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- BACKGROUND OF THE | NVENTI ON 1. Field of the Invention.
This invention relates in general to digital filtering, and nore
particularly to conbi ned parall el allaptive equalizer/echo canceller
that mnimzes nenory requirenents and circuit conplexity. 5
2. Description of Related Art. "Communi cation” is the
exchange of thoughts, opinions, ideas, and information. It is the
nmeans to socialize, do business, educate, and entertain. Commruni cati on

can take many fornms, such as spoken words, witten letters, or 10 synbols.
Al t hough face to face comrunication is often desirable, it is often not
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society. It is for this.reason t hat i nformation, or data, is sent over

conmmuni cations "channel s B’A@KG’RWOFTHE ENTIO A conmmuni cati ons
channel is a single pat h 15 signal, such as
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are used tcreqameinamsandcnémtcmnplemmver a tel ephone line; nodens 20 use
signals o transnmt data between conputers; signals are constantly sent
bet ween the CPU_and _ di sk storae device in a personal conputer; and
signals represenging D pepfRelatedl Asbund are transnmitted froma

television carrerecermlﬁhﬁ&mh@lsem{aﬁgé 8 @Buglls, opiniond! a8 i S i ving
roomthat coyl d be thousands o tgnal di stortion
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A communications channel is a single path for transmitting an electrical
15  signal, such as a twisted wire-pair cable, or a fiber optic line. A signal is a physical
representation of data, such as the eleétrical pulses which are used to correspond to
digital logic levels.
Signals are sent, or transmitted, in a tremendous variety of forms. For
example, signals are used to send voice information over a telephone line; modems
20  use signals to transmit data between computers; signals are constantly sent between
the CPU and disk storage device in a personal computer; and signals representing
images and sound are transmitted from a television camera on-site, to the television in
a viewer’s living room that could be thousands of miles away.
Signal distortion or degradation is a significant problem in the field of
25 communications. Any real communications channel has transmission deficiencies,
including various kinds of noise and interference, which distort the signal. For
example, static noise (caused by natural electric disturbances in the atmosphere) and
thermal noise (caused by the random motion of electrons in the channel) are present to
some extent in any communications channel. Intersymbol interference (degradation
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caused by inperfect channels) can also bge a major problem In short, there

are frany ' reasons why a signal that is sent may be unrecR%g'é/ﬁs%gl e when ,
it is re¥B4P369 Thus, transnission defici encF&s 1
corrected so that the signal received is the sane as the one that was

sent, and valuable information is not lost. This 5 correction can be
acconpl i shed by the signal receiver, thrdugh a process known as

equal i zati on. Equal i zation is the process of correcting a
channel for its transm ssion deficiencies, by introducing networks
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filter, andand thensubactedfroinithe ccitverignal itself cThecomprnsation cireuitds feddty an
adaptive fi bB&rthé‘gﬁgigtalesignélwbEﬁ‘ahéinﬁﬁh%ﬁ&%@Mdﬁﬂ@@nh%afﬂ:@uﬁé dfteBthedut put
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25 have a means of monitoring its own frequency response characteristics and a means of
varying its own parameters by closed loop action, in order to attain optimal
equalization or echo cancellation. Such a self-adjusting filter is called an adaptive
filter, and it can be used in a channel receiver. The parameters of an adaptive filter are
typically adjusted by sampling the filter output at a predetermined rate, and sending

30 this sampled output to some filter control means, which adjusts filter parameters
accordingly via closed loop feedback. '

Commonly, a feed forward equalizer or echo canceller has weighted summed
delayed versions of an input signal, which are used to derive an error signal. Further,
known Least Means Square (LMS) algorithms have generally been implemented to

35 negate the effects of channel-induced intersymbol interference and to promote
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2A transm ssion over two-wire communciation facilities with full
bandwi dth utilization for each ‘transm ssion direction,
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SUMMARY OF THE INVENTION

To overcome the limitations in the prior art described above, and to overcome

other limitations that will become apparent upon reading and understanding the
25  present specification, the present invention discloses digital filter.

The present invention solves the above-described problems by providing a
combined parallel adaptive equalizer/echo canceller that minimizes memory
requirements and circuit complexity.

A system in accordance with the principles of the present invention includes at

30 least one transverse finite impulse response filter receiving a plurality of taps from a
data input signal that are processed using tap coefficients to produce a plurality of tap
outputs, an additive pipeline for receiving the tap outputs and processing the tap
outputs through the pipeline to produce an output signal and a coefficient processor
for calculating updated tap coefficients, the update tap coefficients calculated using an

35  error signal and delayed versions of the input signal.




A, system in accordance with the principles of the present invention
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invention.

BRIEF DESCRIPTION OF THE DRAWINGS
30 Referring now to the drawings in which like reference numbers represent
corresponding parts throughout:
Fig. 1 illustrates a transverse Finite Impulse Response (FIR) filter;
Fig. 2 illustrates multiple independent FIR filters of the same length combined
in a transverse architecture according to the present invention; and
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150. 25 Transverse Finite Impulse Response (FIR) filters 100 are known to provide
distinct advantages in terms of paraliel hardware implementations. Since, the input
data 102 is broadcast to all multipliers 110118 in the filter 100, the input data 102 can
be precoded for the multiplication operation and then broadcast. This saves the step
of precoding the data in each multiplier 110-118 in the FIR taps. In addition, the
30  output 150 is pipelined so that the filter 100 can be operated at high clock rates. The
most recent tap 170 in the FIR filter 100 is just prior to the final cutput 150.
Therefore, the latency of the filter is minimized. In applications such as Ethernet
where latency is a critical issue, this provides an added advantage.
Fig. 2 illustrates multiple independent FIR filters of the same length combined
35 in a transverse architecture 200. Multiple independent FIR filters of the same length
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conpl exi ty. Acgsordingtathe presest inyentiang thermombingd BIR filier strugture wi madesfllyy d, 30
Qerr][K] = aGhfivel dskngldeldyea TS| doeficiint aliSfthtion. Mokt AMS :ﬂia&tatio : .
In particular, if 'ilge Ee! aﬁ dis c_gﬁ*serl 0 @e "ﬁ+| ength of FI flflter" I n
t he t r ansvérdl T | erorfk-d i} ?‘ecé"fﬁ -l-phe adaptation can al so be
done in2a siwher@theptrcdeffidient at step krig bompiited it terhhs of tiee error at step [k-1]and

alpha () is a negative adaptation factor.

Typically, in high speed applications, the term “o * errorfk-1]” isreduced to a
small fixed precision number, e.g., 3 bits, such that the adaptation hardware is

-~

negligible in complexity. In a delayed LMS coefficient adaptation, e.g., with delay d,
30 C,[k} = C,[k-1] + errorfk-1-d]* o * data[k-1-n-d].

In particular, if the delay d is chosen to be “1-+ength of FIR filter” in the
transverse FIR filter architecture, the adaptation can also be done in a similar parallel
transverse structure. : .

Fig. 3 illustrates Multiple Independent FIR filters for calculating delayed LMS

35 coefficients 300 for use in the FIR 200 of Fig. 2. In Fig. 3, the computed error 366 is



Fig. ;3 illustrates Miltiple Independent FIRfilters for calcul atlng del ayed
LMS 35 coefficients 300 for use in the FIR 200 of Fig. 2. Pl Géddrosssa L e
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fed into a register chain 340-344. For purpose of illustration, a three
regi ster chain 340-344 is shown in Big. 3. However, those skilled in
the art will recognize that the | engt h of the reglster chai n 340- 344
Is selected so that the coefficients 324-328, 394- 398 correspond to

the coeffi cianhfo v lszéf?cha%zmgm [Fdripurpode of [Ihathtic, atthree trégister thatn s 5

320. 332, 300346348 “%ﬁ@ Fleohibievg: por S i BERII e R hipe D °
chai n 340- 3khgtinofiheregistet dhmin 340-344 isselectedrsodhattheoeoefficichis 334338, 39 t he
dat a ter m 306y o 308p0TRS, ARSHENRIGR 22034 BB oot in FiDY 1R%kuAlind B s

adaptive fi are pdat éd si nul't y usl

output of tB@2,E04are pxighdadde cels‘f&laﬁe %Wémoréépfe@éﬂi‘i}@f% ?39;32@; %%Pral
[k-1-d]") of %OThé Eﬁmﬁﬁfeﬂ'eﬁ%k 3@@isafe§‘iﬁt6@'i§re§féfbr cREIR. 340334 \tpdakiede the

coefficients 324- 98 are rig
coefficient §r022¥1°‘2‘2§at1@'9ﬂf§9§“i°ﬁa‘?41@efqaiact§?n gég’d%# Igﬁlj cben(%s 9?4'13%§’m t he
next output 3951398 ofthe two adaptivé filtersr308) 304 arb¢henaupidiated simultaneously usingessar y

adaptive filter %1;8% r”r%g&%é?'&hanp 340-343 a?lﬁﬁéla??@ggﬁsio% Qﬂtalgl?qdri]ef yprd

and feedbacﬁheq a single rep

M ni numieuniter omgmail qm strramsci(i6s 308.sThe @dalfﬁde@eﬁ@@W 324388.3MbIeare
transverse Bl L{sje{ftﬁ or; C Bh&lﬁgtc%ﬁme-m@zm 904208 hsRITHte2 00 REFYLD t8f t he

transverse Itecture facilitates the adaptation nodifications
t her eby r esdomm thy next pREEL25 benefits. The adaptation method al so nakes

use of the transvgrsafnrl} thé bbmbmauon of all piieseey adaptive filtering Shrctions msihi on.

Thi | t th
dsetul i agpFRI T ERLR, fe Rl Sz LY il el 2 1 TS
t he systiem insaczo-tay withainirharemamniten of pipeline registers areintegratas ipto acombineder se
FIR [l ter %&r&cﬂﬁ fillf eﬂ'ﬁiu@% € OTH Siitlebdnt hindiware advant¥géd bfithe Han$epse0di Ng

functions an reduce war e requl regents. The conbl nat 1 on of

f eedf or war d FIReschiteskure fasalitates thepdaptation mpsifications therebyfesiting 1 thetee. 25

r eloeat abl ehfﬁéﬁéﬂtst %e%&ﬁaﬁ&ﬁﬁﬁtﬁoﬂ%lﬂd‘fﬁhl@dﬁ&ﬂé afﬂ@mnﬁvamel:mﬁmn ecture on -
silicon. The nat ur,e ure
neets a cri tqrﬁlHTecT\E%H‘ ?Hara}lelr?asrla%% l%ﬁ?:ﬁmggsq& "na}r%sr %et or
Fast Et hpor neirchiteetute hhid isothes aselﬁxn mlapphgatlohs suvh as Ethem@y&,he@mhesovgraihj or

consi derati pdescription.of the exenplary
enbodi ment 3?“%‘%#%&?“‘““ %‘8{ ﬁ%iéa{g% presented for the pur oses of

r-»-

illustration and 'ﬂhsusqqﬁammsvwsefglmrmhmwml fles commonal ustive or
to limt the, g %&h@ﬁﬁ&&u&%dﬂc@sﬁ&hﬁa@% &Pdiﬂeﬂ@dl‘ﬁd cations
and vari ati ons

f bove. teach ded
O it SE bbbk w46 K Qe 4§

descri ptdson, rebb&tabla&ﬂimo-k’ap ﬂlkteeasbsathenmplementatmnpﬁ‘ riskeatchitec@re on silicon. The
inherent minimum latency nature of the architecture meets a critical need in
applications such as Gigabit Ethernet or Fast Ethernet where the overall latency of the
system is a major consideration.
The foregoing description of the exemplary embodiment of the invention has
30  been presented for the purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise form disclosed. Many modifications
and variations are possible in light of the above teaching. It is intended that the scope
of the invention be limited not with this detailed description, but rather by the claims
appended hereto.



VWHAT .I' S CLAMED | S: 1. A conbi ned, parallel adaptive
equali zer/ echo cancel | er, conpri sing: : ) a plurality of

transverwe 98i4as6% i npul se response filters (202, 204), eachPETUEE/05854
receiving an input signal (206, 208) and providing n tap signals to n

multipliers 5 (210-218), wherein each multipli rovides a tap output
signal (270) resulting from t he pgoduct of Ma tap
coefficient (220-226); an iterative, H’ ' led to the
plurality of filters, the iterative pipeline ' aﬂm”@g’”éﬁﬁi#,"l
registers ( < haxi n i nput and an out put ‘and n¢ aade
(230-238), %’gﬂﬁb&mlsm n-1 registers is disposed betvr\‘/eers] _t\7vo of the
n adders 10 Wi t h Acomhingli patsllel adaptiveieanabiver/ashe aapcshers somprisiag: i nput
adder s having o Tire; ¢ Baisvele finite ipphiErispBhe Miteh, LR RehiRcsc T © i gnal <
. . . . . ut pu [ s

from each CHIRUNE T6FRANSE %it?' wspeiving aRlurality ?ﬁctﬁpst éOMﬁ}%Q%@PnglgBﬁ@@Bﬁtm ers
?Ed a sggor&eﬂmaﬁt afs@dcidt_eﬁ_eﬂimieam tapdoppofikding b plutalityfof tdpeoutpitsy egi ﬁt ers,

e n adders r-ovi di as ignal, representing @a.sumof the
recei ved tap out%?‘d‘guﬁﬁgﬁpgﬂg‘?’gﬂ?ﬁ%% ﬁggbr?agfonfi@%‘fe&%amﬁeﬁmﬁﬁster ansver se
finite i npulesponse filtender fectivingsthatap dutputeandprocessingrihe tap outputothrowgh the 1

regi sters; : .,chent processor (300), coupled to the
filters, fo@Bglé?ectt?lpé?‘li%cge atlepodl égfgﬁ%aﬁ& coefficients, the update tap
coef ficients cal agpeffisientipronessan cewpled tasthg atleastang rapsigrse finite impasey ed

ver si onfy of rekhéhst FMet, for edlatlatink§pdatdip coetficients, the update tap cbefficientd he

s . .
combi ned, - pafallh AR o SHMAY et SRS SRS S bl L™ 1

2. The combined, parallel adaptive equalizer/echo canceller of claim 1
wherein a most recent tap output is received by the pipeline one cycle from the output
15 signal. o

3. The combined, parallel adaptive equalizer/echo canceller of claim 1
wherein each filter receives an input signal and provides n tap signals to
corresponding n multipliers, wherein the nth niultiplier provides an nth tap output

20  signal resulting from the product of the nth tap signal and an nth tap coefficient.

4. The combined, parallel adaptive equalizer/echo canceller of claim 3
wherein the pipeline further comprises n adders having inputs for receiving the n tap
output signals and an output for providing a sum signal representing the sum of the n

25  received tap output signals and n-1 registers having an input and an output, the input
of each register being coupled to an output of an output of an adder and the output of
each register being passed to an inpﬁt of a next one of the adders in a pipeline manner
according to a next cycle. ' '

30 5. The combined, parallel adaptive equalizer/echo canceller of claim 4
wherein a most recent tap output is received by the pipeline one cycle from the output

signal.
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V\,herer nafirst tap output (70) | pi peline one cycle
before t ou si gnal - l‘iﬁﬂ‘!{[ ‘L! m The
conbi ned,“Fop%ﬁ/‘ﬁ’E?el adapti ve equal [ E el er of cl al?crrlt‘ §b8/05854

wherein the error signal conprises a product of a calculated error and a

negative adaptation factor. 4. The conbi ned, .
paral l el adaptive equalizer/echo cancellgr of claim3 wherei n the
delay is equal to a sumof one cycle and a length of the at | east one
transverse finite inpul se response filter. 5. ° The

conbi ned, paral & ad@hé wmbmdﬁbarilﬁﬂb&@iﬁe@ﬁﬂﬁdrﬁéh@émﬁbﬂérmfﬂaiﬁﬂl

ther i1 € abibind gt BBle bR AU B g 0aHB R0 B b
6. A netdlogthdép putput sigmals.par al | el adapt ive equal i zation and echo
cancel | ati on, conprising the steps of: 15 receiving I nput
signals (206-208) at a plurality of transverse finite inpuls
filters5(202-204Y;  Thecombined, paraligliadentive aqnelizenischo eargﬁléwf&ial@abh
transver se hétbin@ht BRU §igndlidobiprisks4 frodubl af Bdaldlated error and’d négaBive! gnal s;

adaptation factor.

8. The combined, parallel adaptive equalizer/echo canceller of claim 7
10  wherein the delay is equal to a sum of one cycle and a length of the at least one
transverse finite impulse response filters. |

9. The combined, parallel adaptive equalizer/echo canceller of claim 1
wherein the delay is equal to a sum of one cycle and a length of the at least one
15  transverse finite impulse response filters.

10. A combined, parallel adaptive equalizer/echo canceller, comprising:
a plurality of transverse finite impulse filters, each filter receiving an input
signal and providing a plurality of tap signals to a corresponding plurality of |
20 multipliers, wherein each multiplier provides a tap output signal resulting from the
product of the tap signals and a tap coefficient;
an iterative pipeline, coupled to the filters, the pipeline comprising adders
having inputs for receiving tap output signals and an output for providing a sum signal
representing the sum of the received tap output signals and a plurality of registers
25  having an input and an output, the input of each register being coupled to an output of
an output of an adder and the output of each register being passed to an input of a next
one of the adders in a pipeline manner according to a next cycle; and
a coefficient processor, coupled to the filters, for calculating updated tap
coefficients, the update tap coefficients calculated using an error signal and delayed
30  versions of the input signal. |

11.  The combined, parallel adaptive equalizer/echo canceller of claim 10
" wherein a most recent tap output is received by the pipeline one cycle from the output
signal.
35
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mul ti plying (210 218) each of the tap si gnal S fﬂgiﬂh transverse finite

i mpul’se 20 filter by a tap coeffj \M‘nm to produce a tap
out put Sivamas/43369 ' recel\A t si grREEUSISNFRIhe

plurality of transverse finite | mpul s& ¢ filters at adders (230-238)
In an iterative pipeline, providing a sumsignal fromthe
adders representing the sumof the receiygd tap output signals and
an output fromone of the plurality of registers (240-246)

10 havi ng an input and an out put, the input of ‘each regi ster bei ng

oo an Bt e somoinglpRALEl Bbtd ERafPho FenS B of 4Bt Fhones
accordi ng t whardisie plpdine coantises n adders for recec'mhg tdpadutputs Lﬁmlranedulhahers
coeffic! ent ?Hﬂhgﬁﬁxx?fz&gﬂtﬁh&&&%ce@%%%ﬁm ﬁﬂé‘)ﬁ the s update tap

ca 6

coefficient ng an error S|g ) and del ayed versions of
the input signal (306, 308). The nmethod of claim®6
wherein fhe errornssi gnple B 9&&@5&9&% ecﬁ.fahzer/echo%aﬁééﬂl@ﬂbﬂélﬁﬂn o' or
and a negative gdaptation factor e% met hod of
B e e Al Gl EreL aises B pradust f  palfulptel emor and B LERAR

adaptation factor.

14. . The combined, parallel adaptive equalizer/echo canceller of claim 13
10  wherein the delay is equal to a sum of one cycle and a length of the at least one
transverse finite impulse response filters.

15.  The combined, parallel adaptive equalizer/echo canceller of claim 10
wherein the delay is equal to a sum of one cycle and a length of the at least one
15. transverse finite impulse response filters.

16. A method of providing parallel adaptive equalization and echo
cancellation, comprising the steps of: '
receiving at least one input signal;
20 splitting the at least one input signal into n taps;
multiplying the n taps by corresponding n tap coefficients to produce n tap
output signals;
processing the n tap output signals through an additive plpelme to produce a
filter output signal, the additive pipeline providing low latency by processing an nth
25  most recent tap output signal n clock cycles from the filter output signal; and
calculating updated tap coefficients, the updated tap coefficients calculated
using an error signal and delayed versions of the input signal.

17.  The method of claim 16 wherein the error signal comprises a product
30 of acalculdted error and a negative adaptation factor.

18.  The method of claim 17 wherein the delay is equal to a sum of n+1

" en ) i




