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This appl i owdbeey7ass related to U. S. Patent Application Nunbepchrydskloosssl
(attorney docket nunber E8699) entitled "Method of and Apparatus for

Reduci ng the Conplexity of a Diversity Conbining and I on
~Receiver", by Johan Skold and Per-Qd of Eriksson, &n dé,,@éic-vrqqmgggnn |y
herewith. This rel ated application 10 is also asg| gne REPLAOEDSame
assignee as the present application and is incorp lerence
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conbining of radio signals subjected to nultipath fading, tine-dispersion

and interference. ‘20 BACKGROUND OF THE | NVENTI ON A
common problemthat occurs in th@ELAYED APPLICATIONS of signals is that the

signals gre sonmetines lost as a result of multipath fading and interference
whi ch may exist in a radio transm ssion channel. Throughout the foll ow ng,

the terns radi o 2thisapplicatiorsisirelateditos! PatentApplichioiSérial Mad channel are
used equi val entm%ytéjoc&eelfnumbeg é&SQ) entitled “Method of and Apparatus for Reducing the
Complexity of a Diversity Combining and Sequence Estimation Receiver”, by Johan
Skéld and Per-Olot Eriksson, and filed concurrently herewith. This related application
10 is also assigned to the same assignee as the present application and is incorporated

herein by referencs in its entirety.

FIELD OF THE INVENTION

15 The present invention relates generally to the demodulation of digitally
modulated radio signals received by a plurality of antennas and more specifically to the
diversity combining of radio signals subjected to multipath fadlng, time-dispersion and
interference. -

20 : - BACKGROUND OF THE INVENTION

A common problem that occurs in the radio transmission of signals is that the
signals aré sometimes lost as a result of multipath fading an& interference which may
exist in a radio transmission channel." Throughout the following, the terms radio

25 transmission channel, radio channel, and channel are used equivalently to refer to the
same item. There are basically two muitipath effects: fiat fading and time dispersion.
Flat fading arises from the interaction of the transmitted signal, or main ray, and
reflections thereof, or echoes, which arrive at the receiver at approximately the same
time. If there are a large number of reflections, flat fading gives rise to a Rayleigh
30 distribution. Time dispersion occurs when the echoes are delayed with respect to the
main ray. There may also exist in the radio environment signal sources which are not
orthogonal to the desired signal. Non-orthogonal signals, or interference, often come
from radios operating on the same frequency (i.e., co-channel interference) or from
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recei ver aymlihbing' Rowsidhats BB Wo FdeNEFSmBitare Hith separate antennas can be
combined to counteract fading. These techniques are generally referred to as diversity
| combining.

10 Time dispersion may be advantageodsly corrected by using an equalizer. In the
case of digital signal modulation, a maximum likelihood sequence estimation (MLSE)
equalizer such as described in Digital Communications, 2™ Ed., by John G. Proakis,
Mc-Graw Hill Book Company, New York, New York, USA, 1989 may be used. in section
6.7 of this book, various methods are described for detecting signals corrupted by time

15  dispersion, or inter-symbol interference (IS!), using'MLSE equalization.

The impact of other signal interference may be reduced by employing array
processing techniques with multiple antennas. For example, adaptive beamforming can
be used to “steer” a null in the antenna pattern in the direction of an interferer.

Recently, methods have been proposed that partially solve the problems of

20 multipath fading and interference. In U.S. Patent 5,191,598 to Backstrdm, et al., for

example, the problem of accurately detecting signals in the presence of flat fading and
time dispersion is overcome by using a Viterbi-algorithm having a transmission function
estimated for each antenna. By reference thereto, U.S. Patent 5,191,598 is
" incorporated herein in its entirety by reference -
25 A method of accurately detecting signals in the presence of flat fadmg and
interference was presented m_the IEEE Transactions on Vehicular Technology, Vol. 42,
No. 4, Nov. 1993, J. H Winters: “Signal Acquisition and Tracking with Adap-tive Arrays
in the Digital Mobile Radio System 1S-54 with Flat Fading".
In a practical radio communication system, there commonly co-exists flat fading,
30 time dispersion, and interference. While the above-mentioned techniques address
some of these problems, there exists a need to simultaneously and jointly combat flat
fading, time dispersion, and interference. | '



conbi ned to counteract fadi ng. These techniques are generally referred to
as diversity conbining. 10 Ti me di spersion may be advant ageously
gorrected WPXMOHWE an equalizer. In the case of digital sigrporusesodsssion,
a maxi mum | i kel i hood sequence estimation (M.SE) equalizer such as descri bed
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25 A nmethod Of accurately detectl stgnals In
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10 are also estimated. Branch metrics are formed in a branch metric processor using the
received signal samples and the channel tap and impairment correlation estimates. The
_branch metrics are employed in a sequence estimation algorithm to estimate the
transmitted symbol sequence. _
In one embodiment, branch metrics are formed by generating hypothetical

15 symbol sequences and filtering the hypothetical signal sequences with the channel tap
estimates to produce hypothesized received signal samples for each antenna. The
hypothesized received signal samples are subtracted from the received signal samples
to produce. hypothesized error. signals which are processed with the estimate of
impairment correlation properties to produce branch metrics.

20 - In another embodiment, an estimate of impairment correlétion properties is
formed by generating tentative detected symbol sequences which are filtered with the
channel tap estimates to produce detected signal samples for each antenna. The

- detected signal samples are subtracted from the received signal samples to produce
detected error signals which are processed with the estimate of impairment correlation

25 properties to produce an update of the estimate of the impairment correlation

- properties. _ '
- In still another embodiment, branch metrics are performed by generating
~ hypothetical symbol sequences and calculating pre-computed values for all of the
hypothetical symbo! sequences using the channel tap estimates and ihe estimates of

30 impairment correlation properties. The pre-computed values are processed \;vith the
received signal samples to produce branch metrics. _

In yet a further embodiment branch metrics are forméd by generating
hypothetical symbol sequences and combining the received signal samples with the
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PCT/ US95/ 09484 3 Summary of the Inventiog In view of the foregoing _
background, it is therefore an object of the present invention to jointly
conbat and correct for the sinultaneous existence of flat fading, 5 tine
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receiving said signal on one or ‘more antennas, an analog to digital converter for
converting the signat in’tq received si‘gnal sémple’s for each of the antennas, a channe!

" tap estimator for estimating -Channel.-tapé for each of the antennas to produce channel
tap estimates, an- impairm'ent correlation estimator for estimating impairment

10  correlation properties to produce an estimate of impairment correlation properties. The
apparatus also comprises a branch metric processor coupled to the channel tap
estimators, the impairment correlation estimator and the received signal samples for
forming branch metrics using the received signal samplés, the channel tap estimates,
and the estimate of impairment correlation properties. The output of the branch metric

15  processor is coupled to a sequence estimaﬁon-processor-which produces an estimate
of said transmitted symbol sequence. L

in another embodiment -the branch metric'processor comprises a symbol
sequence generator for generating hypothetical symbol sequences coupled to a digital
filter for filtering the hypothetical signal' sequences with the channel tap estimates to

20 produce hypothesized :received' signal samples for each antenna. The filters are
coupled to means for subtracting said hypothesized received signal samples from the
received signal sémpleé to produce hypothesized error signals which are coupled to
means for processing said hypothesized error signals with said estimate of impairment
correlation properties to produce branch metrics. - '

25 Yet another embodiment is presented in which the impairment correlation
estimator oomprises' a symbol sequence generator for generating tentative detected
symbol sequences coupled to a digital filter for fitering the tentative detected symbol
sequences with the channel tap estimates to produce detected signal samples for each
antenna. The filter outputs are coupled to means for subtracting said detected signal

30  samples from the received signal samples to produce detected error signals which are
coupled to means for processing said detected error signals with said estimate of
impairment correlation properties to produce an update of the estimate of impairment
correlation properties. : .
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with the received signal sanples to produce branch netrics.

Figure 2 is a schematic illustration of a receiver processor and transmission function
10  according to the present invention;

- Figure 3 is a schematic illustration of a transmission function;

Figure 4 is a schematic illustration of a branch metric processor according to the
15  present invention; '

Figure § is a schematic illustration of an adaptive estimator of the impairment
correlation properties;

20 - Figure 6 is a schematic illustration of yet another embodiment of a branch metric -
processor according to the present invention;

Figure 7 is a schematic illustration of another embodiment of a receiver processor and
‘a transmission function according to the present invention; and

25 _
Figure 8 is a schematic illustration of yet another embodiment of a receiver processor
and a transmission function according to the present invention.
DESCRIPTION OF THE INVENTION
30

In the following description, for purposes of explanation and not limitation,
specific details are set forth, such as particular circuits, circuit components, techniques,



In yet a further enbodi ment branch netrics are forned by generating

hypot heti cal synbol sequences and conbining the received signal sanples
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PCT/ US95/ 09484 4 channel tap estinmates and the estimte of inpairnent
correlation properties to produce netric nmultipliers which are processed
with the hypothetical synbol sequences téo produce branch netrics. An
apparatus is also presented conprising a digital transmtter for generating
5 and transmtting a signal representing a transmtted synbol sequence, a
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si gnal sanpl es A sadio dlapsmiten and grceiven systerndong radio cammuniestion gysém Is
sampl es,  fygr&tdd"SéHenlaBEalfySih' FiBire1.. The radio communication system may operate
using frequency division multiple access (FDMA), time division multiple access (TDMA),
or code division multiple access (CDMA),. or some combination thereof. A transmitter

.10 has a digital symbol generator 102 which receives an information carrying: signal 101 '
and generates a corresponding digital symbol sequence, S. The symbols S are
subjected to digital to .analog. (D/A). conversion, modulation, puise shape filtering,
amplification, and are transmitted as analog signal Y by digital transmitter 103
according to known techniques. _ -~ o .

15 In addition to thermal noise, there may also exist an interferer 108 transh-litting .
signal X which may be non-orthogonal to signal Y. Signals Y and X travel through
separate radio channels and are intercepted by antennas 104 which are D in number.

Radio units 105 amplify, downconvert, and filter the received signals according
to known methods to produce analog signals. Each analog signal is coupled to an

20 analog-to-digital (A/D) converter 106, which converts the analog signal into a received
signal sample stream ry(kT,), where T, is the sample period, the reference numeral k is
an integer counter, and the subscript d indicates that the signal arrives from the d®
antenha 1<.d <D. The sampling period T, may be less than the symbol period T. The
received signal sample streams are collected in processor 107, which processes these

25 streams to produce an estimate of the transmitted digital symbol stream, $. In later
descriptions, transmission function 109 is used to refer to the signél path through digital
transmitter 103, the radio transmission cl_ia,nnel (not shown in Figure 1), antennas 104,
radio units 105 and A/Ds 106 collectively. |

The processing unit 107 is illustrated in greater detail in Figure 2 where, for

30 simplicity, the number D of antennas is restricted to three: designated a, b, and c.

Processing unit 107 may be, for example, a Digital Signal Processor (DSP) such as a
' TMS320C50 manufactured by Texas Instruments. The function of processing unit 107



and the estinmate of inpairment correlation properties. The output of the
branch netric 15 processor is coupled to a sequence estimation processor
whi ch prodweesseyrsesti mate of said transm tted synbol sequenperrusys/oossat her
enbodi ment the branch metric .processor conprises a.synbol sequence
generator for generating hypothetical synbol sequences coupled to a digital
filter for filtering the hypothetical signmal sequences wth the channel tap
estimates to 20 produce hypot hesi zed recei ved signal sanples for each
antenna. The filters are coupled to nmeans for subtracting said hypothesized
recei ved signal sanples fromthe received ngnaI sanpl es tq produce
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said detected error Signals with said estinmate of inpairnent cOrrelation
properties teequepaesas aﬁﬁqupﬂd-tf@f gxarmple. ks Gjayanra, @t af. nhast Adapiveckrualizars farn
Propertles. Narrow-Band TDMA Mobile Radic®, IEEE Transactions on Vehicular Technology, Vol.
10 40, No. 2, May 1991, pp. 392-404. For the case of symbol-spaced demodulation, if the
sample period T, is less than symbol period, T, the signal pre-processor 206 performs a
decimation of the received s’igrial sample streams r.(kT,); ro(kTs), and r(kT,) to produce
one sample per symbol: designated r.(h). t(n), and r¢(n) respectively. For the case of
fractionally-spaced demodulation, more than one sample per symbol is generated.
15 Estimating circuits 202a, 202c, and 202c produce channel tap estimates c,(1),
c(t), and c(t) which are used to model the radio transmission channel associated with
each particular antenna. Initial channel tap estimates can be obtained from sync
'eorrelafien values or Ieast-squaree'estimation according to known techniques. If the
. channel must be tracked, it is typical to use received data and tentative symbol
20. estimate values generated in the sequence estimation processor 204. Channel
tracking is known to those skilled in the art as discussed, for example, in Digital
CQminunlcatlons 2nd Ed. by Proakis as previously mentioned, and by A. P. Clark and
S. Hariharan, “Adaptive Channel Estimates for an HF Radio Link", IEEE Trans. on
Communications, vel. 37, Pp. 918_-9 26, Sept. 1989. The channel tap estimates C,(1),
25 (1), and c(t) are coupled to the input of the branch metric processor 203;
T Alse coupled to the braneh metric processor 203 is an estimate of the
impairment correlation properties obfaihed from impairment correlation estimator 207.
The estimate of the impairmenf cerfeletion properties comprises information regarding
the impairment correlation preperties between the antennas 104, or between relative
30 sample phases as will be discussed in greater detail hereinafter. The impairment
correlation estimator uses impeirment process estimates to update and possibly track
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i nvent i ogvgénla7dse readily apparent to one of ordinary skilpcrjuseosmssart from
the followng witten description when read in conjunction with the v

drawings in which Iike reference nunerals refer to like elenents. 5
Brief Description of the Drawings Figurg 1 is a schematic illustration of a
digital radi o conmunication system Figure 2 is a schematic illustration of
a receiver processor and transm ssion function 10 accordi ng to the

Plnot 1 on: theiapymaof &8 ihaitnork BrdENFR Brorbries Wil & difinfig  irer Sl cocor
accor di nglnttﬁehhﬁulﬁétextandeﬂgmesl nvention; Figure 5 is a schemat i ic
st a0 oL Sl oS R e oo APRE BAIHAS L0 te,
g”bOd' ”E“Ehé?i‘neﬁ tﬁp ad%ﬁlilafast él(fl. (R, P (e, (R Catd it dsematseopweﬂbalhﬂmm I on;
igure 7 I's a schematic ‘i'llUstration of another_enbodi ment of a receiver
pr ocessor catrafation properties to form. branch metric Mh(n). This branch metric is used, for
example, in a sequence. estimation processor 204 to develop tentatlve and final
_estimates of the transmrtted symbols. .
It will be apprecrated by one of ordinary skill in the art how the present inventron
operates when lractlonally-spaced (T/M) equalization is employed in thls case, each
10  signal preprocessor 206 produces M samples per. symbol period, which correpond to '
M different samplrng phases This glves rise toM recervecl slgnal sample streams per
antenna. As a result branch metric processor 203 recelves D times M sample streams.
As before, the channel tap estlmators 202a 202c produce channel tap estimates for
antennas a - ¢ respectively. l-lowever. these channel tap estlmates are_more in
15  number, as estimates for each sampling phase must be prowded Also, the rmparnnent
correlation estimator 207 estlmates impalrment correlatlon properties over antennas
and sampling phases. This | is done by treating the D antennas and M sampling phases
as D times M antennas. As a result, the branch metnc processor operates in a manner
‘equivalent to having D tlmes M antennas and one sample per symbol tis apparent
20 that the present invention can be applied to the case of one recerve antenna and
fractionally-spaced equalization
The transmrssron lunctlon 109 is rllustrated in greater detail in Fgure 3 where.
for slmpl:crty. the number of lnterferers is restncted to one lt is obvnous to one sknlled in
the art that the present rnvention may also be used lor the case where there are two or
25 more mterlerers The transmlt functlon 109 beglns \mth the signal path for the symbol
sequence s through dlgltal transmntter 103 which transmrts analog slgnal Y.The analog
srgnal Y propagates through a separate radlo transmission channel to each of the thres
recetver antennas radxo channel 301a to receiver antenna ‘104a, radio channel 301b to
receiver antenna 104b and radlo channel 301c to receiver antenna 104c. Similarly,
3o. mterlerence slgnal X also propagates through three other separate ‘radio channels
| 302a—302c to recerver antennas 104a-104c respecbvely Radio channels 301a-301¢c

and 302a-302c may introduce fadlng and time dtspersion Ommpresent thermal noise



| s a schematic illustration of yet another enbodi nent- of a receiver

processor syologodrssgansni ssion function according to the pres rU595R94d40N-

a transm ssion function according to the present invention; and 25 Figure 8
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r.(kT,). r(kT,), and r..,(kT.) One method for conversion from analog to digital is to use

log-polar signal processing, as described in U. S. Patent 5,048,059 to Dent
incorporated by reference herein in its entirety. For subsequent processing, a
conversion from log-polar to rectangular samples is made, s0 that, for example, | and
Q samples, sometimes referred to as complex samples, are used. By using log-polar
signal processing initially, a limiting receiver which provides signal strength and phase
samples can be used, and adaptive gain control can be made simple.

In an MLSE equalizer, all possible transmitted symbol sequences S are
considered. In one implementation, hypothesized symbol values sy(n) are filtered by
channel tap estimates c,(t), cu(t), and c(z) to p'roduce hypothesized received samples
ren{n), fonln), and ren(n) for each antenna. The differences between the hypothesized
ran(n)-ren{n) and the actual r,(n)-re(n) received signal sample streams, referred to as the

hypothesis errors, give an indication of how good a particular hypothesis is. The

squared magnitude of the hypothesis error is used as a metric to evaluate a particular
hypothesis. The metric is accumulated for different hypotheses for use in determining
which hypotheses are better using the sequence estimation algorithm. This process
may be -efficiently realized using the Viterbi algorithm, which is a known form of
dynamic programming. A description of the Viterbi alrogithm may be found in Fomey,
G., “The Viterbi Algorithm®, Proc. of the IEEE, vol. 61, pp. 268-278, March, 1973. As is
obvious to one of ordinary skill in the art, other sequence estimation algorithms, such
as the M-algorithm, may also be used.

- In an MLSE equalizer, there are states associated with different symbol
sequence hypotheses si(n). At a given iteration, there are previous states: each
associated with an accumulated metric. Each pairing of a previous state' with a current
state results in a branch metric, My(n). The candidate metric for a current state is then
the sum of the branch metric My(n) and the previously accumulated metric. For each
current state, the previous state which gives the smallest candidate metric is selected
as the predecessor state, and the smallest candidate metric becomes the accumulated

408¢ respectively whichiamplifies,o as



or code division multiple access (CDMA), or sone conbination thereof. A
transmtter 10 has a digital synbol generator 102 which receives an

i nf or matweRema agyi Ng signal 101 and generates a corresponpCHysesgigsal
synbol sequence, S. The synbols S are subjected to digital to analog (D A)
conversion, nodul ation, pulse shape filtering, anplification, and are
transmitted as anal og signal Y by digifd@l transmitter 103 according to
known t echni ques. 15 _ In addition to thermal noise, there may al so
exist an interferer 108 transmtting signal X which may be non-orthogonal

to si gnalmgtric Toroths!chrréntétateXFof Metic domMbINIAY) dscdutcabed inafbremontone 9.sand are
I ntercepted by ant ennas 1%“:&/(“ C CE/are D in nunber. Radio units 105 anplify,

downconv dtatent5491,698,dhe b ean Re gxpreesed 8% di ng to known nethods to
produce anal og signals. E n S i S, cauplgd to an 20
anal og-to-digital (A/ D cg’ﬁ%ffﬁﬂ%@“mq{ﬁaEBﬁ%&ﬂs t he anal og si gnal

into a received signal sanple streamr[err](kT[err]), where T. is the

sanpl e period, the referenggerguneral k is an integer counter, and the
subscript d indicates that the signal arrives fromthe d[err] antenna 1
[err] d [err]D. The sanmpling period T[err] may be | ess than the synbol
period T. The received si gfnli=[admp)rdo)]eans are collected in processor

107, which processes these 25 streans to produce an estimate of the
transmtted digital synbol stream S. 1n |ater descriptions, transm ssion
function 109 is used to refer/¢®tte @&lnaM|path through digital

transmtter 103, the radi oCi=jepy 65i giINchR#)Inel (not shown in-Figure 1),
antennas 104, radio units 10 c"é&ﬁ‘ A{-D@c(ﬂipg ol | ec'F|.veI y ‘

s,(n)=[sy(Msy(n-1)..]"

K, 0. 0©
0 0 K

The channel tap estimates for each signal received on antenna 104a-104c are
5 designated by c.(1), cu(t). c:(t) respectively where 1 is the delay (i.e.t=0 is the main
ray, © = 1 is the first echo, etc.). N, is the-number of channel taps esiimated per antenna

and K,, K. K are weighting coefficients for antennas 104a-104¢ respectively.
. The present invention takes advantage of the fact that, from a diversity and
equalization point-of-view, the impairment (interference + noise) on multiple receive
10 antennas 104 is often correlated. By expanding diversity comt:_aining techniques to
exploit this correlation, significant gains are realized. For optimal performance, a
-whitening, or decorrelation, process may be applied and the optimum branch metric
may include the inverse of the impairment correlation matrix. The optimum branch

metric My(n) according to the present invention is:

¥



“The processing unit 107 is illustrated in greater detail in Figure 2 where,
for 30 sinplicity, the nunber D of antennas is restricted to three:

,desi gnat edw@ gelo4738Nd c. Processing unit 107 nay be, for examperausosoddsyital
Si gnal Processor (DSP) such as a TMs320C50 manuf actured by Texas

I nstrunments. The function of processing unit 107 -~ WO 96/ 04738

PCT/ US95/ 09484 7 is to produce an estimtl® of the transnmtted digital

synbol stream S which accurately corresponds to the synbol sequence S which
was originally transmtted. Transm ssion . function 109 produces the received

it L e e

accordance with the present invention. The received signal sanple streans
rferr] (kTlerr]), riyerg:(kTlerr]), and rlerr](kT[err]) are coupled to a
signal pre-processor, or sync, block 206 where the received signal sanple
streans are correlated with known tim ng/synchroni zation sequences as

descri bed, for exanfhps RR(n)d,0ued falated quantity;" W)A@ﬂﬁjﬂ'@\)}mual i zers for
Narr ow- Band TDVA Mobi | e Radi 0", | EEE Transactions on Vehicul ar Technol ogy,

Vol . 10 40, No. 2, May 1991, pp.1392-404. For the case of synbol -spaced
dermodul ation, if th&\)&eﬁ;p(mz,mn)zj,(uﬂ iT. e, fn)l=as) 1Omps (pbol period, T, the

si gnal pre-processor 206 perfornms a

The time varying nature of the channel and the impairment correlation are denoted with
time index n. The Rx(n) matrix is referred to as the impairment correlation matrix at
discrete time, n. The A(n) matrix (i.e., the A-matrix) is the inverse of the Rx(n) matrix, or
5 a related quantity such as the adjoint or pseudo-inverse. As is obvious to one of
ordinary skill in the art, Rx(n) and A(n) are specific examples of impairment correlation
properties of which other forms are known. Throughout the following, the term A-matrix

is used generically to refer to any estimate of the impairment correlation properties.
The impairments on antennas 104a-104c at time n are designated by z,(n),
10 zy(n), and z(n) respectively. For a given hypothesis, en) is an estimate of the
imbairment process. As shown above, the A-matrix, 'A(n). is the inverse of the
impairment correlation matrix R,(_n). For the case of uncorrelated impairment (i.e., no
interferer) the A-matrix reduces to éiagonal matrix D. When the signal is known or

detected correctly, the impairmeht is given by:

2(n) = r{n) - C(n)s 4,,(n)

15 where:

86et(N) = [Sgar(MSgu(n-1)...]
Note that 84u(n) is the known or detected symbol sequence at time n.

Determination of the A-matrix for use in the present invention can be performed
in a number of ways depending upon the specific application and the required
performance. The simplest approach is to use a fixed set of values for the A-matrix,

20 stored in memory, that are never updated. These values depend primarily on the
configuration of the receive antennas and on the carrier frequencies being employed.
An alternative approach is to determine the A-matrix from synchronization information



deci mati on of the received signal sanple streans r[err](kT[err]),
rferr](kT[err]), and r[err](kT[err]) to produce one sanple per synbol:

desi gnat edvobeesrdg n), r[err](n), and r[err](n) respectlverPaF }09 case
of fractionally-spaced denodul ati on, nore than one sanpl e per synbo
generated. 15 Estimating circuits 202a, 202c, and 202c produce
channel tap estimates c[err]([err]), c[der]({err]), and clerr]([err]) which
are used to nodel the radio transm ssion channel associated with each
particular antenna. Initial channel tap estinmates can be obtained from sync

correl at I t 0_known
Lechni qu'eé"""” o Nt The AR Soiar Bihidh Bichiiiony o BEEP. known,
data and tfieldsat At @agh mew ogourrence: ohthe: syndhienizatione fislde the m-mhmxseawebece
estimtio I S th sk| led in the
art as di 28365@ %%i?c?ruﬁgéaw | %b o tﬁ&?}é% M vF@ﬁ% &ﬁh ?59 B8oaki s
Eci; previ (élﬁﬂpyoﬁﬁ!hlsl torkise, syanhrongzauon ﬁelds:ltenmualizel & immovdaaman-mmpuuea
anne catj ons
Vo33, " T8A i 6 addeibhe as On'thd e eyl Buralf s A uniek vplupe, 1 )
25t c[ er r] ([ erNF;Zi. considqntlon] is[givery bcralnenmglqd ased to trimk theAHmaix Vbzlggi)r anch
metric pr 0 S r ocessor is an
coti mat o gHiige, e Amahe” SofiBitbed infofinbeith, JaBkieihe " The oirdbirment,rcoraibnon;
corr el at i ropertiesrstandarilastiniEition esdthodst fer estimating dtiplation oF mefgee‘lx_ﬁ 4tion
ropertie t h rment correl ation
Br oBert : ezn%gg%gﬁﬁﬁ?ewpgggl @898$°‘ﬂ2ﬂ/@§m@f§ww vaiues, impaitmenthases
as W 10 baalliescesrsbs! obtairpdeby mklr\@etheldiifdmtdeslb’efhhéén th'Ehl‘eceIVP@lslghﬁl‘sam le
correl atIOP estlnrlasor usead.'nrg d;re rocess estimtes to update ane ‘
possi bl y GIERMS & n)-re(n) and the hypothesized received signal -sample streams Fan{N)-e n(n).
At time n, this gives a vector of impairment values, denoted 2(n); one value for each
antenna. A straightforward Way of forming the A-matrix is given by:

R(n) lR(n 1)+Kz(n)z"(n)

A(n)=R"(n)
15 Kisa scaling constant typically tor ,f 1-1). Because R(n)isa Hermitlan matrix, only

a pomon of the matnx elements need be computed
| Such a stralghtforward approach is fairly high in complextty One way to reduce
comptexity is to apply the matrix lnverslon Iemma and update the A-matrix dlrectly as:

1
A(n)-—[A( -0~ (m)l’( )P"(n)]

where:

p(n) = Aln-1)zln)
20 Because the A-matrix is Hermitian. it is only necessary to compute those elements on
the diagonal and either those elsments above or below the diagonal.

These techniques for estimating and trackmg ‘the A-matrix are given only for

purposes of illustration. In general, the A-mattix'can be expressed and estimated in a
variety of ways, as is cbvious to one of ordinary skill in the art. See, for example, the

25 book by S. Haykin, Adaptive Fliter Theory, Second Edition, Prentice-Hall, Englewood

" Cliffs, N.J., 1981. The present invention may also be applied to the blind equalization
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the estinmate of the inpairnent correlation properties which is discussed in
further dewawtm04788t he ensuing text and figures. Branch netrpermsogmige’ 203
uses received signal sanples r[err](n), r[err](n), and r[err](n), channel
tap estimates cl[err]([err]),.c[err]([err]), and c[err]([err]), and the
estimate of the Inpairment 5 ' correlationfgproperties to form branch
metric Merr](n). This branch nmetric |Is used, for exanple, in a sequence
estimati on processor 204 to develop tentative and final estimates of the

transmtted i1l b reci.ated by one of ordinary skill in the
et how t he AIPESELfr which froln “SrBREGaYRR SRavenses R 41890t adiin cave.he A
equal i zat i ormatsixdsrpstinyated in a mianner sinfilar toWithé&hahhdl Téstipigigy. ocessor 206
produces M sanpl e%ﬂp‘gr synbal ‘Qeﬁ I.s?fd whi ch correpond to M different

sanpl i ng phases. i °gﬂ‘%&safi dlystrafipn, thepsasent inyeations wilnow berdascebertin
antenna. As greates dofail aslexamplifiext initsurdiféreRtahbodimen@cei ves D tinmes M sanple
streans. _As before, the channel tap estimators 202a - 202c produce channel

tap esti Rates for antennas a - c respectively. However, these channel tap
estimates are nore in 15 -nunber, as estimates for each sanpling phase
nmust be provided. Also, the inpairnment correlation estimtor 207 estinates
i mpai rment correlation properties over antennas- '

Description of Embodiment having a Symbol-Spaced Equallzer with Two Antennas
and Adaptive Channel Estimates
10
- In a first embodiment, a processor 107 having a symbol-spaced (i.e., T-spaced)
equalizer is presented where the channel must be tracked over the data field, or burst.
This embodiment is applicable to the digital cellular system defined by the IS-54B
specification which has relatively long TDMA data bursts, or time slots, (6.67
15 milliseconds) with respect to time. For this embodiment, the branch metric processor
203 is illustrated in greater detail in Figure 4 where, for simplicity, the number of
antennas is further restricted to two: designated a and b. This particular embodiment
has usefulness in that the use of two receive antennas is common in many cellular
systems which already employ some form of diversity combining. As before, it is
20  obvious to one of ordinary skill in the art that this embodiment may also be employed in
the case where there are three or more antennas.
The impairment correlation matrix R,; énd the inverse impairment correlation
matrix A are defined as follows:

pn pab
H =P= .
= [p.., p»]

) - 1 [Pe Pu] [P -P
Bocind i i
. (pnpw -Ip‘blz) P Pa “Pw  Pau
25 The variable p,, denotes the impairment power received on antenna a; the variable pw
denotes the impairment power received on antenna b. The off-diagonal matrix
elements are the cross correlation values: p,, denotes the correlation of the impairment
received on antenna a with the conjugate of that received on antenna b.



and sanpling phases. This is done by treating the D antennas and M sanpling
phases as Dtinmes Mantennas. As a result, the branch netric processor

oper at es o f§asgner equivalent to having D times M antennwsmf_sanpl e
per synbol. It is apparent 20 that the present invention can bée applied to

the case of one receive antenna and fractionally-spaced equalization. The
transm ssion function 109 is illustrated44n greater detail in Figure 3
where, for sinplicity, the nunber of interferers is restricted to one. It
is obvious to one skilled in the art that the present invention nmay al so be

used for the cas ere there are two or 25 nore interferers. The
transmt f'unctioﬁ’%@“ﬁ%@?ﬁ“%f‘ P88 gnal' path for the symbol sequence S
t hrough digit transniy j.er. 103 icgh transpitsg anal og sigpal Y. Thg,anal og
signal Y propggsme’s%(ﬁi A@#&%%vé‘ﬂr%{%&m(@kﬁmﬂ%h& (0 Jeach
of the three receiver antennas: radio channel 30la to receiver antenra
104a, radi o channel 301b to receiver antenna 104b, and radi o channel 301c
to recei ver aW@ha 104c. Sinilarly, 30 interference signal X al so

propagat es through three other separate radi o channels 302a-302c to
recei ver antennas 104@-104c respectively. Radio channels 30la-301c and

ﬁ8i22-e302cv\£1)ag\g}#|omdi nganthd t Bggn)iE&fek-gi,fn) Omi present ther mal
PCT/ US95/ 0 ' calculation of this branch metric is:schemétically' ilustrated in Figure 4. -
| A symbol sequence generator 410 generates. hypothesized symbol sequences
§ 8,(n). These sequences are filtered in filters 400 using channel tap estimates c,(t) and '
“Cp(?) for antennas a and b to produce hypothesized received signal samples ro4(n) and
" Ropln); respec_tively. The hypothesized received signal samples, r,x(n), are subtracted
from the actual received signal samples from antenna a, r.(n), in summing junction 401
to produce error signals e,x(n). Similarly hypothesized received signal samples, Tan(N),
10 are subtracted from the actual received signal samples from antenna b, ry(n), in
summing junction 402 to produce error signals e,x(n). Blocks 403 form the squared
' magnitudes of the error signals e,n(n) and eyn(n). The squared magnitude for error
signals e,(n) is muitiplied at junction 406 by muitiplier m,,, the result being coupled to
summing junction 408. The squared mabnitude for error signals eyx(n) are multiplied at
15 iunétion 407 by multiplier mw, the result being coupled to'_summing junction 408.
Finally, multiplier 404 forms the product of e,(n) and e*,x(n), the product of which is
subsequently multiplie_d by muitiplier m,, in multiplier 405, forming the real part only.
The resuilt is subtracted in summing junction 408, the output of which is the branch
metric My(n). The multipliers ma,, Mw, and M, are related to the impairment correlation
20 matrix by: ' '
- My, = WPy

.My = WPy,

My =2Wp,, _ |
As is obvious to one skilled in the art the w term is common to the branch metric
calculation and may be applied in a different manner or even ominéd when the
denominator to w approaches zero, -
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9 processes n[err] - n[err] are also received by receiver antennas

104a- 104c respectively. Each antenna 104a-104c Is coupled to a radio unit
J05a- 105¢c ™RpeedB& el y which anplifies, downconverts, and f|f§ﬁﬁ

recei ved signals according to known nethods to produce an anal og S|gnal
Each anal og signal is coupled to an analog-to-digital (A/D) converter 5
106a- 106¢c whi ch converts the anal og signaltg i nto received signal sanple
streans r[err](kT[err]), r[err](kT[err]), and r[err](kT[err]). One nethod
for conversion fromanalog to digital is to use | og-polar signa

processi ng, as dem“‘bﬁd'"bmHa""i"'@@?ﬁ‘g&b‘zgg?pgﬂ 59 to Dent incorporated by

reference herein inits entirety 8%r ocessing, a conversion
froml og-polar to rectangul ar L,e|2= %'{(ﬁfg QT hat, for exanple, | and
10 Q sanpl es, sonetines ref erre a Pb npl es, are used. By
using | og- poI ar signal processing initially, a limting receiver which
provides signal strength and p A+ a:gg\ and adaptive gain
control can be made sinple. | ntpgbfl( l\/Lgm;"b 3 z'é‘l?ﬁ°gﬁﬁdp055| ble transmtted
synbol sequences S are considered. In one |nplenentat|on hypot hesi zed
synbol values s[err](n) are fil q.elb ﬁ\lﬂp@ tap estimates

clerr] (Ejerr]m))is c[;rlr] (f[]!gt::;] )md‘p: hz[%r?ﬁ"@ [Ifr‘( dwprgduce hz‘pot hesi ZedTh
recei ved salpisess u'gr whicheif relqla tom'm@ isl it n e
di fferences betWEﬁ ot hesj zed rferr (n ﬁ T q§' %g Pﬂ'm@c{égﬂ
r[err](n)-r [ pym pre ‘EPéﬁ‘ lansH i Anayshe ferived: m hl¢felﬁéllle saicaltadforgétting

hypot hes§ s €ddtes, gi ve an indication of how good a particul ar hypot heS| S

i s; The squared nggsg}lt ude of the hypothesis error is used as a netric to
eval uate a partic ematic illustration of the impairment correlation matrix update is shown in

Figure 5. Tentative detected symbol values Susu(n) from sequence estimation processor

204 are filtered in filters 500 using channel tap estimates ¢,(z) and c,(t) from channel

tap estimators 202 for antennas a and b to produce expected received samples r, det(N)

10 and ryqu(n), respectively. Impairment signal Z,(n) is produced by subtracting, in

summing junction 501 r, ¢u(n) from the actual received signal samples from antenna a,

ra(n). Similarly, impairment signal z,(n) is produced by subtracting, in summing junction

502 ry.4u(n) from the actual received signal samples on antenna b, r,(n). If the tentative

detected symbol values are correct and the channel tap estimates are accurate, then

15  error signals z,(n) and Zy(n) represent the impairment received on antennas a and b

respectively. Impairment signals z,(n) and 2,(n) are scaled by the root of the scaling

factor K in muitipliers 503 and 505 respectively to produce scaled lmpalrment signals
which are coupled to blocks 506 and 507, respectively.

The impairment power received on antenna a, Paa(n), is multiplied in muitiplier

20 511 by the forgetting factor, A, and summed in junction 510 with the squared magnitude

of the scaled impairment signal from block 506 to produce the updated impairment

power pa(n+1). The value of p,(n+1) is then used to overwrite the memory location

515 of the previou_s impairment power pe(n). Similarly, the previous impairment power

received on antenna b, pw(n), is multiplied in multiplier 513 by the forgetting factor, 2,

25 and summed in junction 512 with the squared magnitude of the scaled error signal from

block 507 to produce the updated impairment power pw(n+1) which is used to overwrite

the memory location 514 of the previous impairment power pw(n). To produce the

updated impairment cross correlation, the scaled error signal from multiplier 503 is



20 hypot hesis. The netric is accunul ated for different hypotheses for use
I n determ ni ng which hypot heses are better using the sequence estinmation

al gori t hmgyd §gisy7s ocess may be efficiently realized using tﬂgﬁn}gsv%/ﬁ{&k
algorithm which is a known form of dynam c progranmm ng. A description of
the Viterbi alrogithmmy be found in Fomey, G, "The Viterbi Algorithnt,
Proc. of the |EEE, vol. 61, pp. 268-278, y¢arch, 1973. As is 25 obvi ous to
one of ordinary skill in the art, other sequence estimation al gorithns,
such as the Malgorithm nay al so be used. In an MLSE equali zer, there are

o ven it or SHuibplied it} thelcdnicaalyiof e’ shaled SHOE AGRaL YR mulkinler ROBHn Junclion
accumul at eogelAlss; thé-paNides| rbgaScohielaNoR m)oy@rﬁ R inlrierfiby 18 ﬁ%ﬁﬁﬂ:bﬁne

state results in a branch nmetric, erer hetrrc
current st AQraemygth@ﬁr ipauitiplier §09: The putput af me@tiqncsoa[ le suingexd Ia juhctitre 508

Bt oh i vo S 8 bt of Thlcfer, 509 15 3fekd # ublied ol chiifigfin Pulfids.chg ©
st at e, . &ind bisfaresthal updatedceaiul na(na-wistused tbmemrm tHeememoniotation516 of (6
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metric for pf?\‘@"%ﬁ"é%?'”@at e. For metric conbining, as described in

af orement i oned Thgre is typically a delay in updating the channel tap estimates which allows the
tentative detected symbols to become reliable. In U.S. patent 5,164,961 by
Gudmundson, et al., incorporated herein by referencs in its entirety, this delay is

10 avoided by using mu:ltiplle, channel modeis: one for _ea_ch_ state in the sequence '

. estimation proce_sson;M_. With the present invention, there is also a delay in updating
the A-matrix quantities. It is.obvious to.one of ordinary skill in the art that this delay can
be avoided by using multiple A-matrices; one for each state in the sequence estimation
processor 204. |

Description of Embodiment havlng a Symbol-Spaced Equalizer with Two Antennas
and Fixed Channel Estimates

_ _ in a second embodiment a' receiver having a symbol-spaced equalizer is
20 presented where the channel can be considered static over a TDMA burst. This
embodiment is applicable to the digital cellutar system defined by the _pan-Eur_opean
GSM specification which has relatively sh_o_rt (577 microsecondé) TDMA data fields with
respect to time. In this case, the 'impairment cori'elation matrix Rz, and hence the A-
matrix, do not vary over the burst and can be estimated from the sync word embedded

25 inthe GSM frame. In this instance, the branch metnc can be expressed as:

- M, () = [r(n) - s, ("] Ar(n) - Cs,,(n)

M, (n) = *(n) Ar{n) - 2Re{s, ()" C*Ar(n)} + 8, (n)" C"ACs, ()
Referring now to Figure 6, processing time is saved by pre-computing and storing in
memory 601 the following values for all possible hypothetical symbol sequences, s,

¥



ﬂc\ ) .
Pat ent 5,191,598, the branch netric can be expressed as: [err] where: [err]
[err] The channel tap estimates for each signal received on antenna

d04a- 104c wo®ed4738 desi gnated by cl[err]([err]), cl[err]([err] i*crlifs%&ﬂ err])
respectively where [err] is the delay (i.e. [err] = 0 is the nmain ray,
[err] =1 is the first echo, etc.). N, is the nunber of channel taps
estimated per antenna and Klerr], Klerr] 1 Klerr] are weighting coefficients
for antennas 104a-104c respectively. The present invention takes advantage
of the fact that, froma diversity and equalizatien:point-of-view the

i mpai rrent (interference + noise) on nultiple receive 10 antennas 104 is
often correl ated. By expandi ng di veﬂs#t%A'&tpbi ning techni ques to exploit
this correlation, significant gains are realized. For optimal perfornmance,
a whitening, or decorrelation, process e, applied and the optimm
branch metric may include the i nver £ @Q%spai rment correlation matri x.

The 0Pt | MITghngifidd Bre Lol Vaidss el MelrimBy B3 SipihgY AL O S0
My (n) = -Re{t,"r(n)} +g,

where:

r(n) = [r, ("), ()]

. For each hypothesized symbol sequence 8,(n), the received signal samplés ra(n) and
5 ny(n) are multiplied in blocks 602 and 603, réspectively, by the corresponding 1, vaiue,
which was precomputed as described abdve and retrieved from memory 601; only the
real parts of the products are formed. The h-index refers to the hypothesis index which
relates a particular f, value to a paniéular hypothesized symbol sequence sy(n). The
output of muttipliers 602 and 603 are coupled to summing junction 664 where they are
10 summed and the results passed to junctiori 605 where the output of junction 604 is
subtracted from the corresponding g, value: also precomputed as described above and

retrieved from memory 601. The result is the branch metric Ma(n). |

Description of Embodiment having a Fractionally-Spaced Equalizer with one or
15 more Antennas and Adaptive Channel Estimates with Partial Optimization

In a further embodiment a receiver having one or more antennas coupled to a
processor 107 comprising a fractionally-spaced (T/M) equalizer with adaptive channel
tracking is presented. This particular embodiment is applicablé to the digital cellular

20 system defined by the 1S-54B specification which has'relatively long (6.67 milliseconds)
time slots, or bursts, such that the channel tap estimates need to be updated during
the duration of the burst. For this embodiment, receiver processor 107 is illustrated in
greater detail in Figure 7 where, for simplicity, only a single interferer X and three
antennas designated a, b, ¢ are considered and M=2. It is obvious to one of ordinary

25  skill in the art that the present invention may be practiced with a plurality of interferers
and a plurality of antennas and a fractional spacing other than M=2. The transmission



11 [err] where: A(n) = Rerr](n)[err], or a related quantity; Rerr](n) =
E(z(n)z[err](n)) z(n) = [z[err](n)z[err](n)z[err](n)][err]; e[err](n) =
r(n) - C(r’YOpP&P47B8n) The tinme varying nature of the channel pefifsésiRass

i mpai rment correlation are denoted with tine index n. The Rlerr](n) matrix
Is referred to as the inpairnment correlation matrix at discrete tine, n.
The A(n) matrix (i.e., the A-matrix) is tlBe inverse of the R err](n)
matrix, or 5 a related quantity such as the adjoint or pseudo-inverse. As
i's obvious to one of ordinary skill in the art, Rerr](n) and A(n) are

speci fic_exalcis109 shewin Figive 7, It evaiiple,la&HtRa! toelﬁapaeelelibgalgghwecgor s

are known. Throughout the follow ng, ‘the termA-matrix i s use 1y

to refer toviely Pé%‘!‘l%t@%ffe?ﬂ\?q ﬂﬁﬁﬁ'rmh streamsuh(kdn, Mlﬂ'p)eand &(kT.)Tmae
t % t
Iz{rgflr ]r ?‘ﬁ;l Sr @émect I r\yg 't""%ﬂé‘?r |evg§ns ypot gpslgé % %‘h‘%‘) i s

an esti mat eprepror:nesqr whshtpeﬂpuue@rrehaoamwm atikeown SYnehnenlnﬂon pattéhn)
th t E th

of e B Wil WK doBBANed TR oisek 2Bk ' ARUARS! a4, bfePhine b ihec

di agonal maiorielation wises using sorgealptinﬂzdﬂoownteviondeuclcaemmurﬁfenb)by lnhlﬁe

:/vh n2?|e r ment 'hsanﬁ'elvtggs bi{, thii(p'l}licular gmoodum%nrt]) nc rll;l]h(as)been chosen equal to 2, each

signal pre-processor 707 produces, from each i |ncom|ng received signal sample stream,

| two samples per symbol. For example. .as shown in Figure 7, ryo(n), fes(n) are

10 _generated from recelved slgnal sample stream r.(kT.) Slmllarly r.,,o(n) fo.a(n) and reo(n), '

rw(n) are produced from recerved slgnal sample streams r.,(kT.) and r(kT,)

respectlvely i, for example. M is chosen to be equal to 4 then 4 samples per symbol

would be produced These slgnals. r.,a(n). r.,,(n). r.,,o(n). r.,,,(n). r,,o(n) and r.«(n), are

N coupled to the branch metric preprocessor 701 where they are treated as though each
15 sugnal r.,o(n). r.,,(n). r..,o(n). rU(n) rgo(n). and r,, ,(n), arrived from a separate antenna.

In practlce. one can expand the expression for the branch metric and collect
computations to prowde a lower oomplexity |mplementat|on Two techniques can be
used to reduce complexrly a) expand the branch metric expression and collect like
terms, and b) reorder at which iterations certain terms are computed. Using the first

20 techmque. metric mull:pllers. which can be pre-computed for all hypotheses, are
expressed as:

e(jn) = c* (. An)r{n)
1(1,n) = c*(3,n) A{n) e(i,n)

| oli,k,n) = c"(j,n)A(n)c{k,n) wherek >.j |
where c(j,n) is the jth column of C(n). J is the number of channel taps. In other words,
the received signal vector r(n) is modeled as:

. . J
2 - =Y me-DeGn)

- The values e(i.n), f(j,ﬂ), and g(j, k,n) are computed by the branch metric preprocessor
701 and stored in memory (not shown). The indices j and k are ray indices. The values



s[err](n) = [s[err](n)s[err](n - 1)...][err] Note that s[err](n) is the
known or detected synbol sequence at t| nme n.- Determ nation of the A-matrix
for use i nwonesparssent i nvention can be performed in a nunmbep

dependl ng upon the specific application and the required perfor mance. The
si npl est approach is to use a fixed set of values for the A-matrix, 20
stored in nenory, that are never updated.9These val ues depend primarily on
the configuration of the receive antennas and on the carrier frequencies
bei ng enpl oyed. An alternative approach is to detérmine the A-matrix from

~synchroni z

ST Usoas o oot 10R1, ShETICR) o °t'§g T8 18 B fletric mutiliers. sines, thay,ca he used in
synchr oni zamultiplicationstoform mmalirzeemamcsm braaci metric processoe 704. THe vahses
synchroni zat ma uted, wigh o i t hout use
of the pr ev?d!ﬁg '&(“ﬁfﬁ%’ ﬂ@ﬁﬁﬂ&&"éﬁ%‘fﬁ’gp%f# ﬁﬁ?ﬂ?@esiﬂsri%w‘ﬁ”qomm&eé
synchroni zahamaﬁahehdﬁcm(n)mctmaingzte or inprove, the A-matrix values 5
and then to use deci sions made on the data flel synbols to track the

A-matrix val ues. Al so, | t t{q@d used to track
the A-matrix val ues. Slﬂgglft_ ?ﬂnﬁ?g@s% ngat.ﬁgb(ge on regarding the
i mpai rm®nt correlation ., .,

)Y ZRe{g(j.k,n)s,, (n- )s.,(n k)}

ja0 Kajet

In systems where all symbols have the same amplitude, such as binary phase

shift keying (BPSK) and quaternary phase shift keying (QPSK) systems, the term

|s,,(n -T]z is a constant, indebendent of hypothesis. Thus, this term can be dropped,
obviating the need to compute and use the (j,n) metric multipliers.

10 While the embodiment was illustrated for the case of three antennas, it is

obvious to one of ordinary skill in the art that the present invention may be practiced
with a single antenna and fractionally-spaced equalization.

Description of Embodiment having a Fractionally-Spaced Equalizer with one or
15 more Antennas and Adaptive Channel Estimates with Full Optimization

A further reduction in complexity can be achieved by employing the receiver |
processor 107 shown in Figure 8. The receiver processor 107 of Figure 8 is essentially
identical to that of Figure 7 with the difference being the branch metric preprocessor

20 801 and the branch metric processor 804. As shown in Figure 8, branch metric
preprocessor 801 pre-computes and stores in memory (not shown) the following
alternate metric multipliers:

- Z(n)= Y c"(,n+ AN+ hrin+)
i

Stk,n) = T c"(in+ DA+ el +kn+])
|

In practice, it may be advantageous to approximate A(n+j) with A(n) and ¢(j,n+j),
25 c(i+k,n+j) with e(j,n), c(j+k,n) respectively. Altemate metric multipliers Z(n) and S(k,n)
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s standard estimation nethods for estimating correlation or

orrel ation matrices can be applied. Using either known or detected

‘g“ 7sgpai rment 10 val ues can be obtai ned by tlﬁ(',‘l]ll?@f}ob

es tween the received signal sanple streans r[err](n -r‘?érr](n)
ypot hesi zed received signal sanple streams r[err](n)-r[err](n)y. At
his gives a vector of inpairneggy values, denoted z(n); one val ue

for each antenna. A strai ghtforward way of forming the A-matrix is given

[err]R(n -1) +Kz(n)z[err](n) A(n)= Rerr](n) 15 Kis a scaling

z caII WL or %,g .. Because R(n) is . a Hermtian matrix, on
far RMRpRR P

ly a

& RIBceRsoe #04uwhich computes sthe abrgnch omelsicd
approach Ia“ccaﬁﬂﬁdtb h| gh in conplexity. One way to reduce conplexity is to

mat ri X 1 nversion Iemm and update the A-matrix directly as:

[err]

= A(n: 1) of he A He |
V5 ot WAl SRR s RO ;lﬁd(";%&t?nt nose.

above or bel ow t he' di agonal . These tedMni ques. for

stimating and

the A-yWhfi§ ithe eérﬁaduumait Wid muigﬁgﬁguro?c&ﬁssca%g of thred aﬁidnﬂﬁs M}a

the A-matri'x can e expresse estr.nat e In a varile
iobyiousdoane off orsmmdvl{/)iﬂstlamn that theopeesent lswnonanaseharmm,ced

with a single antenna and fractionally-spaced ,equahz_anon. While the present invention
has further been described with respect to a particular digital cellular communications

" system, those skilled in the art will recognize that the present invention is also

10

15

applicable to other communications systems and that thersfore the present invention is
not limited to the specific embodiments described and illustrated herein. Different
embodiments and adaptations besides those shown and described as well as many
variations, modifications. and equivalent arrangements will now be  reasonably
‘suggested by the foregoing _;_specific_atibn and drawings without departing from the
substance or scope of the invention. While the present invention has been described
herein in detail in relation to its preferred embodiments, it is to be understood that this
disclosure is only illustrative and exemplary of the present invention and is merely for
the purposes of providing a full and enabling disclosure of the invention. Accordingly, it
is intended that the invention be limited only by the spirit and scope of the claims
appended hereto.
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25 book by S. Haykin, Adaptive Filter Theory, Second Edition,
Prentice-Hall, Englewood diffs, N J., 1991. The present invention may al so
be applie blind equalization WO 96/ 04738

"PCT/ US95! %ﬁgﬁﬁ@ probl emin which known synchronization selc’]ﬁlggg?éwglsr‘e
absent. In this case, the A. matrix is estimated in a manner simlar to how
t he chann ' ' For the purposes of illustration, the present

i nventi onTl"l"I "ﬂﬁ"l“ﬂlliﬂl’l'rl bed In greater detail as LE d, |Sr%ééw
di fferent €nbédi kemts.s 5*Description of Enbodi nent ha fﬁﬁg - ‘rfg@ﬁ pace
Equal i zer with Two Antennas and Adaptive Channel Esti |
enbodi nent, a processor 107 having a synbol -spaced (i.e., T-spaced)
equal i zer |Wh#r|es=l§illn!diSAhere t he channel nust be tracked over the data
field, or burst. This enbodiment is applicable to the digital cellular
system defined by the |S-54B specification which has relatively | ong TDVA
dat a but st 4, Aomettiad:fos resiucing(tbe @ifedts of signial fadings tin®) dispersion cantidterfeferice e

For this eiRaqhbi YommicdtioRl SPstBi! Erfiphlind #idtps of:
| 3 (a) generating and transmitting a signal representing a transmitted symbol
sequencs; '

2

(b) receiving said signal on at least two separate antennas;
(c) processing said signal to produce received signal samples for each of said
antennas;
(d) estimating channel taps for each of said antennas to produce channel tap
estimates;
10 (e) estimating impairment correlation properties to produce an estimate of
11 impairment correlation properties;
12 (f) forming branch metrics in a branch metric processor using said received
13  signal samples, said channel tap estimates, and said estimate of impairment correlation
14 properties; and |
15 (g) employing said branch metrics in a sequence estimation algorithm to
16 estimate said transmitted symbol sequence.

1 2 A _method according to claim 1, in which processing step (c) employs log-polar signal
2 processing. '

1 3. A method accotding'fo claim 1, in which said estimate of impairment correlation
2 properties is represented as the inverse of an impairment correlation matrix.

This Sheet Has Been Replaced
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| ustrated in greater detail in Figure 4 where, for sinplicity,

t he

antennas is further restricted to twd: designated a and b. This

parti cul afyogleedgment has useful ness in that the use of t '
antennas TS conmpA-in_many cel lular systenms which al readymgﬁ%'ﬁggg"ég% form
of di ver

skill in
where the
Rl err]: an
fol | ows:
received
recei ved
correl ati
recei ved
WO 96/947
14 The4 br

5
6
7
8
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onbi ning. As before, it is 20 obvious to one of ordinary
m % ’"ﬂﬂﬂ' enbodi ment n&y al so be enployed in the case
o ﬂ) ,Fmre antennas. The inpairnent correlation matrix

d the |n\/'er§e r*rrpalrrrent correlation matrix A are defined as

[err] [err] . * The variable p[err] denotes the inpairnment power

on ant enna a ) 't he vari able p[err] denotes the inpairnment power

enAanetbon!Iacdmrdﬁbeo olafm d] ingehicH sd1@ torming® éteﬂg?béﬂgﬁ Sagt NE Cr OtSS
| npai r men

on vaI r correl at’l on
on ant( t*Wﬁ@Pﬁiﬁ}"ﬂg%s@qﬂ?"Wat recei ved on antenna b.

38 (b) filtenng said hypothetical signal sequences wuth said channePEy &bty 484

h
?ongroduce ‘:\ypc:)thesuv.edb recelvedg signal samples for each antenna;

(c) subtracting said hypothesized received signal samples from. the received
signal samples to produce hypothesized error signals; and

(d) processing said hypothesized error signals with said estimate of impairment
correlation properties to produce branch metrics.

5. A method according to claim 1, in which said estimating step (e) comprises:

(a) generating tentative detected symbol sequences:

(b) filtering said tentative detected symbol sequences with said channel tap
estimates to produce detected signal samples for each antenna; .

(c) subtracting said detected signal samples from the received signal samples to
produce detected error signals; and | '

(d) processing said detected error signals with said estimate of impairment
correlation properties to produce an updated estimate of said impairment correlation
properties.

6. The method of claim 1, in which said forming step (f) comprises:

a) generating hypothetical symbol sequences;

b) calculating pre-computed values for all of said hypothetical symbol
sequences using said channel tap estimates and said estimate of impairment
correlation properties; and - . :

¢) processing said received signal samples with said pre-computed values to
produce branch metrics.

—Ll Qleaot ILaa D D naal 4
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;[err] where [err] The cal cul ati on of this branch metric is schematical ly
illustrated In Figure 4. A synbol sequence generator 410 generates
shypot hesi 290 %P8 sequences 5 s[err](n). These sequenceyoarsotindeser ed

infilters Wp estimates c[err]([err]) and c[err]([err])
for antennas a and e hypot hesi zed receiv signal sappl es
rferr](n) an ectively. Theghypot hes|izggg \4%

sanpl es, eﬂ,ﬂ"ﬁ”’l "ﬂé"ylﬁ"@am ed fromthe actual - [fecei nggﬁ- $ Sarpl es
from antenna*a rlerr summing junction 401 Fo—proguee "”m nal s

e[err](n). Siml arI y hypot hesi-zed recei ved si gnal sarrpl es, r[err](n), 10
are subtracted fromthe actual received signal sanples from ant enna b,

rb(n), im s mgtnouramomlnmtezlmm 1prrodmen s@id'terming 81ep! (9 coMpA JH; Bl ocks 403
formthe squared n|t of t error signals e[err](n) and e[err](n).
The squafed rragm?l.% 'PQ%\YP W§°§[°88? MM is nultiplied at junction
406 by maltiplierp bining itise rezeived Mplep! t 8.
The séuar ed . ni t)lrjdog‘fﬂ(l)rge or s'J gs.qﬂangaermr:ig;? gﬁgﬁm%}iﬁngg% %rﬂiigé'g
juncti on4407°n58‘ I@P"mw ?@éﬁl ‘i?g'“%‘ﬂﬁm"!i'ﬁ iers egimni ng
junctiong408. Fi Idommmhg baialdhahnél(iép esfirfiBitel WithRere atidings Q[sgw{ﬁﬁt?%?

e[err](ng, t he product of . whi i S subsequent|ly nulti I|e

nerr] iR mimpaisment cqr@!ﬁﬂor\af?ﬁ%esc meprpéace matric mmlphersrtfﬂanrmga. .n)s and

?nl; {oﬁ Ir félc tNECei r Ir ]n ( ﬁ;J gyl d&&\dlﬁlﬁ? &aig :?réérifs?@praﬁﬁlﬁilﬂiﬁﬁmh féld “ﬂﬁd&ﬁ?dé:rﬁlr %"Z s?%qaoﬂcga to

the inpa r md@ Preduicedranchgne ncs

1 8. A method according to claim 1, in which said forming step (f) comprises:

2 a) generating hypothetical symbol sequences; |

3 - b) combining the received signal samples with channel tap estimates and said
4  estimate of impairment correlation properties to produce metric muitipliers e(j,n);

5 c) combining' said channel tap estimates with one another and said estimate of
6 impairment cormrelation properties to produce metric muitipliers g(j,k,n); and

7 d) combining said metric premultipliers with said hypothetical symbol sequences
8 to produce branch metrics.

o .

9. The method of claim 1, in which said employing step (g) further comprises the use of
2 theViterbi algorithm.

10. A method according to claim 1, in which said forming step (f) comprises:
~ a) generating hypothetical symbol sequences;

b) combining said received signal samples with said channel tap estimates and
said estimate of impairment correlation properties to produce Z(n) values;

(b) combining said channel tap estimates with one another and said estimate of
impairment correlation properties to produce S(k,n) values; and

(c) combining said Z(n) and S(k,n) values with said hypothetical symbol
sequences to produce branch metrics.

® N O 0 b DN -
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20 matrix by: nferr] = wp[err] nerr] =wp[err] nferr] = 2wp[err] As is
obvious to one skilled in the art the wtermis comopn to the branch netric
cal cul at iwo9ngrssay be applied in a different manner or evpmms;mm when

t he denom nator to w approaches zero. WO 96/ 04738
PCT/U595J—O-9484—1—5—AE——H—H%—H the A ITB.tI’IX el enents are updated as: [err]
[err] [err] KlsascallﬁTfactor whi chpg4 equal _to unity, is dropped from

';(h\ihlcglhcluum“ﬂ I]mllumﬂﬁ t he nunmber of co D By derived from

forgetting 5 facto illustration
of the |rrpa|rrren'1 Corfelation matrix updat e

L

11. An apparatus for reducing the effects of signal fading, time dispersion, and
interference in a radio communications system, comprising:
a digital transmitter for generating and transmitting a signal representing a
transmitted symbol sequence; " . : S '
a receiver for receiving said signal on at least two separate antennas.
an analog to. digital converter for converting said signal into received signal
samples for each of said antennas; - ' |
a channel tap estimator for estimating channel taps for each of said antennas to
produce channel tap estimates; |
‘an impairment correlation estimator for estimating impairment correlation '
properties to produce an estimate of impairment correlation properties;
-a-branch metric processor for forming branch metrics using said received signal
samples, said channel tap estimates, and said estimate of impairment correlaﬁon

W 0 ~N O O &b O N -

B T S
& WO NN - O

properties; and
a sequence estimation processor employing said branch metrics to estimate
said transmitted symbol sequence.

- ek
o o

12. The apparatus of claim 11, in which said analog to digital converter employs log-
polar signal processing.

13. The apparatus of claim 11, in which said branch metric processor comprises:
a symbol sequence generator for generating hypothetical symbol sequences;
means for filtering said hypothetical signal sequences with said channel tap
estimates to produce hypothesized received signal samples for each antenna;
means.for- subtracting said hypothesized received signal samples from the
received signal samples to produce hypothesized error signals;.and -
means for processing said hypothesized error. signals with said estlmate of

@ NN AN -

impairment correlation properties to produce branch metrics.

m
i



‘Figure 5. Tentative detected synbol val ues s[err](n) from sequence
estimation processor 204 are filtered in filters 500 using channel tap
Lestinmateswoeandyig err]) and cl[err]([err]) from channel tap metusmioodss 202

for anngggg_g_gQg_EC;gvproduce expected received sanples r[err](n) 10
and r[err](n), respectrvely. |npairment signal z[err](n) is produced by

subtr ' i junction 501 r[egg](n) fromthe actual received
Si gnamma,,mslmﬂnﬂﬁenna a, rferr](n). Simlarly, inpairnment signal
z[err](m) cisitprm y subtracting; @i n summng junction 502 r[err](n)
fromthe actual received signal sanples on antenna b, rb(n). If the
tentative detected synbol values are correct and the channel tap estimtes
are acclr atld, Theerappgratus:rofociaim gt in shioty jsaid) impaimméntr corelatiore PetmaRr t he

I mpai r ngnt l.xed on antennas a and b respectively. Inpairnment signals
z[err]?g) achﬁ&?(%é%](n) are scaled-by the root of the scaling factor Kin

mul ti pl Bers 503 srsyniidb sequsace i geriesaton for ogbreratinga testaiive) adetemed syjnstl S
‘which are %ggﬁ%@% {o bl ocks 506 and 507, respectively. The inpairmnment power
recei ved off® 85 a, plerr](n), is mitiplied in multiplier 20 511 by

the forgetting fedigital filferrfot filtering saidmermative aaa&bacuynﬁwsu&ﬁdhcw%«nﬁ% ed
from bl ock 506 to produce e

magni tuge of the.scal.ed .inpairnent  signal,

updat ed®i m¥ F?ﬁérﬁp Bﬂ&kﬁ“’g?‘{ pregiice qﬂ@%&ﬁ@abﬁa'ﬂ'ﬁ for @ach anteanaihen used to
overw ife the nevgans focsibieaeting Said détoqed sRinaPSEmpIEB AT rdt3Wel sianal
plerr](n). Siml arl%ﬁthe revious i npairnment power recelved on ante%na b,

plerr] (f), SROPIRA Io; ‘@quﬁe%?ﬂ'PV?ﬂﬁi Is;andpy the forgetting factor, [err],
o5 . . ) ! o
- ang sumred ifeans" ¢ér gfbdéé&ny\" ddid t&?ﬁ]&é&'@rﬁ?eﬂwym s%[d Le%ﬁgﬁfﬁa of

error signal from bl ock 507 to produce the updat I mpar rmen
p[ er r ] 8+1)mparpant corigiation:Rso S0 Rreduce an update of the estimate the impairment

11 correlation properties.

15. The apparatus of claim 11, in which said branch metric processor comprises:
. asymbol sequence generator for generating hypothetical symbél sequences;’
means for calculating pre-computed values for all of said hypothetical symbol
sequences using said channel tap estimates and said estimate of impairment
correlation properties; and o _
means for processing said received signal samples with said pre-computed
values to produce branch metrics. |

N OO O -

16. The apparatus of claim 11, in which said branch metric processor comprises:

a symbol sequence generator for generating hypothetical symbol sequences;

means for combining the received signal samples with th.e channel tap
estimates and said estimate of impairment correlation properties t_d produce metric
multipliers e(j,n) and'forlt':ombining said channel tap estimates with one another and
said estimate of impairment correlation properties to produce metric mullipliérs f(j,n)
and g(j,k,n); and for combining said metric multipliers with said hypothetical symbol
sequences to produce branch metrics. |

o ~N O O A O N =



the menory | ocation 514 of the previous inpairment power p[err](n). To
produce the updated inpairnment cross correlation, the scaled error signal
from nul t wiold6m473803 i S WO 96/ 04738

PCT/ US95/ 09484 16 rrultl plied with the conjugate of the scarcgmes??’%’#“si gnal
frommultiplier tion 504. Al so, the previous cross-correlation.
'p[err](n) y 516, is scaled by the forgetting factor in

mul tipli mﬁnﬂﬂ'ﬁg"m of junction 5 is surmed | n j unction 508 with

t he out put* ofc mul 09 to yield t irelatlon

p[err](n+l). As 5 before, the updated aWH&@IHEETlI-lASBE)EM used to
overwite the menory |ocation 516 of th r eviRERLAGEDUe p[Brr](n). There is
typically a_delay in updating the. c estrmates whi ch all ows the

tentati Ve A& Eee appargivssf clajm, 1E)elﬂé‘fh!c"lﬁi¢ Hfﬂ"éh meiri¢ processer mp&esm 961 by
- Gudnundgon, et g mudnssﬁuyaeahsﬁeraﬁrr%r@mfdtmpmeameﬂw s*]l{'lﬁql%g& . Lhis

delay is 10 avoi by. .usi ng ti1 pl e channe State
in the $equence rwnsmn W@ﬁ'ﬁﬁe&%r’ewﬁed \§ignal i SAnples: witht sandvchanneh tap her e
is al sogqa Ng | S. Hlige! ne
of ordi nar 9%@¥1e§ In t ig ggrht"tlétl at tﬂﬁﬂ gn%'ggbﬁbe pé\ﬁedcf%d&gél' usl ngf(’)

mul tipl® Avakiesiapdsombining sgid mebmmestlmtqwtlsenmmuermlm estimate of

6 impairment correlation propemes to produce S(k,n) values and for combining said Z(n)
7 and S(k,n) values with said hypothetlcal symbol sequences to produce branch metncs

18. The apparatus of claim 11, in wh:ch said - sequence estimation processor employs ‘
2  the Viterbi algorithm.

1 19. A method for reducnng the effects of slgnal fadlng. time d|spers|on, and rnterlerence
2 inaradio oemmumcallons system compnsmg the steps of‘ '
3 (a) generatlng and lransrmttmg a slgnal represenung a transmitted symbol
4 sequence. |
5 (b) receiﬁng said sig'nal on one antenna: _
6 (c) processing said slgnal to produce received signal samples for said’ antenna
7  such that muitiple slgnal samples per symbol period are produced:
8 (d) estimating channel taps for each of said antennas to produce channel tap
9 esllmates.
10 (o) estlmaung rmparrment correlation propemes to produce an estimate of
11 |mpa|rment correlation properlles. o -
12 () formmg branch metncs in a branch metric- processor using said .received
13  signal samples. said channel tap estlmates, and sald eslimate ol impalrment correlahon
14 propertles, and '
15 (@ employlng sald branch metrics in a sequence estimation algonthm to
16  estimate said transmitted symbol sequence. '

This Sheet Has Been Replaced

LT




processor 204. 15 Description of Enbodi rrent havi ng a Synbol - Spaced

Equal i zer with Two Antennas and Fi xed Channel Estimates In a second
.enbodi nentwg og@g£@8 ver having a synbol - spaced equalizer is 28cryRbfisag €d
‘where the channel can be considered static over a TDVA burst. This
enbodi-rent—s—appticabte to the digital cellular system defined by the
pan- Eur opean GSM s i cation which hasggelatively short (577

m cr os 8 fields with respect to ting—r=ts—ta5c;

i mpair o8 matrix Rlerr], and hence th 'AﬂISr&‘tEETx-lASdBEEMt vary
over thé burst and can be esti mat ed fromthe sync rd eﬁﬁ@%‘éEPZS t he
.GSM frame. In this instance, the branch netric canbe expressed as. [err]

[err] Referyg Mnamddta@o&um n@cﬁimnaqawmﬁia !%:ﬁéstﬁ?\(ﬁ@oﬂﬁgfh’se conputi ng

and storing in nenory he fol | ow ng val ues for al possi
hypot he&i cal synﬁ&ewwﬂﬂﬁmm@ﬂ%ﬁwm 8eqyqnces; 04738

PCT/ US9g/ 09484 1!7) combining the received signal samples with channel tap estimates and said
| 4 estimate of impairment correlation properties to produce metric multipliers e(j,n);
c) combining said channel tap estimates with one another and said estimate of
impairment correlation properties to produce metric multipliers f(j,n) and g(j,k,n); and
d) combining said metric premultipliers with said hypothetical symbol sequences
to produce branch metrics.

o N OO

21. A rﬁethod according to claim 19, in which said forming step (f) comprises:

a) generating hypothetical symbol sequences;

b) combining the received signal samples with channel tap estimates and said
estimate of impairment correlation properties to produce metric multipliers e(j,n);

¢) combining said channel tap estimates with one another and said estimate of
impairment correlation properties to produce metric multipliers g(j.k,n); and

d) combining said metric premultipliers with said hypothetical symbol sequences
to producse branch metrics.

® N O N AN =

22. A method according to claim 19, in which said forming step (f) comprises:

a) generating hypothetical symbol sequences;

b) combining said received signal samples with said channel tap estimates and
said estimate of impairment correlation properties to produce Z(n) values;

(b) combining said channel tap estimates with one another and said estimate of
impairment correlation properties to produce S(k,n) values; and '

(c) combining said Z(n) and S(k,n) values with said hypothetical symbol
sequences to produce branch metrics.
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flerr]= 2A[err]Cs[err] g[err] =s[err]([err]ACs[err] Using these
pre-conput ed val ues, the branch netric may be sinplified as: [err] where:

[err] For 7Q§/pot hesi zed synmbol sequence s[err](n), th ' X’g%ﬂSi gnal
sanmpl es rvrer (n) and 5 rb(n) are multiplied in blocks
respecC orresponding f[err] val ue, which was preconputed as

descri jﬁiﬂabove and retrieved from mem)%/ 601; only the real parts of the
t (6]

pr oduc ﬂm“"ﬂﬂm h-i ndex refers t he hypot hesi s i ndex which
” Err] val ue to a part| weethesi-zad—3ynbol

rel ate
sequence .s erf] (h ).5 The output of nultipliers GBQ%EEBB&SBEENC upled to
. summing junction 604 where they are 10 summed andREFrlgACEBuIts assed to

juncti : h
corresgon%gng g%ﬁrféa@sa?#e ac‘sab %tégggbrr%gtgg Igs desc al '&fdgnd
r et ri e2ed ifterdenencerin § rasiia communications system, icomiprisingh rret r| c Merr](n). :
o> 81 ot SHL VERImiARY 110 gén G} s ARG f AT i Blonth" O
QDtI mtat mnsnnntedsymnoheoqmwm nment a receiver having one or nore.antennas
coupled to a pro f C nal.l y-spaced (T/M equalizer
w th alaptive &@gﬁ@?{t{’?% @ gldgéﬁ'pgas'gor?t %é I'S "part I cul ar enbodi nent is
appl i cebl e to tameanalgg ttaldigitat icohearter for converting said _signal_:into received signal

7 samples for said antenna such that multiple signal samples per symbol are produced;

8 a channel tap estimator for estimating channel taps for each of said antennas to

9 produce channel tap estimates; | .
10 an impairment correlation estlmator for esnmatlng impairment correlation
11 properties to produce an estimate of impairment correlation properties; .
12 ~ a branch metric processor for forming branch metrics using said received signal

13 samples, said channel tap estimates, and said estimate of impairment correlation
14  properties; and o

15 a sequence estimation processor employing said branch metrics to estimate
16  said transmitted symbol sequence.

24.The apparatus of claim 23, in which said branch metric processor comprises:
a symbol sequence generator for g_en_erating' hypothetical symbol sequences;
means for combining the received signal samples with the channel tap
estimates and said estimate of impairmem correlation properties to produce metric
multipliers e(j.n) and for combining said channel tap estimates with one another and
said-estimate of impairment correlation properties to produce metric multipliers 1(j,n)
and g(j.k.n); and for combining said metric multipliers with said hypothetical symbol
sequences to produce branch metrics.
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20 systemdefined by the | S-54B specification which has relatively |ong

(6.67 mlliseconds) tine slots, or bursts, such that the channel tap
estimtes pagpskdeo3gre updated during the duration of the bur GSs/0b48k S
enbodi ment, receiver processor 107 is illustrated i.n greater detall 1In

Figure 7 where, for—sinpticity, only a single interferer X and three

ant ennas i b. ¢ are considere2d and M=2. It is obvious to one of
ordi nary ﬂﬁnjﬁﬂﬂﬂﬂ"ﬂluuﬂ art that the present invention may be practiced
with a pl S ferers and a plurality of antennas and a
fractional spacing other than M=2. The transm ssion WD 96/ 04738

PCT/ US95/ 09484 18 function 109 shown in Figure 7 |s, for exanple, identical
to that tesg5i Thalapparatugof clain 28, iowhichoshid branch metric proedssericomprises: sanpl e

i gnal Bl e b BTl doqusnt banerhid 6 dor®fiin hibihadtal fantdl sauaneaoq 1 o
a si ﬁnala_ prepr oca?ns fbﬁ?coMbiinihg lmarid menaived)rsifsaats;agrep(fjesmmbiﬁgdé krméuggelo fgap
H gure 2 ThhiMia®R Akl Bai estitelo B irihiiob} B EAHO PropRties. & Pescvenzin

opt .t m z las i ovanlge!(sj and b?mbinmg:éai?/lehamvez) wnairgmwiiﬂbﬁerlﬁ}dﬁb} and |sair<]196§ima't6|‘o€ hi's
br - pr ocbss BPPajmens FoTaRlen Brapsries J61Prodes (k) vellies ped o combiniag sIc2(n)

stream 7 and S(k,n) values with said hypothetical symbol sequences to produce branch metrics.



“two sanpl es per synbol. For exanple, as shown in Figure 7, r[err](n),
rlerr](n) are 10 generated fromreceived signal sanple stream

rlerr] (kT 4,7388|mlarly rferr](n), rlerr](n) and r[err] permsssdooass (n)
Tare producea rom received signal sanple streans r[err](kT[err]) and
rlerr](kT[err]) respectively. If, for exanple, Mis chosen to be equal to 4
then 4 sanpl es per synbol woul d be pxduced. These signals, r[err](n),
rferr](n), rferr](n), rferr](n), r[er,ra](n), and r[err](n), are coupled to
the branch nmetric preprocessor 701 where they are treated as though each 15
signal, r[err](n), r[lerr](n), rlerr](n), r[err](n) r[err](n), and
rferr](n), arrived froma separate tenna. In practice, one can expand the
expression for the branch nmetric an&¥tol |l ect conputations to provide a

| ower conplexity inplementation. Two g echni ques can be used to reduce
conplexity: a) expand the branch metrfi c expressi on and collect like terns,
and b) reorder at which ifera erns pre conputed. Using the .
first 20 technique, netrjc rTLI|tIp|I rs, WhICh cah be pre- corrputed for all
hypot heses, are expressed|as: e(j,n)@ cl[err](j,n)
clerr](j,n)A(n)c(j,n) g(jlk,n) =c[erB](j,n)A(n)c(knN\where k > | where
c(j,n) is the jth colum pf C(n). J Bs the nunber]of channel taps. In.other
wor ds, the received signal vector r(ch) is nodel edjas: [err] 25
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* The values e(j,n), f(j,n), and g(j,k,n) are conputed by the branch netric
preprocessor 701 and stored in nenory (not shown). The indices j and k are
_ray indi o odss val ues WO 96/ 04738 PCT/US95/09484

PCT/ US95/ 4%4 9 e(j,n), f(j,n), and g(j,k,n) are referred to as netric .
multipliers since they can be used in nultiplications to formthe equalizer
nmetrics in branch netric processor 73ﬁ The val ues e(j,n), f(j,n), and
g(j,k,n) are coupled to branch netri Brocessor 704 whi ch conputes the
branch netric Merr](n) according to: [err] 5 In systens where all synbols
have the sanme anplitude, such as binary phase shift keying (BPSK) and
quaternary phase shift keying (QPSK) systens, the term[err] is a constant,
i ndependent of hypothesis.(?hus, this termcan be dropped, obviating the
need to conmpute and use theaf(j,n) netric nultipliers. 10 Wil e the
enbodi nent was illustrated ffor the case of three antennas, it is obvious to
one of ordippary skill iLn_thg.art +hat -t he present. invent ion nay he
practiced vith a singl g : ractional | y- spaced equalizatidﬁ.
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‘Description of Embodi nent having a Fractional |l y-Spaced Equalizer with one
or 15 nore Ant ennas and Adapt I ve Channel Estimates with Full Optim zation
A further wedseds®n in conplexity can be achieved by enpl 02;1;(5?“1@3 sgcel ver
processor 107 shown in Figure 8. The receiver processor lgure 8 is
essentially identical to that of Figure 7 with the difference being the
branch metric preprocessor 20 801 3mnd the branch metric processor 804.
As shown in Figure 8, branch_netric preprocessor 801 pre- conput es and
stores in nenory (not'_@hown) “Whe folr_avm ng alternate netric nultipliers:
[err] [err] In practie, it #y be aggdvantageous to approximate A(n+j) wth
A(n) and c(j,n+j), 25 wmc(j+tk,dtj) witd c(j,n), c(j+k,n) respectively..
Alternate nmetric multrpliers~Z(n) and S(k,n) WO 96/ 04738

PCT/ US95/ 09484 20 arqcouple% to br%wch metric processor 804 which conputes

the branch mefrit acqording o [efrmj— — — — — — — =
C e 8 P
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- Wiile the enbodinment was illustrated for the case of three antennas, it is
5 obvious to one of ordinary skill in the art that the present invention
may be pr. éhh&&% with a single antenna and fractionall y- sppcEUS95/09484

N equallzat $1e the present invention has further been described with
respect to a particular digital cellular comunications system those
skilled in the art will recognize that the present invention is also
applicable to other comunications s4/8tens and that therefore the present
invention is 10 not linmited to the specific enbodi nents descri bed and
illustrated herein. D fferent enbodi nents and adaptations besi des those
shown and descri bed as well as many variations, nodifications and
equi val ent arrangenments will now be reasonably suggested by the foregoing
specification and drawi ngs without departing fromthe substance or scope of
the invention. Wile the present invention has been described 15 her ei n
in detail inrelation to its preferred enbodinents, it is to be understood
that this disclosure is only illustrative and exenplary of the present
invention and is neréT'"Bpr'The pur poges oF'ﬁTderrng a‘TU1I‘ d-enabl i ng

s the } nvention
herpto
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“What is clained is: 1 1. A nethod for reducing the effects of signal

fading, tinme dispersion, and interference 2 I n a radi o communi cati ons
System cogrgbéidqrsg t he steps of: 3 (a) generating Feqridodigsghtti ng
a signal representing a transmtted synbol 4 sequence; 5 b)

receiving said signal on at |east two separate receive antennas; 6

(c) processing said signal to produce received signal sanples for each of
said 7 receive antennas; receive 8 5/8 (d) estimating channel taps
for each of said receive antennas to produce channel tap 9 estimtes; 10

to produce an &stimate of 11 | npai rment correlation p—ro_pé'?t-ie'§'—3'?

(f) forming branch nmetrics in a branch netric processor usind A Theceilved
13 signal sahples, said channel tap &95inqtes, W‘ﬁﬁ?ﬁ?l‘rm—;— |
i npai rment cortel ation 14 properties; and pb (g) ®&ploying pdid

branch netrics}in a sequence estim n al gorithhm(njo L6 e /ALNB q
transnitted sygbol sequsate. 1 2N A nethod| ac@rdingfto phi ch
- processing steP (c) #mpl oys | og-pol arg si gnal =2 pr;xnn [ |
+
r (n) I ‘ '
a | 'S d// 510 |
| z (n) |
! 503 1
I |
I I
| |
| |
| I
| (" !
502 _

I I
| + !
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"L 3. A nethod according to claim1, in which said estimte of inpairnent
correlation 2 properties is represented as the inverse of an inpairnment

correl at i owoosioqy3s. WD 96/ 04738

PCT/ US95/ 09484 1 4. A method according to claim1, in which S5 d retm ng
step (f) conprises: 2 (a) generating hypothetical synbol sequences;
3 (b) filtering said hypothetical signal sequences with said
channel tap estinmates 4 to produce hypot hesi zed recei ved signal sanples
for each antenna; 5 (c) subtracting said hypothesized received
signal sanmples fromthe received 6 signal sanples to produce hypot hesi zed
error signals; and 7 (d) processing said hypothesized error signals

with said estimate of inpairnent 8 correlation properties to produce
branch metrics. 1 5. A nmethod accordggg to claim1, in which said

estimating step (e) conprises: 2 (a) generating tentative detected
synbol sequences; 3 (b) filtering said tentative detected synbo
sequences with said channel tap 4 estimates to produce detected signal
sanpl es for each antenna; 5 (c) subtracting said detected signal

sanples fromthe received signal sanples to 6 produce detected error
signals; and

601 ~\
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»

7 (d) processing said detected error signals wth said estinmate of

| npai rment 8 correlation properties to produce an updated estinate of

«sai d inpaig s relation 9 properties. 1 6. The net hpé:lvgggs gd"‘m 1,

I n which sal ormng step (f) conprises: 2 a) generati ng

hypot heti cal synbol sequences; 3 b) cal cul ati ng pre-conputed val ues
for all of said hypothetical synbol 4 sequences using said channel tap
estimtes and said estinmate pf inpairnent 5 correlation properties; and 6
c) processing said received ‘¢ gnal safﬁ)l es wWith said pre-conputed values to
7 produce branch netrics. 23 1 7. A nethod according to claim1, In
whi ch sai d (form mg—step- (f)~cpmprrses+ 2 — — — — & —genef at i-hg hypot heti cal
synbol segyences; 3 | nmbi ni ng the received signal s1arrpl es with
channel taq esti mat e and estimate of inpairnent cor rlel ation
properties to produc® netfi ipliers e(j,n); S c) .conbi ni ng

sai d channdl tap esti ep 6@ 1% dne anot her and said estinate lof 6

i npai rnent lcorrel ation prppg '
o
Q
(7]

EI@& o0 P guuce—TetTte |[u1'tip: rls f(j,n) and
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“7 d) conbining said nmetric nultipliers with said hypotheti cal
synbol sequences 8 to produce branch netrics. 1 8. A nmethod according to
claimil, i ' said formng step (f) conprises: 2 nerating
hypot heticvg?w@gﬁgsol sequences; 3 b) conbining the r%@%ﬁ”@‘gnal
sanples with channel tap estimates and said 4 estimate of inpairnent
correlation properties to produce netric nultipliers e(j,n); 5 c)
conbi ning said channel tap estimates v% h one anot her and said estimte of
6 I mpai rment correl ation properties produce netric multipliers
g(j,k,n); and 7 d) conbining said netric nultipliers with said
hypot heti cal synbol sequences 8 to produce branch netrics. 9 1 9. The
met hod of claim 1, in which said@enploying step (g) further conprises the
use of 2 the Viterbi algorithmg1l 10. A nethod according to claim1, in

which said formng_step (f) coapryses. 2 — — __ —_a) generating_hypothetical
synbol sequences;' 3 b, lL3i Ng said received signal sahples with
“sai d channel taplestimta8 anfl 4 sdid estimate of inpairnment cébrrelation
properties to prqduce zZ(n) values; 5 (b) conbi ning said g¢hannel tap
estimates with one anot her ) ahdaestinate of 6 | npai r ment cprrelation
properties to prgduce S(k, n) - uuésm and /7 (c) conbrﬁrﬁg|said Z(n)
and S(k,n) values with said h pg;t_aethcal synbol
@ @ &£ z.:: |
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8 ' séquences to produce branch netrics. 24 1 11. An apparatus for
reduci ng the effects of signal fading, tine dispersion, and 2
Interference im a radi o conmuni cati ons system co Lsing:. 3

digital transmtter for generating and transm ttind agsi SR@keiPRLEESM I Ng a
4 transmtted synbol sequence; 5 a receiyler for recel Vi s@i d
signal on at |east two separate recei vetlant ennas; Reta 22 oglito

LAEUEN vsvovinnscngquonvencasrsarqpens

digital converter for converting said signal into fleg
sanpl es for each of said receive antennas; 8 a channel tap

esti mat or {ETHOD OFANDAPPARATYS Fomm@nmcé'aaséﬂméomemifqmﬂas to
9 produce channel tap estimates; 10 an i npairnment correlation
estimator for MUFHANTENNASIGIAL CELLLAR SOMMUNCRTIQNS BYSTEMSrong t he

recei ve antennas to produce an estinmate of inpairnent correlation

properties; 12 a branch netric grocessor for formng branch netrics
using said received signal 13 nel tap estinmates, and
said gstimate of inpairnent correlation 14 properties; and 15 a

sequence estimation processor enploeying said branch netrics to estinate
This application is related to U.S. Patent Application Nunber 5,481,572

(attorney docket number E8699) entitled “Method of and Apparatus for Reducing the
Complexity of a Divetéity Combining and Sequence Estimation Receiver”, by Johan
Skald and Per-Olof Eriksson, and filed concurrently herewith. This related application

10 is also assigned to the same assignee as the present application and is incorporated
herein by reference in its entirety.

FIELD OF THE INVENTION

15 The present invention relates generally to the demodulation of ‘digitally
modulated radio signals received by a plurality of antennas and more specifically to the
diversity combining of radio signals subjected to multipath fading, time-dispersion and
interference.

20 BACKGROUND OF THE INVENTION

A common problefn that occurs in the radio transmission of signals is that the
signals are sometimes lost as a result of muitipath fading and interference which may
exist in a radio .transmission channel. Throughout the following, the terms radio

25 transmission channel, radio channel, and channel are used equivalently to refer to the
same item. There are basically two multipath effects: flat fading and time dispersion.
Flat fading arises from the interaction of the transmitted signal, or main ray, and
reflections thereof, or echoes, which arrive at the receiver at approximately the same
time. If there are a large number of reflections, flat fading gives rise to a Rayleigh

30 distribution. Time dispersion occurs when the echoes are delayed with respect to the
main ray. There may also exist in the radio environment signal sources which are ot —
orthogonal to the desired signal. Non-orthogonal signals, or interference, often come
from radios operating on the same frequency (i.e., co-channel interference) or from
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16 said transnitted synbol sequengd: 1 - 12." The apparatus of claim1l, in
whi ch_sa.l_dLaIQgto\dlgltal converter errpl oys | og 2 poI ar SI gnal
processing. 1 13. The apparatus of claim 11, i nwAet ;

E;ggtefliﬂmuﬂ"gmam uences; gsyrrbol srerggﬁgcfej’}
H

hypot-het'i c&l si gnals sequences with said channel tfapag:. .
produce hypot hesi zed recei ved signal sanples for
means for subtracting said hypothesized ré&cei ved S|gnal sanples fromthe 6.
received signal sanples to produce hypothesized error signals; and 7
means for processing said hypothesized error signals with said esti mte of
8 |npa|rnent correlation properties to produce branch netrics. WO
96/ 04738 PCT/ US95/ 09484 1
14. The appar tulg c’?'mef'a'tsl'm 11, in which said inpairment correlation
esti mat or conprlses a synbol sequence generator for

generatipg te %g&!cﬁ,% (LTl i.tal
filter fgr t1 %Eﬁtﬂnﬁd sai ﬁ¥| ve fsuq%eag syr%ﬁ?négtaﬁ%'ﬁgé‘s am'?'ngg%fpﬂ“
2 in a radio communications system, comprising the steps of:
(a) generating and transmitting a signal representing a transmitted symbol
sequence;

metric
'ati_ng

3

4 .
. . receive

5 (b) receiving said signal on at least two separate antennas;

6 (c) processing said signal to produce received signal samples for each of said

receive

7

8

9

4 antennas;
L receive
(d) estimating channel taps for each of said,antennas to produce channel tap

estimates; -
10 (e) estimating impairment mrrelah%;mme of
11 impairment correlation properties;
12 (f) forming branch metrics in a branch metric processor using said received
13 signal samples, said channel tap estimates, and said estimats of impairment correlation
14  properties; and '
15 (9) employing said branch metrics in a sequence eétimaﬁon algorithm to
16 estimate said transmitted symbol sequence.

1 2. A method according to claim 1, in which processing step (c) employs log-polar signal
2 processing.

1 3. A method according to claim 1, in which said estimate of impairment correlation
2 properties is represented as the inverse of an impairment correlation matrix.
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6" channel tap estinmates to produce detected signal sanples for each’

antenna; 7 nmeans for subtracting said detected signal sanples from
the receiv sanples to produce detected error signals; and 9
means for proceSS| ect ed error signals with sai d estimate of 10

| mpai r ment cﬂ“ u lﬂ\w ties to produce an update aqf.-t-he. estl Jmmte the

I mpai rment 1 en properties. 1 15. The appa i

in which said branch metric processor conprises: 2 ,
sequence generator for generating hypot hetascal synbol s
means for cal culating pre-conputed values for all of sate=hypoi :
synbol 4 sequences using said channel tap estinates and sai d estl mate of
i mpai rment 5 correlation properties; and 6 means for processing
said received signal sanples with said pre-conputed 7 val ues to produce
branch mat riTsA misthod gecotding dpglaimat,us whichcsaid fanbing step (fhéaniprisasd br anch

nmetric pgocessor | : quence generator for
generati %g hypot hgfgﬁ%ﬁmomsegaﬁlgxg@gﬂ@%hcé& means for conbining the
recei ved3si gnal shhporebining thetrecsivddsigna! samples with chamne] ¢sp estinatas @nd said
estimte of I Jic

mul tipli & s ég(m?ét?%zﬂ'?@@éé@g%#gwrggg@%ﬁiﬂﬁgwé &%%@ﬁ%?&eam;h one
anot her Snd 6 se) cbmbmngma!d clianneptapr estintatesowitle basé ianothpf mgélu%‘suhﬁte of

et ?Fie el BoiSidr biapied, ap pRafuct i Moateels {13 and gy dnd”

d) combining said metric premumphers with said hypothetical symbol sequences
8 to producs branch metrics.

8. A method according to claim 1, in which said forming step (f) comprises:

a) generating hypothetical symbol sequences;

b) combining the received signal samples with channel tap estimates and' said
estimate of impairment correlation properties to producs metric multipliers e(j,n);

c) combining' said channel tap estimates with one another and said estimate of
imp_éirment correlation properties to produce metric muitipliers g(j,k,n); and

d) combining said metric-premultipliers with said hypothetical symbol sequences
to produce branch metrics.

O O NN O N Hh O N =

9. The method of claim 1, in which said employing step {g) further comprises the use of
the Viterbi algorithm.

N -

10. A method according to claim 1, in which said forming step (f) comprises:

a) generating hypothetical symbol sequences;

b) combining said received signal samples with said channel tap estimates and
said estimate of impairment correlation properties to produce Z(n) values;

{b) combining said channel! tap estimates with one another and said estimate of
impairment corré_lation properties to produce S(k,n) values; and

(c) combining said Z(n) and S(k,n) values with said hypothetical symbol

O N O N A WN -

sequences to produce branch metrics. ' —
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8; "sequences to produce branch netrics.’ - 26 1 17. The apparatus of
claim1l, in which said branch nmetric processor conprises: 2 a

synmbol sequence generator for generating hypothetical qvnbol sequen:es; 3
nmeans for co e| ved signal sanples wi ﬁ,'hpg@* a4
esti mat es Wﬂ“%ﬂiﬁ I‘j‘ﬂ!ﬂ i mpai rment correl ati

pr oduce Z( conblnlng sai d channel t e

anot her. and said estimte of 6 |npa|rnent corr el at'En :
produce S(k, n) values and for combi ning 243i d Z(n) 7 and S(k n) values with
sai d hypot hetical synbol sequences to produce branch netrics. 1 18. The
apparatus of claim1ll, in which said sequence estimation processor enpl oys
2 the Viterbi algorithm 1 19. A method for reducing the effects of

si gnal , f aqi,ng tImE&ﬂ? Si d i ference %S
conmun a3| 1orfan g@%ﬁﬁ?‘ﬁg% rﬂ??\ e&tgfép?f 5?9"65 ?lading. gme( PEEion, Andng
and trans iitetforance irsa gadid communivatibnsgysterh) cumptisiriged symbol sequence; 5
(b) regeiving sai ne receive an rocessi ng
said sPgnal to® r‘g?i%tg'aﬁs'aq{# 3?7 95"8?“?8&1%3@?%%%9&#5@9@%@ for
sai d rgceiransaiittedsyinbol sequence;

5 a receiver for receiving said signal on at least two separétfee%rﬁye%‘nas.

an analog to digital converter for converting said signal into recaived signal

recei

samples for each of sala,\antennas,

a channel tap estimator for estimating channel taps for each of sa%_ﬁtﬁs to
produce channel tap estimates;

o O N o

10 an zmpalrment correlation estimator for estimating impairment correlation

11 'pmper%WMazmem correlation properties;

12 a branch metric processor for forming branch metrics using said received signal
13 samples, said channel tap estlmates, and said estimate of impairment correlation
14 properties; and

15 ‘a sequence estimation processor employing said branch metrics to estimate
16 said transmitted symbol sequence. ‘ -

1 12. The apparatus of claim 11, in which said analog to digital converter empioys log-
polar signal processing. .

13. The apparatus of claim 11, in which said branch metric processor comprises:

a symbol sequence generator for generating hypothetical symbol sequencss;

means for filtering said hypothetical signal sequenceé with said channel tap
estimates to produce hypothesized received signat samples for each antenna;

means for subtracting said hypothesized received_ signal samples from the
received signal samples to produce hypothesized error signals; and

means for processing said hypothesized error signals with said estimate of

0 N O 0 A O N -

impairment correlation properties to produce branch metrics.
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g T
of 7 "such that 8 (d) estimating channel taps for said there is one
si gnal Werl od ini each Qf sal d streans receive antenna to

pr oduc annel tap 9 tfimates; 10 ° (e) estimating inpairnment

correl ati “B ng sai d rrultiple receive signal sanple streans to
pr oduce aw m inpairment correlation properties; 12 : (f)
form.ng branch Metrics in a branch metric- pr ocessgr=t '

signal sanples, said channel tap estimtes, and sai

correlation 14 properties; and 15 ¢ (9) enpl trics
In a sequence estimation algorithmto 16 estimate nbol
sequence. 1 20. A nethod according to clai m 19 =5 '-~--v:- ------ I Ng
step (f) conprises: 2 a) generating hypotheti caI synbol sequences

b) conbining the received signal sanples with channel tap

esti nmajes 170¥he apparhtus mamﬁﬁ irﬂflmt:ﬁﬁﬁfdm rﬁerrrceﬁraédse& dIniitiRet! €s to
produce metric tigliers e ); Q}% onbi ni ng sai'd channel tap
estimafes with %m"%ﬁépﬂﬁ?“%"?éﬁ‘ﬂ' fee genaratin y@‘“@%‘eﬁ?ﬂ@hﬂﬂi&“ﬁﬁ-at i on
proper gi es t 0 pheshl fofebmbining lshidn rdceived' Signal) sampied( it - ild chAnel tap

4 estimates and said estimats of impairment correlation properties to produce Z(n)

§ values and combining said channel tap estimates with one another and said estimate of
6 impairment correlation properties to produce S(k,n) values and for combining said Z(n)
7

and S(k,n) values with said hypothetical symbol sequences to produce branch metrics.

18. The apparatus of claim 11, in which said sequence estimation processor employs
the Viterbi algorithm.

1 19. A method for reducing the effects of signal fading, time dispersion, and interference
2 in aradio communications system, comprising the steps of:
3 (2) generating and transmitting a signal representing a transmitted symbol
4 sequence; i
ZIeceive
s (b) receiving said signal on ong;antenna;
receive
6 (c) processing said sagnal to producIeArecet’\Jie% s%gI hal samp%,‘éf%}“?a' djantenna’
7 suchthat there ) ) a3 Sod, pe: iod ip '
recasive
.8 (d) eshmatlng channel taps foreash-of- sald,\antennag to produce channel tap
9 estimates; among said multiple receive signal sample streans
10 (e) estimating impairment correlation propertiesyto produce an estimate of
11 impairment correlation properties;
12. ( forming branch metrics in a branch metric- processor using said .received
13  signal samples, said channel tap estimates, and said estimate of impairment correlation
14 properties; and
15 (g) employing said branch metrics in a sequence estimation algorithm to
16  estimate said transmitted symbol sequence.

————

| AMENDED.- SHEET 7;




7 d) conbining said netric multipliers with said hypotheti cal

symbol segquences—8—+to—produce branch metrics. 1 21. A nethod according

toclaim19, in which said formng step (f) conprises: 2 a)
generating gnmnu&‘m‘&m&\m‘bol sequences: 3 b) combining the

recei ved si A " h channel tap estimates _and said 4 __estimate of
i mpai rment correlation properties to produce metrj GaalhiEpleh@ S84 (in); 5
c) conbining said channel tap estinates w th one |anot he Lamﬂ_sl'gg egiti mate
of 6 inpairnent correlation propertieso produge metTrc nmultipli rs
g(j,k,n); and 7 d) conbining said netric prenuliiy
hypot heti cal synbol sequences 8 to produce branch netrics. 1 22. A

met hod according to claim 19, in which said formng step (f) conprises: 2

a) genegati i S Ql sequences:, conbi ning said
r)ecgi ve?.i SI%&%@M@%Q#%@ @nﬁ'h‘ﬁ egh F%'H%Gg'ﬂif'ﬁ’&f@s W5°s=sa?d
estimat2 of i npaaygensratinghypbiheticd) spinbeiSeuéscds? pProduce Z(n) val ues; 5

' i one another and said estinmate

b i ni [d [, t t t th
o) 6 B ¢ mort) CEPRBRG the AcsRapsianal samples, wilh canratel f9p paimes and daid
(c) combi niestimata of iFpaImRRECHHditlon (HbyEEed ol floddidmaKRhBpicieby ) 100! 8

sequencgs to produce ranch metrics. .
¢) combining said channel tap estimates with one another and said estimate of

6 impairment correlation properties to produce metric muitipliers f(j,n) and g(.k,n); and
7 . d) combining 'said metric premultipliers with said hypothetical symbol sequences
8 to produce branch metrics.

21. A method according to claim 19, in which said forming step (f) comprises:

a) generating hypoth_etical symbol sequences;

b) combining the received signal samples with channel tap estimates and said
estimate of impairment correlation properties to produce metric multiplieré e{j.n);

¢) combining said channel tap estimates with one another and said estimate of
impairthent correlation properties to produce metric muttipliers g(j,k,n); and

d) combining said metric premultipliers with said hypothetical symbol sequences

-to producs branch metrics. )

O N O A ON -

22. A method according to claim 19, in which said forming step (f) comprises:

a) generating hypothetical symbol sequences;

b) combining said received signal samples with said channel tap estimates and
said estimate of impairment correlation properties to produce Z(n) values;

(b) combining said channel tap estimates with one another and said estimate of
impairment correlation properties to pmducé S(k,n) values; and

(c) combining said Z(n) and S(k,n) values with said hypothetical symbol
sequences to producs branch metrics. |
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28 1 °23. An apparatus for reducing the effects of signal fading, tine

di spersion, and 2 Interference in a radi o comuni cations system . .
cohprising?—S“—"—__——E—arﬁTtal transmtter for generating and” fransnlttlng
a signal r transmtted synbol sequence; 5 a
receiver fB“Aﬁ “‘\ﬁ“ﬂ mui signal on one receive antenna; 6 an
anal og to al. converter for converting sai =i | plurality of
receive signal 7 sanple streamfor said rece y
i s one signal sanple per synbol period in eac
channel tap estimator for estirmating annel tlap&ef.or. sée

to 9 produce channel tap estimates; “I0 ~ARal L] ent--gjprrel ati on

estimator for estinmating inpairnent correl ation 11 properties—anong the
recei ve signal sanple streams to produce an estimate of inpairnent

a

correlation properties; a branch netric processor for formng
branch maés"'ﬁﬁ ab%amuﬁbﬂré vm s«wloflégnﬁmhgsumaaaﬂp&aanng tap
esti mat es, sai d c&l mat e nmpai rment correl ation proper | es; and
15 2 '"°§°€°é\$ﬂé’h8@ %P?’Hﬁ‘f’["&ﬂﬁ‘?ﬂsééfggg‘o@@ﬂ'ﬁ"&}l ng sai d branch netrics to

estimate 16 s tial aransinitief dors gormuratinge v NRAsmitting ZﬂsagnEh%ﬁrBQ@dtﬂgUﬁ Of
cl ai m 23 ai, d branch metric-processor conprises:

synbo @“g@ﬂ@?"é uenge: gener ati ng yBypQtheti cal synbol sequences,
' 5 a receiver for reoemng said signal on one,antenna; uralit '

. a uratl
6 an analog to digital converter for converting said signal }E .
g igi (s] g gn ntokmcaivega&

7 sample$ %r said,antenna such that . there is'é i od drrsaid
8
9

a channel tap estimator for estimating channel taps foreaeh—es san%hantennas to
‘produce channel tap estimates;

10 an lmpalrment correlat:on estimator for estimating impairment correlation
11 ; .
12 a branch metric processor for forming branch metrics using said received signal

13 samples, said channel tap estimates, and said estimate of impairment correlation
14 propel:ties; and

15 a sequence estimation processor employing said branch metrics to estimate
16  said transmitted symbol sequence.

24. The apparatus of claim 23, in which said branch metric processor comprises:

a symbol sequence generator for generating hypothetical symbol sequences;

means for combining the received signal samples with the channel tap
estimates and said estimate of impairment correlation properties to produce metric
muttipliers e(j,n) and for combining said channel tap estimates with one another and
said estimate of impairment correlation properties to produce metric multipliers 1(j,n)
and g(j.k,n); and for combining said metric multipliers with said hypotheiical symbol
sequences to produce branch metrics.
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(57) Abstract

A digital radio communications system is presented in which the deleterious effects of fading, time dispersion and interference
found.in the channel are mitigated by using interference rejection and diversity combining. Digital signals representative of digital symbol
sequences are transmitted through a radio channel in which the signals may be corrupted by fading, time dispersion and interference. The
corrupted signals are received by a receiver having one or more antennas. The received signals are processed to form a received signal
sample stream ryg(kT) for each of the antennas. Estimated received signal samples for each of the antennas are produced by combining
hypothesmed signal sequences and models of each channel. The received signal samples and the estimated received signal samples are
processed in conjunction with an estimate of the impairment comelation properties to produce branch metrics to be used by a Viterbi, or
other sequence estimation, algorithm. The branch metric processor may assume one of several configurations depending on whether or not
the channel is time-varying.
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