-_ . 2086197 Dl G TAL TWO- To- FOUR W RE CONVERTER FOR FULL
LEX SI GNALS This invention relates to tel ephone line circuits and '
reghqted circuitry formng the interface between anal og and-digital
EEI phone lines and trunks and a digital sw tching network. Specifically,
th¥s 5 invention relates to a digigtal line Grcuit 4l automati c
mat chi ng of the inpedance -of Iinesftrunks terninaté%*bgygﬂgg?ectronic
hybrid and to the automatic synthesis within the hybrid of the l|ine : ¢
matThi ng i npedance w thout using discrete conponents and with 10 mni m zed
power dissipation. In the prior art of two-to-four wire conversion, the
probl em due to the i npedance m smatch at the tele- phane central office
bet ween t he subscriber lines/trunks and the term nating inpedance is well
known. It causes 15 poor return |oss characteristics and reflections or
echoes due to poor operation of the two-to-four wire hybrid, which for
proper operation, needs the line and term nating inpedances 'to be equal in
both phase and magni tude over the bandw,dth of the tel ephone channel. 20
Passive fixed term nating.inpedances to date are a conpronise, except at a
specific frequenﬁxE Flgﬁg"g ch..c ron1 se | nped nee is either a series or .
paral | el conbi nat ch a sinple inpedance
results in a poor nmatchF@RrFTHhE braezxnsa¢amms 25 Typically, the hybrid
whi ¢h perfor T eLsl ygly cl ose
mat ch bet weegslt‘l%e lzliﬂvéﬂé'%oﬁt“"hfg gegg ? %@1@%%3.% lgLrs}%ndﬁ% “Opti mum
erfmrﬁ@a@@mm&wﬁ@rmﬁm ﬂ:anzgé'xsq‘errrramémﬁe%er@f interest is

reqUFredaﬂ%IB&”Eﬁﬁ'dmbiﬁﬁlt9é§eﬁhéﬁﬁtiﬁnes and trunks and a
digital switching network. Specifica 1y, this
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5 invention relates to a digital line circuit providing
automatic matching of the impedance of ;lnes/trunks
terminated by’ an electronic hybrid and to the automatic
synthesis within the ﬂybrid of the line natcking
impedance without using discrete components and with

10 minimized power dissipation.

In the prior art of two~to~four wire cohversion,
the probliem due to the impedance mismatch at the tele-
phone central office bhetween the subscriber lines/trunis
and the terminating impedance is well known. It causes

15 pcor return loss characteristics and reflections or
echoes due to poor operation of the two-to-four wire
hyb‘ld, which for proper operation, needs the line and
terminating impedances to be equal in both phase and
magnitude over the bandwidth of the telephone channel,.

20 Passive fixed terminating impedances to date are a
comﬁromise,,except at a specific fixequency, since such
coﬁpromise impedance is either a series or parallel
combination of a resistor and capacitor, Such a simple
impedance results in & poor match for the lire impedance.

25 Typically, the hybrid which performs two~to-four wire ¢
conversion depends cn a relatively close match between

the line and the terminating impedances and for optimwm



hgs be e attenpted in the-prior art with bal ance or “bui I di ng-out"” networks
whi ch e.a part of the hybrid, 5 and which, for a given line, represents a
custon1tallor|ng of the circuit. A further problen1due to i npedance
m snmaich ‘at the far end - of the line is that if that end is inproperly
ternminated, unwanted reflection or echo is returned to 10 the near end.

| f the near-end term nating i npedance equg s-the |ine inpedance and if the
transhybrid loss is zero, then optinum performance is.obtained for the near
end ¢ equi pment. The far end echo can al so be mnimzed by using known echo
cancel | ation tecpar@aemanuhuca gopdnmatBh oper ahprrangknofl £gdgquehcike

d t tionsh
betneen the moar CniiteRdst, 18 5aBuTRaUIT(chABSRORERLT EUE ERLE hEIRALRN
Using adaptive eb,aal begni astemptrdo nV\FbﬁoHiFioraant whghsbghahse one

correl ative portiBai08ihgeoher- RBEwHSks 2QhiEheskboR Béfée{ﬂf LRel ﬂggﬂfér'e“d
recei ve signalL can_be rated, ,usi ng, an adaptive equall zer,
subtract ed frhn1?ﬂ?s Pgﬁ PI§°Fe€eF%¥Sns iReyr . rEBﬁEF?PSﬁsafGFSbﬁmper

operation of thetaflhpring efushezefroust.be net. The equallzer nust have an

d S/'N t |i ony ence I ne
ﬁesag?LecharaL?LL?st?cakégﬁk%g gﬁgbéﬁﬂ g nﬁgtf g?ggﬁﬁTi%E?Bgé fhet gﬁnd
to allow for corf@%ten@eqﬁathecbnneolsstgahltffbhaﬂlgn?aisfimpempénby
adj ustments. - Theggrilinat 08, Jandleees or 8kl odpibh Cor bk ngfég?wg%l £0

equal i zati on ocess Nex{ ., and nost n|f|c
o?fice whi chl®usthe pert ?%ée thaE%Fo©e§En%%¢|%%¥mi%@ gutmp @ed two

two-to- four wregqualyetherbind Di aﬁ%lr ieﬁfreiﬁ?%éh@fsnémlgrgﬁgiéggﬂ g;
't roduced hybr i 40791 P ek Pt Pl RerEREnEREe TerPbtefand Bt UBmeE:
return signals. eadveguipyent. The far end echo can also be minimized
by using known echo cancellation techniques; which dépend
15 upon a prior knowledge of the locally transmitted signal,
and an assumed non-correlative relationship between the
near end transmitted signal and the far-end received signal.
Using adaptive equalization, w1th or without train-
ing signals, the correlative portlon of the far-end re-
20 flection present in the near-end receive signal can be
| regenerated, using an adaptive equalizer, and subtracted
from this locally received signal._“Conditions for proper_
operation of the adaptive equalizer must be met; The
equalizer must have an adequate S/N ratio to allow for
25 equélizer convergence, and a linear network characteristic.
Sufficient energy must be present across the band to allow
for correct feedback control signals for digital filter
tap adjustments. There must be an absence of "double-
talk” during thé equalization process. Next, and most
30 significantly, the digital local qffice which must int er-
face to analog subscriber loops must now add two two-to-
four wire converters in order to _nterfaqe these loops.
Previously, with analog central offices, no hybrids were
required. | '

35 These newiy introduced Lybrid interlaces can fulio-
duce reflections or unwanted return signals. Previously,

@



--3 or analog sw tthes these additional hybrids were not present. Thus,

R ut inproved performance in the hybrid, the digital office is?

‘P tially poorer in performance than its anal og predecessor. The problem
of ™singing”, or 5 nore explicitly, potential instability of the network in
a Nyqui st sense results fromthe=udwant ed feedback due to the two--to-four

W re conversions; and the .system can con- ceivably oscillate if proper
precautions are not taken. C assicall the-VNL (Via Net Loss) Planh takes .~
t hi s -condfox 1@al¢@rﬁﬁ7hl‘-©ha%cb‘um%eb§déia pional dhebyidaseerengoht t enuati ons

thr oUgho UL, Loien et WPl | e ehSEk! ShBEOVBANSEr £9EARRECLAY heNyblea

a
transhybr 0ss to rree sone mninumcriteria at t 0ose points |ntﬁe

net wor k V\')F\‘E‘Fed Fhtab- ?%‘é&cw }% PoRSREIaklynROPERE PP pRrigrmancs
Previ ous|¢hanh M €4 ravaIeg réd@c@éé@ﬁuat‘rﬂé wphobDes 0vE d" Heny 0BG |, €6xi n the

exi sti net wor ks era t hoge _offic rocircuits
whi ch %géﬁp’f%ex?%i?b YWP% %‘6 elﬁ%\%’ﬁ?’{/ ? Hhrsne %ﬁ?égnﬁfoa Iocal)
of fices quulsmsmemlwmmmethenmanted féedbackadtentat i on was

al | owed, 1S S e enths of a
deci bel . ﬁggi $§E&£]£g%#en1o %%@+%ﬁ¥%%£§ g@é??Eﬁ I%%Qﬁém ?l%e&%% provi de
equi val erﬂe@hﬂ?-‘dg w#blm&fmmmamgga%%m Reeneti sakghr avat ed by

the exi stciwsmaﬂ -t R PENL, - u?ﬁarmeéai.oégﬁtdq&nswmeéheaiéhecﬁdﬂuIon of
attenuation (4-db |n t he | ocal off to ovgﬂ%oms this. robI em served only

to redlicet q‘fb R4S AcRuRE RY c%PPr°?r ately FiB%, 2% ?E‘ﬁﬁﬁﬁgnﬁsers can
det ect. t hehymegissutpethe five troele ﬁUeatneqdnbaaddiadaménnuanaospeaﬂfy-

(ransm scEh, g (REApERER e oL 8L gl fnlningefl Blgy By °' ¢
i |l ustratihase poihtg tin thepreteoriuaherertve-tesfoubedira coBvearent
No. 3, 633,gl{lns Uake RRL£&EE, NO- 3, 798, 560 descri bes an adaptive transvers-

15 Previously, in arriving at the attenuation which
could be inserted in tpe existing networks, consideration
was given to those offices (or'circuits) which used two-
to-four wire converters; namely, trunks. For analog
local offices not needing two-to-four wire converters,

20 zero attenuation was allowed, and the insertion loss
allowable was and is only a few tenths of a decibel.

Thus, the problem of designing a digital local office to
provide equivaleht analog performance in an anélog envir-
onment is aggravated by the existing VNL ‘Plan. Experi-

25 mental results show that the addition of attenuation
(4-=db) in the local office to overcome this problem
served only to reduce the "Grade of Service", i.e. in
comparison, telephone users can detect the poorer per-
formance due to the added attenuation.

30 Automatic eaualizers per se are well known in the
f£ield of dlgital data transmissiod, with U.S. Patent Nos.
3,579,109 and 3,984,789 being illustrative. A digital
adaptive equalizer is described in U.S.Patent No.3,633,105.

' U,S. Patent No. 3,798,560 describes an adaptive transvers—

35 al equalizer usingla time-multiplexed second-order digital

filter. ' '



-4- An object' of the invention is to eleimnate the analog two-to-four wr
converters in the telephone line circuit by performng the two-to-four wr
converyston function digitally. 5 According to the invention there is
provided a circuit for digitally separating full duplex transnit and
receive information signals on a two-wire path to a pair of digita

signals, each separate fromthe other, Jd pclding: (a) coder neans for

converting anal og duplex frans ei ye ,si.gnal s
conposite digital ddihR rg qgiﬁ%?ﬁ%ﬁ°”déﬁl&9 %E&@F%PG control
data represent atnaae:g)ftvidwetd-rﬁuwnmeorcoﬁimm iisd ithe ctbls@mnbwa.i\mere

Erana  Sbupl ed GRS D3 R TEOAA DS (3R Whee! PER e BRansni ¢
si gnal being rnﬁunqﬁnanjd@gﬁnakiyuoeff|C|ent matrix to adjust the digital
output of gaid fi rStAJdA:t@ngtm TS He e%tq t'h%&'ée&%n Rr‘i%e&f an

undesi red signal portion sai transnl gnal , sald

coef fici ent natddisewd s digtaldy fsxemr@éﬁi@%(feﬂfh é%&&mn@mi&a@ad
that a subst antgedddivrd rﬁﬂﬁﬁnﬁﬁ&ﬂ%ig’rﬁl@ drl @S:wo'i-wﬁ.&‘éwp&@l tw epaikhe

ted t d ta
moans having S&1H Akt sigpals Jedy Gebatate, From iR oret %iuéaﬂa
i ncl udi ng a varfabl ecdsaf fmearcswtfa:atcurwauhﬁhrgﬂdxmldy chmlmémchr_fafnsmi&nta_nd
O o3 o Pr AL % Ie Y o dARRIANE I AR G @

35 al gqualizer using a time-nultiplexed second-order digital filter. <:i;>
e

pat h; (e) decoder neans sal transm Sig

an anal og si gnalb) omeans cﬁ@-‘ &enﬂﬁmmmﬁwts control data

v representative of the transmission dharacterlstlcs
of said two-wire path;
(¢} first digital filter means having the digital transmit
15 signal coupled thereto, and including a coefficient
matrix, said transmit signal being multiplied by said
coefficient matrix to adjust the digital output of
‘said first filter to derive a signal representative
- of an undesired signal portion from said transmit
20 signal, said coefficient matrix being so derived from
| said coefficient control data, that a substantially
infinite éignal return loss is provided between the
separated transmit and receive digital signals;
(d) second digital filter means having said transmit
25 digital signal coupled thereto, and including a
' o variable coefficient matrix controlled by said
coefficient control data for providing a synthesized
impedance match to said two-wire path;
(e} decoder means for converting said transmit signal to
30 an analog signal forming one of the duplex signals
including transconductance amplifier means having a
substantially infinite ouﬁput impedance; and
(f) means for combining said output from said first digital
filter with said composite digital data stream to
35 cancel the unwanted return transmit signal from said
digital data stream, andlundng'ancmnqnn:consﬂ#nngcﬁfsaud
receive signal.
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ilter with said conposite digital data streamto 35

(el udi ng transconduct ance anplifier means having a substantlally infinite
and (f) means for conbining said output fromsdid first

cancel

ted return transmt signal fromsaid digital data stream and
dut put consisting of saig receive signal. - Enbodi nents of the

wi |l now be deseribed with reference to t he acconpanyi ng
in which:- Figure 1 shows a known- el ectronic hybrid cifcuit.
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portion oPutputegdmitiancss. Flgure 9. Flgure 11 is a second nenory portion
of the equallzgggq&éﬁggﬂfgsg dinpreriled ikiock | dragrantopf the equalizer 25
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uré 13 is._.the | tip]exer/distriputor used
1mpe%ance matchlnglgi [Higltal hybrf

Figure 4 is a transconductance ampxlfler.

- Pigure 5 shows a recursive automatic equailizer.

Figure 6 is a bléck_diagram of a generalized
digital filter. : _

Figure 7 is a blobck dlagham of an egualizer.

Figure 8 is a block diagram of a generalized
digital two-to-four wire converter.

Figure 9 is a block diagram of a preferred
embodiment of an egualizer used in conjunction with
the invention.. - ,

Figure 10 is a first memory portion of the
equalizer of Figure 9.

Figure 11 is a second memory portion of the
equalizer of Figure 9. _

- Pigure 12 is a flow chart of the ecuallzer
operatlon.

Figure 13 is the multlplexer/disbr‘buto* used
with the present invention.

Figure 14 illustrates the interface connections
between the equalize* of Figure 9 and the multiplexer/
distributorx. .

Figure'l is a state-~of-the-art electronic hybrid,
which: _ -

_ {1} matches the line jimpedance seen at its
terminals 12 and 14, and shown as a lumped impédance
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et weén the equati zer of Flgure 9 and the nultiplexer/ 30 distributor

A

wi th the present i nvention., Figure 14 illustrates the interface connectionzi::L
s

Figure ¥ s.a state-of-the-art el ectronic hybrid, which; (1) matches the

| i-ne i npedance sgen at its termnals 12 and 14, and shown as a | unped

| npedance 35 [err] at 16. -6- (2) nininizes the unwanted return
signal fromtransm ssion path 1 by prqyiprg a cancelling signal on

transm ssion path 2 such that at--the output of the receiving anplifier 18
thg-transmtted signal is 5 feduced or mnimzed,” The operation of
hybrid 10 i s | npedance , r e
respectively, forma brz dgé{%lﬁ:ﬁg% tl[l%h ‘ﬁgﬂgﬁénfé‘%%??h %%éﬁgﬂ fﬁ’.‘gm er
acting as the drittanseissien sprith hk 12!) peevliding anpancepdling gdgnad as

the null anplifi ey ﬂfaﬁaﬁi@éi&wepa&pﬁ@@éﬁytﬁakaaeeéhet Bﬁt?Hi:prf @het he

receiving anplifier 18 Is zero al elngF nsm t At the

same time, any si%fff ‘éjdtféaﬁ‘rf‘m)gi ’65 8 Wéetpf)a%ﬁ’a Figmeli &St ecei ved

at the 15 outputredu &ﬁﬁﬂdflﬁinﬂﬁizeahUSThQnMprﬂHibhaﬁﬁnhybeddrQouﬁa
signals are ellmnaté‘.e-d,,l whi ch provides the two-to-four wire conversion

function of the H?brltr Ot |npedance seen by [err] is [err] in paralle

With [err] “at 28. |fx @pﬁddnces -grza;ez t dmadh @gpr;4taen22hendrﬁﬂs- 20
' I t
mssion e sees ZdScfrdiye fel 48 Teda0ed vl bypas Logpeptcel 1o

and [err] and [ &g am %@#¢¥xﬂ§wa@%4%$t@% the @vtving peuper pafahbe,
thus mnim ziymg - tf@:éﬁ!\)’ﬁﬂﬁ %ﬁﬁﬂé’k signattiddcadr eMOaRES1 amplifier.

If the bridge'is properly balanced, the output of the
receiving amplifier 18 is zero for any signal being
transmitted. At the same time, any signal appearing
‘across the'tip and riﬁg_lines is received at the

15 output of amplifier 18. Thus, unwanted  transmitted
:eturn signals are eliminated,.hhich provides the
two-t to-four wire conversion fhnction cf the hybrid.
The 1mpedance seen by Z is 28 in parallel with Zl'at
28. If z, is much greater than Zge then the trans-

20 mission line sees 28 as a line terminating impedance.
In practice, Z8 is fixed at a set value, typically

. 900 ohms in series with 2.2 microfaraés, and 23 and 24

; are varied or selected to give the proper balance, thus

' miqimizing the unwanted return signal. The drawbacks

25 of this circuit are:

fl) Since Z8 -does not equal Z for all -

transmission lines, the return loss of the circuit 10
as defined by: '

| | 3., + Z4
g Return loss. = 20 log,, z=~——3—- (Bq. 1)
L “8
30 is not infinite, which is the_optimum value-ts mihim;ze

reflections from signals arxriving from the far end,



vgé%%bf.this circuit are: (1} Si nce [erf] does not equal [err] for al,

ytR&#Sni ssion lines, the return loss of the circuit 10 as definedby: Return®
"l'oss. = [err] . (Eq 1) 30 is not infinite, which is the optinm
value to mnimze reflections fromsignals arriving fromtheafar end. :
-7- (2) [érr] and [err] nust_bg sel ected on a conpromi’se basis ‘that the
sanme circuit 10 can accormmodate different |ines, or [err] and [err] nust
be sel ected manual ty 3 4 or automatically by an appropriate set of' +;

control 5 sig S [ i i.t.chi Ik to place
appropriate vaC%Ls %Q é&dgﬁﬁ‘%ﬁéﬁnﬁghgag%ggﬁﬁr?hagc%gggﬁgmggﬁgone contro
process. Ya®is hateihe i samefcineulhptdansnsageommodsgtex i npedances and

thus needj oo ér?t?i%{ljéa@, a0¢ £araRalyVemife BbeEBAbSteltmanti@1circuit is

basi ¢al | y anal og an oe5S not Bend itdelf to low cost, |ow power, high

density, QK Gutamaticaklbh oY @R aPBYORRL2ER, E6Ft OfcEABLEPh cost, stable
and 1% RRgSLIVEHRHEH Fated K8TARAIDY SRELLifyehetherk ft® of the

' t-wth which it i d. (6) ,The_input/; t t 4-wi id _
of the ciBlAfe SPREGHIAE FRERnCPE i BBRcE4c ke bhPs SASE fcodec. used | n

a di gi t alacyoddimg tidsonme ¢omtetobnpPOepssperly, the line circuit for a
codec 111 ters. (P gund ERLLY 6P Ehe iipUdihLls, sBelfOREIRR D] 17 nOT T
enbodyi ndmpedlancemtansh tims oteed nothgresistive and capacitive
10 elements. ' - '
(4) The.circuit is basically analog and does not
lend itself to low cost, low'power, high density,
digital LSI techniques. _
(5) The circuit needs high cost, stable and
15 precision components to perform properly over the
life of the equipment-with which it is used.
(6) The input/output on the 4-wire side of the
circuit are from the decoder and coder circuits in'the
codec used in a digital system.' Thus to function
20 properly, the line circuit for a digital office needs
a separate codec and hybrid, in additibn to the normal
codec filters.
Figure 2 is a block diagram of a digital line
circuit embodying the invention wherein the digital
25 two~to-four wire hybrid function is performed with the
eliminatipn of ' the..previously associated discrete
analog ‘component. Also, the circuit provides automatic
digital synthesis of line ferminating.impedance'for any
transmission line characteristic, eliminating the
20 previously used analog component, These features enable
an LSI circuit to implement the complete electronic hybrid snd imped-
ance matching functions as part of an overali'codec
function, which.functions can be implemented on a
single LSI chip without extensive analog external
35 bkalancing or adjusting circuitry, This results in a



25 two~to-four wire hybrid«function is performed with the elimnation of
t he-. preykousry associ at ed di screte “anal og conmponent. Al so, the circuit
provi des automatic digital synthesis of line termnating inpedance for any
transyri ssion line charactéristic, elimnating the 30 previously used anal og
conponent,, These f.eatures enable an ISl circuit to inplenent the conplete
el ectronic hybrid and i nped- ance natch+n8 functions as part of an overall
coq%g function, which functions can be inplenmented on a singfe LSI chip

w tout extensive anal og ext'er nal I .or adj.ustin ircuitry, This
results in a (i W COFTeodPW P&Weﬁamgi ?'n%‘\" iat‘{&jfnd‘.’%lﬁ'%hl y reliable
t el ecomuni-cat i onelhabeecrueawcbmmﬁmcrammsmlqum-aiMMi cmtémsecm-r cuit
is based will now.be descr ferrln b ck t ure 1. if Z8
coul d be made oxBEARTSoHERR FEAFR: EhLs, S EHEY Sroaned e rir B on”C he
i npedance is intédededibellen Z and Z could be equal resistive el enents,

elinmnating rgturn si ggg_}@.rgﬂg Braggl Longhy: %%r%XfiCt ifered <{“i:f Pn%cfee“ ng

maxi m ze 10 return | oSS achi eves t hi’s “usi
and feedback teCHAF§L¥seaualotr &g Ayerh&hiserangors Sarfzgxbgfhich

conponents. In EhEUB.ﬁ\ %dahbﬂ agpqﬁ%@aaeaee%hleeplzl ngmdntzo U&ﬁxlé 'Hla and ring
termnals 102 and 104 |s eS|§F] to” natch he |ide i edance ~ The

line tern1nat|ngeﬁﬁﬁ%d§ﬁ§ésfé e&FmFP§§weeiiﬂ%ﬂ&?&“ﬂmﬁ?}”§§hFﬁégFEEﬂ by
the digital |oopan8 proetidingOanf ekaed WhpedarceC hateh lt% QRediddiesk

provi di ng fegq- fromthe der th 108 tao dec at, 10 via
line 112. 20is Pgﬁﬁﬁ g°§% EgggFﬁp? |é eBFﬁb&E FB§£%? |g|tal
synthesis. The fL&hscmnduanénﬁeedbagkampbhhﬁques w*thout using the

' heretofore used analog components. In Figure 2, the

impedance seen looking into the tip and ring terminals
102 and 104 is designeéd to match the line impedance.

15 The line terminating impedance ZS of Figure 1 is
digitally synthesized -by the digital loop of circuit
100 formed when switch 106 is operated providing fesd-
back from the coder path 108 to the decoder path 110
via line 112. '

20 Pigure 3B is a simplified block diagram of such |
digital-syhthesis. The transconductance or g amplifier
200 is a device which converts an input voltage Vx to
an output current - vk. It has an infinite output
inpedance or zero output admittance. Such a circuit is

25 well-known. 1In its simplest form, it car be equated
to a pentode vacuum tube or Field Effect Transistor
(FET) in which the plate or drain currents are propor-
tional to the grid or”gate-to—drain voltages respect-
ively. An example of such a circuit is shown in

30 Figure 4 at 200, wherein a hlrh open loop gain opera-
tional amplifier (gain = 10° ) is used with a res stanc
whose conductance is g mhos, '

Amplifier 200 in practice is the no:mal output,

amplif er of the decoder 114 and is not an added

35 component, peing shown functionally separately fox



2200 i's a device which converts an i nput voltage [err] to an output current

rrj]. It has an infinite output inpedance or zero output admitance.
ch acircuit is 25 well-known. In its sinplest form it can be equated

~t0 -a pentode vacuum tube or Field Effect Transistor (FET) in=which the

plate or drain currents are prapog--tional to the grid or gate-tdg-drain
vol t ages respect- ively. An exanple of such a circuit is shown in 30
Figure 4 at 200, wherein a high open |oop gain opera- tional anplifier-
(gain eﬂ@maﬂatd yaerposéd. a Tiesi deenderwhddeisondderdese is g mhos.
Amplifieg .2 I ce ut, .. . hibly §o1¢ e decoder
114 and¥ 5‘& Qaﬂ;)%f%ﬁg é%{ijo%ngg‘%ﬂg%elgﬁggshgvﬁggu %!tlon%lali/é‘lsepar ately
for and a:tplsarﬁaxmw:c.qmurcpmdse ifiptementedr byl weld -¥ngddW ce which
convert Qﬂﬁ! a gpvelisa d ot lyiSifegiction can be
|nplene§tgﬁﬂb éq érknon %é%##éQ tgfgﬁa ogkge&?cgg Thé ﬁ filter is a

di ci Bal ﬁ.lﬂ:en orith tProg orRREe | @OeﬁéiFﬂ-ép(tﬁt whighcKaga®ee i npl enent ed
usi “9 @@éﬁfgté@c&ﬂ %eiftﬂhadwﬁa{:eéhb&q&baginaal\g;ddalbe expl ai ned.

The Hf receded by a_digital sunm n see Figure 3B.

The funcitilo%ercﬁnahea%r‘éﬂlt%? &’291%“?6 1i fpe tHh e‘béﬁcﬁmﬂcﬁh of the
decoder %émtbswr&i ieal heummghgnnelei a0Er, estae Figure B3 .ow t he

| i t f d 122 | di dt t
the si Sﬁa{e""tﬁm‘%ﬁ br She dprer RelETAEnC La0RE LS ¢ Ok MTTer 126 rmy

.coma se:a?r-&vi’dll:le 6£\10t1p@| &etpadervElASinpuw pdgsafll [Heerthsd negidni s anal og
in nat ur & e cod |s I ls q§§f bed by
. Candy, é’t eﬁn erﬁl% t 02€i§ %ﬁg %Egpil ormse{)andvvl |én%t| ng and

deC|naUL22,eﬁmiqwqwddepectral foldiﬁg and to optimize th

Schal—to—n01se characteristics of the coder 122.
Prefilter 120 may ccmprise a simple two pole pass sive

15 low-pass filter since it is analog in nature. .

The coder 122 is preferably a. sigma del a type

described by Candy, et al. The coder post filter 125
performs bandwidth limiting aﬁd.decimat‘on, and provides
an overall low-pass, flat response in combination with

20 the prefilter 120, such that the compoezte gain is
egual to unity in the frequehcy band of interest, and
rolls off monctonically outside this band. With the
system'thus definéd, the response and output admittance
at the points indicated at Figuré 3B can be shown to be:

-25 — —:'gH— where Y ‘.= Y. + ¥

+ ¥ (Eg. 2)
Vin ¥ L L bf o2 4

and the output admittance, including Batte*yfeed 125,
prefilter 120 and line loads, can be reprecsented as:

Yout = ¥

L' + gH ' 2 (Eq.- 3)

In Figure 3A, the digital synthesis of an output .

30 admittance, is shown by a simplified and generalized
circuit usable for numerous applications wherein it is



ary overal | | ow pass, flat-response in conbination with 20 the prefilter

120, su&h\that the conposite gain is equal to unity in the frequency band
of intergst, and rolls off monotonically outside this band. Wth the system
thus defined, the response and output admttance at the points indicated at
Flgure 3B can be shown to be: 25 [err]

(Egq. 2) and the output admttance,. |nclndlﬂg‘Batteryfeed 125, prefilter 120
and;line | oads, can be represented as: "Yout =YLl + gH

(Eq. 3) In Figure 3A, the digital 'synthesis of an output 30 admttance, is

shorﬂ b{ a SIaﬁhdesxtiﬂmbﬁkomﬂfﬁiﬁf?h £ig ﬁe§§ﬁ§|§ § écﬂﬂﬁ@{ﬁuﬁput

appl i cations wherejn.i e synt hesi z

speci fi c out put Jttt%ﬁﬂ:% .#Pwin ?P,C&é ?‘fb‘?[#& ‘é?f%%%sa?"éeugﬁﬁgl nst ead
of the special i zeichsttsdashohytHersmeaiali fednite éghony ﬁsrm@d@f/d;énodﬁds

The functions of | h wi d of the
i nput si gnal ZA'I ;%P%Sfcfgeegp)r%é\fgé] ezxgsgec?rrgéﬁg ‘JF %’%% "gu gh ‘I‘pD

under sanpl i ng5 Aﬂr@ff%mgli% 38 dia alllmiﬁlv'&%lhﬁn%indﬂtm @ﬁnt'leetéanSZA

the A'D post fil Uit visPRsh URind 247 G d&ré\ﬁé{@'é SOULRRSE ALY BRLN

character- 10 istic for the A/D path I er
digital H flltertf1@QQQ§§ﬁ¥R%%qﬁﬂjiﬁﬁﬁﬁ?\%ﬂ Q?dqgkﬁiiﬁF?#%¢¥$i@B 258

"nops up" to |nswtehtﬂmeda(n‘\rdlaiér 2> gAithe Quad %7&& £ilheal Fsposhopsl ter
262 elimnates or ¥ ninm zes e effects of t he ant ation 15 '

process occurring® n ch?a’ e 1Y RATS iYRE 3 CharReFed as
t he noi se dd@ t oisldcDfarerther A/D Wmmml 'Ehea g:cmin.‘rﬂ.ﬁarazmogn@ut put

lsiagggl (Svnglelr)e { N@Bathh e DA L AL P S dAT LT S AN G 2T
nﬁe D/A prefilter 258 "mops up” to insure the D/A path
260 gain equals gH. The D/A post- filter 262 eliminates
or minimizes the effects of the D/A quantization
15 process occurring in D/A converter 264. Qtantizing
effects are defined a$s the nolse due to the D/A error
in approximating a contindous analog output csignal.
Where the prefllter and batteryfeed impedances
(adm*ttance) are large (small) compared to the 1ine
20 impedance (admittance), they can be neglected.
Normally, the battery-feed impedance is designed to have
this characteristic to prevent signal loss and the
coupling of unwanted signals into the codec. The pre-
filter can also be designed to have the characteristic
25 by utilizing a high series resistance or the high input
impedance of the gate input of a FET. '
Under these conditions YL' =_YLland the output
admittance is: - '

Yout = Y, + gH > - (Eq. 4)

30 If gH is made equal to ¥, then;

Vo'

vin — " V2 - : . (Ea, 5)



¢ i npedance (admittance), they can be neglected. Normally, the s
neiﬂrry-feed | npedance is designed to have this characteristic to prevent
(gal loss and the coupling of unwanted signals into the codec. The pre-

7~filter can also be designed to have the characteristic 25 by wutilizing a

" high series resistance or the higpyisaput inpedance of the gate input of a
FET. Under these conditions Y =YL and the output admttance is: [err]

(Eq, 4) 30 If gHis made equal to [err] then; [err]

| . rr] @
(Ed 5) ana &ﬁe'oﬁ@ﬁ&%ﬂ%w@%h@#&é 'g¥e ¥ cd e A Lowes ches the Iine

| npedance. Correspo e delayed transmtted signal Vin attenuated
by - 1/21inpe| impgdancet the summing 5 node 270 of Figure 3B. If the digital

Ffilter 272 969¥EQ§6na@.n§t1?%_n% Fe1dyeld 4Kk 8880k LkRatel ay
correspondi ng to the round- ru%hdelay romthe Hfilter -116 input to the
/i@

coder po¥inffrtepuatsdobypm /e I SARRAIRY itherS¥iRgncels the
unwang edndfe R9bULEEEighdesBHE, SiTalhe/idigitdDer off prér of72he sumi ng node
270, resulting in an output voltage Vq whigch does t. . coptain any portion
of the tPEREMPECAN RERERUAKIEN (G kit A4 (A FHSOTRCE Reie¥, 272 is,
under t hesprespdntings tositiel ifowd-timiqe délaynfbematié Hi npl e

ight SHPEFRG e BrARAR, t8, A e Rt EELERF o 25 SpPERE g und n
of f. Forthenotbegomépait fditieratd’h afnaels the mgamteflere adnittances of
22‘; g%eitgﬁggaétﬂg&%fsﬁiﬁ S8 dAP Y iaP aﬁéetﬁlé’to&@ﬁ:'ﬂ; 95 gl gpRut are known, gH
surmming node 270, resulting in an output voltage Vo
which does not contain any portion of the'transmitted
signal, Vin. Implementation of the F filter 272 is,
undef'these conditions, simplified_since it can be a
15 simple shift-register type delay element. Attenuation
of 1/2 is accomplished by right shifting the binary
value of the voltage Vin one place and rounding off.
For a more generél application of this technigue
where- admittandes o'f the prefilter and battervfeed type
20 are not negligible but are known, gH can be changed to
eliminate the loading effects of the admittances on the
line, i.e.:

gh = YL_- Yx . - (Eg. 6)
where'Yx corrésponds to their combined admittance.

25 Under these circumstances, the round trip gain (through
coder and decoder paths 108 and 110 respectively)
changes to:

A Y >

o _ . x _
vin =~ V23] o B

and the net admittance seen by the line at terminals
30 102 and 104 remains equal to Y. The effect of the
second right hand term in Equation 7 represents the



#limnate the |oading effécts of the, adni ttances on the line, i.e.:

TEq. 6) mbere’Y corresponds to theit conbined adnittance.
ci rcunst.ances, )
110 hespectlvely) changes 'to: [err]
the line at termnals 30 102 and 104 remains equal to Y
t he second right hand termin Equation 7 ;@presents t he

[err]
X 25 Under the

the round trip gain (through coder and decoder paths 108 a
(Eq. 7) and the net adnmittance seen by

"The effect of

- 12 -

ef fect of

the nodification of the Hfilter

116 to conpensate for

[err].

This results

in ¥filter
(Eq. .8) 5

272

273 g 4gd I LBL ol b e gigser

0 cance ransm

rlé"tsurtr?ed to the

recei ve out put eucqmmﬁm%ﬁt%nﬁmedYgataTZiSrHQSﬁétﬁ1nDtQtféhtCth37@|g|tal H

filter is of the gof
are programmabl e coe

oM

h&diti é&lsudh R

i ci ents,

and N an

4¢h

where Z is a del ay operator,

K's

represent “numer at or and

The filter
Z 15 plane.

denom nator pol ynom al s.
wWithin the unit circlerat.
synt hesi zed [err] this al

has its poles and zeroes restricted to
Rel ati ng the above to

(eeg  8)
[err] to be equivglent to any conbination of

10

5 in order to cancel the unwanted transmit signal
returned to the’ receive output at V .
In sampled data 2 transform notation, the digital
H filter is of the form: '
. 2% 4 X, 7
= Xo -
2

+
»

Ay

te

Wy

3

H(Z) Ko

U!‘-‘
i

w]
e '

Z° + ZK, + K

3

L)

~

- (Egq. S

ﬁ+x{z “+X. i}

Ko = 2 7 <
E.+K3Z

EeZ

N{Z -1

}
p(z™%)

Ko

where z is a delay operator, K's are programmable’
coefficients, and N and D represent numerator and

and
zeroes restricted to within the unit circle of the 2
plane.

Relating the above to the syntheslzed YL' this
allows YL to be equivalent to any combination of
resistors, capacitors and inductors having no more
than twe non resistive elements.

denominator polynomials. The filter has its poles

15

This restriction is

20 not inheront to the technique, having been chosen to

simplify the form of the H filter 116 from the viewpoint .-

of a large:.scale integrated c1rcu1t hardware implemifta-
tion to obtain a simple recursive digital filtex having |
five (5) coefficients. 1In additicn, limiting the number
25 of elements composing ¥, as described, represents ga
~good practical approximation to the function For

t
applications other than telephone line circuils,



(ijsistors, capacitors and inductors having no nore than two non resistiye R

Nenments. This restriction is 20 not .inherent to the technique, "having
en chosen-to sinmplify the formof the Hfilter 116 fromthe vi ewpoi nt of
£ A large scale integrated circdil hardware inplenmentat- tion t-0 obtain a
"~ 'sinple recursive digital filter having five (5) coefficients. I addition,
limting the nunber 25 of elenents conposing [err] as described, represents:
[err] godefpnitiopabfagbeoti fdditer 436 MY BeteendRR applicati ons ot her
t han te'§€Q8g8'kg”€oc_§h%wcbﬁmplte@£ty'b‘flf‘lhedei&ﬂi{:tﬁﬁc@_fs_t_ he Hfilter 116
may be exten 2d accor Ing to the conplexity of the mttances. involved,
based oninvielvedhnbases .gdshen&EHIGURS EHs! 1eyfEEPe Y has a

non-resiﬁangxgﬁgggneqheré FH, haldl @h nesi-esEIdBrd ccdmbshentan be desi gned
to 5 have third order polyndnals in its nunerator, and_denominator. This

woul d al 8Bw PBAFR SOTIAROORGS, @ ¥y Teet 3R tenedntPraint of no nore
than §Wohgge- the¥dsoraerel idfiggure ftshhwhetdeof eandsi ve auto
equal i zer, 130., 10 The ed to ahl.ish jhe coeffjcients,of the Hfilter
116 suchdFﬂ8ﬁi§ﬁt€ﬁhal?ﬁﬁﬁwﬂ°éﬁﬁ %iQQﬂ §Li§§s£X?€$?%b289 %ﬂe equal i zer 130
funct i onmeélte theqpalevienss yresbxyEiGit afmde mone rthanf twhenoni-nt enance
systen1rou%LQsz£y ﬁPe%y sgﬁa; the digita!-fi!tgr coefficients are 15
correct Thagsttof eglé%-abllshlng theminitially. The equalizer operates
in an of f-1inFigumeerS (@fowsaha ddcunsirogees)eanalianrbd3Pi-ne shared by
et o § o Sk T ol e o e Re e ntenance.
system 3if@csughy that gH equals ¥, (or ¥,-Y ) is satisfied by
the equalizer 130 function. The "egualizer system
130", under control of the maintenance system routine-
ly checks that the digital filter coefficients are
15 correct in addition to establishing them initially.
The equalizer operates in an coff-line manner (no user
call in progress) and can be time shared by N lines.
Once the filter coefficients are established, these
coefficients need only to be checked periodically,
20 under control of the maintenance syStem,'since any
given line characteristic does not normally vary from
day to day. This allowé the egualizer to be time
shared among a number.of line circuits, thus amortizing
its cost over a number of lines. Figure 5 shows the T
25 conditions under which the recursive equalizer operates.
Switches 106 and 107 of Figure 2, when open under the
control of the MULDIS during checking of the control
coefficients, disconnect the F filter 272 and the feedback
on line 112 from the coder path 108. The H filter 116 is
30 then set in the bypass mode (B filter is effectively short
circuited across input/output terminal, i.e., gH = 1).
Figure 2 can be described as follows: '
The code path 108 includes éoder'prefilter'133, a
sigma delta coder 135 and a decimating and low pass
35 filter 137. The filter 137 output and F filter 272
output are summed at summing node 139 to derive the



giyen line characteristic does not normally vary fromday to day. This @’

alTows the equaliZzer to be tine shared anong a nunber of line circuits,

thus anortizing its cost over a nunber of lines. Figure 5 shows the 25
condlthens under which the recursive equalizer operates. Sw tches 106 and
107 of - Fi gure' 2, when open under the control of the MIUDI'S during checking
of the control coeff|C|ents di sconnett 1éhe F filter 272 and the feedback -
on line 112 fromthe coder path 108. The H filter 116 is 30 then set in the
bypass node (H filter |s effectively short circyited %ﬁros l,aput / out put
termnal, i.e., ¥rrerned FFQUF§°Ei¥§n°B§PH§SQP| diead dll%ﬂéﬂpfﬁé code

Sat h 108 i ncl gdeﬁiP@éﬁédpéEf réb@ﬁva§§ud$ﬁsE]gmlnedeurfg%codm &&rﬂﬂg c];lf |

eci mating an ass e fil.ter ut put ilter
272 output are }33 %ﬁ]%& %a¥i£§9rFSQaXP.§é9 g ot ggl - L1e

i nt er medi ate reomiﬂeubﬁ;puh dinki 045141 Thehdelire trhnemid stignadeiore audi o
filter 143. The putpu | r ei of its
line circuit, ? P %eiiZSiLTkgﬁﬁe%égeESr§%§#§FWk'gunB ﬁﬂé¥¥%%ﬁ S
filtered by trad@hetnuhpub bﬁlﬁeﬂt2t914?hetbetp&&e@meﬁﬂaﬁﬁ transmite
internmediate tr | BpU oypl. fiql 16 =@t

151, whereat th2ﬂ$ﬁh%rngglg?ébgfgnggr?d§FQtaf }gkgﬁﬁéé mﬁtﬁﬁfhe feég%gck
on line 112, whewheypashthesinserpedipbectransqdt Sdened i summed

{rultl pl e;<0r/ di stm’eﬁt Qfxe1§geaBEbW ohoni%otilmg amedze@dearcrﬂ%s tie filtered
ransi en SI

s filter | ti.n |It Pro bl e
signal gener or§i€§F€ﬂ|Pn §§ “Sﬁﬁﬁﬁéf ] r€§£2'|s
‘made to our Patentibb t&5deb5&3®§5a¢RdEbeﬂhtr1149\th® ﬁxﬁt&kﬁduﬂzamﬁient
circuit. 155. Theg isi%BQilQFl%QE% TEANS e gl SR L 10 SO S 9

Programmable signal generators circuit 155 is shown for

completeness, and reference is made to our Pateat No.

15 1583635 (R.Treiber 1 Div &) for @etails of circuit 155.
The muldis 130 includes means for distributing control
coefficients for l... N line circuits, shown generally
at 157, and which includes a digital auvdio equal;zer
159 and a digital reference generator 1i€l. _

20. A telephone subset at the subscriber end of the line
is taken off-hook for example when it is undergoing
maintenance. At the intermediate transmit input point, a
reference generator 161 supplies a reference signal having
uniform (equal) energy components within the frequency band

25 ©of normal operation and zero energy outside the band. The
output signal O(Z) wilil be correct when, with refererice
to Figure 5,

E(2) = O wirere Z = delay operator, anu - (Egq. 10)
E(Z) = O(2) = R(2) 2 % . (Eq. 11)
30 The z T term compensates for ,the known absolute

sampling delays through the loop. Under these
conditions: '

HE ) xo=v, () . (Eq. 12)
p(z~h) =

4

N



oefficients for-% .. Nline circuits, shown generally at 157, and whigh

i cIudes a dlgltal audlo equal i zer 159 and a digital reference gener at or

. 20. A tel ephone subset at the subscriber end of-the line is taken
-hook for exanple when.it is undergoing nai ntenarice. At the internediate
transn1t input point, a referenc enerator 161 supplies a'reference signal
havi ng uni form (equal ) energy ébﬁﬁgnents w thin the frequency band 25 of
nor mal operatlon and zero energy outside the band. The output S|gnal QZ
will B8 correct when, with reference to Figure 5,_ F del a

oper at or whieh - is (the dla@)x:@(&)res@(z)and Ree lf%W}tln%! recurs‘i (Eq

11) 30 Eopensages k Orhdiee kbeyn edspkataysanpling
del ays t r:%&e-rgq%ho[eﬁ etl'%'rdero mkaifg]se 7 :

_ d| n err
( Eq. 12)establ}5hedMﬂR§1q%?tbﬂakﬁéﬁﬁﬁa d§t§§%%efhilﬁegﬁftlng recursive
filter coeffaal @g&gﬁrdﬂ haue élﬁﬁni:ﬂéf er3dyseatabbpshetealid can be | oaded
1

to Hfilt t 1 t the H5
(11 teb 156 10en dddod wilarded HECDFT I anibrorfite df Bh8)1 I "¢
COEffICIQ&btN@ﬁéﬁioudﬂdEEEﬂiamEntPmakmwm}|ﬂhQChoabbﬁV§rg erapidly. The

equal i zer_effect-- .ivel S NeoLs-PREFkal-di fferential -
equat i onSIRAAHF SH rﬁomcf%’&?%%eesr%] (ﬁ <%gleen 10 . R nT-LT]. and OQ(nT) -
as a fundwmdy sﬁl%d&aa(ﬁﬁ#fQﬁxﬂ¥NUlTQ@¢?u$hP%rFéa%eﬁ%é§§ﬁ?€&‘&§ error
term lmizes the mean square G between (Eq. 13)
.accordln 0 €s |I§h eor as for exanple Lucky & Rudin al BSTJ Nov.
196719nd Trré'r'lﬂ andmp(gbl,} AS a. unr't’c.r' o the.ccefliclient X..
This is represented as:
- errcy term partial
< /\\-—-'--'—--—" _.,.‘,_-—/‘—-u-\
é[o (aT) - RinT- £T))204nTy - (Eg. 13)
bK 3K,

~ according to established thecrf“as for example Lucky &
| Rudin at BSTJ Nov. 1967 and Weiner - Time Series
15 Analysis - MIT Press published 1964, 2ppendix B.

The outputs, P (nT), P, (nT), etc., represent the
partial derivatives of O(nT) with respect to the filter
coefficients. These outputs, whan cross-multiplied
with E(nT), summed, and periodically "sliced" by a

20 < slicer, which truncates and rounds off D'the sum term,
give the C,_ outputs which allow the N(z"Y) and D(z™h)
polynomials to be updated with new coefficients
according to the equation:

4

K new = Kkold —'Cklk o | ... (BEq. 14)

25 where A is an incremental value or factor for step
adjustment, This slicing technique, and means for
implementing the solution to Equation 14, is knovmn in

]

the auto equalizer field for non-recursive structuxes.
" The cirenit of Figure 5, however, uniquely implements

30 an automatic egqualizer function for a recursive



etc., represent the partial derivatives of Q' nT) with respect to the filte
coeff|C| ents. These outputs, when cross-multiplied with E(nT), sumed, an
_periodically "sliced" by 'a 20 slicer, which truncates and rounds off to
the sumterm give the [err] outputs V\/nilc@ allowthe [err] and [err]

pol ynom als to be updated with new coefficients according to the equation:

15 " Analysis - MT Press published 1964, Appendix B. The outputs, P (nT), O
24

[err] (Eq. 14) 25 where Ais an _
i nC—=r‘errent al vaI o] a t T hni que,
"and neans for %érr]é;fﬁélé%] étggéggF‘épl o%htgﬂ% E&Sg:tuz.on@i?v&de@ %\A%qﬁh tﬂe

aut o equal i zer f‘?%‘l‘!ﬂsf'@hiﬂbnt#b%|'1§|t?e°§f7996ttuft§§ ipgergctd@n of ynre 5,

however. uni qUG'd’oéﬂPi@ﬂEﬂE§ RO, qniayt ﬁ@%b't%f%‘i%ah\'aée'beféw'ﬁ@dmdélfe@
recursive - gualzer K{ructure. This circuit, provides'te [err]

terms which take°1i‘?|t‘6 atRguALMikdngnfariersodnoFernE sdye BEHEE err],

whi ch her et of5)res&@@c@&ﬁéscon@hierﬁdyobe ehet bE Itlhrél tr'd&&of@ttﬂfast ifon-~
recursive equal |1 zer structur e of the I’ as ns t hat non-

)
recursive equal |E%‘F“§??‘ﬁ§t ﬁﬁﬁgiﬁéﬁé 5r'€\'7‘§| PE&S Ve BFEVAE Aty the
i nherent sinpli ptionfanb} ananeldyt Inhepanhlea-lenftummmus:ﬂuy dfhea!m&mmg

~equal i zers oper ar rLQr er| 0 rS|

10 structure O?Elltl%gpgﬁtor a?ﬁggggg’ﬁ?}egogo%&? lﬁt(ﬂ %ca&gl“felt}célqeré& eas
-the present recursitkesMeant Eqvareqlirres 6miytem\ae (spc&oetdnmms:,vand
ithus reducey @i r&%cegfn'sw ke Bil1bhe 20 SIS cd«ggfé}@ bl ock

di agram of Figure 5 oW n recursive equalizer operation, the
. fol lowi ng equatlmf gp?nts, whereas the presen recu*sw'e structure
' requires only five (5) ccefficients, and thus reduces
circuit complexity fcmd the amount of hardvare.

In the block diagram of Figure 5, showing the

15 recursive equalizer operation, the following equations

apply:-
P_(2) = A(zZ) 1 —‘i—l (Eq. 15)
' D(z" )
, | K°z°1 _
P, (2) = A(Z) —2— -. (Eq. 16)
1 — |
P,(2) = z71 P, (2) | | . (Eg. 1T)
, -Koz'l
o P_(2) = P (2) (Eq. 18)
3 b o | | |
P, (2). = 27 B, (2) o (Eq. 19)
) 0(z) = X _P_(2) | (q. 20)

E(2) = 0(2)-R(2) (Eq. 21)-



(Egq. 15) [err] .

16) [err] , (Eq. 17) 20 . Jerr]
-(EQ. 18) [err] . (Eq. 19) [err] ' - :
(Eq 20) [err] ' ' (Eq: 21) -17- [err] slice
[err] (Eq, 22) [err] (Eq. 23) "Using these

equatiions iteratively, the H fiLtgﬁ 116 coefficients are continually
updated to a point mhere 5 the [err] are negllglble conpared to sone vaiwif
[err] (Eg. 24) ,The val ues f.or

[err] are depegdgsi; &pgmla@ sg??%o[nqt\her bof a@mrs ‘and are Egde22)y m ned
enpirically. en the criterfia®of Equation 24 is net, the equalizer has 10
conpleted its task and can be reassigned to another line. The val ues
obtained for the [err] are |loaded into the Hfilter. Were Y =[err] the F

filter transfe%kr,P gr?gkkﬁléa%ﬁﬁr %te%) @I y 1/2, and there |&§Cﬂn apsolute

del ay correspo sanplrng del ays 15 rough the
digital filters, Z in sanpled data notation. Where [err], the

equalizatq%gggrgﬁg§g ﬁh@ion&erEkratlvely, the H filter 116

(Eq. 25) tain required value for_"gH,_ the known quantity [err]
nultlplle@°%9f%QBeﬁﬁ§ta5§ septiaveddy pedaced to a point vhere

(Ed, 26) ¢Retdi ssCage, nkBeigybher <o Fla&réu i alo fsied ivamadX Jsé:be i ncreased
to accomodat ekt hird order pol ynom als for : )

Ck L Sk . , ' ' l(Eq.:24)

The values for Sk-are dependent upon noise and other
factors and are predeternined empirically. When the
criteria of Eguation 24 is met, the equalizer has -

10 completed its task and can be reassigned to another line.
. The values obtained for the Lk‘s are loaded into
the H filter. Where Yx=of-the F filter transfer
characteristic is simply 1/2, and there is an absolute
delay corresponding to the round trip sampling delays

15 <through the digital filters, Z-L in sampled data notatiorn.

Where YX#O, the equalization process yields;

-1 : T '
- === K =Y (2) + Y_(2) (Eq. 25}
D (2 l) o L b 4 : .
PR

~ To obtain the reguired value for gH, the known
quantity Yx’ multiplied by two must be subtracted:

-

- ) xeh g :

In this case, the number of partial functions P, must
be increased to accommodate third order polynociariais ior



;- 18.- [err] and [err] so as to acconpdate a first order polynom al type(?fi/>
fadm ttance f-or ['err] The F filter 272, under these conditions, becones:
[-err] : : (Eq. 27) 5 This value for the F
~filter—272 may be conputed fromthe equalization results obtained from :
determ-.ni ng- gH and the known value of Y Alternatively, the equalizer may be
used to determ ne the value of F diréciﬁyf This operation is acconplished
10 as follows: The coefficients for the Hfilter .116 are | oaded, the
. SWi«tch 106 in the.feedback payh 112 of Figure 2 is closed by a switch
control signal N{Bom} wnﬂopszlgj;agu;s:qq|aagommuﬁquras£¢zs¢nqn@ers
opened, and tNpotgnaiad! tibe WIMRMRS for Wz) Thithe Fupngeerl 272
" operation mnlluggeld: [err x% g. 28) and thus: [err]
(Eq. 29) 20 deR; $hess, coRdiddoms R8T a recursive filter of the
sane type as the Hfilter 116, having third order polynom nals for [err]
and [err] for af[err] of -19- the first order polynom al type.
- Actual circuit inplenentation _&he Hand F filters can be acconpl- ished
" using state-of-the-&re f_ghnhq @&s.” i gure 6 shows generalized KkEQNJI2F)
filters 116 5 and 272 ﬂdi prodﬁ§§|ng N(Z ) and D(Z ) polynom als having
orders of k/2 according t0 equation 30. [err] (Eq. 30)

5 This value fér the F filter 272 may be
computed from theugéualization results obtained
from determining gH and the known value of Yx.
Alternatively, the equalizer may be used to deterrmine
the value of F directly. This operation is accomplished
10 as follows: :

The coefficients for the H filter 116 are loaced,
the switch 106 in the feedback path 112 of Figure 2 is
closed by a switch control signal from MULDIS 157; the
F filter 272 path switch 102 is opened, and the egqualizer

15 130 process is run. This seguence of operation will

yield:
NizTh o 2y |
— KO = L : . ' (Eq. 28)
- D(Z 7) YL’Yx _
and thus:

-1
F = P.(.Z_.Tl % : : (Eq. 29)

N(z ") o

20 This provides coefficients for a recursive filter

of the same type as the d filter ilé, having third

1,

. . - - c.l i
oxGer polynominzals £ox MN(Z ) and D(Z 7)), for =2 Y, of



3 icients and dafa are st@red in sem conduct or RAM menory organi zed
#Nto "push dowmn" stacks 300 and 10 302 and recircul ating stacks 304 and
306 to facilitate. fetching and storing of information . At each

time [err] data outputs of RAM nmenory stacks 300-306 are fed to a

sanpl e

nul tiplier/sumrer circuit 308 which conputes the required output [err] on
line 310 by sequentially 15 nulti$Pyrng and accunul ating the results

accordi ng
with the
t hen pl ac
operation
comnput ed.
acconplis

filt
(|14)err§lt

m cr osecoR&ViHg sy @f dped aaqcszdiem %Pswthenp

m croseconds can be acconmodated. H gher order polynom als may be

to Equation 31. [err] [err] The first termconputed is

[err]

S tc¥1es 20%}?%1%93%’21%%3{1#%){%% élé‘él UEOSI“if;fQ-n' 1. [err] is.

ter that
eitiexﬁdai:i[dﬁ rc]f attee (M cnedl Fi fipostsi can2bandctbmpl~t erns are

E*e?s;“' R PR R PRALERE” (05 ng the o

-20- nenory. an@ﬂgnnerﬂ|showﬁmgenmr&iizmdnHI@md336fibtebathlﬁhe H and F

I pl'y/a ons are 1 nvolv I'owi ng™ a

sk 0edd Hibdedd dds AE (2] n%,é%?rztb?f {abiéﬁahi)alé-ﬁ

f ourt een

accommodat ed by .addi ng parallelrsnrrn t he arrthnetrc and nenory operations.

O her for
of Figure
structure
RAM s, ar
processin

ns of recurisi we fD r Slp%mp ? e 10 filter
6 i sygranmpl ary i'ﬁfl )2 atr s of he §§
can BHZheal i zed lﬁ_lprefer enb Eﬁh}fz ses se ‘c
Ithnmetic unit and[cont |°0gi c* 10" k0rm addi gi t al srgnal
g structure to’inplenent .

Coefficients and data are stored in semiconductor

‘RAM memory organized into "push down" stacks 300 and

10

15

LY = Ko [x +K

20

25

302 and recirculating stacks 304 and 306 to facilitate
fetching and storing gf information. At each sample
time T, data outputs of RAM memory stacks 300-306 are
fed to a multiplier/summer circuit 308 which computes
the required output Yn on line 310 by seguentially
multiplying and accumulating the results according to
Equation 31. ' :

Fn-1¥%2%n e KXy ]
2

k
2

we [Ben ¥ne1teo Yoopeo K, - 5_]
2 2 2

- The first term computed is Kéxn with the switches
S, at 312 and S, at 314 in position 1. Si.ie.then
placed in pesition 3 and the x terms are computed,
After that operaticn, Sl and 62 are placed in position
2 and the y terms are computed. Thus k+1 multiply/add
cperations are invoived. Tiis can be accomplished

easily within the sampling period, sharing the same

structure
alizer
uct or

o

roximately one (1) 5
tod T of 14



15 the principles of the«equations. Furthernore, although the nmean sg
error -\ S.E.) algorithmhas been shown as the basis for the equali zer
operatilon, other algori- thms may be used to deternmine the coefficients
the Hand F filters. For instance, the al gorithmdescribed 20 is based

upon determ ning valués of Ck over a period of a nunber of sanples equal to
NT. - Each time the [err] 's are conmput®ed®© tthe coefficients Kk's are updated .
every N sanples, thus [err] (Eg. 32) [err] 25 .and.the new value of the

coefficients are conputed based .on.the aradient vectaqr .conp ngs_[.er of
Equation 33; [er[pmo and mu(itz.priier 3%8 and accumu ag‘:cﬁ'zqﬁ]éﬁor bg&lgl )
By sinplifying tkRectimantar @ilafer6k byrhapprfvg Mtdamy;F [£iYdexrs having

(Eq. 34) the coefficient ernr y he updated at gver ' T, '
allowing for a mgf’éxr Sﬁﬁgf[éé?&\?k‘rt%?négé)‘ t’o%jqﬁlg%e‘a’} [ ﬁaﬁe) é%‘ﬁﬁ;er@%}déé%duci ng
t he anount of happnaaeinaedade IMWQLngqHamiQWingaapgqﬂXﬁMatﬁlxnpmmi@h)
approximat es gi hguabIBABSAS Y Salll YnctP YAIIANGE, idhd d kst (1| ter

‘and is advantageous, particularl - ere enphiasis I's on fast_convergence and
~reduced 10 har dweeEioghT gifgildamirrreacondse #amp ke ROt tRd < al

outputs [err] nags Bek”BEEEE”FB@yhB:ﬂi!a'i% R e atdddmddiacda ayd dadihgers.
a,specific enbo 15 nent of the equali zer

159, A tims ohar BATALLERFER 47 Se% amhthnes) 5b THIR APATS ol
arithnetic - Other forms of recursive filters are possible, and the
10 filter structure of Figure 6 is exemplary only.

Varioué implementations of the equalizer structure
can be realized. A preferred embodiment uses semi-
conductor RAM's, arithmetic unit and control logic to -
form a digital signal processing structure to implement

.15 the principles of the eguations. Furthermore, although
the mean sguare error--(M.S.E.)} ‘algorithm has been shcwn
as the basis for the equalizer operation, other algori-

 thms may be used to determine the coefficients of the
H and F filters. For instance, the algorithm described
20 1is based upon determining values of Ck over a period of
a number of samples equal to NT. Each time the Ck's
are computed, the coefficients Kk's are updated every N
samples, thus '

| T p (nT)E (nT) _

G, (MNT) = slice - . (Bq. 32)

e . n = {(m-1)NT+1 . -

25 and the new value of the coefficients are computed

based on the gradient vector compgnents C, of

k
Equation 333’

\

Ky (m) = X (m=1) - C, (m) (Eq., 33)



d™\ogi c operationé on information stored in the equalizer nenory 502 ,
Ekﬁ the control- of control logic signals fromcontrol |ogic¢ 504 and which
igna)ls 20 are synchronized with the control logic..clock 506. The cl ock

6 ¥requency is, in turn, synchronized with the data sanpling cl ock
signal, and is a nultiple theregf.,,First and second RAM frenori es 508 and
510, which together conpri.se the équalizer nenory 502, are 25 controlled by

a series of control words, each of which also controls the operation of. twa_

arithnetic, | ogic ud f. 50 ' r r ' r.e shifted
by shift ggl%&%ﬂ%%%éﬁ%%%@%lﬁg {fg g’?ogﬁﬁgbgg"%ﬁ%‘ ol words on
line 516, under the control of logic 504. Constants may be | oaded into

menory 502 under external control, the menory_contents may be exam ned -
22 - externally and the equalization process may be initiated externally. A
| ogi ¢ signal o@pTIEE isign Ry =E) V\heﬁi‘é’auﬁl(i‘?it ion is cdBFlretd) Figure 10
Illustrates the organi zation of the 5 first nenory 508, which conprises
four push-down stacks 520, 522, 524 and, 6526, of which the functional

detai |l s ofth& SQELHPELEES Hyufiatie ipd3sed 3k SYETE283B Etion in ke

manner, aigReT MATNowitidcton 2. mdwve hr@psh- donmergency sbathe520 - 526

ropl acds ERPALYALRS A NEur T P coluE RE n8ERaEER 0T | LT ot ack
i s out put neediedom tThelsstalgorifitim is a simplificatient wbdeh(FILO
B hogrEPRElaichd el ulin Ik EREIsIAES Gooltpdersiipcasceoscd 10,0
(n), Po(nim a reoprgiyvesfdlter and is advantageous, particularly
where emphasis is on fast convergence and reduced
10 hardware. . _ o
The digital filters used to develop the partial
outputs Pk.may be implemented in like manner as for
“the F and H filters. + ’ _ _
Figure 9 is a block diagram of a specific embodi-
15 ment of the equalizer 159. A time shared arithmetic
logic unit (ALU) 500 performs seguential arithmetic
and logic operations on information stored in the
equalizer memory 5C2 under the contrcl of control
logic signals from control logic 504 and which Signals
20 are synchronized with the control logic.clock 506.
The clock 506 frequency is, in turn, synchronized with
thé data sampling clock signal, and is a multiple
thereof. First and second RAM memories 508 and 510,
which fogether comprise the equalizer memory 502, are
25 controlled by a series of control words, each of which
also controls the operation of the arithmetic logic
unit 50C, o “w - o
External control words on line 512 are shifted by
shift register 514 to control gates 514A to provide
30 control words on line 516, under the control of logic |

504. Constants may be loaded into memory 502 under
external control, the memory contents may be examined

a



sgores Pl (n), PI(n l)..., stack 526 stores P3(n), P3(n-1)... . Decoder 532 é%f

decodes rhe cont rol wnrds on line 516, from which the individual control
signals t.o 20 each stack. The output of each read operation is stored in
menory register 534, and which output is an input to the Arithnmetic Logic
Unit 500. Figure 11:.illustrates the organi zation of the second, nenory 510,
whi ch includes menory .sections 540, 25 =582 544 and 546. Menory section
540 stores constants [err] including [err] to [err]. anory section 542
stoPés data wor ds SK, including [err] to {err Menory sectipon 544 stores
data words R(n) fesmeonsldprnd dhereqwnliy i%|%°%?%ssﬂ?¥t€ﬂ in via

shift register 548q; MiuWdy SbteSRLL1PN 5:461@4::&&51@6@1 outplti BOuis to all

menory sections nay go se aratelé i nt o meyor Yy, or out by appropriate

control words whi BFe¥id LEFR OB EH C%Wi%ﬁ%r essed data word in
any of menory SECtiOHS ﬁ%&hrefﬁﬁﬁiznmsﬁraﬁESaﬂweessgdnsﬁahbmd o6 bhecoupl ed

|2 organ! zed ad & S RRIPTENSG e peldtfead e IREH-AGI PG o1
R(n), R(n-1)...KR rsﬁacmrsm;, 522t 524 aanld eS$2@4" ofh@hmhthhet f‘énE'égPB‘—Eimt
500 has, as |nputs. NEf &1 O %Loy#gugéioghéﬁﬂlst§£§Cﬁ§4sggg §54 hham

e

menori es 508 and éﬁ respectlv Uperforns its arithneti

processing on t hes¥26 rfrnation tin L%#%kﬂ%#%%%ss?ﬁgd°?ﬁem?@95¥t§t§Fg BPRced

inits accunulatoqk§§§ FHESG e GRethd Sy A €aékes2004pERd Suhcthonst spagaaitn

menory by 10. control o I c, 504, The_actual arit Goand,l rations
perforned by A% B?FEF"\‘M’P?W nHPRE %?ﬁﬁra??z’&ﬁm°ﬁn€?foh 8°8fia’' 29he gggerat i on

replaces the last previous word in the stack and the
last word in the stack is outputted from the stack.
This is a first in - last out (FILO) operation. Each
data location in each stack can be directly accessed

15 or read. Register stack 520 stores words A(n},
A(n¥1)... stack 522 stores Po{n), Po{n-1)..., stack 524
stores Pl(n), Pl{n-1)..., stack 526 stores P3(n),
P3(n~1)... . Decodeé 532 decodes the contrcl words on
line 516, from which the individuallpontrol signals to

20 each stack. The output of each read operation is

stored in memory register 534, and which output is an
input te the Arithmetic Logic Unit 500.
; _. Figura 11 ‘illustrates the organization of the
‘ ' set.oM memory 510, which includes memory sections 540,
25 542, 544 and 546. Memory section 540 stores constants -
Kk' includinglxo to K4. Memory section 542 sgo;es
data wSrds SK, including So to 54; " Memory section 544
stores data words - R(n) from reference generator 161,
which are shifted in via shift register 548. Memory
30 section 546 stores E{(n). All inputs to all
menory secEions‘may go separately intoc memory ox be

: | _ read out by appropriate control words which are
decoded by decoder 550. Any addressed data word in

; any of memory sections 540 - 546 causes the addressed
: 35 word to be coupled to memory ragister 552 via gatingy




by "+ C(RL) .C(R2) [err] ACC'15 Miltiply/Add .,
C(R2) +C(ACO) [err] ACC "Subt / Add Clerr] +C(ACC) [err]

crenent o C(M)+ [err] M2 Decrenent _ C(M)- [err]
: npl enent ACC, If sign ACCis - 20 i f Neg
[err]-C(ACC) [err] "ACC Zero ACC "O' Val ue [err] ACC I'nitialize

Set up to begin. equalization p?ogéss To | npl ement the multiply function,
the contents of nmenory registers 534 and 552 are nultiplied and 25 stored”
in-accunmul ator 556. To inplenment the nultiply/add function, the contents 5{
nmendry refFk@ra5484 Memeryosarkinnl ARl LedoraRRiReE A&@ t- is added to the

content s gfs<down RéRd 5§ta§ﬂ wherelﬁoahﬁfpls%%%ﬁ Wk aSWRIrgact / add
functi on, é_.e co? _hgts o) ?er both registers 534 and 552, with
R 7 bs

apprepr i heesR R EB’r’:t | dgregtiyepddregsedar e Wikled to the
contents mfiﬁnwmd- &L@g155@nit 50024as, Tasi Kpbaenthieh@ tiocridient operation

or th de er at onten the particul ar nmemoyy |ocation
SIS i ncrene%%?prﬁé: ge‘t?%}n%ﬂr’éﬁ g?gtﬁﬁgs%ﬁ %Fof“hgl“g‘(?fd‘ﬁﬁl r 3% 560 is
respect i \BaiQp, mﬁﬁmem\selsor pbeet ALY, performscatkdi. agitt&nntdté.c:‘ ield code. To
il ement, tess! c egdat k¥ NGt t he sign of
the conténts osi‘sclt e accurm ator-1s (:h%%{-'sg Qﬂ b Pfggeg\t/sﬁgln’ it is negative.
To i npl erfidi® BefltierareRlagedt in ihﬁc@?@ﬁmu@h§°m5“hunei’"ih@sml ue zero is

stored i i 3 @rll @Hen - cJ@pw@Imnfofhstbeat;éa&hzs%eiw RN, which
all O% control logic 504.
The actual arithmetic and logic orerations
performed by ALY 500 will now be summarized.

Functien : Operation

Multiply = - C(R1).C{R2) —3ACC

15 Multiply/Add ™ C(R1).C(R2)+C (ACC) —> ACC

' Subt/Add _ C (£R1) £C (£R2) +C (ACC) —> ACC

Increment o C (MZ)-{-{LSB —_ M2 -
Decrement C(M2)- ,LSB —_ M2
Complement ACC, . If sign ACC is —

20 if Neg 2N-c(acc) —> ace
‘Zero ACC : "O" Value—> ACC
Initialize Set up to begirnm.

equalization proces
To implement the multiply function, the contenus
~¢f memory registers 534 and 552 are multiplied and
25 stored in accumulatbr 556.
.- To implement the multiply/add function,.the
. contents of memory registers 534 and 552 are mﬁltiplied,
and the result is added to the contents of accumulator
. 556, | S |
30 To imblement the subtract/add function,'ﬁhe
contents of either or both registers 534 and 552, with
appropriate sign changes under control of a £ield code,
are aodea to the contents of accumulator 556,



for external |oading of constants if an external wite control signal isw

present ~t he ‘accumul ator is cleared*and accunul ator flags at 562 are res
15 * The control word structure fromcontrol |ogic 504, which is
‘inputted via-line 514 to nmenories 534 and 5S2 consists, for exanple, of a
6-bit memory-M field, a 7-bit nenory M2 field and a 5-bit ALU 500 field.
"-Each control word is then 18-bits. The'fzﬁe'g(')i ng i s shown 20 bel ow. Menory
M--\; M Push Address ~ Sel ect subtotal Field | 1] 2
1 2 6--bits nmenory M M2 Read/Wite ., Address

Sel ect Subtotal Fiel @o implement] the increment |opexxtion or the| 7-bits
ALU 500 Ope e Uhent OPI\%:r?i;:rifINE he contentsoW¥ Old FdStfoular

5 -bits Menory M Instruc- °N 2 1'nstruc- ALU Instruc- Control tion
Field ti on™emery location di Ainaremensiad oprdpcremgried if thg -
7 silg® Wlf thed accunfildtohS-dX 156P5s respd€iveng Hoyatove

Figure 12, a flow chart, of the e%ual | zer_operatiqQn :’ﬁs,%lréust ated. The
seauence is as fOf ERSitive, adso gqgending, 49 Jihe Fihd ¥ an external
start signal on |ine %80 inplch@gdl itha i"Gonplgnaite {ddundcghor sifinal on
line 572 is reset and.mepory | gcatio accumul atqr. 556 .a I d
regi sters are cl 8984V ﬁng%ﬁgmaﬁw ﬁiequnsiogﬁé"ﬁ‘% sé%%és%]$ %ﬁ ?’igsr:]e 574,
the control |ogi ecbdmudlaitons ishehamgadaltd graditanee [vedrerl i e hegajedve.
externally via shift I3 S-S lom MR M S &l At e $d | S
‘present, internally s:f‘ca??é'd vaef%egz [t\gr'ére] an c{e_rr 10a are su %?lfée%l' v?%e
control | ogi 8050»ulmgrds YagyepFeropdeEn)storad in ‘the accumulator. :

To implement the initialize function, which alicws

for external loading of constants if an external writc

contrel signil is present, the accumulator is.cleared

and accunmuulator flags at 562 are reset. ' o
15 The control word structure from control lcgic 504, ] ﬁg

which is inputted via-line 314 'tc memories 534 and 552

consists, for example, of a 6-bit memory Ml field, a

7-bit memory M-2 field and a 5~bit ALU 500 field. Each

control word is then 18-bits. The foregoing is shown

20 below.
Memory ML ML Push Address Selsct  Suniotal
Field H 2 | 1 i 2 | 6bis
- Memory M2 M2  Read/Write  Address _ Select Subtotal
. Field Bk 1 | 3 | 2 | 7hbits
<
ALU 500 Operation Subtotal
Field [ 5 | - 5~bits
s Memory M1 Instruc~ Memory M2 Instruc~ ALU Instruc-
Control  tiop Field tion Field tion Field , Total
o T ‘ 7 [ 5 [18bies
25 Referring now to Figure 12, a flow chart of the

equalizer operation is illustrated. The sequence is &3

follows:



t¢ val ues A(n), R(™m) are obtained externally at the sanpling tinme nT.' ,
)~ and A(n) are pushed into their respective nenories 520 and 548,
spectively 15 A(n-2) and K2 are fetched into nenory 1 register 534 and
menory 2 register 552, respectively. Their product is conputed by the ALU
500 and hel'd in the accunul ator 556. Similarly, A(n-1) . [err] is then
conputed and added to the.contents of the accunulator, 556. Sinmilarly, 20
A(n) is then added to the content® of the accunul ator. The product terns
associated with the feedback Po terns are subtracted from the accunul at or
according to the equatlgn_ : C
(Eq. 35) Thi s operation F¥}r] o function shown in
Figure 5. Thertemauhh ERtBrnal pualredslilghmJba Rd.ree B0y, 2P, - 26 -
Step 3.. err] e [ tern1 er ndi, out put of

t he [err]ébggflzaLf?Ptggm%Fngt#gFehlaﬁ) e leq@%%%u é%hﬁ% a simlar
manner ac:esdtngndome@ery]locations, accumulator 556 ay. 36) 5 the

resul t tac 5 ﬁtt%'i’: (gﬂ:rgg.%_eP n) 1
'Slﬂ1|a?| g#5?g§ ?gg%ggeLg éLengig oﬁft%%' nengév'stac accogd?ng t o:
[err] 10 sm@h wrpespgnusonol@ne 157r1t,erthmﬁ@nt6rﬁ>loflqgeirq]5c?4 lustrated in
Fi gure 5. aﬁ@@s%h@ﬂﬁﬁ&ﬁaﬁ(ﬂ) ghgngr BOr st WS 1GAHUd Ak AasU I Pg to:

via shift reglster 576. ’hen no External Write signal

is present, internally stored values of. Yk's and S 's
10 are supplied via control logic 504.
Step 2 Compute Po (n)

" The values A(n), R(n) are obtained externally at

the sampling time nT." R(nj and A(n) are pushed into
their respective memorieslszo and 548, respectively,

15 A(n-2) and K2 are fetched into memory 1 register 534
and memory 2 register 552, respectively. Their prcduct
is computed by the ALU 500 and held in the accumulator
556. Similarly, A(n-1l) . K1 is then computed and added
to the contents of the accumulateor 556. Similarly,

20 A(n) is then added to the contents of the accumtlatcr.
The product terms associated with the feedback Po terms
are subtracted from the accumulator accq;ding to the

equation:

new Po(n) = A(n) +.K)A(n-1)+K,A (n~2) - X, Po(n) ~ K,Po(n-1)

.25 R  (Eg. 35)
- N ( -1) _
This operation correspcnds to the ——E:I- function

: . _ _ . D(z ™)

shown in Figure 5. The result Po(n) is pushed into the
Po memory 522.



[err] = C e (Eg. 38) 15 E.(n) is saved,
i.e. it (S-Stored inits prescribed I'ocation. This operation corresponds
t he summi-ng node function illustrated in Figure 5. - 27- Steps .6 &7
Conpute Ck's, Updating Kk' 's The C's are conputed based on the sinplified k
approach descrlbed previously. The operation involves incrementing or
decrenenti ng Kk based on the sign_of 5 the2§radi ent vector termferr] i.e.,
increnent [err] if sign negative [err]

(Egq. 39) decrenent [err] if Sign positive Steps 8 9 and 10 Testing for-
Equal i zati on Conpl ete The absol &tep/d u€onipytay r.EiB i) conput ed by changi ng
the sign of [err] if it:.is negat+ve—Hre—eor+esPoretng 10 value of [err]

i's subtracted fromthegpgls f %ﬂf
accurnul ator is positi ve %@Lt%ogst agc(&lrsfgs% Jd éoe%lfﬂ rée&gt?%eth? he

Test Flag Flip-Plop reaglns unchanged, i.e., [err] = + SET TEST FLAG (TF)
15 Jﬁ—-—N@i@HéNGEﬁQsEEa@EdS i Qﬁdus_-éneg 1Y "B e B2 a
gradi ent vector tarthéor] i.e., [err] through.[err] At the end of this.

procedure, the Test Flag is examned. If the Tést Flag is = 0, indicating
that no C term exsemddrt hannetr aspording 2@: val ue of [err] then
equal i zation is conplete. However, it the Test Flag 1, indicating that
one or nore values of [err] exceeded its correspondi ng value of [err] then
equal i zation is nBewWcBgindt & akaPpHo-dycH® yiwst Xoe v Fpelr-ad. Khe (Smd r36)
logic 504 will return to Step 2 25 to await the next “sanpling signal at

the interval of '
5 the result is pushed on the P, memory stack 526.

Step 4 Compute Pl(n)

Similarly, Pl(n)'is computed and pushed on the P
memory stack according to:

1

. % .new P = K - - . - - X
l(n) oA (n-1) Pl(n) K3 Pl(n l) . Xy (Bq. 37)
. Ko z-l
- 10 which corresponds to the filter function of 7
D (z ™)
illustrated in Figure 5.
Step 5 Compute E{n)
The error term is computed according to:
‘E(®) = Po(n)Ko + R(n-1) - (Eq. 38)

15 E(n) is saved, i.e. it is stored in its prescribed
location. ?his operation corresponds to the summing
node function illustrated in Figure 5.



units.
put t e
g Sxte
) f
P

t he
st at e- of
adequat e

of 50 co
each-con

gual i zer nmust conpl ete Steﬁé

When Test” Flag = 0; the Equalization Conplete (EC) Signal is

-

d for external recognition, and the procedure term nates -allow ng
rnal systemto read the values of [err] through [err] fromthe

or .30 external use. The Equalizer may al so bé reassigned at

_28

oint to some other line. FL.pmthe viewpoint of execution tines,

trol nmist be execlte

to9inatine less than or equal to
the sanmpliing time T..For a sanpling 5 tine T corresponding to present

-t he_—_aé{,_eégrrgl gng .oébﬁgggghcke%gp%%ﬁi@:ﬁ@,g 125, m cr osecondé_ IS
, corr _ ) _ _ . Based on a maxi num
ntrol \A%%dcexscgkéoeamggtga%%%%ao%@k! e RPN A dP Step 9,

i n approxi-mately two m croseconds. Thus,

for a worappeeaeh c@asFsibadr BTe¥ASNSEvng dher OREKATd MW AN LS r om nenory

NBREF ¥mBAPingubti AkkBfichReiyt RYeagedadth a0l NUidgheai to the ACC,
per f or mance regélrenents cgn be™assigned as follows: Menory Access

508 and
15 the
.5 mcro
.5 mcro
t hese re
arithnet

requirenents,

sER® nIcagteREp

gtor term Cpy &-&-¢roseconds Add

seconds Tot al ' r .Q _rri. O-n%fé ch_a’:]gs]e Si ggi ficance of
TR, lr R S8 M s ey

3R LnBbe R0 5 W GRS |

t hese perfornmance requirekent's are attain- able in today's

Pr esent -

LSl technol ogy, using the Equalizer 25 structure_described.herein.
i% aL e; of - t86s 195 t 8 OF §- LH8- $8€! TN PUERRASA iFAIRFP RIKSEI S Of the 8- to
-bit varTetry .

10

15

20

25

The absolute value of Ck is computed by chaqging
the sign of Ck if_it is negative. The corresponding
value of sk is subtracted from the absolute value of
Ck‘
Test Flag is set = 1. 1If it is negative, the Test Flag

If the result in the accumulator is positive, the
3
Flip~Flop remains unchanged, i.e.,

I ck[ ~ §, = + SET TEST FLAG (TF)
= - NO CHANGE TO TF

This step is performéd for each gradient vector term Ck’
i.e., C, through C,. At the end of this procedure, the
Test Flag is examined. If the Test Flag is = O,
indicating that no Ck term exceeded the corresponding
value of sk’ then equalization is complete. However,

if tbe,;est Flag = 1, indicating that one or more values
of ]Ckl_exceeded its corresponding value of §,, then
equalization is not complete and the cycle must be
repeated. The cdntrol logic 504 will return to Step 2
tolawait the next sampling signal at the intexval of

T units. When Test Flag = O, the Equalization Complete

(EC) Signal is outputted for external récognition, and

the procedure terminates allowing the externai\sYstem '

th

e " de . .
from the memory Ioz

to read the values cf Ro through K4

external use. The Equalizer may also be reassigned at

s
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mqpld mot be able to neet {he above perfornance requirenents using st and o
programmng techni ques. 30 The novel features heretofor described of th 4&{“
herein disclosed equalizer structure -enable it to attain these performance . /

requi-renents. A brief recapitul ation of said novel equalizer - 29-
features includes,., inter alia; (1) Miltiple menories which can be
~addr-essed sinmul taneously; (2) Special™ y organi zation facilitating the
operations required (push-down 5 stacks which are directly .
addriessable); (3) Par- allel multiply/add arithnetic capabil,ity; (4)

M crocoded cont r bhigopdénthitohsomeu oddd@.control the nenories and the

ari thmetic | ogic unitiproh) +nEOYERboWAEIS dich@ehdit onelialnfitd t ardie specific
10 operation regU|re3, e.g., MJILTI PLY/ ADD, CCNPLENENf_ACC | F NEG,

| NCREVENT, DECRERENEL1ARTaMuEEN§OMPR eERhSFERENE &P thdTeuhIiMRerlefst ei n-
before descri bedehsni 8@/ egeAtakbethbl bafplang ¢afer al. PWJRO%E damal ixignal
processor having, specj al arlthneélc 15 and nennrééprogpggéggaca abilities.
A sinplified Blobk™8i AgFShFEFPEREANG RO BF 8580 SERSE 3G | | ustrat ed

by Figure 7. Thesamplinhysofiespeebhdtalephbhny spgmesist,all2s imicbiogidaindsS| .
-By the addition ba f. - 20 faqr |4 F.and H
filters and by rg%l é@lgﬁég?%é gggggg%?@g@gdgﬁ: (%u}tg%u lé%ﬁi%#yle%h ?‘ﬁe :

transcon- ductanéethplitier, a conplete line circuit is possible on a

single LSI chip. The §2888 bhf k! h8kImdhCot BBl @oneeWiSkved id:dciisni i ch
make it possible to include 25 the F and Hfilters on a codec and/or_  codec
and filter chPp.CIREESPPRELBEcERNELLRY EntPoFtER ﬁhné@&?ﬂﬂﬂ?ﬁﬁQanord_

must be executed in approximately two microseconds.
Thus, for a worst case control word consisting of
fetching two words from memory 508 and memory 510,
multiplying them together and adding them to the ACC,

15 the performance reqﬁirements can be assigned as follows:

Memory Aécess 5 microseconds
’ Multiply 1.0 microseconds
Add : _+5 microseconds
Total | 2,0 microseconds

20 The significance of these requirements are parallel
register-to~register transfers and arithmetic operations.
For 13-bit arithmetic, which satisfies the telephony
_reduirements,'these performance reqﬁirements are attain-
able in today's LSI teChnology, using the Equalizer

25 structure described herein. | _

Present state-of-the-art of f-the-shelf general

purpose microcomputers of the 8-~ to lé~-bit variety
would not be able to meet the aboye,pérformance

requirements using standard programming techniques.

30 The novel features heretofor described of the herein
disclosed@ egualizer structure enable it to attain these
performance requirements,

A brief fecapitulation of said novel equalizer



,<tfanalog 2/4 wire hybrid ahd discrete terninating and bal anci ng networks
srepglyacing them with the programmable digital LSI circuits. described. This
heBujts in lower 30 costs of nmanufacture, installation and nai ntenance, in
jdj/ti on to inproved performance. Although non-recursive filters can be

d for the Hand F filters, thejg costs would exceed those of the
recursive filters described. Sim’arly, a non-recursive 35 equalizer

based on known techni ques, coud have been- - 30 - used for either .
non- r ecurfdatandss r el odee, FinvdrHalihters, but woul d be inpferior as g
af oredescri bed,. Conyersion of the.non- rsive.fil ter structures provided
by a non-recurg}Leq%ﬁtgf?gﬁrmﬁ%ﬂfbeﬁewﬁgég %axtgecgﬁv é%%é#lirecursive
structure of tsimulteneessliyped2hti Epechglt hemblyt orgenRasdiiloral gorit hm as

described in esy drskve R.gital (Eilker EE Trans.

Audi o Electroq%%%%g%?§¥%*$ g&éz@?eggggéﬁ$-§8§?gé%?h(ﬁ?? .%§W¥|1, such
technifue requitasksovichtanei dirgcylraredrrasahded it Had t R@%d | - recursive
structure of the of aReDtibIvPRA&E08ri MaRBEY c338pabiRligy:e (4)i ncl udes

al l ocated portions at_336 fOr storin coeff|C|§nts, at 338 for storing

SOk G
[err] coefficm§ﬂ¥909§e@4@P$BF°§tBPFa§ YBEFB| SEBMIEGRECUS WS At 342 for

SE O;i n? vai uescortisy r&rfiannzeiexh@i':iésaana4&niaolraur:iazaramlelﬂmc:c Nioceyiee dirait 1 reﬁul ts
A(n), [err] ang at 346 for storing.a control .programfor accessing the
stored data in cc&%ﬂﬁﬁﬁivW?ﬁéﬁdgfﬁggggpr83$53 %V 5% %ﬁeqéﬁﬁ% 332
ConpuiCat i on | opecrddn sheguired20eagh  hMELTTPLY/ADB34 CORMPFMENT
il lustrates aﬁ_eé\e#ﬁalﬁgﬁg 'ﬁizéf{éﬁbmﬁmbEEREiﬁﬂ-&‘ w re converter for full

i ne- 400 " ot

dupl ex signal s on . _ : . ]
An alternative embodiment of the equalizer herein-

*

before described is implementablé utilizing a genefal
purpose type signal processor having special arithmetic
15 . and memory processing capabilities. A simplified block
diagram of such generdl purpose'prdcessor is illustrated
by Figure 7. .
The circuits described are all implementable in
digital LSI. - By the addition of the feedback and feed~
20 forward loops and the F and H filters and by replacing
the standard decoder output amplifier with the transcon-
ductance amplifier, a complete line circuit is possible
on a single LSI chip. The F and H filters are simplé
recursive filters, which make it possible to include
25 thé F and H filters on a cbdec and/or codec and filter
chip. Thqs, the present invention eliminates the prior
art analog 2/4 wire hybrid and discrete terminating and
balanciné networks replacing them with the programmable
digital LSI circuits described. This results in lower
30 costs of manufacture, installatiqp and maintehanée, in
addition to improved performance. ' ' )
Although non-recursive £ilters can be used for the
H and F filters, their costs would exceed those of the
recursive filters described. Similarly, a non-recursive
35 equalizer, based on known tééhniques, couid have Leen




. The cgder has a unity gai'n and includes anal og-to-digital prefilter 402,
ahal og-to-digital' converter 403 and 25 analog-to-digital postfilter 404 y
(perationally, the circuit of Figure 8. functions in |ike manner to that of"
Figure~3B in-that |ine inpedance matching occurs simlarly. The decoder

| oop, including digital-to- anal og converter 406 and associ ated prefilter

408. and 30 postfilter 410 converts cﬂgﬁQaT transmt signals on line 412 to
an?Log signals on Iine 400. Transconductance anplifier 414 provides an
infrnite output admttance. Automatic equalizer system 130 pravi des. updated
filter coeffictéeds fax aidheninanrreqursive 06 reeursiveiErand Ha16, with

unvant ed si gnalfin@lesd) ibht ROURE B/ SLsf Py as -Sfor&deseppbed,at sunmm ng
node 420. de%{ f eedback d.the transmt S|%n€#¥are conbi ned at sunm ng

node 421. Bot h “ORY&T QR (e IERMH PN TT ST RFS LV ¥esi BhERAtRReScircuit are
determ ned by priovided 432 aAntbriecirsive peghaVveter ¢codbd bBguakeader 130

control. Th | tiplexer/distributor (MILDIS) 157 descy, be enerally with
reference t gi%é’uF%"é’ﬁrst iqiof lﬁﬁ%‘i‘éﬁ{‘ﬁegﬁ%’é‘%% “’a%t%ﬂ%? g?’gﬁre 13, the
MULDI S 157 enaﬂeacnﬂheduutﬂlﬁzingctﬁnaEiemahbtm@ewgﬂhralgbyibhmlaaﬁs ﬁ

t hrough 10 N. , I S t I C
- line igs to be ?o%ﬁ%é?t%?tig;t e%aﬁégb% %L%?%Sﬁgﬂ%u??g%?é%es t he
A(n) signals fFdhtersplIFRITransnd Augio cElectre Acoustst Vobut 8U-2Re filter
coefficients, he PHidpANGLd] tﬂ7fpfi¢h§9ﬂ)f OduSh OF ﬁniéﬁsnggguﬁgﬁs

ref erence generator 161 qutput to the line circuit selecte . control
of a mai nt éRanSdPSFaNdhaldyy AreateMardvare than rtherahicrgenEraver 161,

R(n) are coupl etri@thireod ik bréferOdivvanti®g. 600, which ANDs R(n) with
ADD 1...ADD N fromjﬂg%g¥¥rgfaug¥m%igure 7 includes allocated portions
at 336 for storing Ck coefficients, at 338 for storing
Kk coefficients, at 340 for storing correlator sums,
15 at 342 for storing values of D, ard Sk,_at 344 for
storing intermediate results A(n), Pk(n),...Pk(n_g),
and at 346 for storing a control program for accégsing
" the stored data in accordance with addxésses'provided
by contrcl logic 332. Computation is accomplished via
20 arithmetic unit 334.
| Figure 8 illustrates a generaiized digital two-to-
four wire converter for full duplex signals on iine 400.
The coder has a unity gain and includes analog—-to-digital
prefilter 402, analog-tb-digital_converter 403 and
25 analog~to-digital postfilter 404 'Operatichally, the
circuit of Figuré 8.functiohs in like.manner to that of
Figure 3B in that line impedance matching occurs
similarly. The decoder loop, including digital-to-
analoéuconverter 406 and associated prefilter 468 and
30 postfilter 410 converts digital transmit signals on
line 412 to analog signals on line 400. Transconductance
amplifier 414 provides an infinite output admittance.
Automatic equalizer system 130 provides updated filter
coefficients and control to H filter 416 and F filter
35 415, with unwauted signal return in the receive signal




.. gystemat logi ¢ 602. The appropriate address is shifted through shift .
gi st er 604, decoded by decoder 606 and:coupled to |ogic 600 as- '
strated. The clock and.swi.tch control/node control signals fromthe
fenance systemare coupled to lines 1 25 through N through. Iogic

gatlng 608.° These signals are chpled to flip-flops 610 and 612, the
-outputs of which flip-flops are D ed wwth the appropriate ADD 1 through
ADD N signal from decoder 606. The A(n) -words fromlines 1 through N are :&,

sel ected 3P %%AQ% %QA h@iﬁ 4naag q49eR! edolaed tﬁé@m@gk Zf{g as the out put

of OR gate from each of lines 1 through Nis AND ed
wi th .si griche m$m¥hr%H§haADﬁ>fﬂ FPBRLaEEo s SHTming mesleazdrates in | ogic

614. The fhif eéo&@ﬁffééasa&ﬁ hﬁdt Perkized 1B Rnusion fiaf weeh of lines 1
t hrough N,, such as F f 116 of line circuit

It - Hfilt
1 of Nzﬁ%??ﬂkﬁl%ﬁeféﬁﬁ?Fﬂéné uaylfgﬁtFBthg%%J réiﬁ% line 1 of Nvia
| ogi c szatrégp&aeivam,fuhaer eqekiiicieentcacentidled at |ogic 618 with the

ADD 1 through |s fr er t i
Reter i g now 11e ehbt EbSxek/ATbEr 1 HREREC (ERRTE AT Haddiifl (oot 1ine.
connect i cqm-xéxealz\aemihh rgfiekence, tphé‘lgalrlet éndiscd IdysttaratachelmULD S and
the |ine é&yéﬁaeggﬁnﬁynﬁ ngesaeel%ysttﬁ@ PRADTY 169 RIHa38 & Cgwent i onal

10 data source, such as a conputer ts _associ ated nmenory. The
i | | ust r ategnaibtzennto coat sharsfghyl 3, PauIadifyd ofeddings seviIIN pr ovi ded

the rgsjuigi t erd i g3Senday fREJAbENESheEICRAKERE e @etldridimat fn r@E Nt en- ance
'systenlam%léﬁeiigg Eérﬁg'ﬁé gogngg%egU%Dl§he equ% izer, The
MULDIS 157 multiplexes the A(n) srgnals from the
plurality of line c1rcu1ts and distrlbutes the filter
coefficients, the_swltch and filter mode eontrol signals,
15 and the reference generator 161 output to the line
circuit selected under control of a maintenance systemn.
. Signals from the digital reference generator lé61,
R(n) are coupled to lines 1 to N via logic gatlng €00, _
which ANDs R(n) with ADD l...ADD N from the maintenance
20 system at logic 602, The approprlate address is shifted
through shift reglster 604, decoded by oecode* 606 and
coupled to logic 600 as illustrated.
The clock and switch control/mode control signals
from the maintenance system are coupled to lines 1
25 through N through logic gatlng 608. These signals are
coupled to fllp~flqps 610 and 612, the outputs of which
flip-fléps are AND'ed with the appropriate ADD 1 through
ADD N signal from decoder 606.
The A{n) words from lines 1 through N are selected
30 at -logic gating 614 and coupled.uo the equallzer as the
output of OR gate 616. Each A(n) input from each of
‘lines 1 through N is AND'ed with signals ADD‘i through
ADD N from decoder 606 at the AND gates in logic 614.
The filter coefficients to the F and H filters
35 foxr each of lines 1l through N, Such as P'filter 272



" variable coefficient matrix

-5 33- LLAIMS: 1. Acircuit v for di gi.tally separating full duplex transmt
and reg€tve information signals on a two-wire path to a pair of digital
_signal s~ each separate fromthe other, including: 5 (a) coder neans
converting anal eg duplex transmt and receive signals to a conposite
digital data stream. (b) nmeans for d_eréyi_ng coeffi-cient control data
representative of the transm ssion characteristics 10 of said
two-wire path; (c) first digital filter means having the digital transmt

_sighal coupl ed phgr gt 11208 NG ¥ NG e @EGdUId antofal rdve -SRI éd ansni t

signal being nultiplied by sai,d coefficient matrix to.adjust the 15

di gi tal out put 5F°g‘ait§ef Fﬂé‘ﬁiﬁzleFertQ(’} ﬁ%%@ia&rﬁll%’{ﬁ)ﬁes‘bﬂﬁét'f% of an

undesired si gnallopatt gatihgodlsai d Thieafiliters icpradi £iciairtt < eafd iANEYEd mat ri x

being so derived,from.said coefficien ontrol_data, a subst ially

infinite signal gFe?‘ﬁ?ﬁcl 83’? f"gt%b%’e %'D% r]‘prtg\ﬁod'@é‘ Mﬁ’t%ab‘ise;ér% ed

~transmt andSredecrvdetti §06altosisglaict, the) cogvmnt diigig.al filter neans

havi ng sai d transm t pdicdi S| C tyher et i i Ng= a

| R M oo Iyt onil 8 Lot dflaigh Aok B

. control data fokhgrB2igFndniesfacke Forag¢ctipnsamaswanr tthe eqnal k3@ wmire

~ path; (e) decodgheRaRftbRhne@N9skieR] tdied MUIDIT and taHAl] ik &) ¥ ©4),
-signal form.ng 8§e of .t he dupl ex”si %nal s, i ncluding transconductance
anplifier neanst3f maintenapge sysiem, B0, Mava COFRTHSSHd CHMgHfional

: i npedance; »ad §afanmeensckor saghbesi agconiphtent pwd fitemsaictfdted digital
filter wth sai ﬂeﬁBWQS' &Eedig.flﬁgltrg%te% %Eari:%a@nd control signals,

described hereinelsewhere, provided the requisite

timing and handshake between the egualizer, the mainten-
‘ance system and the line circuits via the MULDIS 157.
15 '



‘t§§§;ncel the unwanted return transmt signal fromsard—di-gital data & - -

st m and having an out put 35. consj s ; | d receive signal.
-N-/2. Acircuit as clainmed in claim]l, V\he”m"(rﬁﬂmlmuw| gital filter
s~reans is controlled by said coefficient contrbl data r de an
".attenuation of one-half and a delay corresponding to the round-trip 5

delay in the path including said decoder means. -3. A circuit as clained in

claim1 or 2, wherein said meang ggqr _deriving coefficient control dat a -

conprises an automatic equalizer. 4. Acircuit as claimed in claim3, and
10 i GERIMBAg nul ti pl exi ng means for tinme sharing said automatic
equal i zer neaps oxeeifcpitr gbrt dighitaldyvsepapathag fmadsdfiplext oring

al iz o1 goRLY thag fmadsdiplest or i
Char act cFFeRPRLE Rad oEnent VB, ERERRRn i Pr” pabRELs dh obdo-tl 80 08 O

di stribupatl seid paitfofi digitedt séignddsa eachhsepsrpset fyemfirst and

second filte ns kated with each of said two-wire paths such that
inpedancthéaégﬁgg %ﬁgiggéﬁ I° separation is_nmmintained for each of said
er

t wosSwi r e (pht heofarameansga fenverting. apadegyaupdex trapgspitcient contro

data. 5. A chh@urbcasvel signdlisntany eompobitbedngdeadi datel ai ns, wherein
said coder is a sigma-delta coder. 6. A circuit as clainmed in any one of
t he precedingsEFﬁ g, wherein said coder includes prefilter neans for 25

limting(bje mBRnE Forddetdilving coefficdient sodtwodt diataer neans for
establishing a _desire edb:s i LSt oA aGlilgUi t as
clainmed in an§38ﬁ858PgP%§%%rg@g&%%bqgﬁgﬁﬁgggﬁﬁb E@%ﬁ&égﬁﬁgﬁﬁﬁig nmeans for
praoi ding a feédsatl pwohwise patdiconposite digital data streamto said

digital (o) first digital filter means having the digital

transmit signal coupled thereto, and including a
coefficient ﬁatrix, said transmit signal being
multiplied by said coefficient matrix to adjust the

15 digital output of said first filter to derive a
signal representative of an undesired signal portion
from said transmit signal, said coefficient matrix
being so derived from said coefficient control data,
that a substantially infinite signal return loss is

20 provided between the separated transmit and receive
digital signals;

(d) second digital filter means having said transmit
digital signal coupled thereto, and including a
variable coefficient matrix controlled by -said

25 coefficient control data for providing a synthesized
impedance match to said two-wire path;

(e) decoder means for converting said transmit signal
to an analog signal forming one of the duplex
signals, including transconductance amplifier means

| 30 ha#ing a substahtially infinite output impedance; and

(f) means for combining said output from said first
digital filter with said composite digital data stream
to cancel the unwanted return transmit signal from
said digital data stream, and having an output

35 consisting of said receive signal.



30 “transmit signal, such that said di gi tal tTamsmt—stgnat—and said
Eonplsite digital data stream are conbined pri ed to sai(
second digital filter means. 8. A circuit as-c "m m‘mgw of the
prececing 35 . clainms, wherein said first an *seco l ter

-35- ‘means are recursive digital filters. 9. Acircuit as clalned in claim
8, .wherein said recursive digital filters each include a maxi nrum of five
coefficient taps. 5 10. A digital two-to-four wire conversion
citveuit for a tel ephone subscriber line,~i34luding (a) a fifst programmabl e

digital filter; (b) goef{i ?*f@ﬁigeﬁévéihfﬂegegﬁ'sci&’{mdgr ivYﬁéBQe:?n S%jft];r nd

updat ed dlgltal filter coefficients for sai

related to the EtBstrdigitalnEiltprEdmaans %ﬁl@o%ﬁﬁﬂllQﬁeﬁﬂfﬁikﬂng deri ved

whil e said |inecoéfficiEft HQ&Ktré!!C&a{:Ha&ols_gtévidé‘eaﬁSaét%ﬂﬁé‘@i&ij of a
synt hesi zed natchegg?fgeda én sai d condi tion means

for generating % ﬁ}axeﬁﬂgr?ﬁ?oﬁ 3r¥g li‘?]er‘?’é%%o?&’epof t he
circuit t9 a tedélaygﬂn]thetpaahrtﬂeladtngasdidodécmﬂeréméﬁnswror

t her ebet ween by updail Noa s PchH;tSQ Efgﬂlé(ﬁ fﬂ %l%fn&]fa?r (f) means for

converting said output coefTrcientS.t0o S fTiter
coefficients fdWh%I%%%0%ﬁﬂ®r@g@%§n§9¥e5€13V109 ¢oefficient ccongxdker filter

having a di git dhat ! sbilpPisea! an Obatefiat e 840a1 P00z, (f) sUMELion neans

for subtractively copbinjin he, out romsSaid further filter with said
Ceturn Y O%4Y "a"Circuie ab claimed'in‘claim '3, and
10 including multiplexing means for time sharing said

automatic equalizer means over a plurality of two-wire
paths, means for storing coefficient control data
representative of the individual transmission
characteristics of each of said two-wire paths, and
15 means for distributing said coefficient control data to
the respective first and second filter means associated
with each of said two~wire paths such that impedance
matching and signal separation is maintained for each
of said two-wire paths in accordance with its respective
20 " coefficient control data.
5. A circuit as claimed in any one of the preceding
claims, wherein said coder is a sigma-delta coder.
6. A circuit as claimed in any one of the preceding
claims, wherein said coder includes prefilter means for
25 = limiting the input'ban&Width to said coder; and postfilter
means for establishing a desired feedback gain characteristic.
7. A circuit as claimed in any one of the preceding
claims, including switching means for providing a feedback
path for said composite diguiﬂ.daté stream to said digital
30 transmit signal, such that said digital transmit signal
and said composite digital data stream“are combined
.prior to being coupled to said second digital filter
means. '
8. A circuit as cléimed in any one of the preceding
35 claims, wherein said first and second digital filter



"si‘gnal and the digital transmt signal to elimnate said return signal #rome
transm ssion signal; and 30 (g) decoder neans for converting the

’ of said first programmable digital fiTter To anm amatog-speech

NS . 11. Avcircuit as clained in clalml ' i rogr anmabl e

©,digrtal filters are recursive digital ﬁ"‘ mﬁ!ﬂ”ﬂﬂi@z 12 A CI rcuit

as claimed in any one of the preceding clalns* jencleudmngs s for ti _

mul tipl exing transm ssion signals éqg1a plurality of tel ephone lines’ to -

sai d coefficient, derivation nmeans,”Such that 5 said coefficient
deriVatmmhﬁE%aneire¢ﬁrsiw@adﬁ@ihwbrfthtdrs&nes 13. Acircuit as clained

L0 claim 12, ¢ nol got{vegrends’ of {8 EARLAXE N OwhepORH ST on signal s
froma pIurallty of es 10 sal coe C|ent defivation 10 nmeans; and
menory resid temusstw¢n@lghtdlsfh%t¢¥$eﬂaahgiﬁﬁlu¢¢l?eﬂa§§EPF|C|ents for
each |ings sied é$@$fi@f@ﬂ@d@&§§ line inpedance matching coefficients for

each I|ne are stored-in nE£D§ fro the Q%eV|ous caIinor use or t he next
ur

ca¥l on any o¥9saidy ﬂﬁ?f?ﬁ 'T%' ES CoRVeRsIPP firc & clained in
any one gdr Ca atédbephohe sSubstbibernlineq thopudingd digital filter

coeffici S ar | ess_i d digital filter

coeffici i ﬁ?% |Er%35#$8§£% &ggféﬁf gggﬁégflongneans 15. Acircuit
as clalnﬁd)lncamﬁfboéent dewivationtweans fortderivinguai Bgtnefory neans
for storing sgigasbdrhibiedidegital Lbbeeiceentsi ebenbaiahityeraal d

10 filter and related to the subscriber line impedance,
said coefficients being derived while said line is
"in OFF-Hook, such that said line is terminated in a
synthesized matched impedance.in said OFF-Hook
condition; o |

15 " (c) means for generating_a test signal;.

' (d) means for.comparing the respcnse of the circuit to

a test signal with a reference and to reduce the
error therebetween by updating said filter
coefflcients,

- 20 (e) means for converting said output coefficients to
simplified digital filter coefficients for a
second programmable digital filter, said further
filter having a digital return signal coupled
thereto; _ -

25 (£) 'summatlon means for subtractively combining the .

' output from said further filter with said return
‘signal and the digital transmit signal to eliminate
said return signal from said transmission signal;
and o o

30 (g9) edecoder'means for converting the output of said .
first programmable digital filter to an analog
speech signal. _
{11. A circuit as claimed in claim .10, wherein said
programmable digital filters are recursive digital
35 filters. '



subscri'ber line is in ONHook, such that said stored 25 sinplified
d1ng3I fi.lter coefficients nay be retrieVed.upon*fhe—nexL~£EE~H9?£ '
gondition of said |ine, whereby the equalization s reduced for the -,
next eall. 16. Acircuit-as claimed in claima1, IHEWQWH"! Im,” means
for bandw dt-h Iimting anal og speech 30 si gnal's, ”

anal og-to-digital conversion into digital transm ssion S|g Aal § by sald

coder neans; and del ay neans for delaying the return signal occurring at
t Re“ output of the first digital filter by #ttme' equal to the transm ssion

| oop del ay. 35 12.17a cfrcuit tfs ¢Y@Lhad fOMMany 'heé GW &l On Ccircuit
preceding claims, including means for time multiplexing
transmission signals from a plurality of telephone '
lines to said coefficient derivation means, such that
5 said coefficient derivation means is time shared over
said lines.
13. A circuit as claimed in claim 12, including
means for time multiplexing transmission signals from a
plurality of lines to said coefficient derivation
10 means; and memory means for storing said simplified
digital filter coefficients for.each line, such that
the updated line impedance matching coefficients for
each line are stored in memory from the preﬁious call
for use for the next call on any of said multiplexed
15 lines. o
14. A circuit as claimed in any one of claims 10
to 13, wherein said simplified digital filter
coefficients are less in number than said updated
digital filter coefficients from said coefficient
20 derivation means.
~ 15. A circuit as claimed in any one of claims 1.0
to 14, further including memory means for storing said
simplified digital filter coefficients, while said
subscriber line is in ON-Hook, such that said stored
25 simplified digital filter coefficients may be retrieved
upon the next OFF-Hook condition of said line, whereby
the equalization time is reduced for the next call.
16. A circuit as claimed in claim 1, including
- prefilterx meané for bandwidth limiting analog speech
30 signals, prior to analog-to-digital conversion into
digital transmission signals by said coder means; and
delay means for delaying the return signal occurring
at the output of the first digital filter by a time'
equal to the transmission loop delay.
35 17. A digital two-to-four wire conversion circuit



