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This.invention relates to apparatus and nethods for transnitting a2@8% bk
& gnal .- A great ‘deal of research has been done on a precodi ng technique,
namel y, generalized partial response signaliing (GPRS). For .details on GPRS,
one can refer to publications by M Tom inson, "New Automatic equali zer

enpl oyi ng 10 nodul o ar| Flectron. Lett., Vol. 7, nos. 5/6, Mar.
1971, pages 138-139; P - e THOR, 2TRANSMETEENG - Ar ansni ssi on
techni que for channels with int ew erence,” |EEE-Trans. Commun.,
Vol . COw 20, August 1972, pages Mazo and J. .Salz, "On the

Transm tted Power in Generalized Par‘ti'al'_ Response, " | EEE Trans. Comun.,
Vol . Com 24, March 1976, pages 348- 15 352. The GPRS technjque enabl es one

to prevent sggnals f ' r.sal fgcted by jntersynbo

i ng’,e.i&ferenoeﬁ caused %@%@%@Féﬁ@%%% oﬁgt{éj%%{“ésc ‘er%‘?im ng a
finite memory &fr rivansmhtbing & idata sigomln ng the i npul se .fesponse of
such a channel, one Cars 4eat 86 of Rs@RAPRAIER dbhd b ifig &hnigeg)! i near
filter in the transmtter, Tor precodi ng the, si n&s 0 be Iran nkéted This .
precedi ng conp®agklye gencsplized purgial Tesponse F‘SP@P‘@&? S); Fprastailsan ¥¥d by
the noni deal clas AsFérabipablieions by M Tohrinseh, "NeRRSutoh@Ye equalizéreniplbying

ticularl ef for int Iy i ntser,f ti ' |
P ormunt cat i 10 25dile srthmeft. EIRLHRR. LAV 7/ doRr s PR 197 Bl 128-£84 19
comuni cat i on ¢hdiarashimaandHaMiynkewn; Matched-miansmissiontechniqueforichannels wihi ant
oh teristi o 0K ) vl
Coquired by crieAyERBPARRite " TERE TRins OBRARAY VEICOM: 96, Alssrrg | St oo
si gnal - space c®ages {180 asddvMazo and L Splze On theTrapsmisted, Powes 9 Geserlizedong

these are the gafulRegsbnsd, BEE Tanh S5 Vol tCsinzs, M B965sgeres
Unger boeck, nel dinggwth 30  MilTtrlevel/Phase. Signals,” | EEE Trans.
| nfor mat i onlsfﬁggay | T-28, 1982, pages 55- 67, A R Calderbank and N. J. A
Sl oane, "A New Fami |y oTheGGERS téchniqbe ehablés dfeito preventssigrialsifram beingEE G obal
N oA oandSvaF aREhed B ier SR seBrerele Gl 0 » BendfealiinlBR " OC
Code, " AT&T Tedhobgha channehbaving\afinitegmemogy, and fixed gharageristics. Kogwingshees
1005- 1018; A iBPuﬁé‘}&@bﬂ%%k sithch dHanrkel, dhe éﬁhqeagn, in a@¥drdantd with GPRS &' onal
Trel s Codg, R RScar Blicr in the transiniiter of pracodng the signals o Be ranstitted, This
- precoding compensates for, inter alia, intersymbol interference caused by the
nonideal characteristics of the channel. GPRS, however, is not particularly useful
for intersymbol interference compensation in actual communication system
applications. This stems from the fact that actual communication channels have a
25 virually infinite memory and time-variant characteristics, as opposed to the finite
o " memory and fixed characteristics required by GPRS. - -
- Much attention has been focused in recent years on signal-space codes
which provide so-called "coding gain." Prominent among these are the so-called
 "rellis" codes described in such papers as G. Ungerboeck, "Channel Coding with
30 Multilevel/Phase Signals,” IEEE Trans. Information Theory, IT-28, 1982, pages 55-
67; A. R. Calderbank and N. J. A. Sloane, "A New Family of Codes for Dial-Up
Voice Lines,” Proc. IEEE Global Telecomm. Conf., November 1984, pages 20.2.1-
20.2.4; A. R. Calderbank and N. J. A. Sloane, "Four-Dimensional Modulation With
an Eight-State Trellis Code," AT&T Technical Journal, Vol. 64, No. 5, May-
35 June 1985, pages 1005- 1018; A. R. Calderbank and N. J. A. Sloane, " An Eight-
Dimensional Trellis Code," Proc. IEEE, Vol. 74, No. 5, May 1986, pages 757-759;




.-2- and L-F Wi, "Rotationally Invariant Convolutional Channel Coding with

- Expanded Signal Space--Part 1: 180 Degrees and Part |l: Nonlinear Codes," .
I'EEE J. Sel ect. Areas Commun., Vol. SAC 2, Septenber 1984, pages 659-686.  ~ |
Comerci al use of. these codes has, for.the nost part, been concentrated in
voi ceband dat a sets and other 5 ‘carrier data communication systens.. The

term"coding gain" refers to the increaskd performance of a system _ :
resulting fromthe use of a partlcular code.. It is defined as the anount by

whi ch the S'élﬂel.-FtWeﬂekéﬁné g%fmcmlﬁ%ﬂ?g@n?LMn with Expdhdéd’ | 1 2i ng
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net wor k t hatthe @muotlw which Mgw tornaise ratio (ENR) maryaiewte@r auswamt a

received si gﬁtﬁi ﬁxgtﬂh?ﬁbul%b&@b&bte tﬁ@bﬁ%ﬁ@rrﬂ?@foﬁ%m?ﬂtén%a&hﬁﬁb f thd'€
resul ting COCIng ﬁste ng .such channels 1s I eSs than the full
‘codi ng gain. samm ’r‘lh% %@Fappl i cations the difference between the.

full c|0d|109 gain andmb&ellaebdeslthgthawbcaaiévebpédw”datemﬂide filDeoding - Lal lure.
br oposed_ | bk prEhGor I phle G 18, RORS S b ety corbonBRBBR 1 ('So

Rel yi'ng on tYisually every frequengpinthe spectrum. dloweies, the neise that appears e, | SDN -
purports. to pEQvidigs ﬁﬁl%‘bé&&Béédi’s g&‘deﬂugggﬁd@aﬁ!ra&aﬁa sg%aaﬁn om nal

SNR i s nai ntal ne ayvi this I'ng galn reall e _nmakes the

i npl enent at | BrPugh WWE)?’(&“ ;sytmggmx ilany ¢ommunicationphgnnels, fors desi r abl e
to have 98chexanipls] Iarsmmm:-w pair of "Iptdldoaptiof altlepliche/cable detwdek tlat 3.
According t O Eed BBRGther Prerhibsto ' cBBh SHicd, Wbl rec"eiv%)’i'sﬁjgnﬁ GRPRGAL Us ‘as
' white or “colored" noise. This being so, the resulting codmg gain in systems usmg _
such channels is lessthan the full coding gain. Indeed, in many system applications
the dxfference between the full coding gain and that actually realized is significant.
20 The failure to realize the full codmg gain poses a problem with, for example, the
proposed xmplementanon of the Integrated Services Digital Network (ISDN).
Relying on the full coding gain of, for example, the trellis code, ISDN purports to
- provide high signal rates on the local loops while a nominal SNR is maintained. Not
having this full coding gain realizable makes the 1mplementanon of ISDN extremely
25 difficult. ‘Accordingly, it 1s desirable to have such a codmg gain fully or: : \J
I substannally realized. - : '

35



claimed in claim1. According to another aspect of this invention there is
-provided a nmethod as clained in claim5. 5 ' ' The present invention
isncreases the coding gain realizable for a predeterm ned code which '
provides - a coding gain in the presence of white noise. In an enbodi nent of
the invention firrst and second coding processgs are used in a transmtter.
Noi se-whi t eni ng” appar at us and nonli near. si gnatt-ng processing are used in an

daia 10 wint ﬁLVE? cdot or MFYREGInE e Mipech OB b P R S8 Bt perndlF

i ncreases the re® axma@ixeclamdilng gai n provided by the predetermn ned code.

The second: codi ng processpgQf g@ﬁrﬁﬁh ﬁpfd’@ ng
apparat us whi ch woul d ot hervvl se egra(fr ?/( ?gfn%sfer onrd%grtlﬂ(i:ég@lsma y,h{eﬁgh

nonl i near signal i3/§ lagmed inclaimS.i n the receiver is 15 associ ated with the:
se@o;hd codi ng process an ﬁﬂﬁﬂv@&éxﬂhck%sﬂi@éoﬂiﬂ aliih%lesﬁﬁﬁ I'n

each of three disclpsed,e n fir CQdLn rocess i
transmitter is tmq%f@“&i’glb‘ﬁge% i‘%‘f’&éfﬂ 'fq?é’fr“a%‘ﬁi"VEF' In
i ncreases the 5 aneaiboahhémoﬁﬂdlmn@mﬁrdo;n&sa:ondoqimgpmcedmmusaﬂinta t he
input to the trel i
transnitter and #ﬂ?tgﬂ%% ﬁgsggﬁlnegﬁi-"%%ﬁgar é?ﬁ%aﬁ‘q‘&g‘gér‘g‘%é %ﬂ%@@eﬂ
whi ch is utilizednanassopistedgeseiver.oSpecificallytbe firsy epmeasyngodesmutdata
Teceiver arr andnARPE piiuba cbde 1 noifh kkistin g SRafirobies HeneARatlc
iv [ i -
“follows the trel I@Q‘“&M&W gt (P"%%&“FWW%CF ’L“gc‘gi‘%l’@g%*sa
different arrang nsa&s\mtmbeﬁbadﬁmﬂmmmw pam:spmelemumgoméryuse |
contrast, pr ecedgég?ﬁg trel I | decodl Bgr e‘%ﬁ a vawﬁgeousl¥ | fyi ng
t he<decodi ng pro ngﬁfdllx G RETCPYSiAR PGy | 1
the third enbodi rrecdiverdme needs to provi de nmore power, as conpared with the
first 15 and,gecond enbodi-nents, .to carry out the second coding process in
't he transmtte Brief Description of the Drawing In the drawing, FIG 1

shows a bl ock d| agram of a dupl ex w deband network term nation incl ud| ng a
first enbodi ment of an arrangerrent in accordance wi.th the o



20 present invention, which is |Ilustrat|vely used in a: teI ephone | ocal

" logp data transm ssion scheme; FIG 2 shows the si gnal - constellatlon used
in a coder of the duplex w deband network term nation of FIG 1; FIG.3 is 4 __
a tabl e useful in explaining the operation of the coder within 25 _ the
dupl ex wi deband network ternination of FIG 2; FIG 4 is a trellis diagradm
graphi cally depicting the so-called con Iutlonal code used in the dupl ex
-wi deband network term nation of FIG 3; G 5 is a block diagram of

t
ﬁ&ggénéynwﬁ teririnﬂlgl}tlk%ﬁldo ﬂ!?(g?oée@s%?d g&égﬁocél}’ﬂg?%gram of

circuitry wise® perforns equalization and decodl ng of received signals in
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si gnal const%velﬁ&éﬁ?'g agggaﬁﬁiﬁ iﬁ I n heﬂ#ﬁéﬂ%beééggaﬁﬂﬁgﬁ ess
per f or med bwgmbngpnoceﬁsmySGP Wblchlwihflgd toneomapegsate fm‘dhemdelsuablen of FIG
2. Detailed eméﬁlbfmel e];bm&g,i} %Elﬁt i ve“enbodi ments whi ch inplenent the
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present “i nvention are descri er.el nbel oy Dupl ex w deband. net wor k
term nation (DWNT) 1 Paﬁfc“hf(& ¢HeeqiEeat W?%PWWW‘%
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particul ar, pra&m@ssingbydoptrass, p!ecedes:nhsmﬁtsrdmdmg.dtmbhy@duanngeomlmI t aneous - .
t wo- di rec“%fﬁ#lgﬁﬂfgqgaa onn? 88:§‘='Pd}fﬁﬁ9?‘#§h{1gm¥ca88nﬁne§é&%§'ﬂm{}%&%from v/

t he so-call ed rate - mal nt enance and
control 15 tBPF‘HE s BIOEAWED, “WW‘”’G}ZQBﬁND) rate

(again Mshaha@éadﬁaemmaﬁﬁﬁwwr&mw&m{déwi@ sk i the wadsriipess and
. even beyond %IfICP Xfthe%raamrom various: di gi taI si gnal sources, such

~as a sinpl e escriphio
. Inthe dl'anngs

FIG. 1 shows a block diagram of a duplex wxdeband network
termination including a first embodiment of an arrangement in-accordance with the
20 present invention, which is illustratively used in a telephone local loop data
transmission scheme; '
~ FIG. 2 shows the signal constellanon usedin a coder of the duplex ,
wideband network termination of FIG. 1;
5 . FIG. 3 is-a table useful in explaining the operation of the coder within .
.25 the duplex wideband network termination of FIG. 2; . . \J
-- FIG. 4 is a trellis diagram graphically depicting the so-called
convolunonal code used in the duplex wideband network termination of FIG. 3
""FIG.Sisa block diagram of circuitry o
which precodes the s:gnals to be transmitted in the duplex
30 wideband etwork tenmnauon of FIG. 1; ' :
FIG. 6 is a block diagram of  circuitry ’ -
which performs equahzauon and decodmg of recewed signals in
the duplex wideband network termination of FIG. 1; :
~ FIG. 7is a signal constellation appearing at the mput of the decodmg
35 process performed by the circuitry of FIG. 6 using the signal constellation of FIG. 2; |
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conpufer terminal, a cluster controller, a mni conmputer, a digital video
si gnal source, etc., on the customer prenmises is applied to a -

nmul ti pl exer/ demul tispl exer 20 (nmux/demux) 50 within DWNT 101. The latter
enbeds the signals fromthese sources in an: outbound 480 kb/s data stream
on tead 54. That data stream coul d be forngbted, for exanple, using an

| SDN-type format, although an | SDN standard for 480 kb/s has not yet been
adopt ed. The data stremﬂlﬁéémmwmﬁbuﬁﬂﬁwwm af orement i oned DWNT

101, which .corm.runi cates itSwhigh Sdiflg SPcEVEd of us%@écoﬂda a
two-wire | ocal | 60 oé a rrax?%rrrufm | eng %f 18 kft | SDN st andards.
W thin the cen metmcﬁmvweaﬂa s recovered fromthe transm_tted

l'ine si ?ngl b%/ha dUpl eﬁw Ggia ghlwgsmmmnmp;ﬁ?mg(@%&pﬁwthﬁiwmmg
associ ate DVNT a er. bei i.pl exe asse

di §ivbal swit V\%h Progs %FR ﬁ 'f“a'r°f3§§n§| A J{ﬁ ﬁ&ﬁﬂ?@ﬁ ﬂﬁ#@glzured
by AT&T whi ch |Datt|lnleBessuﬂ)tmnre V\/m ch 30 processesthe fram ng,

T L enance, | an9Lor SO P AR RAAA W hplehn? s Ak herton
conpl ement ary |aﬁ¢%@1b°%fh§m@w Puplen widehand netwerk tesmingtion (AT o, one
of them perfor 'HGaISm%leE@BﬁBQtEﬁﬂbdlﬂiéﬂtém% BEmé iR abRRGINKE With se?l ta

fromthe digital swtc r th c.us oner m, Ses, Iso at 480

e e SLEe Svepton, BRNE 10D FnaS s o et JOR S8 siogkitvBny ¢ nat

\?\lgt ah Tﬂe l'ine mrqrmon"hchhbnp'tbawem ¢usmﬂ1enpmm1kescmidacenh'aiaxfﬁﬁ3(nbo DWNT 101
ich then rec t m ses.

| ndeed, the ci (rg}(@f’@r m%@&&g&m&g&(ﬁ%é@@% aﬁ%ﬁi’gr s very

siimilar to t hatsrmtﬁtanmsm&ueamnahﬁglta&rrawnsw eapability ammmsmsém ng

of i ne si gnal shd so-6Mes ESDR'badi¢"(EBIED) Rfe (\ﬁﬁﬁ&ﬁiﬁﬁlgaﬁxahﬂ%/deig?e: gﬁré?gﬁél'be S

I n general t
manuf act ur e&g wWwﬁng%&m ‘P.%S%?ms?)ei’mg (ﬁﬁgf’a ‘P'&Rﬁimb'f‘“ framing, o
with the bit raﬁﬁmeﬁnuahﬁd/cmmubm)upwmsum/amdem ei ther sel ect ed

palt hemsel ves dur  ng RBEPARE apFRhb Sarils GRUARbighal Mv&fw& RAPPLg 1o
FIG 1, speci ficomiphter terminakfaclustercontoilen, acuab:mmmm. g digitabvideaesignal4 i s
R L S e e AT it i,
randomi zes £He (ERK/Aemyx mhegf the gignals Bt ing -
tones W thin tReurcesia aﬁlo@tlﬁiundlhmhm ey strembanmesaamﬂt danﬁﬁﬁa%ﬁﬂo@ld Bel2 may
be, Tor exampl §urQlied ¥or 18 L3 an ISDN-type format, although an ISDN standard for
: : 480 kb/s has not yet been adopted. The data stream on lead 54 is input to the
aforementioned DWNT 101, which communicates its input data to a central office
_ 25 via a two-wire local loop 60 of a maximum length of 18 kft per ISDN standards.
", “ Within the central office, the bit stream is recovered. from the transmitted line signal
) by a duplex wideband line termination (DWLT) (not shown) associated with DWNT
101 and; afier being demnltiplexed, is passed to a digital switch. The latter may be,
for example, a SESS switch manufactured by AT&T which includes software which
30 processesthe framing, maintenance, and/or control mformanon carried in the so-
* called "D" channel of the ISDN slgnal .
~© ' DWNT 101 and the associated DWLT are complementary in their
function. Fora given direction of transmission, one of them performs asa.
transmitter and the other as a receiver. Thus, data from the digital switch destined
35 for the customer premises, also at 480 kb/s, is passed to the DWLT which generates
" aline signal representing that data. The line signal is then transmitted over local
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15 in U S Patent No. 3,515,805 issued June 2, 1970, to R Fracassi, and
No.- 4, 304, 962 i ssued Decenber 8, 1981, to R Fracassi, et al. Scrapblers of
this type are al so described in polynomal -formin COTT V.32 . ,
Reconmmendation, "A Famly of 2- Wre, Duplex Mdens Qperating at Data
Si‘gnaling Rates of up to 9600 Bit/s for Use on the General Switched

Tel ephone Network and on Leased Tel ephm{gType 20 GCircuits," Red Book,

Vol ume VII1 - Fascicle VLI1-1, Data Communi.cati-ons Over -the Tel ephone.

Net wor k, VI Ibop 60 B DWANY 103 SN then P&b@&@th?ﬁa‘ifiﬂq ¢£ it %ﬁ%ﬁe}fs Cet.

8-'19, 1984 The, out RS 112 S rate, are .
t her eupon ccﬂfmsf'ﬁdﬂﬁﬁe‘gldi"%qu‘% lR/ 6 10} aﬂ%mﬁaﬁﬁﬂcl@dl?mlsdwverter i
113, the bi tﬁmﬂﬁrﬁ&hhrﬁﬂt&bﬁﬁrﬂdmlfmm m&shmrﬁu@asxxéofﬁﬁbeﬁgnagx bit -
wor ds, occurrlorg_ﬁ &tg 480, 000/6 = 8%500 F}gnlgl?l'sﬁgcond are thereupon napped
by a coder 11§ %’Pé%h" for each word--yielding -
a synbol Bate of 80 Ingeﬂeml.chDWBBbembMpneg coder 1%He prepérititfventién Si X- bl‘l'"
wor ds receiy, r even b t words’
conprised of %%%ﬂ!%@@@@lhgoﬁi@%ﬁnﬁﬁgﬁ%% @%Wé ed by
trellis coddhe hu@atwa@mﬂy esrd@t a pazicular time beingeither snlecm«uxamuyxm, sa5 -
d bed t

escri be Irhfl-émﬁaﬁéldéﬁ&ardra mﬂmwnmr/svmrpﬁ e}ni.}i-,@)gg m{@jafe

i dentical taq hi ts X3 t hrou hi s poi nt t'hat
DWNT 101 opdhSif artup SeqPPNetries, narely -- a training mode and. a nor mal

oper at i od0node. GeneRefehythbd’lG’t b specifically, thenderenséntioned 4801 kbYs dighal on . |
normal Coper AP R MeveR by el Poctbh 121 Wi BT {07 pd B sl *°°° "

illustrati véhgrewumnéogdcmwhmdd @he laner,dh e sonventionalf fashiemn camlontizesale has - .
t wo DOS'“OQﬁmsb%'tébﬂﬂuﬂat@ﬁb'stslﬂfl ésftﬁfgerom O%wasggammgﬁgsgﬁﬁ POSI ti 0Ny

2 being for: the t risin

response to festﬁ{Yr'eR’eﬁgegrralegAScem ler 1 2maybqurmenwlgsnﬁlhewsaowon node,
swi t ches153Gn U.S. mawg Nog 3/525,808 issived Jin€ Q1970, {6 RSFrikhssi) s NG, 4/804,962

Cbit-t nb he, af t d
control o gipEaDeEhr 8, 8L, PNl Et%%@%ﬁv}whiw%sa{qe bi T 1v0
t hr ough |Y6desqrtbpdaupolvnomhéformmﬁcil'§‘ IRecommendation, bAfannlyuafate t he

1o i Tt iy Mot e O oSBT
generator 198 the ejephone Network and on ed Telephone-Type
20 ‘Circuits," Red Book Volume VIH - Fascicle VIII-1, Data Communications Over the
Telephone Network, VlIIth Plenary Assembly, Malaga—'l‘orremolmos. pp. 221-238,
Oct. 8-19, 1984. The output bits of scrambler 112, still at a 480 kb/s rate, are
thereupon converted to six-bit words: by sen_al_-to—pa.rallel (S/P)-converter 113, the
bits of each such word being denoted X1 through X6. These six-bit words, occurring
25  at 480,000/6 = 80,000 per second, are thereupon mapped by a coder. 114into a
* stream of symbols—-one symbol for each word--y:eldrng a symbol rate of 80 -
- kilobaud.” -
B 'Specrﬁcally. coder 114 expands the six-bit words received from senal- _
_ to'-parallel converter 113 into seven-bit words compnsed of bits YO through Y6.
30 Bits YO, Y1and Y2 are generated by trellis coder 140 within coder 114 in response
to bits X1 and X2, as descnbed in further detail herembelow, while bits Y3 through
Y6 are identical to bits X3 through X6 |
) At this point, it should be noted that DWNT lOl operates in two modes.
namely -- a trarmng mode and a normal operation mode. Generally the tramrng
35 mode, during whrch tap coefficients of adapuve filters in DWNT lOl are rnmahzed,
precedes the normal operation mode. The change from one mode 1o the other is



éi‘t-_to-synbol converter 177 maps each of the [err] or 128 different
- conbinations of its input bit values into one of 128 two-di.nensional

gynbol s .in a predeterm ned constellation. One illustrative constellation is
shown.in FIG 2. 15 : .- More specifically, each of the 128 synbols
of the constellation in FIG 2 is assigned to a particular one of eight
partitions, or subsets, |abelled a throug . I'n the normal operation node,

t-he values of bits YO Y1 and Y2 identify, 'tn accordance with the _

?ssig\rAlhrrenth fﬁhﬂmuaimywnb | aéhie\Etll‘Byxﬁea_nkbﬁs\gﬁél%ds}c_ﬂhgﬂ'pmtésﬁwﬁch&mlﬁsﬁ%tSUbsetS |

rom whi c e_syubol _cutrentl.y hei identifi s to cone. e the

val ues of bitsF OWSP?%?%S#%S?%}B%PW&%&? Elﬂdﬁra-“gﬁggﬁ?“#hé‘“gi?% een

synbol s wi t hi nthehmining modei Sogglingsfrom ohieenadexo ghrenather is in rapdnseto 4 tontrol xt een

di fferent corrb%i-gl%i‘%ns of the values of bits Y3 through Y6 to a particul ar
€ i

syigol Wi thin entified subset can be arbitrary. However, by
appr opri at e Schoi ce of dp thewormal eparation mods, switchesd30ustbrough gxespectively i s

coder 140 to R ?bttl%IoFéﬁ Y¥%o Bitd m.bBl)cdnllQ&t&OIWF ﬁd@%ﬁhﬁ@(ﬁe}othe

partitioning "he. conste tion.i ntg%art | cul.ar subsets, so-called
"codi ng ‘gai n" the aforamentiened contrel SignM Ay Switchest3Marthepugh gicouple initalizgtion o m
of enhanced [eﬁedf mrﬂﬁmgmyexdiﬂs&ac,?anmlbiMs@ﬁimm&ffaﬁgmﬁdmeCEfinnel
- noise imunity, of ,an."un 'S emin Lch.each sy \ | S

exanpl e) a 64-%’3?“%06@83‘& %f‘i&?@%‘%ﬁ@ﬁ“%&ﬁ%aﬁ“ﬁgg‘gi ?&%&%ﬂfesent
a di f f er entl0onencotied treinfireg bi}s sippliest bintrainingisequence generitor 139 efxdoneentivhabi t s
X1 t hrough X6.qé§i@.rcui t enbodinent of trellis coder 140 is explicitly

- 9P

shown in FIG ecifically, trellis coder 140 is a fjnite-state machine
whi ch i ncl udes del ay elBitrihsymbal convegter Ahmapgseachof dhe:? vern 128 differgat es 184

@gggﬁdsEﬁghi fim?iﬁ%?i?'o’ﬂﬁ%ﬁﬁ?&?@%? intb ®Re bf fzsattwfaﬁgéﬁsi'oﬂn 1scifts lqay of

_ o where T i e reci procal. Sy rate,

| eSCOT5S) 50, oRsdeimingd comsianon, One At Garsietatan insBowi it BIG. Ky yal

Tlhe i nput s 18f excl usi véMéie spetifically@dachrof the 1286lynabuls 6f the corispellation indlFIGa 2

el ement 181. The.l:0pPJ 0 LV : ' t put

of delay el ene fas%fggé& %eﬂ éagﬂéﬁ%lﬁﬁe‘ﬁtq?f@tg %égpésggr g@s?&s?a%e&%%g%g&@ﬁt gﬁt of

del ay el enent thenormial operasioniraode, tevaluss of biss YBs Y1l mad iYi2identifyidn aceopdance

ouLput of xcl th HEEsighmeAlitnghe Bowh BFIC. 3, b fepGill the of thiclgtt Pbiers! e

serves as out pﬁ'?mb‘f"é'ch’;@e ﬁmq‘l)'lb?b“%é‘@ 130 %/Q‘B‘F WH&C g’&dﬁﬁs Pgbifshat,

at any poi r30 i ¥3tthisagh Y6 identify a particular one of the sixteen symbols within the identified
subset. | '

The assignment of each of the sixteen different combinations of the
values of bits Y3 through Y6 to a particular symbol within the identified subset can
be arbitrary. ‘However, by appropriate choice of a) the so-called trellis code used by

25 trellis ,cod_e-:r 140 to generate bits YO, Y1 and Y2, b) the constellation, and c) the
partitioning of the constellation into particular subsets, so-called "coding gain" is
achieved. ‘Such coding gain manifests itself in the form of enhanced receiver
immunity to channel noise as compared to the channel noise immunity of an

-~ "uncoded™ system in which each symbol of (in this example) a 64-symbol

30 constellation would be used to directly represent a different one of the 2°=64
different combinations of the values of bits X1 through X6. _ '
A circuit embodiment of trellis coder 140 is explicidly shown in FIG. 1.
. Specifically, trellis coder 140 is a finite-state machine which includes delay elements
181, 182 and 183 and exclusive-OR gates 184 and 185. Each of the delay elements
35 impartsa symbol interval delay of T seconds to its inputs, where T is the reciprocal
of the symbol rate, i.e., T=1/80,000 and is commonly referred to as the symbol



only the synbols in particular. subsets of the constellation are allowed to

be transmtted, and these subsets are determned by the "state" of the
trellis coder. The 10 trellis diagramof FIG 4, for exanple,  represents »
the operation of trellis coder 140. As shown in FIG 4, trellis coder 140 .
has ei ght "states", binary 000 through binary 111, given by the val ues of

t he bits.currently_stored i.n delay elenents 181, 182 and 183. Thus, for

" exanmple, tf the coder is in state 001 t his neans that delay el enents 181

and 182 each currently hold a logic ' 'O nd- del ay el ement 183 currently

holds a 15 logic "1". Thé two sets: of . vertically aligned points in FIG 4

represent thmeﬁaauh'mmf»ﬁtswfexeﬁﬁ%mtgiteasabreqﬁfzm%dm% Gfaslaye tiMe

et 1 5 desi Glramey 1BL b iputs arexclimie it gue dBs B ER abn i g of Aeleg e

pal rs of stelmmﬂﬂzrclmehytelmmambécemsasnstnpanmetou ofdélaySelefnent Sé?rrglw
i S possi r ut -
0 ' hob e 8% otk tiRmeORR e eyl AR ihhft e SPHr BRbR. O eR 3BE 001 00

i nd| cati ¥ whd delay elesnent 183 recgivenhs ieinpyt thenutpat eﬁexch:sim-@ﬂrgate‘ 185n Thus,

continuin state of the

-codelr-ij: o ﬁ%@@gﬁ#gﬁgmﬁeﬁf@ﬂ?ﬁ%@b@@s@@ and 183, .i.s 010 and

t hat , after t he nexthwndsrlwwmss mﬂtsumysmﬂaammtmmr al | el

convert er 1baly mbb?mbswnbnheulaﬁswsaeofﬁ%onstzmﬁomano&wioBehe next -

oYare 001 i drenialies: snt P aNboess &R Belboieg by e Feate! ke sslihetes B
state | .
| abel fed 10V tﬂemdfmagmdmfbmmmﬁorexmpiea&iuresemeﬂn@peraembbhem cb@erqru]ﬂ)put will -

e t o
ocon ng. vark oy 1§ FIg A s Gger 140 has dlgheChuapel i OIS bRES |
bit-to- synbdlllcgmenabyd)emmspéﬂpelutslomoendpsmmddodehu clements 181,182 endjs 102 _

?nglf’?l tege?lﬁé%% { ﬁ@‘}@%ﬂé%itﬂ%l B%ﬁiﬁ%ﬁﬁ tg ;Bﬁclﬁgmﬂz f#:aon
di f t f
t hgglrgtrannfsf ilegic $YUThe tworsetbsof W@ Rticatlg alt@ﬁ’edafdéntexﬁ Bm’leﬂ-e aseﬂtellgm g - 32' tsho

oBrt g or PR HaRTAL £ a8l Mok G RRE BIPY Sond o Ede seilp 1 "

swi t ches 13@lesigyated asienroant biate andfthe othesseit iscdesignaed asnextsete. cFhelieston the| r
respective %8?%51 b@?%cﬁn%@aﬂo%ﬁ@ﬁ&?rﬁf %tQteE ﬂﬁx&l@ﬁ@% iBIg Gk &8{ fdo?:k A,

resulting. in I.ni tral nlnijQl C es 131
and 133 shofer exagple etm@essybef@daesoierﬁomon@mﬁmo wswsopbbutaad 107.

As a respht ,noﬁ?ﬁl?at&]@()l S i I lustratively bypassed.

" ‘Eachof the connectmg lines in FIG. 4 bears a label 1nd1cat1ng which
subset the symbol being generated is to come from. Thus, contmutng the example
above, assume that the current state of the coder-i.e., the contents of delay elements oo

1181, 182 and 183, is 010 and that, after the next six-bit word is supplled byserial = ™
25 to-parallel converter 113, the new state is state 001, Th1s means that the next symbol '
to be output is to come from subset smce the hne connecnng state 001 in the left
| column fo ‘state 1111 in the right column is so labeled With the coder now in state
001, the next symbol to be output wﬂl come from one of the subsets e", “f", "g or
"h", depen‘dmg on the upcommg values of Xl and X2 _ o
30 , ' Refemng agam to FIG. 1, btt-to-symbol converter 177 respectwely
' prov1des on its output leads 102 and 103 the m—phase and quadrature-phase _
components of the symbol 1dennﬁed by b1ts Y0-Y6 or blts IY O-IY6 n terms of the
constellanon d:agram of FIG. 2, these components represent the "x and "W _
components of the 1dent1ﬁed symbol Leads 102 and 103 are extended in- the normal
35 operation mode to generalxzed pamal response precoder (GPRP) 179 via the setting
of switches 131 and 13310 their respective positions 1. Like switches 130 3-g




5 . GPRP 179 perforns GPRS precodi ng which prevents certain

I ntersynbol interference frombeing injected into a received signal. FIG 5
shows GPRP 179 which conprises subtracter 501, subtracter 502, nonlinear
filter 505, .nonlinear filter 506 and M h-order transversal filter 509.
Subtracter 501 takes in an output of M h- order transversal filter 509,
nanely [err], which is to be described, a one input, and-the inphase
conponent on |lead 102 as the other. This su tracter subtracts t he val ue of

[err] fromthemﬁfo}@%mﬂm aﬁame etJbﬁu‘rrE five Postiitiny 2 in[ € 1 ]
I's represented by a si which is, a t, the in ut of npnl | nﬁar

filter 505. Thi ps}ettg%' G afoRumATtgn Ay gesul nits
i nput si gnal 1Thavispincthe ohining modcsa\ntches llhandaleehorf ré@écﬂlhlspWSﬂGW' '

ot ot v se o o WpdcAgsa R, 10313 ey, A sEqlyt eGP Tho s hblliyely Sibphent, o
sEbt racti ng &n appropr |GPBPrtﬂ9tpeﬁ‘0ml&ﬁPRSpmddeevhldsmevemem F(a). In
t t : 20
gener ates on | e"ﬁéﬂiﬁ’!?"an it fulior Y0 gﬁn'%rf injetied i PRELRERKignyl, FIG. 5 phoui
addi ti on, nonl (GRRE 179 which comprises W‘ﬁﬁ%uﬂ@‘@fﬁw{s@% npﬁbn%ﬁ 1,305, val ue
of its output sofilifdar ﬁlt&%@%ﬁd'Mﬂi—éM@er@ﬂ%rm S&ﬂih'acieﬁ sepwém%e

wi th- GPRS, the val ue sdefrne I, l,S ,t he
nunber of possiOYR¥ PE&{Q’ @F@?ﬁ ‘%?’Jlﬁ Bﬁgﬁf 68138 n t he
const-el | ati dd, onadnguerand thesmph&sercompomnbmleadrlﬁfzasdte other. artﬁmybtrhae% axi s,
This resulting

As illustrati vgi‘MSO% ".h’r'r’héfgewgﬁw“ p? 'iﬁgﬁaes%;& oﬁ)i)oﬁé]ﬁ ﬂbw%lg%assune |

12 p_ossr bl e | ewalue, aﬁn@lrﬂm@emdbmwﬁml wuit:bmmpéledgt tlmnmmpt sonlineatfiltere X-
ax+g. ThereforggsL = 12 and the GPRS bound in this enbodi ment. The si gnal -
on Iead 104 at tﬁ

e [err nsm ss t erval n err]. and, 30, is
processed with anot her 'bi“Q ”n[gif‘f"f’f]wp @mg‘i"ﬁ‘& ?‘i‘l“e‘ ippes signal,
malr)mer to E@S dasiyse Palde id, edy, ke, i Thefvaltuersd utah/odtput&igﬂangetmtedrb; thediler isThds
subtract the v ( ther a er
transver sal frlzi%@ \ggg;l 7%%%%@% g’ﬁgﬂ%&d g%gﬁ%t&{@iﬁ?m};ﬁqfela&o 103.
The resul ting \labwel,gel[irelca]ly adding or sibtacting dmapproprigteaultiplecof 2Lsaridrtheiresuly
nonl i near f'ltgkc H;g&be Iatter is identical to nonlinear filter 35 505

es on

and -t hus provi ad 106 [err] whose.value is (err). Even _though the
GPRS bound val ue of L 2HiiBisiinstaneevdings the inpuhalpe isiq , @pnlingar filter 30 thust | ned B

as 10 -20 generates onlead 104 an output signal which represents F (&r*). In addition,
' nonlinear filter 505 effects a bound of L on the absolute value of its output signal,
thereby limiting the power of same. In accordance with GPRS, the value of L is
- defined to be 0.5 CXI* where C* is the number of possible levels assumable by the
"x" component of a symbol in the constellation, and I* is the intersymbol distance
. 25 along the X- axis. This resulting value of L is hereinafter referred to as the "GPRS
' - bound". As musn'auvely shown in FIG. 2, the X" component of a symbol can
assume 12 po‘Smble levels, and the intersymbol distance is two units along the X-
axis. Therefore, L = 12 and the GPRS bound in this embodiment. |
~ The signal on lead 104 at the ™ transmission interval is denoted G% and
30 is processed with another signal, G?,, by complex shaping filter 116 in a manner to be
described. Gi, like Gy, is formed by first having subtracter 502 subtract the value of
S, which is another output of Mth-order transversal filter 509, from the value of
quadrature component on lead 103. The resulting value, &, is represented by a
signal which is input to nonlinear filter 506. The latter is identical to nonlinear filter
35 505 and thus provides on lead 106 G}, whose value is F (a¥). Even though the
GPRS bound value of L associated with nonlinear filter 506 is now defined as




0.5 [err] (where [err] is the nunber of possible |levels assunable by the
"y" conponent of a synbol in the constellation, and [err] is the
intersymbol distance along the Y- axis), as-it can be seen fromFIG 2,
this value remains 12 in this particul ar enbodi ment. 5 [err]
are also fed back to Mh-order transversal filter 509 of conventi onal
desi gn, which generates as its outputs.[err] and [err] on, respectively,
| eads 511 and 512 in accordance with the, relations: [err] 10 In these "
expressions, [err] is a (Ml) matrix, orl@ctor, conpri sed of the M nost
recent inputs_of transversal filter 509 which are represented by conpl ex

_rlt_ﬁnberls Th]atg;;yp[:; qeﬂﬁnﬂhaumbpeoﬁﬂosabﬂl%qtﬁaﬁuﬁﬁbﬁﬁ]ﬁg%%% c{n?pdn ger
e value o a [ ki StiC nel_*use

the present enb ?mrrengdmt%ﬁgnr ’rg{aﬁyg&é mﬁ’i@ Qn&ﬁlﬁv%ntronal |
18 kft, 24 g 4%%‘?@0%@@%;2 Wlsvﬂmmm&hamsyahﬁuyﬁl ue of M- ™
assocrated t lembodirhént] s experi rrentally determ ned to be [err] is a (I\/kl')"

vect or or gatrlx conp |xseg§‘q; an e Ie of Mtap coefficients-associat ed
with transversal fi It amg{so anmalrlﬁleesw] are

conpl ex nunbéopventiodaladesighewhich| férates aMté i

transm ssi on §1Rt84%34 i ﬁ?o{'cﬁn% ;gﬁ%ﬁ“ P?e.d aﬁpﬁ‘gﬁs |drltlg$ l'%hgétgl%{)[ageadl
coefficients are suppﬂe ro uops: put circuitry 150. (The
superscript "T* used in the above expressr ons_indi cates the matrix
transpose operation. wherei ngnxer: aerr] is transposed into (I xM

vector for the purpose of natrlx mﬁ:tﬂ r’)llcatlon ) In addition, Re is an
operation that elimnates t nary conponent of a- corrpl ex .nunber

and I mis another operati on t"ha{ I“r hat es the real conponent of sane. For i

exanple, Re (2 + i3) =2 and Im(2 +13) = 3. In the course of the precodingy

process, I(PR[hfhEBeé fohs, by, 7Y &k Bﬂs@ gc,t?e{;1 %tg rent val ues. _.
i Bps M mestrpeent
?ﬁsgﬂiﬁéea% Sﬂﬁs Ferr{ﬂ't r erﬁ«ﬁaaéammmummmngmb%fe Thacis,

r
' .Gn-l +i Gz—l
-G;.g +1 Gz_z

Gi-m +i Gy

- where i=V=1 and M is a selected finite integer. The value of M is intrinsic to the
. _charactensncs of the channel used. In the present embodiment, the illustrative
15 channel being a conventional 18 kft, 24 guage two-wire local loop with no bndge ' U R
tap, the value of M associated therewith i is experimentally determined to be 7. .

P, is a (Mx1) vector or matrix compnsed of an ensemble of M tap
coefﬁcxems-assoclated with transversal filter 509. 'I'hat 1s,

. pn.r +i pn.u'n
Pn.r +i Pn,nn

=Y
"

M., .
Pn.r'*'lpxim
. -

20 where p,,., +i p,,_,,,,l R p,,.r +i p,,,lm p,,', +i p,,,,,,l are complex numbers used as the
respective M tap coefﬁcxents at the n'* transmlsslon interval. As to be described



so, [err] respectively represent nore "x" and "y" conponents of.synbols

t han those conponent inputs. That is, after the precoding .process, [err]
eonbi nedl y represent nore synbols to be transnmitted than the synbols
defined in the constellation of FIG 2. Equivalently stated, the preceding
process effects an 15 expansion of the cagnstellation of FIG 2. The
signals on, respectively, lead 105 and | edd.107 are applied to conpl ex
shaping filter 116, which generates a passband signal which is

111 ustrat | vel heriskelow] hes tp aveficiehate i gimameison 6t bRty ! |V,
conpl ex shapl f||ter .1& 1S, J.lLustrativel |sed of two
finite-inpul s QE psed in the, above gxp rﬁ%fﬂ?él‘ﬂq‘ X, BRRSPOSE s e
}‘| I 1(:]I er 391 agcbpqubnanhumnw}avéotmkms?&ﬁspmbdmm(llxM)evectdté'osuhgmhmseln
eads 105 an t ative
realized as_a transversgﬁgéaﬁﬁ{lzm@{%?@rks ‘ggﬁgr&&ah‘ﬁ dbﬁyf'e keFérﬂcl)ém each g
otfer only $n imaginaryrampanentef acamplex numberiand Inxis anothexoperatiomtbate anot her
by e[rr]. Thi %Maaesakbfréﬁ&:sasenaﬁ%bkﬁﬁetm& Prﬁke'(wxﬁﬁiw%gian ne o7

associ at ed DV\L;’ 8 separately 'reconstruct the s gnals on |"eads
The out puts oft XFPters 191 and 192 are conbl ned in an adder 193 to provide

a digital versian of thﬂhdesmedfm process; IGPRP 179§enusrs“mprtant to

note that the a taken Wi t il 16 f
Generat ng o SEOCHERTAIDIER. e m@vmwg%gbvm £y nd Ghthag, 1
r epr esent.ed0 by:aclhef the gespbstl\anmmrtdaﬁladnmm-@ﬁasesommhanemm 'Khis bding
Quadr at ure Pt o8 d S epmeiveld hﬁ%ﬁﬁiﬂsﬁ{“‘? 8580 ool R o ?iﬁ“??*“
epr|C|t or ir%¢sea°mpeaeﬁémtﬁgm1§-n§eﬂ ams. of the

|0| Stby a Q:@lﬁfbluietﬁl;f tﬁstse:it%ored?mﬁfwbé&gﬂnﬁit@&ﬁuh&he I @ﬂeﬁl&l\bﬂdgﬁﬂChTh_
exp icit or icit . rota [ carrierles is
is signifi cant %&?{}ifﬂl@“%?ggg} tine‘?%‘ Yf‘gﬁ‘l{@rf?t rﬁ?fxﬁ?ﬁ e?@éﬁ #Ponshi p
between t hé5caxpamsion’ ofdtheiconssellation of EIG\y21bol interval T (vvh| ch - 12. is not

likely to be the case ﬁ%glgg%lg%yﬁ%mé%q?qgﬂfﬁ{%ﬁ@ma& éﬁéﬁ% val ues

are chosen to Optl m ze ransm sSi on sthene as a

whol e), the afcomplaxrshapingdiliend 16.ivichgencratesorpasshandisigngl which inglustratively
mul tiplicati orhsotémwb&rﬂ&qgsgm-r gghﬂnl ficantly to the cost of the

mor 6§ L,BF; br ocessed IRPEENERRerortls ShoRiRe Biet-i]as: IERRIER t 1 onal 1 .
~carri erl es20ANohigrised obiwefinie-inypulseriesponbe digitalfiliereof conventional deSIgn-m- -
phase filter 191 and quadrature phase filter 192--which filter the signals on leads 105
and 107, respectively. Each of these filters is illustratively realized as a transversal
filter. Filters 191 and 192 differ from each other only in that their phase
characteristics are offset from one another by x/2. This phase difference enables the
25 receiver section of the associated DWLT to separately reconstruct the signals on
leads 105 and 107. The outputs of filters 191 and 192 are combined in an adder 193
to prov:de a di‘gltal version of the desired outbound line signal.
It is important to note that the approach taken within complex shaping
- filter 116 for generating a passband signal in response to the two-dimensional
30 symbols represented by the signals on leads 105 and 107 is different from the
modulation typically used in, for example,' voiceband modems, such as quadrature
amplitude modulation, or QAM. In the latter, spéciﬁcally, an explicit or impliéit
(depending on the implementation) rotation of the symbols by a carrier-frequency-
dependent angle occurs. However no such explicit or implicit rotation is perfonned
35 with carrierless AM/PM. This is slgmﬁcant because unless there happens to be an
integral relationship between the carrier frequency and the symbol interval T (which

-q




presence of non-linearities, such as may-be introduced in the

anal og-to-digital conversion perforned in the receiver. The output of
conpl ex shaping filter 116 is converted to analog formby 10 - D/ A converter »~ ;
117 whose output is then passed through lL.ow pass filter 118 to renove the '
hi gher-frquency i nages of the desired signal. Hybrid 126 thereupon extends

the resulting outgoing line signal appealing on transmtter section output

lead 119 to its two-wire side and thenchBnto 1 ocal | oop 60. Turning now to

~ the inbound transnission drrectlon -the line signal 15 generated on | ocal

| oop 60 by ARG cEﬁrga? QWO Qi es that
signal on ttomr?ecel %r sect I on 12% an lﬁr% A%artl u a‘ll%&rm s's filter
142 t her eof chosea tp gptimizerthe performance of thegransmission scherne mwbp e at |
frequenci es sféreinkatibnéd36@Y6n ﬁ&emmedﬁtﬁx-hrﬁﬂmlh sémh gleby The

br ogr armab! adiieos sfEhiirabi Sseie.ceﬁtﬂaﬁé’%?%r%é&’ 'nétrl g’lh‘ﬁgerral ke ™
rT?XI mum ufe {ﬂthat baneﬂesslmdes mt&eDn mseddﬁhmoetvefﬂlahpﬂﬁ The gald n.
Ph 1 o A RN, ARRRiboRly R RNE p ek fcpdydny St Rl 8 10T
val ue, in ammﬁmmmnmmmmwwﬁme@omthmtﬂased dat a
comuni cat'i Qgé versioh ér)]&ﬁ%l & further includes a clock 143, which

generates a pre et erm ne unber of, ¢l gck’ ggl ses every T seconds on

lead 144. These are Feveipuplispmplexsshapingifilier ifcsoarerest o anglog fprme By c ount s
the pul seg mﬂmdeﬁ&qla%mo&@te&hén sﬁmllaw s?ﬁmrmsrtoeémm put

w thin the it Dbt FeqElt i “Egﬁﬁrééﬁtevf %I@laﬁﬁ"‘lérﬁe?gt@%l% § ' The
| att er ext emesnlting autgoing liné Bigoalrappearing m&mmmmmmuﬂeﬁrlmss t he _
converter t g_e@eé l‘@eso&g &cgﬁ (‘Gﬁl ved signal, referred to as "line

sanpl es" "es per secon out put | ead 149. “Each of 't he

~ sanpl es. on | ead 149 mmtmemndmmﬁmﬂmn%ﬁwmermﬂy -
conpri segso tgetaéfeteaqueéatttst: p 60 the a8dciater D WACP RY¢dived ByORYY; ridsms which he

~so-cal ed areéaﬁ)& an near. echo reﬁglﬂts from ener%_ saiﬁ from
transnitter T9% t fignal o o receiyer prctign 24 ¢hdki rore particylarly, "\’/BPS t | ead
141, and t hd42aheroofh&'hadatmﬁlt&rsmut endrgp & themecedded! signal avfoequentiesl si gnal
AR ol L PR PRk ol R e o AR L
" each 1epr es@Assehlp gaie central ceewpéﬁ‘éwbmbﬂs arogszpmebleye adivst the gain imparted
20 to its input so as to make maximum use of the precision.of A/D converter 148 which
~ follows. The gain of circuit 147 is set, based on the level of its input signal during
. modem initialization or training, and is thereafter held at the initially set value, in
accordance with standard pfactice for echo-canceller—based dota communications.
. ~ Receiver section 123 further includes a clock 143, which generates a
- 25 predetemnned number of clock pulses every T secorids on lead 144. These are
received by recexver timing generator 145, which counts the pulses on lead 144 and
generates _nmmg_sng_nals on a number of output leads to control the sequencing of the
various signal processing functibns within the reeeiver. .One of these leads, shown
o exphcxtly,-is lead 146. The latter extends pulses to. AD converter 148 ata rate
30 which causes the convener to generate samples of the received signal, referred to as
“line samples", at 3/T samples per second on output lead 149. -
Each of the samples on lead 149 includes an echo component that is
dominantly comprised of the so-called "near echo" and secondarily compnsed of the
.. so-called "far echo.”. The nearecho results. from energy that "leaks” from transnutter
35 output lead 119 through hybrid 126 to receiver input lead 141, and the far echo anses
from reflections of the transmmed signal from the transmission channel Echo

©



; ) )
of the sanples on |ead 149. This echo replica signal is subtracted fromthe
sanples on |ead 149 in subtracter 128 to provide an .echo-conpensated signal
on | ead 152. 5 - ' The echo-conpensated signal on lead 152, in

addi tion to being further processed as described below to recover the bit
stream conmuni cated from nux/denux 50.is al used by echo canceller 127 as
an error signal in response to which it adéggs Its transfer function |n
such a way as to mnimze.the residual echo conponent of the signal on | ead

'~ 152. Echo canc&ancellen b7, n&mmnm@mmmsmmmwimn U. S.

Patent No. 4,4 7 éﬁmgt
i ncorporated b e?e uﬁ?&&%wa"h_ lJerge S| gm#ﬁ'cant par arrete é cve qne
cancel | er -127 |°f thessamples,an lpad, m&m ;smplegn

‘step, si ze of 2u3QesATGRIshbERYrd 2818 dmpéchaﬁ:om ﬁsddédﬁgn
arijhnetic. Jhese para are exga# rov e, at st f near
echo attenualion, this ?Féjmf?mpf'ﬂ t #T near

echo cancel | at pﬁm:eﬁsed akﬂembebﬁmeecovihﬁelhlmsmrmhﬁﬁuﬂiaatﬁdlhbﬁﬁﬁ er
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T/3 i near e u 607 mnates S s .the so-
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Al_though as noted herembefore, the associated DWLT may be regarded as
substantially identical to DWNT 101, one smalt difference is that DWLT,

25 illustratively, does not include a timing recovery circuit corresponding to timing
recbvety circuit 153. Rather, the receiver timing generator in that DWLT operates
exclﬁ_sivelyin response to the clock therein, the latter, in turn, being controlled by a
network timing signal provided from within the central office. The frequency of the

* clock of the DWLT thus becomes the controlling frequency for the operations of

30 both the transmitter and receiver sections of both DWNT 101 and the associated
DWLT. As previously noted, line samples Txm T2, and r3, on lead 152 are further
processed by decision output circuitry 150.

‘ “Tuming to FIG. 6, decision output circuitry 150 compnses T/3 linear
equahzer 607, M+1st-order transversal filter 619, decision and error slgnal

35 generators 609 and 640, and switches 631, 635, 638 and 639. Specifically, T/3 lincar
equalizer 607 eliminates from the line samples the so-called "precursors”, the
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i ntersynbol interference caused by local loop 60. To this end, line sanples
[err] and [err]are applied to linear equalizer 607 which is of conventional
design and may be, for exanple, of the type disclosed in U S ®Patent No. A
3,868,603 issued February 25, 1975, to Qui doux, hereby incorporated by
reference. Since linear 5 equallzer 607 recei ves and processes nore than

one input for edch synbol interval,- I's referred to as a fractionally
spaced"” equalizer. It is, nore specifically, referred to as a T/ 3 type of
fractional ly spaced equali zer: si.nce |t.ﬂdqe|ves and processes |nputs at a
rate of three per synmbol interval, and thus has a so-called "tap". spacing

of T/3. A frg hﬁg ahkéﬁ?jlo‘éﬂqgé%ﬁgr?‘b%uﬁgﬁcﬂ'ﬁné%ﬂﬂ?s?1 Ofmafed_'
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si gnal [err]sutmmheegmﬂeamrfonmd.ransversaI fllter 619; 25 switch 635
couples [err] on lea fﬁ%alﬁeﬁuaﬁ\ﬁr i.tch
631 couples an error ‘i‘g?&ﬂig};{) ée)?;rg‘l ?gggbgfamp%g]%%@ggﬁ I'zer
607. [err] .symhebmevmddw@meniﬁdquéhw and{imAZINAEY SRINPRNEALS; he out put -
- signal- ofisl Ire@p%ueay,adq,.ma eépzfaadmges‘clssgmaq.hxmﬁd‘ﬁcﬁﬁt, {¥RHSull Be nbed

t tted | t | |
o "t hese dedhidiion ot B A0 e PAED D oBeriie ¥ hnerd Wi el Hy?”s?;nz{‘e.
gener at or 609:cdmyoﬁj)ml'ﬂatnieltheeefmemoaymhperamnenodelandsmaungmﬂem signal -
[err] on qu,gs g}et@tﬁegﬂmrﬁ %5:%%}3{%&3? real and ‘i magi.nary conponents

[err] and [er 'S an_exp er| ment al rmned constant:del ay. needed by o
“decoder 603 to decodahafqimpgdﬂmeawéhqprgc@é@édwsmeummwtmmmv t er bi

al gori t hpp (th@nbﬁ&l%@ﬁﬁ&ﬁmbom%odé P73 tinedr dqRaltRF 607 ERFM+1sCaider 140

35 tall K=
_ experi men %vergal ﬁ? UIG{ 9easre connected) to decision and error signal generator 609.

Specifically, swiich 639 connects output lead 613 of transversal ﬁlter 619 to input
lead 614 of decodmg cxrcuxtry 660 w1thm dec1s1on and error signal generator. 609; .
switch 638 couples an error slgnal I:‘.2 from the generator to transversal filter 619; _ v
25  switch 635 couples EQ, on lead 611 to buffer 621 within the generator; and switch
- 631 couples an error signal El from the generator to linear equalizer. 607. o
Bl is indicative of the difference in value between the output signal of |
hnear equahzer 607 and dec1s1ons thereafter made in the receiver as to what the
transmitted symbols actually were. A parncular one of these decmons prov1ded at
30 the output of decision and error slgnal generator | 609 dunng the n receiver symbol
. intervalis a complex signal X,,_K on lead 161 havmg, respectively, the real and
imaginary components Xn-x and x,,._x Kis an expenmentally determined constant
delay needed by decoder 603 to decode a pamaular trellis code by the conventional
Viterbi algonthm. (In the present ¢ embodxment, the n'elhs code used in coder 140
35 expenmentally reqmres K=15)
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As a result of the delay in decoder .603, the error signal [err] generated
by decision and error signal generator 609 involves storing [err] in buffer
621 for K synbol intervals so that the current output thereof is a conplex
signal [err] which was the output fronllineﬁégequallzer 607 K synbol
interval s ago. The conplex 5 - signal [err] real and |nag|nary

component s, respectlvely [err] and [err] The formation of [er al so-

i nvol ves processing [ er rAs aresulbafithelelaydn decoder$03; the mr@ignnbﬁ,sgmmw ly
I dentical to GP'aBa 67 afd f%i g&:ﬁﬂamdqﬂdoxbei &bfing E xeuawteszmﬂiE’RP 629

raspect i vely, | g”a et S Rl B s S Bk i

respectivel y, [ &ympeki

[err] having rea\basawou Mﬁue&eqmmmsmﬁpihteﬁdlw g Thé.démplex I |
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| oop, |ike many ootputof GRRP 639 is a complex Blﬁﬂ%ls‘n-tlo, mgwmlmsmavynbol s
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appears in trellis-codedRetiming briefly tbmmmd)fmd@tb@ﬁmm naise that
dew - ' 5

gn, orEPpeaTS i EQy is of fhe type ch: charxéiéﬁsﬁe of ul%ecfh%ﬁel B%mrxa?ﬁae@f@boﬁ

To thIS end, to conventl on

transversal f ItVéQm mmﬁ%mmamb’,m anned being arloeal lnopy like manyother Thus
transversal fil tcﬂﬁn&@c&fﬁﬂd@&mmmﬁw §iibols A8y the sbicaiéd "cbRired", Whi ch
is destined for o'ger,,GQS,. and whi.ch, has Qnent ., e.nsu d to be
whi-te. Specifi cd’P'ﬁ‘?‘ %a@‘%%@?@@*%ﬁmﬂﬁg}% @tﬁ?rponent s
[err], and 30 [err]. Trﬁmwer,aht trellistcodes@lit hgwbcatdwelnpai nuhwmclnﬁmg,
forning 1inear gﬁmap@ﬁe ft{escoaéréa;&emehtb%wau&dﬁg{m?mm,azmm?nce

with the rel ati . e
20 provide coding gain in the presence of "white" noise.

This being so, in order to substannally realize the full coding gam of the
trellis code used, the noise that appears in trelhs-coded signals to be processed by
| decoder 603 is, by desxgn, : _ : whnened before
bemg decoded. ' '
25 _ To this end, EQ, on lead 611 is input to convenuonal M+1st- order
L/ _ n-ansVersal filter 619 which whitens the noise that appears therein. Thus transversal
filter 619 provides onto lead 613 a complex signal Z,, which is destined for decoder
- 603, and which has a noise component ensured to be white. _
_ Speclﬁcally, z, has,_rcspecnvely, real and imaginary components z, and
30 zp. Transversal filter 619 generates its output by forming linear combinations of the
- filter input components in accordance with the relations: | ' '

2,=eq,+Re(PTu,), and

2n=°qn+Im(P un)



In these expressions [err] is a (Ml) matrix, or vector, conprised of the M
most recent conpl ex output sanples of |inear equalizer 607. That 'is, e[rr]
[err] where Mand [err] are described hereinbefore. It should be noted at a
this point that the above-described whitening process performed by
transversal filter 619 would normal | y have introduced, as a concomi tant

‘intersynbol i nterference or specificallp the so-call ed "post-cursors”, into
its output signal {err]. Based on the pr Sent ' desi gn of the "whiteni ng
filter. -- t { e ltrﬂﬁnﬂ

prevent ed. T@ﬂﬁ!@éﬁ%ss dnkh is P&x ) %%&E\?ngﬁgw

"~ preceding i ﬁomn!sxtqummmplewﬂsmemabm MIS'M| tening" filter is

desi gned, as-required by the. GPRS precodi ng, to be of finite menory; that
~is, it takes in at a tine a fiflite nynbegr.} M- of the npst recent i nput s ~-
thereto. As described hereinbe 6%;"‘(9’95’-1179 in transntter section 121 \_1
perforns such a precoding: Thi- beq,[.geﬂdqg.g urther entails 15 transporting"
fromtransversal filter 619 onge per.synboj interval a copy of the tap
coefficients of [err]. whi¥%fT ¢haracterizep that filter, via internal bus: -
187 to GPRP 179 for use . in thejtransversal}filter therel n. This provision

of the tap coefficients fromt aiggxerl%q;_ﬁ I'ter 619 in the receiver of DWT
101 is based upon a reasonabl eLassunptionlhat the characteristics of- the

illustrative channel --1 ocal I oop 60-- are 20 . non-directional. That is,
t he channel characterl st| F‘ sanme in either. of the transmt. o
direction orvhereM forfe channel . Ot her wi se, a copy of the

tap coeffgcients V\Du]tdh&ﬁdwwthistpomlﬂihtlﬁéabdwealek@w“ﬂﬁteﬂnﬁo fromthe

Count e A7l SUTASEATy vk B 10 ROV Sl 71 20
transver sal cbn¢axmtan2,5intesymbahmwfemeer specifically thessorqalled l'pqshen’mRPs use:
Lhe same conotl i ipdl2.e il 15 pREEH G380 UM RRKRRY! g COPY of

e[rr] V|a|ntern sQ, . 1t ~advant ageous ilitates -
the adapti vdrapsysesal Glten 519y the senerat db% BRIFEWEOBAISPreNesdl i riterval , only

one set of coeff icients: needs, ysihghthe MﬁﬂzonedGl?RS-lﬂi&ddﬂi gsheof the
coefficientg Ofsm{neetr' ré it ea]ijyIO aet"%v(it:t‘:nmgx gﬁsrvlgz Eigglgnédl, last reeaui?efgry the GPRS
) precodmg, to be of ﬁnrte memory, that i 1s, it takes in at 4 time a finite number ~ M -
. of the most recent mpnts thcrcto As descnbed herembefore, GPRP 179 in '
_ transmrtter section 121 performs such a precodmg This precodmg further entails
15 tmnsportmg from transversal filter 619 once per symbol interval a copy of the tap
coefficients of P, , which characterizes that filter, via internal bus 187 to GPRP179
for use in the u'ansversal filter therein. This provision of the tap coefficients from
uansversal ﬁlter 619 in the receiver of DWNT 101is based upon a reasonable - o
assumption that the characteristics of the mustratxve channel --local loop 60-- are N
20 non-dxrecnonal “Thati is, the channel charactenstxcs remain the same in either of the
transmxt direction or the recexve duecnon of the channel. Otherwrse, a copy of the
tap coefficients would be supphed to GPRP 179 vxa local loop 60, from the
counterpart of transversal ﬁlter 619 in the tecexver of thc assocrated DWLT instead.
It should also be noted that in the prcscnt 111ustrauon, transversal filter
25 619 and transversal ﬂlters in all the GPRPs, use the same copy of Py. This includes
GPRP 629 which takes i in a copy of P, via mtemal bus 618. This being so, it
advantageously facrhtates the adaptrve process in DWNT 101 because during each
symbol interval, only one set of cocfﬁcr_ents needs to be updated.




In a conventional manner, based on the conplex error signal [err] on |ead
617 input thereto. The initialization of all the tap coefficients in DWT
101 including those of transversal filter 619 and |linear equalizer 607 is
to be descrjbed hereinbelow. 5 The compl ex error signal [err] is
produced by decision and error signal genﬁ or 609. The production

i nvol ves storing [err] on output lead 620 aﬁlch I's connected to input |ead
614 of decoding circuitry 660 therein. Buffer 633, which |s |dent|cal to

buffer 621 as describe lof pf Wi krah he
out put- of buffer 633 |ghtbeﬁlgé§°fcf8%§§c%§%gkp %M i ch i s r16c}t§ed
[err]. 10 Sutibason¥entipasl mannes, aFP‘%/ CQ@P Elﬂ"ﬂl]aﬁndo%lka@ 1647 dnpuer -
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ar r angenent ofP® geﬂféﬁc he BB ggl%‘p&/ 3%% %qongfé@gg 3rltd°§‘ﬁ'6'ul d
be poi nt ed outh:thﬂx on met“crmrmmmwmfmedtorﬁsUmamw rﬁhaadel Codmg
configuration yway f Ie

constel l ation useég(rpa&ﬁ? S?@xfdgts‘:fs %ﬁﬁéﬁ%ﬁﬂmﬂ%w ?8OI’I th
nor mal |'y ref erJnuary, 282 and @. Ungerbeeckh clzpllistGaded Modujatiga WVith :
confi gurat Qone%ﬁal%efsewﬂt‘laﬂdlﬁ*@otﬁﬁﬂﬁféﬁh&ﬂ MhgdiiR H!EECBhﬁxﬁiﬂl&‘ﬁoﬁf F' G 2

Caue b e e hboa. e AR LR BLe: Bt b s R o0
the constell athbDAlgErﬁm'Z Peoctedingsiof the IEEBsViekl 761, ppi 268-278 March, k973, '
surrounding the crucifagmiigmt B & ETod 805t RhoR1BgObf the trellis code
- : used in cod_er 140 and a predetermined configuration of so-called _"allowed symbols”,
U 25 the Viterbi algonthm generates with a delay of K symbol intervals the "maximum-
 likelihood" decisions as to what the most likely allowed symbols that input
represents. The predetermined configuration of the allowed symbols describes the
arrangement_ of symbols that can possibly appear at decoder 603. It should be
_ pointed bﬁt that in the present embodiment this predetermined configuration is
30 different from, for example, FIG. 2 which is the constellation used in the transmitter
' and to which the Viterbi algorithm normally refers. In fact, it can be shown that
FIG.7 depicts such a conﬁguranon ' '
~ Asaresult of the expansion of the constellanon of FIG 2 caused by the
GPRS precodmg as noted previously, FIG. 7 is realized to be an expanded version of
35 FIG. 2. Specifically, FIG. 7 has in the center the c_onstellanon of FIG. 2 enclosed in a

dashed cruciform box, and surrounding the cruciform box truncated constellations of




FIG 2, or nore specifically, four halves and four quarters of FIG 2 as
defined by dashed lines. The existence of the truncated constellations is a
consequence of the power limting effect caused by the nonlinear filters of
the GPRP. O herwi se, were there-no power |imt, FIG 7 would be conprised
of a virtually linmtless nunber of 5 conplete constellations of FIG 2
repeated throughout the X-Y plane.- As described hereinbefore, those .

“nonlinear filters of the GPRP, for exanple, nonlinear filter 505, linit t he
val'ues of -the "x" and "y" conponents of lﬁe .channel synbols to be
transmitted between -L and L, where L' = 12 -- the GPRS bound -- in this
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603 on to | ead 625 extends. to nonl i near can be shown
mat hemat i ca|epc9mpkano flter,505; limit thesyalues gfithe, "x"and fyn componants ofghe | near

filter 505 ahakiwis bﬂdz@&éeumﬁw&meswmeuswnaeb-ueme&wg YO
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control .signal oned the

traini ng nodeirngso, FiG1 akr&ﬁlngomof 3 egpie Fﬂﬁ%tmavfdtﬁ-eleﬁs bydbpt i ve

filters thengiel of the ofiefhiit DO YRHIRE g rﬁ!@bf'@%rﬁﬁﬂ?%ﬂ@ﬂ nbimbet b\#R"
equal i zer 607 a l\/llrlshg,i)(lt!1 er tr nsversal:, filter 619 to decision and error

signal gener®2PYF AR ?P?t‘ﬁerf%m"ldcﬁ?'?ﬂem sion.and error signal
gener at 015609. Speci Anondxivid,uabonetcrfhﬁafﬁfhh;erﬁﬁﬁed '&ﬁ&nmudtmﬂtebd‘bget her -

tch t t | A.- |
By toi g so SERRS W adBRAD R i if Brodidedt5HORRS €3 ob i6188 828 Byl 9%, O
deci si on anéxtendsto mrgmar @&ﬂéﬂ'&t Brecagbe shomrnethmsallseqmmrﬂmmﬂm switch
635 coupl es @rﬁhlcﬁ'k l&ﬂgcﬁ %&-n&tﬂtn‘éb&bﬂlfe@gbs s Geskribbd Hergt

e ot or ¢ avibafaasaniog; Y0 broughoré besed onrbe wesisgig il i °15“tqtg'€,§r sal
filter 620 tAn mdbidedone oﬁﬁénals tdenufymg those symbols, namely X,,_K ,is provrded
| by nonlinear filter 627 onto lead 161. - :
The foregomg sets forth the normal operanon of dects1on output
ctrcuttry 150. However, in response to the control stgnal A, as mentioned before,

2

" circuitry 150 swrtches to the tratmng mode for mtttaltztng the tap coefﬁctents ofthe [

25 adapttve ﬁlters theretn _ _

o . The tratmng process involves connectmg T/3 linear equahzer 607 and
M+lst-o‘rder t‘ransversal filter 619 to deczsxon and error srgnal generator 640 and
dtssoctattng them from decision and error srgnal generator 609 Spectﬁcally,
sw1tches 631, 635 638 and 639 altogether sw:tch to respecttve postttons 2in

30 response to the control stgnal A. By doing so, swttch 631 couples an mmaltzanon
error signal E] from decision and error Stgnal generator 640 to T/3 linear equahzer
607; switch 635 couples EQ,. on lead 611 to subtracter 651 within the generator,
switch 638 couples another rmualxzatton error sxgnal llE2 from the generator to _
transversal filter 619 and swrtch 639 connects transversal filter 619.to subtracter 641 _
35 within the generator “The resulnng arrangernent of dectslon output. ctrcuttry 150isa
conventional adaptive decision feedback equalizer where linear equalmer 607



A : .
35 wthin the generator. The resulting arrangenent of decision output
circuitry 150 is a conventional adaptive decision feedback equalizer where
I*i near equalizer 607 19, together with transversal filter 619 becones
the so-called "feedforward filter"; Mh- order transversal filter 645
mnthln deci'sion and error signal generator' 0 becones the so- caIIed

"deci sion feedback: filter," and slicer 643 becones the so-called "decision

generator” assciOBgtheravithaansysrsal fillsr 619 becomes thersoraligd feedforwardifiltgr”y Mibesss,
all the tap coeéﬂemeﬁsumzmﬁwmnwmaﬁd&ﬁm:grm ratBE64(PbetBmied1 OS €

of Mh-order tr nsve wal Bl € e i,ni ?éﬁ r tap

coefficients oft Fsﬂ‘ééﬁ ?‘P‘!b’f‘géﬁﬁ‘aém @P‘iﬁ@%%@iﬁ@ﬂ%@e WIﬁﬁe

t hereaft erI opti Enbisipngldmﬁmﬁ_ 'fhsfsdtlta_led:ﬂi_emﬁﬂi onal n%;g;r 'Lt;as;;so_rll_h

respectlve Y the conp . n{nh?t%nﬁngr &Fé%p & er 0e ¢
Fting se? of tap 10 f ?oﬁl i YPYt: o

6?%9| s transpordirositny 50 mcludmglthdsaQéMthmdmnsmeﬁWGiB(are initially|set toe

GPRPs- i n DV\NT f vce?%?l

Subtracter 651 rov?ﬁ t4p Ferr IE{}Eb tragtﬁalt“nzyﬁme r?aéﬁgan ?nrrtgll@?}rm

conponents of [t@erepf t“mml&ﬁ@“ﬁﬂv“hé 5%‘1%9%'&!1 Wwanper; Mpbr%ﬁﬂ%é@

initialization dimpléintialisition emdPsighelsi[E] b€ IR ATheTeshilting sétofag he

' di t f. des bed h bel ow,
o esPon 18 COPBRRERLSiuld Wi voperl e 104 ripRict o e USRS L0

whi ch subt r act smedioned béforen b alhthg IGRRBs in DWNTe101fopise]in lthe]r fespectivdie
correspondi ng . C P&gﬁtﬁ Rf a conplex signal [err]. Subtracter 647
generates the conpléX signal [err] by: subtractl ng the real and inmaginary
components 20 of [ err] Subircien65L pravides JEo by sutiracting the real and bmaginary i oned

' “\“{/l lalizati Oln éd?ﬂpﬂneﬁkk bfE YQvlthéﬁaref RoWadsb@ated Mﬁ%ﬁ@iﬂﬁgﬁgﬁgﬂaﬂmﬁﬁﬁn a
oo o 8 pet i VBT 0 B SRSt SO emeshondihs SPBRORESH Of S
transversal filTilafiéSs,ab dEdcﬁbecﬁhmmﬂelw; iHeanitpue b conveiftional slizer 643, fnagne nts
of Lransver oo, o e PRyt LTI T BTy |
out put t hfe af or%ﬁ@fmmlt%mmg @mmentp of a Fomples ignal @} Subtracten 6490
s P oac o
of [err] %BB W MFQ"@@F“ grﬂl? Qeggoned it Szation input bi
' IYO—]YG from the corresponding components of a complex signal H,,. This last
co_mplex signal is provided through processing SL,, using transversal filter 645
which is identical to transversal filter 509 of FIG. 5 as described before. The tap
coefficients of uansvcrsal filter 645 are supplied by transversal filter 619 via internal
25 bus 653. _— |
L/ | : Shcer 643 prowdes ina convenuonal manner at its output the _
aforementioned complex signal SL, which is the quantized version of a complex
signal SU,, input thereto. Subtracter 641 generates the complex signal SU, by
subtracting the real and imaginary components of H, from the conespondmg
30 components of Z,.
Retming to FIG 1, the aforemenuoned symbol-:denufymg signals on
lead 161 provided by decision output cx_rcu:u-y 150 are input to symbol-to-bit-
converter 162. This converter performs the inverse function of bit-to-symbol
converter 177, thereby recovering the values of bits YO through Y6. Since the values
35 of YO through Y6 are identical to the values of X0 through X6, thcse values can be
o directly passed through parallel-to-scnal converter 164 and descrambler 165 in order



Returning to FIG 1, the aforenentioned synbol -identifying signals on |ead
161 provided by deC|S|on output circuitry 150 are input to synbol-to- blt-
~converter 162. This converter perfornms the inverse function of .
bit-to-synbol converter 177, thereby recovering the values of bits YO
‘through Y6. Sinc® the val ues 35 of YO through Y6 are identical to the
val ues of XO through X6, these values can be directly passed through

paral.l el -to-seri al convert er 164 and deg&Panbl er 165 in order 20 to
provide the bit .s at ut to . the asso In order to
advant ageousl%@ﬂh?)ﬁlefrg’ ‘Wém% QP‘MMS%P&S@ -at ed in-the first
enbodi ment which is tmbrdardemwanda Slyrsith fthedecodl s esillastrawdit s

except 1 or 5 pE BSEERAGEREL FRRh 1 B WY"%%%?@F% ?ﬂ%ﬁ%ﬁfﬁ?ﬁ%ﬂl&@o of

"FIG 6. Specisincadedy, 'Ihmsecbnd mbammemumneam tlttdirsthmlmdmemteut:ep] f@80 of '
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decodi ng ci rmondgmbobmatsdmdmmemmm@f FIG78 seplaces degpding ciwuitryl0  803.
Nonl i near figdeim Hi&76i S Structurally:identi caI to nonI i near f| I'ter 627 as -
descri bed before: After SSi 614 Jjnear
filter 627 provides é@&?ﬁ?@i‘ ngzﬁ[ ’@isr‘?‘ %}5?5‘ e Decode
803, like deﬁﬁdahb&ﬂﬁlent, uld}eGSGlltaembnlxridagﬁhet‘tm deogder [err]

15 coder Baohdvarle éﬁ%‘?%ss%gr kR R il%?ééle% iﬁ%%ﬁ'%#seir' "

decoder 803, before. \Afmfpmceam@zh oh inpyelead 61 dnonlinear fltar 824 provides &y nbol
“intervals th @é’tﬁ?gp k@r“d’l@étﬁ&‘l@%h&bﬁl‘l‘s as to what the nost likely
e

- al'l oned symbo rel rgpresents A An. indivi dual one_of the

maxi mum | i kel i hood d like degogler M‘{'@"rﬁh Erblﬂmd'@dtsby

decoder 803 pufNF $6ﬂ@d@0 Sitﬁtl&@ﬂ.bas%ﬂ on theknowled ¢ of the gellig aodecused ih  GPRS,
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process in tthe \f)teeh:allgonﬂimlgenerates with
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det E‘;%g%? @iﬁ;‘até&fa aI s Omﬁﬁgsﬁbm Segaéecodl n

ofdﬁsymbolamml e ouwsimumi npl er
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compr sed of KERo0 BXisERARL YA the H "%‘%“9“?%“1.rs¥“‘53&“n%od. et

~ Thus, the dedndmdivid pﬂmﬁ enmmamm ferdsipntis: nqve@en@tsd
is provrded by decoder 803 on to leads 630 and 161.

20 ~ In accordance with GPRS, the aforemenuoned predetermined
' -conﬁgurauon of allowed symbols at decoder 803 is, in fact, represented by FIG. 2
This bemg S0, the decodmg process in the present 1llustrative embodiment is
advantageously s:mplcr than that in the first embod.tment This stems from the fact
that FIG. 2 i is comprised of fewer allowed symbols than FIG. 7 of the first

25 embodxment Thus, the decodmg process in the present embodrment results in fewer </

calculauons in the xmplementauon of the Viterbi algorithm. These calculanons of,
for example, ﬁgunng out squared Euclldean d:stances between individual allowed
symbols and the symbol represented by a decoder i input enable the -algorithm to make
a plurality of the so-called tentanve“ decrslons as to, in this case, what symbol was
30 generated by bn-to-symbol converter 177. R
There are inputs of decoder 803 representmg symbols which lie outsrde
the boundary of FIG 2, the boundary being defined by the dash-dotted line. Based
on such a decoder mput, the tentative decisions generated by the Viterbi algorithm
N would be ones of the allowed symbols next to the boundary However, itcan be
35 shown that in this parucular embodiment, not all of such “tentative” decisions are -
* accurate and thus contribute errors to the V_xterbt algon_thr_n in making the maximum

-



calculations in the inplenentation of the Viterbir algorithm These _

cal cul ations of, for exanple, figuring out squared Euclidean distances

bet ween i ndivi dual allowed synbols and the synbol represented by a decoder
I nput. enable. the algorithmto make a plurality of the so-called "tentative"
decisions .as to, in this case, what synbol was 30 generated by
bit-to-synbol converter 177. There are inp@tk. of decoder 803 representing
synbol s which lie outside the boundary of FIG .2, the boundary being
‘defined by t he liketihoatbd¢oisions. TecanBiscebl mmvmxhhttacdmdhls situgtion, ondumeeds to

Lhe. Zf:gﬁegeg'yﬁ%gﬁﬁynext e 9101 Wit S5 el AT s oo g O
that in this pdou F&ﬁb@)dmrﬂs OWS amw@ngsgeﬁgmmofﬂhwmﬁg@h SI ons
are -accurate a ROWEEsyh M%&dﬂdf'ﬁesyafﬁﬂs 9&5%“&&3%‘9 ng

th@ Jrexi mum |keI |,h d deci,si an a o correct-
“this situatidn,SUBFFECTRt @WEW&RFWWPWtﬁé 8/? @F'Eﬂcahpﬁﬁ [EAFERs that
i ncl IuSle artlf:c Qh@forméﬂhidt ﬁe@bﬁﬁi&?héfb@ | nbmreﬁl c1ﬂlcis§i;nrl1)31sﬁ&chgld&mnb Ift he
resulting configyratio h i |C|a ol s an e allowed s ol s.

Phose rRtss Gyl of iy Bup siah Apeeid {

Each of these . 'Wwth a 5 superscript of an
asterisk. It can be seeBasddacmlFI[IES8thesafpmma¢dpmdﬁemnﬁmxﬁgpmnbh,at t he

f | ud t d

thercof and§ nodd %S*%SFWP‘?W@ oy @%%ﬁ%“%“%@%@@ﬁ e (e
af or enent i oA8d algasithmaevenld e:aacc@nwrmn mapner,ientify aqumbseef tha goificilpr esent s
a synbol whi ch symbalslasicaes biithe eHIRAR décisidhs. ﬁw&l uﬂe(hmﬁ&x tgg!l d, in

a conventi onal nner,, idengif arti i a ones -
of the tentati aet tified
AR are, 5 the At hgtinls hich Bt sBmbol dsihy eﬂmﬁ ol
are’not the al | possiblysgenerates 'Dmsbtmgso-xtmtsbmﬁmhvnahat\mmadenhﬁédamﬁcm
possi bl'y gener | |
artificial s %g&mgm‘%??@oﬁ%ﬁg%@etro t eﬁ‘ﬁ?o Cgﬁp@yﬁx B@l%[aﬁ fwﬁti\ aﬁg
associ ated f ertmqurasamughshe lattenwere identifieduBIG. t%owatthlenssmnanon usngifi ed.
FIG 9 shovs | NisgnRapiiiisiirisiset RicRARLARAL mﬁéubeeﬁ;s@ WHict? iR WPbitrarily

exanpl e, art1 { PUFHESY, Hog e~ uple; arAcial SiEralinads Afsora A MRS HSAmOpLhYs
[err] is assocm‘{txedssociated[mh,,aﬁddoaﬁ and s@ futths OTH rédetherbD tlimici t er bi
above. desor | bed b gariaylss SrogfReifs BRtinel T BBty e AECRTRERS, o
| ooki ng up 20 proedeersion; wbmhmyvh!rm mabfoe cxmplm b}gloohng UPMprekieaerhnnbdnent
vvh| ch is virtugbhversidgiuigal to the '
"~ Tuming to a third embodiment which i is vn'tually identical to the
foregoing second embodiment, in particular, the decoding circuitry in this
_ embodiment is structurally identical to aforementioned decoding circuitry 880. That
L\/ ' 25 is, the nonlinear filter, here, also precedes the decoder. However, unlike the second
embodiment, the Viterbi al gonthm and the predetermined configuration of the
allowed syinbols -- FIG. 2 -- in this pamcular embodiment are advantageously
‘unmodified, thereby further simplifying the decodmg process. It can be shown that
this simplification is accomplished in the present disclosed embodiment by '
30 increasing the value of the aforementioned paramenter L associated with the
nonlinear filters. Speciﬁcally, these filters cori'e'spond to nonlinear filters 505, 506
‘and the nonlinear filters in GPRP 629 and decodmg circuitry 660 of the first
embodlment ‘Thus, unlike the first and second embodiment in which L = 12, the
‘value of L in this particular embodiment exceeds 12--the GPRS bound. In fact, L is
35 experimentally dgtérmined to be 14 in the present illustrative embodiment.
However, the 'inc_rease_ixi the value of L entails more power consumption in the




- foregoi ng second enbodi nent, in particular, the decoding circuitry in this
enbodi nent is structurally identical to aforenentioned décoding circuitry .
880. That 25 is, the nonlinear filter, here, also precedes the decoder.
However, unlike the second enbodi nent, the Viterbi algorithmand the
predeterm ned configuration of the allowed synbols --- FIG 2 -- in this
particul ar enbodi nent are advantageously unnodified, thereby further _
sinplifying the decoding process. It cggzée shown that this sinplification
is acconplished in the present disclos pbodi-nent .by 30 increasing the
val ue of tHePRPxfdhetransminet, qhenehyfﬂucreasmgthemmalltcedingngaln omwmm101near .

506 and hﬁf‘ﬁ%%t‘?ﬁt‘é'?‘"t‘*t*?%"ﬁ“‘t ki S‘“’Sg‘égdt%% PR MBEELS of i ne

first enbodfremnt2 tofliresu nmad@masewnemmeﬂnn theicodingzain usmam. ch L=,
bound, 1 C"f”“’“’ 9‘5“*‘"5';“?’7“33?1‘? “{"l“w‘g"‘m??m?é"?&ﬁﬁ%g" %?"r’tmfmﬁrsesentw
illustra |v Fﬁ?ﬁﬁ‘“ﬁb Mﬁg H&EWW%HB%‘%@‘%PS{ entails

nore power mmauaﬁmon in the 22 GPRP of the transmtter thereby -

decr easi ng the over odi a - | Lmt -
environnment. 1t cana‘h’gﬂg %‘?lﬂgt’ﬁa‘t‘ \ga%@gglglprfﬁquﬁﬁ WXF' o L from 12
to 14 resul those skilediinghears wilbbe mblemmdevtsehmmdtot?s ‘@Rher teharangtmentgai n usi ng

_FIG 2 as the signal constellation in the tiansnitter. However, 'tB an al so

be showq 5 that ‘this decrease in the codin ga| n .di nini shes wi thi er easi ng .
size of 10heway ghexanpipdutnotdimitation;ryame b1 Yegiatiensang alernativeswills ¢ he
principl es séwbbB@eschivedt i on_and t hose skilled in the art will be-able to

S O o I on ke T St e R e SienShin e, "
~exanple, t hmnte)dmfamvN\'IetsedtbmuIﬁEN environntensd—lo\lwver,rtheptesatt inventio® cont ext
of a DWNT g%%guh!}' @élbie?l?l}‘ vﬁﬁgbﬁﬁgﬂﬁ&ln cm}{ﬁ%nnr%&? eFH ef\%l&eb'aﬁ'd entionis.

equal | y us a VoI 'voi ceband 15 -
t el ephordé cikelephene clmmel, tt.atbltrate@f@t least 19:2kh/s, pog. .224<bb/sore/eg hxslm kb/s or

even hi gher. The Inmetﬂeauhﬁﬁas%eﬂdﬁbmqnet:dh:é:tiefaeﬁvﬁtcbnatze&
circuit-ori d 1.SDN envj.ronmen

" hi gh- speed- epyizopmsnt cHaweyer, it P‘H’tl_gfq ké?@g@a}ﬁ%'smvf (r)oﬁhg\r/tt ge o
as well. | ttrattsnnssi\omnlctotally)packeazddl tmnf-lSDNJetwmmentsL gs weilt Bltgﬂthone | ocal
I oo p transngiidH] uszﬁ}le fo?ltg:enot only in telephone Jocal loop transmlssmn, but other
20 suitable envxronments Thus, for example, a DWNT embodytng the pnncxples of the
invention could be used to interconnect--over a telephone local loop or other
transmission loop--a local area network and a wide area network a telephone central
office and a local area network, a PBX and a central ofﬁce, two PBXs, etc. In
addition, in pamcular apphcanons it may be advantageous to xmplement the DWNT
25 ina "data over voice” mode in whlch the spectrum of the DWNT line sngnal is NS
~ positioned so as to leave room at the lower end of the frequency spectrum for the
' ;mseruon of an accompanymg voice stgnal. B _ :
The invention has been dtsclosed ustng carnerless AM/PM l-lowever,
other passband transmxssxon schemes. mcludmg non-camerless schemes such as
30 quadramre-ampltmde modulauon, can be used to 1mplement the i tnventton
Stmﬂarly, although the ﬂlusn'auve embodtments utilize a two-dtmenstonal
- modulation scheme, the mvennon can be 1mplemented usmg modulauon schemes of
-any other desired dtmensmnahty, mcludmg, for example, one, four or etght '
dimensions. Advantageously, a multt-dtmenstonal modulated stgnal may be more
35 robust in the presence ¢ of parttcular channel tmpauments than, say, a one- h
dimensional, e.g., smgle sideband, modulated stgnal In addition, as. long as the




20 suitable environnments. Thus, for exanple, a DWNT enbodying the
principles of the invention could be used to interconnect--over a tel ephone
I'ocal | oop or other transm ssion |oop--a |local area network and a wi de area
networ k; a tel ephone central.office and a | ocal area network; a PBX and a
central office, two PBXs, etc. In addition, in particular applications it
may be advant-ageous to inplenent the DMNT?EE>in a "data over voice" node
in which the spectrumof the DWNT line signal is positioned so as to |eave

roomat the | offqrdinates of thersymbobinrank dimensionrarerdépendeintethatisesach enondinasen

acconpanyi ng velmnéﬁ&mﬁanJmea&mn&u&@ PrepftisSits, G3her tiih Béin
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Advant ageousl y 4. oLt - di mensi onal nodul ated signal nay be nore 35 robust

In the presence 0 partrcular channel inpairnments than, say, a one-’
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i nproved receiver €erto I Cle
worthwhi | e th ecmunal rspndn@m, however) sxmhqb rass echo eancellation may be the preferred
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network termn operat es at However uld be used
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qui st rate echo cancellation shown i n a e .
ochn; cal 1y s PERPERIGERYE 2 o e fPop i iEYE Neaver s usEn S0 |
however, synboloopaie, eseparatmtvaeviraioapforeschidirectien pfmdmnnssmnappwhmhlcase, :
particularly asféoéé%r’r A/%I?Oca#éﬂaluoh%u?&’ﬁé eqery high speed A/D 15

converters comes strative e I ments di sclose the invention
in the cont®dt of Finally, the invention is dtsclosed herein in a form in which the various

signal processing functions are performed by discrete functional blocks. However,
any one or more of these functions could equally well be performed by one Or more
appropnately programmed microprocessors, microcoded digital signal processing
chips, etc.



transm ssion over a two-wire |loop. An alternative, however, is to use a

four-wire loop, i.e., a separate two-wire |oop for each drrectron of
transmi ssion, in which case, of course, no echo cancellation would be-
needed. 20 Finally, the invention is disclosed herein in a-form

“in which the various signal processing functions aJﬂIHﬂJMrI"j“IﬂLancrete
functional bl ocks. However, any one or nore of the

cequal ly well be perforned by one or nore propriately progranned

m croprocessors, m-crocoded digital srgnaéﬁdrocessrng chi ps, etc. C L

M S * 24 dains: 1. Apparatus for transmtting a data si'gnal which
represents mfGlamls: on, ‘said data signal being corrupt ed by noise which is

substantial ly coI or ed qaf afﬂl *"5@"{ : aid .
appar at us conpr.i sing. r%e?a&n@ P@ﬁl enco ru#(}rsal forrra FoN utgﬁ%ﬂg}cgldevr,a '
the utilized cmrbdpaw being eqsruptedoyrpisewhic mmmmmmed \("
i munity to VM'pﬂoﬁ' l@&b&tﬂnﬁﬂt&tﬁ&tﬂt@&ﬂﬂ?w cOmprising migadforf 07
”°“"“ear'y;pr§t%ﬁé§»ls“&sr‘°‘mrw@§”c° i rﬁémq%f%oimwﬁm AN
di stortion a&ss ei ver
mpar at us lz FMOnthmlgnnproveduﬁm ﬁfﬁhiﬁnﬁk!elmmmemneb&dml 1 .
Whor ol 1 aai d privmeBef Aiincas KR %vﬁﬁﬁ%s?i&é Speidd T s sin
signaling. 4. a\ptaanatthatthsombalasmawd suhselumew itening pbsaidmaiss inl i s
associ ated W-th .53k J’P ans, ‘the value of said paraneter L being
Ize part|

at |least. a 15 .‘gener . response signaling bound. 5. A met hod
for transmtting a data signal which represents information, said data .

si gnal bei ngy corrupt eq, by, m:ﬁeas/matedlmaumtﬁr&aalstm&aéerae&m éctle.

propagating through a conmuni cati ons medium  sai d :nethod conprising the N~
- steps of encoding said information using a code, the utilized code :
provi diing the encoded &Qﬁppaimusrﬁclameﬂéwolagmlmﬂrmndmdmmsﬂygmeani”ll te

encoded 1 pf or nhpisk ettoBRS ekl Rplie QRugl MO o0 Y, RS w thY ST ¢
subsequent mhrtenlng of said noise in receiver apparatus is reduced.
_ 4, Apparatus as clatmed in claim 3 wherem a parameter Lis assocrated
w1th said processing means, the value of said parameter L bemg at least a
15 . generahzed parttal response srgnalmg bound.

- 5. A method for transmitting a data signal which represents information,
said data signal bemg corrupted by norse whtch is substanttally colored after
: propagatmg through a communications medium, said method compnsmg the steps
of encodmg said information using a code, the utilized code provrdmg the encoded .
20 ‘information havmg improved immunity to white noise relative to the uncoded - NS
information, and nonlinearly processing said encoded information in such a manner
that distortion associated with subsequent whitening of said noise in receiver
apparatus is reduced.

- 6. Amethod as claimed in claim 5 wherein said code is a rellis code.

25 7. A method as clanned in claim 5 wheretn said processmg step employs
generahzed pamal response signaling. '

8. A method as claimed in claim 7 wherein a parameter L is associated
with said processing step, the value of satd parameter L being at leasta generahzed '
partial response slgnahng bound.
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- 6 A method as clalrredln claim5 wherein said code is a trellis code
. 25 7. A nethod as clained in claim5 V\hereln_,sal—d——pmcemep'
enpl oys generalized partial response signaling. 8 ~A nethod am;

claim?7 wherein a paraneter L is associated with said. meﬂIﬁ t@é\““\“ﬂ

val ue of said paraneter L being at |east a gigal i zed oKser

si gnal i ng bound. 9. Atransnitter substan {y as her'ei n descrl bed with
reference to the acconpa drawi n n data'
signal substantially as %};ﬁ &ﬁﬁ%@%ﬁs%é'fm%“ﬁggﬁ 88%5’ §I ng
drawi ngs. accompanymg drawings.

e 10, Amethod of transmitting a data signal substantially as hercin

ey " : B described with reference to the accompanying drawings.



