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the amount of crosstalk in the MIMO channel. One technique to assist in reducing

crosstalk is to perform channel estimation of the MIMO channel. Improved channel
estimation may result in improved performance of the MIMO system. Consequently,

there may be need for improvements in such techniques in a device or network.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter regarded as the embodiments is particularly pointed out and
distinctly claimed in the concluding portion of the specification. The embodiments,
however, both as to organization and method of operation, together with objects,
features, and advantages thereof, may best be understood by reference to the following
detailed description when read with the accompanying drawings in which:

FIG. 1 illustrates a MIMO system suitable for practicing one embodiment;
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FIG. 7 is a first graph illustrating the performance of a channel estimator in
accordance with one embodiment;

FIG. 8 is a second graph illustrating the performance of a channel estimator in
accordance with one embodiment; and

FIG. 9 is a third graph illustrating the performance of a channel estimator in

accordance with one embodiment,

DETAILED DESCRIPTION

The embodiments may be directed to a method and apparatus to perform
channel estimation for a communication system. The channel estimation technique may
be used, for example, to suppress crosstalk in a communication system utilizing a full

duplex communications medium such as copper wire twisted pairs, radio-frequencies
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ultimate crosstalk suppression level. As a result, the embodiment may use the same
equalizer for all outputs of the crosstalk suppression scheme.

Numerous specific details may be set forth herein to provide a thorough
understanding of the embodiments of the invention. It will be understood by those
skilled in the art, however, that the embodiments of the invention may be practiced
without these specific details. In other instances, well-known methods, procedures,
components and circuits have not been described in detail so as not to obscure the
embodiments of the invention. It can be appreciated that the specific structural and

functional details disclosed herein may be representative and do not necessarily limit

the scope of the invention.
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comprise “media information.” Media information may refer to any data representing
content meant for a user. Examples of content may include, for example, data from a
voice conversation, videoconference, streaming video, electronic mail (“email”)
message, voice mail message, alphanumeric symbols, graphics, image, video, text and
so forth. Data from a voice conversation may be, for example, speech information,
silence periods, background noise, comfort noise, tones and so forth. Another type of
information may comprise “control information.” Control information may refer to any

data representing commands, instructions or control words meant for an automated

system. For example, control information may be used to route media information
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system 100 may further comprise the devices and interfaces to convert the signals
carried from a wired communications medium to RF signals. Examples of such devices
and interfaces may include omni-directional antennas and wireless RF transceivers.
The embodiments are not limited in this context.

In one embodiment, the network nodes may communicate information to each
other in the form of packets. A packet in this context may refer to a set of information
of a limited length, with the length typically represented in terms of bits or bytes. An
example of a packet length might be 1000 bytes. The packets may be communicated in
accordance with one or more packet protocols. For example, in one embodiment the

packet protocols may include one or more Internet protocols, such as the Transmission
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Gigabit Ethernet devices may be implemented as part of a network interface card (NIC),
for example. More particularly, network node 120 may comprise a set of equalizers (1-
N) 102, a CFM (CFM) 104, a set of transmitter/receivers (“transceivers”) (1-N) 106,
and a channel estimator 116. Network node 122 may have a similar structure to
network 120, and may comprise a set of equalizers (1-M) 114, a CFM 112, a set of
transceivers (1-M) 110, and a channel estimator 118. In a typical implementation, M
and N are normally equal, although the embodiments are not necessarily limited in this
context. Network nodes 120 and 122 may communicate information between each
other using a MIMO channel 108. Although only two network nodes and one MIMO

channel are shown in FIG. 1 for purposes of clarity, it can be appreciated that any
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training phase in an attempt to characterize MIMO channel 108. Channel estimators
116 and 118 may control or assist in the training phase. Signals may be communicated
between the respective transmitters and receivers, and at least one characteristic of
MIMO channel 108 may be measured, such as channel impulse responses, amplitude
levels, shapes of the signals, signal distortion, crosstalk impulse responses, temporal
shifts and delays, and so forth. The communicated signals received by the receiving
device are predetermined signals, and deviancies from the expected values are noted by
the receiving device.

One factor that can result in deviancies is crosstalk noise. Crosstalk noise, such

as FEXT noise, may result when the energy from a signal in one communications path
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and 112, respectively. CFMs 104 and 112 may use the channel impulse response values
to assist in creating an appropriate filter for suppressing the crosstalk noise. The
channel estimate scheme may be discussed in more detail with reference to FIGS. 5-9.
In one embodiment, for example, CFMs 104 and 112 may receive the CIR
estimate from channel estimators 116 and 118, respectively. Each CFM may use the
CIR estimate to synthesize or create a filter to assist in reducing or canceling crosstalk
noise at a receiver coupled to MIMO channel 108. Therefore, in one embodiment the

filter may be synthesized after the training phase. CFMs 104 and 112 may be discussed

in more detail with reference to FIG. 2.



noi se at a receiver coupled to M MO channel 108.

Therefore, in one enbodinent the filter may be
waynshasiyed after the training phase. CFMs 10RCERU2004/200037

may be discussed in nore detail with reference to

FIG 2. WD 2005/ 076555 PCT/ RU2004/ 000037 9 Channel

Filtering FIG 2 may illustrate a CFMin accordance

wi t h Shanmelfileriag: " FlG 2 may illustrate a CFM 200.

CFM may be representative of, for exanple, CFMs 104

and 1REG. 2 may athestratebo € e it accadyncpwithwpe eohpdinent.o fEG. 2 may

or nore nodul es. For exanple, in one enbodi nent 200

ithytrae a[tEiM @08. Cirvbnely benppilesentates pdnfoe eX(ohity, CEMsi1R4 and 112.

generator 202, a crosstal k suppression filter (CSF)

Rbhd EmB&NReAt TFM D0 AR c@npridet &fe @O0Bore MbHMNBHIFor example, in
t hese nodul es nay be described by way of exanple, it

A0 RBE TP e RBERA o (L3R CITABE Cforcr
MIE 1 SEOSEofh HcEH AL SN0 O B 206

description, one or nore circuits, components, )
Althpughethese moguiesananpe dessubed iy ways obexaiipla discande agpigciated that
conbi nation thereof could be substituted for one,

s gwatetlor lasseraiumbef of medutosiulag de udsd sitbstill fahl WltlGn tig scope of the
CIR matri x generator 202 nay receive one or nore

BmBsdifRAtsY alFufther{ @ltBoughTaas Bmbodialeanhed bedPWes&ibed in terms of
responses) froma channel estimator, such as channel

SRbAJTBIOLS fAdifit-A de éi(og’I RnfBbf iﬁorgeﬁﬁlﬁ%gcgﬁﬁé?%. registers,

use the neasured va S) to construct a

Iarg)ggsgf%ﬁs g%ﬁ"g%ge qu u 'Irl]eesc gﬁ%ﬂ%b‘%‘b?“&ﬁgﬁé%?gﬁ cio@@%bg gubstituted for

M MO channel 108 alters the signal that is being

preseverals @rlkRfithe@edelg® endpoi nt's, such as network

nodes 120 and 122. Wth any practical channel the

i nevi Aabdhewhi Int EIGng, €flRewptrin Benecators 802 mpy aewtiivegond or more
i ndi vidual data synbols passing through the

AR CaltdsoRS. chedsnad. chie] Ghpuls@tdsponsas)t festaschaanel estimator,
such as channel estimators 116 and 118. CIR matrix generator 202 may use the
measured value(s) to construct a CIR matrix.

In one embodiment, the CIR matrix may represent a description of how a
communication medium such as MIMO channel 108 alters the signal that is being
transmitted between two endpoints, such as network nodes 120 and 122. With any
practical channel the inevitable filtering effect will cause a spreading of individual data
symbols passing through the communications channel. The CIR matrix attempts to
characterize or describe how the propagation of a transmitted signal induces a signal at
the receiver. It is possible to express the channel in terms of an impulse response, that

is, the signal that would be received were an impulse to be transmitted. In one

embodiment, for example, the CIR matrix may characterize MIMO channel 108 as a



characterize or describe how the propagation of a
transmtted signal induces a signal at the receiver.

WO 2005076565 si bl e t 0o express the channel in ter ®CTHRUZN04/000037
i mpul se response, that 1is, the signal that would be
received were an inpulse to b transmtted. In one
enbaodi nment, for exanple, the CIR matrjix may _ . .
ESTSFiS AF WP LMD AP SYBEm £omRoss SAd0tPditsmpulse response
PCT/ RU2004/ 000037 10 generic N-input and M output M MO
GJB) éittesopused iof mBrik£prfii Kince thnG IR swatrie spgamsmted, CIR matrix
(FIR) filters expressed in matrix form Once the CIR
gelefdtor 102 IQN&ha tiRdgenela® dEIR inXtrixQ6 CSFah@tix 2@ Beramy 204,
send the generated CIR matrix to CSF matri x generator

204. {p oQﬂE gm%ﬂgﬂ%ge(%l? nfabix @ﬁ&jaf&r %ﬁ%@}t’ 95061?\%4%@?%1)5 matrix.

recei ve t matri x. CSF™matrix generator 20
erat.e a CSF rix using t eceived R mat.ri :

%ﬁg X rgg{l?rfit)?r @y mady pgeélgr get a Iat%rﬁﬁn? Tx using the regeived*CIR matrix.
onstructed using the CIR val ue approxi mpted by t

FRR UGS (et TRE TERIESSRR( FRATT fﬁ%t%@éﬁ%ﬁ? uléinﬂgﬁiﬂhE?R values
CCRmatrix in an attenpt to reduce or elimnate o
amoesmatad tyghe KiRviltelsadhe ICSEogatrigne eynihpsizedpsingghe CIR matrix in
is generated, CSF matrix generator 204 may send the

geaesmptetd £8kcerat elidirtate clobdthlerfo2 MBIMONchangrel 108. Once the CSF
enbodi ment, filter 206 may receive the CSF matri x.

faatrbels 26l C8P&nathik §efethtof DA infayt &nflithd §Enet4108 TISF Katrix to
noi se fromone or nore data streans conmmuni cat ed

ﬁﬁ%ﬁﬂm'\/‘ MO channel 108. The C/IR matrix, CSF matrix and
I'Tter 206 may be described in nore detail with

reference to FJ.GS. and 4. The operajjians af st

100° aOBo bR Pl 6 e EF T BAl oF Ha e F Uifc 206 may use
to FIGS. 3 and 4 and acconpanyi ng exanples. Al though .

e S gatres tpfiberepossthlh apise Aronirage phatogeidata spgams eengyunicated
programmng logic, it can be appreciated that the

g MIMONghannelgil 68.neTled YCIRr omirce SCHIN meateinpdrel fitteh@06 may be
the general functionality described herein can be

d&sBliBaERRste dEMIIWIR refdréiRe 96 VRS ¥ f4@rammi ng | ogi ¢ does
not necessarily have to be executed in the order

pres eﬁ%‘ﬁ g]?#glji(ﬁﬁ%f g%@rﬁé’“l@@ aljlcp%(pﬁltc& Be @ UL 6B with reference

al tho
to FIGS. 3 and 4 and accompanying examples. Although the figures presented herein

may include a particular programming logic, it can be appreciated that the programming
logic merely provides an example of how the general functionality described herein can
be implemented. Further, the given programming logic does not necessarily have to be
executed in the order presented unless otherwise indicated. In addition, although the
given programming logic may be described herein as being implemented in the above-
referenced modules, it can be appreciated that the programming logic may be
implemented anywhere within the system and still fall within the scope of the

embodiments.



gi ven programm ng | ogic may be described herein as
being inplenmented in the above- referenced nodules, it

W@ 20050®58ppr eci at ed that the progranm ng | ogi CPGRRULE4/000037

i npl enent ed anywhere within the systemand still fall

within the scope of the enbodi nents. WO 2005/ 076555

11 PCT/ RU2004/ 000037 FIG 3 illustrates _a programm ng .

| ogi cFBn3 illystratecrprogiampvng logic 300 far FM in accordance with one
enbodi nent. As shown in progranmmng |logic 300, a CIR
erabodimentayApehmwt impriogdinahing Bogic 0802 CIR nGSHx meetyr hexestimated at
may be created based on the CIR matrix at bl ock 304.

Floek 302.RANGSF inkatéin thagHe dredted Kagedonhdy €1R Bathkla@block 304. The
structure and matrix dinension. A plurality of data

81K ‘?ﬁtﬂﬁx 5§ & HE thadtye Ena@ l@v@rw SilnifaP rstrﬁctMeNQlds }fﬁﬁmmﬁsmn A

be fil tered using the"CSF matrix to reduce crosstal

BoulsP Bt o2 Srefig bR %%%reé‘”éan@ forﬁae”%wﬁ? "?sé%ﬁﬁgwf
b I

e B en, e, Sl L5, B PO AL s may e

pararreters In one enbodinent, the CIR matri x may be
eanprirgt &g egmplet amEljasgroat!S] gignal. e filisheshdesd streams may then be
characteristic for the M MO channel. A plurality of

ealine by eneudraeort equedizes usilgehesing: oresymiler eggblizmbe Parameters.
based on the channel characteristic. The CIR matrix

My bR ofe! @R AmsR] g AIREMSBRINS] bd SRt Eﬁmﬁg at least one
el enents. The oper ation of systenms 100 and 200, an

%ﬁﬁ{larc%g{a e t?cgf(%qgéyﬁﬂm aﬂn@l Klpqﬁ'a}@' @‘y@nar‘}nel rﬂg}ﬁul@g response

way~ O exarrpl scusse

% ]gl\F/‘ r|1 tgusl qugchygﬁ%gf_e%tﬁ qgléacélmlﬁsg}ilt | b%piﬂﬁénamx may be

crosstal k noise froma M MO channel , such as M MO
ehetad using g@. cheogel ippylporssronse clericstsexanpl e, assume a
bi-directional G gabit Ethernet systemhaving a M MO
chann€he wperatien pfipydtamant) 4nd 20ppdisd thesprepevming logic shown in
system 100. Consider the general case of a |inear,

gl;/(ﬁ?g;?i'dV@ may 6k B MndbrdbdBby GAYHERkLABle OAsMiddissed previously,
CFM 200 may estimate a CIR matrix, and then synthesize a CSF matrix for use in
filtering crosstalk noise from a MIMO channel, such as MIMO channel 108. For
purposes of this example, assume a bi-directional Gigabit Ethernet system having a
MIMO channel with 4 inputs and 4 outputs, as shown in system 100. Consider the
general case of a linear, dispersive, and noisy digital communication MIMO system
with m, inputs and m, outputs. The signals at the j-th channel output (1< j<m,)
have the standard form:

my

Yi@) =Y by () ®s;(t) +n (1) )
i=1



with no inputs and no outputs. The signals at the j-th
channel output (1 < j< nb ) have the standard form

WQ 205976683 hij (t)(r)s1(t)+n,(t) (1) r=i WO 2085/RUBSEEH0037
12 PCT/ RU2004/ 000037 where y; (t) -i-th channel
output, h;. (t) -channel inpul2se response between the
j-th input and the i-th output, sl (t) - the j-th
whemng| (Di-rpuchainghabtpuh; 2,((1) -chapagl signpatset response thetween the j-th
output. In discrete formthe equation (1) nmay be

]Er‘t%\‘ll\{rlf‘i&n%%l{)ﬂﬁ ({‘% to\lg\fz(i) ,',V‘Reé i ch&b?eﬂ r%%p ’s{g%gf) g noise at the i-th

coefficients of finite inpul se response of the
egputval ent di screte-tine channel between the j-th
input and the i-th output, whose nenory is denoted by

: e n, ( Y, ar e ver si ons of
the sﬂ“t‘ etg:%%r(rt the egg}?té“)(gf%‘éb%quete}’?asggu(@?‘%upi ng
the received signals fromall no channel outputs into
a coI um,, \iector y(t) the equation (1) is expressed in

4 h *h)+ 6l s(t) +n(t), (3) where,
'(k() z Ov’ectors—(of t he r(egzel ved signals, H(t) - is
the nO x'm MM channel i mpul se response matri x,

g -nb x 1 vector of the transmtted signals, gh?
Wheige hyf@t or tap | gnieli cOBFoients f rHmitgeineRpliss: FQ?HOIES@) ofclyf p@uivalent
witten as foll ow ng:

discrete-time channel between the j-th input and the i-th output, whose memory is

denoted by L;, the s;(m) n,(m) y,(m) - are sampled versions of the s,(¢), n,(?),

U 3

v, (t) respectively.

By grouping the received signals from all m, channel outputs into a column

vector y(¢) the equation (1) is expressed in matrix form:
y() =H(#)®s(t) +n(s), (3)
where, y(#) myx1 vector of the received signals, H(¢)- is the myxm, MIMO

channel impulse response matrix, s(¢) -m, x1 vector of the transmitted signals, n(¢)-

noise vector.

In discrete form the equation (3) can be written as following:

y(k) = 3 H(m)s(k - m) + n(k) @
m=0

where v is the maximum length of all of the m, x m, channel impulse responses, i.¢.,
v=max,; L;. Note that in these notations the non-diagonal elements of the CIR

matrix H(z) represent the undesirable crosstalk impulse responses and introduce the



y(k) _t Hms(k - m + n(k) (4 MO0 where v is the
maxi mum |l ength of all of the no x nbo channel inpul se

WO 2BpOTees, i.e., Vv = maxi j L . Note that i nPGHREZ04/000037
not ati ons the non-di agonal elenments of the CCR matrix
H(t) represent the undesirabl® crosstal k i npul se
responses and introduce the WO 2005/ 076555 ) i
WOY9E s ovaigonw3 o1 rassiniog e vtk sigpalnrem theqadjacent pairs (or
crosstal k) into useful signal fromthe adjacent pairs
parallel spatal ckdnnslsdor wirelebraeomahsnifasronwiysteimg ssd these interferences are
comruni cation systen) and these interferences are
feptove¢@dy lgPFNEBHD 200. I n this exanpl e, assune that
system 100 reduces crosstal k noise by performng the
followi ng operations. As an initial matter, the _
over aln thishexamalle, assumgc that systane $0Q Fedusgsserasptall @oisp | ngrforming
be defined. Any given channel estimtion technique nay
the foHevirgoopetdatfdnee Ahendhisinhelattehahaoveanil shawsl chhmcteristics of
particul ar channel estimation technique used for a

§fswei 100 FHRIERS adfired. M Qﬁetﬂ@fahﬂﬁ@s@ﬂlaﬁ&ﬁtebwg&e @hy be used to
crosstal k suppression desired, which in turn depends

g{lﬁr;ertﬁ AL PhAr REPREEL 1 B O&Hi&ﬁ’%ri el e%]ﬁ?h&gn@chnique used for

annel estimation operation is tultilled,

S Sy b D5, PSS ML Bl on s,

matri x val ues approxi mated by the FIR filters, which
Whirhp tyra gepadp 0B theReCRIgRY BRBertisg phesimate.) . h no(t)
h,1(t) ... hij (t) ... h;, (t) ~hma J t) hmano (1))

(5) T@n?éjﬂ%r gﬁzﬁlngpgstﬁﬁe&ﬁ) .t@%elﬁltio& ﬁaﬁlﬁhl?éa?wlcoﬁpfe@bm matrix

a crosstalk suppression tilter t) nmay be applied to
rocess the received signals. This filter may be

%(h)t My beeepngpeigd @hehe receiver end. This matrix may contain a set of CIR

matrix values approximated by the FIR filters, which may be represented as follows:

ﬁll(t) };u(t) ﬁlrno(t)
H)=| hy() - k) - 0 | ©
];mol (t) o ﬁmoj tr ﬁmomo (t)

To suppress the crosstalk in each channel output, a crosstalk suppression filter Q(¢)
may be applied to process the received signals. This filter may be synthesized using the

CIR matrix ﬁ(z‘) .

The algorithm of the crosstalk filter Q(z) calculation may comprise several
stages. The following operations may calculate the elements g,(¢) i, j=1,...,m, of the

crosstalk suppression filter:



CIR matrix H(t). The algorithmof the crosstalk filter
Qt) calculation my conprise several stages. The
WO 205/0Wissy oper ati ons may cal cul ate the el enenkGI/BU2004/000037
(t) i, j =1,...,nD of the crosstalk suppression
filter: WD 2005/076555 PCT/ RU2004/000037 14 1. CR
matrix 11 (t) may be transposed. The transpose of the
ClR matrik mayChenmaix H(ax edybhe traitsposedarnfiengansposs of the CIR
and colums. 2. Each el enent of the obtained matrix
may b i [ } hor [ 1.or
cal CUFIS.?IH%%E¥ EEE%%%? B%i%rg%&g%gg’?%%% aitﬂg cglﬁlp I 'ed
instead of the nultiplication operation. 3. The sign
for the miBor vidchesemrenyt dfethdeatbeainedechtrix neysbesufsatuted on its
the m nor values may change from+ (plus) to - (m nus)

for ninyrs DMring 4 hendRddicuktith e tdHIBKEIBN opsradiof @SaPplied instead
of the above operations, a nb x no crosstalk

supprmggﬂ_‘hfié}gc%ﬁ{;lgg%?g@ﬁébe constructed. otai ned

such way e rx onpri ses the crosstal k
suppression filter. As shown above, the perfornmance

of the cro3st al Rhessippf@sthe amndi Vdlees may be eleyermped. tTie sign for
measur ed channel characteristics. Assum ng perfect

channgle KinewW 2685mayEMn e & oY (P16 Le(hlfﬁlrl]%t) ﬁ%ﬂ HindAL Rith the odd

crosstal k noise fromM channel "108.

noi se-free. channel the output of the crosstalk
suppr%‘ggf)gﬂldf"ﬁster can be written as: x(t) = Qt) (r)
y(t) = Qt) 0 Ht) 0 s(t) = ¢t) Ox s(t) (6) where no

Xs BorcBRt bF Xhd hbdveropekdtibnd)aS nf REn dLALGAR sufp?_f 1% ek ®Pmay be
same el enents g(t) on tRe mdin diagonal. Therefore

t he outguts of the matrix crosstal k suppression filter
eanstrugltGsst al k-free signals: x, (t)=g(t)(c)sd(t). (7)

Obtained such way the matrix Q(¢) comprises the crosstalk suppression filter.

As shown above, the performance of the crosstalk suppression filter may rely upon the
measured channel characteristics. Assuming perfect channel knowledge, CFM 200 may
completely eliminate crosstalk noise from MIMO channel 108. In the noise-free

channel the output of the crosstalk suppression filter can be written as:
x(1) = Q1) ®y(#) = Q1) @ H(r) ®s(t) = G(¢) ®s(¢) (6)

where m, x m, matrix filter G(¢) has the diagonal form with the same elements g(¢) on

the main diagonal. Therefore the outputs of the matrix crosstalk suppression filter are

crosstalk-free signals:

x;()=g)®s;(1). (7)



WD 2005/ 076555 15 PCT/ RU2004/ 000037 To furt her
descri be the operation of system 100, consider a

WO ewseressonpl ex case of a M MO system havi ng RGIRU2004/000037
i nputs and two outputs, without noise. In this case
equation (1) gives the rel atil@nshi p between input and
output signals in the formy, (t) = h" (t) (1)
h12 (Tg ﬁ(xf degeripe thwe{qtgon;ofwygtel(nt 1)00@cgn51ctqr)a lwsm@mplex case
(t) (r) S2 (t); (8) The CIR matrix nmay be represented
afSa H(IH\)IO:sy[sl’eﬁth}r(iﬂlg tiwd Agpyts nd ttvoh@2$PY, Withds swonsengln this case
perfect channel estimation, the crosstal k suppression

Edulatieh (NRYvdIthd RPIIGASTH 8etwan (Apln) ard ARAR)signalyhin (e forie

out put signals of this filter may be descrlbed by the
- h21(t) h" (t) follow ng equation: Xi

(t )73[(*)2—-2(1& M) (1) %(’ﬁ;%(tmﬂi(v) 5 ( E %82%(1;) ](S% S(l( ; ) X )((fg)( t)
rys
(9) &éﬁ”%%ﬁ%g‘iﬁi @ngz‘flg) t he out put signals nay

be crosstal k-free signals. Note that the conplete
i mpul se responses of both out puts e apgrés( mat el y
2

SHB
gg%ﬁlgdmgtr&t E{Egﬂf é{f{}@%@? {e? ﬁae cr oss i) () skp) S)S(I %ﬁmmg perfect

filter. FIG 4 is a graph |Ilustrat|ng t he performance

CFM d i . FLG_4
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channel conprising unshielded tw sted pair copper

h —dRift) | d,. f .
ﬁ( IG‘lrJ Fe;%ﬁg ﬁ| (:?ZG} gm 'Eléq,pwgu%m%%ﬂq} g% B’? lﬁ\],\tnerg{rn@& a(ilchrlbed by the

cabl e ystem free

following equation:

X,(8) = [y, (€Y ® by (£) =y (D) ® By ()] ® 5, (2)

x, () = [hn(t) @ hyy (1) = hy (1) ® hl2(t)]® $,(1) ®

As seen from equation (9), the output signals may be crosstalk-free signals.
Note that the complete impulse responses of both outputs are approximately equal. This
means that the same equalizers may be applied at the output of the crosstalk suppression

filter.

FIG. 4 is a graph illustrating the performance of a CFM in accordance with one
embodiment. FIG. 4 may illustrate the performance of a CFM using a MIMO channel
comprising unshielded twisted pair copper medium CAT-5 cable. FIG. 4 was plotted
for an Ethernet LAN system having 4 pairs of twisted pair cable. In such a system, free
transmitters may simultaneously induce crosstalk at the receiver end. A curve 402
illustrates the total crosstalk to useful signal ratio before using a CFM. A curve 404

illustrates the total crosstalk to useful signal ratio after using a CFM. As illustrated by



transmtters may sinultaneously induce crosstal k at

the receiver end. A curve 402 illustrates the total
W@ rwset@bk to useful signal ratio before usi ngPGI/REM04/800037
curve 404 illustrates the total crosstal k to useful

signal ratio after using a CAM As illustrated by WO

2005/ 076555 16 PCT/ RU2004/ 000037 FIG 4, the use of a

B 4p tsvisa ©F 2 GO reyiessupisrdis S4PpFFssign Sughhthet thggesidual crosstalk

residual crosstalk noise is | ess than the channel

nasse 1¢ss tlom. thChizannel ndistflovat i on As di scussed

previ ously, channel estinmators 116 and 118 may use a

channel estimation technique to estimate one or nore

characteristics of a channel, such as M MO channel

108 CRAnfei FBnErtionnannel estimators 116 and 118 may
inalte a O R estimate. The CIR estimate may then be

used crasst al ilteri odul e,

and RS P8R 5o g SRR 118 45, B i Mo Hchanne
reduci ng or cancel i ﬂ"%?é crosstal k noi se at.  a recejver

EHRtien EehmAua o RHIRS Oneelr MRES FRATRLFTIRMGE Tt cpppel, such as
CFM maﬁ/a i ncrease in accordance with the accuracy of

MM @rhenash 1G8atkor erpragle, hagneldisimatoss Sifcandahl 8 mpy estisepte a CIR
channel estimte technique. In one enbodi nent, channel

&simatat Dhs CIR @samate I8y they beasedi by hamosstalk ﬁisteﬂilmtﬂodnle, such as
techni que conprising a threshold schene for

CFM NopYmdased AhanaelsyntBsdizd Rt filRs- toAas@lsR lﬁ%aﬁ@ﬁge of®dnceling
be found by estlmatlng a M. estimate, and then

%ﬁgﬁteﬁk 2’1% dsgrat ar%{:éw ubﬂ'ﬁ tHLMﬁ\%b' é'fﬁht?eluﬁ)'@ dl?ecfgformance of the

schere. esu IS an | nprove

mate for a M I\/D channe such as annel 10
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unbi ased estimate. The M. estimte, however, rray be
disess Pedhapay igpyovied channel padienatofechiigd®ns. For exanpl e,
the ML estimte of a channel does not provide a
channbl ohengttodimentn chinehbssemawrofl 18 ampd dd8t svapi weeda channel
channel length, the M. estinate may use the maximm
LemiBh € teeAMGHe! comprising a threshold scheme for training-based channel
estimation. A CIR estimate may be found by estimating a ML estimate, and then
refining or improving the ML estimate using a threshold scheme. The result is an
improved CIR estimate for a MIMO channel, such as MIMO channel 108.

The ML estimate is known to be a minimum-variance unbiased estimate. The
ML estimate, however, may be unsatisfactory for a number of reasons. For example,
the ML estimate of a channel does not provide a channel length L. In the absence of a
predetermined channel length, the ML estimate may use the maximum possible channel
length. The real channel, however, can often be shorter then the maximum possible
channel length. In this case, the ML estimate may have false taps due to channel noise.

The impact of false taps on the accuracy of the CIR estimate will increase as the

difference between the length of the real channel and maximum possible channel length



| ength. The real channel, however, can often be
shorter then the maxi mum possi ble channel length. In

WQ kios/0ase, the ML estinmate may have fal se t apCTURE2004000037
channel noise. The inpact of false taps on the
accuracy of the CIR estimate Mil|l increase as the
di fference between the | ength of the real channel and
ipaseR$AIm [pnethsr exanplante MEfstimaigonay et vedess synimum variance of
PCT/ RU2004/ 000037 17 increases. In another exanple,
¢dtienakd. eewr i ifathe neiye ps Wawdsiam whité memey arlnapeeticf, however, the
estimate error if the noise is Gaussi an white noise.

batkproagd cEghneheyiey&in, betdiffere afeda GausiarCRBiIO £bisd) OF reexample, the
can be different from Gaussi an white noi se. For

AR in (Sg e b%hﬂl%@ AP B cb 88?@&3%5@%1%19% &9?@51&95 it is induced

conpri se ussian white noise since it is induced by

i ghal.s.fromoth cabl es. One enbodi nent may conpri se
gygﬁgﬂﬁgP q%?ﬁﬁﬁgsschene to conpensate for these and
ot her probl e The channel estimgte sche may use a
¢ hir osRBF EMPEHEHIT (Y FRFITIRE haDC MR Ehepe tg compensate for
result, channel estinmators 116 and 118 may generate a
thoscearsloathierareblomR db¢ icharmel estimatd scheme neayi useiarthreshold scheme to
techni ques. The CIR estimate may be used to reduce
s shallk évinmee.i Asa cooituchaaad]iatimaysd ¢hé usd Nd8 andyl Mderate a

channel, such as M MO channel 108. FIG 5 illustrates
ﬁ‘io{%l é&hra@é @R%@ﬁuﬁﬁte%el‘éh%‘ﬂﬁéxﬁﬁig‘ 88 quek N T3 QORI &tiéite may be
one enbodinent. FIG 5 illustrates a channe
I
ﬁ%@ tg%&ﬁeég)g%?l&hé)n{éq?l ve g‘# 'ci)“ro n ggﬁmﬁlgmg SIgIIrIme Hannel, such

est &1 1%6 ?nd 118. Channel estimator 500 may

@HW@%?E ang| 1083l ity of nodul es. Although these

nodul es be descri bed by way of exanple, it can be

appr eEI@t%tﬂrYlﬁthﬁGS ablgele diagranp pf # elanae! estimagnsrin ggcordance with one
nodul es may be used and still fall within the scope of
thbodineotdi RiEhtSillustrated fnehannal ¢slnimagh 500e Iennedinmexdiméraschannel
been described in ternms of "nodules" to facilitate

semedtoP3 000 May BR&repesdAtRre U] £ dxGmple) FRAMRNE&imator 116 and 118.
regi sters, processors, software subroutines, or any

ERMRIED ?&tt n?eﬂoxt f@ 1%?{1 081%51'19&: DOIRARS L i dRtbs’ X 1uRAAEh these modules

severa

may be described by way of example, it can be appreciated that a greater or lesser
number of modules may be used and still fall within the scope of the embodiments.
Further, although the embodiment has been described in terms of “modules” to facilitate
description, one or more circuits, components, registers, processors, software
subroutines, or any combination thereof could be substituted for one, several, or all of
the modules.

In one embodiment, channel estimator 500 may comprise a ML estimator 520.
ML estimator 520 may further comprise a filter 502 connected to a matrix transformer
504. ML estimator 520 may have access to a training sequence (TS) table 506. ML

estimator 520 may also be connected to a threshold generator 508 and a candidate CIR



t he nodul es. I n one enbodi nent, channel estimtor 500
may conprise a M. estimator 520. M. estimator 520 nay

WO enoshaissconprise a filter 502 connected to a MEEK/RU2004/000037
transformer 504. M estimator 520 may have access to
a training sequence (TS) tabll® 506. M. estimtor 520
may al so be connected to a threshgld generator 508 and
EFMEEAiRY) X181 BOUEORNS TS0 S9TBS Y 80 Sarhmthet RGBS aRaEenerator 510
generator 510, both of which are connected to each
o be comemthddataeﬁl@rlélée fektert I 8ayalsoragdsss dSriatdetS€6. tFalter 512
a filter 512. Filter 512 nmay al so access TS tabl e 506.
fhy ther bdnhectedytobe diamectaishlitor 14l sDistare callaildtat 614 may be
514. Distance cal culator 514 nay be connected to a

wnﬂbm}ds@}n%ff@h gél&tor'@l@' WM 36h §6lk&or §}165m'§91’)e B6nnected to CIR

connected to sel ector 518, The operation of

nel..es 0 e ni.b
Dhcb et if*aé‘.%%%én?%% CRpef e MOS0 B e Bl Upripge wi
of, the a ng logic performed by a channe
@g’(r?‘i?&ttg%%g% (ggncor dance with one enmbodiment. FIG 6
illustrates a programming |ogic 600. Progranmi ng
| ogi cFI6D0O iy blorkidlavatdiagnierait thenprogignpeing degic performed by a
channel estimation. For exanple, a first training
dagndanesimatyr bia newedanee aithbboekemb@Zment. MLFESt iGratlastrates a
of a channel inpulse response may be estimated using

blograbihdl 10818 GO0V G8ofrafiniihg %%@qa@m fusttdt® 6ker@fdns b perform
second training sequence nay be received at | ock

glgn l'%stl %ﬂgltl G ¢ I%Syfﬂ?ttt? i sg8ue% Li @éjré{%fvgg at block
e %L d écelveg

te an secon

gquengc at bloc 608. In e enbodi nent
el 321%@ PR oL 2 AL AmBYSY FPOF TGP he eF‘i“?‘%th using the first
recei ved training sequence using a filter. The filter
eagiverbirpiningreduanse eidlogk 604 A secend d@ining seauensg may be received at
sequence. The output of the filter may be a first set
bibcly 6@6.0AS$ Idastr ore CR estixnate lap baestimatedmyingehe ML estimate and the
transforned to formthe M estimate.

second received training sequence at block 608.

In one embodiment, the ML estimate may be estimated by filtering the first
received training sequence using a filter. The filter may be matched to the first received
training sequence. The output of the filter may be a first set of vectors for a matrix.
The matrix may be transformed to form the ML estimate.

In one embodiment, the CIR estimate may be estimated by receiving the ML
estimate. A set of threshold values may be generated using the ML estimate. A set of
candidate CIR estimate vectors may be generated using the threshold values. A CIR
estimate may be selected from the candidate CIR estimate vectors.

In one embodiment, the set of threshold values may be generated by solving the

following equation:



In one enbodi nent, the CIR estimte may be esti mated
by receiving the ML estimate. A set of threshold

W a0808%580y be generated using the M. esti mat ePCHRREZ104/000037

of candidate CIR estinmate vectors nmay be generated

using the threshold values. ACIR estinmate nay be

selected fromthe candidate CIR estimate vectors. In

one h)’(ﬂ‘l ment, the set of threshold val ues nmay be
eﬂéﬁéf—ed—by sol vi ng the follow ng equation: WO
2005/01‘7’6555 19 max| hM. k=QL-1 tj= N J

PCT/ RU2004/ 000037 where t=[t1,. tN] is a set of
whereshe[«ls,,j] & dlset.of ,thtesﬂoldl@pr%is,enﬂ\s Iarephesengla channel impulse
i mpul se response |ength, hM represents sai d M.

estimate, hk. represents the k-th tap of
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0, ,L-1. In one enbodi nent, the candidate CIR

@s‘@f&ﬂd@éﬁsai@&kﬁﬁeﬁ ifpYlsdRs @raﬁt:l%f* ®y..,.Lspl ving the
fol | ow ng equat i on: V\herlse&ﬂ [h, ,hINL ] is a

set O{ 5 gl#’lg@(ﬁl efrl, RhéE S diRl: dﬂat ; @&R est‘im%te vcc't(h's ntﬂz%y be Ig8nerated by

k-th | -th ¢andi esti mate vect
t=[tl,. ..t set of thresholds, and hM
?@%‘Pgﬁ%@yo%%‘?qﬁﬁt%tl mate. In one enbodiment, the

C R estimte may be selected fromthe candidate CIR
esti ‘yelp s, The first received training
#fednce, ilch’is known to the receiver, my be
fi1tded if knbimhe candi date CIR estimte vectors to
forma second set of vectors. A set of dlstance

val ues between_.the second set of vectors and th
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A m ni num di st ance val ue may be sel ected fromthe set

géi-glb?%%ﬁ&ée Q‘l{ue%%ma-tleh\e/ec ors, ?St[ [oes , N Ysegtsg{ omes%%lds, and h™
represents said ML estimate.

In one embodiment, the CIR estimate may be selected from the candidate CIR
estimate vectors. The first received training sequence, which is known to the receiver,
may be filtered using the candidate CIR estimate vectors to form a second set of
vectors. A set of distance values between the second set of vectors and the second
received training sequence may be determined. A minimum distance value may be
selected from the set of distance values. The CIR estimate vector may be selected using
the minimum distance value.

In one embodiment, the CIR estimate may be used to filter crosstalk from a
communication channel, such as MIMO channel 108, for example. The CIR estimate
may be received at a CFM to form a CIR matrix. A CSF matrix may be created based

on the CIR matrix. A plurality of data streams received over a channel for a MIMO



the m ni nrum di stance value. In one enbodi nent, the CIR
estimate may be used to filter crosstalk froma
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CSF matrix. The operation of system 500, and the

pr ogr ARFHPG atiSAYbCsySRAO0, AndF ke prografiying Deibelidved in FIG. 6, may
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chaaneli Hp- babe CIBhmaime mey thienestimated teing @I(HReestinerig generated by
may be derived froman M. estimate. Once the M.

eésinhelessgma®rgemer ated, it may be i nproved using a
threshol d techni que. Since the schene is

trai njn@id8a8hie, Chsnel BtRsdbremiRYmPemeROs BirB&dld scheme for

using a known training sequence and its correspondi ng
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receives the sanme training -~ sequence

| east twi ce. &p?e ai ni ng sequence be a, known :

R ARHEng CUEGuRHOML GITHRY ISQBAeraran! BG| hat Iovehasing @
received synbols of the TS transmtted for the first

threghodd techiyjauy. Sringerthe) seheme'ig trajning-basedytherCIR jespmate may be
obtained using a known training sequence and its corresponding observations. In
one embodiment, the threshold scheme transmits and receives the same training
sequence at least twice. The training sequence may be a known training sequence

optimal used for ML estimation.

The received symbols of the TS transmitted for the first time are:
L-1

=Y S +n, i=l. M -L+1 (10)
k=0

where s, (j =1,...,M)is the symbol for the training sequence, 4, (k =0,...,L—1) is the

tap of CIR, L is the CIR length and n" is the sample of the additive channel noise.

The received symbols of the training sequence transmitted for the second time

are:



(10) where s, (j =1,...,M is the synbol for the

training sequence, hk (k =0,...,L -1) is the tap of
W@RR5/01655%5 the CIR |l ength and n; is the sanpl ePGF/RU2NO4/000037

addi ti ve channel noise. The received synbols of the

trai ni ng sequence transmtted®lfor the second tinme are:

WO 2005/ 076555 21 L-7 n -X (z) y( 'Si-k+L-1 hk+ni k=0

PGT/ 004/ 00037 i =1, . +1, (11) where n; 2) is
%e%ﬁ?@anzatlon of"” 9%LHE annel noi se. By (1)

conparlng equations (10) and (1 1) it can be seen that

the received training sequences differ principally in

Whérs o P dattezahdrabdlizatlét of fRYChRenepasise.cul arly usef ul
when ‘eval uating threshol d techni que perfornance as

di scussed further bel ow Equation (10) can be
rew i By @omipBridg H@taJtiions vextaad (f Drimcars be ¥één) thatSthenecdived training
(12) where h =[hO,...,hL-, ]T is unknown CIR, that
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aining sequence y(')
used to obtain the maxi mum |ikelihood estimte (NLE)
of t hEqdtidnl{10)4ahmg révotitdn iansm4tliz)vetfoe fdvin st i mat e of
CIR is given by [10, 11]:

y® =Sh+n® (12)
where h=[4,,...,h,_,]" is unknown CIR, that should be estimated, and n” is the noise
vector, Sis (M —L+1)x L-dimensional matrix with entries S, =s,,,_,,, y"is the

vector of the received signals.

The first received training sequence y"is used to obtain the maximum-

likelihood estimate (MLE) of the CIR h. Using notations (12) the ML estimate of CIR
is given by [10, 11]:
=(S8'S)"'STy®
(13)

Referring again to FIG. 5, filter 502 of ML estimator 520 receives a first training
sequence. The first vector S”y" is found as the output of filter 502. Filter 502 may be
a filter appropriately matched to the training sequence. Matrix transformer 504 receives
the output of filter 502, and applies the matrix transformation(S”S)™". Matrix (S'S)™'

is a function of only the first received training sequence, and therefore it may be known



hML =(Srs)-1sTy(q (13) Referring again to FIG 5,
filter 502 of ML estimator 520 receives a first

WaQ r@bMmiasss sequence. The first vector STy) i s HGURG08£000037
the output of filter 502. Filter 502 may be a filter
appropriately matched to the 22rai ni ng sequence. l\/at rix

transformer 504 receives ut of fi

#rite agssivceand Re- ?Pettw@@e ?qcarfﬁt%!ynéﬁtecﬂt Iz%?é)l\&f esTRIOF 530 is the
(STS) - is a function of only the first received

Mlaéstinfage I'équence, and therefore it may be known WO

2005/ 076555 22 PCT/ RU2004/ 000037 at the receiver and

pre- conmput ed accor di ngI)’/ The output of M. estinator

520 i Aftth¢he ML estirharat ke”'h'of theAf iR ris tdbeaindd, ebiteshrdd eehdvator 508
of the CIR is obtained, threshold generator 508

SERERAIES sdtlog tlﬁ@slhoR!‘s tt-hllrtle,s Ol 48 aécorddnke with- the fd}ﬂowhl’(g equation:
accordance with the follow ng equation: t = nmaxl

k-o,L-1 L NJ> (14) Candidate CIR generator 510 nay

receive the’ﬂ‘? of threshol ds and use themto form

t he s?t @Iiln Rlestimates [p1D, ..., h~N~] Each esti m)e

filil “imay bﬁobt’alneﬁ 31 the follow ng rule:

j=1,..., N k=0, ,L-1 (15) Candi date CI R generator

510 then out puts the generated set of N CIR estinates.

The COCRdidate AR ezsnerator K0 inmytieecivo the sof of/heasbelds angpse them to
exanpl e.

form the set of CIR estimates[h",...,h?"]. Each estimate h”’ may be obtained using

the following rule:

L j=1LuLN; k=0,.,L-1 (15)

Candidate CIR generator 510 then outputs the generated set of N CIR estimates. The

CIR estimates may be in the form of vectors, for example.

Channel estimator 500 may then proceed to select the best CIR estimate from
the set of generated CIR estimates. Filter 512 may receive the candidate CIR estimates

and convolute each one with the training sequence in accordance with the following

equation:
; L-l Lal .
b =8 il j=l. Nji=l.  ,M-L+1 (16)
k=0

Thus the set of vectors [b",...,b""’] may be generated.



Channel estimator 500 may then proceed to sel ect the
best CIR estimate from the set of generated CIR

W@2sMeses. Filter 512 nmay receive the candi daR@&I/RUR04/000037

estimates and convolute each one with the training
sequence in accordance with t2% follow ng equation:

1-1 v;') Si-k+L-lhkl) j=1,...,N i =1,..., ML+l |§16) .

k=U TRistanchecateatorf 514 cmay srefdik®,the seb©f) Jectray [B”,...b"] and
generated. WO 2005/ 076555 23 PCT/ RU2004/ 000037

' r 5 i : (¥ eCf, @
PLAIAE SR BRI 2, PR cHE AR Afab Iy abe b 25T Fand the
dN] between the obtained vectors [bf'),...,b(N] and
teeend mecived trainom) sequerice 3i Niingceedanea vethyti@joliowing equation:
accordance with the follow ng equation: d = jb(i) -

y(2) J =1,...,N (17) Mninmmselector 516 may receive
Hpe"ﬁifétgﬁﬁles [dZ1,...,NdM ] between the obtai 0ED
vectors, and select the vector b(i), which has the
m ni mum di stance di in accordance with the follow ng
equat Mefimun® seledfod 316 nalyNfdceivd Ghe Thstavk Ugy d]., aP Rtween the
sense of the mniml residual power, which is the sum
of the residual power of tr l)ni ng sequence and the )
elspiged yeciers, awl Releel| the tvgetosh 8’ gwhishahas sthe mpginpyra gistance d ) in
estimate h of CIR in accordance with h=hfi which
i : e estimate fromthe
%%ﬁgdﬁgt@iﬁhgg%%g{)gn%%ﬁﬁé@'fi rst graph illustrating
the performance of a channel estimator in
Jo =argmind,
J

(18)
The value djz.0 has a sense of the minimal residual power, which is the sum of the

residual power of training sequence and the noise power. CIR selector 518 generates

the final estimate h of CIR in accordance withh=h"", which provides the most

accurate estimate from the generated set.

FIG. 7 is a first graph illustrating the performance of a channel estimator in

accordance with one embodiment. FIG. 7 illustrates a graph 700. Graph 700 may show

an example of the relation between residual power df. and the threshold index j. The
lower index corresponds to the smaller threshold. The dotted curve illustrates the case
when the distance dis calculated as d; = “b” ) - y(')” instead of (17). In this case the
minimal distance may not be found, because y" was used for obtaining of the ML CIR
estimate. The solid curves relate to the case when d; is calculated as (17). Due to

other noise realization the minimal distance can always be found.



accordance with one enbodinent. FIG 7 illustrates a
graph 700. Graph 700 may show an exanple of the
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found. WO 2005/ 076555 24 PCT/ RU2004/ 000037 FIG 8 is a
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estl mat or i n accordance with oné enbodi nent.
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esponses
UTP cabl e usin estl tion t| on
Shoned Gu Si ﬂljg‘YIEreeSflﬁ‘naE%B}oél HSHE, ¢ ?glﬂf’g%ﬂ?‘g fBiqyg provides a
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fordonv digmalato-naigearaiecur ate CIR estimate than the Mo
estimation techni que used al one, particularly for |ow
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illustrating the performance of a channel estimator in
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threshol d schene. Assum ng the same traini n% sequence

pssimeption oind34 7 edimention Rmpepngdhusirg thgotpreshpldpishome  Assuming the

illustrates the greater accuracy of the M estinmation

sanhnaiging sequiinte Engthsofii§47 hed ChR ésigt of E2d4epmph 900 illustrates the

relative to the M. estimation techni que used al one.

greater accuracy of the ML estimation technique modified using the threshold scheme

relative to the ML estimation technique used alone.

In accordance with a variation of the channel estimation technique described
above, another embodiment may further refine the final CIR estimate in an attempt to
get an improved final CIR estimate. Once the first final CIR estimate is obtained as
previously described, the channel estimation technique may be repeated a second time
to yield a second final CIR estimate. During the second iteration, however, the first and
the second received training sequences may be swapped. For example, a second ML
estimate may be obtained during the second iteration using the second received training
sequence. The second ML estimate may be used to generate a second set of thresholds,

candidate CIR estimates and vectors. A set of distances may be calculated between the

second set of generated vectors and the first received training sequence. The minimal



In accordance with a variation of the channe
estimation techni que described above, another

wepisdraseht may further refine the final CR eRCT/RE2094/000037
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where all _recei ved traini sequences _exgept the | ast..
pdothg Set ot ¥edtorsg A munimum Igl?stancg may be found from the set osf distances.

The i-th final CIR estimate may be selected from the set of candidate CIR estimates

which corresponds to the minimum distance. The final CIR estimate may be found by
averaging the M final CIR estimates.

The embodiments may be implemented using an architecture that may vary in
accordance with any number of factors, such as desired computational rate, power
levels, heat tolerances, processing cycle budget, input data rates, output data rates,
memory resources, data bus speeds and other performance constraints. For example,
one embodiment may be implemented using software executed by a processor. The

processor may be a general-purpose or dedicated processor, such as a processor made



average. A set of distances may be cal cul at ed between
the averaged training sequence and the set of
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of distances. The i-th final CIR estinate may be

selected fromthe set of candigdate CI R estimates

whi ch corresponds to the m ni num di stance. The fi nal
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While certain features of the embodiments of the invention have been illustrated
as described herein, many modifications, substitutions, changes and equivalents will
now occur to those skilled in the art. It is, therefore, to be understood that the appended
claims are intended to cover all such modifications and changes as fall within the true

spirit of the embodiments of the invention.
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are intended to cover all such nodifications and
changes as fall within the true spirit of the
enbodi nents of the invention. WO 2005/ 076555 27

CLAI MB:mdthad 13200 4h QAT estimationpdogdising: per f or m
channel estimation, conprising: receiving a first

trai meeavﬁg%tﬁ@a%iniﬁg%&mhwg a maxi mum | i kel i hood
estimate of a channel i npul se response using said

first_ r.ecei T LVing : .
Ll TSR LS LMD 000 e v
inigl se response estinmate using said nmaxi num

$al BSt FRoBLYCR SRR $94F¥Csai d second received training

sequence. 2. The nethod of claim1, wherein estimting

sai d 1eesivmgra secqnsl trdiniog seaenemeed conprises: filtering

said first received training sequence using a filter

mat chetintating at tkabti ¢riet chandd émpelde respbmienggtis@puesiicge sdid maximum
forma first set of vectors for a matrix; and

fik S @Etiride 8R4 ShidBEcOh& rdc@ivE@ frinGd fqhidhee UM _
i kelihood estimate. 3. The method of claim1, wherein
estimating said channel inpul se response estinate

conprises: receiving said maxi mum | i kelihood estinate;

2. The method of claim 1, wherein estimating said maximum likelihood estimate
comprises:

filtering said first received training sequence using a filter matched to said first
received training sequence to form a first set of vectors for a matrix; and

transforming said matrix to form said maximum likelihood estimate.

3. The method of claim 1, wherein estimating said channel impulse response
estimate comprises:

receiving said maximum likelihood estimate;

generating a set of threshold values using said maximum likelihood estimate;

generating a set of candidate channel impulse response estimate vectors using
said threshold values; and

selecting said channel impulse response estimate from said candidate channel

impulse response estimate vectors.



generating a set of threshold val ues using said

maxi mum | i kel i hood estimate; generating a set of
weangdodase channel inpul se response estimate VRCIBUZ04/000037

using said threshold values; and selecting said

channel inpul se response esti2gate fromsaid candi dat e

channel inpul se response estimte vectors,

4005/ BrreBrsthogd oo fpata 2wbwmwosrﬁtlm&éalﬁeieh98ﬂmsh@lcarfwes solves

3, wherein generating said set of threshold val ues

elfolésvinpeqhationowi ng equati on: k=axhkr nmD J N where

t=[1,...,tN] is a set of thresholds, j =1,...,N, L

repress ;11:4 a channel npul se response length, h'""

[ epresent s nts .said maxi num | ikelihood estimate, hk’

repr esgntsjt he k-th tap of maximumlikelihood

esti rrate of sai d channel inpul se response, and k =

cl. aj

\Q/g%rgr at g’all g eetq%tfp ﬁ)rg%m S(’jét e chaﬁ\rl1lné‘fgp&a‘ésg tIS achannel impulse

response estl mate vectors solves the foll ow ng

l%ﬁlbtﬁisbm th IV deprebétits Mid makirhmilfdelikédd cstimaeh)ei*é represents the

[ho. . ... .. h(N)] is a set of candl date channel
I t
%E@E*‘ Y57 DERITGU OGP PRITH Of i S Bk Tesbons, and & -
estimate vectors, t [t1 ,tN] is a set of

Ohréshol ds, and h' repr esents sai d maxi mum | i kel i hood

5. The method of claim 3, wherein generating said set of candidate channel impulse
response estimate vectors solves the following equation:

R if | = ¢
0, if "<t

P ()
h'' =

where h’= [h™,..,h"] is a set of candidate channel impulse response estimates, j =
1,...,N, };,f’ ) is k-th tap of j-th candidate channel impulse response estimate vectors,

t=[,..,ty] is a set of thresholds, and h™ represents said maximum likelihood

estimate.

6. The method of claim 3, wherein said selecting comprises:

filtering said first received training sequence using said candidate channel
impulse response estimate vectors to form a second set of vectors;

determining a set of distance values between said second set of vectors and said
second received training sequence;

selecting a minimum distance value from said set of distance values; and



estimate. 6. The nethod of claim3, wherein said
sel ecting conprises: filtering said first received

WQ p@sMrasss sequence usi ng sai d candi dat e channelPCT/RU2004/000037

I mpul se response estimate vectors to forma second set

of vectors; determining a set2%f distance val ues

bet ween sai d second set of vectors and said second .

r ecei SPAEURE S214) phpnselgiiandss; reSRINSE SRS YRCHTEe said minimum
di stance value fromsaid set of distance val ues; and
Y@a200&1076555 29 PCT/ RU2004/ 000037 sel ecting said

channel inpul se response estimte vector using said

m ni mum di stance value. 7. The method of claim 1,

further conprising: receiving said channel inpul se

7. €S POIBEmEdbl BRERIAY, ArhbosHsing 1 | tering module to
forma channel inpulse response matrix; creating a

crosstalk. r S | '

ok R RRLATaf SR SRSR QAR ficring o

ghunﬂi g oﬁ.data streans received over a channel for
ﬁUPtaicb el HpRHISe IESRSHMBT Byt put systemto reduce

crosstal k between said data streans using said ]

cr osstradtings ampesstady evprrpsstoar filiert malix Based, @py spidnghannel impulse

conprising: a maximum likelihood estimator to generate

eespanse maonit;iakeél i hood estimate wusing a first received

trai ni ng sequence; and a channel tap estinmator to

coupl gltdrehgSApRirdTRY bidika Istrk@hd ReRede@stérmtitihnelsRt d multiple input
channel tap estimator to receive said maxi num

AL D0 SIS RSP SIS YR g s

| east,, one channel .
crosstalk suppressmnnt‘lalter matrix.

8. A system, comprising:

a maximum likelihood estimator to generate a maximum likelihood estimate
using a first received training sequence; and

a channel tap estimator to couple to said maximum likelihood estimator, said
channel tap estimator to receive said maximum likelihood estimate and a second
received training sequence, said channel tap estimator to generate at least one channel
impulse response estimate using said maximum likelihood estimate and said second

received training sequence.

9. The system of claim 8, wherein said maximum likelihood estimator comprises:
a filter to receive said first received training sequence, said filter to filter said

first received training sequence to form a first set of vectors for a matrix; and



i mpul se response estimate using said maxi mum
i kelihood estinmate and said second received training

wezeenses 9. The system of claim 8, wherein SBCTRU2004/000037

maxi mum | i kel i hood estimator conprises: a filter to

receive said first received t30ai ning sequence, said

filter to filter said first received training
sequehBBUPotransioRmer o fragsfomy sad madiex &y Eormoﬁaldamﬁmw likelihood
and WD 2005/ 076555 PCT/ RU2004/ 000037 30 a matrix
¢stianasd.ormer to transformsaid matrix to form said

maxi mum | i kel i hood estimate. 10. The system of claim

8, wherein said channel tap estimtor conprises: a

t hreshol d generator to receive said maxi num |ikelihood

gpti nﬁi@sﬁf@% ?F{Eﬁf’rﬁ%},%h 1§§$def1ar¥n|3[ ?ggdlﬂat\’)ﬁb&ﬁﬁnﬁj ng

sai d maxi‘mum esti nat e; di dat e channel

i/ g|p ﬂ %si ﬁaresﬁﬂgpgefg)%gg?{qg %?cte?vre stgceq mg)]u%{ug? Hﬁgaq%gh gl t%%gtg | d generate
d
L A S e

sel ector to receive said candi date channel inpulse

r esponsandedatd ehanaehipulse sespausegentiataniorrateesaighreshold values,
val ue, said channel inpulse response selector to use

s 10 aadicdate of bandiddte chmpubiSienpuéss pespoasedtintgd eectors using said
vectors and said mninmum di stance val ue to sel ect

SRdsHoRANRS! arldmPul se response estimte. 11. The system
of claim8, further conprising: a filter to receive

sai d Ja{lﬁitne{]ﬁﬁn[ﬁh%/ efjesérpx% %1@&0? FHHLRGE < ﬂlcﬂte (t:hannel impulse

candi d Sé response es e vectors,
said filter to flltgr said first recelved trai

S BtNsh EUTLe KEetalsiad o ghairoh Ssngh Eie; oL eBn dpl gesponse

estimate vectors to forma second set of vectors; a
shlepteintoe useaseid| eandidateochanseli repulses exsppmbet esiimty grectors and said
sequence and said second set of vectors, said

ohiirs inancéistaadecwdlad orsekeot dat dmmed e'ernpulsetespcﬁnsd iestiragte e

val ues between said

11.  The system of claim 8, further comprising:

a filter to receive said first received training sequence and said candidate channel
impulse response estimate vectors, said filter to filter said first received training
sequence using said candidate channel impulse response estimate vectors to form a
second set of vectors;

a distance calculator to receive a second training sequence and said second set of
vectors, said distance calculator to determine a set of distance values between said
second set of vectors and said second received training sequence; and

a minimum selector to receive said distance values and select a minimum

distance value from said set of distance values, and output said minimum distance value

to said channel impulse response selector.



second set of vectors and said second received
trai ni ng sequence; and a m ni nrum sel ector to receive

W@ 2108/07i581 ance val ues and sel ect a mni num di BEERE204/000037
value from said set of distance val ues, and out put
said m ni mum di stance value 3lo said channel i npul se
response sel ector. WO 2005/ 076555 31 PCT/ RU2004/ 000037
12. The systemof claim@8, further conprising: a
comuni cations nmedium a plurality of transmtters to
tbnnethe systesaoftclaondnimithatcoopsisimedi um wit h each
transmtter to transmt a data stream over said
conmuAntsramupiastide Ghadirdsi Ng a conmmuni cati ons channel
a plurality of receivers to connect to said
COMTUNL 241§t B8 trReAiHERs 16 8bitheB t8's81d donm&HicdtRME kR, IWith each
receive sald data streans from said conmuni cati ons

hannel ; .and a crosstalk filterin - 0 t :
GARBRer 5 fafrl SRt el S 09 EBA Bick gt MRHRm. wsing o
filterjn? nnﬁule to receive said channel inpul se
fERHEpsAIws Chael and use said channel inpul se
response estimate to filter said data streans to . .
r educeplarabigy phtereivers gmeonnestio grid egmpyunieatigngimedium, said plurality
streans during said transm ssion. 13, The system of
of racaivér2 to fea¢ivbedid damptreansfyod spidwoalmunicadione qhtainelz end
to connect to said filtering nodule, said equalizers
to eqyakdsiale fﬁlf_ériﬁ% | h6dae tdadchngdtr RARBIdUSIuRGItYR oTefecei9trs, said
substantially simTar equalization paraneters. 14. The
ér%%s&;ﬁﬂ“tﬂferiﬁg%&al&g to YALENVE! %Aicfsé‘ﬁa‘i%fq&r DSsthy %%sédrlsé stitifte and use
nodul e conprises: a channel | npul Se response matri X
eperator.to generate a.channel i | se response

a0 i S RSP ASE e dp o PR et alrFTge 1o reduce crosstalk
generator to generate a crosstal k suppression filter
sigmals ncusechy sad date Kaeried durigprisldranseissiose matri x; and

13.  The system of claim 12, further comprising a plurality of equalizers to connect

to said filtering module, said equalizers to equalize said filtered data streams using a set

of substantially similar equalization parameters.

14.  The system of claim 12, wherein said crosstalk filtering module comprises:

a channel impulse response matrix generator to generate a channel impulse

response matrix;

a crosstalk suppression filter matrix generator to generate a crosstalk suppression

filter matrix using said channel impulse response matrix; and

a filter to filter said data streams using said crosstalk suppression filter matrix.

15.  An article comprising:



afilter to filter said data streans using said

crosstal k suppression filter matrix. 15. An article
We9p0TE&ing: WO 2005/ 076555 32 PCT/ RU2004/ 0000SBTI/RU2004/000037
storage nedium said storage medi umincl udi ng stored
instructions that, when execu2ed by a processor,

result in performng channel estinmation by receiving a

firste §tPEAgRNEgIEBquence, estimating a nmaxi mum

i kelihood estimate of a channel inpul se response

usi ngraghistbragei medivne celwdig stoaddinsgusteansethee, when executed by a
recei ving a second training sequence, and estimating
Pocesk@afdsul® ep&faningd cliafielleSEmiREPPNSREeiefilgl ArsEtraigingGequence,
said naxinun1?ike|ihood estimate and said second

%Sgﬁ%\lﬁ\%g% Fra InQr ik S BRHINGE malP of TNBafldl lifmbBlsOfre ggéeg%l/sing said

|
rein the stored instructions, when execu

rocessor. further resu in._estl [ [ T
fist R ERER R lnind HbOE, 2ok gl Qe R bRk Yo AGE. an gptimating
recei ved training sequence using.a fLIter.na%ﬁreq,to )
least pngjchapnel degplye ge P%%enqsﬁ@at%gﬂ%ﬁ@é K iFY R kel fiopd estimate
set of vectors for a matrix, and transform ng said
arak saidsetond weenved waidingesriuenns-| i kel i hood estimate. 17.
The article of claim15, wherein the stored

i nstructions, when executed by a processor, further
result in estimting said channel inpulse response

et Mealile HLERINI 1Y wiRktdin MRX LIGHA Inist@ltidd90fhen executed by a
estimate, generating a set of threshold val ues using

. ; ; ; ‘i . g _ '
SRLGTABEIC D58 LIPS nMIRIAD Buffl 8 rerne
us| sai d threshol d val ues, d sel ecting said . "
S RS Fece Ve PN SO dS e s anate i € 31 Iostarsidgbiraining
channel inpul se response estimte vectors. 18. The
sequense o irmed Hrstrpet pf vogtersdpin malixs pet wansforating saifl sredrix to form

when executed by a processor, further result in said
séd makinngn bijkelfidot estimgtesai d first recei ved training

17.  The article of claim 15, wherein the stored instructions, when executed by a
processor, further result in estimating said channel impulse response estimate by
receiving said maximum likelihood estimate, generating a set of threshold values using
said maximum likelihood estimate, generating a set of candidate channel impulse
response estimate vectors using said threshold values, and selecting said channel
impulse response estimate from said candidate channel impulse response estimate

vectors.

18. The article of claim 17, wherein the stored instructions, when executed by a
processor, further result in said selecting by filtering said first received training

sequence using said candidate channel impulse response estimate vectors to form a



sequence using said candi date channel inpul se response
estimate vectors to forma WO 2005/ 076555 33

WOe@DsR3004/ 000037 second set of vectors, det ePCA/RUZIG4/800037
set of distance val ues between said second set of
vectors and said second recei3ded trai ning sequence
selecting a m ni mum di stance value fromsaid set of
weand it Ol wartiaess detgraining @ et ofgligancg vahues Pstweerp@ideecond set of
response estimate vector using said m nimum di stance
veztareand $id Fdvendirdcevkeé trafning siqnerks, selvéng aminheustdstade value
i nstructions, when executed by a processor, further

fr&mWald $df of Ax@in¢t REIUSSI MIGEROME] sdidebdrR] (MRS f8ponse estimate
estlnate at a crosstalk filtering nodule to forma

el sgﬂﬂﬁﬁ?n&ﬁ%&&ﬂﬁgv rix, creating a crosstalk
suppres ion matri x based on said channe

i mpul se response matrix, and filtering a plurality of

dat a streans received over a channel for a multiple

I nput_mul tj out put systemto reduce crosstalk

Het weBie auic %lfaglalr%tlnﬁe%r% ithfg SteERdgingtrdions,| when executed by a
suppression filter matrix. 20. The nethod of claim1,
pracaskesy fodhgr fesulhgn rseeivimgt $and) chamnet ongulsaxiespanse estimate at a
i kelihood estimate of a channel inpul se response

¢85tk Saltedingemodaler ®Cried thaanel PP SO UEIPORse matrix, creating a
estimating a second channel inpulse response estimate

é’féés@eﬁk SRhHeSRMOMELr Xk THERd dkelil BRafe PR VIRt Rsde matrix, and
sald first received training sequence; and averagi ng

f l?erl 2@”&? é’ J)tn:fx)alflel a?eaﬁ]%srgcen\?e% Sk 5 Rt %gl £ fnlug%pl%%lpeut multiple

aver se response est
nethod of clai furthe risi rece|V|n a

PUIpY] fxsgqnhi‘ﬂgre?'é“c?ué’ﬁ’é%alﬂ BetHRE iSHG. S MUTSRR RIng said crosstalk
I mpul se response estimate using said i-th training
sppressiee flltemgatrix.

20.  The method of claim 1, further comprising:

estimating a second maximum likelihood estimate of a channel impulse response
using said second received training sequence;

estimating a second channel impulse response estimate using said second
maximum likelihood estimate and said first received training sequence; and

averaging said channel impulse response estimates to find an averaged channel

impulse response estimate.

21.  The method of claim 1, further comprising:
receiving an i-th training sequence;
estimating an M channel impulse response estimate using said i-th training

sequence; and



WD 2005/ 076555 PCT/ RU2004/ 000037 34 averaging said M
channel inpul se response estimtes to find an averaged
W@ s aEss3 npul se response esti nate. PCT/RU2004/000037
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averaging said M channel impulse response estimates to find an averaged

channel impulse response estimate.



