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Digital wireless communication systems are being deployed around the world
to provide convenient,. cost—efféctive communication services. One of the challenges
10 in such systems is mitigating the effects of multipath propagation, which results when
the transmitted signal travels along several paths to the intended receiver. When the
path lengths are relatively small, the multiple signal images arrive at almost the same
~ tirne. The images add either constructively or destructively, giving rise to fading, |
which typically has a Rayleigh distribution. When the path lengths are relatively
15  large, the transmission medium is considered time dispersive, and the added images
can be viewed as echoes of the transmitted signal, giving rise to intersymbol
interference (ISD. ' '
Fading can be mitigated by having multiple receive antennas and employing
some form of diversity combining, such as selective combining, equal gain
20 combining, or maximal ratio combining. Diversity 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 anteﬁna does not.
ISI muitipath time dispersion is traditionally mitigated by some form of
equalization, such as linear equalization, decision feedback equalization, or maximum
25  likelihood sequence estimation (MLSE). Of the three approaches, MLSE equalization
- provides superior performance. MLSE cqualization and diversity combining can be
performed jointly, as described, for example, in U.S. Patent No. 5,191,598 to
Bickstrom et al.
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Anot her challenge is the mtigation of interference. In a cellular
comuni cations system a channel is reused in different cells. Signals

- propagat e out si ggothedr chilfinge 8V¥he ﬁﬂﬁéaﬁoﬁaﬂuté?fe?éfn%@r thEﬁiﬁmﬁ* gnal s

generated within other cells usrng t he sane channel f or m of
i nterference, refQEpRERicatignysystenl, @FF&FMSI isj rewsed i difforant cells. Signals propagate

performance at theuieeenye own%-.ﬁ?ﬁndt @Fe?ﬁreo‘;udl egfhid S&Eﬁ?{ﬁ wﬁi’d1 s Bl &

channel |nterference are also a erence can-?-
mtigated by s ontbe fsamercipnngly r Ehis tqmcafssﬂexfgreocfe wfmﬂbtoas\ned:hannel intexfeyenme,

For exanpl e, hefiil ¥&Fonhice R B Abdifer ™ brhk:PHofnd 0F SRR WU s Sdioons

channel interference, are also a problem.

Interference can be mitigated by some form of atray processing of the received
signal. For example, when diversity combining multiple antenna signals, the
combining weights can be adjusted to cancel interference as well as coherently

10  combine signal energy. See, for example, I. H. Winters, "Signal Acquisition and
Tracking with Adaptive Arrays in the Digital Mobile Radio System IS-54 with Flat
Fading," IEEE Transactions on Vehicular Technology, Vol. 42, pp. 377-384, Nov.
1993. |

Mitigation of fading, time dispersion, and interference can be performed

15 jointly by modifying the MLSE metric to incorporate an inverse impairment
correlation matrix. See, for example, U.S. Patent Application Serial No. 08/284,775
entitled "METHOD OF AND APPARATUS FOR INTERFERENCE REJECTION
COMBINING IN MULTI-ANTENNA DIGITAL CELLULAR COMMUNICATIONS .

- SYSTEMS", filed on August 2, 1994, to Bottomley, the disclosure of which is

20  expressly incorporated here by reference, as well as G. E. Bottomley and K. Jamal,
"Adaptive Arrays and MLSE Equalization,” Proc. VTC *95, Chicago, IL, July 1995.
The inverse impairment correlation matrix spatially decorrelates the impairment
estimates when forming branch metrics in the MLSE equalization process. This
technique is referred to as interference rejection combining (IRC).

25 However, it is possible that the antenna impairment signals are correlated in
time as well as space. This can result from using a modulation that has inemory,
such as partial response modulation or CPM schemes. - It can also result from

~ multipath time dispersion of the interference, so that echoes of the interference signal

are present. The previously described techniques are not optimal for time correlated
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to as interference rejection conmbining (IRC). 25 However, it is
possi bl e that the antenna inpairnment signals are correlated in tinme
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PCT/ US97/ 06344 These objects are accomplished by, for example, providing an inverse impairment
correlation sequence estimate to the branch metric processor in addition to a channel
estimate. The branch metric processor can then use this additiopal information to

10  provide branch metrics that take into account the time correlation of impairment to

) inlpro\'re the symbol hypotheses.
' BRIEF DESCRIPTION OF THE DRAWINGS

These, and other, objects, features and édvantages of the present invention will
15  be understood after 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 illustrateQ an exemplary embodiment of a baseband processor according
20  to the present invention; '
- Fig. 3 illustrates an exexhplary embodiment of a branch metric processor
according to the present invention; |
Fig. 4 illustrates an alterative embodiment of 2 baseband processor according:
to the present inventibn; ‘ _
25 Fig. 5 illustrates an exemplary embodiment of a branch metric constructor
according to the present invention; - |
Fig. 6 illustrates an exemplary embodiment of an inverse impairment

correlation sequence estimator according to the present invention; and



-3- interference. Thus, there is a need for a techni que which
better handles fading, |SI, and tinme-correlated interference.

- SUWARY = 5 - . The present i nvention solves the aforenentioned problenm
by jointly conbattlng fading, tine dispersion, and interference that
is correl atedWOY’M¥8h space and tine. These obj ects aPETAIS2NP4I shed
by, for exanple, providing an inverse inpairnent correl ati on sequence
estimate to the branch netric processor in addition to a channel
estimate. The branch netric processor can then use this additional
information to 10 provide branch netrics that take into account the tine
correlation of inpairnent to . i nprove4-t he synbol hypot heses.

BRI EF DESCRI PTI ON OF THE DRAW NGS These, and ot her, objects,
features and advantages of the present invention will 15 be understood
after reading the follow ng detailed description, in conjunction with the
draw ngs, in whi chFig. 7 illustrates meﬁnﬁluﬂemsomaitw&ndnxmamﬁcm@wfpl ary
digital wireless communication, =~ , -system Fig. 2

il lustrates aﬁ”@%@ﬂﬁﬁéﬂ?IEWEBHWW@FPnof a baseband processor according 20 -

to the present invention; Fig. 3illustrates an exenplary
enbodi nent of a branch netric processor according to the present

i nventi on; Fig. 4 i K AP A RONAt | ve enbodinent of a
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accordi ng to tsystermr eRigital informeatidnosymbols, denoted s(n), aféipgssed o h masdminere02an
exenpl ary enbq nt of an inverse inpair correlation sequence
esti mat or accoqﬂ"gﬁ‘éont"mﬁ’g%’Pé@e%?@ﬂ@@ﬁ?&ﬁmgﬂﬁn for transmission asing an

104. The transmitted signal is received by a plurality of receive antenna elements

106. Each antenna signal is processed by a radio unit 108, which filters, amplifies,
10 | 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 the aforementioned IRC approach, the baseband processor 110 would
work as follows. Let r,(n) and r,(n) 'dcnote the received sample streams on antennas a
15 andb respec'ti?ely. Each sample stream can be modeled as:
rm=Y ¢ () stn=) +z,(n) |
ST (1)
where the subscript x denotes the antenna, c,(i) is the j'th 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
20  received signals are treated as single, complex samples, so that the received samples,
the channel taps, the impairment samples, and possibly the inforination symbol values
are complex numbers. '

The baseband processor would form metrics of the form
M) =E’h’ (WRE(n) P

25 where : -
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Shown in Fi gur eWOI74089p| ock di agram of an exenpl ary wirel ess conmmuni cation
system Digital information synbols, denoted s(n), are passed to a

transmtter 102, whi ch converts the synbol streamto a radi o waveform
for transm ssion using antenna 104. The transnitted signal is
received by a plurality of receive antenna el enents 106. Each antenna

signal is processed by a radio unit 108, whicH-filters, anplifies, 10

m xes, and sanples the signal appropriately, giving rise to a sequence of
recei ved sanpl es. These received sanples are processed in baseband
processor 110 to produce a sequence of detected di gital synbol

val ues. Wth the aforenentloned proach, t he baseband
processor 110 woul d work as fol |l owg r](n) and r[err](n)
denote the received sanple streams on anté na @éﬂ and b respectively.
Each sanpl e stream can be nodel ed as:

3

e (m=rm-Y c, (s, n-)
i @

where subscript h denotes hypothesized values, ¢,(j) denotes a channel coefficient -

estimate, and R, denotes an estimate of the inverse impairment correlation matrix.

5 The impairment correlation matrix is defined to be:

| ZW %

R-E { [z,(n)] [Za(") z b(")]} | &)
where E{} denotes expected value. The detected symbol sequence is then one that
minimizes an accumulation of branch metrics.

" According to the present invention, on the other hand, time correlation of the

10  impairment is also considered. Correlation in both time and space can be represented

by an impairment correlation matrix sequence, for example:

z(n+rm)|f « *
R (m)=E {[z,(mm)] [za(n) z, (n)]} - (6)

where m is the sequence index. The index m represents a time difference between the
two impairment values being correlated. Thus, the impairment correlation matrix
15 sequence provides an additional term (i.e., representing time correlation of the
impairment) for each matrix entry. An inverse impairment correlation matrix
sequence can be defined so that:
-1 _ :
R z (m)*R,(m)=8(m)I o)
where 8(m) is the Kronecker delta function (i.e., 8(0)=1 but for all other values of m,
20 3(m)=0), and I is the identity matrix (i.e., 1’s on the diagonal, 0’s on the off
diagonal). '
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associated with . the desired signal and antenna x, and z,(n) denotes
the inpairnment (noise plus other signal interfer ence) Typi cal ly,
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- With the inverse impairment correlation matrix sequence defined, the branch

metric according to the present invention is given by:

M=% E R mEm-m ®)

5  which is the sum of quadratic products.
This exemplary embodiment of the present invention is illustrated in Figure 2.
Received samples are processed by a branch metric processor 202 to produce branch
metrics according to symbol hypotheses. . The processor 202 uses channel coefficient
estimates from channel estimator 204 as well as an inverse impairmc;nt correlation
10  sequence estimate from inverse impairment correlation sequence estimator 206.
An exemplary embodimént of the branch metric processor 202 is given in
Figure 3. Received samples are provided to subtractors 302, which subtract
hypothetical received simples from actual received samples, forming difference
signals. The hypothetical received samples are obtained by producing a hypothetical
15  symbol sequence with sequence generatdr 304 and filtering the sequence with channel
coefficient estimates in filters 306. The difference signals are stored in memory 308.
Quadratic product processor 310 forms quadratic products between the stored
difference signals using a matrix in the inverse impairment correlation sequence
estimate. These quadratic products are accumulated in accumulator 312 to produce
20  branch metrics. ' | )
An alternative embodiment of the present invention can be obtained by
rewritiﬁg the final metric as a sum of new branch metrics given by:

M(n) =Rc{r;;(n)[z(n) -0.550)s,(n)- ¥ S(k)s,,(n-k)]} |
ko0 - ®

where .'
25



wher e  subscri pt h denotes hypot hesi zed val ues, c[err](J) denotés a channel
coefficient estimate, and R[err] denotes an estimate of the i nverse
i nmpairment correlation matrix. - The i mpai rment correl atlon matrix is
defined to be: [err]

(5) \/\hereVE{?Wmot es expect ed val ue. The det ect ed sy nhoPCEEHmRRdE |
t hen one that m ni m zes an accumul ati on of branch netrics.

According to the present invention, on the other hand, tine correlation of
the 10 inpairnent is also considered. Correlation in both tine and space -

can be represented by an inpairment correlation matrix sequence, for
exanpl e: - Jerr] -7-

(6) where mis the sequence index. The index mrepresents a tine

di fference between the two inpairnent val ues being correlated. Thus,

t he |rrpa| rment correlation matri x 15 sequence provides an additional term
(i.e., representlng tinme correlation of the I npai rnment) for each

matrix entry. An |nverse i mpai rment correlation matrix - sequence can be
defined so that: -1 - &k where =
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Thus, the metric in equation (9) is the real part of multiplying the conjugate of the
current hypothetical symbol with the difference between two terms. The first term is
10  the result of combining the received data with weights W(j,m). The second term is
the result of filtering the hypotheticél symbols with parameters S(k). If all possible.
symbol values have the same magnitude, then the S(0) term can be omitted. ~
This alternative embodiment is illustrated in Figure 4. The received samples
are combined in combiner 402 using weights stored in weight vector memory 404 to
15 produce combined terms. The weights are computed in weight processor 405, which
| uses the inverse impairment correlation sequence estimate and channel coefficient
estimates provided by inverse impairment correlation sequence estimator 206 and
cha_nne_l estimator 204, reSpectively. These estimates are also used in parameter
i:rocessor 403, which computes parameters that are stored in parameter memory 410.
20  The combined terms and parameters are provided to branch metric constructor 412,
which constructs branch metrics according to various symbol hypotheses. These
. branch metrics are provided to sequence estimator 208, which estimates the
transmitted sequence. '
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W th#t he inverse inpairnment corr el ation matri x sequence defined, the branch
metric according to the present invention is given by: -

[err] 5 WOYH03 t he sum of quadrat| c products. - PCTUSYT/6384
exenpl ary enbodi nent of the present invention is illustrated 'in Figure 2.
Recei ved sanpl es are processed by a branch nmetric processor 202 .to produce
branch metrics according to synbol hypotheses. The processor 202 uses
channel coefficient estimates from channel estimator 204 as well as an
I nverse inpairnment correlation 10 sequence-estimate frominverse '

i mpai rment correl ati on sequence estimtor 206. ~ An exenplary
enbodi nent of the branch netric processor 202 is given in Figure 3.
Recei ved sanples are provided to subtractors 302, which subtract

hypot heti cal recei veflnsaemplas duitdinent of therbeireh \netrics consin&lor 4127 igishevn in
difference _ ' . _.

. Figure 5. Combined outputs are stored in memory 502. Combined outputs are then
read from memory 502 and provided to subtractor 302, which subtracts outputs of
filter 306 to produce differences. The output of filter 306 is the result of filtering

5 hypothetical symbol values from sequence generator 304 with parameters from the
parameter memory. Real parts of the products of differences and hypothetical symbol
values are computed in half-complex-multiplier (HCM) 504. The outputs of HCM
504 are branch metrics.

All of these exemplary embodiments make use of inverse impairment

10  correlation sequence estimator 206. One procedure for determining the inverse
impairment correlation sequence is to take the z-transform of the impairment
correlation matrix sequence and represent the transformed result as a single matrix in
which each element is a sequence in z.. Then, a regular matrix inverse can be taken,
followed by an inverse z-transform. This procedure is illustrated in Figure 6. The

15  impairment correlation sequence is estimated in estimator 602. Similar to the
Bottomley patent, this can be done by removing the desired signal from the received
signal samples, giving impairment samples, which can be correlated in time and
space. The impairment correlation sequence estimate is then provided to inverse
sequence processor 6§04, which compuies the inverse according to the aforementioned

20  procedure. _

In practice, it may be desirable to approximate the inversion operation in 604.
This can be done by forming the adjoint of the z-transformed matrix, then scaling
each element by a scaling factor, prior to an inverse z-transform operation. When the
scaling factor is the determinant of the z-transformed matrix, then there is no loss in

25  optimality. Other choices for the scaling factor would be unity (i.e., no scaling
needed), the determinant of R_(0), or the trace of R.(0).

This suggests the exemplary embodiment of inverse sequence processor 604

shown in Figure 7. The impairment correlation matrix sequence is z-transformed in

transformer 702, producing a transformed matrix, in which each element is a series of



signal s. The hypot heti cal received sanples are obt ai ned by producing a

hypot heti cal 15

synbol sequence with sequence generator 304 and filtering

t he sequence with channel coefficient estimates in filters 306. The
difference signals are stored in nmenory 308. Quadratic product
processor 310 fOW@BT4S8Kratic products between the stored  FHFPPYM&MHe

signals using a matrix in the inverse inpairnment correlation sequence
estimate. These quadratic products are accunul ated in accunulator 312 to

produce 20 branch netri cs. An alternative enbodi nent of the
present invention can be obtained by rewiting the final netric as a
sum of new branch netrics given by: -9- [err]
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values. The adjoint of the transformed matrix is computed by 'adjoint processor 704.
Each element of the adjoint is scaled by sc_:aler 708, which uses a scaling factor
determined by scale factor processor 706. The scaled adjoint is inverse transformed
in inverse transformer 710 to produce an estimaie of the inverse correlation
impairment sequence. In practice, it may be more efficient to perform the scaling
operation at another point in the branch metric formation process

‘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, the present

. invention can be applied to other types of receive channels, not just those associated

with different antennas. Fractionally-spaced equalization can be handled by treating

- each fractionally-sampled data stream as interleaved, symbol-spaced data streams

coming from different antennas.

The estimators in the present invention may be designed to adapt to changes
over time. It will be known to persons skilled in the art how to adaptively estimate
the channel coefficients and the inverse impairment correlation sequence. One
approach is to use decision feedback, with tentatively detected symbol values.

Another approach is to use per-survivor processing, so that there are one or more

- estimates per state in the sequence estimator.

When quantities do not change with time or do not change in a block of time,
then all quantities unrelated to the received data samples can be prc-computed For
example, for the metric in equation (9), all quantities except the combmed values z(n)
can be precomputed.

While particular embodiments of the present invention have been described and
illustrated, it should be understood that the invention is not limited thereto since
modifications may be made by persons skilled in the art. The present application
contemplates any and all modifications that fall within the spirit and scope of the
underlying invention disclosed and claimed herein. '
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received data with weights W, f)."THe Second termis the result of
filtering the hypothetical synbol S with paraneters S(k). If all possible
syfrbol val ues have the sane magnitude, then the S(O termcan be onmijted.

This alternative enbodinent is illustrated in Figu aHis SHEET HAGe BRENI

sanpl es are conbi ned in conbi ner 402 ui®ng weijghts ﬁgﬂ{m(}l n wel ght
vector nmenory 404 to 15 produce conbi ned terns. The wel s—af-e—eotput ed
‘in weight processor 405, which uses the inverse i rrpal rment correl ation
sequence estimate and channel coefficient estimates provi ded by
inverse inpair € quence estimtor 206 and channel

estimator 204, respectively. These estinmates. are also used in ter
processor 403, Whlchf %‘%‘jr 53 PUmpnication sy stem for cqnyeyin 53

menory 410. 20 mfa'muaglgj‘qhﬁag 4 Rtétverasdthppisingiet ers are provi ded to branch

netric-constructor 412, whi ch constructs branch netrics according to
vari ous synbol hypot hes esmeans durcreceiving g radip sigaal o 4 Rty Ofr anfeTgagto; produce
sequence est s M Qhurdfl§ of Wiehth Sgdalstat es the transmtted sequence. -

means for radio processing said antenna signals to produce a plurality
of received sample streams;
means for forming a plurality of channel coefficient estimates
corresponding to each of said received sample streams;
10 means for forming an inverse impairment correlation sequence estimate
in which impairment corresponds to interference and noise among the received sample
© streams; ’ _
means for forming branch metrics using said channel coefficient
estimates and said inverse impairment correlation sequence estimate; and _
15 " means for detecling said digital information symbols using said branch

metrics in a sequence estimator.

2. A receiver according to claim 1 in which said means for forming
branch metrics further comprises:
20 '_ means for forming hypothetlcal received samples using said channel
coefficlent estimates;
~ means for forming differences between said received samples and said
hypothetical received samples;
means for storing said differences in a memory device;
25 | means for forming quadratic products with said stored differences using
~ said inverse impairment correlation sequence estimate; and -
‘means for accumulating said quadratic products to produce said branch

metrics.

———
————
———
—
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An exenpl ary enbodi nent of the branch metric constructor 412 is shown in

Figure 5. Combined outputs are stﬂ"‘m u“ | t" 2. Conbined outputs are
t hen r ead QB nmory 502 a Ik btractor 30% e

L

subtracts outputs of filter 306°to produce di fferences. The output of
filter 306 is the result of filtering 5 hypot heti cal synbol val ues from
seguence generator 304 with paraneters fromthe par anmeter nmenory.

Real parts of the products of differences ang hypot heti cal synbol

val ues are conputed in half-conplex-nultipli } (HCM 504. The outputs of
HCM 504 are branch nmetrics. Al'l of these exenplary
enbodi nents nmake use of inverse inpai rment 10 correl ation sequence

estimator 206. One prqcedure for det mn| ai_r ment
correl ati on sequence 83 toAt"&Reé"efﬁﬁc régm Pn“b?’g{cﬁéﬂgﬁﬁ% Fﬂé'nfggn
correl ati on mat r ipfaneR GHeiE Furhst cbgjpﬁggent t he transforned result as a
single matrix in whi ch each elenent is sequence in z. Then, a

regul ar matrix inverse canmpenstfakfgsming weights &%%mclwnﬂrmﬁﬁwnwmws and
z-transtform Thi %axﬁﬁﬂ&e?&‘i{n?aﬁeﬁ(foﬂifahﬁﬁ ubdte Bt 6. The 15 inpairment .
S estlnmate

correl ati on sequence | I'n estinator 602. Simlar to the
Bottom ey patént, this canmeanscfonéorimng paranstery using said chanoel copffieient estimatashe

recei ved hg&%lgm%gaﬂhgﬂt%ﬂg& Qﬁ: SAHMLES whi ch can be

correlated in ti rABnt Cor I’el ation sequence
estimate is then provided nnansrfoecmnbnnng smdmglﬁmﬂh paid ceesved sa@ples ohi ch
conput les the i nv%%cgggﬁg d‘ugalt 0. the aforenentioned
| _ means for filtering hypothetical symbol values with said parameters to
10 produce filtered values; and
means for combining said combined values, said filtered values, and a

- hypothetical symbol valu_e to produce branch metrics.

4.. A receiver according to claim 1 in which said means for estimating an
15 inverse impairment correlation sequencé further comprises:
means for estimating an impairment correlation sequence;
means for transforming said sequence to produce a transformed matrix;
means for computing the inverse of said transformed matrix; and

means for inverse transforming said inverse of said transformed matrix.

20
5. A receiver according to claim 1 in which said means for estimating an
inverse impairment correlation sequence further comprises:
means for estimating an impairment correlation sequence; '
_ means for .transforﬁling said sequence to produce a transformed matrix;
25 - means for computing the adjoint of said transformed matrix; and

means for inverse transforming said adjoint of said transformed matrix.



20 procedure. - - In practice, it may be desirable to
approxi mate the |nverS|on Operaflnn in 604 This can be done by
form ng the adjoint of the z-transforned

I X, ng each
el enent by a scalln? factor prléuluﬂuﬂ uu l&ﬂ"z transforn1o eration.
When t he Ot actor i s of the z-tra SPE06344
matrix, then there is no loss in 25 optlnallty O her choices for the
scaling factor would be unity (i.e., no scaling needed), the
determ nant of Rlerr](0), or the trace of R err](0). Thi s
suggests the exenpl ary enbodi nent of inverse sequence processor 604
shown in Figure 7. The inpairnent correlatiod2aatrix sequence is '

z-transforned in transfornmer 702, producing a transforned matrix, in
whi ch each elenent is a series of WO 97/ 40589

PCT/ US97/ 06344 ' -9-

val ues. The adj oi nt ofg, t he Al feddiedr QedtRAing ™S Elaifn 1 Sn MAIBALARICMEIs 36l @tifdating an
processor 704. Each el ement qof the adjoint is scaled by scaler 708,

whi ch uses a scaImYngeflaWPWent correlation saaHence UIRFT SETPESSPact or  processor 706.

The scaled adjoint is i NV epaens! fof BtinftiAE dn mpaménpcéﬂﬁ{oa%e&‘;ﬁ&'sforrrer 710
to produce an estimte of the inverse correlation | mpai r ment sequence.

In practice, it may be nor meaistfor frapsforming,wid Whéo prodngergtransformed matrix;
operation at gnother point
Whi. | e not sho§n it-wll 'd éa?c?ﬁo‘ pe?sslé?é&scﬁd"s t§| e@ellﬁ.n gﬁgéairi'?&ﬁrbw t he
present means for computing a scale factor;

means for scaling said adjoint to produce a scaled adjoint; and |

means for inverse transforming said scaled adjoint.

10 7. A method for detecting information symbols comprising the steps of:
| receiving a radio signal ona plurality of antennas to produce a plurality
of antenna signals; |
radio processing said antenna signals to produce a plurality of received
sample streams;
15 " forming a plurality of channel coefficient estlmates correspondmg to
| each of said received sample streams;
forming an inverse impairment correlation sequence estimate in which
impairment corresponds to interference and noise among the received sample streams;
forming branch metrics using said channel coefficient estimates and said
20 inverse impairment correlation sequence estimate; and “
detecting said digital information symbols using said branch metrics in

a sequence estimator.

8. The method. according to claim 7 which said step of forming branch
25 metrics further comprises the steps of: _
forming hypothetical received samples using said channel coefficient
estimates; |
forming differences between said received samples and said-

hypothetical received samples;



invention can be applied when there are nore than two antennas. Al so, the

pr esent ‘invention can be—apptiet—to—other—types of receive channels,

not just those associated 10 ] ' I | | tennas. Fractionally-spaced
equal i zati.on can be handl ed -bynl}w lrm Liﬂch fractionally-sanpl ed
data stream as i WOSKEEYed, sy : ~St reans cg’ﬂrﬁ’jﬂ%’m

di fferent antennas. The estimators in the present invention
may be designed to adapt to changes over tinme. It will be known to
persons skilled in the art how to adaptively estimate 15 the channel
coefficients and the inverse inpairnment correl ation sequence. One
approach is to use decision feedback, with t eht-ati vel y detected synbol

val ues. Anot her approach is to use per-survivor processing, so that
there are one or nore estimates per state in the sequence estimnmator.
When quantities do not change with tine or do not change in a bl ock of
time, 20 then all quanti tstesingsaidcdifferences dn amempasy deiesy dat a sanpl es can
be pre-conputed. For . [ﬂﬁadrg WXy ' axlil
guantities except the Conbif;aes’gﬂg ues@ﬁ?ﬁw&ﬁ s@%rﬁ%@%ﬁeﬁ%ﬁ&@e‘é@h .
VWil e particul ar @versdiimpaitraen totrélatiqnr sequance estimatet iapdh have been descri bed

and Il lustrated, it should be understood that the.invention.is {
limted thereto since 25 ”r?ﬁ‘éf?‘ﬂf‘%ﬁ %“‘ﬁ&?z‘“ ?dﬁg%éogvdb%rsgﬁ@%ﬁ:@gs'i n
the art. The psesent application contenpl.ates any and all

nodi fications that fall within the spirit_and scope of the . nderl vyi ng
i nvention discl osed an® cl aFircgethed of ¢jaim 7 in which sg‘ﬁ\RﬁR‘Pflr}%PWE%‘ F’§.m°\s/

1. A receiver iggir dbprlis thel sigps @S communi cation system for conveying

digital information synbols, said receiver conprising. . . .
forming weights using said channel coetficient estimates and said

inverse impairment correlation sequence estimate;
10 : fonnmg.parameters using said channel coefficient estimates and said

inverse impairment correlation sequence estimate; | _ '
combining said weights v.vith said received samples to produce

combined values; '
filtering hypothetical symbol values with said parameters to produce

. 15 filtered values; and

combining said combined values, said filtered values, and a hypothetical

‘symbol value to produce branch metrics.

10.' The method according to claim 7 in which said step of estimating an
20  inverse impairment correlation sequence further comprises the steps of:
estimating an impairment correlation sequence;
transforming said sequence to produce a transformed matrix;
computing the inverse of said transformed matrix; and

inverse transforming said inverse of said transformed matrix.

11. A receiver according to claim 7 in which said step of estimating an
inverse impairment correlation sequence further comprises the steps of:
estimating an impairment correlation sequence; -

transforming said sequence to produce a transformed matrix;



means for receiving a radio signal on a plurality of antennas to produce a
plurality of antenna signal 3’;}_/_,___n:eans for radi o processing-
said antenna signals to produce a plurality of received sanple streans;
means for forming a plurality m“m‘ﬂumﬂ m‘isci ent estinates

. correspondi ng w@oResd of sai d‘ i treans; - PCT/US97M06344neanNsS
.for formng an inverse i npairnent ‘cofreflation sequence estimate in which

i mpai rment corresponds to interference and noi se anong the received sanpl e
st.r eans; means for form ng branch netrics using said channe
coefficient estimates and said inverse inpairnent correlation sequence
estimate; and - -means for detc;ﬁmg_said digital information
synbol s using said branch nmetrics in a sequence estinmator. 2. A
recei ver according to claim1l in which said neans for form ng branch
metrics further conprises: means for form ng hypotheti cal
recei ved sanples using said channel coefficlLent estipmates;

means for form ng di ffren&%q&%%ﬁﬁg§¥§§é£%§ﬂgﬁﬁ§& %d sai d

hypot heti cal received sanjivesse transforming said adjoineefisuid fradsforined inegricai d
differences in a nenory devi ce; ' means for formng quadratic
products with said stored differences using said inverse inpairnent

correl ation sequence 1@st i maé enet®AbS claim 7 in which said SR BFestiffatine SA'iivetst Y

said quadratic products to produce said branch _netrics.
‘5 impairment correlation sequence further comprises the steps of:

estimating an impairment correlation sequence;
transforming said sequence to produce a transformed matrix;
computing the adjoint of said transformed matrix; |
_ - computing a scale factor;
10 scaling said adjoint to produce a scaled adjoint; and

inverse transforming said scaled adjoint.

13. A receiver comprising:
_ at least two antennas each for receiving a radio signal to produce at
15  least two antenna signals; and
' a processor for receiving said at least two antenna signals and _
processing said at least two antenna signals to determine information symbols present
in said radio signal, wherein said processor includes: |
means for determining branch metrics, which branch metrics are
20 used to form hypotheses of said information symbols, wherein said
branch metrics are determined taking into account both space and time

‘impairment correlation.



WD 97/ 40589 ' ' PCT/ US97/ 06344

-11- _ _ 3. Arecelver according to claim!l in which said
means for form ng branch mmmnﬂmconpu ses: -
means for formng weights usi ngumuwm efficient estimates and
said inverse inp §| correl ati oh skqutnce éstimate; 5 PCT/US9T/06344

means for form ng paraneters using said channel coefficient estlnates
and said inverse inpairment correlation sequence estinate;
means for conbining said weights with said received sanples to

produce conbi ned val ues; means for filtering

hypot heti cal synbol values wth said paranerg?s to 10 produce filtered
val ues; and means for conbining said conbi ned val ues,
sai d flltered val ues, and a hypot heti cal synbol value to.produce
branch netrics. A receiver according to claiml in

whi ch said neans for bbti nhe; m@el‘éﬁi of glaim 1 , whersin sajdymeansdor forminganinyerse
sequence furt her ; estima a:f‘ﬁﬁﬁﬁmt:

i mpai rment corr ei aé | onénggoc?ﬁcelﬁgg sequence 16 uses negiﬁs@gdrngtﬁrrs%cﬁﬂ rm ng
sai d sequence t oepimtateioftha fomunsf or ned matri x; means
for conputing the inverse of said transformed matri x; and

means for inverse transform ng said i nverse of said transfornmed matrix. 20
5. A receiver according to claim1 i said neans_for estimating an
i nverse inpairment correlation gegyepc C(gfr’prz f]

nmeans for estimating an inpairnefit cor §equené’e

means for transform ng said sequence to produce a transforned matri x;

5
| 15. The method of claim 7, wherein said step of forming an inverse
impairment correlation sequence estimate further comprises the step of:
using an impairment correlation sequence estimate having the form:
R.(m)=E z(ntm) [ » ( * :
ME 1z nem) | Ea ™ Zp ‘”)}
to

16.  The receiver of claim 13, wherein said means for determining branch
metrics further comprises:
means for forming an inverse impairment correlation sequence estimate

15  wherein said impairment correlation sequence estimate takes the form of:
: z,(n+m)
R (m)=E { [Z (mm)] a2 (n)]}

17.  The receiver of claim 1, wherein said means for forming an inverse
impairment correlation sequence estimate uses an impairment correlation matrix
20  sequence, wherein each matrix entry has two terms, a first term associated with
spa;ial impairment correlation and a second term associated with time impairment
correlation. |

25



25 o nmeans for conputi ng t he adj oint of said transforned

matri x; and : Wrse transform ng Ssaid adj oi nt -
of said transformed matri x. 0589 :
fFS).CT/ USi?/r gggﬁé‘&”&@@@rdl ng t(““\‘“\\m\“‘“m\ \i‘,\h sai d means fo?%”’m ng an

i nverse inpairment correl ationssequénc® further conprises:

nmeans for estimating an inpairnment correlation sequence;

means for transformng said sequence to produce a transformed matrix; 5
means for conputing the adjoint of said transfornmed matri x;

means for conputing a scale factor; -16- means for scaling
said adjoint to produce a scal ed adj oi nt; and means for
i nverse transform ng said scal ed adjoint. 10 7. A et hod for

detecting information synbols conprising the steps of:

receiving a radio siqgal Qfe theflod of|cldind 70 wiRRE HiPSie BF RAMENICH iftvdtsdr al I Ly
of antenna signals; r adi 0 proce55|n sald ant enna

signals to prodiBgaisment corriation saquence estimate further comprises the stepcofs -
_ using an impairment correlation matrix sequence, wherein each matrix
entry has two terms, a first term associated with spatial impairment correlation and a
5  second term associated with time inipainne’nt correlation.

19.  The receiver of claim 13, wherein said means for determining branch
metncs further compnses
' means for formmg an inverse impairment correlation sequence estimate
10 wherein said impairment correlation sequence estimate includes a matrix wherein each
matrix entry has two terms, a first term associated with spatial impairment correlation

and a second term associated with time impairment correlation.



& .
15 formng a plurality of channel coefficient estimates
corresponding to ~ each of said received sanple streans,;

formng an inverse inpairnment correlation sequence estimte in which

i npai rment corresponds to interference and noise anong the recejved sanple

st reans; WO 97/40589 - forming branch netrics using sai &
coefficient estimates and said 20 i nver sd/#npai rment correl ati on sequence-
estimate; and detecting said digital information
syfbol s using said branch netrics in a sequence estimtor. . _
8. The met hod according to claim7 which said step of formng branch 25
metrics further_conprises the steps of: Fég / formi-Ag-
hypot heti cal re¢ceived sanpl es using said ‘chamfel” coefficient
esti mat es; ' _ formng differences between said received
sanpl es and saijd- hypot heti cal neeWdved sanpl es; - WO
97/ 40589 | 102 o 0§ 108
PCT/ US97/ 06344 r i i - 13-
storing said differepces in a nenﬁry devi ce; vy,
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form ng quadratic products with said stored differences USIng sai d

inverse inpairnment correlation sequence estinate;
accunul ating said quadratic products to produce said branch metrics.
The method of claim 7 in which said step of formng branch netrics

9.
further conpri sWO Y8588t eps of :
sai d channel
correl ati on sequence esti mate;
sai'd channel
correl ati on sequence esti nate;

10

coefficient estimtes and said

coefficient estinmatesfand said

and’
5

f orm ng 597
inverse rnpairnent
form ng paraneters using
i nverse i npairnment

conbi ning said weights

- 2/4 g

with said received sanples to prio

filtering hypothetical synbol vdl
filtered val ues; and
said filtered val ues, and a h§hq

branch netrics.
whi ch-sai d step of estinating ar
sequence further conprises the g

duce conbi ned val ues;

W th said paranmeters to produce 15
conbi ni ng said conbi ned val ues,

i cal synbol val ue to produce

The net hod according to claim?7 in
inverse inpairnent correlation

pf : estimating an

i npai rment correlation sequence;
sequence to produce a transforned

transformng said
conputing the

inverse of said transformed matrix inverse S
transformng said inverse of spid trangfornmed matrix. 25 Et
A receiver according to claimj/ i i¢h said step of estimating an mg
i nverse inpairnment correl atl on further conprises the steps 'zggg
estimating an inpairment coa;g-el ag /s s eRee; §%:
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conputlng the adjoint of said transfornmed matri x;

1

-14-
and

inverse transform ng said ad10|nt of said transformed matri Xx.
- 12. The met howosti4os8%ai m 7 in which said step of estimati ng. aa'rmsmﬁ:se 5

i npai rment correl ati on sequence further co
estimating an inpairnent correl ati on seque

ﬁ@glses the steps of:

transform ng sai d sequence to produce a t ransf or med mat rix;

conputing the adjoint of said transfornmed matri x;

conputing a scale factor; 10
produce a scal ed adjoint; and

scal ed adj oi nt.

| east two antenna signals; and
receiving said at |east two antenna signals and
| east two antenna signals to deternmine information synmbols present - in

said radi o signa

scaling said adjoint to

/\réiagKSEr

~at least two antennas each for receiving a radio signal

wher efl? sai d processor Al udes:

means for deternlnlncrbfaﬁeh—ﬁptrlcs

i nverse transform ng sald
onpri si ng:
to produce at 15
a processor for
processi ng said at

metrics 'ar%-.?azo

used to formlnnnnﬁmﬂes of sai S, whgrerm sard
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branch metrics are determ ned taking int o -account both space and tine.
| npai rment correl ation. -

-15- - . 14.  The receiver of claim1, wherein said means for
form ng an inverse I npai rment correl ati on sequence estimte uses an
i npai rment cor r YA Msequence esti4’rate of the form PCT/USI7/06344
[err] 5 15. The et hod*t claim 7, wherein said step of
form ng an inverse i mpai rment correl ati on sequence estimte further
conprises the step of: ' E/@ a5'i nmpai'rment correl ation
sequence estimate having the form - : [err]
- 902 302 . 504
{ \ _ {
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oyTPyT T : ' T
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,-1@"'--3a.-._'§ff 325 7216, The receiver of claim 13, wherein said rreans f or

DI

r‘(:1eterm ni ng branch et ri further conprises: : means
g N pr

for formng

I'nver se | npal r nent correlation sequence eStI mat e 1-5 vvher ein

said i npairne ““‘M‘m uence e i mat e tak

ferr] r““m “\ml“ recei ve of cl af‘t?‘? o‘g %s f or
form ng an inverset nbairment correl ati on' . an

i mpai rment correlation rratrlx 20 ° sequence, wherein each matrix entry has -
tvvoterms a first termasgsociated with spatial inpairnents correlation
and a sedoBaiibrmleadetddded with tine.inpairnent correlation. 25

- 16-

i A receiver in a digital wireless communication system for conveying digital
information symbols, said receiver comprising:

means for receiviag a radio signal on a plurality of antennas o produce a
plurality of antenna signals; | '

means for radio pfccessing said antenna signals to produce 2 plurality Qf
reccived sample streans;

means for forming a plurah:y of chaznel coer’ic;cm gstimates corrcspondmg
1 each of said received sample streams;

-means for forming an inverse impairment correlation sequence estimate in
which impairment correspornds to interference and soise among the received sample
sTeams; . |

means for forming branch metrics using said chanuel coefficient estimates
and said inverse impairment correlation sequence estimare; and |
means for de'teczing said digital information symbols using said branch

metrics in a sequence estimator.

2. A receiver according to claim 1 in which said means for forming branch

metrics further comprises: |

eans for forming hypothetical received sarnples using said channel
coefficient estimates; '

' means for forming differences between said received samples and said

thOthcucai received sampm.

means for storing said differences in a oemory device;

means for formmg quadratic products with said stored dxfferences using saxd
inverse impairment correlation sequence estimate; and )

means for accmnuiatiizg' said quadratic products © produce said branch
merrics. | | | |
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18. The nethod of claim7, wherein said step of formng an inverse
| mpai rnment correl ation sequence estinmate further conprises the s‘tVé)ﬁ g
using an inpairment correlation matrix. sequence, wherein each nmatrix

A

entry has two terms, a first termassociated with spatial inpairms

correl ation and a &Tseconggtggkwwgﬁgm%mai r el

correl ation. . . Ne T azfddtizeéd Bu alm 13, wher e™sai d

means for depeiERNNTIONAY ABSICATION PUBRISHEDSUNDHR ¥R AR GGGPERATION TREATY (PCT)

neans f or --efrhg HH-EF5€<4 %pai HerRg—eof+eratt

wherei n shf*i ™ opl Pttt Clatsication 8¢ 1 o s e ue @D intriational Eublieatidn demberia Tt WO
wherei n epch HO4B 7085784 x entry has two |tAdr 53 Imbratidd PubliShidlpaeS OC bl Sd
a

spatial i ppairnent correlation ang second termassociated WT
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(57) Abstract

) l@ecexvers' and methods for receiving transmitted symbols are disclosed in which techniques are applied to jointly combat fading, time
Eilspe-rsxon. and mtcx_fcrancc that is correlated in both space and time. These objects are accomplished by, for example, providing an inverse
impairment cor.mlauo-n. sequence estimate to the branch metric processor in addition to a channel estimate. The branch metric processor
can then use this additional information to provide branch metrics that take into account the time correlation of impairment to improve the
symbol hypotheses. ’ .




