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The present invention generally relates to the denodul ation of a digital 5
conmuni cat i onswoatemesi gnal received by a plurality of antenpestusssoins
presence of multipath tinme dispersion. Digital wireless
comuni cati on systens are bei ng depl oyed around the world to provide
conveni ent, cost-effective conmmunication services. One of the

chal l enges in such systens is mtigating the effects of nultipath
propagation, 10 which results when the trhnsmtted signal travels al ong
several paths to the i nt ended receiver. Wien the path | engths are
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sane tinme. Wen they%%m 0 SO constructively or
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distribution. Wien the path Iengths are relatively large, the 15

transm ssion nmediumis considered ti nmm and the added i nages can
be vi ewed as echoes of the tran |, giving rise to
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challenges in such systems is mitigating the effects of multipath propagation,

10  which results when the transmitted signal travels along several paths to the
intended receiver. When the path lengths are relatively smali, the multiple signal
images arrive at almost the same time. When they add together, they do so
constructively or destructively, giving rise to fading, which typically has a
Rayleigh distribution. When the path lengths are relatively large, the

15 transmission medium is considered time dispersive, and the added images can be
viewed as echoes of the transmitted signal, giving rise to intersymbol interference
(asi). |
Fading can be mitigated by having multiple receive antennas and
employing some form of diversity combining of the signals received by each

20  antenna, such as selective combining, equal gain combining, or maximal ratio
combining. Diversity combination takes advantage of the fact that the fading on
the different antennas is not the same, so that when one antenna has a faded
signal, chances are the other antenna does not.

ISI from multipath time dispersion is traditionally mitigated by some form

25  of equalization, such as linear equalization, decision feedback equalization, or
maximum likelihood sequence estimation (MLSE). However, the complexity 6f
such schemes increases with the number of echoes that need to be resolved. For

MLSE, the increase in complexity is exponential.
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25 of equalization, such as |linear equalization, decision feedback

equal iszati on, or maxi mum | i kel i hood sequence estimation (M.SE).
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Anot her approach for handling ISl is to use nmultiple receive antennas and
di versity conbining. This approach is analyzed in an article authored by F.
Adachi, and identified as "BER performance of QDPSK wi th postdetection
diversity reception in nobile radio channggs," | EEE Trans. Veh. Technol .,
vol. 5 40, pp. 237-249, Feb. 1991. The “anal ysis shows that the technique

works wel I, S Ophdthét a%ﬁro&&?fogﬁléﬁ%iniﬁﬁﬁﬁ% uSe Frultipid'fecéiGe tFa%E%‘ n the
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sol ved accor di n§gha image 5Fixal ejfrsmall relatiye tpeh symhe! pyriosiergy lessitbap $18oE4si ng
techni ques 10 MiyritdRberiddy! Sof Wikd fie ddfs§' pRdd is small, equalization can be avoided

by using diversity combining. However, when the delay spread is significant,

10 diversity combining is not sufficient to mitigate the 1S1. Accordingly, it would
be desirable to improve the usage of diversity combining to mitigate ISI when the
delay spread is significant. ' '

SUMMARY
These and other drawbacks and limitations of conventional techniques and

15  systems which use diversity combining are solved according to the present

invention by using array processing techniques to mitigate ISI from the desired

signal. Channel tap estimates of the desired signal are used expli'citly to cancel

ISI instead of equalizing ISI. The present invention is also used to mitigate

residual ISI not covered by an equalizer. For example, if ISI is found outside of
20  the range of a receiver’s equalizer, the inventive techniques can be used to

mitigate this ISI. '

EF DESCRIPTION OF THE DRAWING.
The foregoing, and other, objects, features and advantages of the present
25  invention will be more readily understood upon reading the following detailed
description in conjunction with the drawings in which:
Fig. 1 is a block diagram of an exemplary digital wireless
communication system;

Fig. 2 is an example of diversity combining;



.signal. Channel tap estimates of the desired signal are used explicitly to

cancel | SI instead of equalizing ISI. The present invention is also
used to mtigate residual ISl not covered by an equalizer. For
exanple, if ISl is found outside of 20 the range of a receiver's

equal i zer, the inventive techni ques can be used to mtigate this ISl.
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obj ects, features and advantages of ihe present 25 i nvention will be nore
readi | y understood upon reading the foll ow ng detail ed description in
conjunction with the draw ngs in which: Fig. | s a bl ock
di agram of an exenplary digital wreless

comuni cati on system Fig. 2 3 is an exanple of diversity
combi ni ng; WO 97/ 23962 )

PCT/ US96/ 19776 Fig. 3 is a block diagram, illustrating an exemplary embodiment

Fig. 3 Is a bl ock diagramfi blégﬂrn Aetpr=1al enpl ary enbodi nent

of t-he present invention; and, of the ﬂ'{"gﬂ@g.‘"ﬁi is a block diagram

il lustrating another FEigedpl ary is a block diagram illustrating another exemargi nrent of t he
present invention. 5 . th in rl.DETAI LED DESCRI PTI ON
Shown in Figure 1 is a block diega)rogmegfog ﬁipéﬁsfrgl Vi ess commmuni cati on

system Digital information synbols, denoted s(n), are passed to a
transmtter

5 DETAILED DESCRIFPTION

Shown in Figure 1 is a block diagram of a digital wireless communication
system. Digital information symbols, denoted s(n), are passed to a transmitter
102, which converts the symbol stream to a radio waveform for transmission
using antenna 104. The transmitted signal is received by a plurality of receive

. 10 antennas 106. Each antenna signal is processed by a radio unit 108, which

filters, amplifies, mixes, and samples the signal appropriately, giving rise to a
sequence of received samples. These received samples are processed in baseband
processor 110 to produce a sequence of detected digital symbol values.

With traditional diversity combining, such as maximal ratio combining,

15  the baseband processor 110 would work as follows. Let r{(n) and r,(n) denote
the received sample streams on antennas a and b respectively. These sample
streams can be modeled as:

r(n) = c,(0)s(n) + z,(n)
(D

20  where x denotes antenna, c,(0) is the channel tap associated with the desired
signal and antenna x, and z,(n) denotes the impairment (noise plus other signal
interference). Typically, in-phase (I) and quadrature (Q) components of the
received signals are treated as single, complex samples, so that the received
samples, the channel taps, the impairment samples, and possibly the information

25  symbol values are complex numbers.

The baseband processor would form detection statistics using a weighted
sum of the received samples. This would be done by estimating channel taps and
the impairment power on each antenna, denoted Z,. The weights, w, and w,,

would be computed as follows:



102, which converts the synbol streamto a radio waveform for transm ssion

" .usi'ng antenna 104. The transnitted signal is received by a plurality of

receive 10 antennas 106. Each antenna signal is processed by a radi.o unit

108, which filters, anplifies, mxes, and sanples the signal
appropriately, giving rise to a sequence of received sanples. These
recei ved sa processed i n baseband processor duce a
sequence ofn§g$%¥@é§ di gital synbol val ues. VV%%RP$%9P#'ona

di versity conbi ning, such as maxinmal ratio conbining, 15 - the baseband
processor 110 would work as follows. Let r[err](n) and r[err](n) denote
the received sanple streans on antennas a and b respectively. These sanple
streans can be nodel ed as: 4 rferr](n) =
cl[err](0)s(n) + z[err](n)

(I') 20 where x denotes antenna, c[err](0) is _the channel tap associated
with the desired signal and antenn@,xifL_ﬁ z[err](n) denotes the

i mpai rment (noi se plus other signal *intg ference). Typically,

i n-phase (1) and quadrature (Q conponents of fhe recei ved signals
are treated as single, conplex sanples, so that the received sanpl es,
t he channel taps, the inpairnent sanples, and possibly the informat{@n 25

synbol val ues c |, .eX ers. The.baseband processor
woul d form det %bﬁ%ﬁ?is@ﬁ% y@iwl%b%?wsh&bws'sum of the received

sanpl es. This woul d be done by estypii v, @pREc) t aps and the
| npai rment power on each antenna, denoted Z[err]. The weights, vv[errg and
Werr], woul d be conputed as foll ows: WO 97/ 23962(3)

PCT/ US96/ 19576 where superscript "*" denotes complex conjugate. A detector would therf'be
used to determine which symbol value each detection statistic is closest to.
A block diagram illustrating this traditional approach is shown in Figure

2. Each received sample stream is used by a corresponding single tap channel
estimator 202 to estimate the single channel tap associated with the desired

10 signal. One channel tap per antenna is provided to weight processor 204. As
used herein, the term. "processor” refers to any device or software routine which
processes data. Accordingly, all or any of the processors described herein may
be implemented using a one or more physical devices, e.g., IC packages. An
impairment estimator 206 is used to estimate the power levels of the impairment

15  on the different antennas. Though not shown, the impairment power estimator
206 may use received signal samples, a channel tap estimate per antenna, and
known or detected information symbols to estimate the impairment powers by
averaging impairmem sample values. The weight processor 204 determines the
combining weights, as described in equation (2). Then, each half complex

20  multiplier (HCM) 208 forms the real part of the product of the conjugate of the
weight with the received signal sample. The products' are summed in adder 210,
giving the detection statistic, which is provided to detector 212 to determine the
information symbols sent.

Array processing techniques can be used to improve the performance of

25  the diversity combiner. Consider, for example, the techniques described in the
article authored by J. H. Winters, and identified as "Optimum combining in
digital mobile radio with co-channel interference,” IEEE J. Sel. Areas Commun.



JLerr]

(2) Then, detection statistics y(n) would be conputed as foll-ows:
y(n) =werr]*rferr](n)+wWerr]*r[err](n)

(3) 5 where superscript "*" denotes conplex conjugate. A detector would
t hen be used to determ ne which synbol val ue each detection statistic
is closest to.wo9m23962 A block diagramillustrating thi scrrussétsrmsnal
approach is shown in Figure 2. Each received sanple streamis used by
a correspondi ng single tap channel estimator 202 to estinmate the
singl e channel tap associated with the desired 10 signal. One channel tap
per. antenna is provided to wei ght processor 204. As used herein, the
term "processor” refers to any device or software routine which

processes data. Accordingly, all or any of the processors described herein
may be i mpivela@n pp.d528s339% July dAg4 and mmcmm byl & He Mintegs, gnd | C
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the inpairnment pewbile exiio systeny IS-54 wnhmﬁfauing,mmasvm Jechnal., waln@i2es, a
channel tap estinma en known or. det ct ed i nformation
symbol s to esti rrRPefpo |’§8’¥ F%ﬂtﬂﬁmlﬁw are typlca\}%,p B dSfepai r ment
sanpl e val uess Thferf@Erdefroth OGS Sothmuiicatiof siphalk nmm%wez the impaifiaei ng

wei ghts, as described in equatlon 2). Then, each h nmpl ex 20

mul ti plier (HOW estputergverld bp bb&r@“cﬁ"“?ﬁé%ﬁﬁfﬂﬁ?é?f’ d\'h“f’h‘é“"égnj ugat e of
t he wei ght o ina& G6n o R The products are sumred

i n adder 210, ¢ rﬁ%!?vﬂl%ngt et'ecta?g}ﬁ s?atl S?I c, which is provided to

detector 212 to determ ne the i nformation syrrbol S sent.
Array processing techniques can be used to inprove the performance of 25
the diversity conbiner. Consider, for R e, the teghni ques described in

t he article authored by J. Rl VgRters [,a@,gl pipyjti fied as "Optimum
conbining in digital nobile Tadi o mi®h'Co-channel interference," |EEE
J. Sel. Areas Commun., WO 97/ 2396 @)
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where E{} denotes expected value or average. The weights would then be

10  computed using

)

In the 1993 Winters paper, the data correlation matrix is estimated and tracked
with time, as are the channel tap values. "In the 1984 Winters paper, an
implementation using an LMS adaptive approach for finding the weights is given.
1S  However, it is pointed out that, theoretically, the weights can be computed in a
manner similar to equation (5), except that the data correlation matrix is replaced

by the impairment correlation matrix, so that

<L

(6)



5" vol . 2, pp. 528-539, July 1984 and the article authored by J. H

"Wnters, and identified as "Signal acquisition and tracking with
adaptiwve arrays in the digital nobile radio system|S-54 with flat
fading," | EEE Trans. Veh. Technol., vol. 42, pp. 377-384, Nov. 1993.
These techniques are typically used to reject 5 I nterference from ot her
conmmuni cati o Ig9RRes- | N Figure 2, the inpairnent estinmator woul d be
repl aced by a data correlation estinmator, which would RCI{USHNI%E he
data correlation matrix Rl err] given by:

[err]

(4) where E{} denotes expected val ue or average. The wei ghts woul d
t hen be 10 conput ed usi ng Terr]
(5) In the 1993 Wnters paper, the %ata correlation matrix is

estimated and tlxﬁpﬂaaibe, one could I',Jﬁniaté"ﬁe ifPaifthént Eaﬁelﬁmpﬂﬁérﬁ\ﬁme bléﬁn

the 1984 Wnter | ement ati on using an trve

approach for fi i’oﬁpr%)’ ?’!‘\@Pﬂbﬁ@lﬁ{\ §ex|'1§ Np.\08/2847775 to Bowemiay, thetdlscmspm oft ed out
hat, Lneor et cabiotis OB HRAAYce A eMEnct P4 Rl cn e pelBRRETE ™
by the i npai r ned{eraging impaitment valuer praductsy whiesd the impairment values are formed
E g; r] 5 by taking the difference between the received signal and the expected signal.
According to exemplary embodiments of the present invention, a
demodulator based on the theoretical result in equation (6) is used to combat IS]
from the desired signal instead. Assuming echoes of the desifed signal are the
main source of impairment, channel tap estimates can be used to simplify the
10 process. Specifically, instead of estimating the impairment correlation matrix
from impairment samples, the impairment correlation matrix is constructed using
products of echo channel tap values.
This approach is illustrated first by example. Suppose the received
signals consist of two imagés of the desired signal, a first ray (associated with
15 s(n)) and a second ray (associated with s(n-1)), so that
r(n) = c,(0)s(n)+c(1)s(n-1)
N
The impairment corresponds to the second ray image in this example. With
estimates of the second ray channel taps, the impairment correlation matrix can
20  be constructed as:

leP e e

e, () e (DI
®
For this particular example, the impairment correlation matrix is singular, so that
direct application of equation (6) is not possible. Accordingly, the adjoint of the
matrix can be used, so that the weights become: |
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In practice, one could estimate the inpairnment correlation matrix as
described in U S. Patent Application Serial No. 08/ 284,775 to
Bottom ey, the disclosure of whi ch is incorporated here by
-reference. Thi woeegssgati on can be perfornmed by aver agi pgyAusSysaIMTeENt
val ue products, where the inpairnent values are formed 5 by taking the

di fference between the received signal and the expected signal.

According to exenplary enbodi nents of the present invention, a

denodul at or based on the theoretical result in equation (6) is used to
conmbat 1Sl fromthe desired signal ifstead. Assum ng echoes of the
desired signal are the mai n source of inpairnment, channel tap
estimates can be used to sinplify the 10 process. Specifically, i,nstead
of estimating the iﬁl&r (1)‘30rreLar(l)QR1 X0 | [c, (D) [2e (O MEJMROpENt
sanples, the inpair =dorrel ation matriA|i%s nst ruct ed usi ng

products of echo chappl |t ap,aRlass je P |{6O & aﬁ?@(oammo,«mcu(o)

il lustrated first by exarple. Suppose t he “recei signal s consi st of
two i mages of the desired signal, a first ray (assomated wth 15 s(®))
?Fgr?] ?ﬁ;ozdc{gyr as’s,glgﬂlf?t ed W}.?\[O; ql}lel; bé usseg ta rc]:grgmbine the received signal

(7) The i MpaimplesNas ﬁc&lﬁmqgﬂs to the second ray inage in this

exanple. Wth estimates of the second ray channel taps, the
i mpai rment correlation matrix can 20 be constructed as:
E g; r] To show that this approach removes the ISI from the second ray, this

5 exampleis analyzed Substituting equation (9) and then equatlon (7) into
equation (3) gives

Y ={le, (D, ©0)-c,(Mes (e, 0)) r )+l (1) ey 0)-c, (e (1)e, (0)) ry(n)
=|c,(0)c,(1)-c,(0)c (1) [Ps(n)

(10)

Observe that in equation (10), there is no term with s(n-1). Thus, the second.
image echo has been cancelled when forming the detection statistic.

10 In general, there may be more than two rays. In those cases, one ray
would correspond to the desired signal and the rest would correspond to ISI.
The impairment correlation matrix would then be the sum of the outer products
of the other ray channel tap vectors, where each vector corresponds to a
particular path delay. For example, with 2 antennas and 3 channel taps each,

15  then

fewr cwqo] [lLor  coge)
| e 1GoF | |aece o
48
which is generally nonsingular, so that an inverse can be taken.

A block diagram of an exemplary embodiment of the present invention is

given in Figure 3. Each antenna’s received sample stream is provided to a multi-



For this particular exanple, the inpairment correlation matrix i s singular,

" so that direct application of equation (6) is not possible.
Accor di ngly, the adjoint of the matri x can be used, so that the
wei ght s becone: WD 97/ 23962
PCT/ US96/ 19776 7
err
EQ) ! The vv\v/e("l’gg"ﬁf’%nvw err] and wWerr] would then be used t FCYRNY 6 e
recei ved signal sanples, as in equation (3). To show t hat

this approach renmoves the ISl fromthe second ray, this 5 exanple is
anal yzed. Substituting equation (9) and then equation (7) into
equation (3) gives [err] 8
(10)

tap channel estimator 302, which models the channel using a plurality of channel

taps. One channel tap estimate from each antenna is provided to the weight
processor 204. The rest of the channel tap estimates are provided to the
impairment correlation processor 306, which computes an impairment correlation
5 matrix using the channel tap estimates. Then, as in Figure 2, the weight
processor 204, the HCMs 208, the summer 210, and the detector 212 are used to
form a detected information symbol stream.
In a second exemplary embodiment of the present invention, the baseband
processor uses an equalizer, but the number of channel tap estimates used by the
10 equalizer is less than the number of channel tap estimates available. The channel
taps not used by the equalizer are used to form an impairment correlation matrix.
This second embodiment is first illustrated with an example. Suppose the
received signals consist of three images of the desired signal, a first ray
(associated with s(n)), a second ray (associated with s(n-1)), and a third ray |
15  (associated with s(n2)) so that
r(n)=c,(0)s(n)+c,(1)s(n-1)+c(2)s(n-2)
(12)
The basebahd processor uses, for example, an MLSE based procedure as
described in the above-incorporated Bottomley patent application, except that it is
20 based on only the first two rays.. Thus, the baseband processor forms and
accumulates branch metrics of the form:.
M,(n) = E}(n)R;}E,(n)
| (13)
where

€.
E,(n) 2{%,0 (n)]

25 (14)

€, (M) =1,(n)-C,(0)s,(n)-c,(1)sp(n-1)
(15)



. Observe that in equation (10), there is no termw th s(n-1). Thus, the
second I mge echo has been cancell ed when form ng the detection
statistic. 10 In general, there may be nore than two rays. In those
cases, one ray woul d correspond to the desired signal and the rest
woul d correspond to | SI. The inpairnment correlation matri x would then
be the sum of wb®resséer products of the other ray channecrhmpesnisers ors,
where each vector corresponds to a particul ar path delay. For exanpl e,
with 2 antennas and 3 channel taps each, 15 t hen

[err]

(11) whi ch is generally nonsingular, so that an inverse can be taken.
A bl ock di agram of an exenpl ary enbodi nent f the present invention is

given in Figure 3. Each antenna's received sanple streamis provided to a
mul ti - The dgtecien) yauhwp sequence is then one that minimizes the accumulated branch
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tap -channel esti Ir?ae%ngr' 'gleZI,mpvi\lHPgﬁt ‘?’r%‘%i‘éfg"%‘ﬁ%“dcﬁa%‘%é'?“"u??’ nlbméc'pmtrhaﬂ ty of
channel t egtimateOpfothe thirdely chamebtap; thetimpiirment carblation: satrix ¢an ber ovi ded
to the wei ght rmed B§:0C€SSOr 204. The rest of the channel tap estimates
are provided to {%e ) | mpai rment correlation processor 306, which
conputes an inpairment correlation 5 matri x using the channel tap
estimtes. Then, as in Figure 2, the i flu c.(2 'Qf?) cessor 204, the HCMs
208, the summer 210, and the detegtq are uggff’

e, ) |e,@)?
5 (16)
For this particular example, the impairment correlation matrix is singular, so that
direct application of equation (12) is not possible. The adjoint of the matrix can

be used, so that the matrix inverse is approximated by

4 |6@F - 2)c;2)
-€,(2)¢,(2) |e )

(17)
10 This matrix would then be used to form branch metrics, as in equation (13).

To show that this approach removes the IS] from the third ray, consider
the brangh metric corresponding to the correct hypothesis, so that the hypothesis
subscript may be dropped. Then, substituting equation (17) and equation (12)
into equation (13), the resulting branch rﬁetric for the correct hypothesis is zero,

15 which is the smallest possible branch metric value, since the branch metric is a
quadratic term. The fact that the branch metric does not include a term from the
third ray implies that the third ray has been cancelled. In general, the
impairment correlation matrix can be formed using a number of nonequalized
channel tap estimates.

20 A block diagram depicting an exemplary configuration of the second
embodiment is shown in Figure 4, in which like elements correspond to those

shown in Figure 3. For each antenna received sample stream, multi-tap channel



forma detected informati on synbol stream In a second

“exenpl ary enbodi ment of the present invention, the baseband processor
uses an equalizer, but the nunber of channel tap estimates used by the 10
equalizer is less than the nunber of channel tap estinmates avail able. The
channel taps not used by the equalizer are used to form an inpairnent

correlation Thi s second enbodi nent is

illustrated vr??%‘,%:r?aexanpl e. Suppose the recei ved si g%gréﬁg%%1 st of
three i mages of the desired signal, a first ray (associated with
s(n)), a second ray (associated with s(n-1)), and a third ray 15
(associated with s(n2)) so that rferr](n) =
cl[err](0)s(n) +c[err](1)s(n-1) + c[err](2yg(n-2)

(12) The baseband processor uses, for exanpl e, an M.SE based
procedure as estimatbes arei d&&d to forrh heplﬂﬁmyeoﬂ dhérieP %@sﬁﬂa@??&rqm. Besiredt ent

application, excge t hat s 20 based on onl first two rays.
Thus, the baseb% pﬁ)m&f these A% EALto the brandbmmﬂ Hmﬂ&ﬂ@h channel cs of

tEPgr ‘; ?E nm) : tap estimates. The remaining subset of channb fip 'ebtiidtes; chligihine(181 R
(13) \,\her@a.nnel [taprqzspmagg, is sent to an impairment correlation processor 306, which

E [12 1(n)- cfer rﬁ z1101§ trteelmlpft men c aj«?rgfl‘{ rlx(fﬁ}'(the brﬂch metric processor 402.

(15) mzprocessor 402 forms branch metrics using the received signal
PCT/ US96/ 19776 samples, the subset of channel tap estimates provided by the multi-tap channel
estimators 302, and the impairment correlation matrix provided by impairment
correlation processor 306. The branch metrics are accumulated in sequence
10 estimation processor 404 to determine the detecied information symbol sequence.
A common choice for the sequence estimation algorithm is the Viterbi algorithm.
Both embodiments of the present invention can be adapted to provide both
ISI and interference rejection. This is done by modifying the impairment
correlation processor 306 to include terms related to other impairments, such as
15  co-channel interference and/or thermal noise.. This can be done as follows. The
correlation matrix associated with other impairments can be estimated by
averaging other impairment sample products, where other impairment samples
are obtained by taking received samples and subtracting out all of the desired
signal, making use of all the channel tap estimates. This other impairment
20  correlation matrix is then added to the correlation matrix formed by the ISI
channel tap estimates. Thus, part of the matrix is formed by averaging residual
values, i.e. the portion remaining after removing the desired signal, whereas the
other part of the matrix is formed by using ISI channel tap estimates.
Also, as discussed in the Bottomley patent, the impairment correlation
25  matrix is only one of several forms that can be used to represent impairment
correlations. Other forms include the inverse of the i m'pairment correlation
matrix or a subset of its elements, as well as the square root of the matrix.
While not shown, it will be known to persons skilled in the art how the

present invention can be applied when there are more than two antennas. Also,



9 - The detected synbol sequence is then one that m nim zes the
" accunul at ed branch nmetric. The inpairnent would correspond to the
third.ray image. Wth an estimate of the third ray channel tap, the
i mpai rnment correlation matrix can be formed as: [err] 5
(16) For this particular exanple, the inpairnment correlation matrix
is singular, swddiaies direct application of equation (1Z3ctnsserei?7é
possi bl e. The adjoint of the matrix can be used, so that the matrix
i nverse i s approxi mated by [err]
(17) 10 This matrix would then be used to formbranch netrics, as in
equation (13). To show that this approach renoves the ISI from
the third ray, consider t he branch netric corresponding to the
correct hypothesis, so that the hypothesis _ subscri pt may be dropped.
Then, substituti rtihe popsmt irventich7can he dpplipdatbiotirer (YR of receive channelsqoettjusin,
(13), the resulti branch .netr ke {0 he correct hypothesis is zero, 15
e ASRRRR TR gt

whi ch is the smal fmﬁﬁ? I ¢ #Y'c val ue, since the branch netric
is a quadrati c t Ghenabdvesdebcribed ekatplirycenibodinentsrare intendédes beot i ncl ude

atermfromthe . third ray inplies that the thprd ray has been

cancel l ed. In gerfiysERlive Wé‘{fegpwﬁsnﬁgiermfe%w“& Qt pl?r?’ﬁ%?‘r'i“%" 108 bEY or med

using a nunbes Ofthdpregei MvieRtsh is capableGFigly vadiRtichS in GBthited inflementation . A
bl ock di agram depi ctin enpl ary configuratjon of the second

an _ex ) ) )
embodi nent i s shdbat cﬁh%ﬁdgwé from the deserintion jcpataiaeds hergindbych persan shilled 8 t hose
the art. All such variations and modifications are considered to be within the
scope and spirit of the present invention as defined by the following claims.



shown in Figure 3. For each antenna received sanple

0 57123902 i
PCT/ US96/ 19776

estimators are used to forma pl urallty of channel tap esti‘mates"for the
desired signal. A subset of these are sent  to the branch netric
processor 40 s_channel tap estinmates. The remai ni ng s f
channel tap gg& %’s containing ISl channel tap es?ﬂLl 2@?97%5 sent
to an inpairnent correl ation processor 306, which 5 forms the

I mpai rment correlation matrix for the branch metric processor 402.

The branch netric processor 402 forns branch netrics using the received

si gnal sanpl es, the subset of changﬁl tap estinmates provided by the
multi-tap channel estimators 302, d the inmpairnment correlation
matri x provi dedepXmgpai r ment correl ation processor 306. The branch
nmetrics are accunul ated in sequence 10 estimation processor 404 to
determ ne the detected |nforrrat|on synbol sequence. A common choi ce

for the sequence estjnmati . he [ithe

Bot h enbodi nents of {'he ;}Bgs f;geﬁ% F‘%ﬂ&gﬁﬁaﬁgégéﬁgﬂft gveﬁlrﬂﬁ/ﬁhé’éalboth

| SI and i nterfeimommuom;ﬁnhdls)rare@irves comprisingg by nodi fying the inpairment
correlation processor 306 to i.nclude ter rel gted t.o thefr ai rnents,
such as 15 co-channel |'ﬂ‘?8?h§r’8‘??&"é“gaﬁ5%? FPSPMP]HUE am%a%% be done
as fol Il ows. Theproduce a plafaliy) 6 dnPna'Bighaly; associ ated with ot her inpairnents
can be estinmated by averagi ng ot her inpairnent_ sanple products, where

ot her inpairment sanpl es means f°’d?@°@5?°&$WWW?ﬁ@"?‘éé‘épwﬂc%&npl es and

subtracting out pilditybf febBv&lPaiipidstreams; Signal, making use of all the
channel tap estl mat€s. This other inpairment 20 correlation matrix is

then added to the corr el J0¢ah forgsimatinecy plurnlity of ¢hannebaps correspoRdingé? t ap
estimates. Thusg, H%?Emﬁfm&%d%ﬁé]lb%tr#ﬁng ormed by averaging residual

val ues, i.e. the portion renaini renovi ng the desired signal,
wher eas the ot her poeans fdr chhémgmmduplwalnyfo@lchamclbt;pumtmg firgiseicofannel
tap estimies. cpannel taps and a second set of channel taps;

means for forming impairment correlations using said second set
of channel taps; and

means for detecting said information symbols using said received.

sample streams, said first set of channel taps, and said impairment correlations.

2 A receiver according to claim 1 in which said means for detecting
further comprises:
means for forming weights using said first set of channel taps and
said impairment correlations;
means for forming products of said weights with said received
samples; means for summing said products to form sums; and

means for detecting said information symbols using said sums.

3. A receiver according to claim 1 in which said means for detecting
further comprises:
means for forming hypothesized information symbols;
means for forming branch metrics using said first set of channel
taps, said hypothesized information symbols, and said impairment correlations;



. Also, as discussed in the Bottom ey patent, the inpairnent correl tion 25
matrix is only one of several forns that can be used to r u ﬂﬂu I """
| mpai r-ment correlations. Qther forms include the in ! .
i npai rment correl ation matrix or a subset of its elenments, as wel | “as
the square root of the matri x. VWhile not shown, it wll be
known to persoggdgikideped in the art how the present i nwerTusSYsigree be
applied when there are nore than two antennas. Al so, WO 97/ 23962
PCT/ US96/ 19776 11
the present invention can be applied to other types of receive channels,
not j ust those associated with different antennas. The
above-descri bed exenpl ary enbodi nents are iyt ended to be illustrative

in all respects, rather than restrictive, of the present invention. Thus 5
the present invention is capaislfergﬁcumalagmg/htandt metrics iim a sequengecestimation

I npl enent ati on 1a 0 he description contained
herein by a pers&lrg SK Eo g&P’ ;{%Smﬂﬁ{;ﬁ?r%mc[s m&t such vari ations and

nmodi fications are COI’ISI der aarisfobdetsuting isaid tiffermation symbpls using saidi rit of the

present invention as defjined. by the follow ng clains.
accumulated metrics

4, A receiver according to claim 1 in which said means for forming

impairment correlations further comprises:

means for forming impairment samples;

means for forming first impairment correlations using said
impairment
samples;

- means for forming second impairment correlations using said

second set of channel taps; and

means for adding said first impairment correlations to said second

impairment correlations to- form impairment correlations.

5. A method for receiving symbols comprising the steps of:

receiving a radio signal on a plurality of antennas to produce a
plurality of antenna signals;

processing said antenna signals to produce a plurality of received
sample streams;

estimating a plurality of channel taps corresponding to each of said
received sample streams;

dividing said plurality of channel taps into a first set of channel
taps and a second set of channel taps;

forming impairment correlations using said second set of channel

- taps; and
detecting said symbols using said received sample streams, said

first set of channel taps and said impairment correlations.



WD 97/ 23962
c en Tsor =

CLAI M 1. In a digital wireless conmunicati @gnNSecSys
conveying digital i nformati on synbols, a receiver conprising:

means for receiving a radio signal on a plurality of antennas to pr oduce
a plurality o nna signal s; nmeans for r%ﬁ; r ssi ng
sai d ant enna &Y(gg’tégato produce a plurality of received sg .gy%g?fv ans;
means for estimating a plurality of channel taps corresponding to each
of said received sanpl e streans; means for dividing said
plurality of channel taps into a first set of channel taps and a second
set of channel taps; maani for form ng inpairnment
correlations using said second set of chhnnel taps; and

means for detecting gaid Stk S ' i6e NG sanpl e
streans, said first ?ét o?ﬂ%ﬂgnnelﬁ?g%g, aiﬁ%ﬂ&si;slhggﬁt%%ﬁe{%ﬁ@ corﬁal ations.
2. A r ecei vercompusesdhegtepoofe| ai m | in which said neans for detecting
further conprises: . . means_.f form L. aht si,ng said
first set of channel tapsf‘ﬂ'ﬂ‘&"gwm§‘é‘?(5‘s’ﬁﬁ%fp3{ﬁ§r1sf{é?o%'\fl§ﬁ%8ﬁ§?lgmd

means for form rimpgirmentcosrelafiosai d wei ghts with said received sanpl es;

means for sunming said products tq form suns.: and . . . heans
for detecting said infor i gfn%gw&ggﬁi“ﬂu’s%r.mved samples; 3 A
recei ver according to cl asihingaidtpréductstiotforti aivis;faad det ecti ng further
conpri ses: neans, for form ng hypothesized information

synbol s; detecting spid symbelyiuse 5Rid EMSnet ri cs using said first
set of channel
7. The method according to claim 5 wherein said step of detecting
further comprises the steps of:
forming hypothesized information symbols;
forming branch metrics using said first set of channel taps, said
hypothesized information symbols and said impairment correlations;
accumulating branch metrics in a sequent estimation algorithm to
form accumulated metrics; and '
detecting said symbols using said accumulated metrics.

8. The method according to claim 5 in which said step of forming

impairment correlations further comprises the steps of:

forming impairment samples;

forming first impairment correlations using said impairment
samples;

forming second impairment correlations using said second set of
channel taps; and

adding said first impairment correlations to said second impairment

correlations to form impairment correlations.

9. A receiver comprising:
at least two antennas, each of which provide a received sample

stream associated with a radio signal;



taps, said hypothesized informati on synbol s,

i - and said i npai rmi t
o 30,0 Sl T L AR

means for accunul ating branch nmetrics in a sequence estimation al gorit hm
to formaccunul ated netrics; and means for detecting said
I nformati on syyWdzessssi ng said accunul ated netrics. PCT/US96/19%76 A
receiver according to claiml in which said neans for form ng i mpai r ment
correlations further conprises: means for formng

I mpai r ment sanpl es; means for formng first inpairnent
correlations using said I mpai r ment sanpl es; nmeans
for form ng second inpairment correlations I§sing said second set of
channel taps; and means for adding said first inpairnment
correl ations to said second multiaprohdnneleastimator for| rageiving said samplensireases andent

correlations. i viging a chaitiel tapr'égl(i:lgi?llé i'lgsg;cifa&[i “'éﬁuc Y | @Méiéﬁ%% sing

the steps of: ecelrving a radro signal onap y of
antennas to produstream to a waight processonindfor providisg gphirality of channel tap
processing said aergttiggtte\satosirglr\r%msrmte& &r"%iia%gg_pa Isgrr;al ity of received
wherein said impairment correlation processor uses said channel
tap estimates to compute an impairment correlation matrix, which matrix is
provided to said weight processor; and
wherein said weight processor uses said channel tap estimate from
each antenna and said impairment correlation matrix to provide weights to a

detector which detects symbols associated with each received sample stream.

10. A receiver comprising:

at least two antennas each of which provides a received sample
stream associated with a received signal; '

a multitap channel estimator which receives said sample streams
from each of said at least two antennas and determines a plurality of channel tap
estimates;

an impairment correlation processor for determining an impairment
correlation matrix using at least some of said channel tap estimates; |

a branch metric processor for receiving at least some of said
channel tap estimates from said multitap channel estimator and said impairment
correlation matrix from said impairment correlation processor to form branch
metrics associated with hypotheses of symbols represented by said received
sample streams; and

a sequence estimation processor for receiving said branch metrics

and determining a detected information symbol sequence.

11.  The receiver of claim 10 wherein said sequence estimation
processor employs the Viterbi algorithm.



sanpl e streans; estimating a plurality of channel taps

corresponding to each of said recei ved sanpl e streans; _

di vidi-ng said plurality of channel taps into a first set of channel t aps
and a second set of channel taps; form ng inpairnment
correlations using said second set of channel taps; and

detecting sai dwowrhassés usi ng said recei ved sanpl e streans, sacrusssAsret
set of channel taps and said inpairnment correl ations. WO 97/ 23962
PCT/ US96/ 19776 14

6. The nethod of claimb5 wherein saldlgtep of detecting further

conpri ses the steps of: formng weights using said first
set of channel taps and said i mpai rment correlations;

form ng products of said mﬁ hts h sald &ﬁcelved sanpl
sunmm ng said products to f P

synbol s usin i bUHb
wher ei n sai
form ng hypot hesi

detectlng sai d
thod according to claim5
r seSbﬂﬁd steps of:
formmgybranch
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accurul ating branch nmetrics in a sequent estimation algorithmto form

accunul ated netrics; and detecting said synbols using said
accunmul ated netrics. 8. The net hod according to claim5 in
whi ch said step of form ng i mpai rment correlations further conprises the
steps of: form ng i npairnment sanpl es;
formng first wopeseent correlations using said inpairnment PCTASYGNIES,
form ng second inpairnent correlations using said second set of channel
taps; and addi ng sai d fizhft I npai rment correlations to
sai d second i npai r nent correlati onszéso orm i npai rggnt correl ations.
9. A receiver conprising: at | easf¢two ant eppas, each
of which prdg @/ a received sanpl e Je m associ af ith a radio
signal ; —t WO 977 23967 - —20'5"'—"'
PCT/ US96/ 19776 \’ DETECTOR |—n=
a nultitap d‘bz{miqw estimator for recei Vi ng regns and
provi ding a e Tap et mare associjare enna s recel ved
sanpl e streamjto a wei ght processor janc a plurality of
channel tap 24ti nat eggs 0 an i npai rnmgnt corjrel ati on processor;
. A
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. wherein said i npai rment correl ation processor uses said channel tQ@MH 0.
estimates to conpute an inpairnent correlation matrix, which matrix i s RImré
provided to said wei ght processor; and - wherein said 7).

wei ght processor uses said channel tap estimate from each 208
said inmpairnment correlation matrix to provide weights to a '
whi ch detects sypp¥f's assocmommm?mmwaMrml e St NGl
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(57) Abstract

A diversity receiver for use in radio communication systems is described. Using array processing techniques, intersymbol interference
can be mitigated from a desired signal. Channel 1ap estimates of the desired signa) are used explicitly to cancel intersymbol intesference as
opposed to conventional techniques which use equalizers.




