f}? 2107554 TELEPHONE LINE CIRCU T This invention relates to ;
tde hone line circuits and related circuitry form.ng the interface between
og and digital telephone lines and trunks and a digital sw tching
network. Specifically, this 5 invention relates to a dlgﬂmz’gﬁ circuit.
provi ding autonmatic matching of the i Mpédance of lines m nat ed byf’
an electronic hybrid and to the automatic synthesi's within the hybrid of
the 1 ine matching i npedance wi thout using discrete conponents _and with 10
m nim zed power dissipation. In the prior art of two-to-four wre
conversion, the problemdue to inpedance m smatch at the tel ephone central
of fice between the subscriber lines/trunks and the term nating inpedance is
wel | 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 i npedances to be equal in
bot h phase and magni tude over the bandw dth of the tel ephone 20 channel.
Passive fixed term nating inpedances to date-are a conproni se, except at a
specific frequency, since such conprom se inpedance is either a series or

paral I el conbination of a regggépﬁoaﬂdLgﬁaag&@Q@IHSUCh a sinple inpedance
results in a poor match for 25—tetTme ypi cally, the hybrid

FTpedaTE”
whi ch perforns twomh§§(ﬁRV%w?%P%oﬁ?EFS?Gnt@bﬁé%ﬁ?hﬂﬂﬁ}%ﬁﬁ%l%i¥9é#y°close
match bet weenahle ﬂelraa:e%nd:if@uiﬁm eas:maw ERRAARARS Ak 1198 £wWddh TUM
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digital sw1tcning network. Specifically, this

5 invention relates to a digital line circuit providing

| automatic matching of the impedance of lines/trunks
terminated by an electronic hybrid and to the automatic
synthesis within the hybrid of the line matching
impedance without usiﬁg discrete components and with

10 minimized power dissipation. '

In the prior art of two-to-four wire conversion,
the problem due to impedance mismatch at the telepihons
central office between the subscriber lines/trunks and
the terminating impedance is well known. It causes

15 poor return loss characteristics and reflections or
echoes due to poor operation of the two~to-four wire
hybrid, which for proper cperation, needs the line
and terminating impedances to be egual in both phase
and magnitude over the bandwidth of the telephone

20 channel. Passive fixed terminating impedances to date
are a compromise, except at a Specific'frequency,
since such compromise impedance is either a series or
paiallel combination of a resisteor and capacitor.

" Such a simple impedance results in a poor match for

25 the line impedance. Typically, the hybrid which
performs two-to-four wire conversion depends upon a
relatively close match between the line and the
terminating impedances and for optimum performance,



has been attenpted in the.prior art with bal ance or “bui I di ng-out” network !
which are a part of the hybrid, 5 and whieh, for a given line, represents ;Lé/

customtailoring of the circuit. A further problen1due to i npedance

m smatch at the far end of- the Iline is that if that end is | mproper |y

te[i hated,. an unwanted reflection or echo 10 is returned to the near end.
If the near-end term nat- 'ing inpedance @quals the |ine inpedance and if
the transhybrid |l oss is zero, then opti num performance is obtained fromthe
near end equi pnent. ‘The far end echo can al so be m.njmzed by using known

echo cancel | ati og 5oaeﬁ1lar&wuwewiuﬂaﬂ 1@?@1$ﬂm@éﬁ¢£§s koW edge -of the
| ocal |y transnit&'é gnal and su non-correl ativ elatlon gp
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ecei ve s gnal caRUhdatRYeRuRD, s tugahe, Vi O AXS VA Rarih 5 oS hubRta,
subtracted frbm ahdswhdchl,| foreacigiakrsilgiosd, represewts 4 ccuptoper

operation of theg t. be 25 nmet. The equalizer nust have
an adequate S/ N rggiBEP aﬁﬁg &$%?; equa |zer convergence, and alinear

networ k characteristi & fsafthiesi @robdem @uentn impqﬂagnsnmasm@tshthb band
to allow for corgget ghee 9c%fcqﬂn,ter al; d g_rpl Jtpr’b’fjla&é k@fl%I_{gr tap

adj ustnents, There nust an absence of e-ta uring the
‘equal i zati on prodBRFOPRELY, tarmimsdedi fn fyrmnted ¥¢§;%FE+Q%I°FOEEF°

of fice whichipousisi peeuiraed &0 MY HbastlG ] berf |Q£@&1é&'§*eﬁ@%éﬁﬂih%-
two-topfour wire con erters in ord Bﬁ* gferf ese | oops, fPrﬁwously,
with 35 analog c cERgr M 85??8@5?@5? e neg and i e :

transhybrid loss is zero, then optlmum performance is
obtained from the near'end eQuipment. The far end echo
can also be minimized ‘by using known echo cancelliation
15 techniques,; which depend 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 signai. )
Using adaptive equalization, with or without
.20 training signals, the correlative portion of the far-
.end reflection 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
- 25 met. The egualizer must have an adequate'S/N'ratio to
~allow for equalizer convergence, and alinear network
characteristic. Suffieient'energy must be preasent
-across the band to allew for correct feedback control
.'signals'for digital filter tap adjustments, There must
30 'be an ‘absence of "double-talk" during the equalizatlon
process. Next, and most significantly, the digital
'local office which must interface to analog subscriber
. loops must now add two two-~to~four wire converters in
order to interface these loops. Previously, with

35 analog centrali offices, no hybrids were'reqaired ' s



a;% hese newly introduced hybrid interfaces can introduce refl ecfions or
gAted return signals. Previously, for analog swtches these additional
~hybrids were not present. Thus, without inproved 5 performance i'n the
hybrid, the digital office is potentially poorer in performance than its
~anal og predecessor. The probl em of Lshnqing", or nore explicitly, potential

instability of the network in a Nyqui-St sense results fromthe unwant ed )
feedback 10 due to the two-to-four wire conversions; and the system can ~
concei vabl y osci | I gheaglef LGRSO MR Nohe dkRBes CLasi cal 1y, the
VNL (Via Net Loss) Tgn takeS this conmiﬁﬁxﬁgnto account by_appropriately

i nserting atténtapivee refdesidens Ior nvanted nretusn $igifdSed nanner

and speci fyi ngrbheolsayshEn drlAsy SrikHes OtRedt Nad@lt Lohhtri a at those
points in the network where two-to-Tour wre .conversionstake place.

Previously, iRYREAES HET@ nOte PHASSRat | hUHi CALERRVE BBPFAY¥ERted in the
exi sting ngt wpekSormangeddmi+he) hyl¥i@ \ashd) i tRl t bPEecef isces (or '
circuits) which, us -to-four Wwire converters;, na , _trunks. For
anal og 1 ocal BPEEBELENY RBGHNTy e re tics  EhEBnLEH 8P 15%0r o
attenuation wpredetessdr .an@heherokslant ich 'sivsyhgbyabdremose and is only a
| ooal “of {1 co FEBNIBITAE chntentaRy AP EE 0,88 668, fELROLR BT
environment i8 Hygudeit sense weswdistirgn \fhe Pinwantegefeadbagk results
over cons. 18" °FRICkE) SR BL RO Mh Wl Monk B ot L.
i .e. in ‘conpafYStam caneserselyahly ascidiate ificPpoBeEr PEEFRYLARASe due
to the added gibepdatit@Ren. cClassically, the VNL (Via Net Loss)
o Plan takes this condition into account by appropriately
inserting attenuationé throughout the network in a
15 regulated man@er, and specifying the transhybrid loss
to meet some minimum ériteria at those points in the
network.where two-to-four wire éon?ersionstake place.
| Previously, in arrivihg at the attenuation which
could be inserted in the existing networks, considera-
20 tion 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, zero attenuation was allowed, and the
in;ertion loss allowéble was and is only a few tenths
25 of a decibel. Thus, the problem of designing a digital
' local office to provide equivalent analog performance
in an ahalog environment is aggravated by the existing
VNL Plan. Experimental results show that the addition
of attenuation (4-db) in the local office to overcome
30 tﬁis'problem sexrved only-to reduce the "Grade of
Service", i.e. in comparison, telephone users can
detect the poorer performance due to the added
attenuation. |



-4- Automatic equalizers per se are well known inthe field of digital dat
FransniSsion,rmAth U S. -Patent Nos.” 3,579,109 and 3, 984, 789. bei ng 7 :
illustrative. A digital adaptive equalizer is described in U S Patent 5
No. 3;633,105. U S. Patent No. 3,798,560 describes an adaptive transversal
equalti zer using a tinme- nultiplexed second-order digital filter. An obj ect
of“'fhga invention is to provide an econorng cal and efficiant digital line
circuit. 10 “According to the invention there is provided a digital

tel ephone line circuit providing an interface between a full duplex analog
t el ephone subscri ber é%r 'ﬁaﬂcaegﬁﬂliaér§mpéﬁhbégaQESWQIﬂ knokadiing e

means for automati cal Igitally synthesizing 15 = . _.a t put t chi
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each separate fr‘.i‘rﬁjc'f'%l O?WFiYE)eﬁﬂ?‘%ﬁﬁFchéqaggFféPeﬁegﬁ’gll#’?r' ?ra%‘\%ql f ng
tSIhgnal opt qusatm@nlsgwmizasl onups.slaadehgf NoRaBGi, 79 8si5¢0aldeseyx ikes ni zi ng’

e error between sa signals.and.a.refe ;A
mul ti pl exi ng medhd #%?ngﬁﬁ% ﬁﬁﬂ’?‘ég’é‘i?igeggf"glggﬁaﬁgzqg% r&r"ea%r%s{'{eg%/er a
pIuragléyfof sahﬂufg&ﬁldﬂeﬂesebbnésosdeh thgitadt ddditier .equal i zation is
provi ded for eac [ [ rdan ' ' 0 A\
N8| Gp 7560 8NERe i hhehtiof0ss to prifiiddlual

transm ssion |lines cha ristics and suc sai ualizer neans is

-shared by a pl ure¢ongnbéalabud| efificiapyi ddgital line circuit.

-10 ~ According to the invention there is provided a
digital telephone line circuit providing an interface
between a full duplex analog telephone subscriber
liﬁé and a digital switching systen, including
(a) means for automatically digitally synthesizing

15 an output matching transmission line terminating

impedance;'. oo . |

(b) two-to-four wire conversion means for digitally
séparating full duplex transmit and receive
information signals on said subscriber line

20 ©  into a pair of digital signals, each separate’

from the other; ' ' '

(¢} automatic equalizer means for providing signai-
optimization/equalization of said'informatioh
signals by minimizing the error between said

25 " signals and a reference; and
(d) multiplexing means for time multiplexing said

egqualizer medns over a plurality of said full
duplex lines such ‘that automatic equalization is
provided for each line in accordance with its

30 - individual transmission line characteristics

-and such that said equalizer means is shared by
a plurality of said line circuits, ;



- - Enbodi nents of the inventior will now be described with reference to

@ acconpanying drawi ngs, in which;- Figure 1 shows a known ‘el ectroni c:
prid circuit. Figure 2 shows a digital line circuit enbodying 5 the
imMvYention. Figure 3A illustrates the digital synthesis of an output -
admttance., Figure 3Bis a S|nphf|4ugtnock di agram of i npedance nat ching -
in a digital hybrid. 10 “Figure 4 is a transconductance anplifier. . 3*
.Figure 5shows a recursive automatic equalizer. Figure 6 is a block diagram”

of aI gener al I zed dEﬂbbéH.m‘éh'tfsebf Ewrjﬁw?emsim bk 0Tk dowgbamiefscaribed |

equal i zer. ure bl.ock diaqgr al I tal

t wo- t o- f our dW*Ehcﬁﬁgé FBFe FPg Fqeenp d%ﬁﬁ?gﬁﬁg éhb qF%??ed
enbodi ment of an epughiael shets @ quwmoélmltmnhuthgbrideamrmulﬁ.o
Figure 10 is a fir nmenoLy _po t.h F i gure 11
is a second rrermryfi)‘épffeo% ?’ wtﬁe%eéﬁaﬁjltz"‘g'r e:g#ﬁlé égﬁgﬂgt E X%T*;l s a -
fl ow chartSofthéeinveatioar, 25 operation. Figure 13 is the

mul tipl exer/distri fgé‘gggugid é{% ) %&rﬂ?§rﬁ%¢#‘f¥gft ggﬂth@sg r

illustrates the in e con et Wween e equafizer o S’gure 9 and
the multipl exeutpd® ddmititbucer.. Figure | is a state-of-the-art electronic

hybrid, ‘which; (1) pigheBess e | NAdPeAALs & 56R Bhabbant @i nal s 12 and

14, and shown as m ped | npedance
impedance matching in a digital hybrid.
10 Figure 4 is a transconductance amnli‘ier.

Figure 5_.shows a recursive automatic egualizer.
Figure 6 is a block dlagram of a genefillzed
- digital filter.
Figure 7 is a bldck diagram of an equaliie:.
15 ' Figure 8 is a block diagram of a generalized
| digital two-to-four wire converter.

Figure 9 is a block dlagram of a preferred
embodiment of an equalizer used in conjunction with
the invention. '

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

Figure 11 is a second memory portion of the
equallzer of Figure 9. ' .

Flgure 12 is a flow char of the equalizer

25 operation.
. Figure 13 is the multlple\e*/distrlbuto* used
with the present invention.

Figure 14 illustrates the interface connections
between the equalizer of Figure 9 and the multiplexer/

30 distxibutor.

Figure'l is a state—of-the-art e1ectronic hykrig,
which;: .

(1) matches the line impedance seen at its

’

terminals 12 and 14, and shown as a lumped impedance
35 ZL at 16.



35 Z at 16. -
transm.ssion path 1 by providing a cancell.ing signal on transm ssion path
such,that- at -the output of the receiving anplifier 18 the transm.tted

signal_is 5 reduced or mnimzed, The operation of hybrid 10 is as foll ows:

Inméﬁances [err]at:22 and 24, respectively, forma bridge circuit with the

transmtt- ing anplifier 26 acting as<He =driving source and the 10

6- (2) mnimzes the unwanted return signal from

receiving anplifi-er 18 acting as the null anplifier. If the bridge is
properly bal anced, the output of the receiving anplifier 18 is zero for any
signal being transm tt{@}. miMiniwesdie tuneanted seynzh apgeali fxror oss

L R R B e gV S

Thus, unwanted t

t he two-to-four onréranswssion fpatkt i 2nswéht hhahydti theTou tipmteddhddhigeen

by ZL is Z8 i N PaERLlghnl W1 AlelSs | ind LiaflficgeaakeGrIARd er M ],

then the trans-

In practice, Perrpduncefd ogd mimnimiszzaedwyalThe eperabiep 960hy|

I Né Sees term nat’ ng | rrpedance.

§ A& ks es

with 2.2 mcrofagadgsiapdid.errl are varied or selected to give the proper
bal ance, thus m nim zi
this circuit are: (1) Ingedendas dgck #ot LgudRAzEsfof 4aPt 22afdid 3% on

lines, the returpekpattiivdlif, Fdramid PPidgedeirsadtbyith the diRingmr Loss

20 log [err]

10

nmzing the unwanted return signal. The drawbacks 25 of

- Eq.. .1 :
ing gm%lif&er 26 acting as the driving source and the
receiving amplifier 18 acting as the null 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 ring lines is received at the

15

20

25

The impedance seen by 2

output of amplifier 18. Thus, unwanted transmitted
return signals are eliminated, which provides the
two-to-four wire conversion function of the hybrid.
1, is 2Zg in parallel with z, at
28, If Zl is much greater than ZB' then the trans-

mission line sees Zs as a line terminating impedance.

In practice, 28 is fixed at a set value, typically

900 ohms in series with 2.2 micrcfarads, and 2., ané 3,

3 4
are varied or selected to give the proper balance, thus
minimizing the unwanted return signal.. The drawbacks
of this circuit are:

(1) Since 28~dces not equal Z, for all

transmiSsion lines, the return loss of the circuit 10
- as defined by:

30

: : : ZT + 2 _ ]
o Return loss. = 20 loglo,?=b:—i— (BEq. 1)
. . IL . 8 .

is not infinite, which is the optimum value to minimizse

- reflections from signals arriving from the £ar end.,

0,

8



L 4

is not infinite, which is the optinmumvalue to mnimze reflections
om.signals arriving fromthe far end. (2) Z3 and Z nust be sel ected

a conp basis that ‘the same circuit. 10.can accommodat e different Iines,

Z and Z nust be selected manually or automatically by an appropriate *
Set of control 5 signals which actiwat® an anal og switching network to  ~.
pl ace appropriate values of [érr]=in the circuit, accordlng to sone contrd%*
process. (3) The majority of the inpedances are 25 | ex - edanges and thus

need both resistivé2hndZgapadi GijyBUEF ke Sfireted 42 FnEo PFOIYES s
basi cal I'y a“%&’?ifsﬁhgeeﬁhaobah@"@ﬁﬁciﬁé 1o ¢DYW £666mmbanteover , ~hi gh

density, digit techni ques. (5 The CIrCUIt need cast b
and 15 pr egl%'l-fﬁFEG%Oﬁéﬁ?g ot Grp(%'rg% G\-"’(dqr?r %%e?eiﬁskgaf @a@fuﬁéﬁ °
E?UIE”Ent\Mt$kV$ﬁ€§maEib§1! @y N a fmaﬁéqyéﬁubfoaohﬁeo4-glre S|ge
of the circuit, are ro 0 t used in
a digital ystigraysy ?-Sp‘f aat 6"51"5%'92(?11) %ﬂ?g‘r‘?%/ s‘{ﬁg"f‘?ﬂ 89?’%&%{" %o%r a
di‘gi tal offlcplwedgpprapmameemdms aftl hybandl, 2 niaddhei circmithe nor mal
codec filters s _a bl ock di agram 0f gital line circuit
embodyi ng thea?%QE#%PgntﬂhEP@Fnqﬁﬁ?ﬁﬂ |REﬁ°§%§ two-to-four wire hybrid.
function is perforgs) wrhe magosliity rf i the oimpédapcesi ayel gomd@:d at ed
di screte anal A t t al

. fx?;ﬁ%gggeggeggﬁ % (gbnce &P'f‘egf.?rigssaﬁa ERadit digi ta

synt hesi s of I mpeda or an ansm ssion-l1ne
char act erl®t ieleménbsnati ng the 30 previously used anal og conponent.

Th f eat S t t
These features enagh§ ainkShigicit 14 badHb£TRP! ahitogOuRC oS aRE ON C

lend itself to low cost, low nower, high density,
dlgital LSI techniques. . .
(5) The circuit‘needs high cost, stable and
15 precisibn 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 aré from the decodér_énd 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 addition 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
elimination of the.previously associated discrete -
analog component., Also, the circuit provides automatic
digital synthesis of line terminating impedance for any
transmission line characteristic, eliminating the

30 previously used analog component., These features enable
an LSI circuit to implement the complete electronic hybrid ard irpecd-
ance matching functions as part of an overa 11 codec
function, which functions can be implemented on a
single LSI chip without extensive analog external

35 balancing or adjusting circudicy, Thdis results in a



ance mat chi ng functlons as'part of an overall codec function, which (EE
functi ohs can.be i'npl enented on a S|ngle LSl chip without extensive analog
external:35 balancing or adjusting circuitry, Thi's results in a. - 8-

| ow cpst, | ow power, high-density and a highly reliable tel econmunications
line-circuit. The 4ech- niques upon whi-ch this circuit is based will now be
deS%ibed. 5 : Referring back to FiguBe=1, if Z could be made exactly =
equal to Z over the range-of Iines for which the inpedance is intended,
then Zz and Z could be equal resisti n “el i return

si gnal s and pHmAQWrEP%Efe%ﬂﬁtPPWﬁEdaﬁgé%u§£a§ ﬁﬂ¥f1 igiigl Yreturn | oss.
Flgﬁre 2 acmfﬂﬁ?%%?&ﬁl&?téﬂedbﬂmhﬁhchthbmylllnﬁkbif@mﬂbackTheChBCﬁueS

wi.t hout usi'ng the, heretofore co nent | n, Fi e

i rpedance seen ITHSKESR) HRPR Vﬁicg Sgg %ﬁlﬁﬁiﬁa % QGQ %d 9845

desi gned to nat clegdwibede i npedance. The line termnating

i npedance [ erg] of Fi s d al, ze g op of
circuit 100 forned \Aﬁ%"ﬁfgﬁf%{}ﬁ %88}( oysjr%é%r S"'p’rojs#?/& &ég% b% l'l"l%d‘%rom

t he coder path Ja)factt)lyheqdeloﬂerz aperl@he xdrige df2lireés for whiigir e 3B
is a sinplified Cfmik I _CH t hesi Th

t ransconduct anceé%ér) ﬁg é’?{l?@ Qszég%kbﬁé‘gﬁdeahéy\?ﬁa %o%@e‘rg?glgnbl nput

vol tage [erﬂt()QHHQ%H%ﬁﬁi%bivenﬁleﬁnFﬂd qt&mxnﬂﬁ#ﬂqrﬁ@buﬁntﬁmgnﬁﬁﬁedance
Or zero out put gyt falu tCQ A aGlalfuls [;Jegia%%e Yol KN max b i by

sinmplest-form it ca ed to a pen e vacuum t ube or Fleﬁd Ef f ect
Tr ansi st or- @@Enrqtunml%93$he 5#596902 dchileves ridnts wwEngrépeitadi onal to

the grid or gat PiOcEFOhE ¥RE! 2888LEBKP&Echniques without using the
heretofore used analog compénents. In Figute'z, the

impedance seen looking into the tip and ring terminals
102 and 104 is &esigned to match the line impedance.
15 The 1in¢ terminating impedance Zg of Figure 1 is
digitally synthesized.by the digital loop of circuit
100 formed when switch 106 is operated provid‘ng feed-~
back from the coder path 108 to the cecouer path 110
via line 112, .
20 Figure 3B is a simplified block’diagfam of such
digital synthesis. The transconductance or g amplifier
200 is a device which converts an input Voltage Vx to
an output current ~gf « It has an infinite output
impedance or zero output admlttance. Suuh a circuit is
25 well-known. In its simplest form, it can be eguated
to a pentode vacuum tube or Field Effect Transistor
- _ (FET) in _qhich'the_plate or drain currents are propor-
tional to the grid'or géte¥to-drain voltages respect-
ively. An example of such a circuit is shown in
30 Figure 4 at 200, wherein a hlah qpen loop galn opera-
| tional ampl;r’er (gain = 10 ) is used w1th a rGSlSuGPC
whose conductance is g mhos,
Amnlifier 200 in practlce is the normal output
amplifier of the decoder 114 and is not an added
35 componént, beiﬁg shown functionally séparately for



“vely. An exanple of such a circuit is shown in 30 Figure 4 at 200,

erein a high open |oop gain opera- tional anplifier (gain * 106) is used
fth a resistance whose: conductance is g nhos. Anplifier 200 in practice |s
ke normal output anplifier of the decoder 114 and is not an added 35
conmponent, being shown functionally separately for -9- explanatory = -
pur poses The decoder 114 is a device whichconverts a digital signal into ap*
anal og vol tage and this function can be inplenented by wel]-known digital

to anal og deexpdsnatosyHrunpagess dThegdeapdsr Al &S @ FFHHYr ammabl e
coef Tl ol ent syRBLAN eabditd | &1l 4ebRg1Ehkok gAY iPea g

digital fllterlng as w expl al ned lter | s preceded by a

digi tal surmfng tbds fﬂpctiﬁﬁFqiﬂwkﬁsEmP#ﬁEePﬁﬁétPMﬁWﬂ IR i 1ter 120
is tolimt aﬁeiicglg%dwﬂbgafdé@fcéggodfhelirflﬂmsetr asgrelai@iws region

of interegt, _i , bel gw t hesa hﬁ rate Ef t he cod avoi d :
spectral oIﬁ#A&eﬁnHﬁﬁbtﬁﬁQQﬁ%mmﬁ es?@ﬁg icdendssy c#%tlcs of the
fco;llter 122. Plﬁi)ﬂ.l:—:in%ﬁ'xtbl'&) dmg:cwmt l-SE:_ul_Qwﬁl gethntiyugeolin rmﬁ;iwmls | ow pass
ilter since_i{.is . analo ure e,co r a_sigm
delta type dS%@FPEéa'%y aér’fgiylnfe‘?ea?"p 3B Ode&%‘&oéf ""ﬁl]ﬁi ﬁ% P2rforms
bandwi dt h Ilprﬁg&geanwykund&gituu autmpngvhdde al8qveresd IFigur@adB, fl at
response in i-natiqn Wt t t 1 u t e conposite
gain is equa R?ofﬁﬁ’l tts}qrh Q€ e%ﬁ%ﬁ%ﬁééé&gf a?5nt Z’r gﬂtﬂ@ a‘;%ol | s of f '
nDnotonibaIIbandW&dwhIdﬁ:xheudbcoaﬁrhllhelsp&temugnﬁichﬁlthe regson
[eoponse AndoguiRY ALY | AL, Beibi ERE%amm%@a&eafLeatoflQyéecégeean be

shown to be:
122, to avoid spectral folding and to optimize the

signal-to-noise characteristics of the coder 122,
Prefilter 120 may comprise a Simple'two_poie passive
15 low-pass filter since it is analog in nature.

The coder 122 is_preferably a siéma delta type
described by Candy, et al. The coder post filter 124
performs bandwidth limiting and decimation; and provides
an overall low—pass,'flat_response in combination with

20 the prefilter 120, such that the composite gain is
equal to unity in the frequency band of.interest, and
rolls off monotonically outside this band. With the
system thus defined, the response and outnut admittance
at the points indicated at Figure 3B can be shown to be:

25 vin YL' o where YL YL f Ybf + Ynf (Eq. 2)
- .

_and the output admlttance, inciuding Batteryfeed 125,
prefilter 120 and line loads, can be represented as:

*

Yout = ¥ '+ gH | (Eq. 3)
In Figure 3A, the digital synthesis of an output
30 admittance, is shown by a simplified and generalized
circuit useble for n‘merohg ,Pﬂlgc,e,CH, "Hn,°+“ ie ie



and |line | oads, can be represented "as: Yout=

(Eg..3)in Figure 3A the digital synthesis of._ an output 30 adn1ttance S
shomn by a sinplified and-generalized circuit usabl e for nunerous
angJcatlons wherein . - 10- desirable to digitally synthesize a specific
output admittance in which A/D and D/ A=cdf@verters are used instead of the
speci al i zed tel ephony fornms of A/D and.D/A, or as ‘coder/decoders. The
functions of the A D5 prefilter 250 is to timt the bandwi dth of the

nput i gnal Vi iy Liidee 263 &0qRERYSY! sPRERestlad o diie L (Gutput

-undersanpllng A ter ana 0g--t o- |g| nversion at A/ D converter 252A,

the A/D post filadmitteancepha whichoAyPodnde Dyfe COAMVEFA ISR @NPEF2gai n

character- 10 jipdtdad C&ftme%Pee%hi%éa teI@ismmyArﬁ&rris &6 £ 20Pp aafla
digital Hfilter 116 are descrlﬁ;gsgereln el sewhere. The

D/ prefi 258
"nops up” to i nSffr (e FF Qe OH&FR - eqd RS WCW@% pB’%? *‘{Ste
262-el i m natses (ifréﬂi[m&éiezscb heS eéa‘aenmi&f thize Han@wgidtt igfttloe ihput
process occurrin #zﬁa conyey égé Cpant|2|n effect P'ﬁ deflged as
t he noise due t ﬁ"er‘?’&r okPrEFaYsRE STt put
si gnal . --Vhereﬂdunnﬂeﬁsamp&ingd barteryhaeddgﬁmaﬁﬁmgmtihdmmnVGns&pnare
| arge (small) c th n np a tancel, can be
negl ect ed. Norrra ;‘éjhceorb‘é?ﬁé?% ?3%8 ﬁ%&d?@g ss(tdgés%]g%% ‘f% hav§¥§h| S
characteri st i c mp'primlepntowsi@ead:venailaidwt @assowput}g g innvlaaradtergnal s
into the cg Eﬁ& t C I be dgsd
characterlstlc éf F¥6% {éélﬁ/n ﬁﬁtﬁhag’esrles regfqgg%ce or t%e hlgﬁ i nput .
dlgital H fllter 116 are described herein elsewvwhere.
The D/A prefllter 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

[err] an'the out put adnfttance, including Batteryfeed 125, prefilter 120 (g%j

15"”process occurring in D/A converter 264.  Quantizing
effects are defined as the noise due to the D/A error
in approxxmatlng a2 continuous zanalog output signal,
- Where the prefilter and batteryfeed impedances
(adniittance) are large (small) compared to the line
20 impedance (admittance), they can be neclected.
Normally, the battery-feed impedaiice is designed to have
this characteristic to prevent eignal loss and the
coupling of unwanted signals into the ccdec. The or
filter can also be designed tc have the characteristic
25 by utiiizinq a high series resistance or the high inpu:
impedance of the gate input of a FET.
. Under these conditions YL' = Y, and the output
admittance is: :
: Yqut.=~YL + gH S o» _ (Bg, 4)

30 - I£ gH is made equal to,YL_then:,

=-12 - (Eq. )

<1<
10
b‘-



opedance of the gate input o6f & FET. Unaer these conditions [err] and the
Pput adm ttance-is: Yout = [err] : ' (Eq 4)*30
gH- i s nade equal to YL.then; (Eg. 5) and t he output inpedance of the
/cuit matches the |ine |npedance Loy espondi ngly, the del ayed ' .
transmtted S|gnal Vin attenuated by - 1/2 will appear at the summng 5 -,

node 270 of Figure 3B. If the'digital F filter 272 provides an attenuatloﬁ“‘-_

of 1/2 and an | ut e _del ay Nglien 0 d fromthe
o i e 0 bR 3 e L PLAERRET B e il e Ighay 10O
filter 272 cadee smpgeiamvent ed 10 returned transmt signal Vin at the

out put of the sung%ggbor 319?1? Sl R%1laRR A vebd agegrainhi ch

does not contain 70N 0 ransm t'ted stgnal, Vin.
| mpl enent at | $inofattenvated thy 272/23Wid-ﬂdé\rPR%eaféo‘%$t$BW§ingl mplified

since it gan r egqiest e QARA t '
Attenuatlgn 5?E¥$é§ﬁ% accong??ghég yglrflttﬁlr shlﬂﬁﬁgqytﬁggg?ﬁ ?72value of -
t he vol t age ‘ﬁm@ﬁeﬂ)lmeahhﬁnﬁéﬁhﬂﬁngfoaf/ 2 gyl A%t ‘@%HEFageiBHI i cation
of this techpigilicfisi®ingbt éﬂéeioﬁhduﬁlﬁf efdidpreped baet Erfeed type 20

are not negligible™ut are known,

can be chan e e the
| oading effe ﬁﬁrt}kﬁl%ﬂPFFaﬁ€e§g8n q iRRSt | iﬁteﬁkiég] %
(Eq 6) wher ¢Hewd rﬂmré@ep@ﬁdslnee&hemz eandelad lei thwaneed?5 Under t hese

ci rcunst th .
130 Eespi@f?s éa und trlptggagng& %& h(x¥§g gﬁ%¥ggcoge %eths 108 and

summing node 270, resulting in an output voltage Vo
which does not contain any portion of  the transmlttea
signal, Vin. Implenmentation of the'F_filter_272 is,
under these conditions, simplified since it can be a
.15 simple shift-register type aelay 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 general application of this technique
where immittances of the prefilter and batterfeed tyre

20 are not negligible but are known, gH can be changed to

('J

eliminate the loading effects of the immittances on the
line, i.e.:
gH = ¥ - Y |  (Bq. 6)
where Y corresponds to their comblned acrlttance.
25 Under tnese circumseances, the rcund trip gaen (through
coder and decoder paths 108 and 110 respectively)
changes to: :

‘vt Y ' >
Yo _ . o X | |
e =~ W2y 7%, . Ea

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



[err] ’ V (Eq. 7) and the net admittance seen by the |line at : '<E§%

termnals 30 102 and 104 renmins equal to Y The effect of the second

ri ght hand termin Equation 7 represents tne . -12- effect of the

modi'fi‘cation of the Hfilter 116 to conpensate for Y This.results in F

filter 272 bei ng modi fied such that: F_ Ige_r_r]

‘(Ber'8) 5 in order to cancel the unwant®e transmt signal returned to the

receive output.at [err]. In sanpled data Z transform notation, the digital

W' rer 1s of BBy We liid lmciﬂﬁlca(éfen%f[enél HlQilter a8 o [err]
ere Is a de

ay operator are pregra bl e, coef f,ci ent nd Nand D
r epr esent nunerapwpemﬁﬁﬁﬁyﬁﬂﬁrﬁgfw Poisneasrtss i?hg Fﬁt ﬁ% its poles

and. zeroes respplalethddd MMdd)idhdhierhat § circle of the Z 15 pl ane.

Rel ati ng the above to the synthesized [err]this allows YL to be equival ent
to any conbination of resistors, capacitors and inductors having no nore
than two non reS|st|re=eﬂéH£nts This restriction is 20 not int®yen8l)to
t he techni que, having beéﬁﬁphosen to sinplify the formof .the Hfilter 116
fromthe viewoint of a large scale: integrated circuit hardware
inplenmenta-. 5tian orddy ad caarmemlﬂ'zeeunwanteddtglammlfh Isdemailavi ng

returned to the receive output at V
In sampled data Z transform notation, the digital

H filter is of the form:

. 2
H(Z) = Ko —5 1 2 - xo Dgzg =
' 2 + 2K, + K :
3 4
- (Eg. 9)
N E.+K12-1+I{ZZ_2] wez Ly
10 Ko ¢ =T —n = Ko, -
: e+x3z +34z J .D(Z )

where Z is a delay operatoc, K's are programmabie

coefflcients, and N and D represent numerator aﬁd .

denominator polynomlals. The filter has its p and.

zeroes restricted to within the unit circle of the 2
15 plane. | .

Relatlng the above to the synthe31zee IL’ this
allows Y. to be equlvalent to any combination of
resistor;, capaci:o?s and in&uétbrs having no more
than two.hon fesistive elements. This restriction is

20 not inhefent to the techhique, having been chosen to
simplify the form of the H filter 116 from the viewpoin
of a large scale lntegrated c*rcult hardware implementa

- tion to obtain a Smele recursive dlgltal filter having
five (5) coefficients. In addition, limiting the number

25 of elements composing Y as descxribed, represents a

' 'good praculcal approxiratlon to the function, Fer

2 P < - W
applicatiocns cthex than to*epho“o line gixguitz, the



K%;le (5) coefficients.rIn additions liniting the number 25 of elenents
conposi ng YL as described, represents a good practical approximtion te the
f.unction; For applications other than tel ephone line circuits, t he - 13
- definition of the Hfilter 116_mgy he extended according to t he
conpl exity of the immittances involved, based on the techniques descrlbed .y
herein. For exanple, where Y _has a non-resistive conponent, x gH, which ‘Lr

corresponds t b e 0 Hdidstbaidled pol ynomials in
its nuneratoﬁpéﬁﬂﬁﬁgﬁgﬁﬁﬁgtg?g ﬁT%EEQeE 36 hé?@ Y as s nt hesi zed to neet
the previ-ous acmustdimigittofthe renplekdtyi A e PREthaReed) enents. Figure

5 shows the: ry r E@é&ﬁﬁmé&méa@irsh t he
coefficients g‘f%lﬁ}é/{f %l%%ee‘?aq‘%tgﬁcﬁ%%ﬁgti&ﬁ e aI s %(}rs sat sf i ed by
58

the equal i zeFor3®xample orivhere ¥ gqhasi’ ?e?mgﬂ/ﬁ o7 88 trol of
the maintenange SYSE&EM é@k‘ﬁé@ﬁonh!é Qbeqks.yt Hatcéﬂlaoéil&eﬁﬁdjnéﬂl ter

coefficients Tare 15 correct 'in additiqn stabllshln %henllaltlally The

equal i zer Sopdrastesthirdrosder| Pﬁéyﬁﬁﬁ%ls( A it UrerRECHr 88Pess) and can

be tinme shargbfdmPhdtsHes. £hes Ball Iathrovxqqofaglmshesezeat &bl i shed,
these coefficients need only to be %5 dically,. 20 yn geg gontrol of
the mai nt enamaet e Preyhess feng r?eéé}%r%%’f%rfzg?‘?c 4880t

normal |y var \edd 08w Ty épeﬁéﬁts Thi s alloms the equalizer to be tine shared
Bong 2 nunher o haSef.oahbas, S A ke sk e agpinher o
equal i zencopertas esee&vtbchetabmﬁshnct‘xﬁ)baﬁfﬁcgmmtsz ofihtheoBefildiestonnect
116 such thatng equals Y 1 {or YL Yﬁ) is satisfied by
the equalizer 120 function. The "equalizer 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 off-line manner (no userx
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 charaéteristic does not normally vary fro=
day to day. This allows the equalizer to be time
shared among a number of line circuits, thus amortizing
its cost over a number of lines. Figure 5 shows the
25 conditions under which the recursive equalize- cperztes.
Switches 106 and 1Q7 of Figure 2, when open, disconnect
the F filter 272 and the feedback on line 112 from the
coder path.108. The H filter 116 is in the bypass mode
(H filter is effectively short circuited across input/
30 output terminal, i.e., gBE = 1).
Figure'2 can be described as follows:
The code path 108 includes coder prefilter 133, a
sigma delta coder 135 and a decimating and low pass
filter 137. The filter 137 éutput and F f£iltexr 272

35 output are swmwed at swwiing node 135 to dexive the



the F f||ter 272 and the feedback on line 112 fromthe coder path.108. T
Hfilter 116 is ih the bypass node (H filter is effectively short circuit
acrQss-+'nput/ 30 output termnal, i.e., gH- 1). Figure 2 can be descri bed
as fqlloms The code path 108 |ncludes coder prefilter. 133, a signa delta
coder 135 and a decimating and | ow pass filter 137. The filter 137 out put

nd F filter 272 35 out put aregsummﬁjkﬁ Bunm ng node 139 to derive the
-14- internedi ate receive output on line 141, mhich is filtered at receive

audio filter 143. The_output of filter 143 is 4 i si gnal of
its Iine circuiint %ﬁmFﬁﬁétf4Eece$N€A?qﬁ 4 ? %¥% Vﬁg§ﬁ gI|ne 147
is filtered by fippefed audieceilviecauiid fhlkteantp43, of Thel oun:pnztgoft he

151, wher oat { HELTHEE Had: bc thea iz & nehive Elah SFTAEETY %6382%
onll:nfeié?/ mhe?f%titghoﬁOGine 1@5.cldﬁnel41wmme tnmmzmitgsignale?ﬁ Ifeﬂed
'Enrjansgoent sé :at' i‘g?t ifeglg e%ﬁ:qt gltycejftp SHA I'hg ?g‘ﬁg g%%gé%P}%gr ammabl e

si gnal generatdmbecoutput ¢55fuitﬂnm&#5xnthnnqmtﬁémeésatQn@rﬁ@ﬁéﬂéhce i st
made to our Pat fgﬁu#\'gl 8&?@%@330(%?’:% & \Yié‘)sfaﬂfnﬂ%t ?abh% afs1,

circuit 155. The means for distributing Control
coefficients fowhereatNt benen¢EKMﬁdH§tQﬂkﬂﬁﬂ§m%%r§1G?a&tliS?um&ﬁ§anch

includes a di g'\tvf{:ﬁm apfbo reauRlalckelonl 33 A0 B2 di GhéA s&ﬁﬁehemo@ qener at or
161. 20 eg one subset at the subscriber

s taken
of f - hook byl@ n@lPsedanvBdgst coRtrok %éﬂ%%%%%?&l?#ﬁﬁgﬂﬁ ﬁéﬂ
point, a refereppgogeps’ abebaidly WPdasder rei#] eope swnab:eaawmsﬂeﬁnrm

signal is filtered by an interpolating filter 153.
Programmable signal generators circuit 155 is shown for
completeness, and reference is made to our Patent No.

15 1583635 (R.Treiber 1 Div A) for details 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 audio equalizer
159 and'a digital reference generator lel.

20 A telephone subset at the subscriber end of the

- ‘line is taken off-hook by a maintenance action. At

the intermediate transmit input point, a reference

" generator 161 supplies a reference signal having uniform
(equal) energy components within the frequency band of
25 normal operation and zero'energy outside the band. The
output signal Q (%) will be correct when, with reference

to Figure 5, - : | .
E(2) = O where Z = delay operator, and. . (Eg. 10)
E(z) = 0(z) = R(z) 2z~ (Eq. 11)

30 * The Z-P term compensates forxthe known absolute

Samplin" delays through the loop, Under these
'conditzons. ' o '

@ o o

) %o = ¥, (7) | | (Eq. 12)
) o - |



(‘e ) energy conponents within’'the frequency band of 25 nornal opetation

ang zZero energy outside the band. The output signal QZzZ-) wll be correct
when, with reference to Figure 5, E(Z) = 0 where Z = del ay operator, and

(Bg. 10) E(2) - 0(2) = R(2 Z : (Egq. 11) 30 The *
Z tern1conpensates for.the known absbbutre sanpling del ays through the .-
| oop. "~ Under these conditions; [err] [err] D (Z -15- which is the e

desired result and the resultlng recursive filter coefficients [err] have
beer. correctkhiew a ltﬁi@di@d‘mlrﬁdiﬂrbeuleadﬁd IthteOrldsfu]Jttimg Jﬁﬁcﬂms:.mer nal

operation. At _equalize 0 start | ter | o

trial coefflcF&ﬁF@er9ﬁ#5§§ﬁﬁnEﬁ 6 bU 1¢0§%ﬁ|%ﬁ hﬁ'&hl %Wﬁ%%?%¥$

_the equa'lzerebQ&BMﬂéﬁéﬁééﬁﬂﬂéﬁﬂ beThOaéqdahnterHﬂﬁmmﬁer|l&ﬁyfsnlves a
set of sinultaneous parti di fferential.eguat h ni t he nean
square G bet w88 'Pqi"ﬁ ) f%ﬁc??‘&ﬁlbgef:hg%@gg\%r% e“{ﬂ Iém%'ﬁ?s i s
represent eB afileeronliéeris loaded i withERRjaiccoefifigitentsstabl tlsded t heory

a1, ) S B By A B i 1

(nT), etc., regueddtexnt He [Iamvargelerapadﬂ-ms @heqemamzter reEpeet-to the
filter coeffigyeq ycaﬁ%s,e Fe d,,é% 40701 €388 uL el £ A £FeFéfitial

sumed, and perio
equations whlch minlmlzes the mean square G between

10 R[nT—L'lE) and O(nT) as a function of the.coefficient X, .
This is represented as:

exror term partial

// N : \,__m_\
& . <[o (nT) - RenT- 7)) 20 (nT) (Eq. 13)
okg 9%,

according to established theory as for example Lucky &
Rudin at BST™ Nov. 1967 and Weiner - Time Series
15 Analysis ~ MIT Press published 1964, Appendix B.

The outputs, P (nT), P (nT), etc., represent the
partial derivatives of O(nm)_w1th respect to the filter
coefficients. These outputs, when cross-multiplied |
with E(nT), summed, and periodically *sliced” by a

20 slicer, which truncates and rounds off to the sum term,
give the C, outputs which allow the N(z"t) and p(z™h)
polvnomials to be updated with new coefficients
according to the equation:

. N

K, new = K old -_Ck{k - (Bg. 14)

25 whére A is an incremental value or factor for step
adjustment. This sllcing technique, and means for
implementing the solution to Equation 14, is known in
the ‘auto equalizer field for non-recursive structures,

The circuit of Figure 5, however, uniguely implements
30 an automatic equalizer function for a recursive



20 slicer’, which truncate$ and- rounds off to the sumterm. give the ; )
[err]odtputs which allow the N(Z ) and D(Z1) polynom als to be updated

with new coefficients according to the equation: Kknew [err] : -
(Eq. 14) 25 where Ais an incremental value or factor for step adjustment.
ThlS slicing technique, and neans for inplenenting the solution to Equation
14>“is known in the auto equali zer fi &1 d& St non-recursive structures. The
circuit of. Figure 5 however, uniquely inplenments 30 an automatic
equal i zer function for a recursive -16- equalizer structur Thi s

circuit prOV|de§qﬂﬁiﬁzQ%H$ﬁFQ$ﬁ%ﬁetakéhFﬁtﬁlﬁeedﬁnP49¥§ &t ¢ tTieon of the
coefficients [e&rdrmm'mﬂd}erﬁwéqﬁtbaécbseﬂtcew denedaviciod éfethémni ting

factors in recursive equalizer St ruc{gres This may be one of .the
reasons t hat noﬁ-‘?ﬁfuf&ﬁ%ﬁ"' ifb’se‘&ual‘i’a’eﬁ’h ‘rﬁ@?ﬁf@?‘hz’\?@ iqRFHIeTRg -
prior art, naﬁEbhéﬂﬁfiﬁHﬁ”X&ﬁlﬁtﬂ®|fﬁct§r§f1ﬁbtébmm%1ﬁéﬂbquﬁlizék
functions for the_auto equalizers operating oncthe Man uar rro
Criteri a. Sugh g’r‘f TP ERre PSP ﬁ?eogF Phe 5r°aa E?e’éméo 60
conpl ex coeff|cmenhtsnﬂuﬂéqualimeprsteuttueesrhave:gmandnﬂedrfmuthes only
five (5) coeffi S,..and thu e gui t l.exi nt
of hardware. %'r?{&h: dclflacﬁég# %g%f ff—‘f‘&%r étSsgﬁ‘%lﬁé%e&ﬁ%ﬁg&ﬁggve
equal i zer operath@npantﬂa&;ﬁnnntibmerﬁoneﬂhehautph@qagkﬂd&rs opRokbaug
igf:(gezgg 16)°P tﬁe Mean é&%bré5ﬁr£8frbthFE1a. Fuch nonrecurs*ve(Eq
' : 10 ' structure of the prior art requires 30-60 complex
coefficients, whereas the present recursive structure
requires ohlw five (5) coefficients, and thus reduces
circuit complexity and the amount of hardware.
. From-the block diayram of Figure 5 showing the
15 recursive equalizer operation, it has been determined
that the equations involved are:

-1
N(Z )

p_(z) = a(z) 1 X (Eq. 15)
- p(z™l)
Koz'l' o
P, (2) = A(Z) -  (Eq. 16)
D(z 1)
p_(z) =z} p.(2) e (Eq. 17)
2 l . ) .
-Koz”l |
20 Py{8) = —2m P_(2) (Eq. 18)
.73 D{z %) | |
P, (z). =2t p,(2) - ' (Eq. 19)
4 (2). P3(2) s . q.
0(2) = K _P_(2) | . (Eq. 20)
E(z) = 0(2)-R(z)  (BEg. 21)



®
-
-
N
o
']

S - (Eq. 18) (Eq. 19) (Eq' 20)* 0 0
21) .- 17 [err] . _ (Eg 22) [err] (Eq. 28)
\JUsi pg*t hese equations iteratively, the Hfilter 116 coeff|C|ents are
cottinual ly updated to a point where 5 the[err]'s are negligibl-e conpared
to sone values : 's [err] (Eq.” 24) . The.
val ues for are dependent upon noi se and other factors and are p }4
predetermined enpirically. then the &7 teria of Equation-24 is net, the ™
equal i zer has 10 conpleted its task and can be reassigned to another |ine.
The val ues obtained for the [err]yare loaded into the Hfilter. Were
Y=, =0 the F filtef Rednsfealicrar é’gcerﬁlﬂt)i o iB 8Pbly 1/2, andBghe2)is an
absol ute delay corresponding to tke round trip sanpling delays 15 through
the digital filters, Z ".n sanpled data notation-\Were [err], the
" equal i zat'i-on process yields; [err] . (Eg. 25) [err] To obtain
the required Valuqxfﬁéwg§ Kkagdknouplggﬁzglty Y, multiplied QE@HszﬁBt be
subtracted: x N (ZB [err]¥ (Eq. 26) In this case, the number of
partial functions [err]nust be i ncreased to.;acconmpdate third order

poi ynom al s fi¥ing these equations iteratively, the H filter 116
coeff1c1ents are contlnually updated to a p01nt where
5 the C

X 's are negligible compared to some values { 's:

LSk . | _ . N (Eq. 24)

The values for_Sk are dependent upon noise and other
" factors and are predetermined empirically.' ¥When the
.criteria of Equation 24 is met, the equalizer has
10 completed its task and can be reassigned to another line.
- ] The values obtaihed for the ?k's are loaded into
: the H filter. Where YX=O,-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 notaticn.
| Where YX#O, the equalization process yields;

-1

N(Z ™) ' ' ‘
¢ === K =Y_.(2) + Y _(2Z) (Eq. 25)
© Doz l) "o L b4
-

To obtain the required value for gH, the known -
guantity Yx' multiplied by two must be subtracted:

04 .
*

- N(z"l) o .
20 ._ ,'QH(Z)_.-: D(Z-l) Ko "ZYX(Z). = YI.(Z_) -.-.Yx(z) (Eq. 26)

In this case, the number of partial functioms Pk must
be increased to accommodate third order polynomiais ifor



18 [err]so as to accommodate a first order polynom al type adm ttance for ﬂé%é;
(2). The F fildter 272, under these‘conditions, becones: [err]

(Eq..27;~{err] L L 5 This value for the F filter 272 may be conputed

in the maintenance systemfromthe equalization results obtained from

determi ning gH and_the known val ue of Y Alternatively, the equalizer nmay be

used to determine the value of F directliB This operation is acconplishled

10 as follows: ‘The coefficients for the +PfTlter 116 are | oaded, the switch

106 in the feéedback path 112 of Figure.2is closed by a switch control

signal from MILD S 1p7; the F fhlter 272 path switch 102 is opened, and the
equal i zer 15 130(Hroteandi B(Bun) sPhias teqaereamsdatperatfbishi PFagrel d:

[err] peEdan? S ak@®ld ledr X ath ! uphe (Fagi 20x €702l
20 . This pr o}\)/?]é%%mgjéae fF%Pentggx?f%g%taa%{ ecur si \?éa(@i.'l ter of the sane tyrfe
as the H filter uwnderhtheag eanfdtdpnsen PECOPMRAnals for [err] ~ -19 - the
first order -polynom al type. - Actual circuit _

=90 oYY (Eq. 27
¥, Y.

5 This value for the F filter 272 may be computed in the
maintenance system from the equalization results
obtained from determining gH and the known valueé of Yx‘
Alternatively, the equalizer may be used to determine
the valiie of F directly. This operation is accomplished

10 as follows: ] . |
The coefficients for the H filter 116 are loaded,
the switch 106 in the‘feedback path 112 of Figure 2 is
closed by a switch control signal from MULDIS 157; the

e

F filter 272 path switch 102 is opened, and.the equalizer
15 130 process is run. This seqguence of operation will

yield:
-  oN@ETh . 2y | - '
= . ' —=1 KO = L _ : - (Bqg. 23)
D(2 ') _YL--Yx .
and thus:
_oz™hH 2
F = =1 ¥ ' : . (Eg. 29!}
Nz ™) o
20 " This provides coefficients for a recursive filter

of the same type as the E filter 116, having third

: : : . -1 =1 . -
order polynominals foxr N(Z ) anc D(Z_l),-fpr & Ex of



ydment ation of the Hand F fi'lters can be acconpl- ished using .

~of -the-art techniques. Figure 6 shows generalized Hand F filters:116
5>7and 272 for processing N(Z ) and D(Z ) polynom als having orders of

k/'2 according fo equation 30. [err] [err] [err] Coefficients and data are
stored in senm conductor RAM menory or déhized into "push down" stacks 300 .
and 10 302 and recircul ating stacks 304 and 306 to facilitate fetching and,
storing of infornmation. At each sanple tine T, data outputs of RAM nenory ™
st acks 300- 3¢heafd st oxdex npelypemiplskyme. ciAcinal IHBXGRLEN conput es

the required g ﬁﬁi gheibﬁ'af £48 hyaﬁequ!-erftmaiéﬂé Jc‘im%ta@éamgg-and
accunulatlng e results according to Equation 31. n [err] 2
(Eq. 31) [erdphed using spate-of-the-art ‘technjigues ¢ st term conputed is K

X wth the sw tcfﬁ?dréos[ﬁﬁédlangeﬁeratlﬁéﬁ i dyein i o derbennki s then
pl aced in p05|t|on he x-terns akg conpute&z fter_that operation,

[err] are3pl %4 3 @[iﬁﬁt?%ﬁF?sﬁﬁﬂgtNéz Pefd & LYROomERES 4|
mul tiply/ add heRamiy idRteds cof NKPRVEBcorfing e dimatetonpidsh d 25 easily
within the sampling period, sharing the sane -20- nmenory and nul tiplier
308 and accumul ator 316 for both+:the Hand F filters. Thus for Hand F

filters having (six coeffiﬁieTfs) K—Q, fourteen (14) ﬁggjlply/add
14

3 & .o-
§E§§ _ o) Klz +L2 l_ 5/2 (Eq. 30)
' l+1( Z oooi(z - ’
{ 5+l k. ] :

Coefficients and data are stored in semicdhduﬂto“.

RAM memory organized into "push down" stacks 300 and

10 302 and recirculating stacks 304 and 306 to facilitate
fetching and Storing of information. At each sample
time T, data outputs of RAM membry stacks 300-306 are
fed to a multipller/sun;el circuit 308 which computes

~ the requlred output Y on line 310 by sequentially
15 multiplying and accumulatlng the results according to
- Equation 31.

Y = Ko [x LK X HKOX

| - .
2 [®en Y- 1 %42 Tne2 o F¥n - x|

2 2 | 2

. The first term computed is Koxn with' the switches
20 S, at 312 and S,
placed in position 3 and the x terms are computed,

at 314 in position 1. S, is then

After that operation, S, and S, are placed in position
2 and the y terms are .computed. Thus k+l multiply/add
cperations axe involved. -This can ke accomplished

25 easily within the sampling period, sharing the same

MRS At et s e < <- 8 m s mmemeem. m——




an—

bperatiqns'are‘involved,;alJomAng approximately one (1.) 5 mcrosecond for
each such operation, and a sanpling-*period T of 14 nicroseconds can be
accommodat ed. Hi gher order polynom als may be accommodat ed by addi ng
parallelismin the arithmetic and nenory operations. OQher fornms of
reqursive filters are possible, and the 10 filter structure of Figure 6 is
exenplary only. Various inplenentations. @i the equalizer structure can be
realized. A preferred enbodi ment’ uses sem - conductor RAM's, arithnetic
unit ‘and control logic to forma digital signal processing strueture to
i mpl ement 15 the_ﬂiéxwﬁ%péﬂ? ﬂﬁlthpl&ﬁ&amn?nd:wddmﬁuMﬁor a.‘BJE)Goﬁghf bbeh-h
nmean square error .E. ). rithm has n own - asi r.the
equal i zer operat i*d?‘é I\%tmﬁl B g%?ggrﬁhmqﬁﬁ\? &%ﬁ?&?’f‘%ﬁeﬁﬁ?ﬁﬁ% ﬁﬁggng
coefficients of t{wikl codfFiéikhes3. K6, ifmirdeem (1) ahgbeiphyydédcri bed
20 is based upon_determ ning_values.of .Ck er_.a period of a, - of
sanpl es equal t()qa?r%ébﬂn§i etﬁEVPéVFF”séxi N lﬁ%ﬁék¥+%£t%g§?§§ﬁeégg
[err]'s are ufatmibsvsegohdsfopl eacht bush epdratidgmT)and (aT§a@RlindT) =
slice ' = + %§m” _Re new
val ue of the oefqelxéjf%%t'ls‘ %Feléoﬁr}ggfgg%gg‘g c(():rnH .)réegrgagca |en<?@ %%? i
conponents [err] Highgr Fypdefronolgnofndals may be accommodgied Bg)adding].
By sinplifying t I 08,0 ' | gL dderasiglsPk(nT)
%fﬂ@qgi%? ?ﬂ i:hgk??}f.t?ﬁ@t%;’ @&1 £ mcgg}‘ u'p%e a s

-sign E(nT) . e coefricients [err y dat ed at every

sanple tine T, alQEehgfewms soforechipilye fiddafen@re Peseible, and th
10 filter structure of Figure 6 is exemplary only.

Various implementations of the equalizer St?ucture
can be realized. A preferred embodiment uses seﬁi—
conductor RAM's; arithmetic unit and control logié £
form a digital signal‘processing structure to implement

15 ‘the principles of the equatibns. Furthefmore, althouch
the mean square error: (M.S.E.) "algorithm has been shown
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 descriked

20 is based upon determining values of Ck cver a period of
a number of samples equdl to NT. Each time the Ck's
are computed, the coefficients Kk's are updated every X
samples, thus

T P, (nT)E (nT)

C, (WNT) = slice - (Eq. 32)
.:{'i:.- . .

n = (m~1)}NP=+1

25 and the new value of the ¥oeificients are computed
based on the gradient vé&tpr'cbmgpnents-c of

. . k
Equation 333

LR
W
N

K m) = X (@-1) = C (m) (Eq.



(;ézbfinal val ues and. reduci ng the anount of hardware needed. ThIS algorlthm
a\5|npllf|cat|on whi ch approxi mates mni ni nrum nmeans square error
performance in a recursive filter and is advantageous, particularly where °
enpha3|s is on.fast convergence and reduced 10 hardware The digital
filters used to devel op the partial-oglpwts [err] may be inplenmented in .=

A

| i ke manner as for the F and Hfilters. .Figure 9 is a blotk diagramof a
spécific enbodi- 15 nment of the equalizer 159. A tine shared arithnetic

| ogic unit (%%J) li?f iﬁgﬁ&h&e@w@utﬁltiﬁm tdffret,i conappogikdmagdmati ons on

I nformati on store e equal i zer nmenory 502 uﬁ&er the control of control -
| ogi ¢ signals fron1contro| | ogic 504 and which signals 20--are synchroni zed
wi t.h the control logic.. clock 506 The cl ock 506 frequency is, in turn,

synchroni zed with th ta s ng, ock dis a nul )|

thereof. First anﬁkgﬁgg rn)(ﬁc‘[le) %g’p?%&gp whi ch toge % 4
conprise the equalizer nenory 502, are 25 controlled by a series of :
control words,, each which a t L atl 0 rithmetic
| ogi ¢ unit 50%h c%ﬁ?%?‘ﬁéﬁﬁ?@ng«)%ﬂag ‘%%é’{"e %ﬁZEgregys%l ?%c?by shift
regi ster 514 £Dmeomirallgetiey TbrA oncpre)wml@OC@Dﬁ?ifglenﬁ@rd‘@ dh¢ine 516,
under the go frggﬁtygkug ag%4ré&ﬂg§é§“éh§3¥mgﬁg£OégeﬁakBW%ﬁéﬂn”y 502

under ext menory contents m e exam ned

external ly anrle(adlede:qu53['1|:L7_5a1641@q>Iprhzl'ti%siss n%y’#é?lh??—?éFé&neMI ly. A
ogic signal gUbPUksmaees BN {dﬁ@ﬂ%e@&aﬁéa&%rl pesFEiRice Fi gure 10

illustrates t organi zation o

' in a recursive filter and is advantageous, particularly
‘Where emphas;s is on fast convergence and_reduced

10 hardware. ' ' S :

The digital filters used to develop the partial
outputs Pk may be 1mplemented in like manner as fo*l
the F. and H filters. ~ _

Figure 9 is a block diagfam of a specific embcdi-

15 ment of the eqgualizer 159. A time shared arithmetic
logic unit (ALU) SOO performs sequential arithmetic
and logic operations on information ‘stored in the
equallzer memorv 502 under the centrol of control
logic signals from control logic 504 and which signals

20 are synchronized with the control logic. .clock 506.

The clock 506 flequency is, in turn, synchronized wi

' the data sampling clock signal, and is a multiple
thereof. First and secocnd RAM memories 508 and 510,
which together 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 500, - ' . '

External control woxrds on line 512 are shlf»e“ by
shift reglster 514 to control gates 514A to prOV1ae

30 control words on line 516, under the control of logic
504. Constante may be loaded intc memory 502 under
external control, the memory contents maj be'examined



5 first nénDry'508, whi ch- eonpri ses four push-down stacks 520, 522, 524 ang .
526, of "which the functional details of stack 520 are shown. Stacks 522,
524 and 526 function in |like manner, as does nenory stack 520. Each
push-down nmenory stack 520 - 526 functions so that .10 each new:'i nput word
on menory bus 528 and line 530 replaces the | ast previous word in the stack -
and®the last word in the stack is outputted £romthe 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 Bk atsiEBy Pmd)th€okgublizativhm gy dikkstmagsbel (n),
Pl(n..lI)..., stack 526 stores _P3(nj, P3(gp-1)... .. .Decader 532 Qg odes the
control words oniqqﬁ§§ﬁﬁé)?*5ﬁ¥§ﬁ#%ﬁ'th§ #ﬁﬁaﬁ(ﬁﬁﬂnéiiﬁ?%ﬁugi ﬁag to 20
each stack. The potviidedfwleexheqeallicpéian ds icomgilertesl i n nenory register
534, and whi ch output s I QU Al t] Hg%ig Lait 50 Fi gure
11 illustrates the or&gﬁég&igﬁ %%iﬁﬁépggggnggggﬁbra ,tﬁéﬁé%éiggFudes
menory secti ofs FA(st25nertehly 528, awhibh6 compnises skpld grusitodevnr es
constants [err] ‘i | K4 r ctd 44, e QR ds

SK, including [ers'?ical.ékdﬂl\/lrast’?rz_o(}?< gs?a%f [ 8%42/5585%%%25%&2?? Wor3%’5}9{?(?\‘)uqefél{r:'ﬁ;')l?anr';L
reference generadstaicls ahistacke52Qi Aredshown.a Stigaks ej? 21 eP2448nd
Merory 30  secti b @4f,d0{ &5 FhMixe! hahgg'ﬂ,s als® Rlds TRARS ¥y SEEALRNS 20RY

go separately into nmenory or be read out by dppropriate conttTol words i ch
are decoded by d&@sdePwHy-dovnymMenarEss&dciatt20or P3G HRchionenbpy that

sections 540310 5S4 GRAUSEP 1MBuROINELESEH Remotd bu 338 P! EfnbOosRBNDI Y.
regi ster 552 via gating |'ogi ¢ 554. Menory section 544 is organized as a

push- down menory ISRAACSHhetRe nladl BYBVRUGalR%Rori the stack and the

last word in the stack is outputted frem the stack.

This is a first in - last out (FILO) operation.  Each
data location in each stack cén 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-l)..., stack 526 stores P3(n),
P3(n-1)... . Decoder 532 decodes the control wordés cn
line 516, from which the individual control sigrals to
20 each.stack. The output 0of each read operation is
- stored in memory register 534, and which output is an
input to the Arithmetic Logic Unit 500.
Figure 1l illustrates the organization of the
_second memory 510, which includes memor§ sections 540,
25 542, 544 and 546. Memory section 540 stores constants
Kk' including Ko to K4. Memory section 542 Stores
data words SK, including So_to S4. 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
memory sections may go separately into memory oxr 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 coupied Lo memory register S52 via gating



Hg " R(n 1)...R(n-1) ¢an be directly addressed, The Arithnetic Logic Unit
500/ has, as |nputs thereto, the 5 outputs of registers 534 and 552 from.
frori es 508 and 510, respectively. The ALU performs its arithnetic
processing on these:inputs, after which processing, the results are pl aced .
in its accunul ator 556. These resultségie then coupled out for storage in _
memory by 10 control |ogi'c 504. The val arithnetic and | ogic operations g
performed by ALU 500 mﬁll now be sunmari zed.  Function Qperation =’
Mul tiply ng (R2) ACC 15 Mul ti %/Add C
(R1) .C (R2) 4%91#\@:0?54- Qult FRFFion 544 is exrgand ? dcag-®) +C (ACO)
-> ACC | ncr engidh~down memo %tld—%eref@ Q@f@ﬁ@f‘éd data word(M)-]LSB
.- 142 Conpl ement ACC, n ACC.is 20 2N

Lo Aon) SRR Bl o RG1)+« R(n=1Y gan e Eseoky afaFaResd. The oo
up to begin. ﬂw@kméaiconog&ecmﬂqsoom rastbﬁpﬁulst Ry eft@)Ctttan, the

contents nennr i.ster 4 a 552 ied and 2 stored in
-accumul at g %tp %ﬁl Eﬁ@?r?iﬁ’@ 4 ﬁﬂ‘i/%u#ﬁ?ﬂgt PERoriRE %‘grﬁ S of
menory regi stye, SBéspadtiﬁélgr e Mie AU gsbrforms hetsearithnetddded to the
contents of accunul at or To | # néi ge subt r act / add
function, thPTORTENtEY ?n PF?SF PRRES 8258 X FRI534PARESSS I t h
appropri ate stlgn résmies anéeplamadr dn dftsa aiacahzdul:atler a6 . addﬁ*ﬂzste) t he

contents of %ﬁ%ﬂﬂf&@t9£e5éﬁen cod%ied out for storage in memory by

10 control logic 504. _ :
The actual arithmetic and“logic operations
performed by ALU 500 will now be summarized.

Function ' Operation

Multiply - 'C(R1).C(R2) —3ACC
15 Multiply/Add > C(R1).C(R2)+C(ACC) —> ACC
Subt/Add _ C(*R1)4C (%R2)+C(ACC) —> ACC
Increment . C (M2)+|LSB —> M2
Decrement C(M2)-|LSB —> M2
Complement ACC, If sign ACC is —
20 if Neg 2N-c(accy —> acc
Zero ACC _ : ek Valﬁe-—f> ACC
Initialize ' Set up to begin.

_ equalization process

To implement the multiply function, the contents

of memory registers 534 and 552 are multiplied and
25 stored in accumulator 556.

To implement the multiply/add function, the
contents of memory registers 534 and 552 are multiplied,
and the result is added to the contents of accumulatoxr
556. ' | . ‘

- 30 - To implement the subtract/add function, the
contents of either or both registers 534 and 552, with
appropriate sign changes under control of a field code,
are added to the contents of accurulator 556.



To inplenent the increment operatiop or the decrement operation, the
contents of the particular nenory l'ocation is increnmented or decrenented
the sign-of the accunulator at 560 is respectively negative 5 or ‘positi
al so according to the field code. To inplenment the "conpl ement accunul at or

i f negative" function, the sign of the tents of the accunulator IS
chéﬁbed to positive mhen it is negatlve eﬁg i npl ement” the "zero accunulatef
function, the 10 nuneric value zero is stored in the accunulator

inp]enent'the initialjze, fugctio i ¢h alloms for _exjernal I ng of
constants if an extertaliwpaﬁ@eegnt ARG %E%ﬁ?ontﬁg g@@hnulator
is cleared and adeofuiheher oble&@t:n.@tn 5&2leirdbrtmets 4% the pafh&cmdralrr ol
word structure fromcontral 5Q4, whic inputted vi | 514 to
menori es 534 ancf“%%?rgo}'lgf"?‘f‘ °%f315 nqo?é °% ?‘f’rﬁ@ﬁﬁ? dMj‘fnf P& d a
-7-bit menmory M 2signl dfaﬂﬂeaaﬁchmmlblﬂdrsaﬂ: 560 oh.s Eaeiapeohtveﬂ.yvxmlagalts.vcmen

18-bits. The {£orego 0 . us - d s - Select
Subt ot al Flel% &¥ bg?i%ivg QES% 4%%é?%lﬁg Eg)ége Iie%é‘géggwbnory (V%

M2 Read/Wite AddTessmplSmlea(tt theultannpldmend accumulator if 1
3 2 5 W C u) H cie b th
otal Field ngéééz.@‘é 208 ction, Q?Fé ali oo <'>f. he ?g{\gf?gfl\/gﬁorye_l\/ll
I nstruc- Menory agcumsiabor AsUchangedc-tacpnsbtivetvhan tteig negativgh

Fieid tion Fiepd Lﬁ?ihm@ﬁ%akﬂg”‘kero accumulfte” function, tﬁ@
5 18-bits, 25 Ref er now to Figure_12, a flow chart of the

equal i zer opk? atRWASY <] Vﬁé@?r BEEQ. IS tuRdnte theACFERRdasor. 25.

To implement the initialize function, which alicws
for external loading cf constants if an external write
contxrol signal is present, the accumulator is cleared
and. accumulator flags ‘at 562 are reset.

15 The control word structure from control logic 504,
which is inputted via.line 514 to mermories 534 and 532
consists, for ekample, 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.

Veaory ML ML Push Address Select  Subtotal
Fiel ll ] 2 | 1 ] 2 | 6-bits
Memory M2 M2  Read/Write Address  Select = Subtotal
Field |1} 1 L3 i 2 \ 7-bits
ALU 500 Oparation _ Subtotal
Field [ s 1 5-bits
. Memory M1 Instruc~ Memory M2 Instruc~ ALU Instruc—

Control tion Field tion Field tion Field , To==1
Vord : l -6 ‘ 7 l .5 ‘18""
25 Referring-now.to rigure 12, a flow chart of the

equalizer operation is illustrated. The sequence is as

- foliows:



Steb 1 Initialization Froman ekternal. start signal on line 570, an -
Egﬁ;Lization Conmpl ete (EC Flag) signal on line 572 is reset and nenory -
gZations, accunulator 556 and 5 related registers are cleared. " If an
External Wite.signal :is present on line 574, the control |ogic 504 allows-
the initial [err] to be |oaded externally via shift register 576. Wien no
External Wite signal is presént,iJﬂéyrEUIy:stored values of [err] 10 areg
supplied via control logic 504. Step Comput e Po(n) The values A(n), R(n)*
are obtained externally at the sanpling time nT. R(n) and A(n) are '
pushed into their respectivgrgpmri enikdQ1auktsh respectively, 15 A(n-2)

and K2 are fetched into ne reglste nd_ neyrpr egi ster 552,
respectivel y. TheiFEHRRRCcEXEEXBB D tté‘d"’o)?jt%ajﬁ%@ S%én%hel Fn the

‘accunul at or  Hfualdizat BéhYConblekr -(B§l Flad)haiifeapubrdl and sddedst o the
_ contents of the accunyl at or 556. Sigrlarly,-zolaégg%¥i$ then_.added to the .
contents of tiRFek |BEPPTY THECAEIGRSH BGTHT at2f &PEh the feedback

Eo ter mAweﬁ%ﬂmtﬁbigg&bgaraceuEJMr mgﬁinlgtégnat;aewmw ion: new
o(n) = A(n) + ng )+ n; - o(y); - LK ‘Po(n: . ”

(E((:]. ) 35) ( )Tlﬁi@{?éz(ar’a? i)%ﬁeﬁéf’?egﬁoﬂrg?et (C‘I-’n%ﬁ'{e %3 Céntf%ﬂ\c?Pgr’chP?"s hown in
Figure 5. Tl Yol theoinltialpKsHedand ¢,! e o benbogdéd2extery2B6-1¥5t ep
3 Compute P (nnslAe L&554L0) 55T C ol U4t Ra ] G- OLEP Y st he

is present, internally stored values of K. 's and S, 's

10 are supplied via control logic 504.
' Step 2 Compute Po(n)
The values A(n), R(n)'are obtaihed externally'at

the sampling time nT. R(n) and'A(h) are pushed into
- their respectiﬁe'memories 520 and 548, respectively,

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

20 A(n) is then added to the contents of the accumulatocr.
The product terms associated with the feedback Po terms
are subtracted from the accumulator accqfding to the
equation: .

new Po(n) = A(n) + K,A(n-1)+K,A(n-2) - KjPo(n) - K,Po(n-1}
25 -3 . | (Eq. 33)
| el N(z"h
This operation corresponds to the - function
' : D(z ™)

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



-1 filter.illustrated in Figure 5 is conputed in a D (z similar manner N
according to: .newP (n) = -KoPo(n-1)} -[err]Egq. 36) 5 the result is pushglsg~ -
on the [err]nmenory stack 526. Step 4 Conpute P (n) Simlarly, P (n) is

conput.ed and pushed on the P nenory stack according to: new [err] 37) 10

whi:ch corresponds.to the filter function of [err] [err] illustrated in

Fidwte 5. Step 5 Conpute E(n) The error termis conputed according to: E(n)

= Po(n)Ko + R(n-1) - TE4® 38) 15 E(n) is saved, i.e. it -

s stored in its prescribed |ocation. This operation corresponds to the
summir. g node function illustrated in Figure 5. - -27- Steps 6 & 7

Compute Ck's, Updating Kkts Th&tep $ alGomapHpritRghsed -on the sinplified k
approach descri bed previousl y. —fhe—operatiom—invotves i ncrenenting or
decrementing [err] baggd £0 (hf)e t¥ Rrespdid WIS NEn¥ehepukeD The i - €
increment [err]if sign negdtive Ck P (=" n) E(h) ' :
(Eq. 39) decrenment [erg] if sign positive Steps 8 9 and 10 Testing for
Equal i zaticn Corikmt®_The;jakee! yiawaliadd {®rrighseconpyt eomputeldng ng

the sign of [errp K% ;g is negative. - The corresponding

similar manner according to:

new P (n) = -KoPo(n-1) -P,(n) K, - P,(n-1) K, (EQ. 36)

3 4

-

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

Step 4 Compute Pl(n)

Similarly, P, (n) is computed and pushed on the P,

memory stack accoxrding to:

- Pl(n-l) .

: new Pl(n)_= XoA (n-l) - Pl(n) . h3 K4 (Bq. 37)
Xo z-'1
10 which corresponds to the filter function of — —
: D (z ™)
illustrated in Figure 5.
Step 5 Compute E (n)
The error term is computed according to:
E(n) = Po(n)Ko + R(n-1) :  (Eq. 38)

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



§G§$Walue of [err]is subtracted from the absol ute val ue of [err] If the

I+ in the accunul ator is positive, the Test Flag is set :‘1: If It .is.
_negative, the Test Flag F|Ip Fl op remai ns unchanged, ie., [err] =+ SET
TEST FLAG (TF) :15 --NO CHANGE TO Tf This step is perforned
for each gradient vector term..[err].igg. . C through [err] At the end of __
this procedure, the Test Flag s exanined. If the Test Flag is = O, {;2
indicating that no Ck term exceeded the corresponding 20 value of Sk’ w

then equalization ggepand & & - Mvete m&*éheu&attiﬁlcragtkﬂsl i ndi cating
that one or nore varu EXCeeae 5. correspondl ng val ue of 8k,

then equal i zati on traenet 180 HH e Lol é@ebsyéaeoﬁuehebemqmmma The
control |ogic 504 mnbt tug&ﬁ%f Steehé 2£% SMBIt th next sa | ing

- signal at the2PRFERF PreViRNS st EPGgORSF2 F+Y%%i on

Conpl et e (EC) iﬁcgaménltsn@utq&utdeafkérménemern | basedgpnt ithe sarghtds\e

procedure ferpj nates t he exterpal systemto read the.val ues of

[err]through &t B %mﬁﬁkﬁPﬁ(ﬁ 3B bkté+ﬁav use The Equallzer may

al so be reassigned at, - 28- thls n oqso r omthe
q‘ﬁéé‘n %‘g’l epés &09 n a

vi ewpoi nt of gx Lon t4

tinme | ess tha§k3§ qugk(PgE?%%) qﬂg% gﬂeﬁknﬁ T FgEg% tine
correspondi ng to present state-of e-art sahp Speeéh telephony
signals, 125 m croseconds is adequate, correspondlng to a sanpling:

ey T SCopEaB0 O R TS Olng L 6ONELAR 1AL IRPLUNEL A0 .
correspondi ng word-mosStbe executed in
approxi mately two #hel @32eARMS value of C, is computed by changing
the sign of Ck if it is negative. "he corresponéing
10 value of ak is sub racted from tne absolute value of
Ck?
Test Flag is set =.1. If it is negative, the Test Flag

If the result in the accumulator is positive, the
Flip-Flop remains unchanged, di.e.,

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

This step is performed for each gradient vector term Ck
i.e., C, through Cye -At.the_end of this procedure, tle
Test Flag is examined. If the Test Flag is = O,
indicating that no Ck term exceeded the ccrresponding
20 value of gk, then equalization is complete. However,
if the Test Flag = 1, indicating that cne or more values
of lC f exceeded its corresponding value of sk' then
equalization is not complete and the cycle must be
repeated. The control logic 504 will return to Step 2
25 to await the next sampling signal at the interval of
T units. When Test Flag = 0, the Lquallzaelon Comgicte
(EC) Signal is outputted for external recognition, and
the procedure terminates allowing the external system
to read the values of X, through K4 from the memory fox
30 external use. The Equalizer may also be reassigned at



menory 508 and.menory 510, mul tiplyi'ng themtogether and adding themto th
ACC, - 15 .the performance requirenents can be assigned as follows: Menory
‘Access.” .5-mi croseconds Multiply 1.0 m croseconds Add

.5, croseconds Tot al 2.0 mcroseconds 20 The signi ficance -
of ese requirements are parallel registg~to-register transfers and
arithnetic operations. For 13-bit-arithnmetic, which satisfies the tel ephony
reqU|renents these performance requirenents are attain- able in today's

LSI technol ogy, g I t ure described herein. Present
state-of -the-art ft% tﬂﬁe}&s %%%ﬁéer%%eﬁriggg m croconputers Qf the 8- to
'16-bit variety woul d Fgompchp|Elewpredn Eee%EBS% iper tamasc R qui renent s

using standard pERYEANHLY xﬁxf‘ec@r&&hﬁﬁetéosIéﬁs”QV%b feaies et et @91
~described of the herein disclosed equalizer structure enable it to attgln

t hese perfornmanc&he@g@s &Rk .t @P?e’Fa’F‘Eééﬁgt GLEE In of Wi’
-equal i zer 529t1i~@at:ur&wéh:wm |ﬁée§réhéﬁt cthtMdf-itHe-Apori es

“whi ch can be address si nmu] t aneouysl eci,al nDry ni zati on
facilitating the Gﬂéi%ﬂ rRRRET2d ?b%g °B§wﬁ1§na é; SR TFORTR

directly addressall Q)d.ecju%)tePachrﬁéégbnﬁnhgl Rby aadempliiny ety g wapapi 6t y;

Thus,- for a worst case control word consisting of fetching two words fron1<i::>

(4) M crocoded cg wor ds whi ch simul taneously control the nenories and
"the arithmetic | Ogi zUnlt (5) Control words directly related to the
specific 10 opemaseﬂ1cnxaanMimemgof SOL ToRiYoADR o Ot SMEDTONS

10 corresponding to Step 2 to Step 9, each .control word
must be executed in approximately two microseccnds.
Thus, for a worst case control word consisting of_
fetching two words from memory 508 and memory 510,
muitiplyihg them together and adding them to the ACC,

- 15 the performance requirements can be assigned as follows:
Memory Access .5 microsecondés
Multiply 1.0 microseconds
Add ' .5 micrcseconds
Total 2.0 microseconds

, 20 The signif'cance of these requirements are parallel
register-to-register transLeLs and arlt*metlc oner ticns.
For 13- blt arithmetic, which satisfies the telephony
requlrements, these peLformance requirements are attain-
able in today's LSI technology, using the Equallze;
25 structure described herein. .
Present state—of~the—art off-the-shelf general
purpose microcomputers of the 8- to 16-bit variety
would not be able to meet the abové performance
requirements using standard programming techplquns.
30 The novel features heretofor described of the herein
disclosed equallzer structure enable it to attain these
perfornance requirements.

A brief recapitulation of said novel egquaiizer



;) F NEG, | NCREMENT,* DECREMENT. An al ternative enbodi nent of the

udl i zer herein- before described is inplenentable utilizing a gener at
purpose type signal processor having special arithnmetic 15 and menory
processing capabilities. A sinplified block diagram of such ‘general purpose
processor is illustrated by Figure 7. The circuits described are all ~
inplementable in digital LS. By the2qddition of the feedback and feed-- ZQJ
forward l-oops and the F and H filters and by replacing the st andar d decoder
out put -anpl i er wth,th ce arrpllfler a conplete line
circuit is Fares oﬁnﬁigﬁﬁ§VeE%%F£%# EH]'The F and .H f||tergpare si npl e
recursive f|Iters(thlmhlﬂupéelqumrmdaewhxchrmamdbeZQGﬂN@SFaﬁujIﬁfllters

on a codec and/or_gaod nd fi.lte r M8 ON
elimnates the pr?%@ gﬁ? 5%3?&8 ef?g¥%fcpéﬁgrgl§%§§%&Z?erg?%atlng
and bal anci ng netﬂnckiltepﬂaglm@ewﬂgﬁnﬁtipmmerﬁﬁegraﬁnd§P§thﬁﬂ%ﬂ LSl
o Sgeser! begleadRbouhdehl d M1 FhadPeisaglean 0! Het-
instal | atlop and naintenance, in.a |t|on rove ormance. Al t hough

non-recursi ve filabielcanlsdplyd@ddranidhmetig FEPPP%E#§¥'tHé ¥ costs

woul d exceed thosﬁlefco{:Baeﬁe%%%ﬂbq fidtes %Jl@féﬁrébﬁd;taﬁb@dsﬂ.@ y, a
non-recursive 35 ‘equalizer, baséed.on known technig eﬁlF %P .have been
il

-30- used for eltﬁéntﬁ@ﬁ Fé@uﬂﬁﬂﬂ?%ﬁsr%RQw%W%eaFlQ FE Bt oul d

be inferior as af gspdegpnicked weraeLIEi icolyt helaeadr eeurdieysdddiic
structures prOV|ded b

non-r ecursjve equaI| 5,1 Lonvert
"to a redfsive st?BEF%FéOB'f ‘ﬁ%{e’ doslrt bbe@E%Fgﬁgfﬂﬁg't K:ZJ rEaEd
Fl et cher - Powel | apger IFhNESS deRREBMENI ] rDEEREMENTSYNnt hesi s of Recursive

Digital An alternative embodiment of the"equélizer herein-
before described is_implementable utilizing a'genefal
purpose type signal pfocessor having special arithmetic

15 and memory prbcessihg capébilities. A simplified block
ldiagram of such generdl ?urpose:processor is illustrated
by Figure 7.

_The circuits described are all implementable "in
digital LSI. By the addition of the feedback and feed-

20 fbrward 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 simple
recursive filters, which make it possible to include

25 thé F and H filters on a codec and/or codec and filter
chip. Thus, the prxesent inﬁention'eliminates the prier
art analog 2/4 wire hybrid and discrete terminating and
Ibalancing networks replacing them with the programmable
digital LSI circuits described. This results in lower

30 costs of mdnufacture, ;nstallaelop and malntenance, in
addltlon to "improved performance.

Although non—recursxve filters 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 cechniques, could have been



o PP o e

Filters, I|EE Trans. Audio Electro Acoust. Vol. AU-20, pp. 257-263, Cct. )
1972. Again, such 'techni que requires 10 substantially.greater hardware @
than .the.all-recursive structure of the present invention. Menory 330 of
FlgurQ_7 i ncludes allocated portions at 336 for storing [err] coefficients,

at 338 for storing [err] coefficients, at 340 for Sstoring correlator suns;

15 t 342 for storing values of Dk and ki at 344 for storing |nterned|ate
results A(n), P (n)[err] and at 346 for torlng a control program for

accessing the stored data in accordance with addresses provided by control

| ogi ¢ 332. Conput at gecompl i shed via,20 acithnetic unit 33 gFigure 8
illustrates a géﬁﬁ?g%? {% T FORGHEFBEPIYE RFrE%&ﬁRﬁﬁ%%ﬁﬁf%ﬂéqu
dupl ex signals iﬁﬂﬁansfﬂﬁhtik&ub@dbe hafeziom by gdiorsdesamidbedies

anal og-to-digit Jter 40 0 It al. v nd 25
anal og-t o- di gi tgc g%’ﬁ’? eré4%l% a@% g?Egrghg b 1%%% fsé;tzﬁ{ Zk'?flggure
8:functions in pﬁoyndndubyta)m¢n&re¢uf5gueeeaBaddzmhamdukﬁabamm@e@ce

mat chi ng occ rs o] di ifalsto- analo
convertgr 40 a@ssf%(r:‘% der e’?gﬁg‘?ggiz&ggﬁgbg&ﬂé d?tﬁ{tégr %% convert.sg
di gi tal transn1daﬁqyiﬂaﬁ<utilxmamg2thg ahatggemwgqme;kna199ﬁ¢tMm as
Transconduct ancae@,@yﬂﬂé@wlﬁea&»@g degneesatl B euiilvaddieare.

Aut omati c equal|zer system 1 des up ate | ter coefficients_and

control to H fi Fiditerse eﬁﬁﬁFT¥¢¢$erABQi°4§ée°ﬁFPhA&ﬁﬂﬁﬁfxf%ﬁgn%V £@rurn

in the recei ve gnglsy-2631-0@ti nanaped ﬁba&khm“s@ﬂ:w%lﬁ?ﬂmecﬁdq{lrm
f eedback ang theﬁg ransmt SI nal are conbi_ned at summrg)é;%r 421. Both

coder feedbdfk % atanﬁ%%%1 19 ¢3EeEsPBRAVAL e EhaT R RERFH-HEd by

sw tches 422 angt4étture of the present invention.
Memory 330 6f Figure 7 includes allocated portions
at 336 for storing Cy coefficients, at 338 for storing
Kk coefficients, at 340 for storlng correlator sums;
15 at 342 for storing values of Dy and Sk’ at 344 for
storing intermediate results A(n), Py (n),...>?, ’n— Ly
and at 346 for storing a control proqran for accesSLAg
the stored data in accordance with addresces providad
by control logic 332. Computation is accomplished via
20 arithmetic unit 334.
Figure 8 illustrates a generalized digital two~-to-
four wire converter for £full duplex signzls on line 400.
The coder has a unity gain and includes analog—-to-digital
prefilter 402, analog~to-digital converter 404 and
25 analog-to~digital postfilter 406, Operationally, the
circuit of Figure 8: functions in like manner to that of
Figure 3B in that line impedance matching occurs
similarly. The éecoder loop, including digital-to~
analog converter 406 and associated preiilter 408 and
30 postfilter 410 converts digital transmit signals on
tine 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

35 418, with unwanted signal return in the receive signal



'¢ spectively, under ‘equal i zer- 130 control. The nul tipl exer/distributor
i S) 157 described generally with reference to Figure 2 is-illustrated

in,greater detail by Figure 13, the MULDI S 157 enabl es the equalizer to be
shared by a plurality of lines 1 through 10 'N. In essence, the MILD S 157
makes a determination of which line 31 o be connected to the equalizer. -
.The MULDI'S 157 nul tipl exes the A(n) signals fromthe plurality of line @gj
circuits and distributes the filter coefficients, the switch and filter -
nmode controleﬂimmﬂ&tedEatasdmmﬁagrabdeem&@4ﬁnﬁ9¢ﬂtﬂfeﬁdb@kaandto t he

line circuit rZ‘f et(itﬁgsﬂfge&.?ﬁgirg% ;R,F %@%ﬁ:yﬁéeﬂod@ gnals from

the digital erence genera 1 are cou ltnes 1 to Nvia
| ogi c gatiru;ﬁﬁﬁh qwdeﬁlﬂﬁﬁébﬁyk)amﬂtﬁ Bter Melepioneimnithenance

20 system atg i:qgi SF.Q%E ad. p ac@{é%ss42§ fyed through shift
regi ster 604, "deco %@ %?% %8 Bgaﬁ coupled to I%H?c 600 as
i I Tustrat &l. rRsPesvelnd. Bﬂﬂ?Eheggﬁﬂm&Q@niﬁQ(ﬁﬂﬂ ¥lsignals fromthe -

nai nt enance SySte@%ﬁfh&P@PﬁfoEQ/hh%%&1¥d%%*tgﬁﬂlﬁﬁsfl19V0§EBch®éa
gating 608. These signals are _coupled s 610_and 612, the

out puts of wHeHPEIILY fYbph EFEQRHBCGdt\ﬁI tFH pl‘%pﬂ%?%tﬁﬁéei‘ &Y ough
ADD N Slgnaldféaﬂékxaéﬁﬁlﬁoﬁ fmguﬁ@nh HhhfMUEDisn3571ebEbQé§hﬂHéHe

sslg%tedt306§§uloglq%€atln %aFF éo%ﬁéiﬁééiégffg hi%%égrk the gutput
o] gate Holcte a

w th sigaa sNADD In téﬁ@éh@dﬂeADEhE MUMJIIGJBQLWEmaﬁfﬁs ad déEeéNDngahesx iof I ogi c
"614. The fil oefficient and filters ea of |ines

1 t hrough N'Egﬂ‘ﬁlgﬁ $¢f+7t§? 57 ed%(fl$¢?l? é&iéggf I%%% circuit

1 of N are cHyuDEs 157 multlplexes the A{n) signals from the
plurality of line circuits and distributes the filter
coefficients, the switch and filter mode control signals,

15 and the reference generator 161 ocutput to the line
circuit selected under control of a maintenance system.
' Signals from the digital reference generator 161,
R(n) are coupled to lines 1 to N via logic gating 600,
which ANDs R(n) with ADD 1...ADD N from the maintenance
20 systen at'logic 602. The appropriate address is shifted
through shift register 604, decoded by decoder 6O€ and
_coupled to logic 600 as illustrated.
The clock and switch control/mode contrel signals
from the maintenance system are coupled to lines 1
25 through N through logic gating 608. These signals are
coupled to flip-flops 610 and 612, the outputs of which
flip-flops are AND'cd with the aporoprlate 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 to thz equalizer as the
output of OR gate 616. ' Each A(n) input *ron 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 for eacu of lines i througih N, such as T f£iltex 272



The filter coefficients are AND ed-at logic 618 with the ADD 1 through Al

N signals from5 decoder 606 to select the correct line. Referring now to~—
Fi gur.e' 14, a bl ock diagram of the major interface connections between the '
equalii zer, the mmjntenance system the MIULDIS and the line circuits. The
maiaf enance system 650 may conprise a @@wventional 10 data source, such as
a conputer and its associated nenory. The illustrated data and contr ol
signals, described hereinelsewhere, provided the requisite timn nd
handshake betmemmdtneféhharii&ﬁ,Oﬁhéﬁnﬂlﬂiﬁﬁuk#mke%@é¥eﬁ¥ﬁnﬂ°?ﬁge i ne
circuits via the MIDLS éé?alléer tgLQEMEﬁﬁhr%kfﬁékéaiiﬁ€|QPBQnﬁ hiime
circuit providifig-an interface between a f pl ex anal og telgﬁhqn
subscri ber |inelegdic agatingabldui t ThienFihrre moefkichenEssarea) Drré’gns for
automatically digi mgw 8§at feehZithe AUl rJWKIADS Rr 30gRRISI Erdni ne
term nati ng inpedanceg, éb ~two-to-four wre conversjon neans for digitally
separating fl Ideepiex PPAnSRI Fedfet d&d® wergrct 1ingnfor mation signal s on

said subscriber |inertpberanganowOfccdirdidite SLg)ad shlesrhdsapanat @ff romthe
other; (c) automatic equalizer nmeans for

_ rovi di.ng, signa :
opt i-mi zat i on/ edtR®i BAIPEN1BEETERFS GBY ﬁ%ﬁpﬁf?g“wegns%ﬁﬁaFguﬁ§lzer’
m ni m zi ng the giéonabateRanceaisysHcgnaltchaMUEDIS] en@nehe Adde( dircuits.
mul ti pl exi ng. ns fo ime_nultiplexin aid equal izer : 18
pIur;Fit§I0? ggfﬁgfﬂ?ﬁnLgngnce Q snéﬂrg%é;ﬁay é%hpffge Iea85vNtichal
10 data source, such as a cocmputer and its associated

memory. The'i}lustrated data and control signals,

fromthe équafizer to the appropriate line 1 of' N via logic gating 618.??%%2}

described hereinelsewhere, provided the reguisite
timing and handshake between the equalizer, the mainten-
. ance system and the line circuits via the MULDIS 157.
15

e

»



plex lines such that autonmatic¢ equalization 20 I's provided for each
Qe in accordance with its individual transmission [ine characteristitcs.
“such that said equalizer neans < s33hared b ' said line
cuits. 2. Aline circuit in accordance wit thm“m“H“m‘mmu“el n said °
Synt hesi zi ng neans includes (a) analog-to-digital eonversicn rfeans for /™
cconverting analog information signals fromsaid subscriber line to digitaks#
signals; (b). means for summ ng said digital signals with input 30 '
digital commggia i.on signals providing a conposite digital signal input.
havi ng negat%vegig%dback;-(c) ‘digital filter means having said conposite
digital signal irdput Acoligital htebephone dinecciygcaditamrovigiing  jshing
a predeterm ned ' ' | 5493845 i |14 aid - _
digital fil L ﬁgjfﬁ%g%‘%gg‘r?g%{?%g?i?‘t'g{rﬂ%oéw{iéﬁeﬁ?’?}%?&%‘?fr%ni digital -
si gnal out putsukstyrikenilineandnal d§gisakesyilsshingn syFtanverting 5

sai d digitalfﬂéyuﬁ tput to an anal og voltage signal; and (e) neans for
converting sai amﬁéﬁivoltage signhal to an analoa current having a high

out put i nfedalfde @RAREEPF sAREORRRDERLYYt Slghdadaddc S¥RthesSizing | jne and .

to the synthesizedhy rfegsne emst6hihfatranbfi@sdongd 19ud &Eriinoim ed to
said circuit output termnals and to said analog-to-digital conversion
means. 3. A Iine-%@??éﬁ?c?n accordance with claim 2,

(b) two-to~four wire conversion means for digitally

separating full duplex transmit and receive
10 'information_signais on said subscriber line
into a pair of digital signals, each separate
from the other; o '
(c) automatic equalizer means for providing signal
optimizaﬁion/equalization of said information
15 siénals by minimizing the errcr between said
signals and a reference; and
(d) multiplexing means for time multiplexing said
équalizer means over a plurality of said full
duplex lines such that automatic egualization
20 - is provided for each line in accordance with
its individual transmission line characteristics
and such that said equalizer means jis shared by
a plurality of said line circuits. _
2. A line circuit in accordance with claim 1,
25 wherein said synthesizing means includes
(a) analog-to-digital conversion means for converting
analog information signals from said subscrilker
line to digital signals;
(b). means for summing said digital signals with input

30 digital communication signals providing a
' composite digital signal input having negative
feedback;

{c) digital filter means having said composite digital
signal input coupled thereto foxr directly esiabl-

35 ishing a predetermined output impedance



15 wherein sai d means for .converting said analog v age S|gnal to an
anal og ‘current i ncludes transconductance anplifier neans put

i npedance defined by a specific current to voltage t‘mmn mhos.
4. Aline circuit in accordance with claim2 or ﬂ#mﬂi lj’l

pr.edet er m ned out put inpedance characteristic of sald dfgita

(€

de¥rved by varying alterable digital fil34er-coefficients in accordance with

a control data input. 5. Aline tircuit in accordance with claim4, 25
wherein said automatic equalizer includes neans for deriving said control
data input to adaptivehaxacteristid|gsaad ﬁigﬁealcﬁéﬂtemlhmvingn a rapidly

conver ging process, tou el hipl 2l 1 80F0-BLeARLELICT U R, ipgdance

characteristic at fin conver gence
accordance with clmlﬁigiﬁmkr%i%nshlduupgttalfllter is a recur3|ve digital

filter. 7. AliNQEiigtgicd-ascomapbges éﬁ%@rgkahnh%ﬁxnge'c@mqu:ing -

recursive digital filter I ncl udes rogr amra
coef ficisint 8. %§4¢rﬁ#iﬁ¥%h|$ighahccét§uhc§0wanhanaaps\?oL@aqe 6 or
7, wherein Sald l'ine dingdamesandci dental shunting inpedances between said

I|ne and said Ilg% circuit,_and wherein the admttance of said line is 5
represented by | r]tWﬁ?Qﬁkﬁ?¥dﬁ%@V%¥t%%9ds§ﬁ9nﬁpﬁ6°9nﬁ@é§ﬁ8@5Smgnal

represented by Yx andcovhai Eztﬁali@qcb@fﬁdﬂtehmzﬂﬁﬁ QUhEQh be@shance
characteristic of sai ?égtal filter.is.c YL- YXx

circuit in accordance WHIIrITSi FRE ﬁﬁ@fb?ﬁ930°°E8FHeBnEgd&Hﬁaﬂéﬁﬁhﬂﬁ ng
i npedances L&l ude t dligpheared bzt tehy $prthasfizbdakagedanpedaned ehfacts.

10.. Aline CirCUitiéﬁfﬁ“&ﬂé&ﬂﬁxa&@iéhelféncéupled to said circuit
output terminals and to said analog-to—dlgltal
conversion means. _

3. A line circuit in accordance with claim 2,

15 wherein said means for converting said analog voltage
81gnal to an analog current includes transconductance
amplifier means having an output impedance defined by
a specific current to voltage transfer ratio g mhos.

4. A line circuit in accordance with claim 2 or

20 3, wherein the predetermined output impedance
characteristic of said digital filter is derived by
varying alterable digital filter coefficients in
accordance with a control data input.

5. A line circuit in accordance with clainm 4,

25 wherein said automatic'equalizer includes means for
deriving said control data input to adaptively vary
the digital filter coefficients in a rapidly converging
process to said established predetermined output
impedance characteristic at final convergence,

30 . 6. A line circuit in accordance with claim 4,
wherein said digital filter is a recursive digital
filter. ” '

7. A line circuit in accordance with claim 6,
wherein said recursive digital filter includes five
35 programmabls filter coefficieints, |



rting anal og-transmt and 15 : reé@TVé*srgﬂaLs_LQ_g\gonpos|te z
tal data stream (b) neans for deriving i cient control ‘data '
repre- sentative of the transm ssion charactlmgm; Mﬂﬂm two-w re pathg
(c) first digital filter nmeans havingegsai d tv an si gnal ~—
coupl ed thereto, and including a coef |C|ent matrix, sai'd transmit si gnal \qf
belng mul tiplied by said coefficient matrix to adjust the digital output of

said fi rst digitalgfil4ef{Redefi¥gie ihgaabo&aah@%ewmi W iim &), upglesi red
si gnal 5 é¥wt|on fromsaid trapnsmt  si sai d coeffjcient matrix
fr

bei ng derlve rﬁ%nﬂ(jW%@ﬁ?*%l%ﬁ%dcéﬁPﬁoﬂnﬁgpéess&BQHQﬁR %}substantlally
infini tedSI gfﬁiur{@i ru:hpé&anéeﬁrEétdédnbeawatenlimeﬁﬂpaaareduﬁi@nsmt agd
receive digit a con ital fi ans_ havi ng sa
transnit di g| gl'g’naaf %o‘ﬂb‘f‘éﬁl{’hgﬁﬁt Bgmgﬁga?’ﬁ& Qi %’f bi?
coeffidci ept rmlsnesaﬁ&édd aby e¥l. pythei ddﬁmei:aneegbh? csariﬁr%dhxﬂf&jmg or (o)
providing a sized jmpe t t o,said . subscri.ber line; 35 (e
decoder nean?xf %&H%%Fﬁﬁg5?§e$ES§SH¥tY§Iaﬁg er S ﬁ%}éblanalog
receive S|gmﬁ:edetﬁnmhm@ﬁtmummubnlmpadaaaeechawhcheaish&nupﬂwaan@ a
substantlalhﬁl f {&@Puislggﬁgggﬁfﬁdagg %%%aﬁe%ps,)pr conbi ning said
|rs

out put fronlsal | t'er conp05|te digita
data streamto carkel Akﬁ#tﬁﬁ@hté@ aecardancgnwiith silgda & r othexedndi gital
data stream gng *m&meﬁeapugﬁaht&aassﬁbéaanefessalnfélweelefaég,m 11. A

line circuit 1n accordance with claim
battery feed and leakage Jmpedance effects. .

10. A line circuit ln_accordance with claim 1,

. zcz;;|n -sai d -t wo-t o- four Wi re conversion neans includes (a) coder neans for
oQ :

wherein said two-to-four wire conversion means includes
(a) coder means for converting analog transmit and
15 receive signals to a compoSite cdigital data stream;
(b) means for deriving cqefficient control data repre-
sentative of the transmission characteristics of
- sald two-wire path;
(c) first digital filter means}mﬂdng said transmit

20 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 digital filter.to derive a
signal representative of an undesired signal

25 . portion from said transmit signal, said coefficient
matrix being derived from said coefficient control
data, such that a substantially infinite signal
return loss is provided between the separated
transmit and receive digital signals;

30 (d) second digital filter means having said transmit
digital signal coupled thereto, and including a
variable coefficient matrix controlled by said
coefficient control data for providing a synthesized
-impedance match to said sﬁbscriber,line;

35 (e) decoder means for converting said transmit signal



10 mhereln sai d nultlpIeX|ng nmeans includes neans .for storing coeff|C|ent

control “data r.epresentative of the-individual transn1 eristics

of each .of said lines and neans for dlstrlbutlng |C|ent contro

data to the respective digital filters associate m mnl)sal d
s¢riber lines such that inpedance matching and*5|gn nis

nal ai ned for each of said subscriber lines in accordance mnth “its

respective coefficient control data. ¥.36 Aline circuit in accordance\Mth

‘claim 10, 20 wherein said coder neans is a sigma-delta coder. A line

circuit in accordance with claim 12, ere| sai.d coder an |ncludes

prefilter nmeans for | F®i ?T‘n@n‘?'#'uﬁgl rEGe H&n&gm g0et et 37 “H{%’&j}r‘

postfilter means for @ﬁéﬁhhbahamglafderlmedn&eaﬁvz&@'ba@hh;ﬁantlally

characteristic. 14. A,lLhe,gcircu n,accardance wiih claim 13, further

conpri sing switching ﬁ@§£§i£8r°ﬂ#89 d-Ag g eRE&dn path for said conposite

digital data str¢ﬂh1tmeanédfdrgcbmblhiagssaudsb@mgutsﬁndmtd&mdsﬁﬁrbﬂigital'

30 ‘transmt gignal [ I St.rean ar Q%ﬂi ed
prior to beiﬁg couple%g?gggg gggeg Fg.%aﬁ% 4&ﬁ§%éﬁé§*ﬁ§iﬁ§hf ?ne
circuit in accordanceShreamctalqamcelwtheumwamh¢&|na§unnutnﬁnﬂmmtd|gltal
filter neans 35 are | | I RS | @184 CUi t
in accordance with cléoufé#aﬁ fgﬂerg?%asglﬁgj %%rlsdagnad sz%c‘:’.ond' f.’th ers lea%h

i nclude five alterabl @nceetphti eansistiag. cof7 said meeeive ghgnah. -

- accordance with claif 10, a519Her 8ibcoditd ieaRURr IR Wit Wesiwrebj | ter

means f.or establishing a desired decoder path %Fln ch%{acter-
10 wherein said mult1plex1ng means includes means for

storing coefficient control data representative of the
individual transmission characteristics of each of said
lines and means for distributing said coefficient control
data to the respective digital filters associated with
15 each of said subscriber lines such that impedance
matching and signal separatisn is maintained for each
of said subscriber lines in accordance with its
respective coefficient control data. _
12. A line circuit in accordance with claim 10,
20 wherein said coder means is a sigma-delta coder.

13. A line circuit in accordance with claim 12,
wherein said coder means includes préfilter means for
limiting the input kandwidth to said coder; and
postfilter means for establishing a desired feed-

25 back gain characteristic.

14. A line circuit in accordance with claim 13,
further comprising switching means'for providing a
feedback path for said composite digital data stream
to said digital. transmit signal, such that said digital

30 transmit signal and said composits digitél data stream
are combined prior to being coupled to said first
digital filter means. | _

i5. A line circuit in accordance with clain 10,

. wherein said first and second digital filter means
35 are recursive digital filters.



fc; and pestfilter reans for filtering sald‘decode+—euLpuL_LQ_Jeduce
\i zing noise..-18. A line circuit in. accord E’Emh claimi1, 10 -

&t'¢i-n said automatic equalizer and sai'd multi Hﬂﬁ'#ﬂﬂ configured
on~e single |large scale integrated circuit chip s circuits .

and wherein each of said N line cirgurhs_are conflgured on an i ndi vi dual o
LSl chip, such that NLSI line circuit chips are 15 provided for N o
subscriber lines. 19. Aline circuit in accordance wth clain11 wherein

sai d automatic eq iz S, e nput .

signal froma co hl cgt Ilgh ?&?ﬁﬁgf é‘naes oﬁa}n"ﬁggvfﬂie%% % fprovide
si gnal 20 opWhereanlsa&dqﬁarszaamdnsebdndaﬁiinansﬂtaanndnelg@al fromthe
connunlcatlonfﬁggtgésgggbi i@@@g%1vg}¥géutally proceSS|ng t he i nput

signal and sal erence to rive a digital gradient vector
set of signals Cll7e CR; line méxnyimeémomgqn;danqeuwﬂ cipbmi 2@t vector

set of di 9§t%héfaﬂﬂ' §518" aRdaalkl! floadd AR el %fé’f:rim?éi-” éé{ﬁsf"ter

coefficients 1n a rapl y. conver %process to direct | npl ement a

di gital recur%@ﬂee$tﬁbéishéﬁ6tﬁo ﬁﬁdﬂﬂquﬁﬁkaEﬁﬁkﬁ?k%l%%ﬂ5@6§€§§es the -

i nput si gnal iQtPéOV!aHQ easeqa@.lﬂ&e%a% M'ﬁm%%&l@&léé‘bdéﬂh _
respect to the establ i sh ref erence 1¥q;runn si gnal . Aline cir.cuit

syst em provi dPREPRA Fﬂté?ﬁ&E@ FEEREEF RSty of fuII dupl ex anal og
t el ephone subscribgt | Angshler dikeuwdnd im dapdmriarye twhtlngesysheln, 35

Lo 10 R bbb aRbirile, Rl A 10 hetiB et
means are configured on a single large scale integrateé
circuit chip shared by N line circuits and wherein each
of said N line circuits are configured on an individual
LSI chip, such that N LSI line circuit chips are

15 provided for N subscriber lines.

19. . A llne circuit in accordance with claim 1,
wherein said automatic equalizer minimizes the error
between a received input signal from a communications
path and an established reference to provide signal

20 optimization/equalization of the received input signal
from the communications path, and inciudes means for
digitally -processing the input signal and said establ-
ished reference to derive a digital gradjent vector set
of sighals C1 to Ck; and means responsive to said

25 gradient vector set of digital signals for adaptively
changing digital recursive filter coefficients in a
rapidly converging process to directly implement a
digital recursive filter function at final convergence
which processes the input signal to provide an equalized/

30 optimized output-signal with respect to the established
-reference and input signal. -

20. A 1ine circuit system providing an interface
between a plurality of full duplex. analog telephone
subscriber 1ines/trunks and a digital switching system,

'35 includes;



automatically digitally synthesizing output natnhLﬂg_LL§ﬂ§Hl§§%%?_!ine
term ndting i npedances 5 . for'each of said |lines/trunks
two-to-four wire conversion neans for each of salﬂmu"mﬁl" w

dlgltally separating full duplex transmt and re um signal s
on said lines/trunks into a pair of digital 10, *signdl s’ each :
sébarated fromthe other; (c) recurS|v§ autonatic equal i zer nmeans for each

of said lines/trunks for generating sai alterable coefficients such that
the vari ance between said information signals on said |ines/trunks and 15

predet ermi ned 1 ¢4 1 cfggns! §nBhakely SAAlsARdl 1 11ep 4 11NLS Safbni M zed:

and (d) nultipl exi ng neans I"exi ng "sai d recursive equalizer
means over N of saldhﬁVhégla@FGﬁE§lGQGilter'EPefﬂ¥Q#$ﬂ$%|f%%|t systemin

accordance with C'a'Hh%@mh@ibﬂi&?gdigﬂﬂgwwy|ﬂyﬁtﬁé§£&iﬂ§téﬁ% £ng neans,
each of said Mnultiplexing nmeansS bei'n pl exed over N i nes/ t runks

such that the total ﬁﬁEFnSftFPﬁéy lhﬂ&?|?94Hﬁﬂﬁt¥Q9t¥mP%@%HEEF NM
25 22. sA digitﬂbrteheﬁh@meshuaeymﬁggyﬁrdﬂxgueﬂn|aJIy as descri bed

w th reference &g)thgwgggggggﬁ r%r%%EP %31on means for each of
' said lines/trunks for digitally separating full
duplex transmit and receive information signals
on said lines/trunks into a pair of digital
10 signals, each separated from the other;

(c) recursive automatic equalizer means for each oF
said lines/trunks for generating said alterable
coefficients such that the variance between said

_ information signals on said lines/trunks and
15 predetermined reference signals for each of said
lines/trunks is minimized; and

(d) multiplexing means for time multiplexing said
recursive equalizer means over N of said lines/
érunks.

20 21l. A line circuit system in accordance with

- claim 20 including a number M of said multiplexing
means, each of said M multiplexing means being multi-
plexed over N lines/trunks such that the.total number

of lines and trunks is equal to the product NM.

25 ' 22. A digital telephone line circuit substantially
as described with reference to the accompanying d awings.



