%F?‘ QVATI C | MPEDANCE SYNTHESI ZER Thi's invention relates to telephone l'ine
cuits and related circuitry formng the interface between anal og and
gital tel ephone lines and trunks and a digital swtching network.
SpeC|f|caIIy, this 5 invention relates to a digital line circ IQ) ﬂ\gél ng
automatic matching of the inpedance of lines/trunks term nat ?qg
el ectronic hybrid and to the automatic synthesis within the hybrid of the
| i ne mat ching i npedance w thout using discrete conponents and with 10
m nim zed power dissipation. -In the prior art of two-to-four wire
conversion, the problemdue to inpedance m smatch at the tel ephone centraf”.
of fice betmeen the subscriber lines/trunks and the termnating inpedance is
wel |l 15 known. It causes poor return |loss 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
- both phase and magni tude over the 20 bandw dth of the tel ephone channel.
-Passive fixed term nating inpedances to date. are a conproni se, except at a
speci fic frequency, since such conpromi se inpedance is either a series or

paral | el conbi nati on of ITEEATSIErT m@bmcsmmsﬁwh a sinpl e | npedance
25 results inap Tne 1 n ) Zpi aII¥ _hybrid
L Hep

mei ch 705 1ne |
whi ch perforns tmqﬁblﬁollf W?’reorbdﬂ?ﬂe‘r%?%nt e'b%‘ﬁ% <& ose
‘mat ch bet ween amide ne et aahd frma t teryni fertning | tpedantesfacd botwepti . nu -

2 g perfor MnGgga 13 Al BRI LY Heldhd A1 #s and trunks and a
digital switching network. Specifically, this

5 invention relates to a digital line circuit oroviding.
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 using discrete cbmponents'ané with
160 minimized power dissipation.
In the prior art of two~-to-four wire conversion;
the problem due to impedance mismatch at the
telephone central office between the subscriber
lines/trunks and the terminating impedance is well
15 known. It causes poor return loss chéracteristics_
and reflections or echoes due to poor operaticn of
the two-to-four wire hybrid, which fer proper
operatioh, needs the line and terminating impedances
to be equal in both phase and magnitude over the
20' bandwidth of the telephone channeli. Passive fixed
terminating impedances to date are a ccmpronmise,
except at a specific frequency, since such éompromise
impedance is either a series or parallel combination
_ of a resistor and capacitor. Such a simple impedance
25 results in a poor match for the line impedance,
Typically, tﬂe.hybrid which performs two-to~four wire
conversicon depends on a relatively close match betwiean
the line and the terminating impedances and for optimum



’frequencies Of i nter i :
terést is required. Co ,
en att i . cd. npensat . .
gorn e 1 et Sl ety ol et
~a cust L ori - the hybrid, and which, A wor
_ mlsmatghm ;f“ lt-ﬁtral ?gr _m;nghefcu LCUI t. Aéfurt her p];glrﬂ 2mglCi\ljgntl()l |nrem (rjeprese
termnated, unwanted r f? the lirme4s that if that. end is i iy
If the near-end terni ef lection or echo 10 'is returned i nproperly
: : _ : nating i npeda urned to t he near end.
transhybrid_| npedance equals the | - hear |
._neQLue%d-quﬁgﬁéﬁ?§n$%go?a§bod mptchuﬁVQErFgenﬁﬁggEPéfggPS?ﬁggef?nd if the
gﬁ echo caﬁ¢enm@m#éﬁ5teéhﬁnggggﬁagfgﬁa aizedbe @ompeansadipy uSiﬁS‘Lﬂﬁwh
e ek o LA B S peaoe 10 P07
Usi ng adapt iakE &t na R Hﬁdbﬁﬂmgaim@u"h@ercaprgﬁdxv}nég i\e,eaé!sf‘;thShlzg

. U with : i :
correl atiye fas td qramti Qﬁéﬁ%rh.@ﬁ}(acevﬁr}eé;%r%?g'&lﬂﬁ giyeal s, the

receive Si _ -
subt r act Zgglfﬁ{;gfh%%?ﬁémw@tmtmrmmmmﬁs e daa s o
operation of 'the'h:jé gﬁg&é? exﬁvcﬁiiesécg“ﬁﬁpe&c@mﬂcﬁmaa@éeqz% and
an adequate 'LSANF £_|1p¥ : -%er !TUSt “be t J%& e r proper
net wor k charaC€ef?3te%aQ°ﬁltngl;Dmeeﬁ%aFWQQF oMY encguga ée; rySt rave
(5" ow't or sarouetdo-ePABERETSCO S e 0 RS89 555 the band
a ' ; [,O i _ :
eqju;isitznztﬂpzhisrgéte‘rmﬂt.tbethﬁ BB_ENERY oy iggg@%:"%ﬁf‘kﬁh@'tal filter tap
of fi ce mhichtﬁﬁyﬁ%ﬁﬁ'gy?‘?§§23?°€°&@ralgnthécéﬁ#?y?mPﬁéaﬁ.é%?g?tPﬁcal
two-to- 35 ﬁdumheMﬁn§ﬂ§ﬁ¥%§PPeﬁ§%ngi%ﬁfggnggh?ﬁrobﬂmpSmnusi now add two

h eare%Sdl%ﬁﬂipmenELeviQusly,

performance‘is obtained from the n
: . The far end echo can also be minimized by using known
~ 15 echo cancellation techniques; which depend upon a
prior knowledge of the locally trahsmitted signal,
and an assumed'non-correlative relatiOnship_betWeen
the near end transmitted_signal and the far-end
received signal. | ' ' ' '

20 Using adaptive equalization, with or without
training signals, the correlative portion of the
far-end reflection present in the near-end receive
signel can be regenerated, using an adap@ive eqﬁalizer,

~ and subtracted from this locally received signal.

25 'Coﬂditions_for proper operation of the adaptive
equalizer must be met, The'equalizer'muét have an
adequate_S/N-ratio to allow for equalizer'convergence,
and a linear netwo:k cheraoteristic. Sﬁfficient enerdgy
must be present across'the band tec allow for correct

30 feedback control signals for digital filter tap
adjustments; There must be an absence of "double~
talk" during the equalization process. Next, and most

the eigital local office which must inter-

-significantly,
s,  must now add two two-to~

face to analog subscriber 1lo0p

four wire ccaverters to interface.these locops. Previouslv,

(73}
(&}

" with analog central_offices, no'hybrids were reguired.



i h anal og central offices, no hybrids wer e reqU|red - 3 - These newy
'ﬁ%& dduced hybrid |nterfaces can introduce reflections or unmanted return
signals. Previously, for analog switches these .additional hybrids were not
‘present, Thus, w thout inproved 5 performance in the hybrid, t he -di gi t al
~office is potentially poorer in perforgance than its anal og predecessor.

The problem of "singing", or nore explifcitly, potential instability of the
network in a Nyquist sense results fromthe unwanted f eedback 10 due to

the two-to-four wreg ﬁeggeﬁswg &n@?gdhé&ishﬂaﬁﬁ&ciﬁt&@ﬁﬁ@esabhh oscillate
i f proper precautions are not ta Cl assi cal a Net Loss) .y .

Pl an t akes th|si@@ﬁ@ﬂppénrﬁﬁiSCQEEBﬁnPrbﬁnHﬁBFSﬁrFSFBF? thgPthg
-attenuations thpeughgusiyhesaet Hﬁakognsﬁii:Eheseghéaéedddnhmenaland

specifying the brid | 0ss to_neet so th |
points in the né?&ﬁiaxmﬁng P PEeFSB% ?gugknvggg§§%§&§§E§V% aceOse
Previously, Bn aerforngnee ﬂhethEthmhundonthhldhgé&aﬂdoﬁélpﬁséﬁted in the
existing netvor ks, 20,6909, 085at! 90 WS EBLHRACLOthARSE LAl bhatsg( or

circuits) which®use w're“converters; nanely trunks. For
anal og | ocal of predecessoreedThg PrREPLEM péurswpsénaonvertap§e zero

attenuation “ﬁseﬁthcEQlyanﬁoEEﬁtﬁaie&thathityabEOWﬁblﬁewwar&ndnls only a'-
25 few tenthsof deci bel

of _desi ital |ocal
office to provi@eN ¥GHF§§IéﬁPsﬁnﬁﬁﬁgaﬁerEEPﬁaﬁgé Pﬁwaﬂtgﬁa?%838ﬁ$ ronnent is’
aggravat ed bp t BaeexbsthegtWdktB-four Wiper cosneabionsyl andsikbe that the

addltlon of attgng%%ho ah4cggceivably oscillate if proper precautions
are not taken. Classically, the VNL (Via Net Loss)
~Plan takes this condition into account by appropriatelj
inserting attenuations throughout the network in a
15 reguiated manner, and specifying the transhybrid loss . \J
to meet some ‘minimum criteria at those points in the
network where two-to-four wire’ conversions take place.
Previously, in arriving at the attenaution
" which could be inserted in the existing networks,
zoiICOnsideration 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 insertion loss allowable was and is only a
25 few. tenths of a decibel. Thus, the: problem of
| de51gning a digital 1ocal office to provide equivalent
analog performance in an analog environment is- _ _
aggravated by the existing VNL Plan. Experimen tal
results show that the addition of attenuation (4~-db)
30 in the lccal office to overcome tnis problem served
only to reduce the "Grade of Service", i.e. in
-comparison, telephone us,_s_can detect the poorer
performance due to the added attenuation.
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30 n the local office to overconre this problemserved only to reduce Q?ﬁd'
"Grade of Service',. i.e. in conparison, telephone users can detect the /-
poor er performance due to the added attenuati.on. Aut omat i ¢ equal i zers

per se are well known in the field of digital data transm ssion, with U S.

Pat ent Nos. 3,579,109 and 3, 984, 789 bei gg.i | lustrative. A‘digital adaptive
equal i zer is. described in U S.- 5 Patent No. 3,633,105. U S "Patent No.
3,798,560 descri bes an adaptive transversal equalizer using a

:i mw! ; i p'l-e?ed S e ORUELIR €lied é&xﬁéii@éeﬁé ltéaﬁf .seAnat:.f&ij»ﬁzll Qdndwie dmventi gn |18
o vide auto-_ maetjc lin edance matchi ng at_call set.- y provid- :
ing an el eCt.ron?%%F#’gﬁjs%/rﬁﬁe‘i’r@‘e‘?F%t Hichdt5 e & t{fr Tine circuit
whi ch mat ches thetanbNos be3, 3TNk A84ACEE daing d s tratdntd.on .
there is provi cl reul Atdcal 1y i d.aldy izing an 15
out put rra't-chi'ngﬁﬁlﬁ%}%éeg%&n%éﬁ‘bérg%g%aln%% iinscfau%%rgizdfgawﬁ'?bg to

digi tal conver Rareniedin. fbr6FbQT ¢ i il Sandafendo MamiLat3%b e gnal s -
occurring at Cidédttied H dRHIRNA Stidhdididadl hiiNalzer ingmans for
summi ng said digijtal S|gnals with rqfut_Zp . ...digital conmunication

" signal s provi di rteribtipdRiessd AW @ﬂOQHiﬁuﬂlq%ﬁﬁk'éﬁ%FQﬁg negative

f eedback; I(Czj di gi tzn dﬁj%cﬁtr gk ailite hi&Wefig:mihd.s:G:rm@%ﬁdﬁ @idta~ si gnal

I nput coupl ed ther et of directly estahli- shing.a predetern _put

| npedance char acetelf‘i o"ijsné lﬁl;eél:as’{‘iec, asteﬁqﬂu%ﬁ g"ﬁ gl%lf"i Io%eg"r a\ﬂryngﬁ%vtq%&} abl e
filter coef¥Qciing s3n axkedtndnigal Iy givntthediged tamduating idipgidaalcs o
anal og conversian AN {O'c GUWE WHXbh matches the subscriber line

impedance. _ _
According to the invention there is provided a
circuit for éutomaticélly digitally synthesizing an
15 output matching 1iné.termin§ting impedance including:
(a) analdg to digital convérsion means for converting
' analqg'communication sighalSIOCCurring at circuit
output terminals tc digital signals; ,
(b) means for summing said digital signals with inpﬁt
20 ' digital communication signais providihg'é compos-—
| ite digital signal input having negative feédback;
{c) digital filter means having said compdSité digital
sighal input coupled_thefeto for di;gétly establi-
shing a predetermined output impedance character-
25 " istic, said digital filter having alterable filter
'cbefficients}:and having a digital signal - output;
(@) digital to analog conversion means for converting
- said digital signal cutput to an analog voltage
“signal; and ' _ o o
30 (e) means for converting said aqglog-voltagé signal to
| ~."an analog current having a high output impedance .
characterisﬁic compared to the matched Iine and
' to the synthesized impedance such that said analog
current is coupled'to said circuit output terminals
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‘digital signal output to an analog voltage signal; and 30 (e) -neans
onverting said anal og voltage signal to an anal og current having a

) out put inpedance characteristic conpared to the matched’l'ine and.to .

t he synthesized inpedance such that said analog current is coupled to said-.
circuirt output termnals 35 - and to_said analog to digital conversion
neans, .- 5 - Enbodi nents of the i nv?an?i'b-n w || now be described with
reference to the acconpanying drawi ngs, in which:- Figure 1 shows a known

el ectronic hybrid cirguits. Figure 4 2o el ' i V4 &PPodyi ng
5 the invention. Figl e°d§ﬂ5%’%%§?€a@£%€e’$%é g%ijl'sjy%vgstlgit% s.a.n o%%/putg
adni ttance, Fi gwicisBeéferenderfia fihel ageumpanyinaixavingied ol avititR 11 ng
inadigital hybrid. gi}yre 1 JHIWY G %kacii éi&m'ﬁEﬁMéﬁi@Il
Figure.5 shows a recursive automatic egualizer. K Figure 6 is Q;opk di agram
of a generalized di gifEiguse |4 &thows fudiot tal i Gy P9 -
equalizer. 1% the wsHteich) S a bl ock diagram of a generalized digita

onbodi ment of an equinome e Rstfud i TR

Figure 10 is a foutpubadmityeoraeon, of the equalizer of ‘Figure 9. Figure 11
I's a second' MEMOrY PGBk OB 1€ a simplified block diagram of -
' | ' impedance matching in a digital hybrid. '
10 | Figure 4 is a transconductance amplifier:
Figure 5 shows a recursive automatic equaliZer.'
Figure's is a block diagram of a generalized _
digital filter. S | :
'Eigure”7 is a block diagramVof an equalizer. .
15 . Figure 8 is a block diagram of. a generalized N
. @igital two-to-four wire converter. .
Figure 9 is a block diagram of a preferred
embodiment of an equalizer used in conjunction with
- the invention. - '
20 'Figuré'iO'is a first memory portion of the
' equalizer of Figure 9.
Figdre 11 is a seconé'memory portion of the
equalizer of Figure 9. o
Figure 12 is a flow chart of the equalizer
25 operation. o
' 'Figure“l3 is the multiplexer/distributor used
with the present invention. T |
l Figure 14 illustrates the intérface'connections
between the equalizer of Figure 9 and the multiplexer/
30 ‘distributor. o S N
'_‘ Figure-l is a state-of-theééii electronic hybrid,
‘which; o ‘ o | . .
(1) matches the line impedance seen at its
terminals 12 and 14, and shown as a lumped impedance

4 7~ .
...xL at l‘v¢
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equal i zer of Figure 9. ‘Figure 12, is a flow chart of the equalizer 25
operation. Figure 13.is the. multiplexer/distributor used with the present
i nvention. Figure 14 illustrates the interface connections between the - g
equal i zer of Figure 9 and the nmultiplexer/ 30 distributor. Figure 1 is a -
state-of-the-art el ectroni.c hybrid,ayhich; (1) matches the line inpedance
seen at its termnals 12 and 14, and shown as a | unped i npedance 35 .
[err] at 16. - .6 - (2) minimzes the unwanted return signal from o
transqm ssi on path y. | JL 0% Re CRRGEALL ' 1 { 3Sif SSion path
suchS?%at at the oé%gu?gégm%ﬂ%Q?%@%ivuﬁﬁ#gﬁgﬁF??%géf% régtransnitted

signal is. 5 toanemission pakh kY RFRVERERAt: SRR WIRT FHIPIL as '
fol l ows: | MmeganepsnsRissich BRch[2rsdcRnchderdt e Zugiek 2% the

respectively, forma-bridge, ¢ircuj ith the transmti- 1ng. anplifier 26
acting as therﬁ??g%ﬁﬁgs%ﬂgiﬁgﬁﬁﬁ i%ét ? t?%ﬁiﬂ%ﬁ%ﬁ§n§¢ﬁ??fg*518 acting as
the nul |l afpltrédeced! drthinimiged, i STipe oppetayt hah an diybarihd ditjmit of 't he
recei vi ng anpégfkgil sLs zero for any signal being transmtted.- At the

sanme tine, any srgnal appearing across the tip and ring lines is received
at the 15 out put BRped@n¢esclg 18t 2qnhus, amdehied | raths?? tandl 24t urn

fsi'gna! s are efégi‘ﬁéﬁéf@el%if&r?r@%?fégé. 2R & O QAT LA IO SRSHRE S ON
unction of t?ﬁg Xméigfier 26 acting as the driving_source.and the
10 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 appearihg

U across the tip and ring lines is received at the
' 15 output of amplifier 18. Thus, unﬁanted_trgnsmitted
return signals are'eliminated, which pxovides_tﬁe _
two-to-four wire conversioﬁ.function of the hybrid.

The impedance seen_by Z, is zs-in paral;él with Z1 at

. L
28. If Z1 is much greater than 28' then the trans-

20 missiOn_line'sees Z8 as a line terminating impedance.
In practice, ZB is fixed at a set value, typically

3 and 24

are varied or selected to give the proper balance, thus

900 ohms in series with 2.2 microfarads, and 2

minimizing the unwanted return signal. The drawbacks
25 of this circuit are: '
| (1) Since'Za;dpes not eqﬁal-zL for all .
transmission lines,; the return loss of the circuit 10
as defined by: | o |
R vz,
 Return loss. = 20 19910552":~E; _ (Eq. 1).

30 is not infinite, which is the optimum yvalue to minimize
reflections from signals arxxiving from the far end.



e |gpedance seen by [erT] is [err] in paraIIeI with [err] at 28, If [err]
3 s nmuch greater than [err], then the trans-- 20 mission line sees [err] as
aline termnating |npedance In practice, [err] is fixed at-"a set-val ue,
typically 900 ohnms in series-with 2.2 mcrofarads; and [err] and lerr] are
varied or selected to give the proper. galance thus m ni m-zi ng the unwant ed
return signal. The drawbacks 25 of this circuit are: (1) Since Z8 does
not equal [err] for all “transm ssion lines, the return'loss of the circuit
10 as defined by; '??}; 3¢, baangl inabkNbke setaiceddl ont Bec@abh:ammséal ue to
m ni m ze reflections om Si gnal s4arri vi fromthe far -7- (2) -
[err] and [err]brgds &ba§e¢bétééménc&rEBﬁgréﬁl§énb&§F§mWﬁaFche sane :
~cCi fCU” 10 can a&&emﬁﬁt ¢ i dekf, ebenrz. | an@s z 40fnu3tf aadselema manselldgt ed -
manual | y or automatica pr pr late’s t of cQntr.0 ! nal s which-
activate an anaP8g3%kPrg ﬁéligt%g R™t GPRFIPE 358r8§?’3€e glﬁ%sgof ~and
.,Z'h in thg Ci BCUstignateoktiiet hetivatecant roklpgoswdschidy Ty o] &0ty of
the i nmpedances a nd <t Bus eg bqt,h Ing nd
capaci Live 10 cPhAER: BBrr P R R e B e A e not
lend itself to aswocdsng [towspige cONtrgH @@ﬁ§ﬁ§§ digital LSI techniques.

(5): The circuit needgjhi @heCaalordegbbs «%h@ 1 EpelaReisi a&ecemlems to

erform properly over the i fe of the whi
, p prop %mpedances and thus nee% e51s%gve %% capac1 f%%

10 elements.
| (4) The circuit is'basicallj'analog and does not
‘lend itself to low cost,. low power, high denSity,
fdigital LSI techniques.
(5) ‘The circuit needs high. cost, stable and _
15 'prec151on components to perform p*operly over the o \J
'1life of the equipment with which it is used. ' '
| (6) The input/output on the 4~wire side of the
circuit are from the decoder and coder circuits in the
codec used in a digital system, Thue to fﬁnotion
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 embodVing the invention wherein the dlgltal
25 two~to-four w1re hybrid. function is performed with the
elimination of the prev1ously 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“ﬁo_implement the complete electronic hynria ard imped-~
ance matching'functionsras part of an overall’ codec |
function, which functions can be implemented on a
single LSI chip without extensive analog external

38 bhal -m—--ir-n or aﬂnn:i—iﬂﬁ rivouid 1—ry, " Thig results in a
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(6) ~The input/outpuf on the 4-wi.re side of the circuit are fromthe . <;§;é;b.
decoder and coder -circuits in the codec used.in a digital system Thus \t -

function 20 properly, the line eircuit for a digital.-office needs a
separate codec and hybrid, in addition to the nornal codec filters. Figure
2 is a block diagramof a digital |ID€80LFCUIt enbodyi ng the invention
wherein the digital 25 two-to-four wire hybrid function is performed with
the elimnation of the previously associated discrete anal og conmponent. =
Al so, the cirditw cosayi desy aeiwenst idgh diensll tyy ainide si higih vi ne term nating

| pedance f or 4l YISl 08, SRR AU S e 8 TR B@nEne 30

preV|oust use 0g CcO eatures enable an LS| circuit to.
i npl errent  t he nd@y#=e tupas éﬂth%hlt@lﬁy@rqrdﬁué-ﬁd ilsnbé’éﬁdaWé-élnﬂPUhPﬁg functions
as part of andggaf;ﬂayodec function, which functlons can be |nplenented,on

a single LS chip w thout extensive analog xt er nal anci
adjusting AAruitry: eﬁﬁ?’ﬁ%lﬁﬁ"é‘ ite §igurg ?'Gwicf'og‘ig ¢ b‘\;vg a%l

density and adnagiﬂl)y lezjuaablto mmﬁnﬁmecaﬁangm oifi ndneisr Eirt th.Ehe tech-

ni ques upon C ow esgr d
Ref erring ba\(,:\,fl%‘ %rbd’zdragmr Li‘Sf if’er?‘?% \3'?’5 gBmagle g)éa%tolhgﬁeaﬁal to [err]
over the rangeqnau|naa;stﬂveMahﬁmant§.lmﬂé@um@éimg retyrgesiondds [err] and

[err] could bepg tﬁ! %§Ln§;tc a.\ﬁee‘?J @.ttﬁved%.ln'c@ aéttlcmtbehu&anﬁwals and

provi di ng an.exac e natc maximze . return loss. - Figure 2

achi eves thfl s ARG d-l‘-tﬁsbal Rligure |2n@°&?ﬁ&VP§eGB&§kutSéBﬁnfi&Hé§a\9m t hout usi ing
.the - filtering and. feedback techniques without using the .

heretofore used analog ccmponents, 'In Figure 2, the.
impedance seen loning iuto-the tip and ring uerminals
. 102 and 104 is designed to match the line impedance.
~ - 15 - . fThe line'terminatiné impedance Zg of Figure 1 is
. digitally synthesized by the digital loop of circuit
100 formed when switch 106 is operated providing feed-
back from the coder path 1C8 to the decoder path 110
via line 112, _ :
20 . Figure 3B is a simpllfled block diagram of such
. dlgltal synthesis. ' The transconductance or g amplifier
200 is a device which converts an input voltage_vx_to
an output current -gvx. It has an infin@te output
impedance or zero output admittance. Such a circuit is
25 weIl—known, In its simplest'form, it can be equated
to a.pentode'Vacuum'tube or Field Effect Transistor
(FET) in which the plate or drain currents are propor-~
tional to the grid or gate-to~-drain voltages respect-~
ively. ‘An example of such a circuit is shown in
30 Figure 4 at 200 wherc*n a hlgh opeh loop gain opera~
"tionallamplelel (gain = 10 ) is used with a res;stance
whose conductance is g mhos,
Amplifler 200 in practlce is the noxrmal output
amp*zfler of the decoder 114 and is not an added
38 ccmv:cnert ‘being shown fynctionally separately for
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switch 106 is operated providing feed- “b

‘a pent ode vacuun1tube or

' %e‘ofore used anal og conponents. In Figure 2, the. inpedance seen
200k ng into the tip and ring termnals 102 and 104 is designed to natch
A€ -l i.ne inpedance. 15 The line ternlnatlng i npedance Z8 of ‘Figure 1
i-s dirgital 'y synthesizedby the digital gop of circuit 100 formned when

. ck fromthe coder path 108 to the
decoder path 110 via line 112. 20 Figure 3B is a sinplified bl ock

58 Govi ce whi SAPEBRIEPRY RAERRBee . opE AR B AR L 200.

[err]. It has uhichfcnnver&stpudisﬁﬁedaﬁdsn@ﬂ diate gm ppalagnivoldage
Such a circuit L§g2gpye! EEK“EQWBE Bn b 31 |e§1%xtfeﬁr®)y Weld@kndemequat ed to
f FET

eld ect TranSistor i-n which the plate
of drain curren@ég&#élpF6p6P319Hbﬁ&WiFGSPhe1@ﬁ(ﬁ o@lgéFeiﬁoﬁdﬂéﬂHtﬁdltages

respect- iveby. fAntexawRth oy &ahmawer wéfﬂi%ime&Ocaa @& e 4 at

206, vhercl 3 Rl SR80 el da b ovt! Hihs ] oty 109 10

practice is thefhdteelingyt pet waan!| ibfe elxpd.faitriea deMm FiA taxd 1ils ricsi an

expl anatory pur déviCce i‘ch cof dlgltal'
signal into an Thel Syncticagefathe prefilieri d2cds ko ildpligndiieed by

- well-known gpgi Féhdw Aabeg tﬂ%vH%%%derTHQ4Hifr£;Juttersi'gsxaal @og'*—tl-@ xre;fi'chI er

e coe |C|ents whi ch be
of interest, i.e., below the sampling rate of the coder

wi th progranmmab
122, to avoid. =pectral folding and to optimize the
SLgnal-to-noise characteristics of the coder 122.
‘Prefilter 120 may“comprise a sirple two pble o_ssiVe
15 low-pass filter since it is anal og. in nature.
The coder 122 is prelerablg a sigma delta type
described by Candy, et al. The coder post filter 124
 performs bandWidthllimiting and_deoimationg 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 rmonotonically outside this band. With the
?system.thus-defined,_the response and_output adnittance
at the points indicated at Figure_3B'can be ShQWn to be:

Vin YL' +gH | | _ _
~and the’ output adnittance, including Batteryfeed 145,

prefilter 120 and line loads, can be represented ass:

+Y¥ .  (Eq. 2)

U = :
where ¥, ! Y. + Y pf

L ¥ b

Yout.= XLf-+ gH = .f. - : T (qu 3)
_ In Figure 3A,'the digital_synthesis of an output.

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



i nprenent ed using wel [ “known techniques in digital filtering, as will be.

expl ained. The Hfidter 116 is preceded by a digital sunmng node 118, See_*“

Figure 3B. The function of the prefilter 120 is to limt the 10 bandwi dth™ -

of the decoder 114 input signal to the region of interést, i.e., belowthe
sanpling rate of the coder 122, to-avoid spectral folding and to optim ze
the signal -to-noise characterlstlcs o¥Othe coder 122. Prefilter 120 may
conprise a sinple two pol e passive 15 |owpass filter since it is analog
in nature. The coder 122 is -preferably a sigm delta type described by

Candy, et al. deibﬂabbdetop@sglfallyrsﬂﬂﬁh¢u&é@rmssﬁ&&tﬁichdu&pumt|ng and
deci mati on, es. a e onbi nati on
with 20 the %&%?Fﬁ?% elﬁﬁnwghg%a%ﬁ f%rt%é s‘%%ﬁgl to unity-
in, the frequansyehdndfothenspe@saliamﬁ teﬁéﬂhqny fmnmﬁ(nm(ﬁﬁn3amin5|de
thi s band. t S ed, ﬁggygggg t

adm ttance ayﬁgﬁe leﬁ%sé§nd£n&é%g§éfg {é%?@% can ecgﬂgaﬁ¥thLe: [ ERR] -
‘and the oft puPTafHd Feange? 4%0?%&W1Ba‘ili%r%%@dﬂ§5 ofhrdie 1inBul 20 and
line loads, cefghelrepsesenite ass2 [ERPriverdt Bsctial i diny tale

hesi f d h |i f d '
Gencralized cEPCRMOTRUMPLIAST ARG LRSI TN IR Th AT L 10,

desirable to altghﬂal d:cynvsgrltéuesZma spe A /D cpanit pidl wem 254rfepan whi ch A/ D

WD and DA oh s RRITRLORRIEET B MERREE ot e form o

istic for the A/D path 256. The g Amplifier 200 and
dlgltal H filter 116 are described herein elsewhere,
The D/A ?refilter 258."mops up” to insure the D/A path
260 gain'equals gH. The D/A post~filter 262 ellmlnates
or minimizes the effects of the D/A quantizatlon '

15 - process ovcurring in D/A converter 264.- QLantxzing
effects are defined as the noise due to the D/A error
in_approx_mat;ng a continuous analog output signal.

| Where the prefilter and batteryfeed'impedances
(admittance) are large {small) compared to the liine

20 impedance (admittance), they can be negieéted.
Normally, the battery4feéd'impedance is designed to have
this characteristic to prevent signal loss and'the
coupling of unwanted signals into the codec. The pre-
filter can also be designed. to have the characteristic

25 by utlllzxng a high series resistance or the hlgh input

| lmpedance of the gate input of a FET. :

Under uhese conditions X! Y and the output

L
admlttance is;:

Yout. =¥, +g8 0 Eao
30 If gH is made egqual to ¥, then;

..‘\12_.:—_1/2 o . - {Ba. 5)



pre |Iter 250 is to linit the bandwi dth of the input signal. Vin on line

) prevent spectral foldlng due to undersanpling. After |
Hg-to-digital conversion at A/D converter 252A, the A/D post filter 254
"mops~up" to provide overall |ow pass unity gain character- 10 “istic for
the A/D path 256.° The g Anplifier 200-and dlgltal H fllter 116 are’

descri bed herein el sewhere. The D/A prefilter 258 "npps up" to insure the

- DA path 260 gain equals gH  The D/ A post-filter 262 el i m nat es or

m ni m zes t he efah@Cithelloutifut ihgliitide A4 Ofhd T ir di 06 St GG €h@Y i n D A

converter 264. SE ant.i zi ng "ef fect’s -are defined as the noise due to the EVQJ

error ‘i n approxi &+uous anal og out put signal. Wiere the

.pref||tgrtan?hbattermbmaéspaﬁatngxyi(ﬁﬁgndéxﬁxfa ?ﬁfnéMK$fEdE§&%?%ifed

conpared to the.J,ine ance

: -No?ﬁally, the bafte ﬁf%ﬁﬂﬂfiﬁﬁggaancédﬁgq%%@ﬁ i&>$§§€§§t§§?mf§5 |
characteristisc moder @ntofSiRjmpird d3B. arkf tilee obigitaly R)ffljlt/the'ﬂZ Si gnal S
i.nto the codec. Q’l&et% fﬂ lattefe Jﬁéé%f) ﬁsalrgf'eé}xt Qﬁ lehyl it

_characteristic I I'Tzing seri e esi stance or

i npedance of th@ogateégqmn%ft%ﬂa'rmtﬂm#%cﬁm%r@efﬂi YL and the
out put adm t{ angq sy (EFe dd GHdIodeipattiatiiced o129 dlepie | ERR

- 11 - and the output |npe ance of -the circuit natc the lin npedance
| 'Oorrespondl ngl y theme tha QP a""ri’sltﬁ & &igpngels ch ‘mwantede

10 returned transmit 51gnal Vin at the output of- the .
summing node 270, resulting in an output voltage Vo
_.which does not contain any portion of the transmitted
_ signal,.Vin, Implementation of the F filter 272 is,
'under.these_conditiohs,_simplified since it can be a

15 simple shift-register type delay element. Attenuatiou_ Hii

- 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 techniﬂue
where adnittances of the prefilter and batteryfeed tyvpe
20 are not negligible but are known,_gH can be changed to
“eliminate the_loadingieffects'of'the admittances on the
line, i.e.: B | ' -
gH = YI‘. - Yx- | _ | , ' o (EQ- 6)
where Y corresponds to their combined admittance.
25  Under these circumstances, the round trip gain (thrcugh

coder and decoder paths 108 and 110 respectively)
‘changes to. '

"-Vi - Y Y >

KRS o |
via =" Y2tmo e

L . .
and the net admittance seen by the line at termihals'
30 102 and 104 remains equal to-¥;.  The effect of the
second right hand term in Equation 7 represents the

o



Vi n“att enuated by - /2 wil appear at the sunm ng 5 node 270 of Flgure
If- the digital F fllter 272 provides an attenuation of 1/2 and an absolu eyaz/
del ay corresponding to the round-trip delay fromthe Hfilter 116 input
the coder post filter 125 output, then the output filter 272 cancels the
“unwant ed 10 r'et'urned'transmt_signal1 in at the output of the.. suming
node 270, resulting in an output voltage Vo which does not contaln any
portion of the transmtted signal, Vin. Inplenentation of the'F filter 272
'f, f \ttinder the&Qfé@'&dbEI eRe, maawhbatidnSbﬁcehet HCAh1 beralls toi rrlpl eh -

shi regi ste nment ttenuation_o IS onpl i shed by

ri ght shlft|n§°F§ nﬁF §°€a§ué of B¢fet sﬁPigaelﬁ’% %ﬁgtSFagzﬁand roundi ng
of f. For a nobeiggnmodlifapdl suahi shadk this techni que where adnittances of
the prefilter and batteryfeed type 20 are not negligible but are known, gH -
can be changed to elingate the |oading effects of the admttances on t he
line, i.e.: [ERR EhérggEerr] corresponds to their conbined &48&+rt BAnce. 25
Under these circunstance®, the round trip gain . (through coder and decoder

"paths 108 and,110 re ctivel es to: | R t he n t admttance
geensby the Iﬁﬁeoﬁéege ﬂ1héP§¥§0tﬂ n§ﬁ8g§64 @%ﬁ?ﬁg ﬁﬁﬁﬁ? to [err]. The

.effect of ther&enrnddrtghthband;éﬁva1ontﬁqaahtov 7 represents.the - - 12 -

ef fect of the modiGhoghign gt abbg LLL&SEQH%@&\E%BG@%GJ8it£fr”

Thi s results in F 1
H filter is of the form:

2

. 2° + K. 2 + K, _
" H{Z) =Ko — 1 2 - go §f§§ =
- 2% + 2ZX. + X
T3 4
- (Eq. 9)
1\, : '
. §.+Klz'l+xzz'2] _ owezh
0. Ko = - ?2“') = Ko 3
_ S E+K3Z -+K4Z 1 D(Z ™)

~where % is a delay operator, K's are programmable
- coefficients, and N and D represent numerator and
denominator polynomials. - The filter has its poles and
zeroes restricted to within the unit circle of the 2
15 plane. | ' _
' - Relating the above to the synthes;zed YL' thls
allows YL to be equivalent to any combination of
resistors, capacitors and inductors having no more
‘than two non resistive elements., This restriction is
20 not inherent to the technigue, having been chosen to
simplify the form of the H filter 116 from the viewpcint
" of a large scale integrated cirxcuit hardware implementa—_
tion to obtain a simple recursive digital filter having
. five (5) coefficients.  In addition, limiting the number
25 of elements composing Y' as described rearesents'a
-'good practicdl approxxmatlon to the functlon. “For -
upuirca;lUub otiigr than ter-phouv.rin; crrcuitc, the



- to the synthe5|ze

\ nodi fied such that: [ERR] 5 in order. to cancel the unwanted

formnotation, the digital H fL|i§ is of the form [ERR] where Zis a
dev&y operator, K's are progranmabl e coeff|C|ents and.N and D represent.
“nunerator and denomi nat or polynon1als The fllter has its poles and zeroes

restricted to vm m@.r@(taﬂédl ng the above
iF’eir %&J{Hﬁé ﬁﬁ ﬂ[teér’?q%%]rgae eﬁw valent to any

. conbination of rAssiandsng tﬁuﬁkﬁf?ﬁ@@%ﬁﬁ#??mﬁﬁt?ﬁ% k&3RGS/ore than two
non resistive elgRhiveg 'Buéédfsﬁrtﬁélﬁébhﬁaqﬁﬁg dsscrrusmemérennthe '

1t signal returned to.the receive output at [err]. In sanpled data Z

‘ .

techni que, haV|n been chosen to sinplify the form Hfilter, 116 fron1
the viewpoint offar I%?F"Ej@]s%alvé‘??ﬁeﬁeﬁ%% %l‘?%l?ﬁ]ﬁ?ﬁ%\b?ec?rﬂ%{’%%ﬁf a- tion .

to obtain a &'ﬂﬁH%rﬁﬁi&ﬁ'd&tf@é@éﬁdsftott -haylﬂﬂnfbd66é5igneéftDC|ents
In addition, [i |ng t he. nu '

0
. descri bed, réb Qﬁfﬂx)r%%%c??%%ﬁ°%b% %x fﬁ%gggﬁ ?%Eéf %L?lon For
applications” cnrﬁﬁndﬁiﬁatdrfxﬁmhmsIwomﬂdlabhoWs¥ t&e synthésgizedetoOnition
of the Hfilter € £ %1 t¥oOhohbe
admi tt ances |nvd%% dWB%a§§d§%%§€% Q? %%gﬁggogescrlﬁ g erein, oFor
exanpl e, where Yreﬁﬁstuvaomlem%mt§+ve conponent_ X gH, which corresponds to
[err], can be des'9“%ﬂ1é&ke 5 shows the recursive auto equalizer 130.
10 The need to establish the coefficients of the H filter
116 such chat gH equals Y - (oxr YL-Y ) is satisfied bv
the'equalizer.lBO function. The ”equalizer_system_g

130", under control of the maintenance system routine-
ly checks that the digital filter coefficients are

15 correct in addition to establishing'them initially. U

The equalizer operates in an off- line ‘manner (no user
call in progress) and can be time shared by N lines.
Once the filter coefficients are established, these
coefficients need only to be checked periOdically, _

20 under control of the maintenance system,'since any
given lihe characteristic does not normally_vary from
day to day. This allows the equalizer to be taime ‘
shared among a number of line circuits, thus amortiZing

- . v ———— PR

its cost over a number of lines. Figure 5 shows the
25 conditions under which the recursive equalizer operates.

Switches 106 and 107 of Figure 2, when oPen under the

control of the MULDIS during checking of the control

coefficients, disconnect the F filter 272 and the feedback o

on line 112 from the coder path 108. The H filter 116 is

" 30 ‘then set in the bypass mode- (H filter is effectively short

' -circuited across input/output terminal, i.e., gH = 1). '

Figure 2 can be described as'fqllous:
| The code path 108 includes. coder prefilter 133, a

_ sigma delta coder 135 and a decimating and low pass

35 filter 137. The filter 137 output and F filter 272

' output are summed at summing node 139 to derive the



5 have third order ‘polynonmials in its nunerator and denomninator. Thi ﬁpr
woul d allow [err]- :as synthesized to nmeet the previous constraint of {n
nore than two non- resistive elenents. Figure 5 shows the recursive auto
equal i zer 130. 10 = The need to estabi sh the coefficients of the Hfilter
116 such that gH equals [err] (or [err]) Is satisfied by the equalizer
130 function. The "equalizer system 130", under control of the mminténance

systemtroutlgfntéfméaf—‘skéti-éééﬁaeodt Eabnf%k.herupﬁf&hfesnls are 15 fes
correct in a o establishin niti he equaljz oper at es
in-éﬁ’off-llng iﬁﬁﬁ% TﬁorﬁEE?VEandi ghgﬁFﬁsif andTREOWEPRE Eshared by
N IijlnesI Oncef)nmefl nsrieoefaél g-RDke ﬂé&eﬁgéabigﬁhbcbftiflﬁsﬁlmefflCI ents
need only to cec | odi er contr of , t he, mai nt enance
system since® ?ubFVeﬂ ﬁﬁecﬁgka Eﬁﬁs# 158e§ m%% FHPPSE 2Py from day
to day. Thss. hihemté?hbseﬂﬂhtered by beanhsmitshudid Bhbbexr ald8nber of |ine
clicuits, {hufn@MButbatge! k21 EQR11 040" LR UAREENLh LER Erahbal e 5 ShOVS

t he 25 I 'ons under  wh Eursive éequall zer operate Swi t ches
106 and 107 oinPhfyurds2coundedopenHufiddkerhdléoniaosumningenade Ol Slduri ng

checking of thﬁnfeﬂtr@hacﬁﬁtétﬁé&ﬂaée ﬂkﬁﬁ@ﬁﬂ%céiéﬂleiéléﬁﬁﬁe&72 and the
feedback on line 112 fromthe coder  pat Hfilter 116 is 30 'then

set in the byphtR ﬁBﬂef?FPPFFFe?nl%iEFfé&?rv@??nsﬁb*FChc}9€u+§ed acr oss

} nlo:Jt/ outpﬂt émsabaal undereccnﬁrb‘f 3f . mbl giipTerofzdiHer HEGEsT bEBOAS
(0] OWS The

I d f
coder 135 andﬁﬁlﬁaﬁﬁﬂaﬁ?ﬁa 178 rBofRoaeEL1RA T bbe Chutedsed frEHRiESL'
output and F $ignal 292{vlLtevedaby snnmndeapokannnggfhbﬂer1Bs3to derive the

Programmable signal generators circuit 155 is shown for
) completeness, and reference is made to our Patent No.
o 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 uigi tal audio equalizer '
15% and a digital reference generator 161,

20 A telephone subset at the subscriber end of the 1ine
is taken off-hook for example when it is undergoing
maintenance. At the intermediate transmit input point, a
reference generator 161 supplies a reference signal having '
uniform (equal) energy components within the frequency band

25. of normal operation and zero energy outside the band. The
output signal 0(2) will be correct when, with referenoe

to Figure 5, _
E(Z) = O where 2 delay operator, and . (Eq. 10)

E(Z) = 0(2) = R(2) Z° Rl (Eq. 11)
3O . - The_ 2" term compensates .for ,the known absolute
'sampling delays through the loop.. Under these
conditions:
'N(z?l) ' B _ g : o

D(Z



~i nternedi ate recei ve out put -on line 141, which is filtered at

audi o filter 143. The output of fllter 143 is the 4-wire receive
of its line circuit, on I'ine 145. The 4-wire transmt” S|gnal on 5
147-is filtered by transn1t audio filter 149. The output of filter
149, the internediate.transmt input, Fsl6ospled to Hfilter 116 via
summi.ng node 151, whereat the internediate transmt signal is sumed with
- the feedback on line 112, when switch 106 is 10 -closed, under control of

mul ti pl exor/ di St {hBehoR ¢13he a@bQ&eHOréeﬁQﬂlaﬂdathéeﬁeéﬁ&tihé Lbbar%ubbered
‘transient signal |s filtered by an interpolating_fi{ter 53 Progranuabl

si gnal generator§ &tFEuFPef§§°F§n§ﬁo%bff e aﬁl§ue a8ys &n& FOFEPEHtE i s
made to .our Pateebthblithedlafd63an( BeTlerded inBovEAifltierdaddi Esxof
circuit 155. The S Iude r..d ri ng..copt.r.o
coefficients forng.glngll %%%e CPe U ?tnggﬁalggegng§glfggkh %87 lag’ndhwh ch
i ncl udes a dléltihlaadléléqaal&pede§5?1&hdtaldlgcpaﬁfnsﬁ@nﬁﬁcerg@herator

161. 20 A L8LEPRORGISUISE ol 1B UIRATLERST RBLRORILBGS! RS | o taken
of f - hook for ‘exa I't i s undergoi ng mai nt enance the i ntermediate

" transmit i nput pGHHFllaeFeFQrEﬁ&geggﬁeF5P6@1¥61 ThppraARalizerr efERCEsi gnal -
havi ng.uni f or m ( g¢eak). seneedy aC@@ROBENEIMYLEARBOLRE phir@¢quenay fifardn23 anf

I t d tsi.de the band. Th t I z
W1 be Correct SABREIRREnRerE) BRSO 4oR; Jhroraancranat B ket SR L7

operator, ando @ qm-Lm E@Z)O(aw)(ap a R@iptﬁenrpf the coefficient X, .

"(Eq. 11) .30 h ekresEﬁEEhcg ensates for the known absolute
. sanpl i ng del ays t rou I"00 Under thgse condltlgnsl,
: error term par ial
"QG : 7 N \/‘—/\'ﬂ o
£ = é;[o (nT) - R(nT--QTL{%O(nT) - (Eq. 13) —
oK, | o Ky TN

accord1~9 to astabllshed theory as for examp1e Luch &
"Rudin at BST™ Nov. 13967 and Weiner - Time Series
15 Analysis ~ MIT Press published 1964, .Appendix B.

The outputs, P, (nT), P (nT), etc., represent the
~part1a1 derivatives oF ngT) with respec+ to the f11+e*.
coefficients. These outputs, when crose-multlplled
thh E (nT), summed, and ner;odlcally "sliced" by a _

20 slicer, which truncates and roanas oFf to the sum tern,
- give the Ck outputs which qllow the N(z~ ) and D(Z )
polynomlals to be updated thh new coeffic1ents '

accoralrg to the equatlon~'

Kknew = -Lold - Ckll o | :' (Eq. 14)

25 whereil is an *ncremantal value or factor for step
adjustment. This slicing technlcue, and means for
implementing the solutxcn to Equat:cn 14, is known in

~ the auto eauallzer fie;d for non-rec ursive SLruc+ure=.'

" The circuit of r:gu*e 3, h0WPVhr, unlquely implements
30 an automatic equ; izer LuncLLon for a recursivsa



TERR)

which is the desired result-and.the resulting recursive filt

coefficients [err] have been correctly established and can be | oaded

Jilter 116 for ‘nor-na

| -operation.

filter 116 is | oaded wi-th tri al

At eq
coeffici

li_zer 130 start-up,

the H5

nts or the last previ ous

{ nthhH 4.
‘!

coefficient values, which allows the equalizer.-to converge rap| dly. The
equal i.zer effecté h t- f erenti al
equations which m n%%liaz/eelzoét%?cng%ﬁé 3%*?% @%%@mgg;?t%ﬂéi& lf,JSmd QA nT).
as a function oftexms cwateh ctake -'{%#‘P]aqq?ﬁ%ntsth%pﬁ%%%ﬁﬂ% rf‘l@? term

-partlal

[ ERR] a%ﬁi&iéﬂt§5ﬁfb|WEM RELOEYESPe N4 Qﬁé?@'&xw.ﬁi@r&i Rudi n

TJ Nov. 1967 and V\él ner -

Series 15 Anal

ysis -

MT Press

pubI i shed 1964, BHentiikd

& LymitiRg FACEOT i) Tomy2siye equammzer, ..

represent thespagttwedtwiess vatrves mdy Qe Tonau 6fl £165 g s tiead lﬁ&:@x

coefficients. These

periodically "

o TERTE S A e e 4O

rmed 'and
?f to

ied wt

%%t%e‘a%@?%)

en cross-multi

FeRes

the sumterm gimeieheafes rjamalyputise Vi ivér et owﬁ.mpffﬁ.d\{w rof auridtﬁmimq

| ls t t t
FER)Ig]norZHSa ahe?eh&éjgg ang‘%\iémrfe%eé?l%&egéléc%lr@f%% or ‘#lgérf% éelgs a Mé _
This slicing teditie Mean savare (Brronfeiieniag tsi@?smmltmlt%l\@uatl on

14 is knovvnmn§m@wpeQﬂpaéﬁée;srifdxelgré%emésecwssdec&ﬁﬁr&s ures. The
- circuit of Figure however, uniquely inplenents
_ coeffiCients, whereas "the present recursive structure
- requires only five (5) cocefficients, and thus reduces
circuit complexity and the amount of hardvare.
In the block diagram of Figure 5, showing the
15 recursive equalizer operation, ‘the following equations
U apply:- |
P (2) = A(z) 1 ﬁ‘—?—-il (Eq. 15)
-D(Z ™)
sz"l o
-Pl(Z) = A(2) —T (Eg. 16)
P, (2) =21 B, (2) (Eg. 17)
T2 147 9.
-KOZ-].'-' |
20_. .P3 (2) = —-:l—_PO(Z). _(Eq. 18)
_ D(Z 7) : _ .
P,(z). =21 p,(2) (Eq. 19)
Py (2). 3 ] qf )
iO(Z) = KOPO(Z),' .(EQe 20)
| E(2) = 0(2)-R(2) (Eq. 21)



gn aut omatic equallzer function for "a recursive -16- equalizer

gture. This circuit provides the P terns which take into account t he
éraction of the coefficients [err], which heretofore has been _consi dered
one of. the limting factors in TecurSive equalizer 5 structures. This may
_be one of the reasons that non- recursive equalizer structures. have
prevailed in the prior art, nanel y the L@herent sinplicity of obtaining the:
partial functions for the auto equalizers operating-on the Mean Square
Error Criteria. Such nonrecursive 14 structure of the.prior-art re U|res
30- 60 conpl ex coeffi €j Bews= ahéceaw§PQe(pTésenE {a®drsi ve .st rudEdre o
requires only five (5) coefficientst and thus reduces circuit: coaneX|ty
and the anount of hardware. In the bl ock di agram of " Figure 5; 'showi ng the
15 .recursive equali:zer. operation, the follow ng ‘equations apply:- [ERR]

- 17 - [ERR] Using tResewesuy bQ&S-ICiﬁéﬁL&£|y, the Hfilter 1¥8q. 23)
coefficients are contfhually tpdated o ‘a point where 5 the [err] are
negl i gi bl e conpared to sone values [err]: [ERR] The values for [err] are
dependent upon Usiag ahésetbquataoneritendtavelpueﬂhEeanméﬂeenmlﬁlcalIy

~ Wen the Cr'terESe@E;EﬁHﬂ%bOQré4cbﬁtﬁﬁﬁali9euﬁSH@EHZ%6 Qa501nt where

5 the Ck's are neg;igible conpared to some values Sk s:

The values for 5 are dependent upon noise and other
factors and are p*edetermlned emplrlcally._ When the
' criter1a of Equatlon 24 is met, the equal1zcr has :
_lO completed its task and can be reassigned to ancther line. ~
' The values obtained for the X, 's are loaded into
the H filter. Where Y =0, 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 fi]-.t:ers-,'z“L in sampled data_notatibn.
' Where YX#O;'the equalization proceSS'yields;

_l
N(Z ") : _
—=t K =Y (2) + ¥Y_(2) (Eg. 25)
piz-ly ©°© LT x | _

fTo qbtain‘the'required value for gH, the known -
quantity Yx; multiplied by two must be subtracted:

S Nzt | . -
20 gH(Z). = § (5 1) K, ~2¥, (2) = ¥, () = Y (2) (Eq. 26)

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



"10 conpleted its task and can be reassigned to another |ine. The valu slfé?2a-
obtai-ned for ‘the [err] are |oaded into the Hfilter. Were [err] =0 {he ¥
filtef transfer ‘characteristic.is simply 1/2, and there is an absolute
-delay corresponding to the r ound trip sanpllng del ays 15 through the
digital filters, [err] in sanpled data8&ndtation. Where [err], the
-equalization process yields; [ERR] To-obtain the required value for gH the
known quantity [ergq, nult|PI £d bv two nust be subtracted: %EJ%A In this
case, the nunbe(®f boand & (3 UnktS@ras [0 raceeBrodate & rEiEs |
acconmodat e th'ﬁéhfﬁ&ﬁiapOtyﬁé"ﬁdmfttéﬁce for1@ (ZP{erTﬂe@@dfii@éf]2$D,aS

t 0 \cconmodat e a flrst or der nom al dFittance for [err](2). . The
Ffilter 272, ubRee (Rﬁé# giﬁ%s'bgﬁ %5'[ERR] 5 This value for the F
filter 272 may be conputed fromthe equalization results obtained from
determ ning gH and the known value of [err]. Aternatively, the equal i zer
may be used to determ ne ﬁhe va&u of Fdirectly. Thi-s operation is
acconpl i shed 10 as fbl#d%s The Loex hoeif|0|ents for the Hfilter {B®%.a2®)

| oaded, the switch 106 |2Nﬁhe f@%dback path 112 of Figure 2 is closed by a
switch control signal from MILD S 157; the F filter 272 path switch 102 is.
opened, and the equalizer 15 130 process is run. This sequence of

operation wigl kaédvaiﬁiwﬁor the F filter 272 may be

computed from the equalization results obtained
from determining gH and the known value of Y..

Alternatively, the ecualizer_may be used to determine
the value of F directly. This operation is accomplished
10 as follows: | | - |
k/- A The coefficients for the H.filter'll6 are loaded,
- the switch 106 in the'feedback path 112 of Eigure 2 is
closed by a switch control signal from MULDIS 157; the
~F filter 272 path switch 102 is opened, and the equalizer
15 _130'process'is run. This sequence of operation'will

yield:
Nz~ oy - L
=== K, =1L _ (Eq. 28)
D(z ™) Y-y, .
and thus:
r'---—-——i—-D(z—l’ i (Eq. 29)
_-N(z— ) Ko
20. : This provides coefficients'for a recﬁfsive filter
of the same type as the d filter 1ils, haVing third
1\ 5 0(7 , for a ¥_ of

orGex polynominals fox v(z %



nd, hus [ERR] 20 - ?his_provides coefficients for a recursive filter
'i{ﬁ e sane type as the Hfilter 116, having third order polynoninals for
euf] and Derr], for a [err] -of - 19 - the first order pol ynomi al
- type. Actual_cirCU|t i npl enentation of the Hand F filters can Be acconpi-
i shed using state-of-the-art ‘techniques. Figure 6 shows generalized H and F
filters 116 5 and 272 for processingN& ] and Dl err]. pol ynom al s havi ng
~orders of k/2 according to equation 30. [ERR] COeff|C|ents and data are
stored in sem conductor RAM nennrx gg i ﬁd into "g E_ g %ﬁacks 300
~and 10 302 andthecfiggtaPrA§EsPacKECEHALa P06 P Fi FﬁPé et ching and. -
st oring .of Infoﬂﬁplemﬁntatﬁﬁ.oﬁaﬁlﬂ thepHeahdn? Tildetra cahpbbsaof:oﬁéﬁll—rrermry" '
st acks 300- 306 fyed | LS 308 ‘whi ch conput es
‘the required ou?ﬁ Fd[BF? %%egglgkgyggggﬁggbs #P& 15 nmultiplying and
accunul ating the resﬁigsracéoshpwg geneyaddized glanPERRFiihérﬁlﬂéﬁ term
computed |s gergh %&hf%bzep%tesaeﬁgm(zréwlanat n%%zlqngoh?hahians3l4 in

pesition 1. _[err l'aced 1 n position 3 erns are
conput ed, AfterhﬁﬁépgoﬁéﬁﬁF?oﬁf kéPr peargdfiesr £oarEUBtAOBd 3Pn position 2
and the y terns are conputed, Thus:k+l nultiply/add operations are '
i nvol ved. This can be acconplished 25 easily within the sanpling perlod
sharing the sane 1 -2 —k/2J

K »
[1+KZ +K2Z I\J,/

[1+K§+1 - ...KkZ ‘/2]

Y(2) .;
X(Z) -

(Eqg. 30)

Cdefficiehts and data-ere stored in semleendudtor

RAM meﬁory organized into "push down" stacks 300 and

10 302 and recirculating stacks 304 and 306 to facilitate
fetchlnq anu storlng of lnforﬂatlon._ At eech sample
time T, data outputs of RAM memory etacks 300-306 are
fed to a nultxpl;er/summer circul* 308 which comnutee
the requlred output Y on llne 310 by sequentiallj

'15 mulelplylng and accumulatlng the results aecordlng to
Eguation 31. ' . -

Y = Xo [xn+len_l+K2xn__2. ) 'ch_xh-_ k ] -

(Eq. 31)

[F1 Yn-1*Fgaz ¥Ynoze o Ky - 5]'
2 3 2

The first term computed is Ké)'xﬁ with the switches

20 S§; at 312 ard S, at 314 in position 1. S, is then
placed in noqltlon 3 and the x terms are computed,
:After that cneratlon,'Si

R 2 and the Yy eerms are computed. ‘Thus k+l multlplj add

and pz are placed in position

operat;oub are &MVULch. This can Le accomplizheld

25 easily w1th1n the samyllng'pericd, sharing the same



- e L

- 20- rrermry and multipli er 308 and accunul ator 316 for both the H and@
filters. Thus for H and F filters having (six coefficients) K=6, fou T
(14) multiply/add operations-are.involved, allow ng approxinately one (1) 5

m crosecond for each such operation, and a sanpling period T of 14°

m croseconds can be accommpdat ed.  H ghed© 6t der pol ynomi al s may be
acconmmodat ed by addi-ng parallellsn1|n t he arlthnetlc and nennry operatlons

O her fornms of recursive |Iter re Sj and structure
of Figure 6 i's &S&FYadp ‘% (aﬁnﬁqéiﬁﬁ 3ﬁﬁt S ugpt?Er S
structure can b&h‘@&tla&ﬁﬁﬁ‘ﬁf:ﬂﬁﬁﬂ’.l’ ed‘l&rﬂatﬂ:hrrmntam‘s@s Merscdnmcig)r
RAM s, arithnetig unit [ f.

'proce55| ng struc{: ooeaél.k(rrap erren f{s (r?e&%rtlenm p eg g‘1‘“l%r'}'éﬁgg%at|ons
Furt her nor e; eﬂtdnnnﬁtxdn§1ﬂxﬁ1xnxn%v&darm@dqung Bppraixjoetedm oae Hden
shown as the pagiss.ddie SPR dZH QRH Ydht 1@ arl GOang1hRy MBY be.

used to determine the coefficients of the Hand F filters. For i nst ance,
the al gorithm dR8FIWF Bf Ik HEFOF RN SR FndcGorsodetedt [err] over

a period of a. nuniieroforareip! RS yauilalls0 mdl: beEaitokiniddalted Wb}dd&r@fe
S and t e mew B A e ReihltIR S pR Y, SRR ol [EFY
gradi ent Vect or Gidveggoriimns [cff iecuir sEpeatiide e arERBssible, and the :
10 filter structure of Figure 6 is exemplary only.
Various implementations.of the equalizer structure
can be realized. A preferred embodlment uses semi-
conduetor RAM's, arithmetic unit and control logic to
form a digital signal processing atrucrure to implement
Y, 15 the principles of the equations. Furthermore, elthough
 the meah square error- (M.S.E.) ‘algorithm has been shown .
as the basis for the_equa;izer operation,'Other algori-
thms may be used to determine the coefficients of the
H and F filters. For instance, the algorithm described
20 is based upon determining Values_of Cy, over a period of
a number of samples equal to NT. ZEach time therck‘s
are computed, the coefficients Kk's are updated every N
samples, thus -
: mNT_“ (1 YE(RT) : _
ck (mNT) = slice > S - . (Eq. 32)
_ n = {ie~-1)NT+ _

25 and the new value of the coefficients are computed

based on the gradient vector components Ck of
, Equatlon 33. '

Ke@m) = Ko (el ~ Gm) (Bq. 33)



- - By sinmplifying the conputatlon of [err] by apprOX|nat|ng, [ ERR] the
' icients [err] may be updated at every sanple tine T, allowing for a
| rapi d convergence to the 5 final values and reducing.the anount of
hardwar e needed. .This algorithmis a sinplification. which approXinates
m ni mum neans square error” performance 2a & recursive filter and is
~advant ageous, particularly where enphasis is on fast convergence and:
reduced 10 hardware. The digital filters used to devel op the parti al
outputs [err] n@y sl nip ] fyrimwgt whel womputatdomeofa €. f dry tapproxdmhtinig:l t ers.
‘Figure 9 is-a block diagramof a specific enmbodi- I ment of the equallzer
159. A time shared arithnetic logic unit (ALU) 500 perforns sequential
~arithnetic and | ogic operations on infornation stored in the equalizer

menory 502 under theccq@,tlr ol= @fi f@ir)l Q0isa gt @\@1e from contyrgf, 1Ngi ¢
- 504 -and which signals k0 ‘are s;?qnlgh *oni zed vmtg?\ithe control Iog(lrEg cl ock

506. The cl ock 506 frequency is, in:turn, synchronized with the data
sanpl i ng cl ock waiqefmdmemte ?ﬁﬁ&na@d bd pdatied afti levtergndampaend RAM
o

h |
Tre o contr o KL AaplubBFeICs R 3 o Bl R O

control s t he Sopddailovadfueshansdr riedmeting (thgi @menintt SF0 haldamsal cont r ol
words on |ine Shaedled.shitkied dctickin rleglangﬁEn bilAaon Wliggates S14A
0

.to provide 30 contr words on-l.ine 516, undéer the control -of |ogic 504.
Const ants may bé%&&é&‘altﬁsow DEANTn FEUER SEFLT -PSFLOFManCGee nenory
contents nay bamewaliett@tsive filter and is advantageous, particularly

where emphasis is on fast_convergence-and reduced

10 hardware. . .

' The dlgital fllters used to develop the partlal
'_outputs Pk may be lmplemented in like manner as for
‘the F and H filters. -

. Flgure 9 is a block dragram of a specrflc emb051*

15 ment of Lhe eaualizer 159. A time shared arlthmetic

loch unlt (ALU) 500 performs sequentlal arithmet;c
-and logic operations on information stored.in the
equalizer meimory 502 under the control of control

_ 16gic signals from contrcl logic 504 -and which signals

20 are synchronized with the control logic clock 506.

The clock. 506 frequency is, in turn, ejnchronlzed w_th
the data sampllng clock signal, and is a multiple
thereof. First and secohd RAM memories 508 and 510,
which tbgether comprise the'equalizer memory 502, are
25 “controlled by a series of control words, each of which
"also controls the operatlon of the arithmetlv logic -
unit 500. R _
_ External control words on line 512 are. shlfted by
shift register 514 to control ga*ns 51l4R to prOVlde
30 cortrol words on line 516, undex the control of loglc
' 504, Constants may be loaded 1nto memory 5C2Z under

external control, the newory conlcnis may Do cxamined



- 22 - exterpally and the equallzatlon process may be initiated
extesnalky A logic signal output EC is provided when equallzatlon I
eonplete’ Figure 10 illustrates.the organization of the 5 first nent
508, which conprises four push-down stacks 520, 522, 524 and 526, of
the functional details of stack 520 are shown. St acks 522, 524 and 526
function in |ike manner, as_does nenory stack 520. Each push .down nenory
stack 520 - 526 Eﬂm@kman&ysanﬁh&helﬁquaadham&wnlpmbbenerﬂaynbﬁenory bus 528

and line 530 rep h | ous difhe | ast word

in the stack is 3%@%3@%@% Ff%ﬁfgﬁgigtacﬁwe?%i %ai. g%P?% ? Iggt out -

(FILC» operatlonprEaaﬁedaMaeMO@&MaoﬁzamleacthBamElcaﬂ be dlrectly accessed .

15 or read: Re i ste K152 r S k 522
9 )%1§h%% 1® Q%;&QE@%t@Q @PgAéBbaP?QEt§bw of Eﬁ%

stores Po(n), stores ck 526
stores P3(n), P3 ﬁIﬁF meNOrMeégéerWBSthééGHE SFﬁef@BﬁtPBFhWBPU§ on line

51:3 Iro][n whi ﬁh Elﬁﬁck@dls‘ﬂbquéh790|Shilohnal gael SoEOWBQcheeﬁa Ehﬂé%logl\t}!ﬁ ]
out put of each rea eration i nmenory _re an ich -
output is an inp&f & h& AFFFﬁ%e?% ES&IéhGHPf 55gagk g?@ %24lﬁﬂgtrates
t he organlzatlonSQb Ehac&&onndnn&ikeymamﬁerwhashdoaslmdmsryeabayksééﬁkons

540, 25 542, 54 Eepﬁéﬁhdﬁb ”RE%o? CEEQB§4§905L°5§§ ?ﬁﬂé%ﬁB&é %ﬁrELa+

i ncl udi ng [err] stores-da
i ncl udi ng [ eAP] e8chenel lNPﬁﬁry°§écPnoﬁeB@HYsb§5e§2§a§§dméiag 5ﬁ@n) from

reference generaipilBie \eﬂecliaaeepeavibeg WBrdl 8nSBhbl sE8BkShRE BAG
Menmory 30 sectign 546 st.ores g ﬁl Buts to_.all nmeppry secilons may .
3 65 stac 1s 0

go separately i nt-@SkeiBr§ &P tputted from the’stac
' This is a first in - last out (FILO) operation. Each

data location in each stack can be directly accessed
or read. Register stack 520 stores words A(n),
N " A(n~l)... stack 522 stores Po(n}, Po(n-1l)..., stack 524
stores Pl(n), Pl(n~1)..., stack 526 stores P3(n), |
" P3(n-1)... . Decoder 532 decodes the control words on

I.J
(8 [}

line 516, from which the individual control signals to
20 each stack. The dutput of each read operation is
stored in memory register 534, and which output is an
input to the Arithmetic Logic Unit 5C0.
Figure 1l illustrates the organization cf the
second memory 510, which inciudes memorj'sections 540,
25 542, 544 and 546. Memory section 540 stores constants
_ Kk' including K, to Kye Memory >ect10n 542 stores
data words SK, includlng S to 8,. ._Memory section 544
stores data words R(n) f:om 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 or be
read out by appropriate control words which are
- decoded by decoder 550. Any addressed data word in
-l any of memofy'sectibns_540 ~ 546 causes the addressed.

35 word to be coupled to memory register 552 via gating

v e o e

. S aar®, . ina e D
<



.~ read out by appropriate control words which are decoded by decoder 550 Any
essed data word in any of nenory sections 540 - 546 causes the .
ggp ‘essed 35 . word to be coupled to menory register 552 via gatlng - 23-; .
logic 554. Menory section 544 is organized as a push-down nendry stack
mhereln any stored data word R(n), R(n«133.-R(n-1) can be directly. =
addressed. The Arithnmetic Logic Unit 500 has, as inputs thereto, the 5
out puts of -registers 534 and 552 fron1nennr|es 508 and 510, respectlvely

- The. ALU per f or mslddic 8854 hmeldifoBf S&SEidg 544 tHeSerddpidaed & t£r Wwhich
processi ng, the r LH#S are Iaced uﬁélts accunul at or -556. These results-

are then coupl ed® %@é ST HIISE DR BPY rATed dkR WO, The -
~actual arithnet. iR (rand Rtxg-rh) .o.p.ezaﬁbhsca:erﬁ@rdmledhayﬁud&&g&dj T be

d. F on. Miltip
Lerr]. lorf]-oadR metic fogie yribad bolb s Mdee  thonatg nidie > acc
Subt/Add . 5 outpuiy \m‘e]mqqzmnsm |k déifghtfrom memories 508 and
Cerr]+[err] LSB-salg, Q%‘é;%@ﬁ[vely. The AIS{X %rf.{c?ﬁﬂg L:Iﬁ.% a[ﬁtl\ffn #. l ement

ACC, I f sign ACC IS - CC) -> ACC
Zero ACC - r°°esﬁ?“ﬂkﬂﬂnihﬁ9%¥3§ﬂqﬁ%neﬂﬁ%ﬁ? which proaggsiyigt o begin.

| equal i zation pr Gﬂfss&'e'kuvﬁm|&ﬁﬁéfﬁlédﬁﬁ i t.dt@ Yaddiaili Ay 55'5% CO'l‘tf‘éHél ?f
gggm y register i'e‘r?s%ﬁ.t%n%r Grde c%udﬁfe% r<]>dr Zs“r%:orsa;[goer eJ.n Imrlam%crcyu nhyy ator

lO control loglc 504. , )
The actual arithmetic and logic operations
riormea by ALU 300 will now be summarized.

}."'z.;c,tion : - Qugraricon

| Multiply . C(kl). C(R2) ——SACC W
15 Multiply/AGd 7 C(RL).C(R2)+C(ACC) — ACC -
- Subt/Add - C(*RL)£C (#R2)+C (ACC) —> ACC
' Increment C (M2)+|LSB —3 M2
Decrement - .C(M2)- [LSB-—wﬁ-Mé
Complement ACC, “,If sign ACC is —
20 ~ 1if Neg B N_cacc) —> acc
Zero ACC | _ wom Value —3 ACC .
Initialize ' Set up to begin-

:eqLallza+lon process
" . To implepent the multln*y function, the contants
of memory rnglsters 534 and 552 are wult*nlled and
25 c't:ored in accumulator 556. :
_ To implenent the multlply/add funrt*on, the
contents of memory registers 534 and 352 are mnltiplled
and the result i added to tha contents of accumulator
556. '
30 To 1mb;ement the subtrac*/add funcblor, tqe
 contents of either or both registers 534 and 552, with
kpnr0pr1aue 51an changes un rdex control of a field code,
arc 2ddo2 to the contents of accumuelator 555.



-

To inplenent the multiply/add function, the contents of nenory registers
'534-and 552 are nmultiplied, and the result is added to the contents of
accunulator 556~ 30 © - To i npl enment the ‘subtract/add function, the
contents of either or both registers 534 and 552, with appropriate sign
changes under control of a field codes me—-addded to the contents O
accunul ator 556. - -24- To inplenent the increnent operation or the
decrenment operation, the contents of the particular nmenory |location is:
i.ncremented or decr eﬁ@ﬂi:ﬁﬁmﬁeﬁeeﬁﬁé%h@feﬁ&&mmﬁmro@tuﬁéo i's
respeetlvely ng ative 5 %’E jtive, also aCCOI‘dIgl to the field code. To
i npl enent t he %ﬁﬁ?’&ﬁ’éﬁt" %HJ‘P%{ oFhe FCOMGERES P (AR BUTELTHASi gn of
t he contents ofmémerpcronatbbwris s:mtwgadtéd) cm&iécr/anemeéa iL£ |tshanegat ive.

To inplenent th "e u " t 0is.
stored in the agec 4 #atorg %gjé%% ﬁ%e?n Ia SPZ&L# uncti on, <"Havan‘?

al l ows for eXtepmnaposiboiivesy usqmmeqftcarthtﬁeﬂad agdee control -
signal is present, tfig g&ﬁlgﬁgﬁ@oghéSnégﬁﬁqéﬁgﬁgugéguﬂuﬂgggfn élags at 562

are reset. 15° The contro|l -word structure from control- i c 504,

which is input tReFIFIVET nEIRARIQR, e S e 2 LRy %’@%Q% 1€ f or

exanpl e, of a GadtimiPsEsy M dhendged aed- ;&béiﬁmrvmé\ﬁ A4 isd dxe'iﬁd;.ﬁré bi t
ALU 500 field. Eachrcqptrf wordtﬁs fhen 18--bit e fore 0|n | S shown
20 bel ow. Memory ML emestk h it &€ m“é&‘aefc Bteal 4 el d

[err] 2 10 numdric valtﬁerze}ro s stared i-thd saccx.mulator.
’ ' To 1mplement the initialize function, which allows

for external loading of constants if an external write.
control 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 memories 534 and 552
COnsistsflfor example, of a 6-~bit memory M1l 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.

Merory M1 ML Push 2idress Select  Subtotal
Field - 1}f 2| 1 - 2 | 6bits
Memory “4' - MB ResoMeita Addireszs Seiect Suistotal
Field | 14 1 )3 12 | Tebits
-‘-ﬂ--,--e -.".-.‘ ~ . . ) [s A-‘h:.'\

LI 500 Operation C - bt
Field P s | | ~ 5-bits
. Mempry MI Instruc~ Memory M2, Instruc~ ALY FaEnie
Control tioh Field . tion Field ; tion Fiela , Totad

Hord ' 6 \ 7 - -+ 5 | 18~bits -
. )
25 - ReJeLr;ng how to Flgure 12, ‘a flew chart of the

pnn531,pr nueldtlon is llluatratcd. The seguence iz as

" follows:



M M Read/Wite . Address - Select Subtotal Field
[err] 3 2 [err] 7-bits ALU 500 Oper ati on

Field . 5 : : u - 5-bits Memory” | 1
Menory M2. Instruc- -ALU Instruc- Control tion Fleld - tion
' _ ‘tion Field Total Word . 6. 7
[-err] 5 [err]18-bits 25 - - Rehkerring now to Figure 12, ‘a fl ow
chart of the equalizer operation.is illustrated. The sequence is as
- foll ows; - 25 - Step | ‘I.nitialization Froman external.start - signal on

~line 570, an Equali zation Cbnptepel(Erhftﬁg;lzeﬁﬁah on line 572 is reset

- and nmenory | ocation 6 5 S e ¢l earel’
| f an External VVltZFESéngﬁuggégéﬁggn?éggt Sléﬁég Sﬂ %gg%o%?rbl ogi ¢ 504
al | ows the ini tEahalbzationa@ompbete’ (EEoFhag) oaialmaex%rhan#ySWalsm ft
register 576. r’@§é‘t”9ngxﬁléxﬁc5‘?{r ﬂaaeiéhgnaacéﬁmmsewssenaﬁanalIy stored

values of Kk's and Sk's- are suppli {/ia control Ic 504. Step 2

Conput e Pot n} Tﬁ%l%ﬁ?@e§e$&%§er$«ﬁ§ea?te%5?%rnereﬁteF% F?abtw¥hﬁesanpl|ng

time nT. R(n) @ﬂ@n&i”ﬁsa@ﬁeﬁﬂﬁﬂednlDiﬂet9$4r tﬁép@@ﬁtr@lnBGEiCESOEZO and

and memory 2 1 COVATEF 689 TALEREE K if S Thel 7 0 OB CToTGd ABERER DYt ne

ALU 500 and heIﬁuanshhﬁtaregnﬂtero57656 ﬁhéhnnbaEkyerﬂQh WriteKdigsalhen

Feinte hen a8 HHE: ERRERhALE) LE-aaug e R e B STV, 20

are supplied via control 1og1c 504.
‘Step 2 Compute PO\n)

' The Va1ues A(n), R(n) are obtalned externallv at .
the sampl;ng time nT. R(n) and A(n) are pushed lnto
their respective memories 520 ana'548, resnectively,
15 A(n- 2) and K2 are fetched into memory 1 register 534
- and memory 2 reglster 552, resoectlvely. Their product
is computed by the ALU 500 and’ held in the accumulator_
55¢6. imllarly, (n-l) . K1 is then computed and added
to the contents of the accumulator 556. Similarly,
20 A(n) is then added to the contents of the accumulator.
The product terms associated with the feedback Po terms
are sﬁbtracted from the accumulator accoréing to the

equation:

new Po(n) = A(n) + KlA(n-i)+R2A(n—2)_— K3§o(n) - K4Po(n~l)

25 s S . - . (Eq. 35)
S o - M (2 l

This operation corresponds to thsz ;""T' function
S ' o - D(z 7

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



1) - - T

The product terns associated with the feedback Po terns are subtracted from
‘t he-accumnul at or accordlng to the equation: new Po(n) = A(n) +
[€rr]A(n-1)+[érr] A(n-2) - [err]Po(n) - [err]Po(n-1) 25 '

(Eg. 35) This oper ation corresponds to the [err] function shown in Figur

5. 'The result Po(n) is pushed into thezgo menory. 522. - -26- Step .3
Conpute [err] (n) The [err](n) termcorresponding to the output of the
[err] filter illustrated in Figure 5 is conputed in a sinilar manner

di to: - r = - 1
(Eq \36) 5 the resul t 15 pushote ot 150w ees B v ot ack 526, Step 4

Comput-e [err](n) Slnrlarly {err](n) i s conput ed and -pushed on the P nmenory
stack according to: s ?] (WTR G@EKespgnding rtq (He outpyy [of the :
[err](n-1) [err] (Eg 37) 10 whi ch corresponds to_the filter function

[err] illustrat ure S .Ste ute, E(n) The error termis
conmput ed accor "%j'-f-_ \‘1%%6‘3 % 1')'1-9'\11‘3 5 is computed inpmy 38)

15 E(n) is sa . |s stored in its prescribed |ocation. This

operation corrqiﬂgfgg r&hﬁ4@r§£g33£§h&§dgbfunctron illustrated.in Frgure 5.

- 27 -

new P3(n) = -KoPo (n-1) '-P3(n) K (Eq. 36)

3~ P3rn—l) K

4
‘5 the reéult is .pushed on the P3 memory stack 526. .

‘:Step 4 Cdmpﬁte'P {n)

" © Similarly, -l(n) is” comput d and pushed on the Pl

- memory stack according to:

new ?l(n) = KoA (n-1) - Pl(n).. K —_Pl(nil) .

3 X (. 37)
10 which corresponds to the filter function o T
- ' ' D (z ")
‘illustrated in Figﬁre 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 préscribed
location. Thls operation corresponds to the Smelng
node function Lllustrqted in Figure 5.



Step5“6 & 7 Conmpute 's., Updati:ng Kk's The [err]'s are conputed based on
Wnpl i fied approach descrlbed previousl.y. The operation involves
nting or decrementing {err] based on the sign of 5 the gradlent
term[err],i.e., increment [err] if sign negatlve [err] Tny

](n) E (n) 7 - (Eq. 39) decrenent [err]
sign positive Steps 8, 9 and 10" Testln& for Equalization Conplete The

absol ute value of [err] is conputed by changing the sign.of [err] if it is
negative. The corregpopdi pge19 - ¥ahpee8f ckeE! I ubgaf ikl REI€d fromthe
absol ute val ue of [err] H—tte—Tes Tt re—aectmotator—Ts—posi ti ve, the&)“

Test Flag is set = lppelé it henesn %ht‘@d bhsedesh Ehégsﬂ&mﬂea remai ns
unchanged, i.e., [err] = kSET TEST TO TF._ This step

i's perforned foRPEEEACHr ABFERLPGLCPERVERY i:r _The PREFFELAROIBKOLERF] . At
the end of thlSlﬂé@éﬁdﬂﬁﬁngth aeefeﬁéﬁglng rxapased. ohf théesigatofl ag is =

@] di cat d t d 20 I f
Cerr] " then Squen? BErahert TRREPE: cor réme‘:&_eff"?h'e”?—est Flag o1,
i ndicating that one or nore val ues; Ré L@E n%éC?EdE9 e&g{{ﬁgponding

- value .of [err],t gayaliya s n e an ecycle be
‘repeated. The c%h?ggl ® kh;S%ﬁ &Ahécf@ﬁgﬁe ko §¥e91§n2 osipiauait ihe %ext
sanpl i ng signal at the |nterval of T units. en Test Flag = 0, the

Equal i zati on Conplete (EC) Signal is outputted for external recognition,
~and the procedurStepgnkpabean@IiomnmgsthﬂgeiéernggasysaenmﬁOCéﬂgﬂetée va
ues of [err] through [err] fromthe nenory ftor -30 external use. The
Equal i zer may al so bBheeabsolute wdlue of Cx is computed by changing

- the sign of Ck if it is negative. The corresponding

10 value of 8y is subtracted from the absolute value of
Cre 'If_the_result in the accumulator is positive, the =
Test Flag is set = 1. If it is negatlve, the Test 1=‘lag ‘d.

Fllp-Floo remains unchanced, i.e.,

l ck’ - § = + SET TEST FLAG (TF)
- NO. CHANGE TO TF

15

This step is perFormed for each gradlent vector term Ck‘
i.e., C through C4 At the end of this procedure, the
Test Flag is examlned.: If the Test Flac is = 0,
1nd1cat1ng that no Ck term exceeded the corresnond*ng
20 value of Sk' then equalization is complete. However,
if the_?est_Flag =1, indicating that one or more values"
of ]Ck! exceeded its:cor:esponding'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. hhen Test Flag 0, the unalxza*xon Complete
(EC) Signal is outputted for external recognition, and
the procedure terminates allowxnc the external system
X, from the memory for
'30_'externa1 use. The Equalizer may aiso be reassigned at

to read the vaiues of X_ through



T,

-28- "this point to.sone other line. Fromthe viewpoint of execution tines,

t he*Equal i zer must complete Steps 2 to-9 in a time |less than or equal to

the sanpling time T. For a sanpling 5 tinme T corresponding-to present (:é%;;
state-of -the-art sanpling of speech tel ephony signals, 125 m croseconds.
adequate, corresponding to a sanpllngsfleqUency of 4 [err]. Based on a
maxi mum of 50 control word executionS 10 " corresponding to Step 2 to Step

9, each control word nust be executed in approximtely two m croseconds.

Thus, {or a rst case control rnd cqnsisti-ng of fetching two words from
menory 508 a\r,ﬁ“rférﬁ)‘%sptsftf G Y‘%Kﬁﬁné‘ﬂ%m t oget her and adding themto the
ACC, 15 the perf @mmdhe egiewpeiprt ©ic axdpatdon dgdowsas thel | ows: Menory
Access . ﬁgf¥£%?98ﬂ9§ i Ste 1.0 i ghaseqaads Add

.5 mecr osecon% ot a Mﬁle@é’ft@pﬁﬁ gr;gs?ecgor% s@z%ﬁ'%he signi ficance

of these requihaminean sqad g diheeisampiiingetime Tegi FO&r 2 SAAPAARY and |
arithmeti Cst Oﬁﬁgnﬁé IO NEor Feiponitd !;ﬁﬂaﬁx{&,st\éﬁ'edt&tf&;%h'eﬁagﬁs t het t'(ejl ephony .
requi renents, gse perfornmange requirenents are attain- able in _today's":

LSl technol ogiEmR?s’i‘T% Q%esﬂftﬁéi i'ieégpz@nystsrlﬁﬁ’ta&lse_ &@g’cﬂj‘ﬁ§8sﬁ&°&iﬁ. Present -
st at e- of - t he-i5 tadddud e, Jddespelialg e @0 Sanpldnge drepaensyobft he 8- to

16- bi t variety:MQuld_not be able to neet the above perfornmance requirenents
usi ng standard "pragranm ng.techni ques. 30 The novel features heretofor
described of the H#ssd afi & mesddugyed 50 contngdt wordegxigcatiionso attain

‘these peri®r Gt JSHA IR BY Step 2 to Step 9, each control word
' ' must be executéd in approximately two microseconds.
Thus, for_a'worst case control word.consisting of
. fetching two words frop menory 508 and memory 510,
— : lmultiplying them together and adding them to the ACC,

15 thz periormance requiresmenis can be assigned as folleows:

Memory Access .5 microseconds
HMultiply . 1.0 microseconds
Add : .5 microseconds

Total 2.0 nicroseconds

26 Thé significance of these requirements are parallel
ragister~to-register t:énsfers and arithmetic operations.
.ijr.ls—bit arithmetic, which satisfies,thé telephony
requirements, these performancefrequiraménts ares attain-
~ able in today's LSI-techhology, ﬁsihg the Equalizer
25 structure described herein.: - '
| Present state-of-the-art off~-the~shelf general
purpose microcomputers of the Sf to 16-bit variety
would not be able to meet the above pérformahce
requirements using standaxd programming téchn%ques.
3¢ The novel features heretcfor described of the‘herein
.'disclbsed'eQﬁalizer structure enabie it to attain these
performance requirements, | . | o
A brief recapitulation of said novel equalizer



A brief. recapitul ation of ~sai d novel equalizer -29- features includes,
j/mtery alia; (1) Miltiple nenories which can be addressed simultaheously;
./Speci al nenory organization facilitating the operations.-required

-down 5 stacks which are directly addressable); (3) .Par- allel
tiply/add arithmetic .capability; (4) M crocoded control words which

si mul t aneously control the nenories anhdpg he arithnetic .logic unit; (5) o
Control words directly related to the specific 10 - operation reqU|red '
e.g., MUTIPLY/ -ADD, COVPLEMENT ACC | F' NEG, .| NCREMENT, DECREMENT. An
alternative enb@@ﬁ#ﬂﬁ?soﬂnrﬁ@déauaPPiéF Rddaiin- before described is

i mpl-ement abl e utilizigg avﬂﬁ%&b&b ﬂ%hBQ&@st%ﬁgcﬁlﬁﬁﬁ| bR @aasedkedaving
special arithnmetic 1 nenorﬁ % SS|ng g Rabl|ltles A S|nRI|f|ed :
“ bl ock di agram of sucﬁ1@€ﬁ§F§F°ﬁﬁ Bésé groéB S&R4 @eWPFXSPFgﬁﬁ&ZB§ Pﬂgure 7.
_The circuits descrlbedcanetakungnmhenprth&ons degu&&deSpushB¢OWhe _
addi tion of the feed K n d- 0 r d

filters and %y repla??%& %hghgggn §%d %%Sgﬁ& ?gegsggqﬁs éP)mn?% th
transcon- ductance anﬁﬂeﬁlmultapéwﬁpﬂeterﬂthEEGiﬂcGﬁPabslpG§5|Hhé on a
single LS| chip. ThﬁlEFag@d@af bbh%&%la%rabp’&h‘?iche%EEn%'l\é%nEbh%&&S whi ch

"make it possible to-inc |ters on a codec and/or, codec -
and filter chip. ThuSOntEelptageRempri&ft RoH shenpritbeetic Jpgde yndts

anal og 2/4 wire hybri@)andoditgenewerter aifaticny zedakabanei rfeneparilesc
[ggtﬁf;“?nt BB " bBarRt8L FIRR E e, 9L Y. , RbuirbEY b ROk et o
' . ACC IF 'NEG, INCREMENT, DECREMEVT. :

- An alternatlve embodlment of the ecuallzer heleln-

before described is’ 1mplementable utlllzlng_a general
_ purpose'type signal processcr having special arithmetic ‘
15 and memory'prOCees*ng capabilities. . A simplified block o/
.' diagram of such general pu pbseVPrOCessqr”is i;lustrated5
by rlgure 7 ' '
_ The c1rcn1ts descrebed are all lmplementaole in
'digltal LSI. "By the addit;on of the feedback and feed- .
20 forward'loons and the-F and H fil;er° and by replacing
the standard decouer ou*put ampllfler with the transcon-
ductance ampllfler, a complete line c1rcuit is possibleg
on a single LSI chip. The F and H filters are S¢ﬂple
- recursive filters, which make it p0551b1e to include
25 the F and H filters on a codec and/or codec ‘and filter
chip. Thua, the present invention eliminates the prior
aft_analog 2/4 wire hybrid and diecrete terminating and
balancing networks replacing them with the programmable
digital ISI circuits described. This fesults.in lower
30 costs of-vanufacture, installation and maihtenance,-in
_addltlon to. 1mproved performance._ ' _ |
Although non-recursive filters can be used for the
H and F Fllters, their COSto would exceed those of the
._recurs;ze filters described. Simllarly,'a nonnrccur51ve

35 eauallz r, based on known techniques, could Lave baen



inproved performance. Although non-recursive filters can be used for the H
and F filters, their costs woul d exceed those of the recursive filters
described. Sinilarly, a noen-recursive 35 equalizer, based on known
techni ques, could have been = . -30- #ed for either non-recursive or
recursive F and Hfilters, but would be inferior as aforedescribed.
Conversion of the non-recursive filter structures provi ded by a

non- r ecur si ve Us@da fioLe eifHerd NeR-recqrs Lviey oFo FREMT sty en Fr andr & ve

structure of igha ayRe BRICHRAG el linFerd drhasFlagioradlesReuplda. al gori thm as
described in Deczky SyntheS|s of Recursive D gital Filters, IEE Trans.

Audi o El ect r o CRAFEESL1opo oL Abe@onsgecursiyes fidter ghruct R&'z%sn such
_tlelchnl que reqproedded bsrulas&?w:@du\tsqwte@ruaharz@@ab@umag?% Ime]ng ,

al | -recursiwyve structur t he pre ven o] i gure

I ncl udes al'ﬁ oc?zft E&nﬂ %I 3'1‘?5 %3’653&3 & 5?’1"%@“&?%% P8 ent s, at 338
for storing [ deskrdbekf mﬂitﬂ.ngathmwmmmldommmsass 15 at .

342 for stori I n r r ter medi at e
results A(n), B%s@]l?:%)ﬁ ih F%crz][kya %XL’S:&I 1%4 %?g{rec gril;’%gbq'%ilt%t‘rol program -
for accessi ngFil e@ﬁoré@*ﬁ&#@ﬂﬂn é@dépdéﬂgstwptHcaaﬁﬂesybéopﬁSVQ@ed by

control '09'Cp%3225709%BUt@E&P“lbﬁzaccﬁgﬁhhﬁh%ﬁch'%e@%anHéIEE%h&%eﬁn't
334.- Figure 8 'l ustrates asgenera I zed |ta to- flour wire converter

for full dpl é)l‘b§| R&Laldy ﬁétE(FO*a‘Fﬂé'aE@d§F‘aﬁa§h& AAlry eGRER 1Rd
“incl udes anaIQQIMQtnglbaltm@e@ﬂégaht4ﬁaye@&abgg to-digital converter 403

30.costs of manufacture, installation and mai ntenance, in addition to (i:

and Memory'330 of Figure 7 includes allocated portions
‘at 336 for storing Ck coefficients, at 338 for storing
'Kk-coefficients, at 340 for Storing correlator sums,

15 at 342 for storing values of D, and Sk' at 344 for
storing intermediate results A(n), P (n),...Pk(n_ ) !
- and at 346 for’ storlng a control program for acceSsing
* the stored data in accordance with addresses provided
by control logic 332. Computation is accomplished via 3
20 arithmetic unit 334. _ . '
Figure 8 illustrates a generalized dlg;tal two-to—
- four wire converter for full duplex signals on line 400.
The coder has a unity gain and inCludes';nalog-to-digital
prefilter 402, analog-to~digital converter 403 and
_ 25 analog~to-digital postfilter 404 . 'Ope;atidnally, the
circuit of Figure 8 functions in like manner to that cf
Figure 3B in that line'impedénce matching occurs
'similarly. The decoder loop, including digital—to-'
'analog converter 406 and associated prefilter 408 and
30 postfllter 410 converts digital transmit signals on
' line 412 to analog signals on line 400. Transconductance
amplifier 414 provides an infinite output admittance.
- Automatic equalizer sYstém 130 provides updatéd filter
coefficients and control to H filter 416 and F filter
35 418, with unwanted signal return in the receive signal



25 "-anal og-to-digital postfilter 404. Operationally, the circuit of Figure
unctions in |like manner te that of "Figure 3B in that |ine inpedance
Lih_ng occurs simlarly. The decoder |oop, including digital-to- analog
ter 406 and associated prefilter- 408 and 30 postfilter 410 converts
digital transmt signals on line 412 tq _anal og signals on |line 400.
~Transconduct ance anplifier 414 prOV|dé§1an infinite output admttance.
“Automatic equalizer system 130 provides.updated filter coefficients and

~cont rol to Hfil t%z?x%@e%n sttﬁnn‘&%l% ‘?ﬁ%d Jéo.vm tdodlé@"@et &gr&q,@or eturn -’

in the receive si aled At sunmm ng node der
f eedback and théhler &xemsmidi giamads @r@m‘nbe@eét agupvmmgngoaede2 #21Rot h

coder feedback dnF cHdere’s bl alchC and @nﬂﬂtfelie 4<1Isr &%&@&%ﬂ%ﬁ@ﬂéﬁed by -
switches 422 and 424, 5 respectively, under, equalizer 130 control. The

nultlpIexer/d|sFﬁFEHFGraFﬁUEBFSFm%FFddQQbFWB§§h§§néP% Bpdnidd o ef erence to
Fi gglre 2 Ih s isl | ltl‘ételb%bﬁd.\ﬂeg.ygr eaauecalc gthﬁlﬂlzlé)t :i|3@Ulc©n3:.3:olt he I\/UhDI S 157 N
enabl es the equali zeg,to re ity Jie t.hro

In essence, the MILDI&®1&PLRE 3§x§rJ§9§F%F%§$xﬂh %ﬁﬁﬁhsg iﬁ%ng %fé%?%a)
connected to thgeeqmaﬂuyeMithheeWEmBmse1$b Filguine exds tiid ukirp teidgal s
fromthe plural i ¥atly kg 3'1”35 & g%'}%e(i'ft ﬁ:h%”iﬁibtx@:e lf5'7I %‘i‘: abl s, the

coefficients, the swtch and fi control. si gnal s,

ref erence gener SAYRligE: ‘ofiPpire §6aFﬁé Pyne Gﬂﬂ@@#ﬂt§eP@bﬂé@eﬁnéeﬁhé@WBmo
of a mai ntenancw,syshe@ssSnge3l £nkr srbre disyi hahcersefaea@@fé&n@.eﬁ%@&proflfil

AR 177,008 hnkl 1gh 1oLt BohPLE AT SO LA TR

MULDIS 157 multiplexes the A(n) signals from the
-plurallty of llne "erUito and d*strlbutes the filter

_ coeff1c1ents, the sw1tch and filter mode contrcl signals,
15 and the reference generaLor 181 output to. the line l QQ |
_ czrcult ‘selected under conirol of a malntenance eystem.
Signale from the digital reFerence geperator 151
'R(n) are coupled to lines 1 to N via logic gatlng uOO,
whlch ANDS R(n) with ADD 1...2DD N from the maintenance
20 system at logic 602. Tne_approprlate address_is shifted
" through shift register 604, decoded by deccder 605 and
coupled to loglc 600 as 1llustrated |
‘The clock and sw1tch centrol/mode control 51gna1s
from the malntenance system are coupled to_l;nes 1
‘25 thriough H-through logic gating 608}_“These signals are
' coupled'to flip~flops 610 and 612, the'outpute of which
fllp-fJ cps are AND'ed with the aooroorlate ADD 1 through
- ADD N e1gna1 from decoder 606.
The A{n) words from lines 1 through N . are selected
30 at ‘logic gatlng 614 and coupled to the equalizer as the
| eoutput of OR gate 616. Each A(n). innut from each cf
lines 1 tnrough N is AND'ed with signals ADD 1 throuch
'ADD N from decoder 606 at the AND gates 1n_loglc 614.
' The filter coefficients to the F. and H filters

~r I E N I CI
S5 Eoy sach of lines I thrsugh N, such as F F*l‘c* 272



~~ : . .. :
20 .systemat |ogic.602. The appropriate address is shifted through shift
regi ster 604, décopded by decoder-606. and coupled to | ogic 600 as
illustrated. The clock and switch control/node control signals fromthe
mai nt enance systemare coupled to lines 1 25 through N through l-ogic
gating 608. These signals are coupked.to flip-flops 610 and 612, the
outputs of which flip-flops are AND ed with the appropriate ADD 1 through
ADD N si.gnal from decoder 606. The A(n) words-fromlines 1 through N are
sel ect\ed 30 and Hofilktemtlhg &f4limel ciugphid X of B¢ atpiatowekedis t he out put

of OR gate 6 h_ A j ) L ' L 1 thr N.is AND ed
with signal ség‘ﬁb fﬁ?h?%ﬁ%ii% fé’g%ﬁ%%ﬁi%%%e%ﬁﬂ? hi; %ﬁl%hg‘gt%s in | ogic
614. The fillegieosrtingehil.t cThaecfilten srefiickentpranaciliiviedines 1 .
through N, saeh18gi& 6i81#LtR7%he apD 32 £n\ch ADD heTs fhba 1 g4 Circuit
1 of N arg C %%I%gd fromthe equalizer to the @ppropriate Iine 1 of Nvia

| ogi ¢ gat ng‘g der 1606 £ 1 3PLeTer $hR | SRSl 2 1) ed at logic 618 with the

ADD 1 through ADIROE&Tgimd sndw ofd Figieeoder, bicrisatieajrame£orrect |ine:
Referring n

Fl gur bl ock di f_. th ' i f
connect i onsO%%\?@%\%Li“é%ﬂ%%?e‘?‘,’cmﬁl%@%&%r?tﬁ%tﬁ%% ;%Logﬁéur%%%&ﬁm S and

the |ine circhétBaiTbenasdatsysiee, st MUEHE rend cdrgprlise aiogidis. onal
10 data sourge naiitheRiSade PRI R Thdy TARRAE S LRI onall1e, '
illustrated data:and control_signal's, egcn‘%gj@}ofherel nel sew "e"roen,a provi ded
the requtQi t32%3 rFAFemd FARISHaKR Jewmwear and ddifalasAaciatnd minten- ance
system and thiemdrye CIHEUiiBuytratd® dddDland Tontrel signals,
' described hereinelsewhere, provided the requisite
timing and handshake between the eqﬁalizer, the mainten-
i . ' ance system and the line circuits via the MULDIS 157.
15 ' . SR

N




' . 33 - CAINMS 1. Acircuit for automaticall y digitally synthesizing
t ut mat chi nﬁll I ne termnating inpedance including: (a) analog to

u'm |l] mull converting 5. anal og communi cation
also it output terminals to digital signals; (b) -

means for sunn1ng sai d dlgltal signals with input digital communication
signals providing a conposite digital signal input having negative:

f eedback; 10 (c) digital filter neans3aving said conposi te digital
signal input (x3311334:heret0 for dlrectly establlshlng a predetern ned
out put inpedanCe characteristic 2 aéﬁ;'tal fllter avi-n alterable

filter coefficients, &nd zﬁ;'lrrﬁ)u?f gitpdly () dlgltz'i‘lj

t o anal og conves;mthesimirm; fax oaxtplﬂ:rimatg:tﬁmgi ]dlr@; ttdrnﬁjr@t&]ng)ut put to an
anal og vol t age' rﬁ% .ans for converting said anal og voltage
signal to an ana og curre ]haV| a hi gh output inpedance 20
characteristic @npanadad thdigitede canversian. mearnse fomconyiersdng

| pedance guch thall 7k Gnirf) ddtdn ISL Y Yediriaig! st (i@t pU!

termnals and to said ana og toQ |g|tal corniver.si on neans.” 2.: circuit as
claimed-in Claimi1, erpipals to dlgitalosignalsit i ng sai d anal og

vol tage signal (9 armewﬁi (mncw\mmﬂng Wﬁéﬂﬁﬁ@l’ﬁiﬂ@ﬁﬁ%ha%blufﬂ er
o navi N9, an Out atlg T Wil RA Y A RRY Bty s 'Rt
digital signal input having negative feedoack,
10 (c) digital filter means having said composite digital
| signal input coupled thereto for directly '
establishing a predetermined output impedance '
characteristic, said digital filter having alterable

:filter coefficients, and having a digital signal output o/

l5 (d) digital to analog conversion means for converting
said digital signal output to an analog voltage
signal; and ' : o

(e) means 'for converting said analog voltage signal _
_ .~ to an analog current having a high -output impedance
20 ~ characteristic compared to the matched line and to
the synthesized impedance such that said analog
current  is coupled to said circuit output terminals
and to said analog to digital converSion means.
2. A circuit as.claimed in Claim 1, wherein said
25 means for converting said analog voltage signal to an
' analog current includes transconductance amplifier means
having an autput current defined by a specific. current '
to. voltage transfer ratio g mhos.
o 3. A-circuit as claimed in Claim 1, wherein said
30 predetermined output impedance characteristic of said
"~ ecircuit is derived by varying saiad alterable filter
coefficients in accordance with a control data input.
4. a circuit as claimed in c1aim 3, wherein the
-digital filter means is a recursive filter, the circuit
35 including automatic egualizer means for directly



3. Acircuit as claimed in CQaim1l, wherein said 30 pr edeterm ned S
out put i npedance characteristic of said circuit, | ryi ng aié(l{ ya
alterable filter coefficients in accordance w tﬁlwﬁi"“gi“%uml nput.( 4.
A circuit as clained in Cai-m 3, wherein the di | s Sis a

recursive filter, the circuit 35  including automatic equalizer means for ~
directly - 34 - deriving recursive digital filter coefficients based on
the minimzation of error between'the equaéd4 zer output and a reference. 5.

Acircuit as g 6?%%' 53{? g Is a
recuksive di gl%ﬂ‘ tlger i”i} "{igclrjalﬁt rkéi?tc ra?%e#ﬂ&éﬁl fﬂg teﬁnerel n said
recursive di gP®athe m@mimimgﬁ iarrorahetiveery ifhecequadigesi ents. 7. A
circuit as C|éﬁ£§ﬁkl§h&)éﬂf§ﬁeréﬂﬁéEi| ine 10 whi ch i ncl udes incidental
shunting i npedances_between it and S ciycuit nd wherein the adm t'tance
of 'said line is reptesdhtTF W28 ¢ qﬁ‘lﬁd A @S L RenedR i ng

i npedancgs i SSamr&sgrnaﬁ il der aied avhes @i Hed Byl ef it out put

|8.rrpedance char acteré sti o, %?it as;acijaﬂ'}éﬁ th,l 6lali1trr?r5 r%%q_[ to [err]-Yx.

A circuit as clalne I ncludi'ng ana prefilter

neans for |in$aidgresrsive digitad offdl tstr sim‘d-% \@ommaéﬁ@ on signals

to a predetergj peghf eSS elCYened 08, and -anal og-t o-di gi t al postfl | ter
means for establishing a' desired feedback char act e
circuit as clained {n G&Fired: a8 iHainad "Hl‘ﬂrat’é‘}a‘]t gé’ﬂ%lI""ogu-ﬁ%eef| | ter

means fog estwii¢rhingludes incidental shunting impedances between -
_ it and said circuit, and wherein the admittance of said
" line is represented by YL' the admittance of said -
shunting impedances is represented by ¥x and wherein
said predetermined output impedance characteristic of
15 said digital filter is equal to YL—Yx.'

8. A circuit as claimed 'in Claim 3, including
analog~to-digital prefilter means for limiting the
"input bandwidth of said analog communication signals

. to a predetermined frequency range;'and'analog-toedigital_
20 _postfilter means for establishing a’ desired feedback
gain characteristic. ' - :

9. A circuit as claimed in Claim 3or 8 including
digital-to-analog prefilter means for establishing a
_de51red digital—to—analog path gain characteristic; and

25  digital-to-analog postfilter means for filtering the
o ontput of said digital-to-analog conversion means to
reduce quantizing effects. :
- 10. A circuit for digitally synthesizing a . line
- matching impedance, the circuit including analog-to-' _
d30; digital conversion means for convertﬁu;negative feedback
' input ‘analog’ signals to negative feedback digital
signals, means for summing said negative feedback digital
signals with additional digital signals to derive a
combined signal output, recursive digital filter means



8. ired'GTQTTET?TBTaﬁHng—path gain characteristic; and 25 .
\t al -t means for filtering the output of said °
i¥al-t mn“m"ﬂﬁﬂg ln! n nmeans to reduce quantizing effects., 0. A
: uit for* dlﬁlﬂalhy sy esizing a line matching inpedance, the circuit
i ncl udi ng anal og-to-' digital conversion nmeans for converting
" negative feedback |nput analog signals to- gggatlve f eedback digital
signal s, means for summng said negative f&8dback digital signals wth
addi ti onal dlgheMing gmaﬂscbmbdeedvsignadnbMMthscgnpuedutperetoecurS|ve .
digital filter JBISying ai%eraliel 3913800 cERFRRIAnNARARY! UL COUPI edy

t hereto, and haV|ng al ter Coefficlents, progdannably
al tering sa|d-pnqgaammahﬁm<al§#r§nsu591ﬂhéﬂlﬁﬁ§ SPG€§§§PﬁQt§fS§§ conbi ned

Si ?”ﬁ' out put dfthat heS Y r?)d@s%'tih@ o}ff' ksheg e&hbaheaheaga qoahltghltabl e li ng
mat chi ng i_npedance cteri.s of 'sai e upon sai
digital fi ter%t éﬁégh qéﬂ%?ﬁt#éﬁF?Fl gsta &&&Fﬁﬁﬁ fo® QHEEBB ersi on means
for convertlngJHME mu&mmuanim@edadcglbhbrhcteeistdcanfleaid edalcadtvol t age
signal, and trans e ifsar v ai d anal og
vol t age si gnal %'%%% %%?%g C rreﬁﬁiﬁaegﬁqgglhgadﬁggt%E%hgﬁsgdan
characterlstlcqhﬂnﬂﬂtﬁyhﬁtﬂQQB|dh§&k§¥m§°a@n@ﬁ99bGppwﬁrﬁﬂogameans

di gi tal -to-analgg %Wx%':lﬂg' Hﬂ%a'&%tp%%' eflzaid a&%lﬂﬁlc'f&'l?:&&- %bs‘&nbe' ng
coupl ed to said anal og-to- al ..conver si on. neans. A circuit as

clai med iV O aidRal@s lﬂ}q§ﬂﬁ qmﬁleoﬁPﬂo rPGSFE“ﬁE&ﬁ?“F&ra&?ﬂ?@?ﬁﬁ a
coefficient comigails. cmi:acvr@mitiz@atsdidahms.ogn&bm@geg so.gnmedot an -

. analog current having a high output impedance
characteristic relative to the impedance at the output

of said digital-to—analog converSion ‘means, said’
15 analog’ current also being coupled to said analog-to- '_ \)-
i digital conversion means. '
_ 11. A circuit as claimed in’ Claim 10, and
‘ ~including control logic means for . deriving a coefficient
| control data signal, said data signal being coupled to
20 - said digital filter to vary said filter coefficients in
accordance with said control signal, said control logic
including means for generating a reference such that
said digital filter coefficients are varied to minimize
the error betWeen_the digital filter output and said
25 reference.. : | |
- 12. - A circuit as claimed in Claim 11, wherein
said control logic includes means for deriving a digital
representation of a line impedance,_and means for loading
said digital representation into memory for storage.
30 o 13. . A circuit as claimed in Claim 12 including
means for initializing the digital filter coeffiCients
‘with said stored digital,representation, 'such that fast



20 said digital filter to vary said filter coefficientsinaceordance
with said control si.gnal, said control |ogic |nclud| ratln
a reference such that sai d di gital filter coefficie ﬂ,@ﬂm , uTﬁﬂ
minimze the error between the digital filter output -and sai
reference. 12. A-<circuit as.claimed in Caim11l, wherein said control
| ogi ¢ includes neans for deriving a dlgltal representation of a line
i npedance, and neans for | oading said <izgtal representatlon into menory
for storage it .as in Claim , i.ncl] udi ng-
means—f or m?ﬂ‘ﬁ”i?ﬁﬁ"?h&s c?ﬁ?‘ffiée$% r%%lﬂ%e%qq? clor ed
digital represteenttap, coeffichents o the sﬁi-timwﬁemamnﬂ§ florovi ded
by  hol ding the ter ficients as the starting .
coefflC|entsgfgggggég%seqéggéf%qua éég?téiéailon 14. Acircuit as
claimed in dai m114.cohf¢cipewtt 5as cxaimsdlia Claim 115, obrfiirguxed f or
autonatscaII¥ dhgligil¥hfgnthe3|2|ng an output matching line termnating
i npedance, stantlal s described ' with reference to the acconpanyi ng
dr awi ngs. : . circult for automatically digitally

synthesizing an output matchlng line terminating

1mpedance, substantially as described with reference

to the accompanying drawings.

T



