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GENERALI ZED DI RECT UPDATE VI TERBI EQUALI.ZER o

FI ELD OF THE PRESENT | NVENTI-ON° . :. - The invention relates to the
denodul ati on and equal i zation of di.gitally =~ nodul at ed radi o signals
t hat have passed through a tine.varying channel. 5

BACKGROUND OF THE | NVENTI ON Digital -wirel ess communi cation
systens are used to convey a variety of -1- i nformati on between
multiple locations. Wth digital conmmunications, information is

translated into a digital or binary form referred to as bits, for

modulated 10 "synbor CENERALEEEH PREECT GRpATiE virkeHy EOBACKIAL, .,

and mapped back into bits and information. In digital
wi rel ess communi cations, the radi o environnent presents nmany

FIELD OF THE PRESENT INVENTION
The invention relates to the demodulation and equalization of digitally

modulated radio signals that have passed through a time varying channel.

5 - BACKGRQ.[_JND OF THE INVENTION
Digital wireless communication systems are used to convey a variety of
information between multiple locations. With digital communications,
information is translated into a digital or binary form, referred to as bits, for |
communications purposes. The transmitter maps this bit stream into a modulated
10  symbol stream, which is detected at the digital receiver and mapped back intb
bits and information. _ |
In digital wireless communications, the radio environment presents many
difficulties that impede successful cohmunications. One difficulty is that the
signal level can fade because the signal may travel multiple paths due to béing
15  reflected that cause signal images to arrive at the receiver antenna out of phase.
This type of fading is commonly_referred to as Rayleigh fading or fast fading.
When the signal fﬁdes, the signal-to-noise ratio becomes lower, causing
degradation i.n the quality of the communication link.
A second problem occurs when the multiple signal paths are much _
20  different in length. In this case, time dispersion occurs, in which multiple fading
signal images arrive at the receiver antenna af different times, thus giving rise to
signal echoes or rays. This causes intersymbol interference (ISI), where the
echoes of one symbol interfere with subsequent symbols. |
At the receiver, coherent demodulation is desirable, since it provides the
25  best performance. This requires knowledge of the muitipath channel. In many |

wireless applications, this channel is time varying, due to transmitter motion,
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need to track %qﬁdlﬂgr considers various hypotheses for the transmitted symbol sequence, and,

with a model of the dispersive channel, determines which hypothesis best fits the
received data. This is efficiently realized using the Viterbi algorfthm. This
‘equalization techrii;]ue is well known to those skilled in the art, and can be found ‘
in standard textbooks such as J.G. Proakis, Digital Communications, 2nd ed.,
10  New York: McGraw-Hill, chapter 6, 1989. '

The conventional MLSE ‘equalizer can be explained by a.simple example.
‘Suppose the transmitter transmits a symbol stream s{n), which take on +1 6r -1
values corresponding to bit values 0 and 1 tespectively. This stream is
modulated using binary phase-shift keying (BPSK). At the receiver, the received

15 signal is filtered, amplified, and mixed down using I and Q carriers, then

sampled once every symbol period (T), giving a received signal stream r(n). In
this example, the intervening channel consists of two fading rays, a main ray and
an echo, where the echo arrives 7 seconds later. Then, the received 'signal can

be modeled as:
r(n) = cys(n) + c,'s(n?_l) + n(n) (¢Y)

where ¢, and ¢; are complex channel tap values and n(n) is additive noise or
20  interference. The superscript "*" denotes the complex conjugate. -
In the MLSE equalizer, at 1terat10n n, there would be two different
previous ' states" 0and 1, correspondmg t the two possible values for s(n-1),
25 +1 (0) and -1 (1). Associated with each previous state would be an accumulated
' metric, accumulated from previous iterations, giving rise to accumulated metrics
Ao(n-1) and 4,(n-1). There would also be two current states, corresponding to

the two possible values for s(n). Each possible pairing of a previous state with a
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var ying nul ti path channel . To provi de coherent denodul ation

of mul ti pamogéiepesd s, a maxi mum li kel i hood- sequence-REHVIIHOBA
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t he di spersive channel, determines which hypothesis best fits the
received data. This is efficiently realized using the Viterbi algorithm
Thi s equal i zation technique is well known to those skilled in the
art, and can be found . in standard texbooks such as J. G Proakis,
Di gi tal Conmmuni cations, 2nd ed., 10 New Y&itk: McGawHi ||, -chapter 6,
1989. - The conventional M.SE equalizer can be explained by a
si nmpl e exanpl e. Suppose the transmitter transmts a synhol streams
(n), which takescurrent statereorregponds to avlwm&@tl@@rsew@@ﬁ&mgll,dm Far each o

and 1 respectlve This str g binary phase-shift
keyi ng ( BPSK). {‘ Rothesise the %&g@l{sc? %eﬁlgagwi@tew%#gkg'l is filtered,
anplified, and m xed down using | and Q carriers, then. sanpl ed on&?
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t hi s exanpl e, the i ntervening channel consists of two fading rays, a main
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recei ved signal

r(n) =cl[err]s(n) +.c[err]s(n-1) + n(n) (1) : ‘where
c[err] and c[err] are conpl ex channeMymp=\atdesrdmd®n(n) is additive i se
or 20 interference. The superscript "*" denotes the conpl ex conjugate.
In the I\/LSE equa n I 2 :
previ ous st at oot i e s Flourent WaISBR R BE shifbrthe biERmenic
s(n-1), 25 5 + ind fhe predously @ddumumed)meaﬂealssmmﬂ&d ewitths,n-é)i Fos eathatwerenoul d
be an accunul at ed metric, accumul ated fro ndL}rew ous -iteratjons

giving rise to asi@nifeae are iy Pessible previoussigiesy (FOrgach, current state, the previgyse, o
woul d al so be twe, GULERRTEivek 3 SmalfeSf SAARARMBFIC'IR selected as the predecessor

10  state, and the candidate metric becomes the accumulated metric for that current

state.
Thus, for current state 0, there would be two hypothetical sequences
{+1,+1} and {-1,+1}, referred to as hypotheses # = 00 and & = 10. This

gives rise to two candidate metrics:

Copl) = Agn=1) + Mo() (42)

Cpi(m) = Ay (n-1) + M,o(n) (4b)
15

The smaller of these two candidate metrics gives the accumulated metric for
current state 0. The corresponding previous state becomes the predecessor state

to stéte 0 at time n. If Cpyfn) < Cpfn), then the accumulated metric for current

20  state O at time n becomes: |
Am) = Cio(n) : ®)

The predecessor state and its predecessor and so forth is referred to as the path
history of the current state. A similar procedure is applied to current state I, in

which case the two hypotheses are # = 01 and & = 11.
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current state corresponds to a hypothetical sequence {s[err](n-1),
s[err](n)}. For each hypot hesi s, the predicted received signal

val ue woul d be: rferr](n) =
Cerr]s[ferr](n) + Cerr]Serr](n-1) (2) The
correspondi ng "branch" metric would be given by .

Merr](n)=[r([err]) - rlerr](n)| 2 -4- (3) The
candidate netric for a current state would be the sumof the branch netric
5 and the previously accunul ated netric associated with s[err](n-1). For
each current The ldeietted ishmbolsaire desided b 5hé bf two enetitods.: dhahe SirstFor

each current state, the previous : _ .
method, all of the data are processed first. Then, the final state with the best

metric is determined.. The path history of this state gives the detected or
demodulated déta. In the second method, detection decisions are made before all
5  of the data are processed. At time n, the symbol transmitted at time n - 7 is
decided, where 7 is referred to as the decision depth. This is performed by
finding the state at time n with the besi metric and using its path history to
determine the detected symbol at time n - 7. '
In general, the time varying channel consists of a number of channel taps _
10  that vary with time n. After filtering, mixing-down to basebaﬁd, and sampling,

the received data samples r(n) can be modeled as:

r(n) = c;(n)s(n) + cI(n)s(n-l) + ... + n(n) ©6)

where s(n) are the transmitted symbols, ¢,(n) are the time dispersive channel taps,
and n(n) is additive noise. It is convenient to use vector notation and to express

15  the received data sample as:

rn) = Hm)xm) + nn) -

where ¢(n) is a vector of channel taps and x(n) is a vector containing the current
and past trarlls'mitted' symbbls. The suﬁersgrip_t "H" denotes the conjugate
transpose. ) | o

20 '.I‘he'demodul.étor.relies on channel tap es_timatés, cm(h)', to predict
received values fd_r various hypothetical symboll sequences x,',(n):.' These predicted

values, referred to as target values #,(n), are given by:

4 = o
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Alerr](n) = (err] ics gi
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or some equivalent metric. These metrics are accumulated and used to determine
S  the demodulated symbol sequence. . _

The channel tap estimates must be updated to track a time-varying
channel. This is done by making a tentative decision as to what symbols were
transmitted up to time n, giving S,,(), S4.(n-1) ... which can be put into a vector
X,.(n). Typically, an error signal e(n) is used to update the channel tap

10  estimates, where the error signal is given by the difference in what was received

and what was predicted, i.e.,
_ " |
e(n) = r(n) - c, . (n) x4504() _ (10)

Once the channel taps have been updated, givi_ng. _é,,,(n+1), the channel taps can
be used to forfn ne§v predictions z,(n+1).

15 Thus, tracking the channel and forming ta:get. values involves the
following steps. First, an initial detection decision is made. Then a target value
is formed by filtering the detect_ed data. An error signal is then formed by
comparing the received and target values. The error is then used to update the
channel tap estimates. Finally, fhe channel tap estimates are used to form updated

20  target values. Each of these steps requires hardware or software resources which
contributes to the complexity of the demodulator. Thus, there is .a need to

reduce this complexity without losing performance.

SUMMARY OF THE DISCLOSURE

It is an object of the present invention to provide a balance between
25  tracking performance, complexity, and modeling. This is accomplished in the

present invention by directly updating the target values, rather than updating



WD 96/ 02983 _

PCT/ US95/ R5dsd2983 PCT/US95/08842 4-

The detected synbols are deci ded by one of two nmethods. In the first _
nmet hod, all of the data are processed first. Then, the final state with the

best - metric is determ ned. The path history of this state gives the
detected or denodul ated data. In the second nethod, detection.

deci sions are nade before all 5 of the data are processed. At tine n,
the synbol transmtted at tine n - [err] is deci ded, where [err] is
referred to as the decision depth. This |96perforned by ' ~finding the
state at time n with the best nmetric and using its path history to
determ ne the detected synbol at time n - [err]. I n general,

the tinme varyi Rparfmehmpelahwsnnt usigthese towpdste thé trpetnanlest Bsusidd  t hat
vary with time n. After filtering mxmg down o baseband, and sanpling,
the received déY‘&"@ﬂ'bhﬂr@EerP?sm)"“%ﬁ spRsehptitarasy values, referred to as reference

r(n) = clerr] (n é@)neéd%%érseog&) §ﬁd‘uﬁasa1 Furtﬁerﬂfo‘?é the resent 1nvérﬁ.?spér8| e

where s(n) are the transmtt c[err](n) dare hetlrre
channel taps, prov1des theuflexibility of &pdatthgt anyeorm;ll efathelmfeu'moemehvdms to use
vector notgfion and tc(c)x)e ngr t%sosne ém odlmgr(lat of the Ip\r/e%gnt(ix%&nso%ng smg?e set of
refefence values are updated corresponding to a single channel model.
According to another embodiment of the p'reseﬁt inventiqn’,'there is a set of
reference values for each state in the equalizer, corresponding toa channel model ‘
per state. ' )
10 According to one embodiment of the present invention, a radio receiver
for demodulating digital information is disclosed. The receiver comprises m.ea.ns
for receiving radio signals and processing them .td:produce data samples, and
means for storing the data samples. Means for storing reference values that
model what the receiver should receive for various transmitted symbol séquence
15  hypotheses are also provided. The receiver also comprises means for equalizing
' the received dé.ta using the stored reference values to prodiqée"symbol detection
information, and means for updating the reference values based on the symbol

detection information.

BRIEF DESCRIPTION OF THE DRAWINGS
20 The present ihvention will now be described in more detail with reference
| to preferred embodiments of the present invention, given only by way of
exampie, and illustrated in the accompanying drawings, in which:
Figure 1 illustrates a signal constellation according to one embodiment of
the present invention; '
25 Figure 2 illustrates a block diagram according to one embodiment of the
o present invention; and |
Figui‘e 3 illustr_ates'a block diagram of the target value tracker according

to one embodiment of the present invention.



F(n) :'c[err](n)[err](n) + n(n) whére c(n) is a vector of channel

taps and x¥wo) 9603983 vector containing the current andCFAISS/08842
transmtted synbols. The superscript "H' denotes the conjugate

transpose. 20 .The denodul ator relies.-on channel tap estimates,
clerr](n), to predict - recegl d vaI ues for various hypotheti cal

synbol sequences x[err](n). These
target values t[err](n), are give
t[err](n) = c[err](n) x[err](n)
PCT/ US95/ 08842 - 5-

(8) The target values are used to formbranch netrics given by, for
exanpl e, '

values referred to as

DETAILED DESCRIPTION OF THE DISCLOSURE
While the present invention will be described using several specific
mpdulation formats, it will be understood by those skilled in the art that the
present invention can be applied to other modulatidn schemes.

5 In general, the form for updating the reference values depends on the
implicit channel tracking algorithm. In the most general case, there are channel
tracking parameters or quantities, which may include channel tap estimates,
channel tap derivative estimates, Doppler frequency estimates, etc..., that can be )
stored in a vector, Q,,. These pai'ameters are updated all or in part using some

10  mapping F and some information, stored in vector D(n), which may include
current channel tracking parameters, detected values, signal-to-noise ratio
estimates, etc.... Thus, the channel tracking parameters are updated according
to:

Qn + 1) = FDM) an

15  The new channel tracking parameters are then used to predict received data based

on some mapping G, so that:

G e D) = GQm + 1) 2

Mapping F can be viewed as a function that relates the informatiqn D(n)
to the updated channel tracking parameters Q.(n+1). For example, D(n) could
20  include the current channel tracking parameters Q.(n) and an estimate of how the

. parameters have changed, A (n). Then, the mapping F could be given by:

Q,(n+1) = F(D() = Qm) + A ()

—_—
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Merr](n) =]r(n) - tlerr](n)|[err] (9) or sone
equi val enfyoaglondss. These netrics are accunul ated and used PETAISOIIhe 5

t he denodul ated synbol sequence. The channel tap estimates
must be updated to track a tinme-varying channel . This is done by
maki ng a tentative decision as to what synbols were - transmtted up
to time n, giving sferr](n), s[err](n- 1). ... which can be put into a vector

_x[err](n). Typically, an error signal .&( n) i’'s used to update the channel
tap 10 estimates, where the error- S|gnal is given by the difference in
what was received and what was predrcted, i.e.,

e(n) =r(n) - c[err](n) x[err](n) - (10) Once the
channel taps have been updated, giving c[err](n+l), the channel taps can
be used to for rgimétatipy mdpping Gis 4 functior( relating the Wpdated tracking parameterstacki ng

Hirst an i nf‘?ﬂaé?xé&“ i Vale) pRore, B drs e ifameters Qo L pigldRS 1 °PS:
is formed by filter gag)ééa%ad&t@ ‘(ﬁ@llf]&ﬁ@cl +€1)[ OTheil HB Fhapping! G&ouidbered by

conparing the receiv and tar ge ues e error is then used to update

t he chagiven by:ap estifmates. Finally, the channel tap estimtes aré
used to form updated 20 target val ues. Each of these steps requires

har dwar e or softvvare r u ; npl exity

of the denodul at or . :(?(g‘\@scl@ +f)°9t(ﬁl-ﬁ 1;.ed’fff:gnﬂziesgrgorrpl exity

wi t hout | osing performance - SUMVARY OF THE

DI SCLOSURE - : - C ‘

5. Traditionally, mapping F is applied first, then mapping G.
With the present invention, the target values or some subset of them are
updated direetly.- This is possible because the target values can be expressed

directly in terms of the information:
t(n+1) = GEFEDG)) = HD) | (13)

10  where H is the composite mapping of F and G. The information in vector D(n)
can usually be expressed in terms of current target values and possibly some
auxiliary quantities. | One embodiment of the present invention provides an
example in which the aux111ary quantities correspond to target value derivative

estimates. ' '

15 In some applications, it may be desirable to update only a subset of the

_ target values This can be achieved by applying the direct update approach to
only those reference values that are to be updated. By allowing only partial
updating, it may be possxble to equahze nonlinear channels, which arise, for
example, when nonlmeantles exist in the recelver front-end processmg

20 The present mve_n_non can also be applied when equa.hzatlon is
unnecessary, in which cése_ a direot update demodulator is obtained. In this case,
the target values correspond to .single symbol hypotheses. Symmetry may be
used to reduce the number of target values stored and updated.

One embodiment of the present invention is configured for a four-level

25 modulation such as QPSK or DQPSK. The present invention is also applicable
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tracki ng pavbesm8ze, conplexity, and nodeling. This is accoRPIUSHE842n t he
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channel tap val ues and usi ng t hese 1015 RER
symmetry properties, only a subset of t e
reference val ues, need to Be=stesad AN ‘Hd. Furthernore, the
present invention pr ovi des t he erX| b| updati ng any or all of
the reference target val ues. Accordi ng to one enbodi nent of

the present invention, a si ngl e set of ref erence val ues are uapdat ed
cor respondi ng t o te7é4 shiftdDQR Knsincerghecreceived data sapiples ¢am e Paoogatedioras to

enbodi ment of the b tvf/ﬁ-@‘ﬁg F}{I-’%hg%é@ggalksth@ légxtpcﬁglbles m 15@%@5&8@6

val ues for each §F rrespon ann

per state. 10 g = e"”z soARftahé foag ﬁdﬁsmleetrambmhdn&ymm&n‘arehe =pr-leb,ent— +j,
i nvention, a radi o receiver for denodul ati ng1 fg }fa Qlf ornmati.on.is
di scl osed. The réce&t vbranddpt i-b dhighafgsshown in Figure differenti ulation is

5  used, then the information can be extracted from knowledge of successive

-6-
The=target val ues. By using
_;.referred to as

symbols.
The implicit channel tracking algorithm is given in U.S Patent Application
No. 07/942,270, which is incorporated herein by reference. The tracker tracks
estimates of the channel taps ‘and their derivatives, i.e., how the channel taps )
10  change with time. Assuming only two signal rays are received, a main ray and
an echo, the tracker 'updates channel tap estimates (c,,,, and ¢, ;) and derivative

estimates (d,,, ard d, ) according to:

() = 70) =g oy (M Sg () =€y iy ()5, (0= D) (143)
dy,, (n+ 1) =dy . (n) + ege’(n) sw(n) (14b)
d,,+1=d,, @ ree () s, (n-1) | (14c)

Cop 0 + 1) = Cop () + dy g (n 1) et s (14

15
€l @+ 1) =.cm, m+d,, @+ lj + pe’(@n) s (n-1) (14e)

where My and &, denote the real (not complex) LMS step sizes, superscript "*"
denotes oomplex conjugate, r(n) is the received data and s,,(n) and s,,(n-1) are
20  the estimated data symbols. These could be known or detected symbols.
In one embodiment of the present invention, there is a single channel
model, which implies a single set of reference target values. There are four such

' reference values: Zy, Zy, Zy, and Zy,, where Z,, is the target value for the
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for receiving radio signals and processing themto produce data sanples,
and WOBEIEEY or storing the data sanples. Means for st®¥rTHPH8r ence
val ues that nodel what the receiver should receive for various
transmtted synmbol sequence 15 hypotheses are also provided. The

recei ver also conprises neans for equali.zing : the received data using
the stored reference val ues to producé symbol detection i nf or mati on,
and neans for updating the reference val ues ‘based on the synbol

detection information. v - BRI EF. DESCRI PTI ON OF THE
DRAWNGS 20 The- present |nvent|oH)mnII now be described in nore
detail with reference to preferred enbodlnents of the present

i nvention, given only by nple and | ustrated in the

accorrlpanyl ng dr Aypathesis lhnt &%) &hs, and S(n'l) = S, Pil'&’dr" ug for ap HPREs
si gna constell ti [ ent
i nventi on; % cmes% ga?'l‘—trgggur eﬁ@n%ﬁggﬁ*m e%ﬁzg&% §ﬁt ‘@l%%srégﬁq&ac ording to

one enbodlnent of the . . present |nvent|on . Fi & 3
illustrates a block diagramof the tarégt= v%l,,,ae“?racker accordr ng sy

one enbodi nent of the present invention.
where

m=(b + 3a)mod 4 | (16)

5 - There are also four reference delta values: Dy, Dy, Dy, and Dy;. The reference -
delta values give an estimate for how the target value is changing with time from
one update to the next, and are similar to the derivative estimates. Equations 15
and 16 also apply to the reference delta values.
10 To track the time varying channel, tentative decisions as to what was sent
must be made so that an error signal can be 'éenemted for the channel tracker.
To make these decisions reliable, there is a delay between the time the data are
received and the time a_tent_ative deci.sion is made. Thus, at time n, the
reference target and delta ;/alues correspond to time n-d, where d denotes the
15  delay. However, these can be used to form predicted reference target values
corresponding to time n. This is done by a'dding the correct number of reference
delta values to the reference target values, i.e.,
zof;;"d (n) =Zy,(n~d) +d Do (n-d) an
A block diagram of the equalization and target updating processes is given
20  in Figure 2. A radio receiver 10 receives a radio signai ahd processes it by, for
em@emm%mmwmmmmmnmammmeMQmmw
data, which gives complex data sathples. These data samples are stored in a data
buffer 20. The Viterbi equalizer 30 processes received samples using the Viterbi
equé.lization approach and using reference target values provided by the target

25  value tracker 40. The target value tracker 40 receives initial detection
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Wil e the pWsM2983nvention will be described using several dJ$ddiS95/@8842
mpdul ation formats, it will be understood by those skilled in the art that

t he present invention can be applied to other“nodul ati on schemes. 5
In general, the formfor updating-.the reference val ues depends on the
implicit channel tracking algorithm In-the nost general case, there are
channel tracking paraneters or quantities, which may include channel
tap esti nates, channel tap derivati vel'fsti mat es, Doppl er frequency

estimates, etc..., that can be stored*tn a vector, err],. These

paraneters are updated all or in part using sone 10 mappi ng F and sone

i nformation, stored in vector D(‘?_), which may incl ude current channel
tracki ng par amet dpformatiens froeythe Vitesbi equalizes| 30;as- well av datarvialpes from the

estimates, et by fof 16 \ARAEHg HeTEltiReRREIRAGLS Wi MATALE fropides

accordi ng

F(D(n)) to the Viterbi equalizé 3). Nqt&, hovidver,that the @nwoe Isighabuded by the
h : :
pnaa:)girrﬁ;e&s Sget L égre :réetu 3 Sle ttraoc errencliz{yclge }r)l%%%ed\!%c}i' tﬂg tefilu 1azsere,dip [vg}igl] (:q,§eon4tﬁé_)}ranegker '

A derr](n +4)) does not require data valded #om the data buffer. |
More specifically, equalization of the n’th received sample proceeds
according to the following steps. Using predicted reference target values,
metrics are formed and used in the Viterbi equalizer. This involves forming
candidate metrics by adding existing accumulated metrics with branch metrics.

10 These branch metrics have the form:
d, .2 2
M0 = Ir-Z 55 0] = Irn)-2 &red mpeien

g a2 (18)
=le ™ rm)-2 5% @)

For each updated state, the best candidate metric is kept.
Then, the updated state with the best accumulated metric is determined.
The symbol history of the updated state is used to make a tentative decision
15  concerning symbol s(n-d) and symbol s(n-d-1). These decided values are denoted
as 5; and s, respectively. |
A rotated errdr signal e,,(n-d) is then formed by rotating the received
value at that time and subtracting the corresponding refefence;value; This can be

computed a number of ways, one of which is given as:

e, (n-d)y=e ™ e(n-dy=e7™?/ 2(r(n -d) -Z,(n-d))
- | - (19)
=e/ npl2(,(n -d)-Z, M(n-d)ef npl2) = e 7"Pr(n-d)- (=9

where M = (k + 3p) mod 4 as in equation 16 and subscript OM denotes the
20  reference value that corresponds to the tentatively decided data.



Mappi ng F can be viewed as a function that relates the information D(n)

to the upwaxwsd2983annel tracking paraneters Qerr](n+ 1). F@CTASaSE842 D( n)

- could 20 i nclude the current channel tracking parameters err](n) and an
estimate of how t he par anmet ers have ¢ er Then, the

mappi ng F coul d be given by: \—\ Qerr] (n+

AS BEEN

F(D(n)) = Jerr](n) + [err](n) lSSheetHasB R
PCT/ US95/ 08842

' eplaced -
i ' at| ng the updat ed MIMt ers
to t he updated target value. Suppo & the tracki ng para

Simlarly, nmapping Gis a functio

Qerr](n+l) include channel tap esti nmat es clerr](n+l)- and c[err] (n+
1). Then the rrappl ng G coul d be gi ven by

tlerr](n+l) = Q erNe}nt,nall_py some puhscq Qﬁth:)re&rmcc]v@tueamumm Juging ifpr-

s[err](n) like:
Do,,(n-a} i)= on(n-d) + fomMye,,, (n-d) - (20a) -
Z,,(n-d + )=Z,, (n-d) + D, (n-d + 1) + g(m,Ivi"}erﬁ___ ‘n-d) (20ﬁ)
l5 ~ where ' o - '
fimM)=¢, + ¢ """‘””%o (200) _
gimM)=p; + el "mMoizy, ' (20d)

The values p, and y, are the step sizes that would have been used in a
conventional channel tracker for updating the channel taps. Slmlla:ly, the values

10 g and ¢, are the step sizes that would have been used in a channel tracker for
updating the derivatives of the channel taps. Finally, predicted references are
formed for time n+ I: |

_ Om

z pred (",_'_1) .=Z()m(n -d +1)+ d DOm(h -d +1) an

* A detailed block diagram of the target value tracker is given in Figure 3.

15  The Viterbi equalizer 3 provides indices p and k that indicate the symbols

detected at times n-d-1 and n-d fésp‘ectivély. " An index mapper 10 uses the

relation given in equation 16, where a=p and b=k, to determine the index M.

This index is used to extract Z,, from the reference storage unit 12. Index p

from the Viterbi equalizer is also used to rotate a received data value, provided
20 by the data buffer 2, according to equation 19. In an adder 16, the difference

between the rotated data value and the extracted reference value is used to form

' rotated error signal e,(n-d), which is stored in a storage element 17.
| Updating then occurs by counting through the references to be updated

and performing the update operation. A counter 22 sequences through the

¢



5 Traditionally, mapping F is applied first, then mapping G

Wth the prwaegdomgs/enti on, the target val ues or sone subset rfT/OSvsSHBHARE
updated directly. This is possible because the target val ues can be
expressed directly in ternms of the information: -

t[err](n+l) = F(D(Nn))) = HD n}T—— 1 (13) 10 where H
i s the conposite mapping of F anfi G'SPREETHASBEENJh in vector D(n) _
can usually be expressed in ter f. RERIARED ar getjl val ues and possibly

sone auxiliary quantities. One enbodi ment of the present invention
provi des an “exanple in which the auxilBtary quantities correspond to
target value derivative esti mat es. 15 In sone

applications, it may be desirable to update only a subset of the

target val ues. ThiiffefeabrdiéreacdWaieihdives appiPor each vatuelbf af twonpdae cperitionsh
to only those reference val yes that are to be updated., By al] ow ng

only partial are perfperagd. n irst, imyjtiplies S(m Fso?"éfaP@d(fEfﬂﬁlai 'EERWBPH ?ahlé’a?o
channel s, which agpag 3toersr f(m MR r?ﬂd g%%?b&lue&’%%ﬁ%éib%ﬁés'&ﬁn%ﬂ%

the receiver front-end proceds present invention can
al so be applied végmatiems0ciandtd0dp This multiplier isrused érs theer multipliesh8 od mudtiply a

e e T CRERCE = SRINIE RN -
e Cone, o, "oty A aaleb el 8L SRS is e o e
modul ati on such amulfipbér able[AQPSId isTised pr theemulitiphiercl8 toomultiplyathearotatedl errab| e
signal stored in storage element 17. The product is used to update D, in the
~ adder 24. |
10 After all the reference values have been updated and stored in the
reference storage unit 12, then the pfedicted reference values aré computed in a
predictor 26 according to equation 21. These predicted values are passed back to
the Viterbi equalizer 3 for use in the next equalization step.
Many variations of the present invention are possible, which allow for
15  complexity reduction or performance improvement. Some of these variations
will be discussed below.
In the first step, which occurs in the Viterbi equalizer 3, the branch
metric can be expanded, as illustrated in equation 22, so that computational

_ savings are possible when computing all branch metrics together.

i red d . .2
M, (m) = |rm)|* -2 Re {e! Wz (n)} V7 O T
Scaling all metrics by 1/2 does not change performance. *Also, the received data
20  and the predicted target values can be expressed in terms of I and Q components:

rm) =1+ jQ (23a)

pred , . .
Zym @™=a, +jb,

e —
e

eet Has Been Reilaced

T



-9- to [err]/4 shift DQPSK, since the received data sanples can be

pr ocessedwiPoeaRog30 renove the [err]/4-shift. For thecrosogossds, the
k't h possible synbol is given by S[err] = e[err] so that the four
possible transmtted synbols are s[err] =+ 1, s[errl=4j, slerr] =
-1, and s[err] = -j, which ar e shown in Fi gure 1. If differential

nodul ation is 5 .used, : ;

n can be mssmmefeﬂi

know edge of successive THIS SKEHOHAS BEEN- annel
tracking algorithmis givdn i n BEBLRGEBNt Ap li cat i on

07/ 942,270, which is incorporated mererm By4T ef er ence. racke cks
estimates of the channel taps and their derivatives, | .e., how t he channel
taps 10 change with tine. Assuming only two signal rays are received, a
main ray and- an echo, the tracker updates channel tap estinmat@3b)
(c[err] and c[err] ) and derivatiye estimates (d[err] and d[err])
according to: This givesa metricinthe formig( ) = r(n) clerr] (n)s[err](n)
-c[err] (n)s[err] (n.- 1) N (14a)

o

M, (n)=

[a ;b- ] Re { éjnali[(aml + bm Q)+ j(b;1~'a"Q) ]}

(24)
With four possible r/zil(les: 'f'o'r a and four values for b, there are 16 such metrics '
5  to be determined. However, intermediate computations can be shared between
the 16 computations, reducmg complexity 51gn1ﬁcantly First, the magnitude
squared of the data term can be computed: '
a) Compute. p=F+ @& _
_ Then, .r'or m=0,1,2, and 3, the feilowing can be used o compute the metrics
10 efficiently: | 2 |

|  pedleby
b) Compute: q-= ) -
c) Compute: sum = a,l + b,Q
d) Compute: dif = a,Q - b,]
e) Cernpute the following' four metrics |
15 | Mg(n) = q - sum " My(n) = q + sum
| M) =q-dif My =q-df

where |
b = (a + m) mod 4

Thus, by expanding the metric and sharmg computatrons, branch metrics can be
20  computed in an efﬁcrent manner using the predlcted target reference values.
Note that step a) may be omitted and p ignored in step b). Also, for
better equalization and soft information, it may be desirable to divide all 16
metrics by an estimate of the noise power, where noise is any impairment, such
as thermal noise and/or interference. Such an estimate can be obtained from the

25  metrics themselves or from the error signal used in reference tracking. If noise



dlerr] (n + 1) = d[err](n) + [err]e *(n) s[err](n) ' 14b
derr] (n +W§?)96"-°251§Lerr] (n) + [err]e*(n) s[err](n-1) p 95/0:
cf[err] (n + 1) = c[err] (n) + d[err] (n + 1) + [err]e*(n) s[err](n) (14d)
clerr] (n+ 1) = Cerr] (n) + derr] (n+ 1) + [err]e*(n) s[err](n-1)
(14e) where [err] and [err] denote the real (not conplex) |east
nmeans squared (LMS) step si zes, superscript "*" denotes conpl ex
conjugate, r(n) is the received data, and 20 sferr](n) and s[err](n-1)
are the estimated data synbols. These could ltge known ‘or detect ed
synbol s. ' i - 9A -

estimates are not used in the metric process, they may still be used when forming
the soft information. The noise estimate may vary with each time sample or it
may be constant for blocks of time samples, for example, for a TDMA burst.
Soft information can be extracted from the equalizer using techniques given in

5 U.S. Patent 5,099,499, which is incorporated herein by reference.

Also in the first step, it may be desirable to use weighted predicted
reference values, where the weight is a real number between 0 and 1. Such
weighting provides better equalizer performance when the reference values are
noisy, which is the case when the weight estimation process is corrupted by noise

10 or decision feedback errors. The optimal weighting value for a noisy target
value is the magnitude squared of the noiseless target value divided by the sum
of the magnitude squafed of the noiseless target value and the power of the noise
on the noisy target value. In practice, approximaﬁons to these quantities can be
used, or a set of fixed weighting values can be used. One practical solution is to

15  weight the predicted reference value by a weight that depends on the magnitude
or magnitude squared of the predicted reference value. ,

In the second step, which also occurs in the Viterbi equalizer 3, the state
with the best accumulated metric is determined. For the form of the metric used
above, this corresponds to the smallest metric. Then, the predecessor states

20  associated with this state are determined. How this is determined depends on
how the Viterbi equalizer is implemented. If it is implemented according to U.S.
Patent No. 5,331,666, which is incorporated herein by reference, then the

‘ symbol history gives the predecessor information in the form of symbols.
However, it is also possible to indicate predecessor information with the use of

25  pointers, as discussed in C. M. Rader, "Memory management in a Viterbi
decoder," IEEE Trans. Commun., vol. COM-29, pp. 1399-1401, Sept. 1981. In
this case, these pointers would be used to determine the past states, which

correspond to initially detected symbols.



I n one enbodi nent of the present invention, there is a single channel
nmodel , WhWEP603983i es a single set of reference target val u®ETUSAPEB4Yr e
four such reference values: Z[err], Zerr], Zerr] and Zerr], where Z err]

is the target value for the WD 96/ 02983
PCT/ US95/ 08842 - 10-
hypot hesis that s(n) = s[err] and s(n-1) = S[err]. A target value for an
arbitrary hypot hesi s can be determ ned fromthe reference target
val ues according to: Zlerr]=

- Z[err]el[err] . (15) -16- wher'e -
m=(b + 3a)nod 4 : (16)

In the third and fourth steps, which occur in the target value tracker 4, a
rotated error signal is computed and used in updating. the reference target and
delta values. Alternatively, one could use a nonrotated e_rr(;r signal and express

- the update in terms of the nonrotated value. Also, one can trade off complexity
5  versus performance by updating only a subset of the reference values. The error
signal in the third step may be computed as an intermediate step in computing the
branch metric, which can be viewed as a magnitude squared error. If the target
values change very slowly, the delta reference values may be omitted. If the '
target values change very quickly, additional reference values may be desired-,
10  where these reference values model higher order derivatives in the target values.

Initialization of the reference values can be done using synchronization
information and possible training over a synchronization field. Initialization
using the conventional tracking form is discussed in U.S. Patent Application
No. 07/942,270, entitled "A method of forming a channel estimate for a time-

15  varying radio channel”. One approach is to use this form of initialization, train
the conventional channel taps over the synchronization field, then convert the
conventional channel taps into reference target values and reference delta values
for use in data equalization. A second approach is to first convert
synchronization information into initial reference target values and set reference

20  delta values to zero. Then, training of the reference values is performed one or
more times over the synchronization field. '

More specifically, the first approach is to initialize-and train channel tap
estimates and channel tap derivative estimates over the known synchronization
field, then convert these to reference target values for use in tracking over the

25 = data field. For example, the synchronizatidn process involves correlating the
received data with a known synchronization pattern. Once symbol timing is
determined , the correlations are the initial estimates of the channel taps, Cg .
and ¢, ;.. The initial channel tap derivative estimates can be set to zero.

Training involves updating the initial values as if the synchronization field were



5 There are also four reference delta values: Derr], D[err%iF %er%f and
Derr]. Thavoeée28hce delta val ues give an estimate PGHU S¥%te
target value is changing with tine .from one-update to the next, and
are simlar to the derivative estinmates. Equations 15 and 16 al so
apply to the reference delta val ues. 10 ~ "To track the tinme

varyi ng channel, tentative decisions as to what was sent nmust be
made so that an error signal can be generated for the channel tracker.

To nmake these decisions reliable, there is a delay between the time the
data are received and the tine-a tent/dative deci‘sion is made. Thus,
at tine n, the reference target and delta values correspond to tine
n-d, where d denotes the 15 delay. However, these can be used to form
predi.ct ed ref er ebeiagtdemgdulated! (Ehis means using ther ypsaping aquagion d 4 Vitk sa(n)@ads i s
done by adding the carrect nunber of referenc v, o the
ref er ence target Sl ege,mg the nown synchronization ?ymbols. Thesedlﬁicfa%d \%{l%é?r n)
=Z[err(n - d) + chehltR mafpeddd reference target values(ahd)reference delta values accordingk®ck
di agram of the equalization and target updating processes is given 20

in Figure 2. A r&htirslationssi ver 10 receives a radio signal and processes it

by, for exanple, filtering, anplifying and mxing it so as to
produce | and Q sanpl ed - datg, whixth gmees conpl ex data sanples.
These data sanples are stored in a dg‘l"'a oam €770 butMer 20. The Viterbi

equal i zer 30 processes received sanples using the Viterbi-
equal i zati on approach and using ref ebence Iar?,% valwues provided by the
t ar get 25 val ue tracker 40. Th wﬁe‘gomé ue T er 40 receives
initial detection - '
5  These reference values would then be tracked and used for data demodulation.
For the second approach, the synchronization correlation values, which

are the ¢, and c, i, values, are used to give initial target values according to:

el™mi2 o cltim't

*
 Zomnit = Cojinit
D Om,init =0

Then, these values would bé updated and tracked as if the synchronization field
were being demodulated. This means that the decided values s, and s, would be
10  known values. ' _

In some applications, known sequences may not be transmitted. This
gives rise to the blind equalization problem. Blind equalization may also be
performed using a Viterbi equaiizer structure, as discussed in N. Seshadri, "Joint
data and channel estimation using fast blind trellis search techniques," Globecom

15 ’00. The present invention may be used with this structure, in which case the
| reference values may be initialized to zero at the start of data demodulation. |

In anothef embodiment of the present invention, there is a set of reference

values stored for each of the states in the Viterbi equalizer. In U.S. Patent No.

- 5,164,961, which is incorporated herein by reference, a set of channel taps have



- 12 - Next, all or sonme subset of the reference values are

updat ed, we 52983 N li ke: PCIIpSOSiOp4R - d +
1) =Oerr](n-d) + f(mMe[err] (n-d) (20a) g
Zlerr](n-d + 1) Z[err](n d + Derr](n-d + 1) + gimMe[err](n-d) (20b)
5 wher e f(mM =[err] + e[err] -
(20c) ' gimM [err] + e[err]

1(320d) i The values [err] and [err] are the step sizes that would have
een used in a C NI tracker for updating the channel
taps. Simlarly, the v%‘ n&g EET APrBEEAhH1§-err] are thg step95| zes that
woul d have been used i h LACELacker ||f or updating the

derivatives of the channel taps. FinalTy, predicted references are
: been stored for l'each' state in the equalizer. By storing reference values per state,

an update decision delay d is not necessary. After the state accumulated metrics
have been updated; each: set of references is updated based én the state it is
associated with and the predecessor states associated with that state. As
5 disclosed in the original application, the reference values used for different states
do not need to _cOrr_'espbnd to the same symbol hypotheses. For example, Z,, and
D, reference values could be stored for state 0, but Z,, and D,,, reference values
could be stored for state 1. Because there is no update delay, separate predicted ‘
reference target values are unnecessary. Also, the delta reference values may be )
10 ~ omitted if the rate of adaptation is high enough. ' .
The set of reference values associated with the updated states depends on
the predecessor state selected. For example, if updated state O has predecessor
state 1, then the Z,n and D,,, reference values associated with predecessor state 1
would now become associated with updated state 0. These values would be
15  rotated to become Z,, and D,, reference values.
| Depending on the number and location of synchronization or other known
data fields, the equalization may be performed forwards in-time, backwards in
time, both direétions, i.e. bidirectional equalization, or various combinations
thereof. All the preferred embodiments may be used in conjunction with such
| 20  equalization strategies. These strategies are described in the following -
documents: allowed U.S. Patent No. 5,335,250, which is
incorporated herein by reference; U.S. Patent 5,182,749; Y. Kamio and
S. Sampei, "Performance of reduced complexity DFE using bidirectional
equalization in land mobile communication;," Proc. 42nd IEEE Veh. Technol.
25  Conf., Denver, CO 1992, pp. 372-375; Y. -J. Liu, M. Wallace, and J.W.
Ketchum, "A soft-output bidirectional decision feedback equalization technique
for TDMA cellular radio," IEEE J. Sel.- Areas: Commun., vol. 11, pp. 1034-
1045, Sept. 1993; H. Suzuki, "Performance of a new adaptive diversity-

Sheet Has Been Rep! laced




%ormédfor time n+l: : Z[err] (n + 1)
1) + d Df erWPEH0298 + 1) (21) A detaile

of the target value tracker is given in Figure 3, -15. The Vi terbi

equal i zer 3 (see Figure 2) provides indices p and k that

indicate th

HEEZ{FJ%er Wr L‘éﬂnagr ;m

e

synbol s detected at times n-d-1 and n-d respectively. An index mapper 10
uses the relation given in equation 16, where a=p and b=k, to
determ ne the index M This index is used to extract Z[err] fromthe

reference storage unit 12. |ndex p fr_@pthe Vi terbi
used to rotate a received data val ue; provi ed
(see Figure 2), according to equation 19 I n an adder 16,

di fference between the r ed . da d t he extra
i's used t &9¢alizaton %t‘i!ﬁ@r“?‘%ﬁle Hal ”d)"o
a storage el emenggg

- 12A -

equal i zer

t he

ref gse@g

is al so

20 by the data buffer 2

e val ue
red in

The present invention can also incorporate two receive polarizations. If

only one polarization was transmitted, then there are reference values for each

5  receive polarization. If two polarizations are used in transmission, then there are

reference values corresponding to combinations of symbols sent on one

- polarization and symbols sent on another polarization.

The present invention can also incorporate diversity reception, such as

antenna diversity, where diversity combining is performed within the equalization

10 process. Such a technique is described with conventional channel tracking in

U.S. Patent 5,191,598, which is incorporated herein by-reference. In the present

invention, there would be different sets of reference values, one set for each

diversity channel. However, there would be only one Viterbi equalizer, which

would add branch metrics formed from the different diversity channels. Initial

15  detection information would be provided to the target value tracker, which would

update references for all the antennas based on different error signals for each

~ antenna.

The present invention can also take the form of a fractionally-spaced

equalizer. In this case, the equalizer receives multiple data streams

20  corresponding to different synchronization timings. These can be viewed as

diversity channels and treated in the same manner as previously described for

diversity combining within the equalizer.

While the preferred embodiments are based on a particular channel

tracking algorithm, other channel tracking algorithms can also be mapped to

25 direct update forms. These include algorithms are described in a) L. Lindbom,

Addprive equalization for fading mobile radio channels. Licentiate Thesis, Dept.
of Techriology, Uppsala University, Sweden, Nov. 1992, and b) A. P. Clark and

S. Hariharan. "Adaptive channel estimator for an HF radio link," IEEE Trans.

Commun. , vol. 37, pp. 918-926, Sept. 1989.



Updating then occurs by counting through the references to be updated and
per f or m ngWans/a2983at e operati on. A counter 22 sequences t hr ®gIUS95e8842

- 13 - different reference value indices m For each value of m
two update operations are perfornmed. First, multiplier f(mM is
extracted froma nultiplier table 20 - whi ch stores f(mM and g(mM
val ues for all possible values of mand M (see equati ons 20c and

- 20d). This nultiplier is used in the nultiplier 18 to nultiply 5 t he
-rotated error signal stored.in the storage elenent 17. The product is used

to update Z[err] in an adder 24. Seednd, the nultiplier g(mM is _
extracted fromthe multiplier table 20 and is used in the nultiplier
18 to multiply the rotated error signal stored in storage el enent

17. The product is uWileithe prefierres epbodiments are: for a QPSK comsteHation, the

Af 'l th f dat ed. and d | h
ot or ence st or TR venton {iior MAECHS B R ELHtoR.. it fBadiztions apg i e
in a pr edicpktellatidhsaas alsdibecused. Forakample? k/4-SHeSPQPSKdaatiRd val ues

are passed back to . _ . . . .. . . .
demodulated without removing the #/4 shift. This gives rise to a time varying

5  constellation, with 4 values for even symbol periods and 4 different values for
odd symbol periods. Reference values can be determined for even and odd
periods. Because of symmetry properties, the number of reference values can be
 kept low. ' : - - _ ‘
N Finally, the Viterbi equalizer may use a sequence estimation algorithm
10  other than the Viterbi algorithm. For example, the M-algorithm may be hsed.
While a particular embodiment of the present invention has been
described and illustrated, it should be understood that the invention is not limitéd
thereto since modifications may be made by persons 'skilled in the art. The
. present application contemplates any and all modifications that fall within the

15  spirit and scope of the underlying invention disclosed and claimed herein.



the Viterbi equalizer 3 for use in the next equalization step.
Many vari at iWAI6H2988he present invention are possible, which BCTHIR95/0884215
conpl exity reduction or performance inprovement. Sone of these variations

wi |l be discussed bel ow In the first step, which occurs in
the Viterbi equalizer 3, the .branch __netric _can be expanded, as
illustrated in equation 22, so th i @”@% .. savings are

possi bl e vvhen conmput i ng al | brancEr 5%@&%& or ‘ - This Sheet Has Been Replaced
Merr](n) =[r(n)|[err]-2Re { e[e Hr*/n of+ \r\LLr|Z[err]

(22) : Scaling all netrics by 1/2 doeszﬁbt change perfoU'ﬂljﬁMM’!m lj
the received data 20 and the predicted target values can b

terms of | and Q conponents: _ r(n)
=1 +j0Q CLAIMS: (23a)

Zlerr] (n) = x[err] + {ylerglagio receiver for demodulating digital information comprising:

means for receiving radio signals and proces;sing them to produce

data samples;
5 means for storing said data samples; _

‘means for storing reference values that model what the recelver

should receive for various transmitted symbol sequence hypotheses;
- means for equalizing the received data using said stored reference
values to produce symbol detéction information; and
10 ' means for updating said reference values based on said symbol

detection information.

2. A radio receiver according to claim 1, wherein said means for
receiving radio signals includes a plurality of antennas, and said means for
equalizing the received data combines branch metrics associated with said

15 plurality of antennas.

3. A radio receiver according to claim 1, wherein said means of

equalization is a fractionally-spaced equalizer.

4. A radio receiver according to claim 2, wherein said means of

equalization is a fractionally-spaced equalizer.

20 5. A radio receiver according to claim 1, wherein said reference

values are maintained for each state within the equalizer.

6. A radio receiver according to claim 1, wherein said means for

receiving radio signals includes a plurality of polarizations, and said means for

* c L " H *
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(23b) WO 902983 Qi ves a netric in the form PcT/UbS6gsld N) =
[[err]] + [[err]] - Re{e[err][(x[err]l + y[err]Q + j(y[err]l - X[err]Q)]}

(24)

Wth four possible values for a and four values for b, there are

16 such nmetrics 5 to determ ned. However, intermnedi ate corrput atlons

can be shared between THId8H ons, reduci
significantly. First, th mgn?ﬁ@%ﬂ%@én stjuared of the
conput ed: a) =_lllerr] + err]

=0,1,2, and 3, the fO||OWI ng can be used- o conput e the rretrl

efficiently: -b) - Conput e: = [err]

Compute: sum = x[err]l + y[err]Q d) Comput e: dif :x[err]Q
- y[err]1 equalizing theeeceived datacombires biarichanétrigs hsyotiafEat witk Said5
Merr](n) =g Merr](n) —q+sum

Merr](n) = o BUGY of polarizations. - \fci ] (n) = q - dif

wher e - .. b:=(a+ mM nod 4

10

15

20

7. A radio receiver according to claim 1, wherein said symbol

detection information includes soft information.

8." A radio receiver according to claim 1, wherein said equalization
includes scaling metrics by an estimate of the noise power. _ ‘
9. A radio receiver according to claim 1, wherein said equalization

includes weighting said reference values by weighting values. . -

10 ~ A radio receiver according to-claim 1, wherein said equalization is

- performed using bidirectional equalization.

11. A radio receiver according to claim 1, wherein said equalization is

performed using blind equalization.

12. A method for equalizing a received sample, comprising the steps

of:

forming accumulated metrics using predicted reference values by
forming candidate metrics by adding existing accumulated metrics with branch
metrics; _ |

determining an updated state with a best accumulated metric;

forming an error signal and updating all reference values; and
forming updated predicted reference values based on said updated

reference values.
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Thus, by expanding the nmetric and sharing conputations, branch nmetrics can
be 20 cooemIBh an efficient manner using the predict ed RGIVERIE/08842

ref erence val ues. Note that step a) may be onitted and p

i gnored in step—l&)—#ﬁd—so"Tﬁr” better equalization and soft
information, it may be e 1a°cec§0 divide all 16 metrics by an
estimate of the re noi se | §=aRy—tapatipent——csuch as
t hermal noi se and Such an [lesHisnsHEETCAAS BEERD] ai ned from
t he 25 netrics t romthe ‘erflor si g8RLAGERd i n | ef erence
tracking. If noi se WO 96/ 02983 3 ,

PCT/ US95/ 08842

(23b) Thi s glvesanetrlcmtheform

13. A method according to claim 12, wherein said branch metrics are

computed using the predicted reference values.

14.  A’'méthod according to claim 12, wherein said predicted reference
values are weighted.
.
5_ 15. A method according to claim 12, wherein said error signal is a

rotated error signal. -

16. A method according to claim 12, wherein said error signal in a

non-rotated error signal.

17. A method according to claim 12, wherein only a subset of

10 reference values are updated.

18. A method for demodulating digital information comprising the
steps of: | _
receiving radio signals and processing them to produce data
samples; |
15 storing said data samples;
storing reference values that model what the receiver should
receive for various transmitted symbol sequence hypotheses;
equalizing the received data using said stored reference values to
produce symbol detection information; and
20 updating said reference values based on said symbol detection

information.
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Merrl(n)=[[err]] + [[err]] -
Re{e[err][ (aVoewshiosb[err] Q +j(b[err]l-aferr

conput ati ons can be shared between

1Q1}

conplexity significantly. First, the magnjjude

PCT/US95/08842
(24) Wth four possible values for a and four values for b, there
are 16 such netrics 5 to be determ ned. However, internedi ate

the 16 conputations, reducing

squared of the data

p=1I[err] + Qerr]

g=[err]

d) Compute: dif

our netrics

Merr](n)=q +

term can be conput ed: a) Conmput e:

Then, for m=0,1,2, and 3, the followi ng can be used to conpute the
metrics 10 efficiently: ' b) Conput e:

c) Conmpute: sum = aferr]l + b[err]Q

alerr]Q - bl[err]l e) Co tige follow ng f

15 Merr](n)=q Jpgggz 7

sum ' Merr](n)=q - dif _
Merr](n)=q - dif . wherle

=(a + m nod 4 Thus, by expandi ng

conput ati ons, branch nmetrics can be 20 C
-using the predicted target reference val ues
a) may be omitted and p ignored in step b).

equal i zation and soft information, it nay be

nmetrics by an estimte of the noise power,

Al so,

for

metric and‘sharing
n%bted in an efficient manner
Note that step

better

desirable to divide all 16
Where noise is any inpairnent,

such _ —@ -
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as thermal noise and/or interference. Such an estimate can be_obtai ned from
the 25  N¥@P§2883% hensel ves or fromthe error signal used iBFTEPPEALe
tracking. If noise WO 96/ 02983

PCT/ US95/ 08842 : -15-
estimates are not -used in the netric prcﬁdess they may still be_used when
form ng rhe~soft ™ nTofmali ofl. Thé noi se éstimate may vary with each
time sanple EI\/A may be ¢emst-emt—for bl ocks of tinme sanples, for |
exanpl e, &a T burst. . Sont: i nflormati-on can be extracted from |
the equali z§ usl ng techni ques gi\en |3 U.S. Patent 5,099, 499, whi chI
i's mcorpora:&,eglhereln by refereng¢e. ) Also in the first step,
it my be d |raPI e to use weighted prPdi ct ed™ r ef erence -val ues, |
where the \/\%ght is a real nunber |bet\@en ¢ and 1. Such wei ghti ng I
provi des betdier kqual i zer performince when jt he reference val ues are

noi sy, whi chu S {he case when the WE ‘)gnt‘e ti mati on process is corrupted by
noi se 10 or decision feedback errprs.|The optimal weighting value for aj
noi sy target i val ue is the maghi tuple squared of the noisel ess target
val ue divi ded byl' the sum
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of the magnitude squared of the noiseless target value and !ie p@}/\@ru,lﬁ J‘Q{-}

noi se on the noisy target value.kn practice, approximations to
these quantities can be used, or a set of fixed weighting values can
be used. One practical solutionis to 15 weight the predicted reference
val ue by a weight that depends on the magnitude or magni tude squared
of the predicted reference val ue. In the second step, which
al so occurs in the Viterbi equalizer 3, the2state with the best

accunul ated netric is determ ned. For the formof the netric used
above, thi s corresponds to the smallest nmetric. Then, the predecessor

states 6ival Gfbtidh! Ehd/&' Scaftéref fokoR, dedus! fﬂe&eﬂ a TRW tb tHa‘ék laStime
determ ned depen S on how the Viterbi equalizer is |Inplenmented.
it is inplenent earyatgcmnmpatjl ¢hantel S, Pat ent No. 5 331,666, which is

I ncor por at ed herein § ref ves the

hi st
predecessor informat | r?r?Yf &jqf%ﬂt egpdgGHB%pgmultlpa¥h 5'“% & or}&“?ml s al so

possible to i ndhﬁémeoarseqieﬁe@é@rmau%QM@B)%uweh rﬁd}%euéiﬁpl%ed 28uch an

poi nters, as discussed in C managenment in a Viterbi
decoder, " | BEEE §quatiger conpidens. varrm;s hyr@@nseseforptge tmmttgmsnmbcsququenm,sand I n
this case, thesg.paint e. us term.n S{ V\/m ch
correspond to i m i alpf)@el (?gvﬁ%fl}éag ﬁgrénei) (%?er%unes \A‘?‘hl&pﬁyﬁ)&ﬁésm be% fits th

-18 - received data. This is efﬁc1ently realized: usmg the Viterbi algorithm. This

| equalization technique is well known to those skilled in the art, and can be found
in standard textbooks sueh as J.G. Proakis, Digital Communications, 2nd ed.,
10  New York: McGraw-Hill, chapter 6, 1989.
The conventional MLSE equalizer can be explained by a simple example.
Suppose the transmitter transmits a symbol stream s(n), which takes on +1 or -1
~ values corresponding to bit values O and 1 respectively. This stream is
modulated using binary phase-shift keying (BPSK). At the receiver, the received
15  signal is filtered, amplified, and mixed down using I and Q carriers, then
sampled -once every symbol period (T), giving a received signal stream r(n). In
this example, the intervening channel consists of two fading rays, a _ﬂxain ray and
~ an echo, where the echo arrives T seconds later. Then, the received signal can
be modeled as:

rn) = cys(n) + c;s(n-1) + n(n) | (1)

where ¢, and ¢, are complex channel tap values and n(n) is additive noise or
20 interference. The superscript "*" denotes the complex conjugate.
| In the MLSE equalizer, at iteration n, there would be two different
previous "states", 0 and 1, corresponding to the two possible values for s(n-1),
25 +1 (0) and -1 (1). Associated with each previous state would be an accumulated
metric, accumulated from previous iterations, giving rise to accumulated metrics
Ay(n-1) ahd A,(n-1). There would also be two current states, corresponding to

the two possible values for s(n). Each possible pairing of a previous state with a
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been stored for each state in the equalizer. By storqugge gis'yence; Qpe%

per state, an update decision delay d is not “afrt B
state accunul ated netrics have been updated, each set of references ‘
i s updated based on the state it is associated wth and the
predecessor states associated with that state. As 5 di sclosed in the
original application, the reference values used for different states

do not need to correspond to the same synbaf. hypot heses. For exanpl e,

Z[err] and Derr] reference val ues could be stored for state 0, but
Z[err] and Derr] reference val ues could be stored for state 1.
Because there is no update del ay, separate predicted ref erence

target val ues are unnecessary. AI so, the- delta ref erence val ues may be 10

omtted if the rate of ad THE DISCLOSURE The set of
reference val ues ass d W|th the updat ed ates, depends on . t he
predecessor state se&gll’fée € PEGSEIILIR ?ﬂﬂ(’g‘ ﬁlfb%%%‘wgsﬂ %evﬁmﬁége’:bq‘%decessor
state 1, then tRRdélaeibh lfommsds, [?E il be ruﬁﬁéi’ét%ﬂ&% MROSEQKiIRASA Gherhi® Ghabithd)
predecessor state 1 woul d now becomne assom ated with updated state O.
These val ues V\opl'asemenleiltlomcan@cedplueﬂ ﬂoet!tbfrremm!ldathn sshemey.err] reference
val ues. De di NG and | ocat.i on, of

synchroni zalsi on or oE‘hé?'Peﬁq rag&?&j %éff ﬁers%erel?'?e ag‘dﬁ?aqepﬁréqslodhthﬁay be
per formed forwapfslidit\cHanh®, crdeﬁﬁigvmg&&hmn In the mdst BEnerdlQake, dhéreCatré eRdnnel -

bi di rectional equalization, or various conbinations thereof. All the
preferred enbodtrn@ﬁns paragnetess oF guantifies; oMiol sy daclugle phasgelntap @stimates,

dacurent s: al | obirr), €5 dehVRE RRleE ppRna BeaBarh bR ofiir, B SBNBES
I ncorpor at ed heggied ihYa vetct] %CeThéée%ard?ﬁét&Btar%:%ﬁzeﬁﬂi?or ih pdff.idifg 36e

S. Sanpei, "Perfornmance of uced conpl exity usi ng bi directional
equal i zati df | nmlaapmg doand @mmaé@m gared iprvgetor DJM WwheelEmag Hnclyde hnol .

—

25 Conf %} []§ 5 and J. W
“Ket chum "A sof tﬁ[pu ?g&r:kel@ﬁ’ana ‘eg%c‘}%%%er‘? (leug ba Né‘d\@g}ﬁl"?g ?on g
techni que éstimates, etc.... Thus, the channel tracking parameters are updated according

to:

Qn + 1) = FDm) an

15 The new channel tracking parameters are then used to predict received data based

on some mapping G, so that:

Hn + 1) = G + 1) 1)

Mapping F can be viewed as a function that relates the information D(n)
to the updated channel tracking parameters Q (n+1). For example, D(n) could
20 include the current channel tracking parameters Q.(n) and an estimate of how the

parameters have changed, A(n). Then, the mapping F could be given by:

. Qn+1) = F(D(n)) = Q(n) + A (n)

AKIENDED SHEET
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for TDMA cellular radio," |EEE J. Sel. Areas. Commun., 'quﬂﬁ "f)pB. qujggﬁ

- 1045, Sept. 1993; H Suzuki, "Performance of ..a new adaptive diversity-
WD 96/ 02983 :

PCT/ US95/ 08842 . -17-
bei ng denodul ated. This means using the updating equation 14 with s[err](n)
and sferr](n-1) being-the known synchroni zati on synbols. These
updat ed val ues can t hen be nmapped -0 reference target val ues and
reference delta val ues according to the rel ations:

Z[err] clerr]e[err] + c[err]

Dl err] d[ er r }efrst sHift DQPSKY kince the received data samples can be processed so as to
remove the wn/4-shift. For these signals, the k’th possible symbol is given by
5y = €™ so that the four possible transmitted symbols are 5, = +1, 5 = +j,
5 = -1, ahd §3 = -j, which are shown in Figure 1. If differential modulation is

5  used, then the information can be extracted from knowledge of successive
symbols.
The implicit channel tracking algorithm is given in U.S Patent Application

No. 07/942,270, which is incorporated herein by reference. The tracker tracks
estimates of the channel taps and their derivatives, i.e., how the channel taps

10  change with time. Assuming only two signal rays are received, a main ray and
an echo, the tracker updates channel tap estimates (c,,,,, and c,.e,',) and derivative

estimates (d, ., and d, ) according to:

e(n) = r(n) - C*O,es NOTIOERS est WS (=D (148)
dy (1t 1) = dy (1) + ege’(n) 5, () (14b)

di o+ 1) =d, @)+ ee®s,n-1) (14c)

c;)’m (r + 1) = ¢ (W) +dy,, (0 + 1) + pge(n) s,,(n) 4

15

est

cl,est (ﬂ * 1) = cl,est (n) + dl,es: (n + l) + P'[e '(n) § (n‘l) (143)

where p, and g, denote the real (not complex) least means squared (LMS) step
sizes, superscript "*" denotes complex conjugate, r(n) is the received data, and
20 s,,,(ri). and s,,(n-1) are the estimated data symbols. These could be known or

detected symbols.

ARpEIm I SHEET
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5 These reference val ues woul d then be tracked anéfpgedi®or ah a5 "
denodul ati on. For the second appr oacl%,‘g?hgsynczamgz;ﬁ 3590
correl ation val ues, which are the c[err] and c[err] values, are
used to give initial target values according to:

Z[err] = cl[err]e[err] + c[err] - :
Derr] =0 Then, these val ues woul d be updated and tracked as tf
t he synchroni zation field wer e bei pg -denodul at ed. This neans t hat

t he decided values s[err] and s[err] would be 10 known val ues.

In some applications, known sequences may not be transmitted. This

gives rise to the bjy st QABIiIMER MfQRe PrelbitaAVenBohNtheRONA diAgE icAINMERY al SO
be performed using a Viterbi equalizer structure, as discussed in
N. Seshadri, "modelt which impliegjatsingleset ©f aefaesince targetemciugs. Jdiergyaredfour guchnd

trellis search_t.echni ques, ", d.pbegom 5 ' 90. .The present iLnvention may
be used with trr#esre%c[er\&gqear ez,m’i%"’ éﬂd gésghfﬁezb 1S {ﬁe tgrgeﬁ,%afq%q_ t‘ﬁct €val ues
may be initialized to zero at the start of data denodul ati on.

I n anot her enbodi nent of the present invention, there is a set of reference
val ues stored for. each of the states in the Viterbi equalizer. In US.

Pat ent No. 5,164,961, which i.s incorporated herein by reference, a
set of channel taps have
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state in the equalizer. By storing reference val ues per state,

updat e deci sion delay d is not'.necessary. After the state accunul ated
metrics have been updated, each set of references is updated based
on the state it is associ ated with and the predecessor states
associated with that state. As 5 di scloseg i n the original application,
the reference values used for different states do not need to
correspond to the same synbol hypot heses. For exanple, Zerr] and

D err] reference val uNsxtgcalllod sbmestubseedf therrefdrexice valuebute ujjdated] using fOkmy r |
reference val ues, could be stored for state 1. Because there is no
updat e del ay, selb‘%ﬁ‘ate predi ct ed reference target values are
unnecessary. Also, the delta reference values may be 10 omtted if the
rate of adaptation is high enBygh-d + 1)=D (n-d) + fEM)sgt(ned) r ef er ence(202)
val ues associated with the updated stat es depends on t he predecessor
state selected. For exanple, if updated state 0 has predecessor '
state 1, then the Z[err g einerepce, valu Al th
predecessor state 1 i %ul? Mhb@cog g'és‘gmg)tseca;"f(ﬁp%’%ggat ed s(tzgtt))e
0. These val ues would be 15 rotated to becone Z[err] and Derr]

ref erence va$ ueswhere ~ Depending on the nunmber and | ocation of
synchroni zati on or other known data fields, the equalization may be
performed forwards in tine, backwarﬁ + einti-inpE, both directionsQoe) e.

bi di rectional equalization, or variou$ ofbi nat i ons 0
= j n(m-M)/2
gomM) =y, + /"INy, - (200

The values p, and y, are the step sizes that would have been used in a _
conventional channel tracker for updating the channel taps. Similarly, the values
10 . ¢, and g, are the step sizes that would have been used in a channel trab_ker for
updating the derivatives of the channel taps. Finally, predicted references are
formed for time n+1: |
Zoe;ed (r+1)=Z, (n-d +1)+d D, (n-d +1) @)
A detailed block diagram of the target value tracker is given in Figure 3.
15  The Viterbi equalizer 3 (see Figure 2) provides indices p and k that indicate the
symbels detected at tiines n-d-1 and n-d respectively. An index mapper 10 uses
the relation given in equaﬁon 16, where a=p and b=k, to determine the index
M. This index is used to extract Z, from the reference storage unit 12. Index
p from the Viterbi equalizer is also used to rotate a received data value, provided
20 by the data buffer 2 (see Figure 2), according to equation 19. In an adder 16,
the difference between fhe rotated data value and the extracted reference value is

used to form rotated error signal e, (n-d), which is stored in a storage element
17.

AMEMDED SHEeT
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thereof. Al the preferred enbodi nent s may be used |HPEannﬁct| n. mnth_euch

20 equal i zation strategies. These strategies are described in the ”“u
foll owi ng . docunents: allowed U.S. Patent No. 5,335,250, which is

i ncorporated herein by reference; U S. Patent 5,182,749; Y. Kam o and

S. Sanpei, "Performance of reduced conpl exi ty DFE using bidirectional

equalization in |and nobile comunication," Proc. 42nd | EEE Veh. Technol.
25 Conf, Denver, CO 1992, pp. 372-375; ¥.!2A)~ Lju, M Willace, and J. W
Ket chum " A soft-out put bi d| rectional decision feedback equal i zati on

t echni que for TDVA cellular radio," IEEE J. 'Sel. Areas Conmun., vol.
11, pp. 1034- Up@ating thepbecut OB cotinguhrdagh thePeeférenceanc be apdatedew
adaptive diversit

- 21 - r@_/pqrf@rmng the update operatipn. A cupter22 sequences élprop%l? the

dermodul ating digital information conprising: " means for
receiving radio signals and processing themto produce dat a sanpl es;
5 means for storing reference val ues that nodel what the
receiver
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shoul d receive for various transmtted synbol sequenﬂg he§e§§’"“7'lﬂga
means for equalizing said data sanples using said stored reference o
val ues to produce synbol detection information; and

means f'or updating said reference val ues based on said synbol 10

detection information. _ 2. A radi o receiver according to
claiml, wherein said neans for receiving radio signals includes a
plurality of antennas, and said neans for- L3 - equalizing the received
dat a combi nes branch nmetrics associated with said plurality of

ant ennas. 15 3. A radi o receiver according to claiml1,
-wherei n sai d nediffereift referenceevallallhdxaés' mn For each valutiodma) two spaiaceoperations
equal i zer. 4.. recei ver acc rd| n cl ai m

wher ei n sai d neafpggformed. F‘&ﬁu@!‘l@i gﬁl ﬁ'ﬁ ig eW%ﬁE?q EEVKS &@Hﬁ@é@bb

equal i zer. |

wherein said reryV élrrcéxnsct%rei(g(m,id)v%rfdué(sn{ gﬁe&rlr%e?ﬁtsg%{%@g%?ﬁ ngﬂggﬂogﬁaﬁeia ms I n

the equalizer. equations 20c and 20d)6. This nfultiplétirds nsedeinvbe mudtipliedil8gotmultplyi m 1,
g’pe;g; e o o Bl e o] Wk W e MY GRS RS
update Z,, in an adder 24. Second, the multiplier g(m,M) is extracted from the
multiplier table 20 and is used in the multiplier 18 to multiply the rotated error
signal stored in storage element 17. The product is used to update Dy, in the
adder 24.

10 After all the reference values have been updated and stored in the

reference storage unit 12, then the predicted reference values are computed in a
predictor 26 according to equation 21. These predicted values are passed back to
the Viterbi equalizef 3 for use in the next equalization step.

Many variations of the present invention are possible, which allow for

15  complexity reduction or performance improvement. Some of these variations

will be discussed below. |

In the first step, which occurs in the Viterbi equalizer 3, the branch
metric can be expanded, as illustrated in equation 22, so0 that computational

savings are possible when computing all branch metrics together.

M, (n) = |r(n) 2 -2 Re {ef"afzr*@z Zred (n)} L il CTReP)

Scaling all metrics by 1/2 does not change performance. Also, the received data
20 . and the predicted target values can be expressed in terms of I and Q components:

r(n) =1 + jQ (23a)

z P my=x, + jy,

AMENDED SHEFF
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- 22 - equal i zing the received data conbi neg branch ne ﬁgsCT ngs
associated with said plurality of polarizations. 7.
A radi o receiver according to claim1, wherein said synbol: detection
i nformetion includes soft information. 5 8. A radi o receiver
according to claim1 wherein said equalization I ncl udes scaling
nmetrics by an estinmate of the noise power. 9. A radio
receiver according to claim1, wherein said 1é*qTJaI i zation i ncl udes
wei ghting said reference val ues by wei ghti ng val ues. :
| | ~ (23b)
This gives a metric in the form:
: 12+Qz x2+y2 |
M, ()= +| T2 |- Re{e/ 1 (x I +y, Q) +j(y, [ -%,Q
ab 2 2 [(m Vim ) J(ym m )]}
(24)

With four possible values for a and four values for b, there are 16 such metrics
5  to be determined. However, intermediafe computations can be shared between
the 16 computations, reducing complexity significantly. First, the magnitude
squared of the data term can be E:omputed:
a) Compute: p = P + @?
Then, for m = 0,1,2, and 3, the following can be used to compute the metrics .
10 efficiently: 2 2

p+x

m " Im
b) Compute: g = 5
c)  Compute: sum = x,I + y,0

d) Compute: dif = x,,Q -y,

e) Compute the following four metrics
} 15 My (n) = q - sum M, (n) = g + sum
M) = q - dif M (n) = q - dif
where

b= (a+ m) mod 4

Thus, by expanding the metric and sharing computations, branch metrics can be
20  computed in an efficient manner using the predicted target feference values.
Note that step a) may be omitted and p ignored in step b). Also, for
better equalization and soft information, it may be desirable to divide all 16
metrics by an estimate of the noise power,. where noise is any impairment, such
as thermal noise and/or interference. Such an estimate can be obtained from the

25  metrics themselves or from the error signal used in reference tracking. If noise

—— e . c
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10. A radio receiver according to claimi1, ‘wherei %@?q&l&z&@ffom%
' 11. A

10 performed using bidirectional ‘equal i zati.on. .

radi o recei.ver according to claim1, wherein said equalization is

performed using blind equalization. 12. A et hod for
equalizing a received sanple, conprising the steps of : 15

storing a plurality of refrence values that correspond to unequal i zed
expected receive sanple values for differgnpt _transmtted suynbol

sequence hypot heses; predicting a plurality of reference

val ues using said reference values to produce a plurality of

predi cted ref er pestestyfet fos eachOstate in the equalide®! IBygorfifig FsTbrei®d Vdl6és pe dtate,
correspond to nagnitude squared differences bet ween sai d received

sanpl es and sai @ ypdate deeisiop delay ehisaop apcessary. After the state accyrgylagied getrics
SCUL ot o et st R, PG TRAF B e, s on e B "9
associated with and the predecessor states associated with that state. As
5  disclosed in the original application, the reference values used for different states
do not need to correspond to the same symbol hypotheses. For example, Z,, and
-D,,, reference values could be stored for state 0, but Z,,, and D,,, reference values.
could be stored for state 1. Because there is no updafe delay, separate predicted
reference target values are unﬁecessary. Also, the delta reference values may be
10 omitted if the rate of adaptation is high enough.
The set of reference values associated with the updated states depends on
the predecessor state selected. For example, if updated state 0 has predecessor
state 1, then the Z,, and D,,, reference values associated with predecessor state 1
 would now become associated with updated state 0. These values would be
15  rotated to become Z,, and D,,, reference values.
Depénding on the number and location of synchronization or other known
data fields, the equalizatioxi may be performed forwards in time, backwards in
- . time, both directions, i.e., bidirectional equalization, or various combinations
thereof. All the preferred embodiments may be used in conjunction with such
20  equalization strategies. These strategies are described in the following
documents: allowed U.S. Patent Application No. 07/965,848, which is
incorporated herein by reféi'ence; U.S. Patent 5,182,749; Y. Kamio and
S. Sampei, "Performance of reduced complexity DFE using bidirectional
equalization in land mobile communication," Proc. 42nd IEEE Veh. Technol.
25 Conf., Denver, CO 1992, pp. 372-375; Y. -J. Liu, M. Wallace, and J.W.
Ketchum, "A soft-output bidirectional decision feedback equalization technique
for TDMA cellular radio," IEEE J. Sel. Areas Commun., vol. 11, pp. 1034-
1045, Sept. 1993; H. Suzuki, "Performance of a new adaptive diversity-
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- 22A - usi ng sai d detected syn'b:ol val ues tngEe e£ ggg I |

ref erence val ues; and usi ng.sai‘d-sel:ected reference val ue to update
one or nDre of said plurality of reference val ues.
- 23 - 13. A nmet hod according to claim 12, wherein said
predi cted reference val ues are wei ght ed. 14.. A
nmet hod according to claim 12, wherein only a subset of ref erence
val ues are updat ed. o - 21 -
CLAIMS:
1. A radio receiver for demodulating digital information comprising:

means for receiving radio signals and processing them to produce
data sampies;
5 means for storing reference values that model what the receiver
should receive for various transmittéd symbol sequence hypotheses;
means for equalizing said data samples using said stored reference
values to produce symbol detection information; and
means for updating said reference values based on said symbol

10 detection information.

2. A radio receiver according to claim 1, wherein said means for
receiving radio signals includes a plurality of antennas, and said means for
equalizing the received data combines branch metrics associated with said

plurality of antennas.

15 3. A radio receiver according to claim 1, wherein said means of

equalization is a fractionally-spaced equalizer.

4. A radio receiver according to claim 2, wherein said means of

equalization is a fractionally-spaced equalizer.

5. A radio receiver according to claim 1, wherein said reference

20  values are maintained for each state within the equalizer.

6. A radio receiver according to claim 1, wherein said means for

receiving radio signals includes a plurality of polarizations, and said means for

— A
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5 15. A met hod for denodul ating digital izmrf”ﬁﬁonzc%rgrqrsi‘laﬁ

t he ~ steps of: recei ving radio signals and
processing, themto produce data sanpl es; storing
reference values that estimate the received values for 10 various
transmtted synmbol sequence hypot heses; equal i zing the
recei ved data using said stored reference values to produce synbol
detection information; and - 22 - updating said reference

val ues based on said synbol detection i nformati on. WD. 96/ 02983
PCT/ US95/ 08842 equal i zing the recei ved data conbi nes branch

nmetrics associ atquilizingithe a¢cdived data combines branch metrics associated with said

plurality of polarizations.

7. A radio receiver according to claim 1, wherein said symbol

detection information includes soft information.

5 8. A radio receiver according to claim 1. wherein said equalization
™ includes scaling metrics by an estimate of the noise power.
9. A radio receiver according to claim 1, wherein said equalization

includes weightirig said reference values by weighting values.

10. A radio receiver according to claim 1, wherein said equalization is

10  performed using bidirectional equalization.

11. A radio receiver according to claim 1, wherein said equalization is

performed using blind equalization.

12. A method for equalizing a received sample, comprising the steps
of: |
15 storing a plurality of refrence values that correspond to
unequalized expected receive sample values for different transmitted suymbol
sequence hypotheses;
predicting a plurality of reference values using said reference values to
produce a plurality of predicted reference values;
20 ~ forming branch metrics that correspond to magnitude squared differences
between said received samples and said predicted reference values;
forming accumulated metrics using said branch metrics;

producing detected suymbol values using said accumulated metrics;

e ) ) OO
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plurality of polarizations. 7. A raym v2r8 OCT 1993

according to claim1, wherein said synbol detection Intormation

i ncl udes soft information. 5 8. A radio receiver according
to claim1, wherein said equalization i ncludes scaling netrics by an
estimate of the noise power. 9. A radi o receiver
according to claiml1l, wherein said equalization i ncl udes wei ghti ng
said reference values by wei ghting val ues- 22A - 10. A radio
receiver according to claim1, wherein said equalization is 10 per f or med
usi ng bidirectional equalization. 11. A radi o receiver
according to claim 1,usmges’aﬂi &t@éé&sﬁﬂb@'ﬁaﬁﬂ& kP Beléc one of sailQefeRdnd® dalhes;NY

bl i nd equali zati on. A nmethod for equalizing a

recei ved sanpl e andorrprl sing the st eps of : 15 form ng

candi date netrics by ‘adaing existing accunu netri
metrics, of reference values.

accunul ated netri cs g aaby ?eqécge%degférgﬁc%rv%ﬂ.]% @a&%songy more,of s Bl ey
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determining an updated state with a best accunul at eap tr§ 28 OCT 1996

formng an error signal and updating all reference val ues; and 20
form ng updated predicted reference val ues based on said updat ed

ref erénce val ues. WO 96/ 02983

PCT/ US95/ 08842 13. A met hod according to claim12,
wherein said branch netrics are conput ed using the predicted

ref erence val ues. 14. A dethod according to claim12,
wherein said predicted reference val ues are wei ght ed. 5

15. A met hod according to claim 12, wherein said error signal is a

13. A method accordmg to claim 12, wherein said predicted reference

values are weighted.

_14.' A method according to ciaim 12, wherein only a subset of

reference values are updated.

5 15. A method for demodulating digital information comprising the
T steps of:

receiving radio signals and processing them to produce data

samples; . |
storing reference values that estimate the received values for

10  various transmitted symbol sequence hypotheses; ' _

equalizing the received data using said stored reference values to

produce symbol detection information; and
updating said reference values based on said symbol detection

information.

A
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(57) Abstract

A radio receiver for demodulating and equalizing digital information is disclosed. The receiver receives radio signals and processes the
signals to produce data samples which are then stored. Reference values that model what the receiver should receive for various transmitted
symbol sequence hypotheses are also stored. The receiver equalizes the received data using the stored reference values to produce symbol
detection information, and updates the reference values based on the symbol detection information. _




