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Field

[1001]  The present invention relates generally to equalization of a received

signal, and more specifically to hybrid decision feedback equalization.

Background

[1002]  The transmission of digital information typically employs a modulator
that maps digital information into analog waveforms. The mapping is generally
performed on blocks of bits contained in the information sequence to be
transmitted. The waveforms may differ in amplitude, phase, frequency or a
combination thereof. The information is then transmitted as the corresponding
waveform. The process of mapping from the digital domain to the analog
domain is referred to as modulation.

[1003] In a wireless communication system, the modulated signal is
transmitted over a radio channel. A receiver then demodulates the received
signal to exiract the original digital information sequence. At the receiver, the
transmitted signal is subject to linear distortions introduced by the channel, as
well as external additive noise and interference. The characteristics of the
channel are generally time varying and are therefore not known a priori to the
receiver. Receivers compensate for the distortion and interference introduced
by the channel in a variety of ways. One method of compensating for distortion

and reducing interference in the received signal employs an equalizer.
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reduces linear distortion in a received signal over a variety of operating
conditions.  Still further, there is a need to reduce error propagation in a
decision feedback equalizer. Additionally, there is a need to provide a likelihood
measure to the decision feedback process.

BRIEF DESCRIPTION OF THE DRAWINGS

[1006] FIG. 1A is a block diagram of components in a communication
system.

[1007] FIG. 1B is a detailed portion of the communication system as in FIG.
1A.

[1008] FIG. 2 is a conceptual model of a decision-feedback equalizer within
a communication system.

[1009] FIG. 3 is a block diagram of a decision-feedback equalizer as in FIG.
2.

[1010] FIG. 4 is a mathematical model of a symbol level slicer.

[1011] FIG. 5 is an algorithm for optimizing filter coefficients in a decision
feedback equalizer.

[1012] FIG. 6 is a Least Mean Square adaptive filtering algorithm for
optimizing filter coefficients in a decision feedback equalizer.



[1013] FIG 7 is a Least Mean Square adaptive filtering algorithmfor
optimzing filter coefficients in a decision feedback equalizer for a
system ewpl2ogd/a1g66a periodic burst pilot. [1014] FI G 8AcCrasacsoasbel | ation
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encoded by, gcndgl &Q& whi ch outputs a bit sequence. The output of encoder
102 is pI’OCé/I 'egﬂﬁgomppi ng unit 104, which serves as the interface to the

WO 2004/ 01Qa639PCTRUS2903¢ @47268dss for a “soft slicing” decision process.
[1020] FIG. 12 is a process for a “soft slicing” decision process applying a
Taylor series computation.
[1021]  FIG. 13 is a block diagram of a “soft slicer.”
[1022] FIG. 14 is a block diagram of a “soft slicer” applying a Taylor series
computation.

DETAILED DESCRIPTION

[1023] The word “exemplary” is used herein to mean ‘serving as an
example, instance, or illustration.” Any embodiment described herein as
“exemplary” is not necessarily to be construed as preferred or advantageous
over other embodiments.

[1024]  FIG. 1A illustrates a portion of the components of a communication
system 100. Other blocks and modules may be incorporated into a
communication system in addition to those blocks illustrated. Bits produced by
a source (not shown) are framed, encoded, and then mapped to symbols in a
signaling constellation. The sequence of binary digits provided by the source is
referred to as the information sequence. The information sequence is encoded
by encoder 102 which outputs a bit sequence. The output of encoder 102 is
provided to mapping unit 104, which serves as the interface to the



4 communi cation channel. The mapping unit 104 maps the encoder out put
sequence into synbols y(n) in a conplex valued signaling constellation.

Furt her woanewmiidessr ocessi ng, includi ng nodul ati on bl ocleeT/tsg0080k1598s t he
comuni cation channel and anal og receiver processing, are nodel ed by
section 120. [1025] FIG 1B illustrates Fome of the details included within
section 120 of FIG 1A As i I lustrated in FIG 1B, the conpl ex synbol s
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(AWGN) . wvalues {1,i ,-1,-}. Hence each complex symbol y(n) can take on four possible
values. In general for M-PSK, logoM encoded bits are mapped to one of M
possible complex values lying on the complex unit circle.
[1027] Continuing with FIG. 1B, at the receiver, the analog waveform is
down-converted, filtered and sampled, such as at a suitable multiple of the
Nyquist rate. The resulting samples are processed by the equalizer 110 which
corrects for signal distortions and other noise and interference introduced by the
channel, as modeled by section 120. The equalizer 110 outputs estimates of
the transmitted symbols y(n). The symbol estimates are then processed by a
decoder to determine the original information bits, i.e., the source bits that are
the input to encoder 102.
[1028] The combination of a pulse-filter, an I-Q modulator, the channel, and
an analog processor in the receiver's front-end, illustrated in FIG. 1A and FIG.
1B, is modeled by a linear filter 106 having an impulse response {hy} and a =
transform H(z), wherein the interference and noise introduced by the channel
are modeled as Additive White Gaussian Noise (AWGN) .
[1029] FIG. 1B details processing section 120 as including a front end
processing unit 122 coupled to baseband filters 126 and 128 for processing the



[1029] FIG 1B details processing section 120 as including a front end
processing unit 122 coupled to baseband filters 126 and 128 for processing
t he WO 20W0/200408665PCT/ US2003/ 022594 5 I n-phase (1) anaCQuesdemsioezses (Q
conponents, respectively. Each baseband filter 126, 128 is then coupled to
a multiplier for multiplication with a rgspective carrier. The resultant
waveforms are then sumred at summing node 134 and transmtted over the
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[1030] As discussed hereinabove, the sequence of symbols transmitted are
identified as {y(n)}. For the present discussion, assume the symbols {y(n)} are

normalized to have mean unit energy, i.e., E[ynl2 =1. If the channel output

were filtered and sampled at the symbol rate (which may or may not be the
Nyquist rate), the channel output is given as:

Xn :;kkyn—k +77n (O)

where n, is white Gaussian noise with variance (E,/N,)”. The equalizer is

usually implemented as a linear filter with coefficients {f} and defined by a z-

transform F(z). Let §, denote the equalizer's output, wherein #, is given as:

971 =kaxn—k (1)
k
=g0yn +I:ngyn—k+zg—kyn+k+77'n:| (2)
k>0 k>0

wherein G(z) = F(z)H(z)and
0= Fillus . (2a)
k

Note that the second term within square brackets, [...], of Equ. (2) represents
the Inter-Symbol Interference (ISl) and noise. The first term of Equ. (2)
corresponds to the interference associated with past symbols, while the second
term corresponds to the interference associated with future symbols. The first
term is often referred to as "causal" IS|, whereas the second term is often
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represents the Inter-Synbol Interference (ISlI) and noise. The first term
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symbol dec:sxons from the slicer, and subtract this estimate from the equalizer's

output to yield:
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k>0
assuming o($,.,)=y,,. This is the key principle of Decision Feedback

Equalization wherein causal ISI is removed by causally filtering symbol

decisions made by a symbol level slicer operating on the equalizer's output.

[1031]  FIG. 3 illustrates a communication system 350 employing a Decision
Feedback Equalizer (DFE) 340. The communication system 350 is modeled as
having an equivalent linear channel 352, which filters the sequence of symbols
y,- Noise and interference, 7,, is added at summing node 354, and the output,
Xn, denotes the signal samples as received after front-end processing and
sampling at the receiver. The DFE 340 processes X,, and filters x, to generate

the estimate j,. The DFE 340 is modeled as having a linear feedforward filter

356 and a linear feedback filler 358. The feedforward filter 356 has tap



havi ng an equi val ent |inear channel 352, which filters the sequence of
synbols yn . Noise and interference, iln , is added at summ ng node 354,
and t he owDpRoe4/010665, , denotes the signal sanples as rececrab2@Bioersos
front-end processing and sanpling at the receiver. The DFE 340 processes
X,,, and filters x" to generate the estjmate yn. The DFE 340 is nodel ed as
having a |inear feedforward filter 356 and a |linear feedback filter 358.

The feedf d filter. 35 /
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decision as to the original synbol y,,. The output of the slicer 360 is
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filter 356 is also referred to herein as a Feed Forward Filter (FFF). The
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Coefficient Optim zer 362 in 3. There are a variety of
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the feedback filter 358, directly affects performance of the equalizer. The device

which performs this optimization is designed as Coefficient Optimizer 362 in

FIG. 3. There are a variety of methods available for optimizing the filter

coefficients. Traditionally, the FFF and FBF coefficients are optimized under the

implicit assumption that the slicer's symbol decisions are perfectly reliable and

that causal IS, i.e., the interference from past symbols, is removed perfectly by

the FBF. Under this assumption, the FFF coefficients are optimized such that

the residual interference and noise term in Equ. (3) is small. More precisely, the

z-transform of the FFF, F(z), is optimized so that $, in Equ. (3) is close to y, in

a mean-square sense.

[1033] In practice, the FFF and FBF are often implemented by Finite Impulse
Response (FIR) filters and during an initial training/preamble/adaptation period,
the FFF and FBF are "trained" on pilot symbols by assuming perfect slicer
performance, i.e., o(3,)=y,. This is accomplished by by-passing the slicer
and feeding back locally generated (and hence correct) pilot symbols, rather

than sliced (hence possibly erroneous) pilot symbol decisions, into the FBF. A
variety of algorithms may be implemented for filler coefficient optimization



z-transformof the FFF, F(z), is optimzed so that yn in Equ. (3) is close
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2004/ 010665 PCT/ US2003/ 022594 8 during the training period, includi ng

adapti ve alagovtherarsOraerihadraining pefiedis compiated theplicerdtlispogagedan

Squares (RLS) ...:di L% A ' s others. Once the
training péﬁ%éﬁ%‘ia@fn"‘%’?@g,wgﬁg E?@gter}rBQ%Wéngﬁgaged and the sliced
data synbol[s034F f €dnbestioridir DFgh dptienikdifon [dlg@fthmSomviesducenal ViaFigty of
optim zation algorithns introduce a vari esﬁ/ 0 otenti

' f al probl ens., For
syst ens emAA§nta RIeRISAMS. c6ar SySterfeeIPIQy 983@95@6’(45”9’64’?&@?\%&%‘3'3‘0!"% ge
Synbol E”fote'ﬁaitné‘ve% FTEge 58%%%@%%@3\3& . GoreAnfible, BRTSERDIMHY% or
unconmmon for a sys emegn'p ying a nedi umsize constellation, such as
1&- QAM andEard @wnohuacomnion dade, systerh emploging afméddim \sirencopsteliaiiony  at
the 1 % packet error te point. t he other hand, .th E s FFF and FBF
coeffi ci entséj_cbr%3 %g'ﬁ%/gﬁt ?B&é’ilp‘ﬁy r@g?%’??@ﬁdﬁnﬁ&h @%@t?ﬁgaﬁéﬁer&ggﬁr@wgon
that the sliigerop g??ﬁétsér?&sra% BoRft! f €5 the bflck Mahe; tHelBBEls PEFidrOFBE! v,
the FFF and FBF coefficients are optimzed assumng the causal ISl is
perfectly reoefiicients/areacom@ritionatinepimired anslar thelincerreeidasssunption that
expense of tﬂé%ﬁter gausal al DFE optim zation al gorithns,

in terns of C‘:érc'ﬁj W@ﬁgg,h?%ﬁgﬁ%@ﬁﬁﬂélf@% ‘(specifically, Equs. (1)--(3)),

lead to gl1egb}es A‘dﬂit@ihailf,nﬂwé FHrFeah@riBF fovefficientd, areubptimizel Assurking O.
When the slicer” SER is not negligible, however, erroneous synbol decisions

i n}‘ ect ¢ he thercagsal [Shisperestaienovesuhs adesdt.ithe antiecausa! ISe Frdusedyit
iy . . } i
val ues for t58|%>{2’ﬁgt°’8 dfagﬁg%her ctalagaf & B lverbRar %@@%&@%ét@ﬁ%@ﬁ@{ﬂ%fg’

possi bly res Fnf er slrcer” errors on subs
phenorenon jhstefrab | fdherequationspaoaidednherein (specifically, Equs. (1)--(3)), lead to

g, values which tend to be large for k>0, but small for k <0. When the slicer

SER is not negligible, however, erroneous symbol decisions infect the FBF and

are thereafter subtracted incorrectly. When the g, values for k>0 are large,

the residual interference is thus amplified, possibly resulting in further slicer
errors on subsequent symbols. This phenomenon is called error propagation.

[1036] Aitempts to mitigate error propagation include feeding back sliced
pilot symbols during training, as opposed to training the FFF and FBF by
feeding back locally generated (hence correct) pilot samples. The sliced pilot
symbols are occasionally in error, forcing the FFF and FBF to adjust
accordingly. This method is not without problems. The sliced pilot symbols and
sliced data symbols may incur very different error rates as the pilot symbols are
typically transmitted via BPSK, i.e., 2-PSK, (or another smaller constellation)
but the data symbols are typically transmitted via a larger constellation. As a
result, the SER of the pilot symbols and data symbols might be quite different.
In this case, as the FFF and FBF coefficients are optimized based on the sliced
pilot symbols, the effect of those coefficients in processing the data symbols

results in suboptimal performance.



[ 1036] Attenpts to mtigate error propagation include feeding back sliced
pil ot synbols during training, as opposed to training the FFF and FBF by
f eedi ng baiokodsaedesy generated (hence correct) pil ot sampiras20080e2584 i ced
pilot synbols are occasionally in error, forcing the FFF and FBF to adj ust
accordingly. This nethod is not w thout groblens. The sliced pilot synbols
and sliced data synbols may incur very different error rates as the pilot

synbol s ar ic t ] t.t Vj PSK, i.e.. .2-PSK ( anot h
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a | arger camsffididmtsitonacobeing forr esotd caldtrl BEMefslitdesed lptrisy Mol ot dat a
synbols m ght be quite different. |In this case, as the FFF and FBF

coef fi ci ent¥oeethsprrailiciant Saikaizen36R és madiiiad togiecegnizgibal he aausakiSlect

per  or mancan b8 FAREBLPERANEIB IF 59k09 5 [ This A6TebE difesdiEHE are
resol ved bypraptmethodagvtitte ifiplciiinds$ibhe tieo efiterds entos-fice &ed,abblefdrer tigdir or s

caused by the SLII er 3%0 ?f FIG 3. In other words, the Coefficient
Opti mi zer 3EHSP %PP BEM BPR&Yni ze that the causal 1Sl may not be

r enoved per[fgﬁglsjr%)l ?Hétt%’orz!sﬂé}ﬁﬁd %hégn?bod?m&tt féOtBrrﬂeﬁél AT oéf{{gﬂb? g)S,I or

met hods whi i Cl sune the slicer 1S error-freé and, €re e,

that causain ifdlependpet, fidehtivallyedystsited 1038 "Ehénﬁé’l%orabet&hiQ(?]y?.neThe
enbodinent is to nodel the slicer operation by an independent’ "identically

di stri but edchanheltlis asshrasaahdepéridaited 1kt Haide PB@SS?W&H&&& dss{ﬂisiH”E‘d

I ndependent of the noise process designated as t7 7j . (0), "and the

transnittedEqune)| amequenaeartesittenas\@b@s séiedce HebRnatedarngl . i sThis
conpl etely characterized by its conditional density QQyly) where y and vy

denot e t he "shamesl* & coihpletelfrMatftReALSB itbro'vmmdnfaﬁﬁeﬁé’lf?)@éﬂygwhere v
respectively. Assune such a channel is the cause of synbol "erfors inthe

FBF. In prat i ge,denoidokher skueH'sO@uput narktir $eS  adiggiaufghsiifibd C8YmBobl,0r on
the current synbol inplies follow ng synbols may have an i ncreased

probabi | i t yesppedivelyy Asbupedsucitachannthis the cabse si syinbbdi edors!in tles FBFRiel
consi dered /herei,n, the slicer errors ar unmed Li,d. [1039] FIG 2

|
i |l ustrat es!nepr%%tfﬁeeﬁ‘y [RO! RHPEP o6k &bgsgso%sﬁ%ﬁpﬁ%@i %Weéﬁ&'ioétﬂn the current

symbol implies following symbols may have an increased probability of being
sliced incorrectly. In the simpilified slicer model considered herein, the.slicer
errors are assumed i.i.d.

[1039] FIG. 2 illustrates a conceptual model 300 of a communication system
with a decision feedback equalizer. Symbols transmitted via the communication
channel 302 modeled by transfer function H(z) are corrupted by additive noise
at summing node 304. The resulting signal is filtered by FFF 306. An estimate
of the original transmitted symbol is generated by subtracting an error term at
summing node 308. The estimate of the original transmitted symbol is available
for decoder 316. The error term is generated by a causal Feedback Filter 310,

with transfer function B(z), which filters the outputs of “"channel" Q(ily) 314.

The error term generated by Feedback Filter 310 represents an estimate of the

causal ISI present in the output of FFF 306. The "channel” Q(i[y) mimics the

statistical behavior of slicer 360 in FIG. 3, i.e., the statistical relationship
between the input and output of channel 314 is identical to the statistical

relationship between the transmitted symbol y, and the corresponding output

y, =0(3,) of slicer 360. The coefficient optimizer 320 is responsible for



wi th a decision feedback equalizer. Synbols transmtted via the

communi cation channel 302 nodel ed by transfer function H(z) are corrupted
by addit iwe 2wei/Esesssat summ ng node 304. The resulting sipgmaliS2008/0eib4 er ed by
FFF 306. An estimate of the original transmtted synbol is generated by
subtracting an error termat sunmmng noflg 308. The estimate of the
original transmtted synbol is available for decoder 316. The error term
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gener at ed Uylﬁﬁedtﬂfeme:?ei\merﬁﬁﬂﬁ.r&ﬁnaﬁﬁag iélrthéﬁépllﬁ@)éme@i of frfd ﬁl?c%ﬂwo | Sl
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di fference between F FIG 2 1s the replacenent | F Cel “360
wi th the coaiepksliger @peeatesfon theaoutplit ofXhe équalizZtsit 1¢IOdOihalsheresibyaied

her ei nab i i.s modeled in FIG 2 b ting "ch | |
o o toC manaldifaitafSlas i AP FeSfuololeriarefe akel SN ppiasenuiia Sianghor i hy
the stati sttodaterfieoecslanaNoise rafi® apths bugRi cﬁlrﬂlﬁé”e?quaﬁ%?ﬁ F‘%é aﬁgﬁaf&ut g cer

operates on the output of the e&ualizer, i't follows t eva
mar gi nal  stfSWRIMEY NEY B8 in &dGdBal Asauree the tesiduallisteriBreiRe apd esistatt he

Si | - - f - - Noj | h f th lizer,
> O o TS e CFuBt gl e bUBeR, 75 AF LA MHGa pembiel Hausdta

i nt er f er endandanh wariableatZ witte indeysdndeeit sl pad adianfopahsd edshawith
zero-nmean conpl ex Gaussian randomvariable Z with independent real and

i magi nary paieeceaEchVRRKEN: variance 62 , wherein: 2= 1 2(SINR) (6) The
margi nal statistics are gi'ven by the equival ent channel Qy(y), wherein:

YI'Y)=Pr{6 =y
QYY) =Pr{6(y+z) =y #m. (6)

The marginal statistics are given by the equivalent channel Q(ily), wherein:
QG =Pr{o(y+2)=51, (7)

wherein o( ) denotes a minimum distance slicing function given as:
N min R 2
o () =ar ~
($) =arg Je Ylly | (8)

and Z in Equ. (7) is the zero-mean complex Gaussian random variable,
modeling residual interference with properties described hereinabove. FIG. 4

illustrates the channel QO(3)y) modeled according to the assumptions and

Equations provided hereinabove. Specifically, the mathematical description of
QO(¥|y) 314 in FIG. 2 is illustrated as system 380. The input fo the slicer 384
is denoted by § and is modeled as the transmitted symbol y, corrupted by
additive noise and interference. The noise and interference is modeled by
complex Gaussian random variable Z. The slicer 384 implements a minimum
distance slicing function as described in Equ. (8), resulting in slicer output
marked 3. The joint statistics connecting y and 5 constitute the full
mathematical description of the model for "channel" Q(5 | ¥). The construction

of the channel Q(y|y) illustrated in FIG. 4 is novel and differs from prior



wherein o-( ) denotes a m nimum di stance slicing function given as: rmm
e'(Y) =arg 1,Ily YII2 (8) and Z in Equ. (7) is the zero-nean conpl ex
Gaussi an weardomoesi abl e, nodel i ng resi dual interferen®eTmiseén3persperti es
descri bed hereinabove. FIG 4 illustrates the channel QQy y) nodel ed
according to the assunptions and Equatijgns provided hereinabove.
Specifically, the mathematical description of Qy I y) 314 in FIG 2 is

illustrate . The Lhput to the slicer 384 is denoted b and
i s nodel ed %ﬁ?ﬁés"{‘ﬁﬁ]ﬁg% t@éses?nnﬁlﬂy f}?"%é‘r PAREEE AHa86G; tﬂU@f Hb‘%qéeg%%d
interfer entIichEaQQilm@ 2 oidenticdllyS g ® £6rdT0TRIE dhidYmoBeriek &e Siperss an
random variable Z The slicer 384 inplenments a m ninmum distance slicing

functi on agsa¢destpdnake degision eirors; & gpniragt torprigrireethodstipat asswme dide V.

The joint sEatisti.cs. necting y and y constitute the full nathemati cal
descri ptio%"gér '?tﬁé&%% for "channel” Qy y). The construction of the

channel Q(y1041)) iﬂ-‘{éuﬁrhihgtted%nz!:lléi 4an@ b ¥ENot@Mse FFEf i@ FBFOM prior WO
2004/ 010665 PCI/ US2003/ 022594 11 methods Pn that the noise Z may have a

non-zero VveokeHiokers Beleeted®d OGS mihifike € MbaRssyiERe érios betlesdd g7l | Y equal
to zero. Thus, this nodel for the slicer is assunmed to nake decision
errors, inti@samited symbpl yprthegnpuidel cheanehde2nand the syhbaolestinmtery,or - f r ee.
[1041] Returni nc}; to FIG 2, let fQand bQ denote the FFF and FBF

coef fi ci en(heguitpek feuspMing nedeBABhi Heothes wasds, hgueacHicientsr fhendegn t he
transmtted symbol vy, (the input of channel 302) and the synbol estinmate
yn (the o@®UVigsierdiMatngoimat. 30e) reasans thatwiledsade wleat hereindislows f Q

and bQ ar g . W L | ' i ] W . cl ear
herei n bel ?ﬁswﬁﬁg%%é@%f en dstoagée) Vyfee$1 %?(rlmé@ r'thcl;ﬁgg%%fgﬁ@"%? d DFE"
coef fi ci entseffitients et 5] entyshd Qornthikd PR¥ siendietieNrieeHdpr a standard
W ener - Hopf optim zation and are defined by the followi ng equation: [fQ =

RF | OQRF, Bopfim{zhtionddP&¥erddlirdd 6y the fohewrigedifatid@not es the covari ance of

the contents of the FFF, RB denotes the covariance of the contents of the
FBF, RF, B denotes {tfjg| c osg—coV@QrRFaBn“l )f] the
= * ’ ’ 4
bo| |PoREs Ry | |0 @
wherein R, denotes the covariance of the contents of the FFF, R, denotes the

covariance of the contents of the FBF, R, , denotes the cross-covariance of the

contents of the FFF and the FBF, and p, denotes the cross-covariance
between the contents of the FFF and the transmitted symbol. These
covariances and cross-covariances depend on the linear channel 302 described
by H(z). Assuming the symbols in Y, i.e., the transmit constellation, are used

with equal probability, then o, is defined as:

1 o
Po = = 2.2, 379106y (5)

I &=
wherein [Y] denotes the cardinality of Y, i.e., the number of possible symbols in
the transmit constellation. Thus, for a given Q(5 | y) and channel with z-
transform H(z), the MMSE coefficients f,, and b, are determined by application
of Equ. (4) and Equ. (5).
[1042] Recall that O(5 | y) was defined according to Equ. (8) and Equ. (7) by
hypothesizing a value of SINR at the equalizer output. Application of Equ. (4)
and Equ. (5) then lead to MMSE coefficients f,, and 5,. When these values for

the FFF and FBF coefficients are used in the FFF 306 and FBF 310 in FIG. 2,



contents of the FFF and the FBF, and pF denotes the cross-covariance
between the contents of the FFF and the transmtted synbol. These

covari ancwe 2aeub1e668ss- covari ances depend on the |inear eoaniseé03Be4
described by H(z). Assuming the synbols in Y, i.e., the transmt
constellation, are used with equal proRability, then oQis defined as: PQ
=ly, by*Yl QYY) (5 1Yl yeY yEY wherein /Y/ denotes the cardinality of
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. [1042] Recall that I was defined according to Equ. ('6) and Equ.
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However, a consistenl SINR value, and hence a consi'stent _
coef fi ci enfepreserifd sshematinallp@sffolowis:by iterating, i.e., by using the

' " | " , findi new
St bt Coor raspondlHTRRE Bobrr SRR Lok ThGVDE: 2 | ve. procose My be
ically, |Jows: (SINR) ---> (fo0.bo)-3 (SINR L1 _
(o bay (L REBTRE qifiesils aldorMiiney BetSedkion FaoppERG ey SectLiemd or
computi ng OIRE. VeteblddrbiCor PEFprelBat Bhiieidihar ff gmeﬁaﬁaeﬁgﬁre.egboﬁwe

i nt
is illustrated in FI 5. The process 400 lloegl ns Dy setting n =0 at step
402 and sepeetdssgt@) NRgamstiyt seiting yn = 0Takestepotls ang eeldolings SR GebieaRiyni Ng
SINR" and conmputing p(SINR') by applying Equs. (5), (6), and (7) at step
404. The filDEeProsssptetwEs by | deteratiningc SRRt endatostpeing 0 (SIWRISI g Equ.

' h ent odi nent, the process conputes SINR +1 =
SRt Bpbihg R 1), SBERnd N Rbsieh s The fiter costriciants 7.5, are
computed at step 406 by using Equ. (4) . According to the present embodiment,
the process computes SINR™ =SINR(f,,b,,SINR")at step 408. Note that

SINR(f ,b ,x)denotes the SINR at the output of the equalizer with FFF

coefficients f, and FBF coefficients b, and a slicer channel Q(.].) with SINR x.

The slicer channel is defined by Equ. (6) and Equ. (7). If the process converges
at decision diamond 410, processing continues to step 412 io set the filter
—— - coefficients. If the process has not converged, processing returns to step 404.

[1043] Note that as described in the iterative algorithm of FIG. 5, the value of
SINR® may be chosen arbitrarily. The two extremes, SINR® =0, SINR® =oo,
correspond to starting with a fotally unreliable slicer or a perfect slicer,
respectively.

[1044] Note that o represents the correlation between the slicer's output

and the actual transmitted symbol, and as such, p is a function of the

equalizer's output SINR. If the equalizer's output is very noisy, the correlation is
small. In this case, the slicer's symbol decisions are largely unreliable and an
accurate estimate of the causal IS is not possible. As expected, in this case,
the algorithm of FIG. 5 converges to FFF and FBF coefficients which closely

resemble those of a Linear Equalizer, i.e., one where the FBF coefficients are



SINR(f b x)denotes the SINR at the output of the equalizer wth FFF
coefficients f , and FBF coefficients b, and a slicer channel Q.1.) with
SINR x. Wbeostile@s channel is defined by Equ. (6) and EBqW/usewp/0215b4t he
process converges at decision dianmond 410, processing continues to step
412 to set the filter coefficients. If1 he process has not converged,
processing returns to step 404. [1043] te that as described in the

iterative algorithmof FIG 5, the valuye of SINR be chosen .
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this case, the algorithmo 5 converges to FFF and FBF coefficlents
whi ch cl od¥fE" ceafticibhts.t hose of an "ideal"” DFE, i.e., a DFE with a

perfectly reliable slicer..In t ween these trenes,. the al.gorithm of
FIG 5 _co_n\l:ibg tEh%lﬁiﬂgaﬂ'H‘%f%@?c_ éﬂ'PE???ﬁr&f‘ﬁﬂ'iec ﬁe"é{"@_ EXP'WbW%Nleg]_Qet hese
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by the iterative algorithm For this reason, the FEF and FBF coefficients
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embodiment, referred to as the Adaptive Hybrid DFE, does not require explicit

knowledge of the channel H(z). First, define the Mean Squared Error (MSE) as:

MSE =Ely, -5, 9)

=Hy, - "X, -b"(Z,+A,)

wherein X, are the contents of the FFF at time n, Z, are the FBF contents

assuming error-free feedback, and A are feedback symbol errors introduced by
the “channel" O(3]y). As the errors introduced by Q(5|y)are assumed i.i.d. and
independent, Equ. (9) may be written as:

* L b E(A. AT )b (9a)

n n

MSE = E)y, ~£"X, -b"Z,

=E [l £y - off

y, 17X -b"Z

where E,denotes “expectation” with respect to Q(ily). Using the fact that the
transmit constellation is normalized to unit energy and the definition of p,in

Equ. (5), results in:

2

E, "? -y =E, “3’"2 +E, ||?||2 —2E, 'y



Hybrid DFE coefficients for the FFF and FBF is desirable. An alternate
enbodi nent, referred to as the Adaptive Hybrid DFE, does not require
explicit whrroedaage of the channel H(z). First, define trha/uskens/oSfaar ed
Error (MSE) as: MSE =Hvy,, - Y 1Z2 (9 ~H( 2 =Evy,, Jx,, - b H((Z" +
At )I wherein X' are the contents of t FFF at tinme n, Zn are the FBF
contents assumng error-free feedback, and A, , are feedback synbol errors
i ntroduced by the "channel” YIy). As the errors introduced by (Yly) are
assumed i.i.d. and indepefdénty (9) may be witten as: I\/%:bl{ly.,

_fHX ,-bHZ"| 2+bHE(A, ,e,,)b (9a) =E Y" -fHX,, -bHZ"I2 +lI1blI2EQly - YII2
where E. deMWiR™€s "expectation" with respect to QYly). Using the fact that
the transmt constellati op is normalized to unit energy and the definition
of pQin Equ. (5) /%Q?egult—sb%: TG | y)l2 = EQI)I12 +EQ 1yl 12 -2EQY*y
WO 2004/ 010665 PCT/ US2003/% 14 1+AQZ -2pQ (9b) where AR YIlvyY,

yDYI 2Q Y1'Y) nbi nin .9 jth Eqy. .(9a) results in: MSE = Hvy,, -f
HXn - bHznl ?er(q%mﬂ@kggp%ﬁjlvﬂ{h ga%g@)aglﬂﬁﬁclﬁtst' at |1bl12 appearing in Equ.
(9c) may be interpreted as the "engizg "in the FBF . coefficients. Equ. (9c)
is the starting poi¥E Fdi|y.aeki¥ind ntdr(ilétﬂy oROadBpti ve al gor{Qchns. For
exanpl e, to derive an adaptive al gorithm based on the Recursive

Least - Squariwte(tRaS|b|fretppedring indmu 4ot) nayaiéd Meierafdng’ Whergenhaséng
the statistical expectation with a sanple nean over, for exanpl€e, n

=1, ..., N . FRcdeifidiants.hEqquisr) 4 thd Slanrirappbinetbrideritiig A SafetyasHRIPYfe
optim zer of tri}'bs cost_function. One enbodi nent inplenments a RLS optim zer
of a cost HINEDMEn deFPhENaBYIe.olq Spsivergp=-agaptive algadihm besek an theQ

1bI12. (9%ecursive Least-Squares (RLS) method, a new cost function is defined by
replacing the statistical expectation with a sample mean over, for example,
n=1L..,N. Standard techniques are then applied to derive a recursive
optimizer of this cost function. One embodiment implements a RLS optimizer of
a cost function defined as follows:

msg=| L3
E=|—
2

n=1

y,—f"X, -b"Z,

} oy bl (9d)

wherein:
a, = 1+4,"-2p,. (9e)
Note that a may be referred to as a “modified measure of energy of the

feedback filter coefficients” or an “error correction term.” The RLS optimization

may be performed on the pilot symbols present in the transmission.

Least Mean Square Algorithm: Another embodiment which optimizes Equ. (9c)

is based on the Least Mean Square (LMS) algorithm. The Least Mean Square
(LMS) algorithm recursively adjusts the FFF and FBF coefficients of the Hybrid
DFE so as to minimize the MSE defined in Equ. (9¢c). For a fixed channel

Q(&’[y), a Least Mean Squares (LMS) algorithm updates are given as:

_ | OMSE
t,=f —uk
ntl n lu { afn } (10&)
b =b — | IMSE 10b
n+l n abn ( )



N ,, wherein: aQ = 1+2Qa -2pQ . (9e) Note that a may be referred to as a
"nodi fi ed neasure of energy of the feedback filter coefficients" or an
"error cowpeotd/wanseserm” The RLS optim zation nay be pecfrarsoed/oers94 he

pil ot synbols present in the transm ssion. Least Mean Square Al gorithm
Anot her enbodi ment which optim zes Equ. ggc) I s based on the Least Mean
Square (LMS) algorithm The Least Mean équare (LM5) al gorithmrecursively

adj usts the FFF and FBF coefficients of the Hybrid DFE so as to mnimze
the MSE def¥hesain MSEis detirad inFBpua(dg) xéﬁ'%H%hMS Stawww angl Eeadenaiesn

one. <on' - dieengTes pANBlEuGHRs5Be hiAP deBobends st G4 GRerEmOiRe " <

defined in dagiikl defiwhtivedrdstits i@ LMS step-size and E- denotes dropping the
statisti cal expectatlon in the definition of Equ. (9c). Calculating the
partial deri vatlve§n+{e£p+kt,céinlep, fn+tl =f" +, uX e,,, (11) Db"+i (Jl1)u(1+AQ2
-2pQ ) b" +puzte”; (12) (1-,uaQ )b" +, uZ e" (12a) e, =y" -fri Xn -b,HZ

(13) [1046] V\heb 1v (pe,zozf 2 B, sharsen suitably small, tRe)ysequence
of iterations defi nté?qbwaqu (11€Q)t)hr ozggﬁ 'Equ (13) is stabl e( a?nd

converges to the set of_ s which solve Equ. (4). t hat
this sequence of i tera—'?<|f o%g% df)eﬁ1 require explicitly esti ' ﬁg t he

covari ances and Crgss-¢ OVPH‘¥an%@%I n Equ. (4). [1047] FIG 6 i/ lszst rat es
an LMS al gorithm actordi ng t® onée "enbodi nent. The al gorithm 50((] tarts

wi th sel ectiigheP! Whdmthe lajue! 'HR ,léalsuéhééeﬁt@ﬂaégzsmaﬁddgféN%k@aPéﬁee tdre

index k is’initlialized as k=0 step 504 he val ue of

estimat ed apdatidis dlined sy thc@i 1a)ttarbuyh Bt e(13) nediableoahd ceheegekasltaged
set of coefficients which solve Equ. (4). Notice that this sequence of iterations
does not require explicitly estimating the covariances and cross-covariances in
Equ. (4).
[1047] FIG. 6 illustrates an LMS algorithm according to one embodiment.
The algorithm 500 starts with selection of an initial SINR® value at step 502.
Additionally, the index k is initialized as k=0. At step 504, the value of SINR* is

estimated and «(SINR*) is calculated or determined from a pre-calculated

Look-Up Table (LUT). Equ. (11) through Equ. (13) given hereinabove are
calculated iteratively, based on the pilot symbols in the transmission, until a
convergence criteria is met at step 506. The result of such iteration determines

the values for (f,,b,). At step 508 the process estimates SINR**!, which is the
SINR at the equalizer output when the FFF and FBF coefficients are (f,.b,).

The estimation may be done using the pilot symbols in the transmission. The
process then increments the index k. On convergence of SINR® at decision
diamond 510, the process continues to step 512 to apply the filter coefficients.
Else, processing returns to step 504.

[1048] Algorithm with Periodic _Pilot Bursts: According to another
embodiment, a communication system incorporates periodically transmitted pilot

bursts which are used by receivers to adjust the filter coefficients in the
receivers' equalizer. Such adjustment is often referred to as “training the
equalizer®. An example of such a system is a system supporting High Data
Rate (HDR) as defined in “TIA/EIA-IS-856 CDMA2000 High Rate Packet Data



Look-Up Table (LUT). Equ. (11) through Equ. (13) given hereinabove are
calculated iteratively, based on the pilot synbols in the transm ssion,
until a worverygessse criteria is net at step 506. The resmuS2a3/03250h
iteration determnes the values for (fk,bk). At step 508 the process
estimates SINRk+', which is the SINR atygt he equalizer output when the FFF
and FBF coefficients are (fk,bk). The estinmation may be done using the
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to step 51% cﬂ@ﬂiré fréssrhiticdesverged BBgheNt EachEhssip bf @BepBONGyMBLIGrigs t o
step 504. [1048] gorithmwith Periodic Pilot Bursts: Accordi ng t o anot her
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data synbols intended for receivers. FIG 7 il|ustrates an algorithm for
appl ying o stap @@fedhﬁy@gpaﬂmeietﬁr@m@s g,ngg;x éﬁd FPRAPHIQSo rd (SHR B P
initiall h

of SIRR 1 s SRiprRes R aIctRsSaY YalbS b Sinstiing o SufRaftnfated g CRaRolr ost -
conver gencerhaSiniial RIWEd fdrof A% WBerebsatiis georeafa b;Proaat BEpX6H6. PunEthe

initialized and set equal to 0. At step 604 the al gorithm determ nes SI NR,
and conput eé+aJ-8 pild)bust, tﬂ@pmﬁsm@r@m EM@@ér(W)/mrquwdﬁéaﬂtcmp@ a

PL5 and” boty e BREpRsE Mef 008, "fin R iBss MM plfiple € RuBhfy] Bool®
i terates Equahtazfor @Bldhlp@mmpﬂdtaburébanalthe ﬂhapsalueé of ifengi b are Baved.,

step 608. In the&present HDR exanpl e, the algorithm 600 iterates for 96
chi ps of that siep&TGihesprosaas eatimpiemBINRI Leusing the §RFhipspPhthepregeding

step 610 theRMNGESS BaHhGhE teath Wokion Y51d¥InG the IR+ RSt Biirst PePERREAT NI

values of fand b are loaded into the FFF and the FBF and the data symbols are
equalized in standard decision-feedback fashion. At step 614 the process

computes the value of a(SINR*™)and increments k. The process continues to

implement the algorithm during demodulation operations.
[1050] The algorithm of FIG. 7 is adaptive for slowly time-varying channels,

as quasi steady state SINR¥, and therefore, a/(SINR*), are not expected to vary

much over the convergence time of the LMS algorithm.

Soft Slicer: As discussed hereinabove, error propagation significantly limits the
use of DFEs in communication systems employing channel coding. Because
the causal ISI is cancelled by feeding back decisions on individual symbols, a
single isolated decision error may lead to a burst of subsequent decision errors,
greatly enhancing the residual interference at the equalizer's output. If the
channel code is strong, the probability of a symbol decision error is non-
negligible (typically on the order of 25 percent) and error propagation may have
serious effects on the performance of the DFE. One method of avoiding the
effects incurred by such error propagation is to recognize that the usual
“minimum distance” slicer attaches no confidence-level to symbol decisions. In



pilot burst. During the data portion followng the (k+1) pilot burst, the
saved values of f and b are |l oaded into the FFF and the FBF and the data
synbol s awe 20euedeszed i n st andard deci si on-feedback faghkirars20082zsbep 614
the process conputes the value of a(SINR+tl) and increnents k. The process
continues to inplenment the algorithm der7i ng denodul ati on operations.

[ 1050] The algorithmof FIG 7 is adaptive for slowy tine-varying
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the wuse of DFEs in communication systens enploying channel coding. Because
t he causal gusptionaklenaesurady,bif mighti hg belitk tecveidmancelingidhai gyaibol's

synbol s, a Lpgle isolated decision error may lead to a hurst of .
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a synbol decision error is non- neglw:ggl bl e (typical Ié@on the order of 25
percent) afigcisions ofidpvirraradnsheyl be inelbfedin bief ieetlback laapecanseling mance
of the DFE'caEQQI lgif:t hod of avoiding the effects incurred by such error
propagation 1S t0 recognize that the usual "m ninum di stance" slicer
attaches ng1081ff i doneesrhbydimém ofyarbliderdbat ficonsorates ¥OoAAAEAEELRYBDInto
PCT/ US2003/ 022594, 17 ot her words, conventional s|icer decisions provide no
measur e of te¢Eegisiqny papess Wil berieiarrd o Beraly @sar “wicsligesnsOnersalt 8liser si on
wer e known; : MR ATSdY] asY i di 0 : t t id
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ri sk conpodinginpyit shmbobto theadlicer ist givérasnce by subtracting an incorrect
decision. In other words, synbol decisions of |ow accuracy should not be
included in the feddXe® | oop canceling causal 1Sl [1051] One @fbodi nent
of a slicer that i.ncorpprates, a confidence-l.evel jnto the decision process
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the input synbol to the slicer is given’as: y=y+n (14)

uniformly distributed over ¥ so that all constellation points are transmitted with

equal probability. Let L(y,y) be a loss function measuring the loss incurred
when a slicer decides ¥ when the transmitted symbol is y. An optimum slicer
o:3 — ¥, wherein "optimum" refers to a slicer which minimizes Expected loss,

is given by Bayes Rule:
” min A
Y)= E\L(Y,y) |Y
oh=ug L. 17} (15)

For the Minimum Error Probability (MEP) loss function given as:

L(y.5)= ﬁ . (16)
the expected loss resuits in:
ElL@.5) [P}=Prly # 57| (17)
=1-Prfy = y[y}
and therefore:
o(F) = arg ;:’; pefy = ylf} (18)

Additionally, assuming the interference n is a Gaussian random variable with

zero mean and variance o2, then:



where y is the transmtted symbol belonging to the constellation |; and n
consists of residual noise and intersynbol interference. Assume that y is
uni f or m ywoizeeviibessed over 9'so that all constellation poirnisg000e2594
transmitted with equal probability. Let L(y, y) be a loss function
measuring the loss incurred when a S|I$% decides y when the transmtted
symbol is y. An optimumslicer aiy -> wherein "optimn refers to a

slicer which mnimzes Expected Ioss is gi venbb%_ Fayes(mlo)e:lm n ?(f)t':

arg E{L(Y, I ( 1B Eokot im Error Probability unction
gi \g/en{ag Y): L{} o, g eyll’wym 1,Y:7~. Y the expected loss'results in:
E{L(Y, }=Pr{Y: 1 Y1 2(17 =1- Pr{Y—yf12} and therefore: max a(f) = arg

max Pr Y dngeﬂemCi@)‘r ofye” .TThisdista aditipgal “ausimimglistascé relieef, erehalthoughs a

' .2, then: WO
20047 010664t BT ABsHORI Bust i g ke TLORush ot S 215, vie lbet Mannlesgelodent
of u'. Thiserer prdp'a@dtlbhqaakhe %@ém@bé\%@é&ﬂ?r&#é&ﬁk aﬁéﬁn‘&?é’gpcer‘ tis

"Bayes-optimum' for the |oss function of slicer ead t
error pr opéb%&lg%ﬁoﬂ%ﬂef%@erwmc lmsscfus@m her ei nabove. An alternate
slicer design considers adratic loss function: L(y, Y) =!1JY - YJJ2
(20) which, unli ke ﬂ’hlb)ﬂ\/ﬁaF*D’ ss function, penalizes larger err(@8® nore
significant than smaller errors. Following fromEqu. (15): _I o(Y)=arg
mn YE nEJ|M¥|Q|ju gnijke the MEP loss function, penalizes larger errors more significantly

than smaller errors. Following from Equ. (15):
~ mil'l —~ 2 ~
Y)= ENlY — Y 21
oY) =arg Sew ﬁl ylll} (21)

= E{Y]Y}

and the conditional mean equals:

dﬂ=ZyJL%W (22)

Se

| ye¥

An important observation is that unlike the slicer of Equ. (19), the slicer of Equ.

(22) requires an estimate of the interference and noise variance

c’(eg., o ). Note also that the slicer of Equ. (22) corresponds to the

2(SINR)
centroid of the a posteriori distribution on the constellation symbols, i.e., the
centroid of the term in square brackets [...] in Equ. (22). Thus if o2 is large, the
assumption of a uniform prior distribution on a symmetric constellation implies a
nearly uniform posterior distribution, and hence the centroid is near zero. On
the other hand, when o?is small, the posterior distribution has its mass
concentrated on the actual transmitted symbol and its neighboring constellation
points; the centroid is therefore, close to the transmitted symbol. The slicer in
Equ. (22) is thus referred to as a "soft slicer".
[1052] The soft slicer can be used in the adaptive Hybrid DFE with

minimum modification. The FFF and FBF coefficients are chosen to optimize
the following definition of MSE:



= E{Yj Y} and the conditional nean equals: e 262 6(Y) - Y IIY-yll2 (22) yEW
_Z e 202 )'EWAnN inportant observation is that unlike the slicer of Equ.
(19), thewsl2ooero@s Equ. (22) requires an estinate of wPrha/tsatBrtEvence and
noi se variance a2 (e.g., 62 = 2(S1 ). Note also that the slicer of Equ.
(22) corresponds to the centroid of thega posteriori distribution on the
constellation synbols, i.e., the centroid of the termin square brackets
[...] in Equ. (22). Thus,if a2 is large, the assunption of a uniformprior
distribution on a 3ffe jznc—g"c?assnteb?zail@(nimd i—ﬁ%)ﬂaﬂz nearly unif

posterior distribution, and hence the 'centroid is near zero. On the other
hand, Wnen\,\g%rés smal |, the posterior distribution has its mass

concentrated on the actual transmtted synbol and its nei ghboring
constellation points; the cenproid fjSyjherefore, close to the t(rzggfrritted
synbol. The slicer in Equ. (2 isthus referred to as a "soft Slicer".

f
[ 1052] The o8qi | EgET 2 d e adaptive Hybrid DFE with m ni mum
nodi ficati gﬁﬁﬁéﬁ;{é Egﬁ' g’ﬁg&l‘%&zg%g}%ﬁhggt@%s are chosen to optimze the
followi ng definition of MSE: WD ZOQAEZ 665 PCT/ US2003/ 022594 18 %BE = El
yn - f HX" - b HZ" 12 +(1 + 2p@~ (l1112.(23) V\/nerePQi(é If *Y }

(24a) simgdar, . .and .qufs, defined as: 2Q=EQI(Y12} (24b) The
"channel m&‘@ thr)“%r}s %&ﬁ%éﬁg%‘?e §'+y) = Pr{o' (y+ Z)= (25) wherein a-(.)
represents the soft-slicer defi in : 2)nand Z is conplex ,gaussian
noi se defined in exactly the sa@@ii%ilp’ggmﬁ%qﬂ} (7). Follow ng é%
wherein o(.) represenis the soft-slicer defined in Equ. (22) and Z is complex
gaussian noise defined in exactly the same way as in Equ. (7). Following an

analogous development of the optimization scheme based on the LMS
algorithm, we find Equs. (11), (12) and (13) unchanged, except that for the fact

that «, =1+/1Q2 —2p, is computed based on Equs. (24a), (24b) and the soft-

slicer defined in Equ. (25). As before, the leakage factor (-2p,+4;)is SINR

dependent and may be determined by a table lookup.
[1053] The LMS-based algorithm as described hereinabove requires no
additional changes. During the pilot/training portion of the slot, the adaptation is
performed as before; during the data portion of the slot, the conditional mean
slicer is used in place of the “hard”, minimum-distance slicer.
[1054] The computations involved in the soft slicer, namely Equ. (22), may
be too complicated for some practical implementations. One embodiment
simplifies the slicer design so as to restrict the slicer output to take on at most N
values. Equivalently, this amounts to restricting the slicer input to take on at
most N values. In other words, the slicer input ¥ is quantized to one of N points
using a quantizer defined by: Q:Y—»{Y],...,YN}. Then for k=1, ..., N, o(¥)is
computed as:

c(¥)=0,, ifQoF)=7, (26)
wherein:

o, = E{Ylf e 0 (F)}. (27)



anal ogous devel opnent of the optim zation schene based on the LM5
algorithm we find Equs. (11), (12) and (13) unchanged, except that for the
fact thawoa@+WeceZ(2 - 2pQ i s conputed based on Equs. (2¢a)us2¢idAkdsoand t he
soft- slicer defined in Equ. (25). As before, the | eakage factor (1- 2pQ +2
) is SINR dependent and may be determ by a table |ookup. [1053] The
LMS- based al gorithm as descri bed herei nabove requires no additional

hanges. Dug4 h ilot/trajning portion of the slot, the adaptation is
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fficient for_nost inplenmentations. For exanple, given {a,, }
fggﬁﬁp ts ;bwl g 8% say, 5.4 dB, mr;?/ be determined by suitably interpolating between the

two LUTs. In other words, the appropriate o, values at intermediate SINR

values may be generated within the slicer device, thus reducing the necessary
memory/storage requirements.

[1056] As an illusiration of the application of a soft slicer to a Hybrid DFE
(HDFE), consider FIGs. 8A and 8B. FIG. 8A illustrates an 8-PSK constellation,
wherein 8 complex symbols represent the 3 encoded bits mapped for
modulation. As illustrated, the circles represent the constellation points used for
modulation at the transmitter. The “x” marks indicate the samples as received
at the receiver and include noise and interference introduced during
tfransmission. Note that the received samples do not necessarily match the
actual constellation symbols. In this case, the receiver decides which
constellation symbol was actually sent. Typically, the received points are
concentrated around the actual transmitted constellation symbols.

[1057]  One method of determining the transmitted symbol from the received
samples is to divide the constellation map into pie slices, as illustrated in FIG.
8B. Here the constellation map is divided into 8 slices, 702, 704, 708, 708, 710,
712,714, and 716. The slices are determined, for example, in accordance with
a minimum distance metric, which uses the Euclidean distance or separation
between two consteliation points to select a boundary. A problem exists when



SINR=5 dB and SINR=6 dB, the appropriate akvalues for an internedi ate SINR
val ue of say, 5.4 dB, may be determ ned by suitably interpol ati ng between
the two wWOB804/d10666t her words, the appropriate a-k val u@sTatS2e03toersaedi at e
SINR values may be generated within the slicer device, thus reducing the

necessary nenory/storage requirenents.,f1056] As an illustration of the
application of a soft slicer to a Hybrid DFE (HDFE), consider FIGs. 8A and
8B. FIG B8A illustrates n8-PSKconst |1 ati re|n8co | ex ol s
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val ue not necessarily at a constellation synbol. The soft slicer

i npl i ci t 1y rdedebasedondhedainimuendistanse drom eotansiellationdynelep] saaprasilt imhe
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sanpl e i s rfitecradtasdingd td nohdeefriRdirasht, pdivide3n thé constellation map into
rectangles as illustrated in FIG. 9B. As plotted, the rectangles, such as
rectangle 720, are semi-infinite in the y-direction and not all rectangles
encompass constellation symbols. When the slicer's input sample falls within
one of the semi-infinite rectangles, a conditional mean value is assigned.
Effectively all points within the rectangle are mapped to a common value. This
value represents the conditional mean of the transmitted symbol, given the
slicer's input sample falls within the rectangle of interest. The mapping of each
rectangle to a corresponding conditional mean value is a function of the Signal
to Interference and Noise Ratio (SINR). For example, a given rectangle may
map to o for SINR at a first level, e.g., SINR = 4dB. The same rectangle may
map to o' for SINR at a second level, e.g., SINR = 5dB. The mapping and
associated conditional mean values are stored in lookup tables for easy
retrieval. An alternate embodiment calculates the conditional mean value
according to a predetermined algorithm. Note that a square or rectangular grid
is easily implemented and extensible to more complex constellations.
[1059] FIG. 10 illustrates an Equalizer 800 using a soft slicer. The Equalizer
800 includes an FFF 802 coupled to a summing node 804. The FFF 802 is



the equalizer. If the confidence |evel is high, the sanple is considered
reliable, and therefore, a suitable synbol estinmate derived therefrom may
be used iwothetoib@sdback portion of the equalizer. [1058CTRIS®03922594
illustrates a 2-PSK constellation map. Note that decisions nade based on
the m ni num di stance froma constell atl@t'énsynbol may result in errors for
recei ved sanpl es such as that nmarked by Application of a soft
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alternate ﬁ:nbodl ment cal cul ates the conditional nean value accor to a
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816 may be inplemented as an E estimation uni tion unit
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from the output of FFF 802. The output of summing node 804, i.e., the estimate
of transmitted symbol, is then provided to a decoder 820, the SINR/MSE
estimation unit 816, and to the soft slicer 812. The soft slicer 812 receives the
SINR/MSE estimate from the SINR/MSE estimation unit 816 and generates a
further estimate of the transmitted symbol, and outputs this further symbol
estimate for filtering in FBF 806.

[1060] FIG. 11 is a flow chart of a soft slicer process incorporating a soft
slicer according to one embodiment. The process first determines a region,
such as a grid square or rectangle on the constellation map, corresponding o a
quantization of the slicer input sample j, at step 902. A determination is made

of the SINR value at step 904. At step 9086, the process selects an appropriate
mapping as a function of the SINR value. According to one embodiment,
separate portions of a memory storage device store separate look up tables.
The tables are accessed according to SINR value. At step 908 a conditional
mean value is determined from the appropriate mapping and this is the slicer
output.

[1061] Another soft slicer embodiment applies a square grid to the
constellation map, and uses a Taylor expansion to generate a more accurate



(24a), (24b) and (25). The adaptive equalization algorithm 808 uses the aQ
val ue produced from LUT 810 to update the coefficients of the FFF 802 and
t he FBF wO@podmpoésser ati ng Equs. (11), (12) and (13). Recalus2edsmp2sgqus.
(11), (12) and (13) were based on the LMS algorithm and designed to
optimze the MSE cost function defined,gn Equ. (23). In an alternate
enbodi nent, the adaptive equalization algorithm 808 may inplenent anot her
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slicer proce I ncorporating & ’soft slicer according to one embodi ment .

The processdpding It poieenat Begicpo22 eASisRnt avill ind SINRNILY an@thangl e
on the constellation nap, corresponding to a quantization of the slicer

i nput sanplregipn of stez 080 to@dtain dgie) mAneendiiona meae valife israRpPPePNRaRd ue at
step 904. At step 906, the process selects _an appropriate napping as a
function ofattdiep R2&Rasal ae(y, Betor diday(3:0- odee Mappingnto; () saphr@i® g&Rti ons
of a nmenory storage device store separate | ook up tab] The t&bl es are

gccessed g@&ﬁeﬁ{ Y ted tartiiRzor-theandy ir%ﬁéHV@@@:aocﬁﬁ%ii ﬁgﬁﬁli” Adayrdlal ue is
. . . AR _
[T061] AnotAO6E o EIGPTE RSl 4 RN ki a0k olrfnlolong PRyl PAN

const el | at ig)NATBBIMBNSH 952 Fedeilay dHe BXPAGYE SYmbel Beifaids afd BUIBURCANT at e
WO 2004/ 010665 PCIT/ US2003/ 022594 23 conditional mean value. In this
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symbol estimaie corresponding to the soft slicer input is also provided to a
quantizer 956, wherein the symbol estimate is quantized and the quantized
value is used in conjunction with the SINR estimate to determine a
corresponding value stored in the memory storage 960. Note that in one
embodiment, the information is stored in rows and columns, wherein the rows
correspond to SINR values and the columns correspond to symbol values.
Alternate embodiments, however, may store the information in any of a variety
of ways, wherein the information is retrievable based on an SINR value and a
symbol value. The values stored in the memory storage 960 may be the
conditional mean of actual constellation symbol, given the soft slicer input
estimate, such as defined in Equs. (22), (26) and. (27). FIG. 14 illustrates a soft
slicer 980 according to an alternate embodiment implementing a Taylor series
computation. As illustrated, one or more received symbols are provided to an
SINR estimator 982 and one symbol estimate, corresponding to the soft slicer
input, is also provided directly to the soft slicer 980. Note that the received
symbols are corrupted by the transmission channel and therefore are herein
also referred to as received “samples.” The SINR estimator 982 provides an
SINR estimate SINR(n) to the soft slicer 980. The SINR(n) may be provided to



step 922 an SINR value is determ ned. The SINR value is used to determ ne
appropriate mappings a-1() and O 2() at step 924. The region of step 920 is
mapped t ove 2vaueseaherein i corresponds to the region. ACIAISEH/0218PPi NG i S
then performed at step 922 consistent with the SINR value and the region
of step 920 to obtain 0-2 (yt) . A condbhl onal nean val ue is approxi nmat ed
at step 928 as a 1(9) + (y - vy; )62 (M. The mappings a,(.) and a,(.) are
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quanti zed ebnditbnal mepnhoasdtihestet of thetactual constellation symbol.While the present

invention has been described with respect to a wireless communication system,

such a system is provided merely as an example. The concepts described
herein are applicable in a variety of communication systems, including, but not
limited to wireline communication system, such as implementation in a wireline
modem, etc. The present invention is applicable in a high data rate
communication system, and allows optimization of resources and capacity in a
data communication system by increasing receiver sensitivity and increasing the
communication data rate. Those of skill in the art would understand that
information and signals may be represented using any of a variety of different
technologies and techniques. For example, data, instructions, commands,
information, signals, bits, symbols, and chips that may be referenced throughout
the above descripton may be represented by voltages, currents,
electromagnetic waves, magnetic fields or particles, optical fields or particles, or
any combination thereof.

[1063] Those of skill would further appreciate that the various illustrative
logical blocks, modules, circuits, and algorithm steps described in connection
with the embodiments disclosed herein may be implemented as electronic



menory storage units, A 988 and B 990. The soft slicer input synbol
estimate is provided to a quantizer 984, the output of which is also
provi ded WO 200w010668nory storage units A 988 and B 990. Ph@/useen3ng2se4 or age
units A 988 and B 990 store information used to conpute the conditional
nmean val ues of the actual constellatiopgsynbol, given the soft slicer

I nput synbol estimate. Such values nay be the zero-th and first
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circuits, and algorithm steps described Iin connection wth the enbodinents
di scl osed Heiceopropassie buinin dhe altenativeeiha: prageisgor may be any conventional

processor, controller, microcontroller, or state machine. A processor may also
be implemented as a combination of computing devices, e.g., a combination of
a DSP and a microprocessor, a plurality of microprocessors, one or more
microprocessors in conjunction with a DSP core, or any other such
configuration.

[1065] The steps of a method or algorithm described in connection with the
embodiments disclosed herein may be embodied directly in hardware, in a
software module executed by a processor, or in a combination of the two. A
software module may reside in RAM memory, flash memory, ROM memory,
EPROM memory, EEPROM memory, registers, hard disk, a removable disk, a
CD-ROM, or any other form of storage medium known in the art. An exemplary
storage medium is coupled to the processor such the processor can read
information from, and write information to, the storage medium. In the
alternative, the storage medium may be integral to the processor. The
processor and the storage medium may reside in an ASIC. The ASIC may
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conbi nations of both. To clearly illustrate this interchangeability of
har dwar e \woaosfidesdr e, various illustrative conponents, PChluseéss/022m4dul es,
circuits, and steps have been descri bed above generally in terns of their
functionality. Wether such functionalisy is inplenented as hardware or
sof tware depends upon the particular application and design constraints

i nposed on the qverall ste ki)l ed art t,th

descri bed f&fe%i'BfaUSEY éﬁ“‘@%‘ yi Hgﬂ'\ﬁa%emg '§%a§}$n§§9%eggé€§ﬁaat€tgl I&(?c’ﬁq

but such i EdigmERARFESAe FRGiStBRScapOhent8 ot aisornéetinaet ed as causi ng a
departure from the scope of the present invention. [1064] The var
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may be any TeRRY end Ip@é@nt VeSS (5 not(mem@éd ¢o benlimited datthel ¢rebodiprenis at e
machi ne. A processor al so  be inple a conbi nat.i.on, of..c uting
devi ces, e.S§OWNa heeaiB| %"t 1R0 e %pqgg@eé;ﬁge @@F @&PB@egg%sr'Stth Yt gﬁﬁgty of
m cr opr oce r B RRESSE in conjunction with a DSP
core, or aﬁ)@ﬁgﬁ@éﬁ&@%@ﬁv%ﬁ urg]a(raaﬁﬂ%)n [10%”;] The steps of a nethod or

al gorithm 4667} beWI-iIATdSr(BieAlMEB :th the enbodinents disclosed herein
may be enbodied directly in hardware, in a software nodul e executed by a
processor, or in a conbination of the two. A software nodule may reside in
RAM nenory, flash nenory, ROM nenory, EPROM nenory, EEPROM nenory,

regi sters, hard disk, a renovable disk, a CD-ROVM or any other form of
storage nedium known in the art. An exenplary storage nmediumis coupled to
the processor such the processor can read information from and wite
information to, the storage nmedium In the



alternative, the storage nedium may be integral to the processor. The
processor and the storage nmediummay reside in an ASIC. The ASIC may WO
2004/ 010666 2PaT1UHR003/ 022594 26 reside in a user termPealus2003/021504
alternative, the processor and the storage nedium may reside as discrete
conponents in a user termnal. [1066] The previous description of the

di scl osed enbodinents is provided to enable any person skilled in the art
to make or use the present invention. %A@mkgus nodi fications to these
enbodi ments will be readily apparent(; e skilled in the art, and the
generic principles defined herein may be applied to other enbodi nents

w t hout departing fromthe spirit or scope of the invention. Thus, the

present inventi gnmiesho@tor RyleRedeisionbieetbatk equalizdtion ByraetErmiilhg filtehown
herein but is to be accorded the w dest scope consistent with the
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decision fe equalr zati on by deter coeffrcren

deci si on- f eedbackleztingl & st Hanctivg forf hedtocisindebdbbek ctpdlizer, fike otk
filter each defined by a pluraljt f coefflicient t he nmet hod conpri si ng:
sel ecting a cost ffg'ﬁ‘@ﬁ?%rigf%‘ﬁ MM%&“@T -éré@'dﬂ\zﬂéﬁ)e'éﬁ@ﬁ%ﬁﬂ eqealizgt t
function is the Mgy e ( Qftfaege | ZeRA i

assum ng error-freeWPésggl%ggﬁnﬁﬁgﬂtﬂaég}e? eq\ggl iﬂr%‘éei;h guppttﬁgf%%uga%éi fied
measure of the eneplyg af maodifiécedicaskrd idft éhe enali of etites ;feadithakdjfiltet i ng

the plurality of coefﬁi.ci %r_]ts until a convergence condition is net,
wherein the conver%%‘?{ deg nepgi on is to mnimze the cost function. 2. The

met hod as in cl @idfnslingwhérpﬂahran?@ deicidnit Yirfil 2 coplbigerRBlconeRionasred to
a plurality of filter t.a?s, and wherein the nodified nmeasure of energy is a
function of at |eawhewmieihg comergeneecondiien issio mirdmias thedcass funetionai m 1,
wherein the cost function is a MSE gi ven as:

2. The method as in claim 1, wherein the plurality of coefficients correspond
to a plurality of filter taps, and wherein the modified measure of energy is a
function of at least one of the filter taps.

3. The method as in claim 1, wherein the cost function is a MSE given as:

MSE = H}—i 2}rczub"z

n=1
wherein y, is a transmitted symbol, N corresponds to a number received

y —f"X -b"Z,

symbols, X, are the contents of the feedforward filter at time n, Z, are the
feedback filter contents assuming error-free feedback, £ are filter coefficients
for the feedforward filter, b are filter coefficients for the feedback filter, and

a ||bjfF is the modified measure of energy of the feedback filter coefficients.

4, The method as in claim 3, wherein the modified measure ¢ is given as:
a=1+1-2p,,

wherein p,is a measure of the cross-correlation of the input and output of a

slicer model, and

wherein £, is a measure of the mean output energy of a slicer model.



N MBE = -fHX" -bHZ, 2 +al{bl{2 N,, 1 wherein ynis a transmtted synbol, N
corresponds to a nunber received synbols, X' are the contents of the
f eedf or wawo 2bid/t1e665at time n, Z" are the feedback filt@cTasnaesnezs9assumn ng
error-free feedback, f are filter coefficients for the feedforward filter,
b are filter coefficients for the feedbggk filter, and a jib/f is the
nodi fi ed neasure of energy of the feedback filter coefficients. 4. The

method as in claim3, .wherei.n {h i f . LVen. as: .

A1A 0 2p@ whal® pieteot e84 pielf o 3o bR enchonde ShER38 veng 2 npu
and out put | @hsfMein SQliardnslgdritheld wherein 2Q is a measure of the mean
out put energy of a slicer nodel. WO 2004/010665 PCT/ US2003/ 022594 28 5.

The nethod as in claim3, wherein the cost function is mnimzed using a

Least Mean Squar. ' ' . The dn.claim3, further

conpri si ng:égeneﬁﬁa#%@{%%ggm ?‘ﬁ%{g?’ gmﬁg%@@%@'men a equal i zer out put

and a target ecyﬁgieiram out pstirhaendf el MSE reetwvesn a dquadizéouipiut tamel a
E.

estimate of the . The method as in claim3, further conprising:
generating an esti ip{get eaualizer gHIIUW3Nd nt er f erence and Noi se Ratio (S| NR)

cstimate of the ST aKEfupdR SOhERSHHRIG MO O O T =
integer. 9. The nethod as in claim3, wherein the nodified nmeasure a is
defined as7:. azl‘Fh2eQm2eI?r%d\gs1?rr\giari]r:nf%ﬁhéczoﬂ&l 'nglj:y)y’ and 1| YEYYEY
‘generating an estimate of a Signal-to-lnterference and Noise Ratio
(SINR) at an output of the equalizer; and

selecting « as a function of the estimate of the SINR.

8. A method as in claim 3, wherein a =2",m = integer.
9. The method as in claim 3, wherein the modified measure ¢« is defined
as:
a=1+4-2p,
wherein:
1 ke
0o =12 2.50G|y)y, and
IYI yeY ey
wherein:
1 - ~
o, = == I3[ 0G|, and
| Y l yeY yeY

wherein Q(i]y) is a slicer channel model, 7 is a slicer output and y is a slicer

input.

10. The method as in claim 9, wherein the slicer channel model is defined as:
0(3|y) =Pr{o(y+2Z) = 7}
where o(.)denotes a minimum distance slicing function, Z is a zero mean

Gaussian random variable, yis a slicer input, and ¥ is a slicer output.



wherein: 1 AQa=-~jl YIlz Qy | y), and I YIYEY yEY wherein QYly) is a
slicer channel nodel, y is a slicer output and y is a slicer input. 10.
The met howoasod/noesai m 9, wherein the slicer channel noaelr/tusgodmpisned as:
QVYly) = Pr{6(y+Z) = Y} where a(.) denotes a m ni num di stance slicing
function, Zis a zero nean Gaussian rangpmvariable, y is a slicer input,
and y is a slicer output. W 2004/010665 PCT/ US2003/ 022594 29 11. The

met hod as i, cl aj onpri.sing. (] A Signal -to-Interference and

Noi se Ratio ('Sl ﬁﬁ)%a?e"ﬁogfaﬁdﬁ c%ﬂgn%ﬁ:o'rrﬁkgﬁbg.out put of a equalizer. 12. The
method as in cl agdfirdating Sigtatté-hteforgncb it NoseoRalio(SINRPOISa plioingighale:
using a Least Mean Square (LMS) algorithmto determne filter coefficients
and an error term é‘ﬁé\niqlép'aﬁ’f\ﬁé@?u%@ﬁ?ﬁute equations: fn+l =f n +, uX"en;

bn+l = (1-,ua)b,, +,uzZne ; and en - Y11l -f,HXn -bn Z,,, wherein f
represents filter coefficients of the feed-forward filter, b represents

filter coeff2ci enhe whthidte dedt-daiok 3,i Wherein Xthree mosk €ohstidre exptifrozateorns
filter contents, a represents a factor nodifying the energy of the
f eed- back f¢PPRHS@oefficients, e represents the error term Z represents

feed-back filter c hfq“as @esa%wmaaﬂgsg%re f(m%)fs Is;gmﬁ, ol d&@fnﬁ%ﬁ@“ﬁﬁe@_

desired synbol, and u fepresents t st'ep he nethod as in
cl ai m 3, wherein t heetfdents amdtarerrosteminrand itexdtivsly mpraputRecuedions Least
Squares algorithm 14. A hybrid decision-feedback equalizer, conprising: a
feedforward filter thavilag-#Xptiiral ity of filter taps, the filter taps

havi ng

*

: and

b, =0-uad, + ul.e,,;
e, =y, ~£/X,-b/Z,,
wherein f represents filter coefficients of the feed-forward filter, b represents
filter coefficients of the feed-back filter, X represents feed-forward filter contents,
o represents a factor modifying the energy of the feed-back filter coefficients, e
represents the error term, Z represents feed-back filter contents assuming error-
free feedback, y represents a desired symbol, and u represents the LMS step

size.

13. The method as in claim 3, wherein the cost function is minimized using a
Recursive Least Squares algorithm.

14. A hybrid decision-feedback equalizer, comprising:

a feedforward filter having a plurality of filter taps, the filter taps having
corresponding filter coefficients;

a feedback filter having a plurality of filter taps, the filter taps having
corresponding filter coefficients

a coefficient generator coupled to the feedforward filter and the feedback
filter, adapted to update the filter coefficients of the feedforward filter
and the feedback filter to minimize a predetermined cost function,
wherein the cost function is a Mean Squared Error (MSE) between an
equalizer output assuming error-free feedback and a target equalizer
output, plus a modified measure of energy of the feedback filter
coefficients;



corresponding filter coefficients; a feedback filter having a plurality of
filter taps, the filter taps having corresponding filter coefficients a
coef fi ci ewD 2gewmap@sor coupled to the feedforward filter pamaseévs/otmedback
filter, adapted to update the filter coefficients of the feedforward filter
and the feedback filter to minimze a pggdeterm ned cost function, wherein
the cost function is a Mean Squared Error (MSE) between an equali zer

out put assum ng _error-free feedh t i us a
o 11 ed measur 8 GG SposrCaRasy aBain Bl i ané kS RarL fier e &
2004/ 010665 PCT/ Usz@pat 8RR2I4edBaIEfilEstTTHeGumMAtiey Aode cenfiggreartoaufopratt of
the feedforward filter and an output of the feedback filter, the sunm ng

node configured t dheupitprtof theideedhank: filer trae incoapbRik qfithﬁefﬁeﬂf%Wﬁque
o O e Y Gondrhie &1 oshAAEBLAR bAGAR Fahd RS Gmik, & o Nl

transmtted synbol; rcer coupled'to t sunmm ng no slicer
adapt ed to receivslideheoupkid 1aihe surintieg @ooenthd blicepradgipted td receive thed
synbol . 15. The deci si on-feedback, equalizer as in clai mmi.)4 wherein the
coefficient gener@sinatesanshdeies! heé%rtg"ﬂﬁtt@”&”ﬁt%‘iéy- 6l nt erf erence and
Noi se Ratio (SINR) of a pilot signal at an output of the decision-feedback
equal i zer; and determ ne a nodified neasure a defined as: a=1+4Q 2pQ
wherei n: @ =athe décbiphyicesAGiE¥qualezesias in dlaimI14, Wwixpeil e aoeffictent y
wherein QQyly) is a slicer channel nodel, Y is a slicer output, wherein
the slicer 9@%8@1@1 'Srﬁdféite‘? ©defined as:

estimate a Signal-to-Interference and Noise Ratio (SINR) of a pilot signal
at an output of the decision-feedback equalizer; and

determine a modified measure « defined as:
a=1+1,-2p,

wherein:

pp =3 350Gy , and
IYI yeY jeY

wherein:

2 = =3 SIFP 0G|y, and

IYler yeY

~

wherein Q(ily) is a slicer channel model, ¥ is a slicer output,
wherein the slicer channel model is defined as:
Q(3|y) =Pr{c(y +2) = 5}
where o()denotes a minimum distance slicing function, Z is a zero mean

Gaussian random variable, yis a slicer input, and y is a slicer output.

16. The decision-feedback equalizer as in claim 15, wherein the coefficient
generator is further adapted to:
determine the modified measure using a memory storage device storing

modified measures as a function of SINR.

17.  The decision-feedback equalizer as in claim 15, wherein the coefficient

generator is adapted to:



Qyly) = Pr{a (y+tZ) = Y} where a (.)denotes a m ninum di stance slicing
function, Zis a zero nmean Gaussian randomvariable, y is a slicer input,
and y i s wobesmEneesut put. 16. The deci si on-feedback equ&lCiraseomds21304 cl ai m
15, wherein the coefficient generator is further adapted to: determ ne the
nodi fi ed neasure using a nenory storage3qevi ce storing nodified neasures
as a function of SINR 17. The decisi on-feedback equalizer as in claiml1l5,

wherein the coeffi.cient enerat or i dap - WO 2004/ 010665

PCT! US2008) 0205 Rt e, FRan coa e ERG A e eIV epRes) dSblesh oufpu
equal i zer output asSHAINYDROLPEe fdrbacReMHRPE targetegudlRbaBliRftumd zer
output; and determne a nodified neasure a defined as: a=1+2 -2pQ

wher ei n: pQ@eterming & Qodifiedyneasiye aydefineshasiherein: a@ Y I Yyl Y12 QY |
Y) 18. The deci si on-feedhack equalizer as in claim17, wherein the
coefficient gendfatbfe T2Pburther adapted to: determine the nodified
nmeasur e usi a. menory storage device storing nodified nmeasures as a
function of VifEN19. A nmethod for determining filter coefficients in a
deci si on-f eedbagk__ equal i zer, the decision-feedback equalizer having a

f eedf or war dof H 2 5| yheedbdck filter each defined by a plurality of
coefficients, tlﬁ <ypet hod conprising: selecting a cost function for the
deci si on-feedback equalizer, the cost function is the Mean Squared Error
( MSE) bet '8 equal i zer output assuming error-free feedback and a
target equalizer oytput__plus a nodified neasure of energy of the feedback
filter coefdjci entl—g;ﬁ%jaﬁali > oG 1.

ye¥ Jye¥

18. The decision-feedback equalizer as in claim 17, wherein the coefficient
generator is further adapted to:
determine the modified measure using a memory storage device storing

modified measures as a function of MSE.

19. A method for determining filter coefficients in a decision-feedback
equalizer, the decision-feedback equalizer having a feedforward filter and a
feedback filter each defined by a plurality of coefficients, the method comprising:
selecting a cost function for the decision-feedback equalizer, the cost
function is the Mean Squared Error (MSE) between an equalizer
output assuming error-free feedback and a target equalizer output
plus a modified measure of energy of the feedback filter coefficients;
and
adjusting the plurality of coefficients according to a Recursive Least
Squares (RLS) algorithm.

20. A hybrid decision feedback equalizer appar(atus, comprising:
processing unit; and
memory storage unit coupled o the processing unit, the memory storage
unit storing computer-readable instructions, comprising:



adjusting the plurality of coefficients according to a Recursive Least
Squares (RLS) algorithm 20. A hybrid decision feedback equali zer

appar at uswocoempripessng: processing unit; and nenory st oragasaeiso2zsoupl ed to
the processing unit, the menory storage unit storing conputer-readable

i nstructions, conprising: WO 2004/ 0106653é3CT/ US2003/ 022594 32 a first set
of instructions for determning filter coefficients in a decision- feedback
equal i zer having_a feedforward filter d a feedhack filter . each defined
by plural ¢y of cgieset of Bartotays By dlEriipiad BB3; cretlickntsin feqsien

deci si on-feedback egsdiddiesqualier HiNind HEooRINRA IMEH ot &NBoabkanTIRguar ed
Error (MSE) between an equalizer outp assumng error-free teedback and a
target equalizer o@aghtdeined ky apliralitydf coedficierispby eatecting ef cadiduhciimmback

bl ural ity of coef 10} B S2RBAAREBEY Sanplie e B ubRtiod detifea e
the convergence comdn Syuased IHErdH (MSE] DetliBes Oit cbiiaRidr Butpdil aséurfily i d

deci si on feedback equalizer apparatus, conprising: 'processing unit; and
nmenory storage uni €resdigedeedackeapd or dergaigeaunalizer tavdpute pistsy asmnodiigel

o or ‘ . . T g Y et of
"structi one f oAbt SnBrdl i bp b R el e Tl e o
f eed- back equal i asecbadisey ohirfstediibas korf adjistingtie plutaig of ebvdicibtd LB .

and an error termby application of a Least Mean Square (LMS) algorithmto
iteratively conputé& @ﬂ'ﬁ’ﬁrg% cgndition is met, wheyrinsthe conyeigence condition is

(1-2,u(1-)0Q)b" +;4si ; =V sk, HX, , -bnZr:, wherein f represents
filter coefficients Olntﬁﬁge?g%g@ﬁ)fruv\g}o filter, b represents filter

coefficients of the feed-back filter, X represents feed-forward filter
glo][\ ]E Spgrsr,[ i af] ][ :%?&Egbsde%isqgﬁ {geeeI ta'cRréq%%h%’\eeree?ppaara{uls?gém%Hts'nng;t: of the
processing unit; and

memory storage unit coupled to the processing unit, the memory storage
unit storing computer-readable instructions, comprising:

a first set of instructions for determining filier coefficients of a differential
feed-back equalizer having a feed-back filter and a feed-forward filter,
and an error term by application of a Least Mean Square (LMS)
algorithm to iteratively compute equations:

fn+1 = fn + /ane .

b, =1-2ul—py)b, +4Z e, ; and
e, =y,—£'X,-bJZ,, \
wherein f represents filter coefficients of the feed-forward filter, b represents
filter coefficients of the feed-back filter, X represents feed-forward filter contents,
© represents a correlation between a slicer output of the differential feed-back
equalizer and a transmitted signal, e represents the error term, Z represents
feed-back filter contents assuming error-free feedback, y represents a received

sample, and x represents an LMS step size.

22. A method for estimating a transmitted symbol, the transmitted symbol
being mapped to a constellation map, the method comprising:
receiving a sample;



equalizer and a transmtted signal, e represents the error term Z
represents feed-back filter contents assunming error-free feedback, vy
repr esentwoaoesnesssed sanple, and ,u represents an LNSPSTA2e030225922. A
met hod for estimating a transmtted synbol, the transmtted synbol being
mapped to a constellation map, the neth conprising: receiving a sanple;
WO 2004/ 010665 PCT/ US2003/ 022594 33 esti1mating

Caral o ‘ Condo No: . f _ o
Che traner 1 od SYIUNDIGER I AR ieRE A oRe Relfp RN S G RbRE hod as
in claim22, whesgimaiffy thEetradnitted dyhibts Bhbé@BnINEITINR &fIHE Sfple.

cal culating the variance of the received sanple defined by the
relationship: 2= 1 2(SINR) and evaluating a conditional nmean as: 11p-Y112

® ot s 2 b The g ad Incdimte8, Fhére SfiniiG B faddRtBacSiRbnT

bel ongi ng teorhpseonst el l ati on mapping T. 24. The nethod as in claim 22,

wherein estimate val ues are stored in a nenory storage unit, and wherein

each region of tRalctiiingeithat varanes pladhg reerived peadrlyy definesdaty vileue.

25. The net hod ar%{étﬂ)q%h@j:m 24, further conprising: quantizing the synbol to
val'u

a generate a firs a to a region of the constellation map; and ,
1
2 _
2(SINR)’
and evaluating a conditional mean as:
B 7]
=l
R e 20°
oc¥)=>y —
ye¥ _”Y—yl’
S
ye¥ i

wherein Y represents the input sample to the soft slicer and y represents the

transmitted symbols belonging to the constellation mapping ¥ .

24. The method as in claim 22, wherein estimate values are stored in a
memory storage unit, and wherein each region of the constellation map has a
corresponding estimate value.

25. The method as in claim 24, further comprising:
quantizing the symbol to a generate a first value to a region of the
constellation map; and
determining an estimate value corresponding to the region of the
constellation map.

26. The method as in claim 25, further comprising:
quantizing the symbol to a first value selected from a set of N values;
determining an entry of the memory storage unit corresponding to the
first value and the SINR.



determ ning an estimte value corresponding to the region of the
constellation map. 26. The nethod as in claim25, further conprising:
quant i zi gotzne/|yesbol to a first value selected froma ®et/ushoosiopzbaes;
determ ning an entry of the nmenory storage unit corresponding to the first
val ue and the SINR WO 2004/010665 PCT/ 4p2003/022594 34 27. The nethod as
in claim26, wherein quantizing the synbol conprises: quantizing the
synbol using a M ninmum Euclidean Distance criterion. 28. The nmethod as in
claim 25, wherein the estimate values are stored in the nenory storage

unit for aogget gheShlhothhs ffclamh2eWiteesdin quaatiAng hies simbohesmpeiessr i ses:
interpolating entries in the nenory storage unit to determne a first

estimate val ue fopaniizingrtbe sgmiml vaingea Mimiaim Fuchidean Pigtargeuriigsioe i s  not
in the set of SINR values. 29. The nethod as in claim25, wherein each
region is a rectangle. 30. The nethod as in claim 24, wherein the nmenory
storage unigg.i quhéim‘éthcﬁ]’l‘aé iire 8laiird @8, Wherdinkite Sshifaio dakrtsi aretstoraal inghe 31.

The nmethod as in claim?22, further conprising: determning a fir stimte
based on t HeerBPRRSRIAgE Kt fer &; Sﬁéd’fﬁ% E?fuegnéngé"{@rﬁi%ﬂ\%gm&h&%imer
estimate b r%réga conbination of the first estimate, the SINR and the

received sanple.” 32. The nmethod as in claim31l, wherein the first estinmate
i s cal cul at ed udniegpolating néntries dsthenoeembiyc starage. uriihdondeteonings a firsil ai m

31, wh i th nd ti t IS, | .t th fir ti | .
corr ecteir glnnt er ren sgggtr']mﬁgesﬁlﬁg%cfgr Iégf"'gﬂgimgi Y%l%%?wuﬁ@riﬁhmgﬁ@gmt%@ét 'gmat e

is defined as: angqf haneae?RtshIRivaRics. 1S given as: 61(YL)+(Y-YL)(72(Yi),
WO 2004/ 010665 PCT/ US2003/ 022594

29. The method as in claim 25, wherein each region is a rectangle.

30. The method as in claim 24, wherein the memory storage unit includes

entries identified by SINR and estimate value.

31. The method as in claim 22, further comprising: |
determining a first estimate based on the SINR and the received sample;
and
determining a second estimate based on a combination of the first

estimate, the SINR, and the received sample.

32. The method as in claim 31, wherein the first estimate is calculated using

a minimum distance slicer.

33. The method as in claim 31, wherein the second estimate is equal to the

first estimate plus a correction term.

34. The method as in claim 31, wherein the first estimate is defined as:
O-l(j\)i) ]
and the second estimate is given as:

U1(§’j)+(5}_§)i)0'2(§7i),



35 wherein each 6 represents a uni que mappi ng of a sanple value to an
estimate value, y represents the received sanple, and yi is a quanti zed
ver si on owotzhet/o1n@sei ved sanpl e. 35. The net hod as i n clpairms2ép3/oetses ei n
determning the first estimate conprises: quantizing the received sanple
to forma quanti zed sanple; generating 8 first estimate based on the
quanti zed sanple; and generating a secgnd estimate based on the first
estimate. 36. A nethod for determining filter coeffici entls ina .

deci si on- 1 ddipsalBIeAcky GRIaPsRseNts ReUrig Manping o Baamilg e It 2 stimpta
feedforward filter and a feedback filtelr eaah/\defi nedeﬂlﬁ% a\})l ural ity of
coef fi ci entv@luey h! reRIERBRISCHIRpIECSIVRY: SAMPIEc BNH oY a It BAUAHAEY %S'?Blpfttﬁ%

deci si on- f eedhack e uzi\l izer, the cost function is the Mean Squared Error
(MSE) bet where%ed éa&‘iﬂ?'zer out put assuming error-free feedback and a
target equalizer output plus a nodified neasure of energy of the feedback
filter coefficients; and adjusting the plurality of coefficients until a
conver genc&5condiig onethednas | in &ladneid, twikeresh datg@niaing dheli firsbestiate
mnimze the cost function wherein the MSE is given as: MSE = 1 Jlyn -fHX"
-bHz, 1 2 +alPH™ESNn=1 wherein yn is a received synbol, N corresponds to a

nunber of poi nt {uahtizing theBeeéived eanfietd Rinmod quéntizgesdrplegont ent s of the
feedforward filter at time n, Zn are the feedback filter contents assum ng

error-free feediggneratingadirstigstigiate bgsed opitbatwianized RRMPE A Bt ward filter,
measur e of ener G 1Tk Peand BRIRRY BASS oo Bt Bt B T he
nodi fied nmeasure a is defined as: a=1+, Q 2pQ wherein: WO 2004/ 010665
Pet! USZOOB/B%Z.ZS% method for determining filter coefficients in a decision-feedback
equalizer, the decision-feedback equalizer having a feedforward filter and a
feedback filter each defined by a plurality of coefficients, the method comprising:
selecting a cost function for the decision-feedback equalizer, the cost
function is the Mean Squared Error (MSE) between an equalizer
output assuming error-free feedback and a target equalizer output
plus a modified measure of energy of the feedback filter coefficients;
and
adjusting the plurality of coefficients until a convergence condition is met,
wherein the convergence condition is to minimize the cost function wherein the
MSE is given as:
1 N
MSE = {WZ

n=1

y, — %X, -b"Z,

[ apr

wherein y, is a received symbol, N corresponds to a number of points in the

mapping constellation, X, are the contents of the feedforward filter at time n, Z,
are the feedback filter contents assuming error-free feedback, f are filter
coefficients for the feedforward filter, b are filter coefficients for the feedback
fiter, and « is the modified measure of energy of the feedback filier
coefficients,
wherein the modified measure ¢ is defined as:

a=1+7,-2p,

wherein:



36 PQ=Y ~ YQVYIY)Y , and yEYS5EY wherein Qyly) is a slicer channel
nodel, y is a slicer output, y is a slicer input, wherein a slicer channel
nodel is wefnewdo@s: Qyly) = Pr{a-(y + Z2) = y} wherei nPaf/0S2esn01e¢s a soft
slicing function, Z is a zero nmean Gaussi an random vari abl ewherein the
variance is defined by the relationshipgg2 1 a- _ , and 2(SINR) wherein
residual interference and noi se are nDdePed as a zero-nean conpl ex

Gaussi an rando&vari able Z with independent real and inaginary parts, each
with variange= y*@glﬁppgﬁ@t us for estimating a transmtted synbol,
the transni'ttedY| | ~"béing points in a constellation, the nethod
conprising: neans for receiving a sanple; nmeans for estinmating

Si gnal -t o- NmereirRQl(ﬂ@) {Sh BRyeradhannel swalpl, ey israssliser outpesty iset slivgr inpat,
transmtted synbol based on the SINR and the sanple. 38. The apparatus as
i n cl ai m 3whewir aislicéichampahmaddet iseddfineditasag the transmitted synbol
further conprises: mneans for calculating the variance of the received

sanpl e defined bY(R|ne=Prigi(ari Bhshirp: 62 = 1 2(SINR) wherein residual
interference and noise are nodel ed as a zeroq-nean conpl ex Gaussi an random
vari abl e zZwhersin adepenaissta patiislicing finelipm e I paptasmeaichaussiam rardance
a.2 and eval u.aHer\ll\gn a condi tional snggﬁneadsby\/t\% r2(9(?04/ OJhCI)F?:GS PCT/ US2003/ 022594

37 varia erein the variance i ations
o’ = —L——, and
2(SINR)
wherein residual interference and noise are modeled as a zero-mean complex
Gaussian random variable Z with independent real and imaginary parts, each

with variance 2.

37. An apparatus for estimating a transmitted symbol, the transmitted symbol
being points in a constellation, the method comprising:

means for receiving a sample;

means for estimating Signal-to-Noise Ratio (SINR) of the sample;

means for estimating the transmitted symbol based on the SINR and the

sample.

38. The apparatus as in claim 37, wherein the means for estimating the
transmitted symbol further comprises:

means for calculating the variance of the received sample defined by the
relationship:

2 1
o” =
2(SINR)

wherein residual interference and noise are modeled as a zero-mean complex
Gaussian random variable Z with independent real and imaginary parts, each
with variance ¢?and

evaluating a conditional mean as:



Y-yl 2 e 262 UY) Y yYyEWI11f _Y112 | Y, e 262 ye T wherein Y represents
the input sanple to the soft slicer and y represents the transmtted
synbol s bwbangi/aieseshe constel |l ati on mapping T. 39. The ZPPArsat03®2z4 i n
claim 37, wherein estimate values are stored in a nenory storage unit, and
wherein each region of the constellati o, map has a corresponding estimate
val ue. 40. The apparatus as in claim39, further conprising: nmeans for
guanti zing the synbol to a generate a first value to a region of the
constellation map; and neans flor determrling an estimte val ue
corresponding to the region off th@g-gpnstiellation map. 41. The nmethod as in
claim40, further conprising: |mean S 4207 uanti zing the synbol to a first

o : .
val ue sel ected from et N ¢al Ues; ans for determning an entry of
t he nenory storage‘ﬁﬁ't"c ﬂésponal gydgq the first value and the SINR 42.
The apparatus as in clai m#¥, mherem i ns for quantizing the synbol
conprises: neans for quantizingMhe gyfrbdl using a M ni num Eucl i dean
Di stance criterion. 43. The e d as i claim40, wherein the estinmate
val ues are stored in the mend+¥ ‘storage-unit for a set of SINR val ues, and

56 moans. 1 OHBIRS TpGFBRESHG L FOUL PHTPIR oo 67 agA i PP SR B me

a transmitted symbols belong to the constellation mapping ¥ .

39. The apparatus as in claim 37, wherein estimate values are stored in a
memory storage unit, and wherein each region of the constellation map has a
corresponding estimate value.

40. The apparatus as in claim 39, further comprising:
means for quantizing the symbol to a generate a first value to a region of
the constellation map; and
means for determining an estimate value corresponding to the region of
the constellation map.

41. The method as in claim 40, further comprising:
means for quantizing the symbol to a first value selected from a set of N
values;
means for determining an entry of the memory storage unit
corresponding to the first value and the SINR.

42. The apparatus as in claim 41, wherein means for quantizing the symbol
comprises:
means for quantizing the symbol using a Minimum Euclidean Distance

criterion.

43. The method as in claim 40, wherein the estimate values are stored in the
memory storage unit for a set of SINR values, and wherein the apparatus

further comprises:



first estimate value for a first SINR value, wherein the first SINR val ue
is not in the set of SINR values. 44. The apparatus as in claim40, wherein
each regiwp 2064/t1tb@5const el | ati on nmap has a rect angul ar PEMA[S200342259he
apparatus as in claim39, wherein the nenory storage unit includes entries
identified by SINR and estimte value. 46 The apparatus as in claim 37,
further conprising: neans for determining a first estimte based on the

SINR and the received samle:..and ans for _determning a.second estinmate
based on a conbi'ASEND rdf‘@?@at"f‘g eofresdin;t tfﬁ?mf’%s@ﬁ\ﬁ?,quaﬁio ﬁﬁ "M% Pved
sanple. 47. The apﬂ?ﬁt@sﬂ&a@évhﬂeqbﬂbmrﬁtﬁswmeéﬁieﬂV\ﬁié?eif\ithétﬁrﬁﬂi\lﬂmvﬁubs

calculated wusing a mninumdistance slicer. 48. The apparatus as in claim
46, wherein the setonad indh¢ sat of SENRyaklesto the first estimate plus a
correction term 49. The nethod as in claim46, wherein the first estinmate
is defined as: a,(yi), and the second estimate is given as: 61(Ji)+(J

-yi) W2(yi wher eithe 2pPafdtus SRY iBSERIS 40, Whdstdih BaPiregionfofatheasarsteliatione t o
an estimate value, y represents the received sanple, and yi is a quantized
versi on of mMAp haseregcjarpuanghape.50. The nethod as in claim49, wherein
means for determning the first estimate conprises: WO 2004/ 010665

PCT/ US2003/ 022594 39 neans for quantizing the received sanple to forma

quanti zed s481pl eThe eppamtii®tsde iRt BO\gvheicin e rrimomtstotzgeethibimcidtes
guanti zed sanple; and neans for generating a second estimte based on the
first estineitdes identifiad by PR a0d es8mate ¥AMS: menory storage device; and

46. The apparatus as in claim 37, further comprising:
means for determining a first estimate based on the SINR and the
received sample; and
means for determining a second estimate based on a combination of the

firét estimate, the SINR, and the received sample.

47. The apparatus as in claim 46, wherein the first estimate is calculated

using a minimum distance slicer.

48. The apparatus as in claim 46, wherein the second estimate is equal to

the first estimate plus a correction term.

49. The method as in claim 46, wherein the first estimate is defined as:
o,(3,),
and the second estimate is given as:
o, () +(=3)0,(),
wherein each O represents a unique mapping of a sample value to an estimate
value, J represents the received sample, and ¥, is a quantized version of the

received sample.

50. The method as in claim 49, wherein means for determining the first

estimate comprises:



processing unit coupled to the nenory storage device and adapted to:
receive a sanple corresponding to a transmtted synbol, the transmtted
symbol bewogoewpped to a constellation map, estimte a BCyrEsRemsn22%04 se
Ratio (SINR) of the sanple; estimate the transmtted synbol based on the
SINR and the sanpl e. 39

means for quantizing the received sample to form a quantized sample;

means for generating a first estimate based on the quantized sample;
and

means for generating a second estimate based on the first estimate.

51.  An apparatus comprising:
memory storage device; and
processing unit coupled to the memory storage device and adapted to:
receive a sample corresponding to a transmitted symbol, the
transmitted symbol being mapped to a constellation map,
estimate a Signal-to-Noise Ratio (SINR) of the sample;
estimate the transmitted symbol based on the SINR and the sample.



