the optinal feedforward
and f eedback filters for a decision feedback equalizer (DFE)..- The-
prefilter corresponds to . feedforward filter of DFE an get
response coWVPa¥pSPds to feedback filter of - DFE. See, %}‘%Fs’%%hl r,

al, "Efficient tat| nof Dela m zed F|n| e 20

MVBE- DFE", | EEE Yrads h'é? PPcﬁ%’sesq"fY&'e'\?Blc as&zPe'er?hm %“%759‘9
1996, pp. 1288ﬂii£9£renﬂlmeﬁﬁwblsumrhhﬂzédaas)fwowe:sponse p(n) and the filter

g(n) wll be - determined in the anal og npdem, but they can be, - °
determined it t hORRIGIHR! imppiTments, °a§?ﬂﬁﬁtgﬁﬁﬁ§ﬁ’ﬁf‘ﬁw o ?%‘eea?‘%}‘%‘baﬂ?ﬁdem e

The prefl I tt%{9 ggghesﬂ] {']cijpepv\h”g éﬁl%%gow@%h .and ‘the target response

p(n)., - CHn D derived given c(n) by

mni m Z' 39 tdye CEdm.o? o’ alr'itﬁﬁ'ie%]glié?ﬁrhﬂ)alﬁﬁerﬁ@'éme the proper constellation for
“[err] (-4 The first termensures small intersynbol

| nt er f er encey(g)l i8r pach tirse slqthcp 88 geseribegfin co-pendingiapplication GARRB28L &N
recei ves wh 8pf ®oPd8tn t'h%g stiétrflr?'ndth%q'\u%g;eq%? Bo@&dthﬁ{‘ n t(:er%npported 18&8\2/ 34565

PCT/ US98/ 24 secon efmentorces th ransm ower tay
fi-nite and awhilel satiStying the TXapower constraintmandithe roieimumisxpansidrotdtio tbe chosen

P en "0, bR Yo Fph A opspiip o ek ™ PYIT,
t he expemse gjuivBlieritewsdsses ferghpean be dbtannihelie chosen dependi ng ‘on what is
e SOLRE M WCTER O AT M ENE R R N R T
whi ch is [ erdah ¥ expanded to multi-dimensional consteltations by expanding the definition of
the equivalence class of u(n). The following references desctribe various
 downstream precoding technigues using multi-dimensional constellations: Eyuboglu,
15 Vedat; “Generalized Spectral Shaping for PCM Modems,” Telecommunications
Industry Association, TR30.1 Meeting, Norcross, Georgia, 9-11 April 1997, pages 1- |
'5; Eyuboglu, Vedat; “Convolutional Spectral Shaping,” Telecommunications industry
- . Association, TR30.1 Mseting, Norcross, Georgia, 9-11 April 1997; Eyuboglu, Vedat;
_ “More on Convolutional Sp'ectra'l Shaping,” ITU Telecommunications Standardization
20 Sector 008, V.pcm Bapporteur Mesting, La Jolla, CA, 5-7 May 1997; Eyubogiu,
' Vedat; “Draft Text for Convolutional Spectral Shaping,” ITU-T SG 16 Q23 -
~ Rapporteur's Meeting, September 2-11, 1997, Sun River, Oregon; Eyuboglu, Vedat;
A Comparison of CSS and Maximum Inversion,” Telecommunications Industry
Assooration, TR30.1 Meeting on PCM Modems, Galveston, .Texas, 14-16 October
_25 1997 and Eyuboglu Vedet “Draft Text for Con\?olutional Spectral Shaping,”
- Telecommunlcatlons Industry Associatron TR30.1 Meeting Galveston, Texas, 14-16
N October 1997 . _ :
| Moreover, the example desonbed above is for an uncoded system However,
| 1he pnncnpals can be easily applied to a coded system for example a trellis coded
30 system The only dlfference in thls case is that the equivalence classes are further
_' part_moned mto _subsets, whlc_h are used to construct the trellis code. '
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SNR normal i zed by channel energy, i.e., SNR [err]. For E(x[err]), we can

use -9dBm which is the power constraint for upstreamtransm ssion.
Thi s mninization probl em is the sane as DFE tab initialization
probl em TRegbsMssas[ €rr] can be deternined as 10 descri beeciwsoseagendi ng
appl i cati on CX097028. : The initially determned p(n) and g(n)
can al ways Gonaﬂiie’dfPCbMePrengﬂm channel c(n) is tine invariant. .
However, in practice, c(n) is time variant, though it is very slowy

changi ng. Ther ef'ﬁn@abwmslcnheﬁ EGMda‘mm pwcedfhg kechniquedEesisemgnaloge

| t d f -
pan, ¥ o benE rigeRPT et et Sy IR PR e Bt e ey ba BeBEEd XA Y G
Rewt ﬁ( n) bapbm mo@eﬁi t@ganaiog ?Mﬂﬁﬂérﬂ:%onh@ctfoﬁ@ﬂdﬁpi@édﬂng’(lﬂi) 1anc$yp(en51so )_'
“Anot ner ‘way, | n error Ssi rror

e descr3 belpclieB A BRI oRaT d 2 COmMeskeb RIS, 166 over AnBRETGR L Anade

118' . to anakgg, teyiese ilsjiﬂterédhheé'!ﬁh t@lamamaﬂa}mﬁ;aa Slmxlath aﬁélsgm\n ﬁibd@nﬂ use
that error signal toaaE&fS he tar

nc
response p(AY4isscarEeetestq 7&@8@%@"33‘2@008% chgnnel 172; ﬁ*ﬁﬂeﬁ@n‘l
expl ai ned aBgyfactdPirdgital RfvgtRgsU(n) - by transmitting x(n) such as to

produce at the input to quantizer 130', FIG 10, a constellation point y(n)

whi ch is onBlogk dtagearpdusﬁt EIG. & HepielgunanalorRCM medemfto @palog RGMch
: tellat t
const L4 bR Bt acoorah S B NVBHARE In BBkl oo RS 1 °

transm t.t er inth@ied mgmwamdemﬂ 82rimbesaonnected i 8nalpg chamngl dGér Apklog

() (Or SOFRARHAHon] R4 pbluol HaRLARE) 880 pBAGS ioddhr 336 oiofidP atliica t e |

power of z(n)
cl ose appr oxiigitat focanaidg convertez(D14) 206. Pra¢eder 202 receives dlgxtalﬁhta @) kodi ng i s

3 ( E;‘ O\impE ﬁl) at g?x? Shi 1eBodR Qi%itat(cpa\a x%() n)!’hg rﬂ:gec%%iggi d|g3tal data is filtered by prefilter
16 15 20010 ﬁrﬁl‘kﬁ@ﬁa] z(n) which is provided to D/A 206. D/A 206 converts the filtered
PCT/ US98/ 24369%& z{n) to analog form and transmits analog signal, z(t), over analog channel
184, having a channel characteristic, cff).
The analog channel modifies the transmitted signal z(t) to form signal y(t).
The signal y(t) then encounters PCM edho, echo(t) 208, that is added to y(t),

20 producing signal r(t). Signal r(t) is received by p-law (A-law in some countries
outside of the US) 'qﬁantizer 210 in central office (CO) 136 and is quantized
according to the p-law. See l.ntema'tional Telecommunications Union,

' Recomme_ndaiioh G.711, Pulse Gode Modulation (PCM) of Voice Frequencies, 1972.
The quantized octets (digital va!ues), q(n), are transmitted over digital network
25 188 at a frequency of 8kHz where they may be affected by varibus digital
impaiﬁnents, as discussed below. The possibly affected octets, v(n), are received by
CO 190 and the octets, v(n), are converted by p-law D/A 212 into analog levels for
transmission over analog channel 192. The levels are received by analog PCM

_ modem 194 which converts the levels to data u(n).

30 - Once the clocks f1 to f2 of D/A 206 and D/A 210 are synchronized, block
chagram 180 can be modeled as discrete time block diagram 180°, FIG. 17. Analog
PCM modem should do the equalization to get v(n) from g(n) in the same way as a

20



where "*" represents convolution. "That relationship can be expressed as

f_OI_I__((.)\ll\lv[s:__ TR ]_)__. (6 . y(n)S— p(O)E(g;]) + 8(1)x(n 1) + o1
.. err])x(n-Nerr i nce i s designe Aigd to
theﬁ 'equat%"%f?u39 ﬁéscan be SI rrpllfled as fol Ioows [err] ) Pmt/é?sgﬁ And,
%ﬁ | n 10
Zlmr;(r:]S %2) cgﬁgt equpaatlon pol n @‘%ggg%ﬁg{mnce clas's gg{)’gél@r%\xfj(%)
maybe suﬁﬁtﬁaﬂddemdmmaimmm{%deqosia)y(ﬂ)m e)rtt(e} ist mdaﬂakam ze the TX power

of transmitter ! ' » ) can be
"ht roduced 1o chOUEbSYE SNl fpsgtiSs ren Ao anfion FAT o AR v e
- set. of .equi xadlegPCM H84% bswboer, transrhissichin the othex ditection is ac[cemp]!lswtehﬁhew
err : wher e n sen romthe set
T e viu B EhdulezTris abovel Sasohibd MGt rebi ekt [ERARLe (.8 o
Precoder 123nalB§Perﬂ:dB§n¢W2’t PG, a0; @ Gigitgl FEEMtrﬁbd‘em nY8 ) tdafibeddpphieRi cted in
20 FIG 13., Precoder. r@iq Lncl uges a ma}%p r@ﬁ% 150 whi ch receives the
i nconi ng "’e‘?ﬂ)’dﬂa&la HPGMofem e 2nakgiR cenRnestion ag depisichiti ng
on the nunbgigefigitts that can be transmtted wi-th each constellation
poi nt; determ nes for each group of bit the equi val ence cl ass

associ at ed wi t h & sBoydbgmnated that this mﬁpﬁvwnaﬁbawmcﬂumnwgre and/ot he

1 gnal | s A PEI Tt s ctoletf o £ Boffts? kbt RS R 2 CETRIPL,  on
- poi nt, " y[ er Aisk of mameriehing uT heainyeition may alspagle t@ndomoéa admputer Hata r ansmit
signal” x(n) sIRASEEMBEUIEE $ & MBHer Wa0! ﬁﬁh%l idrPRe inventiBf ¥ &fibddidd in

software/firmware which is eiectridaﬂy transmitted, for example, over the internet.
. The present invention may be embodied in other specific forms w}thout "

15 . departing from the spirit or essential characteristics. The desctibed embodiments
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
foregoing description. All changes which come within the meaning and range within
the equivalency of the claims are to be embraced within their scope.

20
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Filter device 154 receives the transmt signal x(n) and cal culates the
summation term (or running filter swm{RES)) of equation (7) above. Based
on the 30 -value of the RFS, TX si ganQnstel | ati on point selector 152

sel ects t hewapssass! ati on ﬂuﬁimﬂllmm[ WI IPICTc,:UaSSZ??f?( D in

PCT/ US98/ 24368 point in the equi
equation (7) to pD&haligsiaimed s value to zero and *cal cul ates the val ue of
x(n) fromthe cal culated RFS and the "~ selected constellation point. The

calculated transmit signal x(n) is then provided to - prefilter 124" _
where x(n) i% filA&eognitier faprecadings sequenoataf ehalog levelsisansmitded overamnal og -

Ut aneate . @3 Ehihoet foa quantzation debfe e e andich shifind hnbatE e |

equi val ente trhmssited kaalog(eyelsniise troesmiitter goraprisingzor di ngl y. Wth a

constellation having a. predeterm ned nurber. of ,constel.lation points, If we
Rt 1o send v e ARPRINB,deuire Tl wagPinE SERE by 55 ey fo A neiHeRloR o
equi val ence dfuivalbasselasdan; whérgin Badh edpaivalesps ¢lesk coains oae ol tnoré he
constell ation .P?l %tts w |l be further away and will require nore
transm t - powefnsteliztign peintkaddse y(n) is chosen as descri bed bel ow
accordi ng to equai tomstéliakioh @olfit Belet®R intbRbhnddied toAe medpPirdy dévicd WRich
constellation points in the equival ence cl asses are spaced further apart,

it is not@ selecisiacanstelighen Reitinjqach spuivalange clasg dp renesent the dﬁ‘?ql@??e‘% he.
TX power, wepgfansmitRadldid viich RSN Srlﬁ@el%ﬁ?mﬂfceﬁ the s@b&re8conbtelidtfon
expense of rate. This is depicted in FIGS. 14 and 14B.

FI GS. 14A anBoinugl amipput todhe quantinationdevice. FI G 14A, and 158, FIG 14B,
have the sane nunber of constellation points; however, constellation 156
has only "three equival ence classes u(n)= 0,1 and 2 while constellation
158 has five220 TErpirgnsnaitieeoialainst furthen jnehaling 2 fiteraiesice, opsrably coupled to

constellatio inbds ' anr ; . L 156,
oo™ ¢ WS | T Shapliot O S8 3BE Swnon e Bl RS Al BrAAAB AR
The appr oxi nvelsBdprarides ith outputier thefconétejlationgointesetetarul at ed as fol | ows
when U is the nunber of points desired to support u(n):

In

3. The transmitter of claim 2 wherein the constellation point selector sélects the
consteliation point from each equivalence class based on the output of the filter
20 device. '

4. . The transmitter of claim 3 further including a prefilter, having a predefined filter -
response, g(n}, for filtering the level transmitted by the constellation point selector.

25 5. - The transmitter of claim 4 wherein the response of the filter device is:
’ N
>, plixin—i)
. i=] )
where p(i) is a target response and x(n-i) represents the previously transmitted
levels.

30 6. The transmitter of claim 5 wherein the target response, p(n), and the prefilter
response, g(n), are derived from the predetermined response, c(n), of the analog

channel.
2



25 [err] where lg(n)[erT prefilter and

dist(u(n)=i) is the mnimm di stanﬁ 'H‘ he poi nts inthe - -
equi val ence points. For exanple 'm ﬁi&mgm n) =0) ]

-6-(- 60)[er"l’$”‘3§§ Several val ues bf o r| ed tD 89312%5% the one
whi ch satisfies the power constral nts. Note al so t hat th| s shoul d be
‘done for each tine slot. WO 99/ 34565 - -

PCT/ US98/ 24368 The transmltteriiﬁelatm 5wd1arelndbmso@telmpnpomBeleciootraasrmts _
equi val ence,g| ecC Q this invention my be
sunmari zed 5'% %S’%ﬁs &1 Ebgé?d@??é)fl%o@g?wnglfu% o i mpai rment s, -cal cul ate --
noi se variance, [err] -and echowvariance, - - [err] , as descrl bed in-

co- pendi ng appl i cati ogﬁgxg%bogp(?% ~ From[err], [err], and the ..

digital inpairnents, c et er“constellation for y(n) for each

time slot, also as described in co-pending application CX097028 ; and

3)" For 5eagthere in) erethe ¢ansteliatien pointser of points that can be supported

for u(n) - whil e satisfying the TX power constraints and the m ni num

expansion ratio to guarantee stable operation. Fromthis U the

constellati & foﬂ‘hg@na)wsnﬂted of tlairl @ vdmremahencmstellms«psm eeieu(om};eleats the

det et m ned. e. precod h utilizes one

i rons! onai ceBRelaanAqi i 888 B REECE SR whERHinited B hiit peiyer &

constel | ati tinstragsmitteabyselgctirizetheaonsieliation wdint, y(n), which produces tacsnallesss of

u(n). Hg f ol ’ Frg ef erences describe various downst r eam precodi ng

technl ques %34 ﬁ i -di nensi onal constellations: Eyuboglu, 15 Vedat;
"General i zed Spectral - Shapi ng for PCM Modens," Tel econmuni cati ons

| ndustry Associ ation, TR30.1 Meeting, Norcross, Georgia, 9-11 April 1997,

pages. 1- 5, Eyuboglu, Vedat; "Convol utional Spectral Shaping,"

Tel ecommuni cations I ndustry ' _
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Associ ati on, TR30.1 Meeting, Nor —Georgia, 9-11 April 1997: Eyubog| u,

Vedat ; - "Mre on Convol utional {§ “ l/ I TU -~ - _

Tel econmuni cati ons St andar di zati on \mﬂﬂwl‘mu m . pcm Rapport eur .

Meeting, Layde¥dsses CA, 5-7 May 1997;* Eyubdgl li, ° ° Vedatpcrpwarssestext for -
Convol utional Spectral Shaping," ITUT SG 16 Q23 Rapporteur's Meeting,

Sept enber 2811, A98gthoddor tRinsaittindaqyecodetiaegughes of\analng levels overan

Assoct at 1 on nafg AR PR dovih, wn BT SRR A BRmbBRRMY .,

25 1997, amnﬁyumdgina,bgkdals;thélmahbdtampriﬁng: Convol uti onal Spectral

S0 RPN KOS SSRATARY A ™
exanpl e gesaHepsifl cablyequivaichos chss cosiatiactbreysintgre congellation points; dritk -

rincipals can be easily applied to.,a.coded system for exanple a trellis
(F:) oded go syste n?el?ﬁtg‘%% FQ’?%?%%@F‘&?EE n ﬁacﬁmg}{{a;grg:ei dags, g‘{ rq%ﬁ%seggme\}%t% nce
cl asses ar e HitHkd Betransmitted@khdéit i oned into subsets, which are used to

construct the trellis_code.. . . . . 19
WO 99/ 34565 ~ transmitting a level that produces the selected consteliation point at an input

PCT/ US98/ 2438 the quarfiedfidridévigsl PCM Precoding - The above

descri bed PCM upstream precodi ng technique (i.e. from anal og PCM nodem

112", FI1& 10, to digital PCM npdem 18, may be -applied to an andl og
PCM nodem t gnyana Eﬁl%ﬁ%q | | n : Mem 160 .
5 incl udesqghal gggﬁ‘P no e%%%gﬁgﬁﬁ%‘g?é F%s%g%%gh@%r%bgﬁg o'é’“| oop or
channel inclgdes fidering ¢the previouslyssiacted canstellatibypoints with adilter desie and
Simlarly a . : | ‘Cﬂﬁ? ' r anal og | oop
or channel %?%%ﬂﬁgm %%T#?&t_'?gpm%g]b%%ﬁnec g&"f‘pgﬂé?%‘%?g%zg @é%rk 168.
Bl ock di agram 180, FIG 16, depicts an anal og- PCM nodem to anal og PCM

' 15 11. The method of claim 10 further including filtering the level transmitted with a

prefilter having a predefined filter response, g(n).

12. The method of claim 11 wherein the response of the filter device is:
N
S i)
i=} .
20  where p(j) is a target response and x(n-i) represents the previously transmitted
levels.

13.  The method of claim 12 wherein the target response, p(n), and the prefilter
response, g(n), are derived from the predetermined response, ¢(n), of the analog
25 channel. '

14. The method of claim 12 wherein step of transmitting includes transmitting the
levels, x(n), according to the following function:
N,

Ko=)~ Y pOnn—D)

=l
30 where y(n) are the consteliation points.

24



10 nodem connecti on according t o 1n block diagram 180
‘there is. - i nct-uded anal og- P jniggiconnect ed to anal og
channel 184 .wd\d %g - PC™M m)dgmmﬂmy ﬁ“gqtlmansmtter 200 having a
precoder 202, prefilter 204 and a ' gt @ anal og cbhVEPE2P} oy A)
206. Pr ecoder 202 receives digital data u(n) and out puts precoded

di-gi tal data g(n) ‘The precoded-digital data is filtered by prefilter ‘15
204 to form $gnalhemsihateicirimstdwhereinsetstersiselsing liﬁomdyifseﬁmiﬁm ltﬁé; t he

filtered corfuit smts an z(t),
~ over -anal 6g- chanﬁ%ﬁbnﬁ)mt i 8 E tﬁ&lér?e&%nég@;&@ﬁg '5}'&9@ %fria %pyve'
The anal. og -ciRgiransTMider v &ectttng the amttaned psingngh), adiich ﬁr@dudysr{hélsmgst '
y(t). . . Tmuﬂcgl}gl,) y(t) then encounters PCM echo, echo(t) 208, that
added to- y(t) roduci-ng. signal -r(t).. Signal r(t) is received by
[err]-law (A-law in sone countries out side of the US) quantizer 210 in
central office (CO 186 and is quantized . according to the [err]-Ilaw.
See International ‘Tel ecommuni cati ons Uni on, Recommendation G 71 1,
"Pul se Code Modul ati on (PCM of Voi ce Frequenm es, 1972. The
quantized octets (digital values), q(n), are transmtted over digital
network 25- 188 at -a frequency of 8kHz where they nay be affected by

various digital i npai rments, as di scussed bel ow. The possibly affected
octets, v(n); are received-by ~ - -CO 190 and the octets, v(n), are
converted by [err]-law D) A 212 i nto anal.og levels for transnt ssi on
over anal og channel 192. The levels are received by anal og PCM nodem
194 which converts the levels to data u(n). 30 . Once the clocks f1 to
f2 of DDA 206 and D/ A 210 are synchroni zed, bl ock di agram 180 can be
nmodel ed as discrete tine block diagram 180', FIG 17. Analog - PCM nodem

shoul d do the equalization to get v(n) from g(n) in the sane way as a
20 WD 99/ 34565

PCT/ US98/ 24368 downst r eam PCM nodem works as is known'in the art."
Then, fromv(n), a PCM" - upstream decoding algorithmto decode y(n), i.e.
u(n), is undertaken. The above only describes transm ssion from

anal og PCM nodem 182' to



anal og PCM 194'; however, transm her direction is
acconplished in the 5 sane mann m’"ﬂ“’l’ w ri bed PCM upstream
precoding technique (i.e. from . em 112", FIG 10, to

di gital PCWaoostasesl18,) can be applied directly to apcfm@bmszPCl\/l nodem-
“to anal og PCM nodem connection as depicted in FI GS. 15-17.

It shoul d b#s.notAdompater uséable mesdivm duavmg;cobtpumm&ﬂb progsavh cude enemng/ or

10 flrm/vare red. on I U such as a
comput o1 b AR R F R Yk S S SRR duBE AP R I BT B ER 50 2
a conput er shadleg channatcgaquamﬁmn ddvice, wherainrthe analyehanws!madifisdee t he .

i nvention is enh soft%%f/fl rrrware whi ch Is electrically -

transnmitted® a'f%‘?!&%QQ‘HﬁqOS levgiss th The present
inventi gn may besoprpilAg Redhble PrERamSRRNS rﬁea?nsffaf ﬁﬁp}ﬂnbhﬁtﬁ bilto weparti ng

fromthe spirit or essential characteristics. The descrj bed enbodi nents
are to be chrrsiEpdip pseguencenffouivalanse s 3§§9$»IW%?‘P@?FQQQE‘HE‘EHE% ciass

restrictiveg %ﬁs%ﬁggﬁ more co &egég%nlwﬁgiéw therefore, indicated by
a

t he appende I s rat her t for egO| ng description. All
changes whi ch cormputenveadabie nﬁmmr@d@nnearmgesele@tmgra consteltation gqint¥ral ency

of the clal ggAL& ildlelSe QI 35 Rfpréldnt b &6 tts 3¢ B Fansflited; and
“10 . computer readable program code means for transmitting a level that produces
the selected constellation point at an input to the quantization device., '

17.  The computer useable medium of claim 16 wherein the computer readable
program code means for selecting a consteliation point includes computer readable
15 program code means for filtering the previously selected constellation points with a
- filter device and selecting the consteliation points based on the output of the filter
device.

18.  The computer useable medium of claim 17 further including computer
20 readable program gode means for filtering the level transmitted with a prefilter
having a predefined filter response, g(n).

19.  The computer useable medium of claim 18 wherein the response of the filter
device is: |
o N
25 | Y et -1
i=l .
where p(i) is a target response and x(n-i) represents the previously transmitted
levels.

20. The computer useabie medium of claim 19 further including computer
30 - readable program code means for deriving the target response, p(n), and the prefilter
~ tesponse, g(n), from the predetermined response, c(n), of the analog channel. -

26



21 ' WO 99/ 34565 : PCT/ US98/ 24368

What i-s clained is: . A tl H'H}jwtlmnﬂgilrmkcodl ng a sequence of.
anal og levels transmitted over an to a uantl zation
devi ce, \/\hew&ﬂ%’-“ﬁﬁé anal og channel nodifies the 5 transmROEF¥H0g |

| evel s, the pplng
data bi ts t be t éoﬁqt@%@{egg !a?nrg gaxug'hgf cl%n*n 19 @'“g%“\g a oq&ce P égé%lga '
wher ei n eac I‘p-ﬁgmnv edbdmmeacs as'Sransnmmg indludes@ompuitar readabie prograshicatieon

b ng. aovimeefociress Sl BVl offh PBIPLUREl S eI REBRIEC PVl Srce”

class to represent the data biws to . be transmtted and which transmts

a level that produces %ﬁf.ﬂ;}, GWR tellation point at an input to

t he quanti zation devic e transmitter of claim1 further
|nclud|ng a filter device, operably coupled to 15 the constellation point
sel ect or ,5 whvbéreryoedredke aonsteliationgpointer evi ousl y transmtted | evel s
and-provides its output to the constellation point selector. - 3.
The transmitter of claim2 wherein the constellation point selector selects
t he conzz. el | He eompientisdablemediuin ofitlaive? twhereid thescopgater readaliie
out put -of the filter 20 d¥c-e_. L N _ _

program code means for selecting includes computer readable program code means

for selecting the constellation point in each equivalence class which minirmizes the

10  transmit power of the transmitter by selectirig the constellation point, y(n), which

produces the smallest value for x(n).

27



4. The transmtter of claim3 further including a prefilter, having a

predefined filter. responseUlﬁ“”"l" mn "m “ l‘ﬂr.i ng the level transmtted
by the constellation point sele The transmitter of claim4
wherei n t hewpogpease of the filtér Hevice isS: [err] pPCTIUSMR43pE i ) is a
target response and x(n-i) represents the previously transmtted.

| evel s. 3@3. 6. Acoiﬁmterrmm;slgnaleemlmddleﬂ ini acHriahwas, mrl'temmembg:diedlesip@nse
D o B s ong e DSRRREFanglbprogieh 4514 Btd 6 bbng
22 _ réb@u&&béé,ﬁﬁﬁ:e of analog levels over an analog chanReTolicqedriizaten - 7.
{ransmts td%x?fpﬁ"f o) 65 ey Pabed edtes bocreor Oy FirBTen:
[err] 55 meth&d Soipfisingtr € the constel 1 at | on poi nt s.
computer readable program ccde means for mapping data bits to be
transmitted to a sequence of equivalencé classes, wherein each equivalence class
contains one or more constellation points; and '
computer readable program code means for selecting a constellation point in
.10 each equivalence class to represent the data bits 1o be transmitted; and -
- computer readable program code means for transmitting a level that p}oduces
the selected constellation point at an input to the quantization device. -

24. The computer data signal of claim 23 wherein the computer readéb!e program
15 code means for selecting a constellation point includes computér readable program -
- code means for filtering the previously selected consteliation points with a filter
device and selecting the consteliation points based on the output of the filter device.

_ 25.  The computer data signal of claim 24 further including computer readable
20 program code means for filtering the level transmitted with a prefilter having a

predefined filter response; g(n).

26. The computer data signal of claim 25 wherein the response of the filter device

is:
. N
25 _ 2 p(z)x(n )
. ’ : i=]
where p(i) is a target response and x(n-i) represents the previously transmitted
levels. '

27. The computer data signal of claim 26 further including computer readable
30 program code means for deriving the target response, p(n), and the prefitter
response, g(n), from the predetermined response, c(n), of the analog chann_el.

28



8. The transmitter of claim?7 wh ation point selector

selects the . . constellati. on poi na nL"H ,ﬁgﬂ@;ﬂ nce class which

m nimzes t smt power by sel-pgikésidssgshe

constel | at |"§ﬁ %%%%[ y(n), vvh| ch produces the smal | est 10 val ue forx(n).
28. The computer data s:gnal of claim 26 wherein the computer readable program

code means for transmitting includes oomp_uter readable program code means for
| transmitting the levels, x(n), according to the following function:

A(n)=y(n)—xpxi)x(n_i) Co
=1

5 where y(n) are the constellation points.

29. The computer data éignal of claim 28 wherein the computer readable program
code means for selecting includes computer readabie ;Sroi:;ram code means for
selecting the constellation point in each equivalence class which minimizes t_hé

10 transmit power of the transmitter by selecting the consteliation point, y(n)'; which
produces the smaliest value for x{(n).



23 ' WD 99/ 34565 PCT/ US98/ 24368 9. A
met hod for. transnmtting a precodelﬂﬂlﬂmmuuulmuﬂ og |l evel s over an :
anal og channel to a quantization he anal og channel
nodi fies tiwooosases transmtted anal og I evef's t he net hod RCUAINIB/Z436R)

mappi ng data bits to be transmtted to-a sequence of equival ence cl asses,
5 wherein 8dch lyan ansiog puiselcads merulationPEM) modemradaptatkios upstream

DS oM POM data transmi3SbiF 63 & Afbitd) FERPHBHOA! & HanBRinBl rdr Bréiiishghg ! vl ence

class to repres e trans m
transnitti ngequénpesif analg lpvelsitrapsmitted avel ercaadog@hamm taeiguanization at an

o t . t d Lt f
T2 o wne e, HuSST e R PR heartiins Fod 0BT o1, 0
filtering thanbmitidreoripyisingl ected constellation points with a filter device-

and sel ecti ng the constell ati.on ints based on,t out put of the
i er devicee " & THapping doviet B ARRID GAta BI18 158 eraPERE Lo ARCRUBRS |

filtering t @auivﬁ}é‘hbe braeaéénvmeeétn\@abh e?guxvaience Rla85 bbﬁtarnsfbwél d¥IndrePr edef i ned
filter response, : t hod of cl almll wher-ein the _

res ponse of C?Heteﬂgqu‘d?o"ﬁéwftde i s [ er r ]
a constellation point selector interconnected to the mapping device which

10 selects a consteliation point in each equivalence class to represent the data bits to
be transmitted and which transmits an analog level that produces the selected
constellation point at an input to the quantization device.

30



20 where p(i) is a target respo mﬂ resents. the previously

transmtted - Ievels ﬂ “ﬂum" ﬂl{l“ﬂ‘lpof claim12 wherein the -
target response, p(n), and the prefl response, LEederived

~fromthe pr‘ﬁﬂ%’[’w’éﬁs?ﬁ ned response, c(n), of the anal og 25 Féﬂ%{sgsﬁr_ﬁs

L ansm 4 gt he @t SRy st S608 b ibnApon) BRsb bl B MM mi s o,

[err] 30irankmission(to anather ahalogGMehddern, entransimitter. for preceding a sequence
24 99/ 345 X ' PCT/ US98/ 24368

15 The mePhORAIBE RPN TANETERAPYEN A1 AReleg IO 08 BUATHREPRERYIGEs

: sel ecting t (perein @aataiby sharme! pdifiesithe earsmitigt ianalogneesis, ths anbimitler

m njmzes the transmt power of the transm-tter by selecting the. . o

const el | 3t i BAMBEPARE: y(n), whi ch produces the smallest 5 value for" x(n):

* amapping device for mapping data bits to be transmitted to a sequence of

- equivalence classes, wherein each equivalence class contains one or more
- consteliation points; and ' _
a constellation point selector interconnected to the mapplng device whlch
10  selects a constellation point in each equivalence class to represent the data bits to
be transmitted and which transmits an analog level that produces the selected
constellation point at an input to the quantization device. -
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25 - WD 99/ 34565 .
PCT/ US98/ 24368 . - 16. A conputer .useabl e.medi-.um havi ng conput er

readabl e proaran1code nmeans enbodi ed therein for tra e A8k
precoded sefdit®f anal og | evel s over an anal og channel to a

quanti zation device, wherein the anal og channel nodifies the

transmtted analog levels, the method cepgrising: 5 conput er
readabl e program code neans: for mapping data bits to be transmitted to
a sequence of equival ence cl asses, mhereln each eqU|vaIence cl ass

cont ai ns .one $2. nore. constellatlon.o. an@0. . cog@uteﬁs
readabl e program cbde neans for.sgle 'g -a, 10_n§;tg_l_l_q'g|_o_r1 _p0| neN
each equivaFdﬁCé‘?fﬁ§5‘rﬁ-rbanse

e P 3 tl a-h 1o Jhe g 10
conput er regfla ogr. fle. n¥a : ces
the selecte 'CGHJEﬁTOR Ia-ﬁmﬁ@' :J
17. The copputer. useable | LIR _ A eadapl e
program cod for sel @86i ngh\a_cq s ' _ ter
readabl e 15 E%gicode means for fe$éer|ng t he preV|oust !
constellatloR NtS with a filt devi ce and sel ecti do !
constel l ati on points based on-the output of the filter | :
. : l
: : - ~~ T DECODER § 1
FIG.5 72 T
] . | W NS |
DIGITAL
DATA.
56 _
r— _l ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ |
i K = R
; 78 |-{1-b)RDS : R
7 Zk !
MCITAL | 4;”, W) e yw | oo )l %TI%TISTA{O
i n SELECTOR CONVERTER} NETWORK
SOURCE | Y(Lz) = _ | 62
e % 80T _
56a
r;._:s ____________________ -
I
) A ,
I . 78a ___E ) |
V740~ vy Pk | LAY
pIGITAL J ' | BTN 1", Ly
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devi ce. 18. The conputer useable nmediumof claim17 further
+ncludi-ng conputer 20 readabl e program code neans for filtering the |evel
transmtted with a prefilter ~having a predefined filter response,

- g(n). wo¥934s65The conput er useabl e nmedi um of cl ai m 18paireser4sss he
response of the filter device is: [err] ' where p(i) is a target
response and x(n-i) represents the previously transmtted | evel s.

20. The conputer useabl e medi um of clggn 19 further including conputer 30
readabl e program code neans for-deriving the target response, p(n), -and the

-prefilter response, g(n), .fromthe predeterm ned response, c(n), - of
--the anal-og channel . - ' : _ - 26
WO 99/ 34565 : - . PCT/ US98/ 24368

program code nmeans for transmtting includes conputer readabl e program code
means for transmtting the levef, x(n), according to the follow ng

“function: : TL\- _
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[err] 5 where y(n) are the constellation points. 22. The conputer
useabl.e. medi um of claim 21 wherein the conputer readable program code
means for sel ecting includes conputer readable program code neans for
sel ecting tW@¥E#HE5el | ati on point in each equival ence .cl aRSHYHP¥HP ni ni zes
the 10 transmt power of the transmtter by selecting the constellatlon

point, y(n), which produces the snz/llloest val ue for x(n).
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27 WD 99/ 34565

PCT/ US98/ 24368 23. A conputer data signal enbodied in a carrier wave,.
wherein enbodied in the conput er data signal are conputer readable
program codgog®sess for transmtting a- precoded sequenger/oéosainas 00

| evel s over an anal og channel te a quantization device, wherein the
anal og channel nodifies the transmtted analog |levels, the 5 nethod

conpri si ng: conmput er readgpje program cede nmeans for mappi ng
data bits to be transmtted to a sequence of i val ence cl asses,

wherei n each equival ence cl ass ~contains one_or constellation.. ... .
points;  and : conput er readabl e progra# cod

a constellation point in 10 e'ac@equ_i val ence cl t ¢ FE|pr esent tEe data
e

bits to be transmtted; and & conputer rea program
T
neans for transmittifg a | evel t?hqt produces the-sél ect edg
constel l ati on point_ a®b i nput to the quantizationsd V] Nl 24. The
conput er data sign of | i m 23 ,wherein the cor‘r@ter K dabl e pr am 15
code neans for selec onst€eRl ati on point iW@q;pﬁput er rgayabl e
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code neans for filtering the previoUst sel ected constellation points with

a filter devi ce and selecting the constell ation points .based. on the
out put of the filter device. : 25. The conputer data signal of claim
24 further RY(4%Rg computer -readabl e 20 program code rrem“% | tering

the level transmtted with a prefilter having a predefined filter
response; g(n). 26. The conputgy data signal of claim25 wherein
the response of the filter device Q. 25

p(i)x(n - i) where p(i) is a target response-and x(n-i) represents
the previously transmtted . levels. .. ... 27. -The conputer .data.

signal of claim26 further including- conputer readable 30 -program code
means for deriving the target response, p(n), and the prefilter
response, g(n), fromthe predeterm ned response, c(n), of the anal og

channel . 28 WO
99/ 34565 28. The conputen:ﬁata signal of claim26 wherein the conputer
readabl e program code neansifor transmtting includes conputer readable
program code means for trangmtting the levels, x(n), according to the.
followi ng function: [err] :
- b4 * P -
) » P et———
b=y x» -
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HOW TQ CHOOSE EQUIVALENCE CLASS FROM CONSTELLATIONS.

(ASSUME u(n) CAN VE 0,12, OR 3 AND y, CAN BE 60, -45, -31, 60
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5 where y(n) are the constellation points. 29. The conputer data
_signal of claim28 wherein the conputer readable program code neans for
sel ecting includes computer readabl e program code neans for ~ selecting
t he const elyalbbsas0i Nt in each equival ence class whi ch npoi/rsesrsss he 10 . - .
transmt power of the transmtter by selecting the constellation point,

y(n), which produces the smallest value for x(n).
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29 WD 99/ 34565 . PCT/ US98/ 24368 30.
-l n an anal og pul se code nodul ati-on (PCM nodem adapted for upstream

PCM data transm ssion to a digital PCM nodem a transmtter for preceding a
sequence of WAHER#Y¥S| evel s transmitted over an anal og chanrfé?'r"fsé”g‘“s o
guanti zation devi ce, wherein the anal og channel nodifies the
transmitted analog levels, the 5 transnitter conprising: a
mappi ng device for mapping data bits t&IBe transnitted to a sequence of
equi val ence cl asses, wherein each equival ence class contains one or nore

constel | ation points; and a constellation point selector
‘i-nterconnected to the mappi ng7g@evi ce which 10. sel ect®+a constellation
~point in each equival ence clasglto represent the dat its to -~ be
transmtted and. which transnits an anal og | evel that produces the sel ected
constellation point at an inpub to the quantization dEVice.
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WD 99/ 34565

PCT/ S98/ 24368 31. In an anal og pul se code nodul ati on- (PCM--podem - .-
adapted for PCM dat a transm ssion to anot her anal og PCM node a
transnitter MO8 cedi ng a sequence of analog | evels ﬁqrﬁ%ﬂ%fsed over.
an anal og channel to a quantization device, wherei n the anal og channel
medi fies the transnitted analog levels, the transmitter 5 conprising:

a mappi ng devi ce fde=nmappigng dat a bi t LO%0 be transmitted to a sequence of
equi val ence cl asseswhiergin each equi val ence cl ass~gontains one gf nore
constellation points ; - . .a constel latidp pok nt - sel _echr

i nterconnected to tI® hig_devi ce which 10 sekects—al constelt&ion

poi'nt in.each equival ence ss.to represent the eata Pi to  “be
transmitted and whigh t i t$an ag@l og | evel that pf&duces theZsel ected
constell ati.on poi ntXat put to the anti zatio VTE®e. b :
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BLOCK DIAGRAM HOW PRECODER AND PREFILTER WORKS
(5T) Abstract
A device and method for precoding data signals for pulse code modulation (PCM) transmission including a transmitter (52) for
transmitting a sequence qf analog levels over analog channel to a quantization device, wherein the analog channel modifies the transmitted
analog levels, the transmitter (52) comprising: a2 mapping device (150) for mapping data bits to be transmitted to a sequence of equivalence
classes, wherein each equivalence class contains one or more constellation points; and a constellation point selector (152) interconnected

to the mapping device (150) which selects a constellation point in each equivalence class to represent the data bits to be transmitted and
which transmits an analog leve] that produces the sclected constellation point at an input to the quantization device. :




