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METHOD AND APPARATUS FOR | NTERFERENCE REJECTI ON W TH Dl FFERENT
BEAMS, - POLARI ZATI ONS, AND PHASE REFERENCES 5

BACKGROUND The present invention pertains to processi ng of

radi o communi catygdrgssgeal s to offset the effects of nul tpqreeseeesds .
fading, time dispersion and channel interference. The I nvention nore

specifically pertains to perform ng the above identified signal

processi ng using signals derived froma variety of different antenna
designs, or using 10 signals separated into in-phase and quadrature
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10 sxgnals separated into in-phase and quadrature components.

In a practical radio communication system, there commonly co-exists a number
of phenomena which degrade the quality of transmitted signals. Among the most
troublesome phenomena are flat fading, time dispersion, and channel interference.

Flat fading and time dispersion are multipath effects caused by the interference

15  of a main transmitted signal and its reflections or echos (which may be caused by the
surrounding terrain). When the path lengths are relatively small, the multiple signals
will arrive at the regeiver at almost the same time. The signals add either
constructively or destructively, giving rise to flat fading having a Rayleigh
distribution. When the path lengths are relatively large, the transmission medium is

20 . considered time dispersive, and the added signals can be viewed as echoes of the
transmitted signal. The echoes are delayed with respect to the main ray. Time
dispersion gives rise to intersymbol interference (ISI).

Channel interference arises due to the presence of sources which are not
orthogonal to the desired signal. Non-orthogonal signals, or interference, often come

25  from radios operating on the same frequency (i.e. co-channel interference) or from
radios operating on neighboring frequency bands (i.e. adjacent-channel interference).
Non-orthogonal signal sources are referred to as interferers.

Fading can be mitigated by having multiple receive antennas and employing
some form of diversity combining, such as selective combining, equal gain

30  combining, or maximal ratio combining. Diversity takes advantage of the fact that the

fading on the different antennas is not the same, so that when one antenna has a faded
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equalization. . _

The impact of channel 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.

15 More recently, methods have been proposed that partially solve the problems
of multipath fading and interference. In U.S. Patent 5,191,598 to Bickstrom, 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

20  incorporated herein in its entirety. Another method of accurately detecting signals in
the presence of flat fading and interference was presented in the IEEE Transactions on
Vehicular Technology, Vol. 42, No. 4, Nov. 1993, J. H. Winters: "Signal
Acquisition and Tracking with Adaptive Arrays in the Digital Mobile Radio System
IS-54 with Flat Fading".

" 35 Although the above described techniques greatly improve signal quality, there
remains room for improvement. Including separate processing modules to separately
address fading, time dispersion and interference adds to the cost and complexity to the
device.

Furthermore, algorithms (such as Viterbi’s) can not cost-effectively handle a

30 large number of diversity branches. It would be desirable to provide some way of

culling out a smaller number of diversity branches prior to performing interference
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SUMMARY

Accordingly, it is one exemplary object of the invention to perform

interference rejection combining to jointly offset the effects of flat fading, time
15  dispersion and channel] interference.

It is a further exemplary object of the present invention to perform interference
rejection combining in 2 manner which accommodates different antenna 'designs, such
as antennas producing signals having different polarizations. | _

It is a further exemplary object of the present invention to perform interference

20  rejection combining for radiocommunication signals separated into in-phase and
quadrature components.

The present invention achieves the above objectives, as well as additional
objectives, according to exemplary embodiments of th—e present invention, by
employing a method and apparatus for generating and transmitting a signal

"~ 25  representing a transmitted symbol sequence and receiving the signal on at least two
separate antennas. The signal is processed to produce received signal samples for
each of the antennas. Channel taps are estimated for each of the antennas.
Impairment correlation properties between antennas are also estimated. Branch
metrics are formed in a branch metric processor using the received signal samples and

30 the channel tap and impairment correlation estimates. The branch metrics are



Finally, the above-described techniques fail to provide a receiver design
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correlation properties to produce an update of the estimate of the impairment
15  correlation properties.

According to another particularly beneficial embodiment of the present
invention, the above describét_l method and apparatus can be used in conjunction with
a variety of differe:it_ antenna designs and configurations. This embodiment employs a
selection processor which selects N output signals from M input signals received from

20  an antenna or beamforming processor (where M = N). The selection processor
chooses the N signals (out of M) that meet one or more criteria. For instance, the
selection processor may choose a set of N signals having acceptable instantaneous '
branch power, acceptable average branch power, acceptable beam center direction
relative to desired signal direction, and/or acceptable signal quality as gauged from a

" 25 sync word.

According to one exemplary embodiment, the selection processor interfaces
with M co-phased antenna elements which may be a combination of both horizontally
and vertically polarized antenna elements. The signals received by the M co-phased
antenna elements are fed to a fixed beamforming processing, and thereafter sent to the

30 selection processor. Alternatively, the signals from the M co-phased antenna elements

are fed to two fixed beamforming processors. One of the two fixed beamforming
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enpl oyed in a sequence estimation algorithmto estimate the transmtted -
synbol sequence. I n one exenplary enbodi ment, branch
‘metrics are fornggobiosggner ating hypot heti cal synbol sequenuesy7/06388 -

filtering the hypothetical signal sequences with the 5 channel tap
iestimates to produce hypot hesi zed recei ved signal sanples for each

antenna. The hypot hesi zed received signal sanples are subtracted fromthe
recei ved signal sanples to produce hypft hesi zed error signals which
are processed with the estimate of inpairnent correlation properties
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branch power, acGepir#blaftehRodemens.er direction relative to desired
signal direction, and/or accept abl e _signal quality as_gauged from.a 25
sync wor d. According, tgthig embodiments thenigyention g% Adethodiand apparatus

sel ection processgf recEvin a?¥adid signal on at least one antenna element representing a transmitted
15 symbol sequence. This radio signal is processed to produce received signal samples
for the at least one antenna. A channel tap is estimated for the at least one antenna,
as are scalar correlation properties. A branch metric is formed using a scalar branch
metric processor on the basis of the received signal samples, the channel tap estimate,
and the scalar, estimate of impairment correlation properties. The scalar branch metric
20 is, in tum, used in a sequehce estimation algorithm to estimate the transmitted symbol
sequence. |
'Aocording to another embodiment of the invention, branch matrices are formed
by generating hypothetical symbol sequences. These hypothetical signal sequences are
filtered with the channel tap estimate to produce hypothesized received signal samples
" 25  for the at least one antenna. The hypothesized received signal samples are subtracted
from the received signal samples to produce complex error signals. These compiex
error signals are processed with the scalar estimate of impairment correlation
properties 1o produce branch metrics. More particularly, this last step involves
extracting an in-phase phase component from the complex error signal, and extracting
30  a quadrature component of the complex error signal, and performing processing on

the in-phase component and the quadrature component to produce the branch metrics.
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processors processes the vertically polarizg signals, while the other
processes the hori zontal |y pol ari zed signals. Instead of vertical

and horizontal pol ariAa&eriﬂit@hﬁﬂher embodimény BE the Gveafio) ABO iipairditnPEdrickition"
may be used. \ccqrdi ng to anot her exenpl ary enbodi nent-, the
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received sigp@l sigmAllsGfiples, and extracting a quadrature component of the impairment signal
samples, and performing processing on these components.
According to still another exemplary embodiment of the present invention, a

plurality of branch metric processors are employed, each of which processes a
different group of signals. More specifically, this embodiment entails

15  receiving a number of M radio signals representing a transmitted symbol sequence and
selecting therefrom groups of radio signals using a selection processor. The groups of
radio signals are processed to produce branch metrics. These branch metrics are
added together to produce combined branch metrics. The combined branch metrics
is then empioyed in conjunction with a sequence estimation algorithm to estimate the

20  transmitted symbol sequence.

BRIEF DESC ION OF THE DRAWINGS

These and other features and advantages of the present invention will be

readily apparent to one skilled in the art from the following written description when
25  read in conjunction with the drawings in which like reference mumerals refer to like

elements.

Figure 1 is an exemplary illustration of a digital radio communication system;

Figure 2 is an exemplary illustration of a receiver processor and transmission
function according to the present invention using a vector branch metric processor;

30 Figure 3 is an exemplary illustration of a transmission function;

3
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correl ation veRicalP&id HoRSomhlCel@fdotgy®t i Ng by first generating tentative
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Figure 9 is an exemplary illustration of an embodiment of the branch selection
processor that chooses N antenna signals from M (N < M) possible signals based
upon some signal quality measure.

15 * Figure 10 is an exemplary illustration of a receiver processor and transmission
function according to the present invention using a scalar branch metric processor;

Figure 11 is an exemplary illustration a scalar branch metric processor
according to the present invention; and

Figurc‘ 12 is an exemplary illustration of a scalar correlation estimator

20 according to the present invention.

Figure 13 is an exemplary illustration of an embodiment employing a plurality
of branch metric processors.

DETAILED DESCRIPTION

In the following description, for purposes of explanation and not limitation,

- 25  specific details are set forth, such as particular circuits, circuit components,
techniques, etc. in order to provide a thorough understanding of the invention.
However it will be apparent to one skilled in the art that the present invention may be
practiced in other embodiments that depart from these specific details. In other
instances, detailed descriptions of well-known methods, devices, and circuits are

30 omitted so as not to obscure the description of the present invention with unnecessary
detail.



5 The estimated received signal sanples are subtracting fromthe received
si gnal sanpl es to produce inpairnent signal sanples. These inpairnent
signal sanples are processed with the estimte of scal ar inpairnent
correlation properties to produce an updat ed estimte of said scal ar

i npai r ment cor rg}oag_’hﬁ)g}spropert ies. More specifically, _ t NbSrris®y ep .
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si gnal sanpl es, and perform ng processing on these conponents.
According to still another exenplary enbodigent of the present invention, a
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accordi ng to thgoRrLeSHing b ¥A6WA RBhiiqlesd @ vector branch metric processor;
30 Figure 3 1s an exenplary illustration of a transni ssion

function; In addition to thermal noise, there may also exist an interferer 108 transmitting
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.
15 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 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
20  from the d™ antenna 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 streams to produce an estimate of the transmitted digital symbol
stream, 8. In later descriptions, transmission function 109 is used to refer to the
signal path through digital transmitter 103, the radio transmission channel (not shown
. 25 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
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
30 107 is to produce an estimate of the transmitted digital symbol stream § which
accurately corresponds to the symbol sequence S which was originally transmitted.
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Figure 4 is an exenplary illustration of a vector nmetric processor
according to the present invention; Figure 5 is an
exenpl ary il | usiygrisasagof a vector adaptive estimator of the FPCTAUSIT06343 . -
| mpai rment correlation properties; 5 Figure 6 is an exenplary
illustration of an enbodi ment consisting of vertical and hori zont al
antenna elenments with a single fixed beanform ng processor;

Figure 7 is an exenplary illustration of an9nbodi nent consisting of
verti cal and horizontal antenna elenents with separate fixed

beanf or mi ng’ pr ocessor Fransmission function 10% praduees thawecei¥sd; Signl sample ghreamssr.(kTg.
Figure 8 is an .ex ary i t | fSthey i ed i
verti cal aﬁ@%ﬁrﬁ@éﬁ@éﬁé‘%@e&nﬁ%&‘% ?ﬂ‘:ﬁs’gm???gg%é‘g‘m or ?n} %’8995?%3%55"& ;
Figure 9 is an exeropdes with thes present inventiona nThensosivedesignab sammie steamsgi(kT,),

sel ection pr.ocessQqr t choo N ant.enn i I (Mgl M
posei bi o 'si gnal s TRbRc RS e HNB o & el A DLReF of skl Bof el s
Figure 10 is gn qyepmkidéd/siphdl dabple biréiinstire Gorrelated with known eissing/syehronization
transm ssi on function according to the_ present knyént i %g%gm

scal ar branch netsequengss 3s dessped, for example, by Gipyanna.ct b | "Eash A vﬁpﬁ‘ﬁ'ﬁ@’“s

iIlustration a sGgl RarrbidA6H TOMA MolIeORASSQTEEE Transd®idé oh Vehicalat he
present invention; an ' Figure 12 is an exenplary illustration

of a scalar corr dleshnodogye ¥ol.rAd do. 20May198by pp- 32484+ Ker Pesatsof ymhohtrase
Figure 13 is an VAT ' ' it | PViaqi -
QU 131 S g, 04 Sl GO, B RO R, 9 gl
DETAI LED DESERI PPrédsssor 206 performs a decination fof iienataiypd chignal sampleystreams r.(kT)),

pur poses of explanation a Qt i tati Chddl ' et
forth, such as pd&ﬁeuﬂr&gﬁgﬂ Pfogmec@;recw legp} ﬁﬁ%’ﬁgﬁ’t gésig?mg&'i-ﬂit:)lézﬁﬁ&{ %ﬂ%s,
etc. in order to rgapesptetively.hFoothglrasenafcirationadlyrspaced demedulationn mophthan one
However it wll be par ent tlo ‘one %g‘irlled in the art that the present
i nvention may be Sample pepsypbal 13, gEeRAted 1o onbhodi nents that depart from

these specific detai | Esaimatinytdifhits 202a, 202 tad) 202, prddiicaichamheliap estimatesoaér) of
wel | - known net hods, devices, and circuits are %ﬁ om tted EO af not utad)
obscure the d&screu(@hiadd cdr) Vhich greaisedto magel the B FAMFMIFHAR CRAWE) 35socia

with each particular antenna. Initial channel tap estimates can be obtained from sync
correlation values or least-squares estimation according to known techniques. If the
channel must be tracked, it is typical to use received data and tentative symbol
estimate values generated in the sequence estimation pfocesSor 204. Channel tracking

20  is known to those skilled in the art as discussed, for example, in Digital
Communications 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, vol. 37, pp. 918-926, Sept. 1989. The channel tap estimates c(7),
c,(7), and c(7) are coupled to the input of the branch metric processor 203. '

25 Also coupled to the branch metric processor 203 is an estimate of the

impairment correlation properties obtained from impairment correlation estimator 207.
The estimate of the impairmcni correlation properties comprises information regarding
the impairment correlation properties between the receive antennas 104. The
impairment correlation estimator uses impairment process estimates to update and

30 possibly track the estimate of the impairment correlation properties which is discussed

in further detail in the ensuing text and figures.
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A. Description of Enbodiment having Two Antennas and a Branch

Metric Processor A radio transmtter and receiver systemfor a
radi o.comuni caghussyst em i s illustrated schematical | y roTniSoyosses 1. -
The radi o communi cation system may operate 5  using frequency division

mul tiple access (FDMA), tine division nmultiple access (TDVRA), or code
division nultiple access (CDMA), or some conbination thereof. A

transnmtter has a digital synbol gener at or -1002 whi ch recei ves an

I nformati on carrying ' signal 101 and generates a corresponding digital
synbol sequence, S. TBranchymeit processor 203 uses ceceied signalispmples a(n)o rdlgandl to

anal og (D/A) conversion,: dul.ation, .pul.se ' iciiﬁ&! S
anplification, :IF‘B)r"%W&%rﬁsb?geggﬁgﬂa%‘ﬁbaﬁgggﬁ’a%ﬁ\}h%$g ! I gl ?gwgtnrngﬁ%aftt er
103 aCC?LdI ng t%&:&hﬁﬁnbﬁﬁhﬂieﬁlﬂ@mm branch metric M;{n). THBi traxwh metric heused) for
noi se, ere may al so exist an interferer 108 jransmtting .. i gnal X
whi ch may be norFJ‘B‘PPWo&bﬁé?q“Fbces‘?sBWﬁWmWPm?s?s@‘?{a#oé%‘?(ﬁﬁ‘f?&"p%e&?‘é‘(fe‘f“dttiqagugh
separate radiso Clgnaet of BRCGrasMited s@mbeIPt ed by antennas 104 which are D in
nunber. 15 Radi o units 105 anplify, downconvert, and_filter the

received signals Thegransmissipn funstiom 40 isitiusteted in gregten derail in Figugg,3 where,
signals. Each a ] ' P ; : 0 | 915153 fent ¢\l D
converter 106, \r}ﬁ g‘%’@% _2#1? ?é’t"ﬁgtugdgﬁ%fgeﬁ larll.%slﬁmi%r?t%mgh. Sewil ?%cei ved% )
tSIh gnal f sanpl e stoneakiliefl én the(driTfhat th preseptdnecntipemay alsg be meedster theccage wheve,
e reference ' |.nt : '
i ndi cat es t hat tth%resﬁ% ﬁg(f gllaxrnrlélréviége?férérﬁ THE lira&%mﬁ&mn% Hegﬁs VHEE Is%ald
10  path for the symbol sequence S through digital transmitter 103 which transmits analog

signal Y. The analog signal Y propagates through a separate radio transmission
channel to each of the three receiver antennas: radio channel 301a to receiver antenna
104a, radio channel 301b to receiver antenna 104b, and radio channel 301¢ to
receiver antenna 104c. Similarly, interference signal X also propagates through three

15  other separate radio channels 302a-302c to receiver antennas 104a-104c respectively.
Radio channels 301a-301c and 302a-302c may introduce fading and time dispersion.
Omnipresent thermal noise processes n, - n, are also received by receiver antennas
104a-104c respectively. Each antenna 104a-104c is coupled to a radio unit 105a-105¢
respectively which amplifies, downconverts, and filters the received signals according

20 to known methods to produce an analog signal. Each analog signal is coupled to an

. analog-to-digital (A/D) converter 106a-106c which converts the analog signals into
received signal sample streams 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, the disclosure of which is incorporated by reference
* 25  herein in its entirety. For subsequent processing, a conversion from log-polar to

rectangular samples is made, so that, for example, I 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.

30 In an MLSE equalizer, different possible transmitted symbol sequences S are

* considered. In one implementation, hypothesized symbol values s,(n) are filtered by



20 fromthe d[err] antenna 1 [err]d[err]D. The sanpling period T[err] may

be | ess than the synbol period T. The received signal sanple streans
are collected in processor 107, which -processes these streans to
produce an estimate of the transn1tted di gital synbol stream [err].

In later descrimo®nessst ransmi ssion function 109 is used to rePERUSBFOEIR
signal path through digital transmtter 103, the radi o transm ssion channel
(not shown 25 - in Figure 1), antennas 104, radio units 105 and A/ Ds 106
col l ectively. The processing unit 107 is illustrated in
greater detail in Figure 2 where, for -1k rrpl i ci ty, the number D of

antennas is restricted to three: deS| Processi ng
unit 107 may be, chagpel é?@a?ﬁb‘@tesé’- @, (51:( %"gﬁa‘P gmm%swcewe saqaples

TMS320C50 manuf agct X t o bHTRARE:
unit 30 107 |sP @, b(gy a};&aﬁs(gstﬁ?rfegte of@h?fﬁﬁﬁﬁﬁ%ﬁ%ﬁﬁﬁ?&%?

stream [err] whi I;Jn(n)-l’c »(n) 2pd theractual R(WI(RrepRivRissigngl sameple jreasis, sefernedtoeass

whi ch was ori gi ngll e /
PCT/ US97/ 06343 fhe l%p&tﬁ@sﬂs%g, %we an indication of hoW%ogz %ﬁ‘ﬁlar hypothgsg_ls. The

Transm ssi on § unsquiared rdpditpdeoafithe bypathesisecror ixcubed hgaatenitatqﬁvalmteraaparﬁculax
rlerr] (kT[err I rl] (K.l err —and .r [ egr ] e whi ch re sen

b pr boessi g uripofissisy i s ' detmyBRd o iffren WpSibled ¥ sk In AleErgiifbe
the present inveghichhy gji&eimweuammmalse aiiﬂé|d§tuﬁit[(ﬁ3ﬂ§orft[nﬁr r‘]}t(:ﬁf{oeéss]),

rlerr](kT[err]), and r rrnbng| er”l% areég‘t%u&%nto a S|§nal roc&ssor,

or sync, bl ock ZW\%@
correl ated vvuth & oftafiininy.N A a&BHBtEdn |(ﬁTtheV1terb1 Wﬁﬁyﬁéfﬁﬂxﬁqﬂlbed

for exanpl e, ovanna et ag " Fast Ada i ve Equalizers fo
Nar r ow- Band lﬂ)lvAFm@m% ($The Yiterbi pdgorithm < Broci ofithe JEERCYAl 6. ap- 263'278

Technol ogy, Vol . ndfbn 973 2As VAN bd 2 exﬁﬁo oﬁgﬁuﬁ%mtﬁé)ﬁrttftgrlﬁiéﬁene estlmaton

synbol - spaced denodu atlon the sanple period T ess t
synbol peri od, Tﬂgorﬁbmsdgnhlasﬁled\'ialgomhm may also be used.

In an MLSE equalizer, there are states associated with different symbol

sequence hypotheses s,(n). At a given iteration, there are previons states: each

15  associated with an accomulated metric. Each pairing of a previous state with a
current state results in a branch metric, M,(n). The candidate metric for a current
state is then the sum of the branch metric M,(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

20 the accumulatt;d metric for the current state. For metric combining, as described in
aforementioned U.S. Patent 5,191,598, the branch metric can be expressed as:

M, (n) =[x (n) -Cs, (n)]" D[r (n) -Cs, (n) ]

where: 2 (n) 5[z, (n) 2, (0) 2. (R)]

C={cy, (0) - cp {N.-1)

C, (0) - c (N -1)
c. (0} = c (N.-1)

8, (n) =fs, (n} s, (n-1) .. ]"'



10 processor 206 perfornms a decimation of the received signal sanple
streans r[err](kT[err]), rlerr](kT[err]), and r[err](kT[err]) to
produce one sanple per synbol: designated r[err](n), r[err](n), and
r[err](n) respectively. For the case of fractionally-spaced denodul ati on,
more than one woo4gsa§P! € per synbol is generated. PCT/US97/06343 .
Estimating circuits 202a, 202c, and 202c produce channel tap estimates
clerr]([err]), 15 c[err]([err]), and c[err]([err]) which are used to

nodel the radio transm ssion channel associ ated wi th each particul ar
antenna. Initial channel tap estimates can-12e obtained from sync

correl ation values or |east-squares estimation according to known

techni ques. If the channel nust be tgacke it is typical to use
recei ved data and tentative synbol igapp val ues generated-in the
sequence estimation processor 204. Channel {d reaal) ng 20 I's known to those

skilled in the art as discussed, for exanple, in Dgital
Communi cations 2nd Ed. by Proakis as previously nmentioned, and by A P.

Clark and S. Hariharan, "Adaptive Channel Estimates for an HF Radio
Li nk", | EEE Trans. on Conmmuni cations, vol. 37, pp. 918-926, Sept.
1989. The channel tap estimates Cerr]([err]), clerr]([err]), and

clerr]([err]) are coupled to the input of the branch nmetric processor 203.
25 Al so cdibglichannebtap estithatesfon eagh signal pacoived om ant2d@ 10da<lfdc are

estimate of the , .. | npai r i r.f i t.ained fr.o

I mpai r nent ctgr r eqe?il xll%t?]d g?‘l(ﬁhnﬁg’b’ %{)'r‘&p@&iﬁf}.r %&ggtl% hn"gtsdgﬁgf(ﬂ%h"é"l brﬂsaﬁ’rrent _
corre: at ion propnm‘?im;s ﬁegbisithetﬁrdmﬂw,mj.oﬁ, ?elyﬁmdilblung cl_nl_a:neltth;& dstipatedent .~
correlation properties be e e recei,ve antennas . e

Cpai 1 ment . cor r b EMERPAADN K Ko Ky 08 SVeighiihe ARFICHS Sof Aotennas 104ar10de ¢

update and 30 rpgpeeivelyy track the estinmate of the inpairnent correlation

roperties which is djiscusse in further tail .in the ensuing text
gndpf i gures. he presmdgwng% takes atilvantage ofd t%e ?’act that, from a diversitygand

PCT/ US97/ 06343 equalization point-of-view, the impairment (interference + noise) on muitile receive
antennas 104 is often correlated at any specific moment in time, even though, on the
average, it may be uncorrelated. By exp'anding diversity combining techniques to
exploit this correlation, significant gains are realized. For optimal performance, a

- whitening, or decorrelation, process may -bc applied and the optimum branch metric
15  may include the inverse of the impairment correlation matrix. The optiinum branch
" metric M,(n) a‘ccording to the present invention is:

M, (n) =fr (n) - (n) 5, (n) |* A(n){r (n) -C(n) s, (n) ]=e," (n)A(n)e, (n)

where:

A(n) =R, (n)?, or a related quantity; R, (n)=E(z(n)z%(n))

z(n) =2, (n) Z,(n) 2.(n)]*: eu(n) =x(n)-C(n)s, (n)

The time varying nature of the channel and the impairment correlation are denoted
with time index n.. The R(n) matrix is referred to as the impairment correlation

20 matrix at discrete time, n. The A(n) matrix (i.e., the A-matrix) is the inverse of the
R_(n) matrix, or a related quantity such as the adjoint or pseudo-inverse. As will be
apparent to those skilled in the art, R (n) and A(n) are specific examples of



Branch netric processor 203 uses received signal sanples r[err](n),
rferr](n), and rferr](n), channel tap estimates Clerr]([err]),
clerr]([err]), and c[err]([err]), and the estimte of the inpairment
correlation properties to formbranch netric Merr](n). This branch netric

is used, for  woofY@EP! €, I N a sequence estination processor PRFAUSHHOELS
devel op tentative and final 5 estimates of the transmtted synbol s.

The transm ssion function 109 is illustrated in greater detail in Figure 3
wher e, for sinplicity, the nunber of interferers is restricted to
one. It wll be apparent to . one skilled-in the art that the present
I nvention may al so be used for the case where there are two or nore

interferers. The idpaitment cokeehatibh propefiids lof ghinh other ommseare koown. Throughout the or
t he synbol sequence S through qigital. transni [ '
anal og - Si gnfg}hwz%ﬂ&‘%% 0 Wdﬂgfé\g%%%ﬁa%g%ger?ﬁ@gjﬁ a 'sg?p{gréate

radi o transm ssi %pmentmhpl‘@eﬁMh of the three receiver antennas:
radi o channel 30la'to receiver antenna 4a, radi o _channel to
recei ver antenna 104b,WﬂB‘W@H&HﬁE’i‘”§8ﬁ'} 5‘“‘“"“?@6@?‘5@&%&?%‘2@3

104c. Simlarlgy, 4@29%.{%6@9&1:&&&@@[ Poral SiverPhypptess, asm) by au@timater ofahd 5

ot her separaté rad nel s“302a-302c to receiver antennas [104a- 104c
respectivel y. impaizméiioprocrshin disshown abaygy the Armatiire Aol it thedpverse ofdhieice
fading and tine di spersi Ol elari ag?ii" SR i \@E4TBE uitBireRic iRpatmeN (i.e.,
nferr] - n[err] are g'fnggt recealu\(/’gén y %‘gl ver antennas 104a- 104c
respectively. Eacio mdrfenery theO4anatix cedueesdo disigonal matrix PadWVben hietsignabis-knowa
respectively which lifies,.d ilters the received

si gnal s accor di ng‘“z‘gEt Ctef’m%%ﬁﬁo%sﬁ{*gk%g&&é an anal og signal. Each
anal og signal is coupled to an Q9-1t Qs i i (A/D) converter
106a- 106¢c whi ch converts the anal og s?%‘?i‘g%g‘“? %{‘gig“t@l recei ved signal
sanple streams r[err](kT[err]), r[err](kT[err]), and r[err](kT[err]). One
met hod for 10 whétgersion fromanalog to digital is to use |og-polar
signal processing, as described in U S Patent 5,048,059 to Dent,
the disclosure of which is incorporaggethi,lehe,ancn.23* herein inits
entirety. For subsequent processing, a conversion fromlog-polar to

rectangul ar sanples is nmade, so that, for exanple, | and Q sanples,
soneti nes r Notsrthatdui(0) ia sheclmopneor detegist Symbel sequeaest USE Bisi ng

| og- pol ar signal proc %i OGnati ! Lﬂnﬁh’ 54 B t;j,ag t iR eItbR catMpe Ch
provi des signal st renS’? an uﬁ’ﬁlaosfedlésqgnp e;s‘)f?:ral%etge ¢ _nulsed_, and adaptive
gai n control can peformed ia mpinber GfOvays depending uppm thersprgifirappligationzand the

one | mpl embnt at | ot FgpaTIRER Ry T NP APARES, B O a fxed o PTRUEE BF e ©

15  A-matrix, stored in memory. 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 and to keep
the A-matrix values constant between synchronization, or other, known fields. At
each new occurrence of the synchronization field, the A-matrix can be recomputed,
20 with or without use of the previous A-matrix values. Another alternative approach is
to use synchronization fields to initialize, or improve, the A-matrix values and then to
use decisions made on the data field symbols to track the A-matrix values.
Also, éonsideration is given for the method used to track the A-matrix values.
Since the A-matrix comprises information regarding the impairment correlation
25 properties between the antennas 104a, 104b, and 104c, standard estimation methods
for estimating correlation or inverse correlation matrices can be applied. Using either

known or detected symbol values, impairment values can be obtained by taking the
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PCT/ US97/ 06343 ' channel tap estimates c[err]([err])
c[err]([err]), and c[err]([err]) to produce hypothesi zed received sanples
rferr](n), r[err](n) and r[err](n) for each antenna. The differences

bet ween the hy ? rferr](n)-rlerr](n) and the actygéqhysorossss
r[err](n)-r[er?? n) recelved signal sanple streans, referred to as

the hypothesis errors, give an indication of how good a particul ar

hypot hesis is. The 5 squared magni tude of the hypothesis error is used
as a netric to evaluate a particular -fwpot hesis. The netric is
accunul ated for different hypotheses for use in determning whi ch

hypot heses are bgffeficasHeRGeehn/the E&ﬁﬂﬁt%m%ﬁmﬂakﬁ&inﬂm&c(ﬁ)m tiidi s process
may be eff|C|entIy realized using the Viterbi al gorlthm which is a known

f or m of hpethesipedorpeeined signal sarppls streams GH{nhFexthhe Ayitime b thig |giNes it hm
may be found '“ J& gg%her@val ues, & é](bafigﬁ; oﬂ%'ﬂﬁfe'ff;f‘&%léaﬁ{eﬂﬁa fikrel NE

| EEE, vol. 61, pp. appar ent to one
skilled in the atlemenss heﬂxesecpoecmeeswtdu toreetifferent antennasalOdorA staightfarwerid way t he

M al gorithm y e In an MLSE equalizer, there are
states assomg;tae%‘wwggﬁé ‘g%mf‘ B §w oPy sequence hypot heses
sferr](n). At a given iteration, enr(,é = Se( ates: each 15

NS T

associated wth an accunul at ed rretrl c arr a previous state
with a current state results in a branch rretrlc Merr](n). The
candidate netric for a current state is then the sum of the branch
metric Merr](n) and the previously accuftPhiRsc metric. For each

current state, the previous state which gives the smal | est candi dat e

metric is sel ectgds ascdifhg &ﬁﬁﬁﬁct?vﬁﬁﬂiy $ oAl AT=H Bechfe HR) is%sﬁeﬁﬁﬁﬁhﬁé&ﬁ

metric becomes 20 t he accunul afed netric for the current state.
metri ¢ conbi ni ngonlye peeing ofithel mafrix elementy nepddieeompuiedd U. S. Pat ent

5,191,598, the branc I eyl cAS ot .
Merr] (n) ={r (n) - g%%r%ﬁ? ﬁ?'[‘@r?dr Fﬁ%ﬁ%ﬁ?ﬁgm%ﬁgﬁ?mﬂﬂ(w’- One way to
reduce complexity is to apply the matrix inversion lemma and update the A-matrix
10  directly as: '

=-J_' - ____l____ H
A(n) 7 A(n 1)—(1+z(n)ﬂp(n) )p(n)p (n)]

where:

‘ p(n)=A{n-1)z(n)

Because the A-matrix is Hermitian, it is only necessary to compute those elements on
the diagonal and either those elements above or below the diagonal.
These techniques for estimating and tracking the A-matrix are given only for
15  purposes of illustration. In general, the A-matrix can be expressed and estimated in a
.- variety of ways, as will be apparent to those skilled in the art. See, for example, the
book by S. Haykin, Adaptive Filter Theory, Second Edition, Prentice-Hall,
Englewood Cliffs, N.J., 1991. The present ‘invention may also be applied to the blind
equalization problem in which known synchronization sequences are absent. In this
20  case, the A-matrix is estimated in a maoner similar to how the channel is estimated.
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,



-wher e: (n) s[r[err](n)r[err] (n)r[err] (n)]
c=[err] V\D97/40588 -
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D=[err] The channel tap estimates for each signal
recei ved on anWoewMos84a-104c are 5  designated by (ferr] ([ BFFPFI70634
Clerr]([err]), cl[err]([err]) respectively where [err] is the delay (i.

[err] =0 is the main ray, [err] =1 is the first echo, etc.). N[err]
i's the nunber of channel taps estinmated per antenna and K[err],
Klerr], Klerr] are weighting coefficients #37 antennas 104a- 104c

respectively. or burst. This embodiment is applicable to the digital cellular system defined by the

IS-136 specification which has relatively long TDMA data bursts (6.67 milliseconds)
with respect to time. For this embodiment, the branch metric processdr 203 is
illustrated in greater defail in Figure 4 where, for simplicity, the number of antennas

5 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 will be
apparent to those skilled in the art that this embodiment may also be employed in the
case where there are three or more antennas.

10 The impairment correlation matrix R,, and the inverse impaiﬁnent correlation
matrix A are defined as follows:

=P= Pea Pap
R,,=P [p.bt Prb

1.

Rye [ 'p‘:‘_] k
(pnphh Pl “Pan* Pab pn

The variable p,, denotes the impairment powér received on antenna a; the variable p,

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
15- received on antenna a with the conjugate of that received on antenna b.

The branch metric then becomes:

M, (n) =6, (n) *A(n) e, (n) =wpy, |e, , (n) |2 -2Re {pye,, ,(n) e, ,(n}}+p,,le, ,, (n) #

where:

1

wee———2 _ _  and e, ,(n)=r,(n)-r,,(n)
Douck — Ip.b'z d.h. d d,h.

The calculation of this branch metric is schematically illustrated in Figure 4.
A symbol sequence generator 410 generates hypothesized symbol sequences
20 s (n). These sequences are filtered in filters 400 using channel tap estimates c,(7) and
¢(7) for antennas a and b to produce hypothesized received signal samples r, ,(n) and



The present invention takes advantage of the fact that, froma diversity
and 10 equal i zati on point-of-view, the inpairnent (interference + noise)

on nultiple receive antennas 104 is often correlated at any specific
nonent in tinme, even though, on the average, it may be uncorrel ated.
By expandi ng diwegbskdsyg cConbi ni ng techni ques to expl oi t tpltrArse7/06343

correlation, significant gains are realized. For optimal performance, a
whi teni ng, or decorrelation, process nay be applied and the optimum branch
metric 15 may include the inverse of the inpairnent correlation matriX.
The optinum branch rretric Merr](n) aleording to the present

I nvention is: Merr] (n) =[r (n) -c (n)s[err] (n)][err] A (n)

[r (n) -C (n) s[gy®), respectively. ciThg hypefhesiz¢yeceived sipnal samples, 1, (n)waeer smbtracted

2 =2 er 1] () 21 S koot Bl oy o 1 et

The tinme varyi ngolabpréducé efrbﬁs@ﬁ&lren,ﬁh) asdulahy hymzmsrzaze Péceived kighalisadpled) €
denot ed _ with tinme index The %g Lé%i I X IS eferredto asthe
i rrpal rment cor r dha(B)Fe Sptra %Em ractak repeived $ignal sample Apisyng By R{m), in
(i.e., the AsTatginnink Sudchien 46 & sdRe eH%?sxgnal eyn(H. eBIol:momhh'tKe scﬁi’areﬁ

rel at ed quantity such as the adjal nt or gseu o-inverse. As

appar ent t ot hoseagnifescaf the, exrpfcsignals ARd ewnfn).o Tde Agwedamegm'pée f(ffl egror

exanpl es of
PCT/ US97/ 06343 signal e, ,(n) 1Wﬂuﬂyhé@ §t85%nctlon 406 by multiplier m,,, the result being coupled

to summing junction 408. The squared magnitude for error signal e, ,(n) is multiplied

at junction 407 by multiplier my,, the resul; being coupled to summing junction 408.
10  Finaily, multiplier 404 forms the product of ¢, ,(n) and e*,;(n), the product of which

is subsequently multiplied by multiplier m,, in multiplier 405, forming the real part

only. The result is subtracted in summing junction 408, the output of which is the

branch metric M,(n). The multipliers m,,, m,,, and m,, are related to the impairment

correlation matrix by:

m,, = WPy
Wy, = WDy,
m!b = 2wp.b

15  As will be apparent to those skilled in the art the w term is common to the _branéh
metric calculation and may be applied in a different manner or even omitted when the
denominator to w approaches zero.

At time n, the A matrix elements are updated as:
Paa (n+1) =Ap,, (n) +|e, (n) ?’K

Dap (n+2) =Ap, (n) +e, (n) &g (n)X
Pro (D+1) =Apy, (n) +|e, (n) PK

K is a scaling factor which, if equal to unity, is dropped from the calculation to
20  reduce the number of computations. K may be derived from \ which is the so-called
“forgetting factor”. _

A schematic illustration of the impairment correlation matrix update is shown
in Figure 5. Tentative detected symbol values s,.(n) from sequence estimation
processor 204 are filtered in filters 500 using channel tap estimates c,(7) and ¢,(7)

25 from channel tap estimators 202 for antennas a and b to produce expected received



- 13- i mpai rment correl ation properties of which other forms are

known. Throughout the followng, the termA-matrix is used
generically to refer to any estinmate of the Jinpairment correl ation
properti es. : The inpairnents on antennas 104a-104c_at ti n
are designated wowjesss] (n), 5 z[err](n), and z[err](n) respfGYVEINSEor .
a given hypothesis, e[err](n) is an estinmate of  the I mpai r nent

process. As shown above, the A-matrix, A(n), is the inverse of the
i npai rment correlation matrix R err](n). For_the case of uncorrel ated

I mpai rent (i.e., no interferer) the ‘Aatrix reduces to di agonal
matrix D. When the signal is known . or detected coryectl. t.-he
i npai rment is gi \sampiey I;ea(n) and 5 4(0), respectively. dlmpalrment s1 z,fnt) id me‘H‘jed:‘?y (n)

-C (n) s[err] (n) WRGMmBing junction 501 from the actual received si 1
s[err](n) :[s[errs]lbt{;r?gn%[ﬁg?r] (ng_ﬁu?mo.n; .I-I"T'(enr)r]_In ° . rﬁg?\éetsﬁg::alsam?es
sferr](n) is the frmoaneana 2diBkt 8@1@%@9@&&'@1@@1 ()i pEpdyced by subtracting,
Det erm nation of . - 4300 f usgy| jve 54MpiEsh Bitenna b,
perforired in a ndﬁg‘g?’ééﬁé%“@%éh‘a@%gﬁgﬁ a?%?s‘gg%‘édidwgagppl i cat i one_n;ﬁd
t he reqsi r agnpelfithe tentative datbateds symphiob yaluesase corcert and the qhaench, tap; cstimatsn

of values for the 15 A-nptrix. stored { I .val.

primarily on the %%ﬁ?%gﬁﬁnowddfmgnafs zini %’e‘ﬁg er%!p\;ees-gglﬁ@g %E%Hgﬁég%%ﬁ@ﬂgn
carrier frequenciasgfenhi )'ghdb pdspactively ATmphitmem aignale z,(n) and zg(ap apaschied dytthe
determine the A-matrix from synchroni zati on i.pf or j on_apd.to ke

the A-matrix val Jaet fdheseaiees MW ?%'Bﬁ?’ﬁﬁpiﬁ?‘*% re&’*"ff%?? pﬁgﬁg%scalcd
fields. At iﬁﬁﬁi?m@xﬁ"ﬂ'agbﬁﬁlﬁlﬁﬁﬂﬁﬁ cOhipled'® Bibeke 506 and 507, qespeitilely. t he |
A-matrix can be reconputed, 20 wth or, without use o

2d, | . (f t.hg@@{ﬁ.\{e&ous ol
A-matrix val d8s. Anot [ibe IRPAEReH PPYEr ERgiVedeanienna a, p,,(m). s plied in multiplier
synchroni zati on fg lbgrsth LdHihd Al . suffR{e@ \if juntfich 10 With the sqahrégs and
then to useﬂge i s%gor{géﬂr%%%gugﬁ’e?héeﬁddgta field synbols to térqack t he
A-matrix val ues. magnitude of the scalddsimpairmert; signabfrpm bleck 306\t pradyee thepdatedod

used to track the A i : ' s {Bh Lked 6 YVRFrREh
I nformati on regar‘&pﬁ%%%ﬂﬁw\#pggﬁgng%t ngrvra]eakg??ﬂﬁﬂgg% properties bet vveeen
t he antennas 104amer@rtipcation 515 4f the previotsrivhpaismentpevenp.(e) nSignilarly, the

15 previous impairment power received on antenna b, py,(n), is multiplied in multiplier

513 by the forgetting factor, A, and summed in junction 512 with the squared
magnitude' of the scaled error signal from block 507 to produce the updated
impairment power pu(n-+1) which is used to overwrite the memory location 514 of
the previous impainhent power py,(n). To produce the updated impairment cross
20  correlation, tine scaled error signal from multiplier 503 is multiplied with the

conjugate of the scaled error signal from multiplier 505 in junction 504. Also, the
previous cross-correlation p,,(n), stored in memory 516, is scaled by the forgetting
factor in multiplier 509. The output of junction 504 is summed in junction 508 with
the output of multiplier 509 to yield the updated cross correlation p,(n+1). As

" 25  before, the updated value p,,(n+1) is used to overwrite the memory location 516 of
the previous value p,(n). '

There is typically a delay in updating the channel tap estimates which allows
the tentative detected symbols to become reliable. In U.S. Patent No. 5,164,961 by
Gudmundson, et al., incorporated herein by reference in its entirety, this delay is

30 avoided by using multiple channel models: one for each state in the sequence
estimation processor 204. With the present invention, there is also a delay in



for estimating correlation or inverse correlation matrices can be appli ed.

Usi ng either known or detected synbol val ues, inpairnent val ues can
be obtai ned by taking the WO 97/ 40588
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di fferences beaﬁggnﬁﬁpe recei ved signal sanple streams r[err]gdpodohséaud (n) -
and the - pothesi zed received signal sanple streans
rferrJ(n)-r[err](n). At tine n, this gives a vect or of i npairment

val ues, denoted z(n); one value for each antenna. Here, el enents in

the vector correspond to different antennasigl04. A straightforward way 5
of formng the A-matrix is given by:
R(n) =[err] R(n- Jppdatii e A-piatrix qoantities. It will be apparent to those skilled in the art that

Al = | i
oo By 2 thisydetaycan b aNalded By bsiie TR, 4 hattiRt S fob each Aath & 1,

el enents need bg E&fihation processor 204. Such a straightforward approach is '
fairly high in cofiplexity. Oné way to reduce conplexity is to apply
the matrix inversion | emma and update the A-matrix 10 directly as:

5 B. Description of Embodiment Employing a Selection Processor

According to the following embodiment the present invention, interference
rejection is applied to signals that correspond to N different antenna elements,
wherein the N antenna elements are selected from a number M = N possible antenna
signals. Additionally, these selected antenna element signals may have passed through

10  a specific beamforming process and/or the signals may come from antennas that have
different polarizations. As a specific exemplary embodiment, three different cases of
multi-element receive antennas are considered which employ the use of horizontal and
vertical polarizations. However, other types of orthogonal polarizations may be used,
such as plus and minus 45 degrees, or right and left circular.

15 Returning to Figure 1, consider the speciﬁ'c case where there are M antenna
elements 104 producing radio signals. Not all M signals will contain information
relevant to the transmitted signal. Further, it is desirable to reduce the number of
diversity branches sent to the processor 107. Accordingly, it is beneficial to select a
set of N signals most representative of a transmitted symbol sequence. '

20 The N channels processed by the processor 107 and generated by the M
antennas/antenna elements are described in Figures 6 through 9. Figure 6 shows the

| first embodiment where M co-phased antenna elements (which may be a combination
of both horizontally and vertically polarized elements) given by signals 6010 through
6012 are first passed through a fixed beamforming processor 601 that results in M

25  beamspace signals 6020 through 6021. The antenna elements in this embodiment
typically are spaced closely (e.g. a half of a wavelength) together. The selection
processor 602 chooses N beamspace signals 6022 through 6023 for further IRC
processing.

Figure 7 is an embodiment where M co-phased antenna element signals 7001

30 through 7004 are passed through two beamforming processors 701 and 702, one each
for the verticaﬁy and horizomtally polarized clements. Signals 7001 through 7002



[err] wher e: ' p(n) =A

(n-1)z(n) Because the A-matrix is Hermtian, it is only necessary
to conpute those el enents on t he di agonal and either those el enents
above or bel ow t he di agonal . These techniques for estimating
and tracking theyde#dekssi X are given only for 15  purposes of ptiusemoeiason.
In general, the A-matrix can be expressed and estimated in a vari ety
of ways, as will be apparent to those skilled in the art. See, for exanple,
t he - book by S. Haykin, Adaptive Filter Theory, Second Edition,
Prentice-Hall, Engl ewood diffs, N J.;194991. The present invention
may al so be applied to the blind equal i zati on probl emin which known

synchroni zati on sepesponddo sisecveaticab antenrlarelerhints @d are prosessed by 781 giving outpuss
BT AT B, o W 068 O 9D SERABAE D p pacon
spaced) equal i zerantehmp elementsagd alecprocdsied WhZ02ngivingwatpulse?oRl dabegh 70221 t he
data fleld, signals 7011 Rhrotgh J0T5 and 7021 through 7022 are processed by ghe selection
PCT/ US97/ 06343 or
burst. This embodirbRiséori783B8N 6@phitigrals7080 #rBhghrP033 Yird tHi@tedSy st em def i ned
by the Figure 8 is an embodiment that uses sector antennas, where the antennas may
be either vertically or horizontally polarized. The antenna signals are 8000 through
8003 and are processed by the selection processor 801 to generate N output signals
8010 throngh 8011. In this embodiment, antennas with the same polarization may be -
10  physically separated (e.g. 10-20 wavelengths).
' To reiterate, the embodiments shown in Figures 6-8 are not restricted to the
use of horizontal and vertical polarizations. As noted, other types of orthogonal
polarizations may be used, such as plus and minus 45 degrees, or right and left
circular. Furthermore, in the embodiment disclosed in Figure 7, more than two beam
15 processors may be employed. For instance, different beam processors may be
assigned to process groups of signals originating from different spatially separated
groups of antenna elements. |
Figure 9 shows an embodiment of the branch selection processor. Each input
signal branch 9000 through 9001 is first filtered by 901 through 902 and then passed
20 through some signal quality measure device 903 through 904 which generates
measures 9030 through 9040 that is used to compare the signal’s quality relative to
the other signals. The M signals 9010 through 9020 are sent to the selection
multiplexor 905, which chooses the N signals (out of M) that have the best measure
9030 through 9040. The measure criteria may be defined to represent one or more of
25  the following qualities: measured instantaneous branch power; measured average
branch power; beam center direction relative to desired signal direction; signal quality
as measured from sync word (measured (S+N)/N). "S" denotes signal power,
whereas "N" denotes impaiﬁnent power.
Furthermore, the selection may be constrained to keeping at least one
30  vertically polarized and one horizontally polarized signal. For example, choosing the

horizontal beam with the maximum power and the vertical beam with the maximum



| S-136 specification which has relatively |ong TDVA data bursts (6.67

m | |'i seconds) wWth respect to tine. For this enbodi nent, the branch
nmetric processor 203 is illustrated in greater detail in Figure 4
where, for sinplicity, the nunmber of antennas 5 is further restricted to

two: desi gnat S?OW b. This particul ar enbodi nent has PCHUSIMIGHBSS 10
that the use ecei ve antennas is common in many cellul ar systens

whi ch al ready enpl oy sone formof diversity conbining. As before, it wll
be apparent to those skilled in the art that this enbodi nrent nay al so
be enpl oyed in the case where there._gg.e three or nore antennas. 10
The inpairnment correlation matrix R err] and the inverse inpairnent '

correlation powdFaerfoXmé\bést fn Eal Eifcunfitaneds! (Subh ‘as the presence of Rayleigh
RzZ=P=[err] S lerr] The variable p[err] denotes the inpairnent

power received Gdinght dvgain, other txpey of priigeng) signals may be usednot es the
| pal r ment power ! gy &Sy ik UbGRRRnMmay HRpakL y}@hﬁﬂ@m&tw@ fdc¥ssor

el enents are the cross co on va denotes the correl ation
of the inpair nealtogether. Imthds case, tho processon 107s\fed All of thed rsignglstreceivedt frem

[ooeyved on g figHichina elements. This extbbliméd 4 iy findol§ Mol Hrdducing

[err]

The cal cul at i onogfiogoRally polavaet signhlsiand/os ose bremate fixed bearh |prorsssorst asidisqussed
Figure 4. A synbol sequence generator 410 generates

hypot hesi zed syﬁWP-seque‘nces 20 s[err](n). These sequences are filtered

in filters 400 usingc¢hanpgderipfion 8f Enibeliifent having((1%s Ahtensfidnd a Scalar
clerr]([err]) for antennagpghchMetpiciFrotds@#uce hypot hesi zed received si.gnal

samples rl e;(; Hm anldn an alternative embodiment of the present invention, interference rejection is
applied to signals that correspond to different phase references. Normally, the in-
phase (I) and quadrature (Q) components of the baseband signal are combined into
one complex signal. However, when the interference is not rotationally invariant,
then the two components must be treated as separate, scalar received signals. See, for

15 example, B. Picinbono, "On circularity”, IEEE Trans. Sig. Proc., Vol. 42, pp. 3473-
3482, Dec. 1994,

As a specific embodiment, the case of a single receive antenna is considered,
though it will be apparent to those skilled in the art how mulitiple receive antennas,
beams, or polarizations would be incorporated. With a single receive antenna,

20 cmﬁplex recei\;e samples r(n) are split into in-phase samples /(n) and quadrature
samples Q(n). These two sample streams are treated as if they came from two, scalar_

" channels. - The new branch metric is then

M, (n) = vi(n)A(n)v,(n)

25 where
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rferr](n), -respectively. The hypot hesi zed recei ved signal sanples,
rlerr](n), are subtracted fromthe actual received signal sanples
from antenna a, wodfshdggn). i N summing junction 401 to prewiusye/oess or .

signal e[err](n). Simlarly hypothesized received signal sanples,
rferr](n), are subtracted fromthe actual received signal sanples from
antenna b, rb(n), in 5 summi ng junction 402 to produce error signal
e[err](n). Blocks 403 formthe squared -2lpagni t udes of the error
signals e[err](n) and e[err](n). The squared magni tude for error

signal e[err](n) is multiplied at,junctio 6_b ltiplie errl.the
result being coupl ed vh(ggtb?@uﬁ‘rﬁ)ng'Tbem@pjgnwéﬁewerkgptqug?’g%h{ﬂ;éfﬁtude
for error signal e[err](n) is nultiplied at junction 407 by
multiplier nferr], the result being coypled,to supmgng junction 408. 10
Finally, nultiplier 404 forns the p??o(dﬂcf Bﬂ‘n)ere?p‘%?ﬁfl)gd&nd e*[err](n), the
product of which i s subsequently nultiplied by nultiplier nferr] in
mul tiplier 405, formng the real part only. The result is subtracted
in summing junction 408, th&@tpUC O MnicH iR the: SWe—bich netric
Wh(n). The nultipliers nferr], nferr], and nferr] are related to the

i mpai r ment correlation matrix by: -
merr] = WP[err] - 8,(n) = [sp(n) s,(n-1) ... s, (n-N+1)dferr] =
wp[rer] nerr] = 2wp[err] 15
As will be apparent to those skilled in the art the wtermis comon to the

R,. (D) - E{w(n)wT(n)}

w(n) = [Refz(n)} Im{z(m}]17

and z(n) is the complex, additive impairment. Superscript "T" denotes transpose.
The vector w(n) is the corresponding scalar impairment vector. The channel tap
estimates are denoted c(7), and there are N, of them. The real matrices A(n) and
5 R;,:‘lv (n)are specific examples of scalar impairment correlation properties of which

other forms are known. Throughout the following, the term A-matrix is used
generically té) refer to any estimate of the impairment correlation properties.

The A-matrix can be estimated and tracked in a variety of ways. One way is
to form impairment samples z(n) by subtracting expected received samples from the

10  actual received samples. Scalar impairment vector w(n) is then given by the equation

given above. A straightforward way of fbrming the A-matrix is given by:

R (n) = AR, (n-1) +w(n)w’(n)

A(n) = R;‘;’(n)

To reduce complexity, the matrix inversion lemma may be used so that the A-matrix
can be updated directly as



metric calculation and may be applied in a different nmanner or even omtted
when t he denom nator to w approaches zero. At tinme n,
the A matrix elenments are updated as: '

p[err] (n+l) =[err]p[err](n) +|e[err] (n)|[err]K

plerr] (n+l) =[ egplophgisg] (1) + e[err] (n) elerr] (n) K perussmmesss
p[err] (n 1) =[err]p[err] (n) + | eb (n) |[err]K Kis a scaling
factor which, if equal to unity, is dropped fromthe calculation to 20
reduce the nunber of conputations. K may be derived from[err] which is the

so-cal |l ed "forgetting factor". 22- A schematic
illustration of the inpairnment correlation matrix update is shown in
Figure 5. Tentative detected synbol values s[ err] (n from sequence
estimation - processor 204 ane)f+lt¢aed-in ysi ng channel

tap estimates c[err]([err]) and CJerr]#[err]) 25 A+wi{axpéhhnnel tap
estimators 202 for antennas a and b to produce expected received

WD 97/ 40588

PCT/ US97/ 06343 pl(n) = A(n-1)w(n) -17-
sanples r[err](n) and r[err](n), respectively. Inpai rrrent signal z[err](n)

i oduced b ' f
FePROrLSr, oy st W FBER, onnalT} uEke BE bl

Simlarly, inpairoesompstednal z[err](n) is pr oduced by subt racting, in
sunm ng junction 502 rgjmerr ctu cei ved signal sa S on
antenna b, 5 r[err] th';J(I('as ﬂ;mfeerﬁfelﬁ tg'gt gmﬂﬁ 9@:‘??@?%"3
correct and the channel tap esti nat are accurate, then error

signals z[err](n) and % &} X H;r(lve.pr‘&ént* i Vi ohB) Y& rfzobie ¢ 60) %o 61
Also, the impairment correlations can be estimated using:

Prr(n+l) = Ap(n) + vi(n)
Poo(n+1) = Ap,,(n) +v2(n)

Pro(n+l) = Apg,(n)+vi(n)v,(n)

5  where v,(n) and vy(n) are the real and imaginary parts of an impairment sample
estimate.

With these estimates, the combining weights can be computed as:

M r=Kp(n)
Myo=Kpgy(n)

Mzo=~2KDyp (1)

Ideally, the scaling factor K would be given by:

1

K= >
Py (n) poo(?) -proln)

However, other values are possible, including unity, so that no scaling is necessary.



antennas a and b respectively. Inpairment signals z[err](n) and z[err](n)

are scal ed by the root of the scaling factor Kin nultipliers 503 and
505 respectively to produce scal ed i mpai rment” si.gnal s which are
coupl ed to bl ocks 506 and 507, respectively. 10 The .i mpai r nent
power received q@? &gﬁpa a, p[err](n) Is multiplied in multi pCTABEY7/06343
511 by the forgettin actor, X, and summed in junction 510 with the
squared nagnltude of the scal ed i mpai rment . signal from bl ock 506 to
broduce t he updat ed i mpai rment power p[err](n+ |). The val ue of

pferr](n+l) is then used to overwite the -23- nenory | ocation 515 of the
previous inpairment power p[err](n). Simlarly, the 15 previ ous
i mpai r ment power recei dealmmawbemhadlmenpiseﬂlis}réﬁ? byithe praressqy| gieen inrFigure 10

mJItlpller thefor et . ng f y

junction 512 w t h%‘f’é %‘d‘h g alﬁgﬁlr@%g% d%ﬁ%lh]gmée?ﬁgn error )SI gnal
from bl ock 507 t 0 rqeived eignillie couptal ©ch signal pwmwmmymwmmrwmmng
which is used to overwite the menory |oc |on‘gP% ?RHY tg Vi

i npai rment power BpGFIChIoRizatiop ifoimen YR LTFIRFG PP e, Syadtr W&%
correlation, the ;g&{@gi sEihples r(ﬁ) gcainnt:rsaﬁkm&mpiomr r&fhdes éimm&l&anoéshﬁﬁtew th

t he conuate the scaled error gnal fromrrultlpller 5Q

j unction 504. AI s 6(7) twhich model ﬂm@@&@ﬁ%&%WelTﬁﬁwaﬂ%m?@m§Pﬁ ed
in menory 516, is ﬁ&qédegcfﬁxmtgﬁn&pﬁlg@ﬁ irb&ssor 1006.f actor in nultiplier 509.

The out put of juncti*on 'S sumre Junctlon ‘508 with t he out put
of multiplier 509 to yiAtdoctoupled tpstatae brancl sstricoproedssori 1906 jf 2y estimateiofithe  As

25 before, the updat.ed val ue b DG AEA m)ry.:
| ocation 516 of shid IRAITETE,\ RO g‘{ﬁ {;/%\‘m@h 'fée?lr"%?lgf ilpaifedr &“%ﬂ?ﬁge
typically a debay esmnaladmosngl‘liemwmhnruﬂﬂe imppiresnt comelatompropertias inclhiles
the tentative detected synbol 3‘

5,164, 961 by InferTRAtioR Jeasy m%ﬁ‘egf%p%nrﬁﬁ'@gc!f’ggﬁh?%ﬂmﬁgfgﬁ%agy re%ereﬁc?e in

its entirety, thigosiBbmisiof fdreceitoddigied, Wiich afegalatiiangiies. channel nodel s:
one for each state in the sequence tion processor 204. W%r} t he

present invention, t heSéahfsbfa!'@d“%i“EIQF%ﬁssPhﬂo? uses the recervgdsignal sgEples
PCT/ US97/ 06343 channel tap estimates ¢(7), and an estimate of the impairment correlation properties to

15 form branch metric M,(n). This branch metric is used in sequence estimation
processor 1010 to develop tentative and final estimates of the transmitted symbols.
A specific embodiment of the scalar branch metric processor 1006 is illustrated

in Figure 11. A symbol sequence generator 1124 generates hypothesized symbol
sequences §,(n). These sequences are filtered by filter 1104 using channel estimates
20  c(7) to produce hypothesized received signal samples. The hypothesized received
signal samples are subtracted from the actual received signal samples in summing
junction 1102 to produce complex error signals. The real filter 1108 only passes the
real part (in-phase component) of the complex error signals, and the image filter 1106
only passes the imaginary part (quadrature component) of the complex error signals.
25  The real part of the error signal is squared in block 1110 then multiplied by multiplier
my in block 1132, the result being coupled to summing junction 1116. Similarly, the
imaginary part of the error signal is squared in block 1118 then multiplied by
multiplier my, in block 1114, the result being coupled to summing junction 1116.
Also, the real and imaginary parts of the error signal are multiplied together in block



- 18- updating the A-matrix quantities. It will be apparent to those

skilled in the art that this delay can be avoided by using nultiple
A-matrices; one for each state in the sequence estimation processor
204. 5 B. ©= Description of Enbodi nent Enpl oying a Sel ection
Processor sosss According to the follow ng embodi ment t :,[%%5
I nvention, int evrvPeg;”ence rejection is applied to signals tlﬁg H
correspond to N different antenna el enents, wherein the N antenna

el enents are selected froma nunber M[err] N possible antenna
signals. Additionally, these selected antenpg.el ement signals may have
passed through 10 a specific beanform ng process and/or the signals may

cone from ant ennagysshahltpadEby multiglief i) BBlodkol128] dhah boipfed tOSuMmRE funflicn
exenpl ary enbodi nent, three different cCases of mul ti-el enent receive

antennas are condildfy ddeguinunobsysmping jwectign d114 isithe brapeh metrigd,(n).
vertical polarization \ bndgﬁ : &{nlc’ Fﬁ?rt I,ONS
may be used, suc%&ss ig?ufﬁ an %Eﬁgﬁ%gﬁgg@pges,&%ﬁﬂagﬁéﬂean ert
circular. 15 illustrated e tigune A3 (Knomingorrtentativelyodetdcted rsymhel wbes iffone sennence
where there are 4 br i.ng radi o, si gnal s,

all M signal ssvm' :\éfé@%lﬁ{égﬁﬁcﬁsﬁrolp rﬂx’aﬁ%ﬁﬁ&e&% tﬁ%ﬂg#gﬁ'(sﬂ'lg ‘E‘P%ﬁ‘z‘ﬂfﬁ '8\@}

signal . Further, frdm cBantielstap ektineatdrol00dda peodube estinnred received samplesli \Impairthsnt

branches sent to the, processor ,107.. Accor di ngl it i,s bepeficial to select
a T ser of NSEPBIES A PRGHce b sHblEACFE FERR recaiyed Temples P gl recetv

sequence. 20 samples inl Siftnshing j@ittieh 1202.0TRE sl filldr 1209 oRlyOsuRses We redi/ pafi(in-
generated by the M ant ennas/ antenna el erents are described in %I gures

6 through 9. Fi giphasecroupapEnty)ipd the impairmentsamplssoand bp imagechiier V206 oply passes
antenna el et S el partiC(qfladriR dibdrloibuns) of the Mipalifeft HiplcsO gy and

vertically polarized nts) ‘given by gnal’s 6010 t hrough 6012 are
first passed thr @hgte coniporenss pctinimpairment samples arersqenad inqRleck 122 and provided? 5
beamspace si gnal §, Qa8 M 1298 1- t . t.So ] tihat

enbodi nment §?ypl cal 8are spa'cékdg-&éﬁ%%gﬂ@ Ee. g?ﬁgﬁﬂa}ﬁwegfga m?a%ﬁé%'a‘% h)
t oget her. The selirotememy 1224, is goateddn junctién 2222 bwoscale facthed apd aryideddoal s

6022 t hrough 6023 _for furfher r | . Figure 7
Ps an enbodi ment SRS NRRAH 1228 The qupdt oP SEERA £228 ives the undated pRWE 2 T
7004 are pasd6d testimatghwhich ideairéninmd nemoro 1224 ASimildflyl, the quaddaturecompendrits

' of the impairment samples are squared in block 1210 and provided to summing

junction 1212. Also, the quadrature impairment power estimate p,,, stored in
memory 1208, is scaled in junction 1214 by scale factor and provided to summing
junction 1212. The output of junction 1212 gives the updated power estimate, which

20  is written into memory 1208. Finally, the in-phase and quadrature components of the
impairment samples are multiplied together in block 1250 and provided to summing
junction 1216. Also, the in-phase/quadrature cross-correlation estimate p,,, stored in
memory 1218, is scaled in junction 1230 by scale factor A and provided to summing
junction 1216. The output of junction 1216 gives the updated cross-correlation

25  estimate, which is written into memory 1218.

Per-Survivor processing techniques can be used to imprové performance. For
example, there can be one or more sets of channel tap estimates and impairment
correlation éstimatcs per state in the sequence estimation processor. This allows
immediate updating of estimates, without the need for a decision delay to obtain

30 reliable tentatively detected symbols.



for the vertically and horizontally polarized elenments. Signals 7001

t hrough 7002 . WD 97/ 40588 _

PCT/ US97/ 06343 -19-
correspond to the vertical antenna elenents and are processed by 701 giving
out put s Q% oblidsggigh 7012, while signals 7003 through 70@érasyresspond
to the horizont antenna el enents and are processed by 702 giving
out puts 7021 through 7022. Signals 7011 through 7012 and 7021 through
7022 are processed by the selection 5 processor 703 and N out put signals
7030 through 7031 are sel ected. 26t gure 8 is an enbodi nent that
uses sector antennas, where the antennas may be either vertically or

hori zontal | y pol ari zed Alﬂ&)@llaaﬂthﬂmahmqlglsdiscusaecbin&éﬁtﬁbmhl(mg@ can be enfpd@)@dand
are processed hy the sel ection processor to enera _N ut .si naI S
8010 t hrough 8011.hefgia ﬁﬂ'{ﬁ‘g'ibﬁ%ﬂftsﬁ E#ﬁ a gﬂ iy eé&ﬁ&%éf'ﬂ ﬁﬂon
may be 10  physi Cp”‘élrfo ?ﬁﬁt&ﬁ‘éﬁﬁhc(:@_)e@uonl&nﬁﬂnmguﬁh§ﬂ@édlﬁ')branch matrix processoﬂ' 0
reiterate, the enbodi nen ur s are not restricted to the

s shown in Fi
use of horizont aI and Jewil] %@%@rtpﬁsgts?‘%@m%aﬁ'oﬁ% the yresent inyqation Gan be

ort hogonal Rk &ﬁaédn@ﬁ&x WHY flaetichanyls % aSblf Bquafization s Wefl alii eénjdition
degrees, or rlght and circular. Furthernore, in the enbodi nent

di sclosed in Fi gur\mﬂvnom;mvshmame@ beam 15 processors may be enpl oyed.

For instance, differ enty diEoht rocess
groups of signals origi ngﬁié%%%gnpg g?erent h"ﬁs}nppat e P}ﬁsepar atihgléo
groups of antenna el encAxcerding to the following dhithpdimenpofthe psesemt invantidi,nipterfershce

t he branch esel ecti gn : ' r t ugh;
0001 | o it 1111 Erei 4B 58S r s The ponuBhgticy B0l tiil i 2

SI gnal qual i tmoweasguthcrdwitha@qgﬁﬁlewcighﬁgglpﬂwovdﬂdmg gﬂmuadeegaerfonpance for a

| reduction in complexity. The selection criteria can be adaptive, based on impairment

correlation measurements, signal strength measurements, or other criteria. Also, the
selection may be fixed.
Figure 13 is an embodiment of processor 107 from Figure 1, where 2 antennas
15 and fractionally-spaced sampling by a factor of 2 are used. Thus, for each antenna,
two symbol-spaced data sequences are formed, corresponding to two sampling phases.
Sync blocks 1302 and 1304 take the oversampled signal streams from antennas a and
b and produce two symbol-spaced sample streams each. Denoting the antennas with
subscripts a,and b and the sampling phases with subscripts 0 and 1, the four resulting
20  received signal sample sequénces are denoted 1,o(n), r,(n), r(n) and r,,(n). The
embodiment uses a fixed selection criteria, so that interference rejection is applied to
the pair {r(n), ry,(n)} and the pair {r,,(n), r,,(n)}.
So, received signal sample streamns r,q(n) and r,y(n) are provided to branch

metric processor 1306. Also provided to branch metric processor 1306 are channel
25  tap estimates corresponding to streams r,(n) and ry(n), which are computed in
channel tap estimators 1310 and 1312. Impairment correlation estimates
corresponding to streams r,q(n) and r,,(n) are provided by impairment correlation
estimator 1314.
Similarly, received signal sample streams r,,(n) and r,;(n) are provided to
30  branch metric processor 1308. Also provided to branch metric processor 1308 are

| ~ channe] tap estimates corresponding to streams r,(n) and r,,(n), which are computed



measures 9030 through 9040 that is used to conpare the signal's quality

relative to- the other signals. The M signals 9010 through 9020 are
sent to the selection mul ti pl exor 905, which chooses the N signals
(out of M that have the best nmeasure . 9030 t hrough 9040. The neasure

criteria may be“qféf',m to represent one or nore of 25 the foptpokdidesss -
qualities: measured 1 nstantaneous branch power; neasured average

branch power; beamcenter direction relative to desired signal direction;
signal quality as neasured fromsync word (neasured (StN)/N). "S"
denot es si gnal power, whereas "N' denaggs i npairnent power.
Furthernore, the selection nay be constrained to keeping at |east one 30
vertically pol ari gechanidl & éstififatorz 251 6arldy1318] dmpzieserticgmelation-estimatesnpl e,
choosing the - hori zontal beamw th fhe rraxi-rrur]&eﬁobwe.r and the vertical
beam wi th the nmaxfefmsponding to streams gyfnhsnd;pgRare provided by impairment corrclation
PCT/ US97/ 06343 stimator 1320. . - 20-

power perforns best 1 n certain circunstances (such as the presence of

Rayl ei gh f adi ng) TheAyeaneh metrics fromy pranchometsictniersssers 1306 and 1308ate sywmed
used. ' . i Ll f ur. ' MNATR j :

sel ection pr oc%ssglr;&ded Bf%l%éﬁ;?{?gﬁgﬁgdo I Sed('?gésﬁxgi,ii the 'p?g%\%‘;s@g?&‘i%r%n?hs
fed all of the M miegiais shencprevideditd sequencs estingdtion pricesson 1334e mhichsdevalopss

enbodi nent may enpl oy. ant enng el.enent r.oduci n it hogonal | y

pol ari zed si gnal ?%%Y%P"‘gﬁgamtfﬁofﬁé%n%ggf#s rhol 8¢ F%Qés di scussed

above. C. AlmémwxbmﬂhmemﬁocﬁnmdbMa tprdsentiimgndehavetbeem desaribeda
ps .

Scal B i c_Proc 0 N
l fernat i ve embocewbilaseated el it RpErFROINE PY e preera dmveosad o Abai b

10 understood that the present invention is not limited thereto since modifications may be
made by persons skilled in the art. The present application contemplates any and all
such modifications that fall within the scope of the underlying invention disclosed and

claimed herein. -

15



applied to signals that correspond to different phase references. Normally,
the in- phase (1) and quadrature (Q conponents of the baseband
signal are conbined into one conpl ex signal. However, when the
interference is not rotationally invariant, then the two conponents
nmust be treated woopqussgy ate, scal ar recei ved signals. See for Pl:'i'lUS97106343 .
exanpl e, B. Picinbono, "On circularity", |EEE Tr ans gL Pr oc. ; \/nl

pp. 3473- 3482, Dec. 1994. he
case of a single receive antenna is consider ed ;ﬂtl “Ju lIJ"I"I',mm
apparent to those skilled in the art how rruI12|7'pI e rece| v

beans, or polarizations would be incorporated. Wth a single recel ve
antenna, 20 conWBARIS ELAIMERIS:s r(n) are split into in-phase sanples

I (n) and quadrature sanples Qn). These two sanple streans are
treated as if they cane fromtwo, scalar channel s. The new branch
netric is then 1. A method for reducing the effects of signa} falingnlime dispensioh( ayd A

I(DQI' / B[Sgr?/r ]06%22% ) ngterfer\éwﬁ' "8 a radio communicati¥fs s%'y@m? ggmpnsmg the steps of:,, _

Vierr](n) =[v[8rr](n) (a)receilifg}ridio signai-on &d¢as{ exieranfemhi clemesiterepriesdnting a
Hlerr] eferr] (n) =r(n) - c(n)

s[err](n) transmitted symbol sequence;

(b) processing said radio signal to produce received signal samples for said at
least one antenna; "
(c) estimating a channel tap for said at least one antenna to a produce a
10  channel tap estimate;
(d) estimating scalar impairment correlation properties among the received
signal samples to produce an estimate of scalar impairment correlatioh properties;
(¢) forming scalar branch metrics in a scalar branch metric processor using
said received signal samples, said channel tap estimate, and said scalar estimate of
15 impairment correlation properties; and
(f) employing said scalar branch metrics in a sequence estimation algorithm to
estimate said transmitted symbol sequence.

_ 2. A method according to claim 1, in which said forming step (e) comprises:
2(_) (g) generating hypothetical symbol sequences;
(h) filtering said hypothetical signal sequences with said channel tap estimate to
produce hypothesized received signal samples for said at least one antenna;
(i) subtracting said hypothesized received signal samples from the received
signal samples to produce complex error signals; and
25 (i) processing said complex error signals with said scalar estimate of

impairment correlation properties to produce branch metrics.

3. A method according to claim 2, in which said forming step (j) further
comprises:
30 (k) extracting an in-phase phase component from said complex error signal,
and extractingl a quadrature component from said complex error signal;



T ——

%\EQZr]_(L)C’('an"mmml"""'"}l[err]cgw[(la;r] 1 n?]_ s[err](n-Nerr]+1) ]J[err]

Rl err] Rlerr](n) = E {w (n)
W[err](n)} wn) = [Re{z(n))}
Im{z(n)}][err] woo4esggnd z(n) is the conpl ex, additive inpai rgfeiiser/06343 .
Superscript "T" denotes transpose. The vector w(n) is the
correspondi ng scal ar inpairnent vector. The channel tap estimtes are

denoted c(7), and there are N, of them The real matrices A(n) and 5
Rlerr](n) are specific exanples of scalar i+8airnment correlation properties

of which other fornms are known. Throughout the follow ng, the term
A-matrix is used - (l)gnmséingakdiwhtphaseémpdmnmﬁ sefdtquadramre Eoripttient to

i mpai rment correl ati Rﬁ}o The A-matrix can be

esti mated and tr JCREGES [ %csof ways. One way is to form

i npai r ment sanpl es z( n) by subt ractl ng expected received sarrpl es fromthe
10 . actual received sanples, Scal I mpai r ment vector Wg is then given
by the equation 4yi 4 Jmethogaccor K‘%‘Pr%‘@h‘t 1B Whashsaisstimatingstep ) ¢ he
A-matrix is ggverbo&% R[err](n) =
[err]Rerr](n-1) + n)vv[err]( n)

A(n) = Rerr](n) (2)Tesnerating tentabive Hesrsted, symbiod sequendes | nver si on | enma may

be used so that the Apfifidrng said mﬁ?ﬁbe%tééféﬁ%&ﬁgoldie&&‘ﬂusywﬁ?smd scalar channel

tap estimate to produce estimated received signal samples for said at least one
antenna, .
10 (1) subtracting said estimated received signal samples from the received signal
samples to produce impairment signal samples; and _
(j) processing said impairment signal samples with said estimate of scalar
- impairment correlation properties to produce an 'updatad estimate of said scalar
impairment correlation properties.
15
5. A method according to claim 4, in which said forming step (j) further
comprises:
(k) extracting an in-phase phase component from said impairment signal
- samples, and, extracting a quadrature component of said impairment signal samples;
20 ' (1) processing said in-phase component and said quadrature component to
produce said updated estimate of said scalar correlation properties.

6. An apparatus for reducing the effects of signal fading, time dispersion, and

interference in a radio communications system, comprising:
" 25 means for receiving a radio signal on at least one antenna element representing

a transmitted symbol sequence;

means for processing said radio signal to produce received signal samples for
said at least one antenna; _

means for estimating a channel tap for said at least one antenna to a produce a

30 channel tap estimate;
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A(n) = ferr] | p (n) = A(n-1)w(n)
Because the A-matrix is symetric, only the elenents on the diagonal and
above need W6 oG/auERsIt ed. For the case of one r eoINISE706343 .

err

(n) =

]ﬂﬂj AW

*

channel, the branch netric can be expressed: - M

mMerr](v[err](n))[err] + nmerr](vferr](n))[err] + nmerr]v|

Al so, the inpairment correl ations can be estinmated using: IT“[ I
[err]p[err] (n) + v[err] /(n)-29- *+

[err]p[err](n) +v[err] (n)

means for estimating scalar impairment correlation properties among said radio

p[err](n+l)
p[err] (n+l)

signal samples to produce an estimate of scalar 'impairment correlation properties;
means for forming scalar branch metrics in a scalar branch metric processor
using said received signal samples, said channel tap estimates, and said scalar estimate
5  of impairment correlation properties; and
means for employing said scalar branch metrics in a sequence cstimaﬁon

algorithm to estimate said transmitted symbol sequence.

7. An apparatus according to claim 6, in which said means for forming scalar
10  branch matrices comprises:
means for generating hypothetical symbol sequences;
means for filtering said hypothetical signal sequences with said channel tap
estimate to produce hypothesized received signal samples for said at least one antenna;
means for subtracting said hypothesized received signal samples from the
15 received signal samples to produce complex error signals; and
means for processing said complex error signals with said scalar estimate of

impairment correlation properties to produce branch metrics.

~ 8. An apparatus according to claim 7, in which said forming means for
20  processing said complex error signals further compri_ses:
means for extracting an in-phase phase component from said complex error
signal, and extracting a quadrature component from said complex error signal;
means for processing said in-phase component and said quadrature component

to produce said branch metrics.

9. An apparatus according to claim 6, in which said means for estimating
scalar impairment correlation properties comprises:
means for generating tentative detected symbol sequences;
means for filtering said tentative detected symbol sequences with said scalar
30 channel tap estiqmte to produce estimated received signal samples for said at least one

antenna,



plerr](n+l) = [err]p[err](n)+vferr](n)vferr](n) 5 where v[err](n) and
vlerr](n) are the real and imaginary parts of an inpairnment sanple

estimate. Wth these estinmates, the conbining weights can be
conput Ed as: nmMerr]=Kp[err] (n)
n{ err ] :E<[ EL[ :LS 99 9'{/40588 o ) PCTIUS97?06343 .
rr[err] ZKP erd ldeal ly, the scaling factor K woul d be given by:
K= [err] However ot her values are possible, including unity, so

by usor ool T Iﬂllmlﬂ?ﬂﬂmlll 30/ a088

means for subtracting said estimated received signal samples from the received
‘signal samples to produce impairment signal samples; and

means for processing said impairment signal samples with said estimate of
scalar impairment correlation properties to produce an updated estimate of said scalar

5  impairment correlation properties.

10. An apparatus according to claim 9, in which said means for processing '_
said impairment signal samples further comprises:
means for extracting an in-phase phase component from said impairment signal
10  samples, and extracting a quadrature component from said impairment signal samples;
means for processing said in-phase component and said quadrature component

to produce said updated estimate of said scalar correlation properties.

11. A method for reducing degradation in a transmitted signal sequence
15 comprising the step of:
' | (a) receiving 2 number of M radio signals representing said transmitted signal
sequence;
(b) selecting a number of N signals from said number of M radio signals using
a selection processor on the basis of one or .more selection criterion, where N < M;
20 ~ (c) processing said N signals to generate an estimate of said transmitted signal

sequence.

12. The method of claim 11, wherein step (a) further comprises:
(d) receiving said M radio signals from M co-phased antenna clements;

" 25 (e) processing said M radio signals using a fixed beamforming processor.

13. The method of claim 12, wherein said M antenna elements include at least

one element from each of two orthogonal polarizations.



The al ternative enbodiment is illustrat ed by the processor ‘g ' ' ,
10. After radio processing and initial anal og-to-digit H‘mmﬂ ﬂﬂﬂ”“‘

(not shown), the received signal is coupled to a signal «pre-prooessor *
or sync, block 1002, where tinng and synchroni zation i nformati on are
det erm ned, proQusbpssggynchroni zed conplex 5  received sanpl eeT/vEIH06343
Channel tap estinmator 1004 produces channel tap estinates c([err])

whi ch nodel the fading, dispersive channel. These channel tap estimtes are
coupl ed to scalar branch netric processor 1006. Al so coupl ed
to scal ar branch netric processor 1006 is a3l-estimate of the scal ar

| npai rnment correlation properties obtairned frominpairnent correlation 10
estimator 1008. The e34.i The enetiodtdfelaimid, wikerein step ¢ap fuathep corpprisesr t | es

i ncl udes - i nfor i_on. r.egar.di the | i rqpent. correl atio r.oper.ties
between the | and Q % Ty ﬁﬂfgw%‘iﬂ’fS‘%%@)&%’Bﬁ\?B'&m& ﬂ?fﬁ?",ts'vwr}fe-gﬂné?’gM
scal ar quantiti eantenna elements form aslofaity ¢F GOSPingsedfaneenfd leaems’ 1006 uses
the received signal sapmples ((n), ) chagnej tap estimates c(lerr]), and
an estimate of the it W%Wgc%*dr@l%@oﬁ‘g“ﬁ P8 Riwralily of heamfosmipgnr anch
metric Merr]gn) groms&spma%m &HRh bedinfofining Proceidos RUSIRREdSHIH R 6£Rid

processor 1010 to0 develop tentative and final estimates of the transmtted

synbol s. groupings\of artenmp; elementfodi nent of the scal ar branch netric
processor 1006 is illustrated in Figure 11. A synbol sequence
generator 1124 generates hypot hesi zed synbol sequences sf[err](n).

These sequences are f13.tEheguethgd 61 ¢laior 141 Whereis a cgllectiom nf antemi i etements RAVing a

c([err]) to prod ' ' ' | es.. The, hypothesi zed : ~
recel ved TG pPEBERAToALH rEiEeite, 0O R ToUARRE of e “1eiebit e

si gnal sanpl Hs i secomthpolarization fornj asecbhd groipidg, fusthpr whisteia saidirstepolfrizatién is
signals. The real fil tqr 1108 onl ﬁasses t he real part (in-phase
component) of t h&REeRTIdS sg rsﬁ‘f“mgi\éﬁ BRRION, 4 the image filter 1106 -

only passes the imginary part (quadrature conponent) of the conplex error
signals. 25 The real part of the error sjgnal s squared in block 1110
then multiplied by rm*@i ﬁ’? method of claym éf‘rﬂ‘g'f”ﬂ Rvie  of spatially associaged ng

coupl ed to sSuMMi sifderind *ecmeRts think . first grobping,Yand taMcond collectiBROF SpHiikity Béshigtba
the error signal is squared in block 1118 then nultiplied by

mul tiplier nf%er rjntenna cjgments form 8 segond STAPINE: bei ng coupl ed to summi ng
junction 1116. Al so, the real and imaginary parts of the error signal

are multiplied together in block _
17. The method of claim 11, wherein step (a) further comprises:

(d) receiving said M radio signals from at least one sector antenna.

20 18. The method of claim 11, wherein said criterion is one or more criterion
from the following group of criteria: instantaneous power of a signal; average power
of a signal; beam center direction relative to a desired signal direction; and signal
quality as measured from a sync word.

25 19. The method of claim 11, wherein said step (b) is constrained to select at
least one signal having a first polarization, and at least one signal having a second
polarization, wherein the first polarization is orthogonal to said second polarization.

20. The method of claim 11, wherein said step (c) further comprises the steps
30 of:

(d) receiving said N signals from said selection processor;



cerr o RN | o

1134, nul*tipliéd by hultiplier nferr] in block 1112, then coupled to

sunmmi ng junction 1116. The output of sunming junction 1116 is the
branch netric N&bfdossd) - A speci fic enbodi nent o}d@,ﬁ@aar
| npai rnment correlation estinmator is illustrated in Figure . Known

or tentatively detected synbol values from sequence 5 estimating
processor 1010 are filtered by filter 1232 using channel tap estimates
c([err]) from channel tap estinmator -3804 to produce estinated
recei ved sanpl es. | npairnent _ sanpl es are produced by subtracting .

estimated received s@ypioesssingaaida signhlsite peddueireceived siglBdngsled for N ng
junction 1202. The real filter 1204 only passes the real parts (in-

phase conponent%‘)m‘&as?t he inpairnent sanples, and the image filter 1206 only
passes 10 the ImaglWﬁiﬁ%&&h&ﬂﬂ&ﬂﬁﬂ&%ﬁd@%&nﬁ@i&%@%&w@ ment
g

sanples. The in- phase conmponents of the inpairnent sanples e
squared in bl ockStmRes; and provi ded to summ ng junction 1228. Al so,

the in-phaseginpair : I-Fﬂa?' oRbtRE eq D, 24,
Is scaled i ?j uncti on@mfszz g“?@% e tact Ol‘?ﬁ(%{] grﬁmgﬁﬁ%gﬂdoﬁelmé%mgﬁng
junction 1228. jileducsianmstimete ¢fiimpaimoent rpaslatio poperties; updat ed power 15
estimate, which is ' AT . 4. Sinlarl t he. quadr at ur
conponent s of V@k@%ﬁ%ﬁ%ﬁ{#é@% lfaﬁlg%’s?oﬁ “B'I“g@ﬁ‘gfﬁcfb"egnd
provi ded to sunsigul samples, shidruhhnreh tap2bimatés, wmd shifl @siiiiae bR irhifatroieiip SorkdlRtivn

power estimate err.L _ﬁa&ored in menory 1208, is scaled in junction
1214 by scal e fRIPFEH A pr ovi ded to summi ng junction 1212. The

out put of jaenction I@Dlein@lbyiRs sdidh ecalfpdRraY By inUSdeliBRES estikdki6R alkBrithn® to
witten into nemgry 1208. Finally, the in-phase and quadrature conponents
of the i nfSEMAteRid wapspitied %F'?"lrﬁﬂqf‘ﬂ%-i ed together in block 1250 and
provi ded to sunmm ng junction 1216. Al so, the in-phase/quadrature
cross-correlation estinmate -p[errt], stored in menory 1218, is scal ed
in junction 1230 by Hedhe meshodnf caimnld. yrherainsaid step @rﬁﬁﬁﬁ;g comprises jthhgepson
1216. The out pyfs of junction 1216 gives the updated cross-correlation 25
estimate, which is witten into menory 1218. :

15 (d) receiving said N signals from said selection processor;

(e) processing said N signals to produce received signal sambles for N
antennas;

(c) estimating channel taps for said N antennas to a produce channel tap
estimates; ;

20 (d) estimating scalar impairment correlation properties among said received
signals to produce an estimate of scalar impairment correlation properties;

(e) forming scalar branch metrics in a scalar branch metric processor using
said received signal samples, said channel tap estimates, and said estimate of scalar
impairment correlation properties; and

" 25 (f) employing said scalar branch metrics in a sequence estimation algorithm to
estimate said transmitted symbel sequence.

22. An apparatus for reducing degradation in a transmitted signal sequence
comprising:
30 (a) means for receiving a number of M radio signals representing said

transmitted signal sequence;



Per - Survi vor processing techni ques can be used to inprove performance. For
exanpl e, ‘there can be one or nore sets of channel tap estimates and

i mpai r ment correlation estinmates per state in the sequence estination
processor. This allows I mmedi at e updating of estinmates, wthout the
need for-a deciwoom4absgay to obtain 30 reliable tentatively (RORAIRIFE6343

synbol s. WO 97/ 40588

chéusgrf Og?4§he t echni ques di scussed in secti(;n' B (above““m”"lluﬂﬂﬂm}uuu

here to cull out a number of N signals frowPa |arger nunber of Msiyndls*

prior to performng interference rej ectlon [of0) n usi ng a scal ar
branch matrix procesdB)means for selecting a number, ¢f| N siggal R%ﬂhs@ mmpberofMirpdiag j n

the art how the ghaRGRlN g‘ 4 ERMibP o%&@mb@n the basi$'5£6nd &r MG éél%EﬁdzP&an&J}

fractionally- spaced equ Ilzatlon as well as in conjunction

nonadapti ve scervierod < M; D. Description of Embodi nent Enpl oyi ng
B ent roemt 19, i {0 gmeans for proGRARE'IIN edditeol Gl Al AoBRIRYRR! Of e
present invention, i er ence rejec ait o set s of

si gnal s. The5reardnkmmdmgnal|sequm t hen sinply added 10 together, with a
possi bl e weighting prior to adding. This trades performance for a
reduction in conplexity. The selection criteria can be adaptive, based on

i mpai r ment cor 28] The apparanBSeR ChARITS wheteiNflid et Toi PecBRARUDARRNL S, OF
other criteria. Also, the sel ection may be fixed.
Figure 13 is an OPBBEShent of processor 107 fromFigure 1, where 2 antennas |,

15 and fractional | yeaRafR el satOMPMadd s‘zgﬁxs%ozﬁﬁw%o%&ea'iﬁemam&ﬁmé or:
each antenna, two synbol - spaced data sequences aré fornmed

cor r espondi ,43 t o two erﬁgfsgg &aid M radio signals using a fixed beamfonmng Processor.

24. The apparatus of claim 23, wherein said M antenna elements include at
least one element from each of two orthogonal polarizations.

15 25. The apparatus of claim 22, wherein said means for receiving further
comprises: _
M antenna elements for receiving a corresponding M signals, wherein said M
~antenna elements form a plurality of groupings of antenna elements;
a plurglity of beamforming processors, each beamforming processor associated
20 ~ with one of said groupings of antenna elements.

26. The apparatus of claim 25, wherein a collection of antenna elements
having a first polarization form a first grouping, and a collection of antenna elements
having a second polarization form a second grouping, further wherein said first

" 25  polarization is orthogonal to said second polarization.

27. The apparatus of claim 25, wherein a first collection of spatially
associated antenna elements form a first grouping, and a second collection of spatially
associated antenna elements form a second grouping.

30



Sync bl ocks 1302 and 1304 take the oversanpl ed signal streans from antennas
a and b and produce two synbol -spaced sanple streans  each. Denoting
the antennas with - subscripts a,and b and the sanpling phases with
subscrlpts 0 and 1, the four resulting 20 recei ved signal sanple

sequences are dgoejmdsy [err](n), rlerr](n), rlerr](n) and r[er&kﬁ}m&{}e .

enbodi nent uses a fixed Setection criteria, so that interference rejection

is applie |r {r{err](n), rlerr]((n)} and the pair

{r[err](nﬂm ""I gm“ So, received signal sanple streans
[err](n) Lerrn e provi ded to bra#ch metric processor 1306.

AI o) pI’OVI ded to branch netric processor 1306 are channel 25 tap
esti mates corr espond28igTiecapparatiarof claim22] (hprelledns €61 febeiVing Witttied cafprises:

computed in channelf ta% estl tors 1310 and 1312. | rrpal r ment
correl ation esti mat e®408 radio;signals feomyat least ope sacior antenna.
r[err](n) are provided by |rrpa|rrrent correl ation estimator 1314.

Simlarly, recelved nal Ie streans rlerr](n) and rlerr](n) are
provided to 30 %hﬁéPP qratug, of claim 22, whergin sajdsesiteriomis @oei ot mobe eritetion

metric pr OCGSSSOfroﬂa3LQ§ féﬂcﬁvm grou V\g%@ﬂféﬁh hﬂﬂnﬁﬁ&gﬁﬁﬁﬁé ofd'di &i&ﬁngrﬁ%ag\gg

streans rferr] t) and rb I ch are conpute
PCT/ US97/ 06343 of a sxgnal beam center direction relative to a desired signal direction; aﬁ@sngnal i n

channel tap est Ja‘?!;}ﬁc H@al rment correlation estinmates
correspondi ng t streams r er n) And o | (n) are provided by inpairnment

correlation estimator 1320. The branch metrics from
branch netric procesgpr g Iang 308,91 e Su g kn added 1322, which .
produces a conbi ned f}?l‘c%g tof 2?0%*1’?1‘3&3 M2ehH for sclecting is constrained
10 to select at least one signal having a first polarization and at least one signal having a
second polarization, wherein said first polarization is orthogonal to said second
polarization.

31. The apparatus of claim 22, wherein said means for processing further
15  comprises:
' means for receiving said N signals from said selection processor;
means for processmg said N signals to produce received signal samples for N
antennas;
means for estimating channel taps for said N antennas to a produce channel tap
20. estimates;
means for estimating impairment correlation properties among said received
signals to produce an estimate of impairment correlation properties;
means for forming branch metrics in a branch metric processor using said
received signal samples, said channel tap estimates, and said estimate of impairment
" 25  correlation properties; and
means for employing said scalar branch metrics in a sequence estimation
algorithm to estimate said transmitted symbol sequence.

32. The apparatus of claim 22, wherein said means for processing further
30  comprises:

means for receiving said N signals from said selection processor;



metric is then provided to sequence estinmation processor__13¥ m] "

devel ops tentative and final estimtes of the transmt m" M I""III"I"I
sequence. Al t hough exenpl ary enbodi nents of the*présent * s =
i nvention have been described - and illustrated herein to facilitate
under st andi ng ofwd dmesesesent invention, it should be 10 undercrussdosdnt .
the present invention is not limted thereto since nodifications nay be

made by persons skilled in the art. The present application contenplates

any and all  ~ such nodifications that fall within the scope of the
underlying invention disclosed and cl @85med herei n. 15 WO
97/ 40588 .

PCT/ US97/ 06343 means for processing said N signals to produce received signal samples for N
VWHAT IS CLAIMED | S ... 1. A nethod for reducing the effects of
signal fading, tine di’spersion, and . interference in a radio

comruni cati ons syst ermeans fiprastimating ¢hanned ¢qps farf said NSantennas to a produre chamel tapng
a radio signal on.at | east one antenna el ement representing a
transnitted synt8M™&F&uence:; (b) processing said radio signal
to produce received sheunsforsatimhitng scalar inpairniéint correlation| pRéjsiktied Henoap lsgidnNa;
(c) estimating a chaer}nel atp f&{ said at | e{ast one antenna to,a produce a
received signals to produce an estimate of scalar impairment correlation properties;
means for forming scalar branch metrics in a scalar branch metric processor
using said received signal samples, said channel tap estimates, and said estimate of
scalar impairment correlation properties; and
10 means for employing said scalar branch metrics in a sequence estimation

algorithm to estimate said transmitted symbol sequence.

33. A method for reducing degradation in a transmitted signal sequence
comprising the step of:

15 (a) receiving a number of M radio signals representing said transmitted signal
sequence from a corresponding number of M antenna elements, wherein said M
antenna elements include at ieast one element having a first polarization, and at least
one other antenna element having a second polarization;

() selqcting a number of N signals from said number of M radio signals using

20  a selection processor on the basis of one or more selection criterion, where N < M;

and
(¢) processing said N signals to generate an estimate of said transmitted signal
sequence. '
" 25 34. The method of claim 33, wherein said first and second polarizations are

orthogonal to each other.

35. The method of claim 34, wherein said orthogonal first and second
polarizations are: i) horizontal and vertical polarizations, respectively; ii) plus and

3¢  minus 45 degree polarizations, respectively; or iii) right and left circular polarizations,
respectively.



10 (d) estimating scal ar inpairnent-
correl aﬂmnlmﬂm Illgmfmng the received signal sanples to produce
an estimatecofLscal ay Istpai rment correl ati on properties; (e)
form ng scal ar branch netrics in a scalar branch netric processor using

sai d recei ved wp@3Radss$anpl es, said channel tap estimate, and peigbod6alnr .

estimte of 15 I mpai rment correlation properties; and ()
enpl oyi ng said scalar branch nmetrics in a sequence estimation algorithmto
estimate said transmtted synbol sequence. 2. A net hod
according to claim11, in which said form-8¢ step (e) conprises: 20

(g) generating hypot het I cal synbol sequences; (h) filtering
sai d hypot hetical signal sequences with said channel tap esti mate to
produce hypot hesi zeg_recei ved signal es . for . said at, | east one antenna;
(i) subtracting sai géhﬁb‘l‘ﬂi’m F’gﬂ?‘:‘ nawaﬁﬂ’élm 2 apTrated signgl seqpenet i ved

si gnal sanpl es chmphsifgiuce conpl ex error signals; and 25 (1)
processing said corrpl ex error signals with said scalar estinate of
i npai rment corr el at (B3M #pispea elements forspesining Moradiocsignats fepresenting said

3. A nethod acm&&m&ea Eﬁnzﬂ's hidhce, Wh@reWéﬁJ‘Msﬂtgmfa eﬁ]ea& nl1Rde 4t 1bast H{.é her

conpri ses: (k) éxtracting an I n-phase phase component Trom
sai d conpl ex eletementshaymaﬁrst wmmnemadmwmmmwcbmmmm from
sai d conpl ex erséc%df:bﬁﬁ%ﬂon WO 97/ 40588

PCT/ US97/ 06343
(b) a selector for selecting a number of N signals from said number of M radio

signals using a selection processor on the basis of one or more selection criterion,
10 where N < M; and
(c) processing logic for processing said N signals to generate an estimate of

said transmitted signal sequence.

37. The apparatus of claim 36, wherein said first and second polarizations are
15 orthogonal to each other.

38. The apparatus of claim 37, wherein said orthogonal first and second
polarizations are: i) horizontal and vertical polarizations, respectively; ii) plus and
minus 45 degree polarizations, respectively; or iii) right and left circular polarizations,

20  respectively.

39. A method for reducing the effects of signal fading, time dispersion, and
interference in a radio communications system, comprising the steps of:

(a) receiving a signal representing a transmitted symbol sequence on M

" 25 antenna elements;

(b) processing said signal to produce received signal samples for each of said
M antenna elements;

(c) estimating channel taps for said M antenna elements to a produce channel
tap estimates;

30 ~ (d) estimating impairment correlation properties among said received signals to

produce an estimate of impairment correlation properties;



- 28- (1) processing sai d i n-phase conponent and said

quadr ature conponent to produce said branch netrics.

4. A method according to claim1, in I'C ' et i ng step (d) 5
conpri ses: (g) gener aty ' det ect ed synbol
sequences; wo97/40588 (h) fil teal,'Mng!ﬂH}!g%!’Me det ect eatCTUShI6343
sequences with said scal ar channel * ¢ L 'Jfate to produce
estimated received signal sanples for said at |east one ant enna,

10 (i) subtracting said estimated received signal sanples from

t he recei ved signal sanpl es to proddée inpairment signal sanples;

and (J) .processing said inpairnment signal sanples with said
estimate of scal ar ® f°rm‘P$rﬁ%“%hﬂ?F“'édP Adwanch mettic Brosesserausing sajs regeived an

dated esti mat i : i | s '
updated estima es@g?x%ﬁ%é@mﬁx i3 estinfitd] 2AEQId GRfdafe a’#@ g&g@gﬁ%ﬁfeiaﬁgn

15 gtoclarm4, 1n wc formn
step (j) further properties; anshpri ses: (k) extracting an

I n- phase phase conpon sai k| ' ' I .. sanpl.es, and,
extracting a quadr at u?@%&#&@ﬁgﬁ{ﬁ%ﬁ@%@ﬁ?%ﬁ%%&gfwn%&;to 20
(1) processinf sastinite sgid sarapsmitted symbul sequenceai d quadr at ure conponent to
produce said updated estimate aid scalar, correlatio roperties. .

6. An apparatus for rgéﬁff%ﬁqﬁém’iw@ffeg’eﬂ? ’g‘iﬁb‘#&ﬂ“‘faé'cﬁ ﬁb‘?e‘ﬂ'ﬁ?ﬁtm%?%?on,
and | nt er ffiestPolucization? atidid is€con® ERMRhCHONDE H3eebRpolaPARbA.SI NY: 25
means for receiving a radio signal on at | east one antenna el enent _
representing a transmtted synbol sequence; neans for

processi ng sai d radi 046 THahethed Bf&ﬂﬂ?@g,rﬁ%é‘iﬂ‘%ﬂd?&@&hg%?ngi mes el

said at | east one antenna, o ] means _for estinmati
tap for sai dl@t Peegesingfaidsadiorpignal using rleastiere fixed dgamfopmingrprbeessu.
estimat e; _

41. An apparatus for reducing the effects of signal fading, time dispersion,
and interference in a radio communications system, comprising:

M antenna elements for receiving a signal representing a transmitted symbol

15  sequence; _
processing logic for processing said signal to produce received signal samples
for each said M antenna elements;

a first estimator for estimating channel taps for said M antenna elements to a
produce channel tap estimates;

20 a second estimator for estimating impairment correlation properties among said
received signals 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 correlation
properties; and

T 25 logic for employing said branch metrics in a sequence estimation algorithm to
estimate said transmitted symbol sequence,

wherein said M antenna elements include at Jeast a first element producing 5

first polarization, and a second element producing a second polarization.

30 42. The apparatus method of claim 41, wherein said processing logic employs
at least one fixed beamforming processor.

3



WD 97/ 40588 : . _

PCT/ US97/ 06343 - 29-
nmeans for -esti'mating scalar inpairnment correlation properties anong said
radi o signal sanples to produce an estimte of scalar inpairment

correlation prypek; 5? means for form ng scal apchRemeses
nmetrics in a scalar ranch netric processor u3|ng said received

signal sanples, said channel tap estimates, and said scalar estimate 5

of inpairment correl ation properties; and .
sai d scalar branch netrics in a sequence 88timation Wmu#ﬂﬂlmmuﬂf
estimate said transmtted synbol sequence. . CAnLappars
according to claim6, in which said means for forning scalar 10 branch

matri-ces conpri ses: means for ratin pot het i cal ,.synbol
sequences; 43. In 3,gligjtal commupiqations; sy aﬁ ﬁ?ﬁﬁtﬂ‘% i S}n Al
sequences W thssapgls Cﬁﬂa@ﬁ%& for’feducing the@¥febSBF Sighd) fmlagittﬁﬁe anWed
recei ved si gnal sanpl es for said at |east one antenna; nmeans

for subtracti ngntsﬁcmnqu@trn@lguozmmemﬁewstsmgﬁ%nprs%qoﬂhsﬁepﬁ9$nthe 15
recei ved si gnal SNLa&s I signals; and
% sal dﬂuc%£gﬁ'%&

nmeans for processi ex error S|g S with sald scal ar estimate
of i mpai r ment (h)cseleeinggmupsmfap@ptﬂ@alsmmgmmnompwrnet rics.

8. An apparatus accondi 0.k 0 &lefgfub of vt Ughbls 35 pfbab & HHafih ERES fOT

(d) adding said branch metrics from different groups to produce combined
branch metrics;
10 (e) employing said combined branch metrics in a éeqnence estimation
| algorithm to estimate said transmitted symbol sequence.

44, Thelmethod according to claim 43, in.which processing step (c) is applied
to each of said groups of radio signals, and further comprises, for each of said
15  groups, the steps of:
(f) receiving a group of radio signals from said selection processor;
(g) processing said group of signals to prdduce received signal samples;
(h) estimating channel taps for said group of signals to produce channel tap
. estimates; . _
20 (i) estimating impairment correlation properties among the signals within the
group to produce an estimate of impairment correlation
properties;
(j) forming branch metrics in a branch metric processor using said received
signal samples, said channel tap estimates, and said estimate of impairmént correlation

" 25  properties.

45. An apparatus for reducing the effects of signal fading, time dispersion,
and interference in a radio communications system, comprising:
means for receiving a number of M radio signals representing a transmitted

30 sequence of symbols;
means for selecting groups of radio signals using a selection processor;



20 processing said conplex error signals further conprises:
means for extracting an in-phase phase conponent from said cor'ﬂl"l”"&l"vl"""m,”",
signal, and extracting a quadrature conponent from said conplex* effror ¥ s '«
si gnal ; E means for processing said in-phase conponent and said
quadr at ure CconPYASEH40sss to produce said branch metrics. 25 PCTMUS97/06343 .

9. An apparatus according to claim®6, in which said neans for estimating

scal ar inpairnment correlation properties conprises: means for
generating tentative detected synbol sequences; means for
filtering said tentative detected synbol sed®ences with said scalar 30

channel tap estimate to produce estinmated received signal sanples for said

at |east one ang @inrality of processing meany\pagly foyqme®ssing a respective group of

PCT/ US97/ 06343 . o s e - 30- '

means for subtram“r’lﬁlgg%}?’dmégﬂuﬁ%%a&c?g%:egllc%d signal sanmples fromthe

recei ved si gnal areaiy fos alding s2idl beanch mearics front diffegantiproapinil preducend

means for processing. said inpairnent signal sanples with said estinmate of

scal ar i npai rrrenf"”[':'j“f’a’??f’gﬁ'emc&perties to produce an updated estimate of
said scalar 55 inpai fieam fof empRlyiigisaid doimbirRt tbraiSh metrics in a sequence estihatibh
apparatus according to claim9, | n whic¢h said nmeans for processing

sai d i npai rment #E9HHM O, F5mate %%@Wrﬂ?’g@eﬁem’m‘e-

46. The apparatus according to claim 45, in which each one of said plurality of
processing means comprises: _
10 . means for receiving said group of radio signals to produce received signal
samples;
means for processing said group of signals to produce received signai samples;
means for estimating channel taps for said group of signals to produce channel
tap estimates;
15 means for estimating impairment correlation properties among the signals
within the group to produce an estimate of impairment correlation properties; and
means for forming branch metrics in a branch metrics processor using said
received signals samples, said channel tap estimates, and said estimate of impairment
| correlation properties. |
20



means for extracting an in-phase phase conponent from said inpairnent
signal 10 sanpl es, and extracting a quadrature conponent fromsaid

i npai rment si ghal "sanpl es; means for processing said in-phase
conponent and sai d quadrature conponent .to produce said updated
estinmate of sai dygophgdgs correl ati on properties. ' PCT/USHIAMB43hod,
for reducing degradation in a transmtted signal sequence 15 conpri si ng
the step of: (a) receiving a n er of Mradio signals
representing said transmtted signal uence; (b)

sel ecting a nunber of N signals fromsaid nunbngr of Mradio signals using
a selection processor on the basis of one or e selection criterion,
where N [err] M 20 (c) processing sa8d N signals to generate an
estimate of said transmtted signal sequepce. ~12. The
met hod of claim1l, wherein step (ap—itther—ecohprtses: : (d)

receiving said Mradio signals from M co-phased.antenna el gfrents; 25
(e) processing said Mradio signals{using a fi»Xd beanformhg processor.
13. The nethod of claim 12, wherein|{said M anta&gna el enent sLisxr! ude at

S . p—
| east one el ement fromeach of two orthogpnal polarizptions.
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- 31- " 14. The method of claim 11, wherein step (a) further

conpri ses: (d) receiving said Mradio signals from M ant enna
el enents, wherein said M antenna elenments forma plurality of

groupi ngs of antenna el enents; (e) processing said Mradio
signal s using aypbsalskd Y of beanform ng 5 processors, WwhelpgirfiseHidsiss
beanform ing processor 1s associated with one of said gr oupi ngs of
ant enna el enents. 15. The nethod of claim 14, wherein a
col l ection of antenna el enents having a 2/13fjrst polarization forma

first grouping, and a collection of antenna el enents having a 10 second

pol ari zation forma second grouping, further wherein said first

pol arization is orthogonal to sajpd second pol arization.

16. The method of claim 14, wherein a frst collection of spatgal |y

associ ated antenna elenents form®& first grouping, and agsecond

col l ection of spatia%Ly_aschLated_15. ant enna el epent s Lonnlé.secnnd._‘_
1

gr oupi ng. 17. The_nethod of claim 11, wherein step (a)
further conprises: (d) receivingjsaid Mradio signals from at

| east one sector antgnna. 20 §§§8. The nethod of claim 11,
wherein said criterign is one @r m)reﬁti'&erim fromthe foll ow ng
group of criteria: instantane@sipowe B¥a si fjnal; aver age power of

a signal; beam cented direction fel at 38R0 a flesired si gnal direction; and

si gnal qualitytas measured{from a“"%/_nc wpr e 25 19. The

nmet hod of claim 11, whera'sn sai dstep—{Pp)—TsTON® r_Qi ned to sel ect at

| east one si gnal havilng asfirst polari zg.\_pa.u——-a«‘%tah | east oneysi gnal

havi ng a second i ti(E-n-—m, et T T potwari zathQn is
Q! Eri;_atio 26 5@ 08

orthogonal to said séc n. ; : 3
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20. The nethod of claim 11, wherein said step (c) further conprises the

——
-
.
——
4 -
-

4

DI6ITAL
TRANSMITTER
)
103

steps 30 of : (d) receiving said N signals fromsaid
sel ection processor; WO 97/ 40588 _
PCT/ US97/ 06343 ' - 32-
(e) processing savdehkesssgnal s to produce received signal sanpl epchasoiesss
ant ennas; (f) estimting channel §2p$ for said N antennas to a
produce channel tap estimates; 5 ' (g) estimating inpairnment
correlation properties anong said received si gqal s to produce an
estimate of inpairnment correl a@,on pro@rt ies; & (h) formng
branch nmetrics in a branch neta c proc&ssor uskng said received
signal sanples, said channel tap esti es, and said estimte of i npai r ment
correlation . properties; d 10 ~ k((’i ) enpl oying gaid scal ar
branch netrics in a sequence eqtimati ol al gori ghmto eii mate said
transmtted synbol seqgenee— —|— — — = —2%|—The metrhod of clfarm™11I; — 7
wherein said step (c) furthgr nrp_rd e he, S of : !
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15 (d) receiving said N signals fromsaid sel ection processor;
(e) processing said N signhals to produce received signal sanples for N

ant ennas; (c) estimating channel taps for said N antennas to a
produce channel tap estimtes; 20 (d) estimating scalar
i npai rment cor r @b 4pkesPr operties anong said received Si gOPUSITH0R343

produce an estimate of scalar inpairnment correl ation properties;
(e) form ng scalar branch nmetrics in a scalar 9i§nch metric processor using
said received signal sanples, said channel taﬂ timtes, and said estimte

of scal ar i npai rment correlation properties; and 25 (f)
enpl oyi ng said scalar branch netrics in a sequence estimation algorithmto
estimate said transmtted synbol sequence. 22. An appar at us
for reducing degradation in-a transmtted signal sequence conpri si ng:
30 (a) means for receiving a nunber of Mradio signals
representing said transmtted signal sequence; WO
97/ 40588 :
PCT/ US97/ 06343 _ - 33-
(b) means for selecting a nunmber of N si gpfgr? sai d nunber of Mradio
signal s using a selection processor ‘on th s &f one or nore - selection
criterion, where N [err] M _ (c) means for processing
said N signals to generate an estimte of said
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5 transmtted signal sequence.

23. The apparatus of claim

22, wherein said neans for receiving further conpri ses:

means for receiving said Mradio signals from M co-phased antenna el enents;
10 means processing said Mradio signals using a fixed beanform ng
processor. wo 9740588 24. The apparatus of claim 23, wher ei FCEuSo06#3
antenna el enents include at | east one el enent from each of two

ort hogonal pol arizati ons. 15 25. Thg paratus of claim 22,
wherein said nmeans for receiving further égﬁpri ses: M

antenna el enents for receiving a correspondi ng M sign

antenna elenents formg plaral mty of "groUpr-ngs~of anCeMd& éf enents; ™ - — —

als, wherein said M

a plurality of beanform ng processors, each beanforning processor paa(ﬂ'f'//
associated 20 .wth one of said groupings of antenna el enents.

26. The apparatus of cfaim 25, wherein a collection 0515ai enna el erre'(rtlts

having a first polarization forma first grouping, an
antenna el enents havi ng a second pol ari ion f
further wherein said flirst 25 pol ari zati onVifs ort hd
pol ari zati on. ! 127. The apparatus jof cl ail

§

o 0
Ta W T-NGRTY a Y-
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WD 97/ 40588 ' .

PCT/ US97/ 06343 - 34- 28. The apparatus of claim 22,
wherein neans for receiving further conprises: means for
receiving said Mradio signals fromat |east one sector antenna. '

29. The appar ay¢/o74o5ssC! ai m 22, wherein said criterion i s onePCE/USEHE343 .
criterion 5 fromthe following group of criteria: instantaneous power

of ‘a signal; average power of a siﬁagl; beam center direction
relative to a desired signal direction; arda~signal- quality as
measured froma sync word. 30. The apparatus of claim 22,

wherein said neans for selecting is constrained 10 to select at |east
one signal having a first polarization and at |east one signal having a
second pol ari zation, wherein said first polarization is orthogonal to said
second pol ari zati on. 3d, The apparatus of claim 22,
wherein said nmeans for processing further 1& conprises:
nmeans for receiving said N signals fron1sai§§se|ection processor;
means for processing said N signals to prod§e received signal sanples for
N ant ennas; means for esB mating channel taps for said N
antennas to a produce channel tap 20 estiﬁﬁtes; - means for
estimating inmpairment correlation properties anong said received
signals to produce an estimate ofy i npai rment correl ati qmproperties;
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means for formng branch netrics in a branch netric processor using said
recei ved signal sanples, said channel tap estimtes, and said estinate of

i npai rment 25 correlation properties; and means for

enpl oyi ng said scalar branch netrics in a sequence estimation _
algorithmto esti said transmtted synbol sequence. PCT/US97/0634332..
The appar at us 5?05? 22, wherein said neans for processing further 30
conpri ses: means for receiving said N signals fromsaid

sel ection processor; WD 97/ 40588/ 13

PCT/ US97/ 06343 : - 35-

means for processing said N signals to produce received signal sanples for
N ant ennas; means for estimating channel taps for said
N antennas to a produce channel tap esti mat es; 5 means

for estimating scalar inpairnent correlation properties anong said
received signals to produce an estimate of scalar inpairnment correl ation

properties; means for formng ggal ar branch nmetrics in a
"scal ar branch netric processor using gaid received signal sanples,
sai d channel tap estimates, and said estinatégof scal ar i npai r nent
correlation properties; and 10 megas for enploying said scalar
branch netrics in a sequence estinmation S algorithmto estinmate said
transmtted synbol sequence. _ = _
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33. A nethod for reducing degradation in a transmtted signal sequence
conprising the step of: 15 (a) receiving a nunber of Mradio
signals representing said transmtted signal sequence froma
correspondi ng nunber of M antenna el enents, wherein said M ant enna
el enents i ncl udev@pr4dose8st one el enment having a first pol ari zat POTYUS2¥E34at
| east one ot her antenna el enent having a second pol ari zati on;

(b) selecting a nunber of N signals from sai dsrsunber of Mradio signals
usi ng 20 a selection processor on the basis of one or nore selection

criterion, where N [err] M and (c) processing said N
signals to generate an estimate of said transmtted signal sequence.
25 34. The nethod of claim 33, wherein said first and second

pol ari zations are ort hogonal to each other. 35. The

met hod of claim 34, wherein said orthogonal first and second -

pol ari zations are: i) horizontal and vertical polarizations, respectively;
ii) plus and 30 m nus 45 degree pol arizations, respectively; or iii)

right and left circular polarizations, respectively. WO
97/ 40588

PCT/ US97/ 06343
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- 36- 36. An apparatus for reducing degradation in a
transmtted signal sequence conpri si ng: (a) M antenna

el enents for receiving Mradio signhals representing said 5 transmtted
si gnal sequence, wherein said Mantenna el enents include at |east one

el ement havi ng @ofhkeats POl ari zation, and at |east one other arRGEARAEPEent
havi ng a second pol ari zati on; (b) a selector for

sel ecting a nunber of N signals from sai d Hddber of M radio signal s
using a selection processor on the basis of one or nore selection
criterion, 10 where N [err] M and (c) processing logic for
processing said N signals to generate an estimate of said transmtted
si gnal seqguence. 37. The apparatus of claim 36, wherein said
first.and second pol arizations are 15 ort hogosal to each other.

38. The apparatus of claim 37, wherein said ortRkg&gonal first and second
polarizations are: i) horlzontal and verti cal p ari zations, respectively;

ii) plus and m nus 45 degree polarlzatlon3¢ respectlvely or iii)
right -and left circular polarizations, resg?ctlvely _
39. A nethod for reducing the effects of S|gnal adi ng, time dispersion,
and interference in a radio nmuni cati ons system conprising the
steps of: (a) receiggnp a signal representing altr@nsmitted
synbol sequence on M 25 antenng €] enents; (b) {precessi ng
said signal to produce received sighal sanples for each of said M
ant enna el enents; C) estinmatl ng channel taps tor s3id M
antenna el enments to a produce cpannel: tap gétinates;
S
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30 (d) estimating inpairnment correlation properties anong said

received signals to produce an estimate of inpairnment correlation
properties; - WO 97/ 40588
PCT/ US97/ 06343 - 37-

(e) form ng br asbr4oedsr i Cs in a branch nmetric processor usi ngPECEUSIVGRBI ved
signal sanples, said channel tap estinmates, and said estimate of inpairnent
correlation properties; and (f) enploying said branch
metrics in a sequence estimation algorithnlto'0/§3 estimate said
transmtted synbol sequence, whereln said M antenna el enents
include at least a first elenent producing a first polarization, and
a second el enent produci ng a second pol ari zati on. . 40. The
met hod of claim 39, wherein said processing step (b) includes 10
processing said.radi o signal using at |east one fixed beanformng

processor. 41. An apparatus fof reducing the effects of
signal fading, time dispersion, and interference in a radio
comuni cati ons system conprising: - M ant enna el enents for

receiving a signal representing a transmtted pynbol 15 sequence;

processing logic for processing said signfito produce received signal
sanpl es
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for each said M antenna el enents; . a first estimator for

estimating channel taps for said Mantenna elenents to a pr oduce
.channel tap estimates; 20 a second estimator for estimating
inpairnment correlation properties anong said received signals to
‘produce an esti iy pdgg! Mpai rment correl ation properties; PCT/US97/06343 & .

‘branch netric processor for formng branch netrics using said received
'si gnal sanples, said channel tap estimates, and said estimate of inpairnent

correlation properties; and 25 | ogi c for enploying said
branch netrics in a sequence estimation algorii pto estimate said
transmtted synbol sequence, S wherei n said M antenna el enents
include at least a first element producing a first polarization, and
)a second el ement producing a second pol arization. 30 42. The
-appar atus nethod of claim41l, wherein said processing |ogic enploys

‘at | east one fixed beanform ng processor. WO 97/ 40588

'PCT/ US97/ 06343 : -38-
'43. In a digital communications systen1ygaﬁéiagigitting a sequence of
hg Jef

idigital - synbol s, a nmethod for redugt fects of signal fading,
ti me di spersion, and interference in a radi o comruni cati ons system
%conprising the steps-of: 5 (a) receiving a number of Mradio
isighals; '
I —————————————————————
a3 1108
1
' | AL ]
l  FILTER
! !
i | . . _
| 134~ —= W, (n)
l
|
| | '
: a !
102 e |
i+
INAC. |
rin)= == e ,
_‘ |
! !
: |
! | SYNB0! !
| FILTER pm——— SEQUENCE N2 |
, ; GENERATOR |
!
1104
S, —_—— -~
)

1006



(b) selecting groups of radi o signal s using a selection processor;
(c) processing each group of radio signals to produce branch netrics;
(d) adding said branch netrics fromdifferent groups to produce conbined

branch netrics; 10 (e) enploying said conmbined branch nmetrics in
a sequence esti ¢ didsss algorithmto estimate said transm t p8¢yses Hﬁﬁﬁ .
sequence. 44, The nethod according to claim43, I n wh
processing step (c) is applied to each.oﬁ fggd groups of radio
signals, and further conprises, for each of saié groups, the steps of:

(f) receiving a group of radio signals fromsaid sel ection processor;

(g) processing said group of signals to produce received signal sanples;

(h) estimating channel taps for said group of signals to produce channel

tap estimtes; 20 (i) estimating inpairnment correlation -
properties anong the grgnats—wrtht m-the- — — —group -t o-produee—an esH Aate—
of inpairnment correl ation properties; (j) form ng branch
metrics in a branch ngtric processor using said received si gnal

sanpl es, said channel'tap estimates, and said estimate of[TTparTmemt
correlation 25 propertles 45. An appar qtus for rezpacing
the effects of signal fadlng ti me di spersion, and i nte fere- eina
radi o communi cati ons $ystem conprising: . 1224 ~ W? ﬁe}f :

nunber of Mradio sigmals representlng a transmtted] 3
synbol s; - ymeans for seteetrg-groups of |

sel ection processor; e /1_35]4_;_ l [
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a plurality of processing neans, each for processing a respective group of
radio signals, to produce branch netrics; neans for addi n

sai d branch met gygendossm di fferent groups to produce nBFHEP79f
metrics; 5 means for enpl oyi ng sai B/idrbi ned branch metrics |n a
sequence estimation algorithmto estimate said transmtted synbol
sequence. 46. The apparatus accprding to claim45, in which
each one of said plurality of processi ngjneans conprises: 10

means for receiving said group of radio sifgna roduce received signa
sanpl es; _ nmeans for processing s E@ro p of signals to produce
recei ved signal sanples; . nmeans st ing channel taps for
said group of signals to produce channel st mates; 15

nmeans for estimating inpairment correlatign pﬁﬁﬁért es anong the signals
within the group to produce an estinmate of t- correlation

properties; and - nmeans for form ng&branch netrics in a branch
metrics processor usin aid recei ved signal s sanpl es, said channel
tap estinmates, and sai stimate of inpain correl ation

properties. 20
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(57) Abstract

FHQEWBCHON WITH DIFFERENT BEAMS, POLARIZATIONS, AND

. A digiml_ mc}io communication system includes processing to jointly mitigate the deleterions effects of fading, time dispersion and
interference using interference rejection and diversity combining. The system employs a selection processor for preliminarily reducing the
number of_ signals for interference rejection and diversity combining based on one or more criterion. The system accommeodates signals from
dual_ polarszed antennas. In onc particular embodiment, the system performs interference rejection and diversity combining by separating a
received signal into its in-phase and quadrature components.




