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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



estimation techni que may be used to perform channe
estimation for a multiple input nultiple output

w@ boMy6ssaul | dupl ex wired or wirel ess conmuni CBECT/BI2004/000037
systemusing either inter-synbol interference (ISl)
or non-1SI channels. In one edbodi nent, the channe
estimation technique may conprise a thr eshold schene
{RI), tand; ofhergmediees. c Fxameles eaft fropstalsnmay, ip¢ladhaear end crosstalk
i mpul se response (CIR) estimate nmay be found by
ESEXihtindh daraenateocosstatle (FIET). hboone dhbodisentydivresxaapde, the channel
then refining or inproving the M. estimte using a

tdingfial WclithenBay _BB%SE@WFErf $n 8RanneNBtRYAYn GoRa multiple input
estimate for a M MO channe I n one enbodi nent, the

SR DO D e YA YRS i
B i SRR APBER TR T

channel s, and al so separates the crosstalk

suppr s encosmbedimeatyitier gl estimaiian teelinigie makpomprise a threshold
provides the wultimte crosstal k suppression |level. As
schemsufar, traihiegerabet chame] estymaipa. t He chamel imqubbimmonse (CIR)
for all outputs of the crosstal k suppression schene.

BRIt Wi ySHe fiuht bydatiaiatifg mesiaitwsetikélinobd (MHI)edstimiage, and then
provi de a thorough understanding of the enbodi nents

fgﬁn'irike of MBI the! VT Vedtimdpe u’s‘iﬂgedr o981 YcHeHRS € The fresult is an

["ed in theart, however, t the enmbodi nents o

Chi ce W t hout these specific
Hnegrgv?a%ﬂ{‘ ﬁé%é?% oTj nsﬁw h§1 nWel | - known met hods,
procedur es, npone nd.circuit not bee
descrﬂb@ae embaRE (8% Ik eﬁ%maieom@bge 4ed phe crosstall suppression
enbodi nents of the invention. It can be appreciated
sdhgmettp gedyse o chrcek eropsialirfen thaddIMOgysteimonblie etessialk suppression
di scl osed herein may be representative and do not
sehers afaly | yuppresst fort Beangdeperosdtalkhin ibandiitnited. chdbhels, and also
2005/ 076555 PCT/ RU2004/ 000037 4 It is worthy to note

g%gaé§%gr GHSKARGBphRss B pRd&Gh fii iR ithORqlAizaRBE that provides the

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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between the various network nodes. For example, one type of information may

b2

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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packets. A packet in this context may refer to a set
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e
cellular or mobile system. In this case, the network nodes and/or networks shown in
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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Internet Protocol (IP). The enbodi nents are not

limted in this context. Reférring again to FIG 1,

system 100 nma nprise a wired or wreless

Qeﬁﬁﬁﬂ@re@p@kﬂy@’;}@pé mte@ﬁhﬁrogpcm VD). c Sherembediteats are not limited in

channel . In one enbodi ment, for exanple, system 100

thesycantexpr i se a | ocal area netmork (LAN) operating in

accordance with one or nore Ethernet based

COMUREfeating Ag#ih OfoOBIH S 1 aSysi@hi 1Ay Edigpridenstwired @r wireless

for Electri caF and El ectroni c Engi neers (1 EEE) 802.3

§cﬁfn‘n§ﬁlc9& E}%@ﬁﬁgﬁgtasNﬁN{O %%mﬁlu@l&ﬁgh tchﬁrféf:‘r 1§ one e)mbodlment

1000 ase conmuni cati on system "G gabit Ethernet

n _advanced | conmuni c n sys
R PR 058 D et e el fisa” e s FLRRG Gagratng in
the context of a G gabit Efhernet system by wa
ERFINES With 0BG AT MOES %ﬁ@sw&bf&@é GOARPICaHYN PARCO i%as defined by the
comuni cation system enpl oying a M MO channel nmay be
Usttiteafrat Bledtrifal fand [ElggttonicnEngiecern(IERE2 §02.8 spacoéf stéralards, such
enbodi nents. FIG 1 may illustrate the structure of
&3 gaQidabitt hhemet 199GBABMNTLROmMMARIGHOMBystBm FlGigablit Ethernet”), an
system 100 may conpri se network nodes 120 and 122.

NRIWOL K] JBRS- T &SnARRicatddtds é@gﬁ‘\ @88 Ro 608 €ABRbugh one embodiment

pLOCGSSIng systens haV|ng abit Ethernet deV|ce(s)
e
ma}e/ %&grg{ﬁaétlg ‘iﬁltkgoﬂ%tx Vb‘f a%ﬂ%ﬂﬁﬁ&ﬁ@hﬁ@%& egf g?ample it can

articularly netmork nade. 120 ma ri se
g?ag Gaipicd e - biRg ofpmrBuTEeAion IRIe sa?p Syingag PO channel
transm tter/recel vers ("transceivers' g 106, and
may hansed andsstill fall prthmmBe inended skopsadd qomb Penave a
simlar structure to network 120, and may conprise a
set oFl@duaby Zlarsgrate thétnichde ol GiEdWlitIRtRernat syetermn00. As shown in
transceivers (1-M 110, and a channel estimtor 118.

FIG.a, 5ydR 00 il @rRRs@hé@dk MbdedNdo tndn 82 NNefMdrk iodes 120 and
equal, al though“t he "'enbodi ments are not necessarily

llii“r&a? acH rEBJe&nt processing systems having Gigabit Ethernet device(s). The
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. | for purposes of clarity, it can be appreciated that any
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During the initialization of system 100, the paired transceivers may go through a
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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In"nore detail with reference to FIGS. 5-9.
channel estimators 116 and 118 pass the channel impulse response values to CFMs 104
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.
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been described in terns of "nodules"” to facilitate

E86dihRhisON FuRREr, UthHBSIE tifd emBbdisnent BAP WAt described in terms of
regi sters, processors, sof tware subrouti nes, or any

c et i ip 0 S [ t.u f.or :
SRR LSl P T @, i
CIR matrix, generator. 202 may receive one g ,
ROSETPE SR8 uPEones. (6 28 B OLTAR orp Hhscaile Be substituted for
responses) froma channel estimator, such as channe

ens, iseeraly o alhef theamodulgs. CI R matri x generator 202 may

use the neasured value(s) to construct a CIR matri x.

| n ondAsestibedi melfiG. 2h€IRI Raat generatay 202 pmeg epteiee one or more
description of how a

measured values (e.g., measured channel impulse responses) from a channel 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
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ransmtted. I n one enbodi nent, for exanple, the CR
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the CCR matrix is generated, CIR matrix generator 202
hag GEhdnatHe Handepicasdt @ mavax (filiert epnstopctpghtysing the CIR values
generator 204. In one enbodi nment, CSF natrix generator
tptoreataddyyethe 1R fidtexS] RhadtSH matrix@SFyntiedsided ugiegéhaC R matrix in
204 may generate a CSF matrix using the received CIR
aRbitbipt tol RRuéSbr @hinfida¥e BRYstAIRPloe MEINOachmmhéll KOS, i I0nGé the CSF
constructed using the CIR values approximted by the
i Is! defibdited] CQFGRbtrivBehérbtor %OQW@hg‘e%'dztﬁg Bedr9d [d% matrix to
CR matTix 1n an attempt to reduce or e |§1nate
ﬁégrgz)t al k for M MO channel 108. Once the CSF nmatrix

ﬁer ated, CSF matrix generator 204 may send the
generated CSF matrix to.  filter 206, |n _one ,
enbod/hens embqdiment, Siler HHmay ECEls the & SESpatpyy Ailfer 206 may use
Filter 206 may use the CSF matrix to filter crosstalk
thoi G3F firatnir e Glterr crosstadk daise fome enerer owmendafacéiieants communicated
using M MO channel 108. The CIR matrix, CSF matrix and
fidihg eVIIMOG chaameb@08.deTh¢ iIGIRAmiatriXJOCSF daitéik| and filter 206 may be
reference to FIGS. 3 and 4. The operations of systens

dQLriBaFinaRGte MRYiIRGH Fdrfife 1S FRGS I PGMH oM th reference

The operations of systems 100 and 200 may be further described with reference
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.
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ahbdhonght. t Ae shayirv enprogogimimgilogic13600) £ CiRymdisx decbd Extnnated at

herein as being inplenented in the above- referenced
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l ogic may be inplenmented anywhere within the system
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programing logic 300, a CIR matrix nay be estimated

Bing HheoeRF Jnatrix Ao aefucensrpssialkngy biackioat the Yaldereams may each
the CCR matrix at block 304. The CIR matrix and CSF
eaoprise, fraexaple, an §1mirinan-18t sigoalurhedrtérerhdata xtreams may then be
dinmension. A plurality of data streans received over
équaliasdig) ofeadr morblelid s tus gty sddte b dithflieddualisitiof phfaeneters.
CSF matrix to reduce crosstal k at bl ock 306. The data

str eaﬁoﬂ@éfn&ﬁﬁhent?@l@@lksﬁatri&%awggﬁ ey EsBmdtng glé least one

non-1Sl signal. The filtered dat'a streans may then

ual i zed . Qn eqgual | zer 5. usj ng. the sane Qor
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the CCR matri x may be estimted by estimting at | east
elp@ents mayRa cstmated beggd o the Cfl%ﬂne{ AR WSt E AARGIR matrix may be
plurality of channel inpulse response elenents nay be
esatedusiog thrasheunad impilse rspense elesteatsact eri stic. The CR
matri x may be created using the channel inpul se
I espoTmhe optratigmn bs systéres ap@raad i200, aiid shespogmnihihgaogdic shown in
200, and the programm ng | ogic shown in FIGS. 3 and

FIGIT®Yarldes, BRly 8 beiRABAS Q8 BY wior @karRpie M Sdisdised previously,
di scussed préviously,

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:

gy

yi(t)zzhij(t)®sj(t)+ni(t) M
i=1



CFM 200 may estimate a CIR matri x, and then synthesize
a CSF matrix for use in filtering crosstal k noi se
w0 ewanz58 MO channel , such as M MO channel 108PCTFHRUD2004/000037
pur poses of this exanple, assunme a bi-directional
G gabit Ethernet systemhaving a M MO channel with 4
i nputs and 4 outputs, as shown in system 100. Consider
where geer-ti chamel ofitpat,| k(@archaghelpenpilsceresponbeniitegen the j-th
di gital comruni cation NIND systen1 with nmo inputs and

lgl?)UOUt H{f} tilTIQﬁ%@e In @L r%b gﬁaﬁ rﬁ%?%%gl( r(r@ msg at the i-th

(t)(r)SJ (t)+n; (t) (1) r=~ V\D2005/076555
HEPitRU2004/ 000037 12 where y; (t) -i-th channel

out put, h, (t) -channel inpulse response bet ween t he
j-th |nput and the i-th outp % g he j-th
c hannk® discglg forgy g gauatipn (éisnay heitenas Mo
output. In discrete formthe equation (1) may be
revvritte qsfollows mu LOy; (k)=Izh;, (msj

e’ﬂl ci gﬁ@ fgh?(i eWIfQ vq}sreergs;og?e ;)ft?%()egal "

eqw val ent  discrete-time channel between the j-th

i nput and the i-th outfp whose nenory is denoted by
wheret Ag(m) (-njap ngginncopf cqms of aﬁr@tesml% rgsppRrieonk thy equivalent
the sj(t), ni(t), vy, (t) respectively. By grouping

Hl@@refeetﬁﬁé Vithit Hagheen' %92 1@ ﬁ'ioarqu ?rﬂ:n?]th QHttpHPt@hés@t femory is

unn vector y(t) t equ tlon I's expressed i n

to?édx by OA’U , the s,(m) n,(m) y,(m) - are sampled versions of the s,(t), n;(¢),

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(2), (3)
where, y(#) myx1 vector of the received signals, H(z)- is the myxm, MIMO

channel impulse response matrix, s(¢) -mg, 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
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interference (i.e., crosstalk) into useful signal from
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wi rel ess commruni cation systen) and these interferences
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system 100 reduces crosstal k noise by performng the
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artl cul ar channel | t echni g
BNt PIRBRSREAR P, Db B £ Baely pRe k papprgfhion desired
crosstal k suppression desired, which in turn depends
whichtie turs dapendy op lsprectiagy Prsperios Phestianatonce t he
channel estimation operatl onis fulfilled, the
conpl r 0 t e -
cOTP! B UL Ssuthic TRy, BSRTAAAE O Pl P crm mavi
matri x val ues appr oxi mated by the FIRfilters, which
AHy) beyrlepeastneted abthef e¢iversend. 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(t) - hy() - k@) | ®
];mol (t) e ﬁmoj o ﬁmomo (t)

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

CIR matrix H(?).

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

crosstalk suppression filter:



h, (t) ... hlj (t) ... hl,no (t) Ht) =h" (t) ... h,~

(t) ... h,,,,0 (t) (5 h"to (t) ... hnoj ... hmano (t)
waeoosopsess the crosstal k in each channel outpOI/RU2004/000037

crosstal k suppression filter Qt) may be applied to

process the received signals.14This filter may be

synthesi zed using the CIRmatrix fl(t) . The

al gorithm of th€IR nasst & (k) fmdyt ler tréXsppsedal The ainsposendfythe CIR

conpri se sever al stages. The follow ng operations may

cal cu ; of the
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PCT/ RU2004/ 000037 14 1. CIR matrix ft(t) may be

t ransposed2. TheEidha¢ispesteodthet dteaiftRmatmt may bayulseituted on its
cal cul ated by interchangi ng rows and colums. 2. Each

el emeffin®f ik hithdredliBkibh %hé‘?dhv'@ﬁﬂ&ﬁ Repktativh §faghlied instead

its mnor. Durlngamnor cal cul ation the convol uti on

oper aé)ft%g nJlL§t1 16&‘9%&9? ead of the multiplication
0

operatl I the mnor values may be
determ ned. The sign for the m nor values nmay change

from+ (pl 8s) tDhe sighifowishy thinbr RAloey Mmawibeetddmimdd The sign for
sum of indexes. As a result of the above operati ons,

ggnét g}&cﬂt’i@g§§%lﬁ%§;[{1§}“§[%gé Er'o h%lla\%gq s(r I1§@s§f@r)emmors w1th the odd

conprises_.the crosstal k suppression filter. As shown
aboveSUP REMYEXSor mance of the crosstal k suppression
filter may rely upon the neasured channel

A0 AEUPTF I S ATRUTORG, PSILEAL RRAANCLKARULE MR may be

conpl y €l'1 m’nat® crosst noi se from

M MO channel 108. In the noi se-free
constructed.

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)=Q(1)®y() = Q@) ®H(1) ®s(¢r) = G(1) ®s(r) (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(0)®s;(1). (7



channel the output of the crosstal k suppression filter

can be witten as: x(t) = Qt) (r) y(t) = Qt) (r)
woHedop/0@ss{t) = Gt) (r) s(t) (6) where no X NOPEERUR004/000037

filter t) has the diagonal formwth the sane

elements g(t) on the main digonal. Therefore the

outputs of the matrix crosstal k suppression filter are

cr ossTalflrtier desosibgiled eperation(af)systegy 100, gorside ta) lesseryompydex case
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ohe MMOasysam bhviay Itvennpi® ,and ansi cleputs, wabsernodsenplreshis case

case of a M MO system having two i nputs and two

tlaRbh 1) gMéshﬁ’éJFelafﬂi%h%p bétvebRirhub FfCoutSEtdtnaRn ¢He form
gives the relationship between'input and output

signals in the formyl(t) = h1,(t) (r)sl(t) + hl2(t)
(r)ﬁllt)t%hn(@@(stiit)?'m;(l)@tf)(tﬁr)sl(t) + h22 (t) (r)s2

8
01 12O B el IR oot Chon (1) nz2 (1)

channel estimation, the crosstal k suppression filter
may be represented as Qt) - h22 }é) t) The

hl
@sbell
43, TRy P AT B Eeo 00, s pre
10 s {1 et (ot WS T
é@é‘ﬁélf r'e 39%“ ﬁgq CEppstalky Sy gB’F’é{!?nsf L‘ﬁ%\ glga }ebgegresented as

crosstal k-free signals. Note that the conplete

I mpul sé, (Bspeiigs) |of _bot h out.puts proxi mately .
&wafE { I -t R O¥REC gpals eg thi fer glaa@ ratribed by the
appl i t he'! put of the crosstal k suppression

following equation:

X(0) = [l () ® by () = Iy () ® hy, (D] @ 5,(2)

X, (8) = [hn(t) @ hyy (£) = 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
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estimators 116 and 118 may use a channel estl mat i on
estianntiog Lechnbquesia Aeftraate maleoNr mgFce ChHastaidtion | oft 3 chamrelasuch as
channel, such as M MO channel 108. For exanpl e,

M ehanset 108atlor sxampleacithndlgstemitoess t 1 nartdel 18 @hyRestimate a CIR
estimate. The CIR estimate nmay then be used by a

&stiossd. alTke UIR tegfimpg mddtHed besused bass créfsMIK Gidtefingl nfddMe, such as
112, to synthesize a filter to assist in reducing or

@?N’P Qlk Nehd @F%Sltlgl o @ghtﬁ i aaﬁl'ié?cﬁ’)' Xs%fst qg%h@(qné Qr canceling

M MO channel” 108. 'The or mance of

n accordance cur
BF R TR s QRO eplial 8 i gﬁn?a‘n%r ov Ll B%fgfm ce of the
estimate technjque. In one enbodi nent hanne
etM ﬁevdflere&smmaa&aormcwy (Jae aceuracyifethe (J& estimaign FIGS. 5-9
t echni que conprising a threshold schene for

diseuisa iswah- daiswdosdahamriel eggndtatechwque. A CI R esti mate may
be found by estimating a M. estimate, and then
r ef i nNIm@nerembqaliment) Ghhmee] Mstig@torsraltlé wisd rid 8amay use a channel
t hreshol d schene. The result is an
estimation technique 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
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the background channel noise can be different from
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esti mate schenme nay use a threshold schene to refine

an estimate. ,As.a .result, channel .estj mat

v e TR S i 1 B mun SRR Syt SRR Bhannel, such
relative to existing techniques. The CIR estimate nm
#eMIMO-¢hapgel l08uce crosstal k noise in a communi cat i o%
systemusing a M MO channel, such as M MO channel

108. FI@G.5 Bluptratessa black diagrash ot & cliinagh estinwtoran @henrdasice with one
estimator in accordance with one enbodiment. FIG 5
ehbodineat eBI@ Thiasnsts €shinmal estinkét. 5000 dn@e embodiment, channel

enbodi ment, channel estinmator 500 may be
gsﬁl’g[a??gﬁoaﬁiay SedkprebftatBéasiPts exahp)@hafiRl effh&or 116 and 118.
Channel estimator 500 may comprise a plurality of modules. Although these modules
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
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cahaell atihhatoddin Brsdrance eahcvhat enb&dithenmy B8G. 6 illustrates a
connected to a mnimum sel ector 516. M ni mum sel ect or

opgramm QOglgrU@)@CtIerg glafinfthR 10561686 H2dy {quigtrata_ ?eratlons to perform

ratio channel “estimator 500 may be

%reslg?rgl efbs im Wan For eefxg hE cg ttrgt tralgﬁ s%ax?tfncg n%y ge ]:%creﬁ/gg at block

agram oY per

channel ccordance wi t h :
g(#oo FS““Pﬂt‘GO%GW%F‘ t”inBi" %r%spowo@%ilﬁﬁeﬁamﬁ@s-%mg the first
600. Programmng |logic 600 may illustrate operations
tegeiped fraining sshvanse kt bloek 6Rd: | Hrecond trainiagigsiquencg may kg received at
training sequence nmay be received at block 602. A M
Blotk 606.c Aolecadt Giva@iRetbstinmde hag beesthmaed usiyg the ML estimate and the
estimated using the first received training sequence

acofd fé%l?w@@ﬁamﬁagss%ﬁ@&fée bf Aok HE8.Sequence may be
recei ved at

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:



bl ock 606. At |east one CIR estimate nmay be estinmated
using the M. estimate and the second received

WO e@s5/0765§5 sequence at bl ock 608. I n one enbodi PETYRD2xM0MWB00037
M. estimate may be estimated by filtering the first
received training sequence usidng a filter. The filter
may be matched to the first received training
sequﬁnqﬁfLThe output of the filter may be a first set
of = ¥Bct jfor a matrix. The matrix may be
transfdrmed to formthe M. estimate. In one
enbodi nent, the CIR estimate may be estinated by
wheei VENg,.1hg Ma s@sdfithmbieoldd jset,. ofN i hrgsbehtd & ahdanasl impulse
may be generated using the M. estimate. A set of
candidate CIR estimate vectors may bg generated usin
reseonsh lengilp] By sgpuessnts said ML estimatgt/a nigprasents &eelﬁthagep of ML
fromthe candidate CIR estimate vectors. In one

80l BEALA cHalifel $8puleé respsRe Al val ugsi.may be

generated by solving the follow ng equation: WO

2005/ Q7655 | 4/ 9. =0 L- .t

273 N G2 e IR ARG CoR B oty b pchdiaced by
=1,..., L.represents a channel inpulse response
F@ﬁﬁ%ﬁ@3gwﬂwuﬁb BY¥hts said M. estimte, hkL

represents the k-th tap of M. estimate of said

chan qylhpﬁyﬁ__ﬂresponse, and k = 0,...,L-1 . In one

aﬁbe i rent u&he’candidate CIR estimte vectors may be
generéﬁedew %s@lving the follow ng equation: h

JMLi f74L>t ki ' O,

where b = [A©,...,h™] is a set of candidate CIR estimates, j = 1,...,N, (" is k-th tap

of j-th candidate CIR estimate vectors, t=[f,,...,¢,] is a set of thresholds, 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



I flhkL <tj where h(') h(N) ] is a set of candidate CIR

estimates, j = 1, N, 4k') is k-th tap of j-th
weandidase Cl R estimate vect or s, t =[tl,..., PCI/RUR®4/@00037

set of thresholds, and f,M. represents said M.

estimate. I n one enbodi nent, 2the CIR estimate may be

selected fromthe candidate CIR estimte vectors. The

PPt systeae magcber filigrad e reduge srrsatalkprtwpen therdpsasireasns using the

the receiver, nmay be filtered using the candidate CIR

€SFinatie. vectors to forma second set of vectors. A

set of distance val ues between the second set of

vect offe 8pstatifiLoS8LRATNS00, QA8 itlEstobFadiniing Jo &6 GHGNE & FRY. 6, may
be determ ned. A m ninum di stance val ue may be
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estimate vector e se ecte he m ni
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channel , such as_M MO channel 108, for exanple.
ESR mealiix far wse weiltesmgraestaliegoise fromorMEMOrhapnel, @Ch as MIMO

matrix. A CSF matrix may be created based on the CIR
oteetnnelx 108 gher@Ri iptrof mdgtte estinetadsusing: @i VIRd estingate generated by
channel for a M MO WD 2005/ 076555 PCT/ RU2004/ 000037

dhnablt atiinatysbem may be filtered to reduce crosstalk

bet ween the data streans using the CSF matrix. The

oper af @ af étcﬁﬁﬂrépgsti & $dtemBY AapRARhOY e dd scheme for
A T e e 5

shown 1 n Fl tter understood by way of

FAR IR faees anf %1“%50'?* oA B R APl g a%r%@mm an ML

matri x, andthensnthe5|zea CSF matrle use in
e5timaEi n@naeother Mk FRoInaae £is ogeneralpd/oitc Mdin F impreNedsing a

M MO channel 108. The CIR matrix may be esti rmt ed

tsestpld tChRiqust i Sracetigesvbearad tivyningihasateithe SR matiowate may be
gl?t?uned 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:
yM = Zs_m, +n®, =1, ,M-L+1 (10)

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 " is the sample of the additive channel noise.

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

are:



In this exanple, channel estimtor 500 may inplenent a
threshol d schene for training-based channel

we@sdosortssdn. The CIR estimate may be derived fPONREZOM00037
estimate. Once the M. estimate is generated, it may be
i mproved using a threshold tHchni que. Since the
schems i s training-based, the CIR estinate may be
obt aisfed usj ng @ known, t r gi ni sequence and its
dor 1 espoteh g FBbser vat b ow@l lnglone enbodi ment, the (1
threshol d schene transnits and receives the sane
training sequence at |least twice. The training
VRereeNB gs RYothé raalkBOVN of fiR Jhafie] aelelence opti mal
used for M. estimation. The received synbols of the TS
transmtted for the first tine are
Y(1)=B$ ,coiﬁpﬁnil% Kqﬁhtlbﬂg-(l(? anHLHlit a0 be skexDthah eHeeretdivdd training

=1, , is the synbol for the training sequence, hk

fcjﬁuencgs diff; r'r?rm)él)pallyg rLHkﬁse lteﬁﬁ’za@it)ng This lmdaisb Bei&ifly useful when

engt e sanple of the additive charnne

noi s ol s _of t e trainin uence
DeGne lersﬂiﬁ%%?lﬁgueé“@ﬁ@aﬁer% %Pseseng%ﬁ gl
PCT/ RU2004/ 000037 21 L-1 yiZ) = si-k+L-1hk +ni2) |,
= 1, . Equavioh t10)chh)be rkwﬂtteﬁwaanmnx:’v)ecuos férfiieasot her

real i zation of the channel noise. By conparing

equations (10) and (11) it can be seen that the

recei y8i=8haimlng sequences differ prit2pally in

noi se realizations. This may be particularly useful

when eval uati ng threshol d techni que performance as
dheeuss@ly, f.yht fets inkhown CERuthiat shou{dl6y) estimmetdal and n'” is the noise
rewitten in a matrix-vector form as:

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]:
=(8"8)"'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



Y(1) =Sh+n(') (12) where h = [ho, ... A1 ]Tis

unknown CIR, that should be estimated, and n(') is the
waioseresyector, Sis (M-L + 1) x L -di nensi onedT/REL00#K00037

with entries S41 = SL+(; i) , y(') is the vector of

the received signals. The firZ recei ved trai ni ng

sequence y(') is used to obtain the max

atj tl@@ r¢9sHEH ag@prwr@pl{tm_gco&mglme ”@eF@quut&f |1\45 estimator 520 is the

notations (12) the M. estimate of CIR is given by

MiOsstidhlsh”® M. = (STS)-1 STY(l) (13) Referring again

to FIG 5, filter 502 of ML estimator 520 receives a

first training sequence. The first vector STY(1) is

f oundA&sr tﬂaehﬁute;mhatefh’f’ﬁ lof elic BUR. isFobitdined, 302 shaly deaerator 508

a filter appropriately matched to the training
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(STS)-" . Matrix (STS)- |s a function of only the

first recei gmtrai ni ng sequence, and therefore it my

be known S V"O 5/ 07655 C;Xr/ RU2004/ 000037 22 at t([}s

recei et anﬂ} pr éJconqbut ed>’accordi ngly. The out put

M. estimator 520 is the M estimate 1M. After the M

estimate fM. of the CIR is obtained, threshold

gener @hndid80 EIR eenemtir 830 tney setivothet dot eSthodstislds and fusg them to

,..., tN] in accordance vvith the fol |l ow ng equati on:

TR K ]

g’gﬁletpgts %r&fﬁlg ér%gilljm rN: g{:lél ve th sEé%h %gt %ﬁr esho g?%g Og{aﬁled using

use themto formthe set of CIR estimates h(N) ]

thedplleingiglee h(') may be obtained using the

foll owi ng rul e:

LML o lp ML
Rt i | 2

A -
k o 7ML
0, if i |<t

j=1,..,N; 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 Lol .
b =8 i =L Nji=1.. ,M-L+1 (16)
k=0

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



hkL , if hkL > tj hk'~=j =1,...,N k =0,...,L -1
(15) O, if h<t Candidate CIRgenerator 510 then

woaip0tassi he generated set of N CIR estinates. PANRU20BHBD0037

estimates may be in the formof vectors, for exanple.
Channel estimator 500 nmay thelB proceed to sel ect the

best CIR estimate from the set of generated CIR

est i nRistance Fal¢udatos 524 negy rreceive ghe et @dndkicttas e[bE R.,b'"] and
estimates and convolute each one with the training

PAAHERTH: BRGREEOIAANGE, MotoEheyd Gl ogwﬁq‘f,ﬂg 98] and the

k=0 Thus the set of vectors [bvv. ...... N)] may be
geonrd adceided WAnAR 0636 55 Rﬁl’ﬁédﬂn@d?ﬁémmﬁﬁs follo2dng equation:
Di stance cal cul ator 514 may receive the set of vectors
[bvvw b(")] and calculate the distances [d......

”bétwyégl t hejelt.aived vectors [b(' 1, ,b(i9] and
tﬁe second received training sequence y(2) in
accordance with the follow ng equation: d, = 1b(j) _

Y(2) 1ihingidn -setecfdr (316) n‘Mynfe%'l% Stk ﬁltﬁ&]@ﬁcél%mw ,h] between the

receive the distances [d; ,
obt ai ned vectors, and sel ect the vector b(0 , which has
obteinad vieetars dnd selaetethdiscionb ' Ac wbichialrsethainginimymg distance d i
follow ng equation: jo = argmndi (18) The value d o

%@éf@ﬂﬁgﬁﬁ{ﬁfohg‘%@ é?;hﬁ%n resi dual power, which is
Jo=arg mj_ind ;
(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 d s calculated as d; = “b” ) - y(')H 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 4 is calculated as (17). Due to

other noise realization the minimal distance can always be found.



resi dual power of training sequence and the noise
power. CIR selector 518 generates the final estimte
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accurate estimate fromthe generated set. FIG 7 is a

first graph illustrating the Performance of a channel
estimator in accordance with one enbodinent. FIG 7 .
i |1 usFiGat%is asegpaigraphollugtyasips troperianagemaf a ghannel estimator in
exanpl e of the relation between residual power d2 and
hdverdancewitblode iembedinent. TRES. 8 iduweratésradgaple 800. eSpph@d0tnoay show
the smaller threshold. The dotted curve illustrates
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T EmaE 68 i ecPSuSRE Bl s o B Taf e is 1024, s
di stance can al ways be found. WO 2005/ 076555 ) _
FomRUSH Bo tsodF: estimatiprmogifies usingste {Bregiold kechnique provides a
illustrating the performance of a channel estimator in
aocoactarte CIR testimate tharh tati Mengstimiti@ te®hpique sisedatlese, garticularly
graph 800. Graph 800 may show an estinmated precision

ofr loWwRighaktorsEgonges for NEXT of UTP cabl e using both
M. estimation and M. estination inproved using the

thresipgl dg schafRd g{%ﬂfh INERRRRSthe fperfolthan@X@ P LRannkhEstimator in
trai ni ng sequence 1ength may be §)047 and the CIR

IRl eI ) TG My TRy o

nore_accurate CIR estimate than the M. estjnat Lon .

1 CRNES PrEcation b HBPULSE Fesperies for FEX Y of Ji# cable using both ML
signal -to-noise ratios. FIG 9 is a third graph
estingagtonaanidniylt pssinpasionoimmaensd esfing thehtmesbpldeschpmat ofssuming the
accordance with one enbodiment. FIG 9 illustrates a

gurapltaif 0. scGicnpb 1@t 63043 hadvCIRNergsh bfrba2Ed grabk G08 iilbustrates the
of i npul se responses for FEXT of UTP cable using both

g‘lﬁﬁtgg%gafdg?iyﬁ;tggmks Mgﬁﬁﬁ%{?&g&w fREMAChsH M8 thidshold 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



same training sequence |length of 3047 and CIR | ength
of 1024, graph 900 illustrates the greater accuracy
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threshold schene relative to the ML estimation

techni que used al one. In accayxance with a variation

of the channel estinmation technique described above,
disanteemay bb asédiorseleatthe fseconddinal €fR petimate fifonnéie sep@Rd generated
estimate in an attenpt to get an inproved final CIR

&3 lof BaddatOTIR dstimafesr Stheffirf@dndGebombfinaleCIR éssimates may then be
obt ai ned as previously described, the channel

%agféettbge@hér%hﬁa gvefmsaxﬁnlaﬁcn@eﬁ%aeg a second time to

yi eld second fi nal estlnate During the second
Ittrglr ﬁlriqgggorg%n C\évgh rrgarilo er’ \S/ar atl‘%rrl] dof ?}be cﬁ%?n%p S{lglggbﬁ/ %gchnique

g gh estimate na be obt al ned durl the secong ..
qsé’il 84 3RO Hpthamecd nte 81 Y¥d MG 92‘8‘?1 Wo received training
sequence. The second M. estimte may be used to

spaHences do geaerasniie Sorl 1Rt dstivwirol Her exaraplei Wagke empodiment the
esti mates and vectors. A set of distances nay be

cativel abhgdedeitendmnaihing seqenoes) vaete of >@PenAnattedinal CIR estimate
vectors and the first received training sequence. The

Ma P ibFeI bt 2RI A B Ore oétv S AiRIAS0RALEHL O 3his Ay HeSicad@Blished by

may be used to select the second final CIR estimate

I)l;t?m mgla% ﬁ]%ﬂﬂ\@%ﬁ(ﬁf{flg%}g@ él%lgl thcrg{k%céé%} 1% Igec%uence. A set of
d.t t

Griheld Predie SRR M%itﬁ%aﬁoﬁﬁwetvomraﬁ%% Y be used

the channel estimation_techni descri bed above,

ngngeatedeprisee ineandidatey CIRs esti es tﬁawt phuestarsangege generated by

training sequences to generate the final CR
BRerimmptie. treminge xauphe, throughn theecdnddlane iRt ¢stimatesc eiAnenveraged
may receive Mtraining sequences, where M? 2. An i-th

fdcBiabd phiRigSidqiBic® maRYe RfnaMyaiveRdidgOthe WL W I16@ediV&Ttraining
training sequence. This may be acconplished by

&ngcéwék NInas. Mre@éﬂvé%ﬁn@ &Q@nc@k RxH it e tlzﬁ ag:s{lﬁ:d to find the

ei ved tralnlng sequenc hres

&gt %fa(y Iejlgc%at he b'\e/:l'ca?cutlatg? Eeetwee h?he averag]:ed training sequence

and the set of vectors. A minimum distance may be found from the set of 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



to generated a set of candidate CIR estimates. A set
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averaged received training sequence may be found by
averagi ng the other M1 receiaged training sequences,
where all received training sequences except the |ast
by éntak® Corporfiiong folhexangpler dthe. softwaet Moy cngirapcespotEy program
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conput ational rate, power |evels, heat tolerances,
Prasaisis SPRQM WEPB O} geagnédticp diskdaptcal atiek, aodt gutfodiat aln one
rates, menory resources, data bus speeds and ot her
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B ller Setparbe Mo g e Pinsessgt Rl prgsembodiment
conputer program code segnents, programming. | ogic,

ma¥ tbe peplesiea e&ras&&ﬂ@ateq*rhér@wmﬁ?léam%@%ﬁ@nﬁe@ﬁc Igtegrated
medi um accessi bl e by a machi ne, conputer or other

pirouie $ABKY), Byprammalile dmgiccBedte (RidRept Rigitel SugaliRwcawyr (DSP)
i ncl ude conputer-readabl e nmedi uns such as read-only
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ROM (P , Erasable PROM (EPROM), nmgnetic di sk,
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may st rogramm ng I nstructions in a

conpressed and/or , encrypted fornma as ] S . .
ERERI RN AR nal e Bh Bl Bl e Ihe AphSighenf are sqt diited in
by an
this context.

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.



install er before being executed by the processor. In

anot her exanpl e, one enbodi nent mnay be inplenented as
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Integrated Circuit (ASIC), Programmabl e Logic Device

(PLD) or Digital Signal Proceéssor (DSP) and

acconpanyi ng hardware structures. In yet another

@kéﬂgﬁe, one enbodi nent may be inplenmented by any

conmbi nati on of programred general - pur pose conput er

conponents and custom hardware conponents. The

enbodi nents are not Iimted in this context. Wile
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changes as fall within the true spirit of the
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PCT/ RU2004/ 000037 27 CLAIMS: 1. A nethod to perform
channeteigsgiagtooitraiciogpequsneggandr ecei ving a first

traini ng sequence; estimating a maxi mum | i kel i hood

est i n&tighabihg at (dasneyed cHafmellif@ulse sEPonse essinfage usiag Said maximum
first received training sequence; receiving a second
RHHBb8 B RALSAPid 3AUnE Rick AR kil scidiRe. One channel

I mpul se response estimate using said maxi num

I'i kel i hood estinmate and said second received training
sequence. 2. The nethod of claim1, mherein estinating

sai d maxi mym | i kelihood estimate . c rlses

$ai o 154 wethodeet Juer 11 WheR e DeptiaR Sald BRRgI b ikl
mat ched to said first

comprises:

estlmate

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.



recei ved training sequence to forma first set of
vectors for a matrix; and transformng said nmatrix to
wo o0os0s@Esd maxi mum i kel i hood estimate. 3. TheP@ERO2M4/000037

of claim1l, wherein estimating said channel inpul se
response estimate conprises:28 eceiving said maxi mum
i keli hood estinmate; generating a set of threshold
4al ueEha giethpdsefi dairadi Wherein geseraiss gaidstet gh threshold values solves
generating a set of candi date channel inpul se response
thstfolhmviagequdtons usi ng said threshold val ues; and
sel ecting said channel inpulse response estinmate from
said Cjﬂ“" ate channel inpul se response estinmate
ég 2005/ 076555 PCT/ RU2004/ 000037 28 4. The

T hodyof ¢l ai m 3, wherein generating said set of
t hr eshol d val ues solves the foll ovm ng equati on:

x1h

A T e e R

[ npul se response l ength, h"'L represents said maxi num
}elsl&ﬁisbh@fg% efptti i@Bie@entB&hd MeRIREANIEIhOR] edimide, LAY Rpresents the

ITB.XI mum I kel | hood esti mate of said channel i rrpul se

ons and k D,...,L-1. 5 Th hod claim

Peime R el gﬁ"ds%ﬁ“&"‘aé%f’?é? Sehaiare B amnds, and & -
[ rrpul se response estinmate vectors sol ves the
§.0lLoi ng equation: hkL , if hkL tj h' _

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

R if |2
0, if i<t

p () —
h' =

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

t=[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



k 0, if hkL < tj where is a set of candi date channe

i npul se response estimates, j = 1,...,N hk'' is k-th
wo 25076555 t h candi dat e channel i npul se r esponsBECT/RU2004/000037
esti mate vectors, t =[t,,...,tN] is a set of

thresholds, and f nmL represeri% sai d maxi mum

i kelihood estimate. 6. The nethod of claim 3, ) .
wher esalecsiag daisle PannpingnRbseprasRYSe SBHMALST Y§5EPTIsksie saidsminimum
recei ved training sequence using said candi date
dikmaneevalué.npul se response estimate vectors to forma

second set of vectors; determning a set of distance

val ues between said second set of vectors and said

second received traini ng sequence; selecting a m ninum

di st apge valoHer bl 1S Alrfes&msifh: St ance val ues; and
VD 20057 076555 PET/ RUDO0A) oénoss?gg 29 sel ecting said

channel i npul se response, estimte v or, .usin id .

i i i SRS R O S 1sG Hopreeat il e B iR FiBring module
further conprising: receiving said channel inpul se

toclops pedangl impilee IePSe PREEEal k filtering nodule to
forma channel inpul se response matrix; creating a

cr osstrastings apyosstdk onpiiressiaar filteit magixbhssed om ssidi ¢hannel impulse
channel inpulse response matrix; and filtering a

sperak niagrigfandat a streans recei ved over a channel for

a multiple input nultiple output systemto reduce

Cr 0SSHRLn DL WAy DRidka dabams tdc8REE over N eha@klfor a multiple input
crosstal k suppression filter matrix. 8. A system

gl% Qt% f?qu? :ti %8{5% gm%%er%%ﬁﬁﬁdb§®%maﬂr dif Qreegﬁlrsaﬁs?ng said

crosstalk suppression filter 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



using a first received training sequence; and a
channel tap estinmator to couple to said nmaxi mum
wo 2doslordésedd estimator, said channel tap esti MBCDRUL@4/000037

recei ve said maxi mum | i kel i hood esti mate and a second
received training sequence, s®i d channel tap estimator
to generate at |east one channel inpulse response
est | nafmatnix trarsfermed torbransionm 531 andtive & fosay sapshmaxiapim likelihood
said second received training sequence. 9. The system
ahtingt@ai m 8, wherein said maxi mum |i kel i hood esti mator
conprises: a filter to receive said first received
trai ning sequence, said filter to filter said first
recei ved training sequence to forma first set of

ct X -
KET) RBouiobfas v it K ehnlel Eanfimator comprises:
transfgrmsajd matrix to.formsai.d maxinum l.i kel ihoo
oot oo Sofhin B abitsroat] By N Bon <SGinaie SR generate
channel taP estimator conprises; a_threshold generator
# eet10é dupshol S valeesisingmaid maRenmideiiheed Fsiae;and
generate a set of threshold val ues using said naxi num
| i kel & houlidats thama¢lampalse aerpooist genctatorrie redeivesakthreshold values,
response generator to receive said threshold val ues,

ot @neRRLA St dakdlat® thamblingrlR refpannetstiniiie!l &ors using said
response estinmate vectors using said threshold

HAMERT vadd: fhgchannel inpul se response sel ector to
recei ve sai d candi date channel inpulse response

estimate vectors and a m ni num, di stance. val ue, . sai d .
channbf R PR Eaog sCebiobey el ik e thannel impulse
candi dat e channel inpul se response estig&%e vect.ors

ESRROISA PRAMAE NEFHOTH A0 SIRMEBU AISiRnce yalig siq chaanef impulse response
channel inpul se response estimte. 11. The system of

sdlegiton B, usesseidecandulaper channgl irapylsd responss estigety evestarsdand said
first received training sequence and sai d candi date

ahvémuel distance value to select said channel impulse response estimate.

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.



i mpul se response estimate vectors, said filter to
filter said first received training sequence using
wa@ 200d/0o@83li dat e channel i npul se response esti NBCERU2004/000037
vectors to forma second set of vectors; a distance
calculator to receive a secordl training sequence and
sai d second set of vectors, said distance cal cul ator
to determ ne a set of distance val ues between said
second set of vectors and said second received
12.ai nTingsysegueihdam &rfdrtberdonipnmgsel ect or to recei ve
sai d di stance val ues and select a mninum distance

val uey Egramusrhtborsehedimdi st ance val ues, and out put
said mni mrum di stance value to said channel inpulse

respon ﬁ@ﬁaﬁﬁg of {rgﬁsmiﬁgg 20 QM%Z@Q%QldP&HMQQ%Q Qr%%?% with each

31 12. ysten1o ['aim her conpri si ng:

commupi cat i ons lurality, of trans tters

OB T SRS TCh i, Bty oher el ShrhiPRaTali ficide? using 2
transnmitter to transmt a data stream over said
@Hﬂﬁ%ﬁ@@&ﬁﬁ&h@nWbdlun1u3|ng a conmmuni cati ons channel

a plurality of receivers to connect to said

comuapluetlitp nEregeisienang comieck tplsaidadommunicatione mediner, saidlurality
receive said data streans from sai d conmuni cati ons

shirodiedrs tafedeiae cdidgataatrkarhd frb@rdalticomdutdieatiods ehanmel tand

to said plurality of receivers, said crosstalk

filteg ic?&sfﬁ‘ﬂglfhférihg HEGAE B %n@ct‘:ﬂﬁ@{ﬂﬁl l'upﬂih‘ils(ﬁ receivers, said

response estimate use sal d channel |npu
trea

| ter
PERTRR B IR of e Tk 31%%“81‘3591’ 3 3y Botimate and use
streans durlng sai d transm ssi 13. . The system o
i ichanps! ImpHlesh ESPRISAFSIIRAly o lﬁﬂf SR 4ty sgaray thfqdilé‘? grosstalk
to connect to said filtering nodule, said equalizers
signalgingiredby; sdidl dfta streanasidutingesaick tranamissioni ng a set  of
substantially simlar equalization paraneters.
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:



14. The system of claim 12, wherein said crosstalk

filtering nodul e conprises: a channel inpulse response
WOrR0s0¥63s/ener at or to generate a channel i npul SBCT/RU2004/000037

response nmatrix; a crosstalk suppression filter matrix

generator to generate a cross¥al k suppression filter

matrix using said channel inpulse response matrix; and

a fila#prage nfsdiuner sai d data streans using said

crosstal k suppression filter matrix. 15. An article

conprdasd BragdOm20n OvbEbhg ROTERURRDII@B0M3T wiéh esecuted by a

storage nedi um said storage nedi umincluding stored

hrasdss S Fds@R $n ?éi‘%rmﬂ@&ﬁnﬁéq%@t-ﬂﬁlﬁﬁorbb’y feceiNMRCLASPiraining sequence,
result in perform ng channel estimation by receiving a

r.a [

Rt S HRERARR cotfiRie R chindel TG Response using said

sing said . f recei ved. training se o
3L BREM R Tt SRRl e RN T AR e g timating a
at | east one channel inpulse response estimte usi g
least PngechrARfh IMPRISE irpPOBSced it BSing AdsmptmeeE fikelihood estimate
received training sequence. 16. The article of claim
difsl sawhecendrectized traneg seqenceict i ons, when execut ed by

a processor, further result in estimting said

maxi mum | i kel i hood estimate by filtering said first
received training sequence using a filter matched to

Bl do@er §1ttlc[eEGF MEA 15T RS thS %wﬁﬁnﬁ&l&er%@n fekéc%tted by a

set vectors or a fmatrix, and transform ng sa

Hrﬁtgerslgﬁ))( Itfgllﬂéer r]@sulf' al %%tlinlga fn%sglci Im%%' | ho ﬁ(g?ﬁ%ﬁgcﬂ&tlmate %y filtering
i nstructions, when executed by a processor urt her

T st recRived tiatung SRAUSHEEdSIg maghadde Sa@s% figgeived training
estimate by receiving said maximum likelihood _
sgnénvatie forgenBrsasétrag vectewstiond mahhe shdiransfeimiag saidinggrix to form
said maxi mum | i kel i hood estimate, generating a set of

s ahiagiatien tRelitved cstifaikes e

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



response estimate vectors using said threshold val ues,
and sel ecting said channel inpulse response estinate

wo ewsns@sdl candi dat e channel i nmpul se response BST/RORI0€/000037
vectors. 18. The article of claim17, wherein the
stored instructions, when ex&guted by a processor,
further result in sald selecting by filtering said
fecerd setef sicotons, detgrmining a setopfedigtanagsyatips gfviccnasaitl skeped set of
channel inpul se response estimte vectors to forma WO
P0ds A &b sdomd Rd2Ded HA0MMBsequaResedarndg sehinafium distance value
vectors, determning a set of distance val ues between

#8inCsaRkPSR dR@incefvaluég Cdn@l'seledfifly SAH ¢hearPHAPEISS Risy&itle estimate
trai ni ng sequence, selecting a m ni num di stance val ue

I/{lc?cmu%?lg%ai%ﬁfnm%urq'ﬁsttm%% K@l ues, and selecting said
channe response estlnate vector using said
nininun1d|stance val ue. 19. The article of claim15,
wherein the stored instructions, when executed by a

rocessor further result in receiving sajid channe
Hpul Bee prsislsonk elabs t [Spahercin the stopeslsistapations, waen gyecuted by a
nodul e to forma channel inpul se response natri X,
proeassom gfugthercrassls tial tecaumgr %&iahanridlIitrexulsnateslbonsba@ﬁmate at a
on said channel inpul se response matrix, and

drobstAK | fgermgPhistalel foy forin datianhtl @apEse @6PoMed nRMet, ereating a
channel for a nultiple input nultiple output system

ér‘assgzﬁg %ﬁ@)rggsflﬁnsﬁl?ériﬁnﬁﬁk‘@% L?i‘?%a‘id dadifeP ﬁﬁxﬁﬁ@ Eﬁghgg matrix, and

sal crossta Suppressi on ter matri

i el tkersPbabce i Rat & chftingT B amRubBR ifout muriple

i mpul se response using said second received trainin
QHBYe M 9t Teduts ﬁ@S%raliseleﬁwee% iFaigh rta; isams eusing ﬁé‘ﬁls grosstalk
estimate using said second nmaxinmmlikelihood
eppiessioe fiteimetaixd first recei ved traini ng sequence;
and averagi ng said channel inpul se response estinmates
to find an averaged channel

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



i mpul se response estimate. 21. The nethod of claim1,
further conprising: receiving an i-th training

weewsensse; estimating an M channel inpul se r esSpONRE2004/000037
estimate using said i-th training sequence; and WO
2005/ 076555 PCT/ RU2004/ 00003734 34 averaging said M
channel inpul se response estimates to find an averaged
chann#ieragipsisaid M Spanse igpplspgeaponse estimates to find an averaged

channel impulse response estimate.



