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Current Global System for Mobile communications (GSM)
cellular systems have to address the co-channel interference
15 (CCI) on the mobile station (MS) side, as well as address
the DARP requirements. Some single channel structures and
pre-filters have been wused to aid 1in <canceling the
interference and provide some channel impulse response (CIR)
estimation. Moreover, some systems have used maximization of
20 the signal-to~interference to design jointly a single
channel space-time filter and the CIR estimation for a
single channel. Other systems have used a constrained
minimization of the mean-square error to design a single
channel space filter. Other systems have used a single
25 channel space filter that is designed by a rank-one
approximation of the ML channel estimation. The target
applications for these systems have been a base station
where a physical antenna array including a plurality of
antennas 1is available.
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2 WO 2007/ 019666 PCT/ CA2006/ 000855 Brief Description of the Draw ngs
Various objects, features and advantages will|l becone apparent fromthe
foll owi ng detail ed description when considered in |light of the
acconpanyWgotfroaffiongs, in which: 5 FIG 1 is a bl ock di B§T&NH2646/080858i nt
Space-Tinme Optimum Filter based Downlink Advanced Receiver Performance
(DARP) capabl e receiver in accordance with an enbodi nent of the
invention; FIG 2 is BrilefeDdetaipedonl ofktheaDrawingst he Joint 10
Space-Tinme Optinmum Filter and Mil ti-Channel, Matched Fil ter.q_ shown in FIG
1; FIG 2A i $281BP8cIORA &g m dreat Yrsthod™Pn 3R RARE "Whitth PRECPT esent
| nvent i gpy aFLGe 369 WRPh $8OWLRUnGhe akeiat eSpaces Ji w1 Miphed 5
Filter §2d DARP capabl e recei ver performance for various DARP test
cases; EbGsideirsdaigraphhshowi et hecyoranySpac eravwandept PRuMmniFNIt er

recei ver per mance _i n cordance. w n IOV 1O k
additive whi %EEGa?Is%isar? %g‘loscek ?a;\m% h%h%o%gﬁgdé%%% g%éwa?ﬁ%%%an
aut o- swrt cheng igad egywnELok Rdwarcet apbcshowirnPdifeo chaimte SPRERP i me
Optimum Filter recejver performance in accqordance with the present
i nvent i 6APAPLE DISESLVRbrpdr e8CHPTA2ERE WtHOUA autBROLWEehi 7% 2B8°FIG 6
is a grapberenparing the performance of single wth nultiple Viterbi
equal i zers 1 n accordance with the present invention, using 8-bit SD
limter in tR&Gsi il &si en;n¢Y&S dgtiag legdgrEsrishdhpragamhe Ipditior dante of
Joi.nt ace- Ti.me ot.i.num FLl Recei n i t ¢ 30 in
R S e
shown in FIG. 1;

FIG. 2A is a block diagram of a method in accordance
with the present invention;
FIG. 3 is a graph showing the Joint Space-Time Optimum

15 Filter based DARP capable receiver performance for various
DARP test cases;

FIG. 4 is a graph showing the Joint Space-Time Optimum
Filter receiver performance in accordance with the present
invention with additive white Gaussian noise (AWGN) ,

20 compared with and without an auto-switching strategy;

FIG. 5 is a graph showing the Joint Space-Time Optimum
Filter receiver performance in accordance with the present
invention with DTS-5, compared with and without auto-
switching;

25 FIG. 6 is a graph comparing the performance of single
with multiple Viterbi equalizers in accordance with the
present invention, using 8-bit SD limiter in the simulation;

FIG. 7 is a graph showing the performance of Joint
Space-Time Optimum Filter Receiver and a modified test case

30 in accordance with the present invention;

FIG. 8 is a schematic block diagram of an exemplary
model wireless communication device that can be used in

accordance with one embodiment of the present invention; and



FIG 8 is a schematic block diagram of an exenplary nodel wreless
communi cation device that can be used in accordance with one enbodi nent of
the present invention; and 3 WD 2007/019666 PCT/ CA2006/000855 FIG 9 is a

tabl e conp@rPPH@1%® t hree approaches for performi ng ChoPeVkP200680083%q svD
conputations in accordance wth the present invention. 5 Detailed

Descri ption oé éhe Preferred Enbodi nents Several non-limting enbodi ments
wi Il now be dES@riBed S nBr & a9 yCHBPRE HAFt &hewi threef apBReachest Heor

acconpanyd Ao r Al Ay BES1esRyWigRN P&{ esv8d -5RBAHI e showy, Hese
enbodi rrerwn_t S rray,ﬁ%nomeve?, _ ge é%bodi ed ?n rrgngpg??gggéﬁt %ifo afséc%:ro\rg:;iaélr?& shoul d
not be cohthriee Bsesemit baventide. enbodi nents set forth herein. Rather,

t hese enbodi nents are provided so that this disclosure will be thorough

and conplete, and will fully convey the scope to those skilled in the
art. 5SLi ke nummiﬁéméaiiﬁ@'a{wmm Byl Enbodxbdild M notation
is used to indicate simlar elenments 1n alternative enbodrnents. In
accordance witH' ol eRBBat ABAL 1NBo - SERLFHBEN tENtvEr Y lor Rpi¢ ePe COe)s caribadnobi | e
station fMR $ida i Mére CHEFEOE Giabal or. MpjLe ~

48 | Nhé&re £ 194 réyéféﬂ%é t MOP L ﬁ%ﬁ?%%@nyé&girenﬁnt

comuni cations syStem 20 is addressed, as well as thé co
of a DoWwawikgAdvanc edh Rele eipwerf eRPereidor erainodi (OMNRP) asteanslaswh by Thielke Thi rd

Gener at i hi roject (3GPP). The invention may generally be
sunmar i z%gong{r%%ﬁ%v\s”%& vr\ﬁorweelvgﬁ céﬁmﬁ?‘%ﬁ?f%ﬂs Jd?evi"}f’yé‘ﬁra?lifr‘f@lrﬁéé a
Wi rébessfobs t ramsm shenlandnat W bel egsnseegbMer asMonenpakli cybar kye the
W rel ess recgi verqn]a include a filter for reduci ng co- channel

i nt e_rfer%m:% et eEoﬁﬁﬁﬁPcéﬁr&%@-r&%Wr. Ypese f pnbedimept s nelrede a
nul ti - chawmel qe$Pacse- il fidHi® disclosure will be thorough and

complete, and will fully convey the scope to those skilled
in the art. Like numbers refer to like elements throughout,

15 and prime notation is used to indicate similar elements in
alternative embodiments.

In accordance with one embodiment, Co-Channel
Interference (CCI) on a mobile station (MS) side in a
current Global System for Mobile (GSM) communications system

20 1s addressed, as well as the compliant regquirement of a
Downlink Advanced Receiver Performance (DARP) standard by
the Third Generation Partnership Project (3GPP).

The invention may generally be summarized as follows. A
wireless communications device may include a wireless

25 transmitter and a wireless receiver. More particularly, the
wireless receiver may include a filter for reducing co-
channel interference within a communications receiver. The
filter may include a multi-channel, space-time filter
circuit that filters n signal parts that have been split

30 from a communications signal by jointly estimating space-
time filter weights and multi-channel impulse responses
(CIRs). The filter may further include a multi-channel,

matched filter circuit that receives multi-channel signals
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circuit that filters n signal parts that have been split 30 froma
communi cations signal by jointly estimating space- tine filter weights and

mul ti ‘ChE{;OGQ{)mi/JIP&{;SG responses (CIRs). The filter may Eh‘fdb{%%&d{)f&%.“de a

mul ti-channél,” "matched filter circuit that receives nulti-channel signals
4 WD 2007/ 019666 PCT/ CA2006/ 000855 fromthe multi-channel, space-tine
filter circuit and has a filter response that is provided by a channel
i mpul se fraspongemesEinabpBReLr oFPERE $p8Ce-fti e | F1BEUEY r 8DFt hapn one

aspect, {. ltj- l’}ﬁﬁ?c -1 P4 Cig eyl dmy | a
pl urali tf;/ﬁg;fe@rrulﬁ %I I er ant el :ly§ ﬁ{‘}uﬁ{dt hbgﬁ eagch&%aecel vqudptsﬂlﬁgr?al
parts. Tespande pdsteimataiwh det@y tche cipd se Maymdef Dpeeat ¢ vechased on

space-tinme filter weights. Mire partjcularly, iwo multipljer circuits
connected i n Par A%l 2 ﬁ’&cé'dngﬁ cri“r‘wt&’rfglé%%ﬂ% t ePRY T HE D | Yof one

of the multdpld emaGi r ¢HEl sd8BYa bgused f10f eaFChmustgpak epardind Ealay
mul tiplier and delay circuit may have about a one synbol delay. A joint
opti mal dijqwitsweitfhts earh EhRaRAEER 5t BAENEL AAX e opBratiWdiipli®mmect ed

to the multi- nel, e-11i ilter circuit receive traini 15
sequencean(érS)desC,l%%o?LsLrg;ﬁ\lg@%i n%léngeu%\écero &r%tt)}% at 833%8 cgfgnes a‘t"\tgee stgén(r:ég-ti me
filter weilgidis Wwedghhe.mMdde charnékbplaspgce-tvwarembilttiplierr cuidtcuiAssunmer

circuit may sumdata fromthe nultipljier and delay circuits for each
Channel COMSEb FoePacAldtis T DoobIerats vl & HOPRSSHIFE | Cenamrol . 20
mat ghed fridderoei scdlibs The hhhysplabed erbadiahhy BeFhGed RI0WLEs a
mul ti- channel pre-filter that is operable for canceling interference and
provi di rigi Ihahnaladtnpubsehr espbhsel {€F Randsdedwti osiagapti viedy dedre
ggtn' |m|a|m| I'ontgthge)l( gérlg L%bﬁ%lgéglg?/? A2 5548 £ ML rGIMRNEYS JA PRE and
channel estimator may be operatively connected to the multi-
channel, space-time filter circuit and receive training
15 sequence (TS) symbols and timing uncertainty data and
generate space-time filter weights for the multi-channel,
space-time filter circuit. A summer circuit may sum data
from the multiplier and delay circuits for each channel. An
equalizer circuit may be operative with the multi-channel,
20 matched filter circuit.

The i1llustrated embodiment in FIG. 1 provides a multi-
channel pre-filter that is operable for canceling
interference and providing channel impulse response (CIR)
estimation adaptively and optimally. The pre-filter can use

25 two major components in one non-limiting example: (1) a
multiple-input-multiple-output (MIMO) based Joint Space-Time
Optimum Filter (JSTOF); and (2) a multiple-input-single-
output (MISO) based multi-channel matched filter. In a
typical mobile station using a single available antenna, a

30 virtual antenna array can be configured internally by the
combination of over sampling and the separation of real and
imaginary parts that receive samples, as will be appreciated

by those skilled in the art.



mul ti pl e-input-nmultiple-output (MM) based Joint Space-Tinme Optinum
Filter (JSTOF); and (2) a multiple-input-single- output (MSO based

mul ti - chageplpffifogdsed filter. In a typical nobile statigoq using a.single
avai | abl e antenna, a 30 virtual antenna array can be configured rntérnally

by the conbination of over sanpling and the separation of real and
imagi nary parts that receive sanples, as will be appreciated by those
skilled in tR8 aPRe 5NN 2007EHBI666MPEHLTARDO6/ B008E%Nal n B ndH4 i niti ng

enbodi Mgyt .3, SLRahall APe 4 Il AMENNARTE Al S d &4 0 e, JSTOR,

r
where the optimum wei ghts Por the%i/l ased int'erterence ca ing filter
are eswedghed. fAr tthe IHVMO-tHased tihdenfldierctmnreeicddl iRgy foirl tdre d&ralesired

signal are,joint] stimated. The output of .the JST allows the
in?erfe?éﬁ&t‘afCSdeAﬁ 14 AR d f%ﬁ'tggﬁ Mgl §&- 58888 SRS HaHn diP$rat ched

filter. gdBerkhl teigrespanse Jofinkhe natehadrLilt efnd S Rit@vitdedebyridhe CI R
estimation from_ the JSTCF. fo The output of the multi-channel nmatched
filter gas9fs aklows Viher Bnteqigreree Wit cher didiesecharndt éedsymbal

interfe e ) .pravi f.t ISl f further rocessing. A
single @Egﬁngégggsfﬁgg& F@ébﬁ%@d %;Fcthhgc %&&%%i'zg[;heca%l%ee% oLEenseDaorbsye a
conbi nabifonhef rateheadn\fdllved 1is @ ifdecambhet KESTOR &3t Sudieodd idd®k can
al so aut omat.| %Iy switch to the conventional or standard filter in the
convent Fgﬁa95&§ eiver in any AWGN dom nant cases and switch back to the

JSH@F- based raeeidBiputh @AY thlt efflrenag n Ao AaPEnEASeY 1t Sasses
auto-switching capability reduces the 20 loss in AWSN dom nant cases. An

exanmpl et8f ehe Vprerbill t eéqugrl lizerer fdvigice namvoms ng-hef i | irdre f-oynibvel
JSTCF'b?ﬁ%gr%@gegégp'ﬁﬁﬁﬂblgnéeg?%¥§6é§ssoft decisions for further
processing. A single channel response required by the
equalizer can be formed by a combination of the convolved
15 CIRs from the JSTOF. This pre-filter can also automatically
switch to the conventional or standard filter in the
conventional receiver in any AWGN dominant cases and switch
back to the JSTOF-based receiver in any interference
dominant cases. This auto-switching capability reduces the

20 loss in AWGN dominant cases.

An example of the pre-filter or interference canceling
filter for the JSTOF-based and DARP-capable receiver is
shown at 10 in FIG. 1, in which the oversampling ratio is 2
and the number of the virtual antennas is 4 (M = 4), as also

25 indicated by X;(k) through X,(k). Throughout this description
the pre-filter 10 can be referred to as the interference
canceling filter or JSTOF filter, and acts as a pre-filter
in a DARP compliant receiver. A receiver incorporating this
filter 10 could be described as a JSTOF receiver as is shown

30 by the dashed line at 11 in FIG. 1.

FIG. 1 shows examples of the various circuit blocks
used for the filter 10. An input signal is received into a

derotation circuit 12. The derotated output signal is split,

6



shown at 10 in FIG 1, in which the oversanpling ratio is 2 and the nunber
of the virtual antennas is 4 (M= 4), as also 25 indi cated by X1(k) through

X4 (k). H@??@%ﬁﬁ%@t his description the pre-filter ?’%E/ Jﬁ)foﬁ"srited to

as the i canceling filter or JSTO:fllter PeTmATSy
pre-filter in a DARP conpliant receiver. A receiver i ncorporatl ng this
filter 10 could be described as a JSTOF receiver as is showmn 30 by the
dashed Vihk & RArFHOF Gasflngl GnEO sPovis &l s 08 & hEORUPNBES R rcui t

bl ocks r r 1i NRKLe l is8qresel Y oy
derotatt %ﬁgg?’?guf*bg?z l%d er ot g?ed out péu{t g'i's\i@gna is spli &t;iu % 2
2007/ OlﬁﬁﬁﬁhBGT/KiAJZtm)ﬁ/ CDGO%ﬁd Al tdrcesq&mdnmiqcram ngiratidota ZQ | tbat 14 of a

conventional receiver that includes a 2:1 sw Lﬁ1 16,Fﬁn?L ane@gt pg'g into a
mat chedT £FPEERS1E NG &P oggabﬁ%?‘él a‘r‘telqb’r‘r’n&erc yPR&t-S v
shorg engg; Lkl NigG Sesperss1 d TS aYnbel swithdizigl sesyedichcAé6 ks10p8erabl e
to allow switching between the filter 14 and the JSTOF-based and

DARP- capdbkadptéef VSTOF -besefhangt RARPpeariabd eoP retd idiepulOsi gnal from t he
derotati on cirf“cw tot}]Z i sfs&ltl tOn nto% eviglL SacB(P&&? angll&qlgl sggg}nestgg part
i a 2 1 o]

of the virtual “antenna Split again reaf and i rmagi nary
si gnal sdeeotatiohhec tespect 12e 2 ( ksplitthr bogh )édg(eln) sampnem gimad soddto a
JSTOF circuit 30, also referred to as.a nulti- nnel cetlrrefllter

Ci r cui t SAMPLeEShGTR dPBEL nGed Rhat LAtYRt tfaﬂteem’taen 4 &Hrda nt 2B8&8  not
be 1ysed; hRoalde . amMe e $inathAtsignatherdi Eben %ﬁe”&%s%@cQ@v%SQQ(QQr

filtering signals di rectly fromone or nore physical (i.e., real
ant ennashrough a%s (ki alfpmlagess}lﬁimﬁtls kY g a( PSKCRppliireatitomQe. §150BPSK) ,

Lo TX R LE c QURBI THONEL Sl gLl e JRTEE Ghout hy Al Basegd:into 2

mul ti-ch filter crrcuit I'ts
It should be noted that a virtual antenna arrangement need

not be used in all embodiments. That is, the filter 18 may

15 be used for filtering signals directly from one or more

physical (i.e., real) antennas, such as in a phase shift

keying (PSK) application (e.g., 8PSK), for example. The

output signals from the JSTOF circuit are passed into a

multi-channel matched £filter circuit 32, and its output

20 signal is passed into a rescaling circuit 34 and then into a

multiplexer circuit 36 as data (d;). The multiplexer circuit

36 also receives a channel (c1) response. When the

conventional filter 14 1is connected, the multiplexer 36

receives the data (d;) and channel (c;) response from the

25 matched filter circuit 18 and cross-correlation circuit 20.

Signals are passed into a Viterbi equalizer 38 as a soft
decision output.

Further details of the JSTOF and the multi-channel

matched filters are shown in FIG. 2, where the number of

30 time-delayed samples used in the JSTOF circuit is 2 (N = 2).

The various inputs X;(k) through X,(k) are received into the

JSTOF, which is shown in greater detail. The JSTOF circuit

30 includes channelized multipliers, also termed mixers 40,



20 signal is passed into a rescaling circuit 34 and then into a
mul tiplexer circuit 36 as data (dl). The nmultiplexer circuit 36 also

receives (cl) response. Wien the conventiona i is
connect ed, ?E@Mrru6gi pl exer 36 receives the data (d2) ahgi‘)gﬁ%ﬁfg/gﬁ&gbz)

response fromthe 25 matched filter circuit 18 and cross-correl ation
circuit,20. i gnal s ,are, passed into a Viterhi, equalizer ,38 as sof t
decisioﬁgpugﬁgﬁg R Ferd ¢?8§I§ugpefﬁe4éfﬁék%§hi%ﬂ@uﬁuﬁpipcﬂgaﬁé—

mat chedefah4 &1 Smatenshown 1ite rsl @8 Zomhesentbe aHBbeLuef i13Qdtire-«del ayed
sanples used in the JSTOF circuit is 2 (N = 2). The various inputs X1 (k)

t hr oughch@iikgl ar e anglce$ ¥@a 1 fit § roFe tRISTORELCRRHCH § EsstfowA LB n Rfysesacer

detail .. S Lregit .ncl h | ol td pl i er o terned
mxers S 3 0830677810808 BeT CRIIDEI0008GE " 57 ey i T and
sumser sedbimahdch icipatiiitnt B2arul tecethasnelTSmatsymaob s | t end 4& ifdmgeach of
the four illustrated, ch%pnels, an sign%ls fromthe matched filters are
passed YRREBEAIRENMS! B 5A FQi RECGHEEMIRNG | FESENNEi giffesrlandSefarfdl 5

estimat ghe Chigdtt 5@, rggei ves TS synbols and timng uncertainty signals to
produce the weights (WOPT) used for the mxers 40, 42. It thus is possible
as descri bedIlto thusegrat eoaspbée fad t@es¢uheed ofoi nintegooie eat itoeal GSM

recei veg. ddj 1 e-filter b allel . a,conv i_ona
oy chodt 1 1Ye Br T al8cBan OnbbRa LohpliBACE Bl e v P e B &
Vi 1@r bipegual lzer BB8aeah lparusdadlwitidioat cohaageiohalomatabed |fiimMitdmg

exanpl e, an jntegrated_DARP-capahl e receiver, has been tested agai nst DARP

test cad®s BYOERnutttioHE: whi chDS iGRIVERECHHar SHE oGNS des

1.6 dB {p-6rQi dByHRI 9b8r 9¥ekan BReGkkhedipacher MRAGGe. N el orthe frane
error
limiting example, an integrated DARP-capable receiver has

been tested against DARP test cases by simulations, which

15 1indicates that the receiver provides 1.6 dB to 6.9 dB margin

over a specified performance in terms of the frame error
rate (FER) for one of the AMR speech channels.

FIG. 2a 1is a flow chart 1illustrating a high-level

method associated with the described system in which the

20 wvarious steps are shown as non-limiting examples. The

various steps begin with the 100 series reference numerals.

The incoming communications signal is derotated (Block 100)

and passed into the wvirtual antenna. The communications

signal is split into even and odd samples (Block 102), and

25 each even and odd sample is then split into real and

imaginary signal parts (Block 104). The communications

signals from the virtual antenna are passed into the JSTOF

circuit, where the communications signals are multiplied and

delayed (Block 106) and then summed (Block 108), all as part

30 of a first multiple-in, multiple-out (MIMO) Joint Space Time

Optimum Filter (JSTOF). After summing, summed signals are

passed into the multi-channel, multiple-input single-output

(MISO) matched filter circuit (Block 110) and then summed



rate (FER) for one of the AVR speech channels. FIG 2a is a flow chart
illustrating a high-level nethod associated with the described systemin

whi ch thQNR%QN%ﬁ&%EUS steps are shown as non-limting e§%thsamﬂ$&%5various
W

st eps begi e 100 series reference nunerals. The incom ng
comuni cations signal is derotated (Block 100) and passed into the virtual
antenna. The communications signal is split into even and odd sanpl es

(Bl ock 1B3pCkantt2h &dth B¢EfS&nd2ddd s&ipresi sCtherfsPlat iAnte rebe and
| magi nagy rsi-gRale PArtsS, d Bl ¢akolR4)114hhe; gogmyRICal | B Zdegﬁgéi%xi rom the

virtual antenna are passed into the JSTOF circuit,
conmmuni matlieori8lecgnadlé)are nultiplied and delayed (Bl ock 106) and then

sunmred (Bl ock 108), all as rt 30 of a.first.nultjplesin, multip]e-out
(MND) ot nt {Epache i haoR ol HfunPRrarar LPASTER SuRF L A2 schim FGS: Sl

si gl swats GPRES@ddunke dde igidlis drangle fMEqhdhEy | OPpiesi PgL€- oyt put
(MSO matched filter circuit (Block 110) and then sunmed 8 WD 2007/019666

PCT/ CA2B8600d855 aY BFb2Ra 11Dy BAATPESSed Bafoaesiatyl edowetat il theo the
Jterb segiah! 286nlBLORK: 1d) 10 WohoRi2 Sehy dBRied ol FRdR (BLOCK

116). I n Operation, the derotation circuit IS operable Wi
nodul at edgskednatensred tdtei dr eqaeonysofsfteetict,hat . ¢ s, payt ofmiddist signal i ng

protocol. Before any derotation, the _signal .constellation is dynam c and
after d£V8%8P?$H { C%ﬁtdﬁgfxgdﬂét IIaPPoﬁ%QeCOﬁE§S$t%¥TQQl?.E?gaEﬁQ
Synizol star @ hokypitedl b ieancentiial, et 1N duands a1 Wedh synbpeLscQt gked 10
to those two points. Thus, the GWSK signal can be treated as a typical

bi nary phaePsfpit REyany (BESK sihyiddl . kevdnader(BE&K)onsagnehe fFbat end
et s eadbebratEBande Odthe SAFRLARISend A T elpeietly PBCRYSCafl 58
samplings, which 1is useful because of the over-sampling
rate. For example, in a conventional receiver, this is
15 typically at the rate of 1, i.e., one sample per symbol.

The virtual antenna 24 can increase the sampling rate
to two samples per symbol in a serial manner coming from the
baseband filter to form two separate channels of even and
odd. Before this process, the odd/even samples were serially

20 interleaved. These signals are then further split into the
real and imaginary signal parts to form the four independent
channels of the virtual antenna. It should be noted that in
some embodiments other numbers of virtual antennas/channels
may be used (e.g., one or more), as will be appreciated by

25 those skilled in the art.

As best shown in FIG. 2, these signals are then passed
into the multiplier 40,42 and unit delay circuits 44, e.qg.,
a one symbol delay, and thus the signal is processed with a
multiply and delay, followed by a multiply operation as

30 evident by the two multipliers 40, 42 and one delay circuit
44. This operation is followed by a summation in summer 46
as illustrated. This portion of the system is operable as a

multi-channel, two-dimensional filter. One dimension occurs



rate. For exanple, in a conventional receiver, this is 15 typically at the
rate of 1, i.e., one sanple per synbol. The virtual antenna 24 can increase
7

t he sanpl‘,tag(g;fﬁ,?%“to two sanpl es per synbol in a seri a{,cﬁggﬁg)%mg@gg ng from

the baseban ter to formtw separate channels of even a d. Before
this process, the odd/even sanples were serially 20 interl eaved. These
signals are then further split into the real and imaginary signal parts to

form t Heesduse | fepdifentdel@and® stéret ngndi ratRiheht hifEngosndd d be
not ed tfat i, cSQ reBROJIERNt S, SLNer NUBbessHof Virgual antennas/ghannel s
2 !

may be uséd (e.g., one or nore), as will be appreciated by 25 those

ski |l | eddimenhiocnr as Atepesibahonandi G tRe thesed gl snar €orhera passed
into the nultiplier.40,42 and unit delay circuits 44, e.g., a one synbol
del ay, %%C?ﬁtgm?hrél&%ﬁal is processed with a multiply and del ay,

fol lsowed by atmuliti plexaperat i @acRs 3@cewidgnt dayrddie tiw mukkiypl isers 40,
42 and one delay circuit 44. This operation is followed by a summtion in
summer 290]@RCTIPstYEted. OtTHis FORINEASof 2hd JYstieiR}sehperd@sled vas a

mul ti-ch - di Si l, fd ' i s c

2007/ o%%%ﬁt%%%oog’?%o&%ggt b%é:%ﬁiael ?Q%Eégggféal%t%ct?{lré aCLr%1 anot her
di rensi batisatont rSjucdhef r waighesviconalg aftremmathe. eJoimt sEattialal

di i d i bed d.th h i i f -t
R e e

ot her chanpepsieadd nultipliers receive weights fromthe Joint Optimal
Filter Weights and Channel Estimator 52. The weights comng fromthe Joint
Optimal  Fi |l Tee veightsangeChaAfePNESt Kndt Slmspsiraagdagedd iknti® e 10

nU|tip|$§ﬁ§limiting example, i.e., 32 weights. As to the training

sequence symbols input into the Joint Optimal Filter Weights

and Channel Estimator 52, there are typically in some non-

15 limiting examples about 26 known symbols and it is known

which training sequence a packet contains. A +/-3 or seven

positions search in a non-limiting example can be used to

find the timing. The impulse response of the multi-channel

matched filter (hgte) <can be used such that the system

20 matches the channel response and makes the signal stronger
after the matched filter.

As shown in FIG. 1, rescaling can occur as a hardware
or software convenience, although it is not required. This
rescaling circuit 34 allows greater operation for a 4-bit or

25 5-bit input as a non-limiting example to the Viterbi
equalizer 38. The dynamic range of the signal can be
readjusted such that the signal can be sent into a 4-bit or
5-bit circuit.

As noted before, the multiplexer 36 can take the

30 signals d; and c¢; for the data and channel response from the
conventional filter receiver 14 or the signals d; and c¢; for
the data and channel response from the JSTOF receiver 10 to

allow a switch-over between the two. The JSTOF receiver will

10



The weights are also an 8 x 4 dinmensional matrix in one non-limting
exanple, i.e., 32 weights. As to the training sequence synbols input into

t he Joi n%v@%&%%“gi |ter Weights and Channel Esti natorpé%ﬁcAEE%rogosgge _
0

typically in sonme non 15 limting exanpl es about 26 known sy s and it is
known which training sequence a packet contains. A +/-3 or seven

positions search in a non-limting exanple can be used to  find the timng.
The i npiseO#@SPOASBEOl ASiFe Il EheehahfenO ARLERESENCEer YHfops)Itsh be
used sugch..t hat .t he em h h h I S&- AN, t he

si gnal uélflf%ngé%kgap?ér%%t'heﬁpm%%dgéf%t EPQ %s%%glﬁg\}\ﬁ%i%%qF%G 1,%2& i ng
can occoanabea dmrdwan@d wollsoefankaradepmieni encgo, althkouglhrduitiss et

required. . Thijs .rescaling ¢ircuit 34 allo greater oper.ation foy a 4-bit
or 25 53Bitc npﬁ’tacz% at‘ﬁon?'herri t?%veém\,%togﬁwgefﬁ té’rl%ithouéqua{?szser 38.
The sdyngft 6063888 Obyt hensi grRocan- e i vegadjaust edesuchitbattshe shgnal can

be sent into a 4-bit or 5-bit circuit. As noted before, the nultiplexer 36
can t akewihehiBg siynkksed2 @mnd td2 foftinet Hak a dndtBRanmdiRovespbhis® from

the co tion filLerqy i ver 14,01y the si Sndll g and pel ) he data
and cha%%‘g?mfésgﬂofnsléh%r oci‘ntﬁe %/)g'r&]% re%:e(lS vef 1% to ajf ‘ow a%sw% c ?Jcl)ver
bet weendé¢herthiwesTheed8TOB nedeaileerintiddferk A0 ROD A4 9666er ference

PCT/ CA2006/ 000855 i ntrod | if, th [ i nt i.e.,
Just  paFBCRALEE Rl S | HOTARS "E5Ea Ve Conieit FBAMTFBcel UGS 14 "ean be

used angdi Wbk war kdesiraieltyiorol tbEeLVEEULRS iganiseaMEEhshaekningt he
conventional filter without Ioss 5 introduced by the JSTOF receiver and its
circuitsheThel switehi h§-is based on the estimation of the SI NROUT ninus

SINRINP. 1T phe quantify i b@fz@%@léhri%hgggm tﬂ?rr@/r?é €qystems and

other systems. This type of system also allows the signal-
to-noise ratio to be improved and the bit error rate (BER)
15 to be improved. This could impact top level protocols and
phone calls and other communications matters for use with
these circuits.
The multi-channel structure of the JSTOF-based filter
10 is used in one embodiment, and the MIMO-based JSTOF
20 circuit 30 provides a space-time filter weight and channel
estimations that are different from prior art solutions.
This circuit provides the ability to combat the interference
efficiently for both synchronous and asynchronous
interferences and yield high performance. Some simulations
25 have shown that none of the solutions in some prior art
techniques provide the required performance against the DARP
test cases.
This MISO-based multi-channel matched filter circuit 32
is a feature that improves the overall error rate
30 performance and reduces the complexity of the equalizer by
avoiding multi-channel Viterbi equalizers. The built-in
automatic switching between JSTOF-based and conventional

receivers reduce the loss in AWGN cases.

11



determnes there is little interference and the interference canceling of
the JSTOF receiver is not required. Thus, the 10 filter of the conventi onal

recei ver o4 h/H&QE by switching the 2:1 switch 16. ThecgidaSslsloodsss
operable in beamform ng systens and other systens. This type o? system

also allows the signal- to-noise ratio to be inproved and the bit error

rate (BER) 15 to i mproved. This could inpact top |evel protocols and
phone call s Hdt@%ﬁ& nﬁ%ﬁﬁhﬁ?ﬁaﬁt&h@%ﬁser%aﬁ oPeUSESEM t BN tavdRY checuits.

The mul teethanngl SpHaHSt ULR BF Achend STOF-has i i .1n one
enbodi nent, and the M M> gaggollrJST&: 20 ci rgﬁ?%ééggé?%%?degagéggé%%-ti me

filter WeitghedanHiéhannel I@E) meeinongsehatn aesadpltereht threonmvpetoalart

solutio is circuyjt .Qvi des_t he abili t.0 conpat the interference

effici e%?ﬁtf“}‘%r both slgfr?ccﬁ{lg)r%ﬂs %‘ﬁ% agﬂfﬁg}ﬁ%ﬁ'&u@ {Tﬁ?erfcé?‘é%?ctes SR8 yiel d

hi ghS perifharerfeecencianeTsemud atdwits 2% havesshows tdhat tpenecof 1 hheise! utions

in some prior ar techniquei Erovide t he required performance agai nst the
a

DARP t E$tO¢8s&y. Tt sSChASer badBRUAERt ResRandel (Rdfdherf fihe edesiredit 32
is a featign@ithai iRMAVescHLO8uONEIGL! D)0 sl &g %H) {£§%98985n€§?erbi

reduces the conplexity of the equalizer by avoiding “mu anne
equal i zéPg. thige Buiilqus rtesutaamsd ¢ Twi addhi igorhetawetgine JGTEF: based and

convent i l...recei\ver ce the l.oss in AVWGN cases. 11 2007/ 019666
pT CroboRPasEs L F el RENFERblS o nsteares e TS¥a By BREY o
meet0 t heoBARR artdguiare ISl e At Y Nt evH EveacenCancrlimg tikt ehrd J1 | Ler
(ICVMF) can use an exanple of the virtual antenna as described and

beanf or AAG L6 E8nbat t he

In one embodiment, the virtual antenna 24 is operable
with adaptive space-time filtering, allowing the Joint
Spatial-Temporal Optimum Filter (JSTOF) circuit 30 to be

15 used. One difference from the ICMF is that the spatial-
temporal filter weights used to suppress the interference
and the CIR estimation of the desired signal are jointly
estimated and optimized in the JSTOF while the two are
separately estimated in an ICMF. The JSTOF circuit 30 can be

20 a Multiple-Input-Multiple-Output (MIMO) circuit that takes
advantage of the rank deficiency nature of the desired CIR
matrix in the space-time setup. Simulations have shown a
satisfactory performance for the various DARP test cases.,
Computational load is deemed acceptable given that fixed-

25 point Cholesky factorization and EVD/SVD are feasible.

This method has some simplicity and low computational
complexity. It is also robust because the system makes few
assumptions about the source of the interference. In
addition, the system c¢an continue to use the existing

30 equalizer structure, as the solution is integrated as a pre-
processing step on the input data. This would allow the
system to use the HW equalizer accelerators if available.

In order to support the evaluation of this technique,

12



5 interference. The circuit is sensitive to the estimation errors of the
Channel | nmpul se Response (CIR) of the desired signal. A Joint Denodul ation

(JD) showgzgﬂ%g%ggrfornance for the various test casegcy dlﬁ@(ﬂf%&éi?n to
y

the difficul combating the asynchronous int erferers ere may be
heavy 10 conputational conplexity involved in finding the CIR of an

interferer. In one enbodj ment, the virtual ant? g IS OP able wth
adapt i vEN8pat¥sthe ¥5YSkr ithdChal ESHHy FRESIoi HE‘ pat 8= é’i’gﬂﬁor‘éﬁ‘s Qpt i num
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Ilzer ure utron is integrated
as 1@ pr ehepraeRSSd n@eﬁiﬁ@donstehre ctanpubedatoaiel‘léhi sa:woahd Iatlagw Fheiteystem
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X(6) = s, ; +v(k) = Hs(k) + (k) (1)
{=0

15
where x (k) 1is an Mxl vector representing the output from the
antennas, H is an MxL matrix containing the channel response
for the antenna array, s(k) 1is an Lxl vector for the
corresponding symbols transmitted, and v(k) is an Mxl vector

20 including the AWGN and the interference. The space-time

extension for formula (1) can be obtained by stacking N
time-delayed versions of x(k) into a taller MNx1l vector x(k)

as follows:
25 (k) = [x7 (k). x" (k= 1), x" (k= N + )| = H5(k) + V() , (2)

where H an MNx (L+N-1) matrix is the block Toeplitz version
of H and sk)={syx, Sk-i+ s Sgi1-n+2]T. The samples that
correspond to the training sequence can be collected,

30

= [R(k),x(k +1),--- Xk + p—1D)]=HS + V, (3)
13



extended to support all of the interferer nodel s/scenarios being used by
the 3GPP DARP Specification. There now foll ows a description of the

si mul ati 6o 250 RAbGdee" MaNce for DARP test cases using thepdihofsionbadst It
shoul d be understood that space-tine processing for joint 1nterference
reduction and channel estimation has been used in a base station, where an
array of Mantennas is available. Assum ng that the equival ent channel
response for 10 the single desired user can be nodeled as an L-tap Finite

| npul sewResporse- (Fl R) Lf il ters 2 spapsgh S of, hsqvé i ved seband
signal can bemixpressed as L-1 x(k) :§ ?hfs%?ﬂk%r éi <§§§ Jf fﬁ? (1)
t=o0 15 mmenelmgkﬁengeanewkn(vestan ¥igpp esent 100 am@ sutput fromthe
antennas His an MKL matrix contalnlng t he channel response for the

ant enna larkdy, (K 1ils an: LxF (keRrdt ] f oFs t e d@#Neépapdlugnﬁgh®bisn
transm a I ygetor |nclu t he, AWGN and t he
|ntg$febégg%x %e%g%%égé??ﬁﬁky nS|on2$br For é%?ﬁﬁ Yt bdtE? ned by
st acki ngiNd ta nﬁodﬂt&)i&da\lerlﬁm%s w@flgl%:k)vé@tg&r Ayt afcln.er a ect ﬂf‘—FZ(k)

as fol lows: 25 x(k) = [xT (k), xT (k -1), xT (k - +1‘3%/ s(k) +
v(k) , @2)temheneiFhanohﬁk@hvmbl) mFuxxu&hhhaeQIQﬁkgﬁgﬂgkh{zvg@g§fon of
H and s{k) k, Sk-1, , -L-N+2] T. The sanples that correspond to the
trainin gkfﬁgﬁcet@% t?e1 Hect I xhe x?kktﬂ")t W‘I@@fql)é}rﬁl’rqs+v (3)
13 WO 29@349&9@6%?@/@2@@@&@90@ RSEE B Pizel - (N *531vE Id he

nunber of synbol s of
10 following optlmlzatlon problem:

11‘3'ihn”w7m)—lf—hr“S'”2 . (4)

It can be found that the optimal weight is:
15

-1
wap! = Rx Rxshopl 4 (5)
and the optimal channel estimation h, 1is the eigenvector

corresponding to the minimum " eigenvalue of the matrix

20 R,-RYR'R_, where

R, =XX', (MNXMN) (6)

R,=8'S",  ((L+N-1)x (L+N-1)) and (7)
25

R,=X'S",  ((MN)x (L+N-1)). (8)

Given that the noise plus interference component V in the
space-time model of equation (3) is no longer white but

30 approximately Gaussian distributed with unknown covariance

14



trai ning sequence, X is an Mip matrix, and S=[ ( k) , s (k+1) , ..., s
(k+p-1) | is an (L+N-1) xp convolution 5 matrix of the training synbols.

The j oi nth%dﬁBi[l;é%%i onis to find a non-trivial M1 V‘@EQ)@A%M%%@SSW for a
|

space-tine er and a non-trivial (L+N-1)xlchannel estimation vector h
after the filter such that the output interference residual of the filter
is mnimzed, i.e., to solve the 10 follow ng optim zation problem

m n( IWNedd®ix 2R, (4)thew,dpt imzhnebeihauhdnt fiar the opeinmell Wi gist thses 15
wop, = R-' R;(.vhoi)_, ,_(5) and the optinmal channel estimation hop, is the
ei genvedtarimgpr k 2Epbhiped (YLt heshimahifrei genveal uéSof He M735domo R

-R'RX' RX, ¢, e win & \ 6 RS = S$ST , L+N-1) x (L+N-1
and (7) OfZStPI%:S{%\/%(X ?%ﬂ@éﬁ 61\3/;\0 E’;‘izlen that the noi(ge pl u)s in'gerfer)ealce

conponent V in the space-tinme nodel of equation (3) is no |longer white but
30 approximately Gaussian distribyted with unknown covariance 14 WO
20075019666 PEH,BICU6LMOPSHS— HSltri.x R, the optimal estimationdfor the
channel His the maximumlikelihobd (M) estimation, which is a

m nimzation of the follow ng quantity: 5 e(H R ) =1log~R + ~ X -
HSITRy, . (9) In this_non-limting space-tine nodel, the nunber of the

i ndependBnt WEHENNBPE-L3MALdAYs FRAGS THEME oMos§dal themMamPar PE Jdifal 1y

rank defiﬁégﬂéndén€-chéﬁﬁéiéﬂié 515a9§“£&®% %th or equal to M and H

is usually rank deficient, i.e., rank(H) = r < min(MN, L+N-

10 1) . The rank deficient ML problem can be used for the rank-1
approximation of the space-time filter.

The JSTOF circuit in one embodiment can use a different
approach to find the joint optimum solutions for the filter
weight and the channel estimation. It is possible to find

15 the ML estimation of H. The estimation can be decomposed as

A

H =HH", (10)

where H, (MNxM) is the estimation of the space matrix of H

20 and ﬁ‘((L+N—1)xM) is the estimation of the time matrix of H.

They can be obtained by:

H,=R"*V,,, and (11)

25 il =R_TI (12)
where R,=R!’RY? is the Cholesky factorization and V,,

consists of the M eigenvectors corresponding to the top M
eigenvalues of the matrix D,

30

15



10 1). The rank deficient M. problem can be used for the rank-1
approxi mati on of the space-tine filter. The JSTOF circuit in one enbodi nent

can use qvgizﬁ({%g%ﬁg approach to find the joint opti nun},é/l)sz#ogmgosfg r the

filter welg the channel estimation. It is possible to find 15 the M
estimation of H The estimation can be deconposed as f,' = HSHt' , (10)
where it (MM is the estimation of the space matrix of 'H 20 and
H,((L+I\I-I)x|\/pDi=th’heRe; 4 Rafion-of the time matrix of H  Theyll®n be

obtai ned by: H( = R51/2VvDM, and (11) 25 H =R ,., Ht (12) where RS =
RS/2RH 2 is the Chol esky factorization and VDM consists of the M

ei genvectprs €Okt espandi pget 8 E'ﬁﬁaloﬂe&/%hﬁl gervahdespaket-RemERihinXel, 30 15
WO 2007/ 019666 PCT/ CA2006/ 000855 D -- R NI12Rz R'R~,,R -"7 (13) In a next
step, the@ampts mittadiefhtt¥ or the space-tine filter can be obtained by 5
WOP, = RX'RXSH, , (M\xM (14) and the optimal channel estimation is 10
hop, =W - ft. (M(L+N-1)) (15) opt It is then possible to apply the

opti mal spacegti ogr-'Rilgger in eq iMn (14) to the sanples fromghe antenna
array 24. d ggi’”l gq}hiel”(ﬁft'puts of&ﬂgemfi lter 30 still have M 15mc )annel s,
and it is a MMO system The optinmal channel estimation in equation (15)

can be used for the nulti- channel matched filters 32. The outputs of the
mat ched and the optimal channel estimation is

10 h,, =w,, -H. (Mx (L+N-1) ) (15)

It 1is then possible to apply the optimal space-time
filter in equation (14) to the samples from the antenna
array 24. Clearly the outputs of the filter 30 still have M

15 channels, and it 1is a MIMO system. The optimal channel
estimation 1in equation (15) can be wused for the multi-
channel matched filters 32. The outputs of the matched
filter are then combined (summed up) and rescaled in the
rescaling circuit 34 to the modified desired 1level. The

20 final output is a single~channel sample stream and can be
fed into the Viterbi equalizer 38. Note also that the number
of channel taps after the JSTOF has been changed to L+N-1
comparing to L of the modeled channel taps before the JSTOF.

It was observed by simulations that the JSTOF receiver

25 incurred more that 1 dB loss in the pure AWGN cases compared
to the conventional receiver using the conventional filter.
To reduce the loss, a strategy of automatic switching
between the JSTOF and conventional receivers was developed.
The switching is based on the measurement of the difference

30 of the input and output SINR’s of the JSTOF. When the
difference is Dbelow a predefined threshold the JSTOF

receiver 1s turned off and the conventional receiver is

16



filter are then conbined (summed up) and rescaled in the rescaling circuit
34 to the nodified desired level. The 20 final output is a single-channel
sanple s an be fed into the Viterbi equalize 3k so t hat
t he nunbté&ga@f%gﬂﬁgﬁnel taps after the JSTOF has been chgﬁgﬁbé“%%ﬁ‘iﬁ;l
conparing to L of the nodel ed channel taps before the JSTOF. It was
observed by sinulations that the JSTOF receiver,. 25 incurred nore that 1 dB
| oss in R eRir enAWENRS a3BRUE omfaiRe 2} 0 PEh & ASIVe nEPBRRE €7 e C8CFert ifsi ng

t he convent ] ilteg ;T : , strategy of automatic

Swi t chi n%sg)lbrg%]g/ie%’fr’\ %%eﬁJﬁd%%ﬁeg%ggn%%élgﬁgl (l(rfjbe)c'ei vers was devel oped. The
swtching is based on the neasurenent of the difference 30 of the input and
output SINR' s of the JSTOF. Wen the difference is below a predefined
threshold the JSTOF 1g&¢i ver is tur «gf fyrand the conventional receiver
is 16 WO 2008/NR.9 I“ OO&LOOQ@TR f -—The input SINR can be
easily conput ed once'lih({ﬁ”esttrﬁl&; irdh RBfH H-2RedBndl il equation (10) ~HS, 1Z
SINR tr(HRHT) (16) "np =% ~X-HStt2 - tr(R, tHR H -2Re{RXtHT}) 5 and the
out put SINR can be conputed fromequations (14) and (15) : r 11hOn,S
tr(h. Rh7" ) SINR-ut =l1wl X-h 5f~2 tr(W~, Rxw+the RshT -2Re&rw ,,» RzShp, })
(17) Optampt tba( oLvPrd GiNEhecambpe ecompBted §irpfuSdu@itiemfa ardlay2rén be
set up bYlSihe conbi nati on of oversanpling and the separation of the real
and inmaginary parts as showmn in FIG 1. In accordance with various

enbodi nents, the joint

—2 ' ,
h,,S tr(h) R b7
SINR,,, = ——" n~2= - ,("T ) . (17)
Wl X-h,, S 5OVoRW+ho, R, ~2Re(w R b0, D)

10
On the mobile side, a virtual antenna array can be set up by
the combination of oversampling and the separation of the
real and imaginary parts as shown in FIG. 1.
In accordance with various embodiments, the Jjoint
15 optimum MIMO space-time filter and channel estimation set
forth in eguations (14) and (15) enhances interference
suppression performance. The MISO multi-channel matched
filters 32, which are based on the channel estimation in
equation (15), improve the error rate performance while
20 reducing the complexity of the Viterbi equalizer 38. A
strategy of automatic switching ~ between JSTOF and
conventional receivers reduces the loss in pure AWGN cases.
The JSTOF defined by equations (6)-(17) can be
implemented in different ways 1in terms of numerical
25 stability and computational complexity. The major

differences are the way 1in which the inverse of the

autocorrelation matrix R, is calculated and the way in which

the channel ﬁ is estimated with reduced rank.

One such implementation is a Cholesky decomposition-~

17



15 opti mum M MO space-tine filter and channel estimation set forth in
equations (14) and (15) enhances interference suppression performnce. The

M SO nul tyoGh@Asdss et ched filters 32, which are basedp?@Kﬂaﬁm%Q@ pel
estimation in equation (15), inprove the error rate performance le 20

reduci ng the coaneX|ty of the Viterbi equallzer 38. A strategy of
autonati% swit chin bet ween JSTOF an nventlanal ecei vers reduces the

| oss in urgdAWENaggéé HhECISTOR deffned™y eflidti oh e(6)e%§??vé%%ebe

i mpl emen i; en ternms. of nuperica tabi Lit
conputatird%%é)?ngoglft %&L éf“@ﬁ%r&Q 6 d”}fsggn gnartt%) §B f% ﬁ%}g " the
i nverse efintdae laUtOi?@”@ﬂ:xﬁhé@fhémthéh&(vés §&t oyl ed ed @H@ t@ﬁoY‘@é/k
which the channel His estimated with reduced rank. One such

i mpl enentlatcioopoiss td oGhelkeésky :deconposi tion- 17 WD 2007/ 019666

PCT/ 006/ 000855 based matrix inversion of R and the eigenval ue
deconposition of matrix D in equation (13) Specifically, since Rx is
symetric posigivg gefinite, the Cholesky deconposition exist 18?

=L_,LX . (18) ™D cdan‘be rewitten as 10 D=D,D; , (19) where D, "=LSTR~LXT
(20) 15 It should be noted that the inverse is actually performed with
the square-root of Rs, and the explicit conputation of the inverse nay be
avoi ded By che backewsibbe¢ntasi on. Also, Dis nunerically stable because of
its '

10 D=D,D/, (19)
where

D, =L/RILT. (20)
15
It should be noted that the inverse is actually
performed with the square-root of R,, and the explicit

computation of the inverse may be avoided by the back-

substitution. Also, D 1is numerically stable because of its

20 structure of mutual cancellations. This was verified by

simulations that showed the condition number of D is seldom

greater than 300. This implies the eigenvalue decomposition

on D would not require unduly sophisticated algorithms for

typical applications, as will be appreciated by those

25 skilled in the art. In fact, this approach may potentially

have the least computational complexity of the approaches
outlined herein.

One potential numerical concern is the Cholesky

decomposition on R,, as its condition number may potentially

30 be relatively high, and its positive definite property may

be offset to some degree by round-off errors. Simulations

18



20 structure of nutual cancellations. This was verified by sinulations

t hat showed the condition nunber of Dis seldom greater than 300. This
inplies | ue deconposition on D would not re

sophi st tc‘gﬁégd@ﬁgéé ithnms for typical applications, as \?VIE:F{ 2@‘@#&%@. at ed
by those 25 skilled in the art. In fact, this approach may potentially
have the | east conputational conplexity of the approaches outlined herein.
One pot esthicalednuneoweadr contdertn thket men@idlieskynumdeeonpdsi R onionlBss as
its condition nynber may potentially 30 be relatively high, and its

posi ti ve td@m ikt eeprbpent §onayelEreMesecengréofe SHehr e N?rb’obndhoﬁfld
errors 0 2CT, 0 Q00855 showed, however,
t hat the%lceo di tlworr%%nrlf]ln%erv@ q%g%gﬁq%glscp 4%%1}%18:@( aVen in some extrene
scenari os suclinmasaveoydhngk anfithveay |adlweatater etxmocfn‘trmﬁte,r ertce (BRI
rati os. In accordance wth an al tegnate enbodi nent eco6 osition

inth séjﬁﬁloé‘pﬂ’ﬁﬁﬁllﬁ’w b%h%s%?ir“P aQBWalPhg‘aydlqeec‘fs da%‘al avPeA &fet he

i nverse qg};?t ul | rit_has

t he uni qgjfel%s e%g%%g%%% fO k%% Q%lg&svﬁére %%ség;ntﬁ%l\llirmt 1I:‘LIHX W th
or t hogonaly G@liwms (and R 4 Sfallf L&élm{lkmw UPP&{ad I LABIUL R it X 1T
can be shown t hat 15 RX1 = , (22) and the Din equat i on (13) can

be writt gedompasd tiigmm of equatlon (19) with the D, re-defined by 20 D,
=LSTSQ . (23)

10 X"=QR, (Z21)

where Qis a pxMN matrix with orthogonal columns and R is a

full rank MNxMN upper triangular matrix. It can be shown

that
15
R'=R'R7, (22)
and the D in equation (13) can be written in the form of
equation (19) with the D, re-defined by
20

D, =L78Q. (23)

The reduced rank channel estimation may be performed with
the eigenvalue decomposition on D as in the previous
25 approach, and the optimum filter weight matrix of (14) can

be reduced as
W =R4D{VDM . (24)

30 This approach 1s basically an equivalent version of

Cholesky decomposition in the sample domain since one can

19



The reduced rank channel estimation may be performed with the eigenval ue
deconposition on D as in the previous 25 approach, and the optimumfilter

wei ght nq,;,éiz@g&g%ég 4) can be reduced as wOP, = R-'Di V%ng&/(ﬁ&ghi S

approach T1s | y an equi val ent version of Chol esky deconposition in
t he sanpl e domain since one can 19 WO 2007/019666 PCT/ CA2006/ 000855 show
that R = Ls. It has inproved nunmerical stability at the expense of the R
deconposs$heentbagr daedy, .coipl lexs t ymptoeedi nimgrappl ostantiéiy vt witcehas many
operations for a matrix of given size) and |arger sanple matrix (having 5
appr oxi n&tRFYS8 t Ofes e ma@% r RCIIP A Sdhpl e €BSBtRker €OMPEAxIE2 and

L=5). Ther&4e:i APRE Oaghiesodeserd Hed @howe sbi | haheaubserd P SOommlt ati on of
the triangulfar matri x inverse, although this my be done %y
back- substrixi ons. diurer ngirew t enget 1abganot srmphéd t evatatie: apjracacty, i.e.

the singul ar val ue .deconposition (SVD) approach, the matrix inversion may
be voi%%@r% HF hel hureritR5® &FafAN% f?}&; e ?ﬁr?ﬁé?‘g?ﬁpfé\‘?@dw St %ome
appl i catmens. NIhi snappevpch starts with the SVD on the sanple matrix in

equation (3): 15 XT =UXE, Vx , (25) where WUx is a pxM\ matrix wth
ort hogonal cof Bfm&WoUxaPRT @RCh &M M SEERS§onaPOTRat Bt landr &%u 52 ark ek WN

di agonal S EAEEAT OE T TRAER ™ Stk U5l 0R e R on
(13) stimayhaset hdodor ooyl eqiatdwrst(itditiond.h Dumdfigedhdwy: to yet
10 another alternate approach, i.e., the singular value
decomposition (SVD) approach, the matrix inversion may be
avoided and the numerical stability may be further improved
in some applications. This approach starts with the SVD on
the sample matrix in equation {3):

15
X"=Uuz v’ (25)

xS x Tx f

where U, is a pxMN matrix with orthogonal columns, V_ is an

MNxMN orthogonal matrix and X, is an MNxMN diagonal matrix,

20 X, =diag(o,,:-,04y), with the singular values on its diagonal.

It can be shown that
R'=V I’V (26)

25 The D in equation (13) still has the form of equation (19)
with D, defined by:

D =L7SU,. (27)

30 The channel estimation may be obtained by the SVD on D, and

the filter weight matrix may be written as

20



D, = LsTSUs . (27) 30 The channel estimation may be obtained by the SVD on
D, and the filter weight matrix nay be witten as 20 WO 2007/ 019666

PCT/ CA200640008735¢65W0, =VXEX-D 1, VDT,, (28) where VDM confainsqfhedap M
right singular vectors of Db 5 The SVD in this approach may requirée nore
conputations than the Chol esky and QR deconpositions used in the previous
two approaches. As a conparison of the three approaches outlined above (i
. e. , Cholesky, QR, and SVD), the table in FIG 9 lists the 10

conput ati ons step Qy s‘tqe]TBIfor an exanpl e where M4, N=2 and L=5. To find
the best tini M§wof Yisfe lhiost’, the JSTOF searches a nunber of t§4f)ng

hypot heses and the one corresponding to the m nimum output residual is
chosen as the best timng. The output residual is defined by: 15 e - Ilw
P, X-h -9l 29) Theseangh CESS Ras AV t ragi gns
listed in etzrhe t?é%l {a&%f or g%cr?q{legpot he?i ghgght ﬁ?@@%ﬁt‘%&rﬁ%&g @éowr‘rét rices
from$he ThensBtutivethi g agphppohhesgs wdpngs: shod gt Eympytappendi ngaand

del eti ng col.umn. The updati and the downdatjng al gorithns are

pot ent i altﬁf aéﬁbqr?%%ﬁ)‘f ks Q@oﬁ%%f“pf)ﬁétéﬁ&satuisﬁrﬁjs,l’bn ¢ hBIBV&pPEF| two
conmput at izgppdRatdmy potentially be reduced. 25 Let X(k) represent the
sanple matrix at tinme instant k. It nmay be partitioned fromequation (3)
to X(k) = [z(K®®s K(kompakison(80) th80 thiece Hkndyclixs keay]lin¢l+pbdyE (31)
21

(i.e., Cholesky, QR, and SVD), the table in FIG. 9 lists the
10 computations step by step for an example where M=4, N=2 and
L=5. To find the best timing of the burst, the JSTOF
searches a number of timing hypotheses and the one
corresponding to the minimum output residual is chosen as
the best timing. The output residual is defined by:
15

w! X-n" 8§’

apt opt

e=[ , (29)

The search process basically repeats the operations listed
in the table for each hypothesis, but the input sample

20 matrices from the consecutive timing hypotheses change
slightly by appending and deleting a column. The updating
and the downdating algorithms are potentially applicable to
some of the operations, and the overall computation load may
potentially be reduced.

25 Let X(k) represent the sample matrix at time instant k.

It may be partitioned from equation (3) to
X(0) = [X(h), Xk +1)] , (30)
30 where

X(k+1) =[X(k +1),,X(k + p—1)] . (31)
21



WO 2007/ 019666 PCT/ CA2006/ 000855 The sanple matrix at tine k+1 may be
expressed as X(k+1)=[ X(k+1),z(k+p)]. (32) 5 The autocorrelation matrix at

time k+1yhg rm  RX(k+1) =Rx(k)-x(k)zT(k)+i (k+p)x'$ 10
This is a con(g%bﬁ%f%?on of a rank-1 downdate and a rank-1 upggi()%&)&%k’
hyperbolic rotation-based algorithmfor wupdating/downdating the Chol esky
factorization is set forth in Mtrix Conputations by Golub et al., 3rd
edition, 1996. Anot her applicabl e updat e/ downdate al gorithm di scl osed 15

in Gol ubpg @$mpi§xﬁ\at§lzf{0£tQ;erg@c}?ﬂp%é)%'@éhem&@sé@ based on the Gvens
rotation. OF course, the given approach that should be used in a

particul ar application w Il depend on factors such as avail abl e processing
resour ces, utational conplexity, etc., as will be appreciated by 20
those skill edxl +ihe [¥k + DEGerPappr oaches may al so be used, &&Will also
be a?fprem ated by those skilled in the art. The performance of the JSTOF
based recei ver has been evaluated by Matlab sinul ati ons using an extended

BLER sinné akiiodc8hge Dt i Jhemper axesersifor ki hendSThe basas 25 recei ver can
be set with different aspects. Exanples of values follow 1) The

oversanpling ratio (OSR) of 2 can be selected, which maps to the nunber of
virtual antenpa _of 4 in. thi.s non-limting exanple, and sjfwl ation
shows t hat 30&*?&%%?18‘4@5’6%@2‘%%xggﬁso& Q‘ﬁgﬁ}fi cant perfor e
degradations; 2) A nunber of tenporal del ayed sanples (N) can be selected

as 2. Increasing the nunber, however, does not 22 WO 2007/019666
PCT/10A20061 §00855a combination of a rank-1 downdate and a rank-1

update. One hyperbolic rotation-based algorithm for
updating/downdating the Cholesky factorization is set forth
in Matrix Computations by Golub et al., 3% edition, 1996.
Another applicable update/downdate algorithm disclosed
15 in Golub et ai. text is for QR decomposition, which is based
on the Givens rotation. Of course, the given approach that
should be used in a particular application will depend on
factors such as available processing resources,
computational complexity, etc., as will be appreciated by
20 those skilled in the art. Other approaches may also be used,
as will also be appreciated by those skilled in the art.

The performance of the JSTOF based receiver has been
evaluated by Matlab simulations using an extended BLER
simulation engine. The parameters for the JSTOF based

25 receiver can be set with different aspects. Examples of
values follow:

1) The oversampling ratio (OSR) of 2 can be selected,

which maps to the number of virtual antennas (M) of 4

in this non-limiting example, and simulation shows that

30 reducing the OSR to 1 causes significant performance
degradations;
2) A number of temporal delayed samples (N) can be

selected as 2. Increasing the number, however, does not
22



al ways i nprove the performance; 3) A reduced rank for the channel response
matri x can be selected as M Increasing or decreasing the rank does not

necessark&§2kg2%%¥g the performance. 5 4) An auto-smﬁtc?cgﬁ%§§&ﬂﬁgpgén be

4.75 dB. deci si on out put can be quantized in

Increasing the width to 8 bits can inprove the performance marginally for
DTS-5. Soft decision correction can be enabled. 10 The AMR speech channel,
TCH AFS12. 2 cahwies ubepireve elvel pax £oxmhenger f or mance of the JSTOF in terns

of PER The B OPagaLLon eanditlon [USRKTLY.1g8cME g0 e pasupd o,

t hr oughout the’ si i Ons: SimufPat ron ran

case. 15 The FERse1@fctldie a8caifyernncagaisisly tbe RIdieIsilyy tAkerfganence
(C1) ratio, are shown in the graph of FIG 3. The margins agai nst the

reference perdefsanee Rpeessa el ¥r EMPTP¥e ebhe PeRECFAPNES bel ow. Test JSTOF

Spec. Margin case for e, Tl S against C/1 at FER =
C/| Bt FER = g{)ec.?ﬁdﬁgﬁé@Qﬁgg‘?&t%gg%wgﬁab% o8, 5o 1
DTS-3 7.6 10 2) 4 BTSoft- Ae@i6i6nd oubfHt5 dard 9 1q6ane0zEHe ipers dritance of

the receiver upnder pure AWGN and DTS-5, cases with and wi thout the
aut 0- swi t ohi i§-StP at 4By TFESaRGWES 14" gFapls Y"1 €204 HRE PGt
[eSpeCtlVe'Y-pJPEorﬁ&ﬁééegMné£§EK3¥h§f“3ﬂdQSS bRsSAYGN byogboutgde A8 drat FER

correction can be enabled.

10 The AMR speech channel, TCH-AFS12.2 can be used ¢to
evaluate the performance of the JSTOF in terms of FER. The
propagation condition TU50km/h-1950MHz can be assumed
throughout the simulations. A simulation ran 1000 trials
(blocks) for each case.

15 The FER’s of the receiver, against the carrier-to-
interference (C/I) ratio, are shown in the graph of FIG. 3.
The margins against the reference performance specified are

listed in the table below.

Test JSTOF Spec. Margin of
case performance: performance: JSTOF against
C/I at FER = C/I at FER = Spec., dB
1%, dB 1%, dB
DTS-1 -2.6 4 6.6
DTS-2 7.3 9 1.7
DTS-3 7.6 10 2.4
DTS~-4 -0.9 6 6.9
DTS-5 7.4 9 1.6

20
The performance of the receiver under pure AWGN and DTS-5
cases with and without the auto-switching strategy is shown
in the graphs of FIG. 4 and FIG. 5, respectively. The

strategy reduced the loss in AWGN by about 1 dB (at FER =
23



23 WO 2007/ 019666 PCT/ CA2006/ 000855 10% and incurred little |oss for
DTS-5. The JSTOF receiver can include multiple Viterbi equalizers,

foll ovved channel match filter, which conbin
deci si ons aTZ?Uer t&ﬁg equalizers. Aresult 5 is shown andsgg/%g?oéng?ﬁth

original in the graph of FIG 6. Performance can be evaluated with a
nodi fied test case DIS-5R where the del a}f of the asynchronous interferer
can bel8&nf rgar éBCUTﬁédpé#fiéﬁﬁaﬁ@ésathG DTE->-.and N4 of the burst 10

length is sh Cﬁlﬁegr? Rh. 9L Fl G "T?gm}@agl t?hul'{q gate \é%? Ihe

per formance o ceiver degra wth's vere ay of the
i nt erfeequalIlzerabo@lde&&srd ded aemeﬂveﬁchaynaﬁivmata@ecﬁjsﬂt;eme wisich in
nobi l e wi rel. ess devices deV| ces 15 as cel |l ul ar

Tooe o SpmEnaed; S SRl calet of B s d e b F e FBF Sse ARl bat | ons

device 1Q00shdat nmy b@oxuﬁsﬁledl svifedr t PR dﬁi@ﬂrﬁqd iR the eyagphe bel ow
wth reference to FIG 8. The device 1000 illustratively includes a
housi ngFI%206,. a keypad 1400 and an out put device 1600. The out put 20

dovi ce Shown s . fLSRLRL. 1000, 4 ey 5 PLELEr B0hy A dild - aphige LOD
Ot her types of "ou put “devi ces may a ernative Stz ed - A proce55| ng
devi ce D88O5Rs odrdmd neldewk:ibhay dfnet:}hmuaspgcﬂl%ﬁoaad urﬂ;e&tﬂmle&d &t ween

t he keypad 1400 and di spl.ay 1600. The processing device 1800 controls
the 25 gﬁel‘:&ﬂ Hu&edth %83 LY ITEH6e &S el 1ad Svethal the gpersti on of

t hey grobi ke gdaviiae sHRP, il tiRs tr paef uati omof - &y ONi A decdigy pad
1400 by the user. The housing 1200 may be el ongated vertically, or may

t ake ontbefertBe zaxefmrraidgses ofi néSTRIF ng eslediveirel Peasadieag “Sowly”
structuges), JI9e.keyBad,my LRg! yfe.a-opde sel ection key, or

The above-described receiver may advantageously be used

in mobile wireless devices (e.g., cellular devices) as well

15 as cellular base stations, for example. An example of a

mobile wireless communications device 1000 that may be used

is further described in the example below with reference to

FIG. 8. The device 1000 illustratively includes a housing

1200, a keypad 1400 and an output device 1600. The output

20 device shown 1is a display 1600, which is preferably a full

graphic LCD. Other types of output devices may alternatively

be utilized. A processing device 1800 is contained within

the housing 1200 and is coupled between the keypad 1400 and

the display 1600. The processing device 1800 controls the

25 operation of the display 1600, as well as the overall

operation of the mobile device 1000, 1in response to
actuation of keys on the keypad 1400 by the user.

The housing 1200 may be elongated vertically, or may

take on other sizes and shapes (including clamshell housing

30 structures). The keypad may include a mode selection key, or

other hardware or software for switching between text entry

and telephony entry.

24



ot her hardware or software for sw tching between text entry and telephony
entry. 24 WD 2007/ 019666 PCT/ CA2006/ 000855 1In addition to the processing

devi ce 1%98,2%&;0@@6%6 parts of the nobile device 1000 are g?@mz%%%gi cally
. 1001;

in FIG ese 1 nclude a conmuni cati ons subsystem a short-range
communi cati ons subsystem 1020; the keypad 1400 and the 5 display 1600,
along wi th other input/output devices 1060, 1080, 1100 and 1120; as wel |l
as menory de¥Pceslditd®n mBoth@nBr9aerslad of REr Ceti8OO s BT PR U201, The

nmobi | e Vi i ef erafjoy W Wy %&W@ i ghspgevi ge having
voi ce agg hgtgamé%%n?ié{l‘%ns@apa |€1£i ties. In additi onl,aﬁt e 10 nobile
devi ce Th86epriefénalel v haswnture capalnd igubaye teorlfil cad eshw - vahee

t t iath t t. ' t ted b
Che’ pr obeLbiG CatePEs 18665K S hRer 4PARTy EhBLehiTReY pEslPSt EhE SEhE oo Shcn
as the Hhaphayermeoo 116Qongutwimy e nshor eebihe/ Stbeht t Yees cek5 Dbeopnory

devi ces, such as a read only nenory gRO\/p or simlar _storalgltra6 elenent. In
addi t i oA088ystldf%orndadd 20 speei FRe L daA Ceeaphy i E8VL6RS, Gart18@ her eof ,

may be akamf@% Al : .d%%@&&’eas}ﬂglsgguaﬁssﬁ@b&u anzr%)%{/@ gg{;ggéen Cbile

access nmenory mruni cat1 ons signals recel
devi ce mapoaliso phe fetrabdd isn tvve-wRAM RFL 8GomriTirel ¢ tot@ss i agv tdew i tavl890, in

addition to its operating system functions,. enabl es_execufi pn of software
appl i calPORE 2R60RPEROGIIBHITHE RS A0 L 3 1ol or FGBL ORet tBF

appld cahbphs et hafe iy r of obosi G rdedre®19perads onshe25 b as wWat a@nd
voi ce communi cations 1300A and 1300B, may be installed on the device 1000
duri ng reRniadcate. Wikh agdier eempateer SyssEMSnVdenkbroANFEAAGE- (PI M

application ouay . bg insiallied e NULachYE]. dhe (ReM beoREELERED!Y

device 1800 is preferably stored in a persistent store, such
as the flash memory 1160, but may be stored in other types

15 of memory devices, such as a read only memory (ROM) or
similar storage element. In addition, system software,
specific device applications, or parts thereof, may be
temporarily loaded into a volatile store, such as the random
access memory (RAM) 1180. Communications signals received by

20 the mobile device may also be stored in the RAM 1180.

The processing device 1800, in addition to its
operating system functions, enables execution of software
applications 1300A-1300N on the device 1000. A predetermined
set of applications that control basic device operations,

25 such as data and voice communications 1300A and 1300B, may
be installed on the device 1000 during manufacture. In
addition, a personal information manager (PIM) application
may be installed during manufacture. The PIM is preferably
capable of organizing and managing data items, such as e-

30 mail, calendar events, voice mails, appointments, and task
items. The PIM application 1is also preferably capable of
sending and receiving data items wvia a wireless network

1401, Preferably, the PIM data items are seamlessly

25



capabl e of organi zi ng and managi ng data itens, such as e 30 mail, cal endar
events, voice mails, appointnents, and task itens. The PIMapplication is

al so pref@wpabdroi6apabl e of sending and receiving data p ' wirel ess
network 1401. Preferably, the PIMdata itens are seani egga%ﬁdféﬂ%

2007/ 019666 PCT/ CA2006/ 000855 integrated, synchroni zed and updated via the
wreless network 1401 with the device user's corresponding data itens

stored oPTEEEBERAL ed SWPCHTRTRGEA cAfsLit P EEmM VEBNMiAEcattid® ll@fFfct i ons,

i ncludi Rgedatr 28G1VRLER thHeC YTWRCHINS, @18 RYhimRd dahoydhdhe
comuni cations subsystem 1001, and possibly through the short-range
comuni ehpFedsosubsysceatefheitbnauhdeht Forgutebhsysseem1001 incl udes a

recei ver 150 nsm.tter. 1520, and one_ .or,..nore,ant ennas 1540 and 1560.
I'n addition, Q?ﬂ@u}&%%argg]?éat ifélks(:%%?n%dbsylsrfcelrﬁdfﬁ]@l a(ij‘%%ai néPﬁdeé’O&CG

pr ocesstogminiuoheionsch asea pdifoimdd Sitgnedudit 0agss orcdlpoN)i 38 nsand
| ocal oscjllators LOs) 1601. The sg’eci fic design and inplenentation of
t he coﬁHﬂﬁVﬁE‘FWoné’bsq}bsys?‘é% 1668528 e pdritiéitStipohM e he SHOFTHMIRHNGS i ons

net wor KebiimWhi €8t § BEs Mabids sd@wi . CerHd00ohsurd Pcd 0 SRgled, 19 PerathiRo1For
exanpl e, a nobile device 1000 may include a conmuni cations subsystem 1001

desi gneéincbudper @ ereaptMerhd Mbi t ex TranBatid tEACTE520, Gemer apnPacket Radi o
Servi ce il t 0 i catl .networks, and also .designed to
mo£§E§§%§H§$% ?5Q6.%F% gg%%..%n %@%1@%0 g%ﬁ comm%&ﬁﬁﬁﬁgonéJ

operate W avariety VOi ce comuni i ons n S, ‘such as
AMRS, THWAsyEDMA, 106DVA,1 scPGTclE@Ms EDGEro®d£s1 K3 hesdh yessatnhdaka sand
voi ce netwprks, both separate and_integrated, nay_also be utilized with

the moBiP&tadyiSdgPEG00T A%RS Hobi I BSHeviteE 01008 fray &R S0 H5EL Ldghamisant wi t h
ot her cofBuni Gajg1oNSTRE aNGRIAS ;SUCke 85538 14 3Rt AVER 8FC-the

communications subsystem 1001 is dependent upon  the
communications network in which the mobile device 1000 is
15 intended to operate. For example, a mobile device 1000 may
include a communications subsystem 1001 designed to operate
with the Mobitex™, Data TAC™ or General Packet Radio Service
(GPRS) mobile data communications networks, and also
designed to operate with any of a variety of voice
20 communications networks, such as AMPS, TDMA, CDMA, WCDMA,
PCS, GSM, EDGE, etc. Other types of data and voice networks,
both separate and integrated, may also be utilized with the
mobile device 1000. The mobile device 1000 may alsoc be
compliant with other communications standards such as 3GSM,
25 3GPP, UMTS, etc.

Network access requirements vary depending upon the
type of communication system. For example, in the Mobitex
and DataTAC networks, mobile devices are registered on the
network using a unique personal identification number or PIN

30 associated with each device. In GPRS networks, however,
network access is associated with a subscriber or user of a

device. A GPRS device therefore requires a subscriber
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Net wor k access requirenents vary dependi ng upon the type of communication
system For exanple in the Mbitex and DataTAC networks, nobile devices

are regl érﬁﬁgg&g net wor k. usi ng a uni que personal g R%%é&ﬁﬂ&kgn

nunber or soci ated with each device. In GPRS ne owever ,
network access is associated with a subscriber or user of a device. A GPRS
device therefore requires a subscriber 26 WO 2007/019666 PCT/ CA2006/ 000855
i dentit ydendule, m@@wbﬂl y aafmrrled trefasradS|Ii carsd, ai iSINrderd,o operate

on a GPRS net$ork. gn reqU|r%anet k reglstratlon or activation
proceduPéQeﬁa & 6B&RLEEnPefef; |Ié devi ce 1000 nay 5 send and

recei ve comuymiegat i faGustgNal he@wRirk her§9iBuna€adhon gret vaekitdionSi gnal s
received fromthe comunications network 1401 by the antenna 1540 are

rout ed PEOCEREIEScIdG B8BD, SRAIPAS LS ovi the WBPlé?gﬁ§qu%nﬂQQQC§PVon
1 eBIeNGLAdoWn foNver iy d | | 1&ihdith i LJRINKE 105 PG LS| Oy €L C- . cRBD. MRY

al so provi ana og to digital conversion. Analog to-digital conversion of
t he recebwesinisiagrian allewsothe IE#1158Glgoa@§rfaﬁmaﬂmaﬁ(xﬁmwwx the

conmmuni cati ons functions, such enodul ati on an d imlar
manner , ?WSH§P§aE&Q&§tQ%ﬁ1?ﬁ%t gogo th§: neFmorﬁ ?% % &t pF88e§§ed
(e.g. megul ated andecec@ded) hgpoothe DSEChSSOpaadlaée t heprprogiigadito the
transmtter 1520 for digital to anal og conversion, frequency up

conver spBR} 1 fAicatdaig, f EamISHG Yt A9Wh GORVEFRHRM s5i bhef bnghechannel

adgﬁ?n'%gﬁe%Ql%%t“DéEcl401 ad @' R WaRks) ¥£§v585 %ﬂ§ 20 43960+5hN

ion to procéssing communi cations sighals, the 1580 provides for
cont r ol cohviehe ivacei wer 10500 caed gtilte 1 t canyrirstion 1520.t§@r crarpled gains

appl i ed tgnal allows the DSP 1580 to perform more complex

communications functions, such as demodulation and decoding.

In a similar manner, signals to Dbe transmitted to the
15 network 1401 are processed (e.g. modulated and encoded) by

the DSP 1580 and are then provided to the transmitter 1520

for digital to analog conversion, freguency up conversion,

filtering, amplification and transmission to the

communication network 1401 (or networks) via the antenna
20 15e60.

In addition to processing communications signals, the
DSP 1580 provides for control of the receiver 1500 and the
transmitter 1520. For example, gains applied to
communications signals in the receiver 1500 and transmitter

25 1520 may be adaptively controlled through automatic gain
control algorithms implemented in the DSP 1580.

In a data communications mode, a received signal, such
as a text message or web page download, 1s processed by
the communications subsystem 1001 and 1is input to the

30 processing device 1800. The received signal is then further
processed by the processing device 1800 for an output to the
display 1600, or alternatively to some other auxiliary I/0

device 1060. A device user may also compose data items, such
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comuni cations signals in the receiver 1500 and transmtter 25 1520 may be
adaptively controlled through automatic gain control algorithns

inplenengggz&ﬂKﬁQ£6DSP 1580. In a data comruni cations ”P@Emm&mkﬁ&%k”ed
signal, such as a text nessage or web page downl oad, is processe '%y t he

comuni cati ons subsystem 1001 and is input to the 30 processing device
1800. The received signal is then further processed by the processing
devi ce 1890efBR1Adn NeSSF@E 0 Y9 dikkp| kgyRed0140P andépnatsiovel Yithersone

ot her auxiliary.l/ evy 06 deyj ge er conpo ta
itens, sﬁ%ﬁl§§¥rV[fg6g7pﬁ%§§%6 g%ﬁﬁtAf Og%8§%n%§¥%é§%ngq%e?%ﬁ%%%l usi ng
t he keypadiiédR) and/umisosfeedl heor auxel iched /Qmeveoee 11pGO, Rudlreas a
touchpad, a rocker switch, a thunb-wheel, or sone otheré%zpe of i nput

devi ce. e QRS Hafa i HEERS BVt HeW hePEr A Ftidd S5V eP VERe e

commui cabinANa 1 BELWERK H4QLovka1Wda GAMMHMNL aldreiim iYL BupkiRked N @
voi ce conmuni cati ons node, overall operation of the device is

substantt8Ply similar to the data conmmunications node, except that

recei ved signals argooubpulo ., {0. A sheakeral100, and sigpals fof o¢
transm ssi on are ~ genérat ed” y 'd m crophone T120V A er naPTiat Vel e or
audi o | tResubgystiess, s$sch agsbatyntcel hpssagimikeeor dityy sulisyst emta may

al so be inplenmented on the device 1000. In addition, the display 1600 may
al so be GPMMPRAGALAODSi BEAEonFERERAt itHRS FSCFEdEd F9NSlEnFTE Bt AWpI ay

the jidentity -0f S&aldd NAL10®) t Yandihesdyhalbon ek a tMQinesiGalilon Ofa t her
voice call related information. The short-range comunications subsystem
enabl es gevemahedativom beidsenhrhe AdiF0.e Altsweatliotn wpticet her awzo

proxi mat ¢ ,5YLBIE QLndeVishes: NN J188T MU NI P S ubsysten,
may alsoc be implemented on the device 1000. In addition, the
display 1600 may also be utilized in voice communications
15 mode, for example to display the identity of a calling
party, the duration of a voice call, or other voice call

related information.

The short-range communications subsystem enables
communication between the mobile device 1000 and other

20 proximate systems or devices, which need not necessarily be
similar devices. For example, the short-range communications
subsystem may include an infrared device and associated
circuits and components, or a Bluetooth™ communications
module to provide for communication with similarly-enabled

25 systems and devices.

Many modifications and other embodiments of the
invention will come to the mind of one skilled in the art
having the Dbenefit of the teachings presented in the
foregoing descriptions and the associated drawings.

30 Therefore, it is understood that the invention is not to be
limited to the specific embodiments disclosed, and that
modifications and embodiments are intended to be included

within the scope of the invention.
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simlar devices. For exanple, the short-range comunicati ons subsystem may
include an infrared device and associated circuits and conponents, or a

Bl uet oot hl'' conmuni cations nodule to provide for comrunication with
simlarly-enabled 25 systens and devices. Many nodifications and ot her
enbodi mrents of the invention will conme to the mnd of one skilled in the
art having the benefit of the teachings presented in the foregoing
descriptigailﬁgd t he associ ated drawi ngs. 30 Therefore, it is understood
that the 'rnvention is not to be limted to the specific enbodi nents

di scl osed, and that nodifications and enbodi nents are intended to be

i ncl uded mﬁthhn t he. scope of the anengion. 22 @@ﬁlws: 1. .Awreless
communi cathi ons 2d¥vF 6571 0O HE i S g e E LG r & BLY (FAREHSEEEF (1520) and
a wreless 5 pegeir¥tésé ldrarlbld)tersqild2o) r eh@ss weesiasy conprising a
filter_(10) for reducing co-channel interference within a comrunications
recei ver aRGSEBRPriStng P Gnil ti-input, space-tine filter circuit (30) 10

arranged to filkhen Nistddsd RAdiSsert RBpRa¥Enhegnsi sgd4 t(1fonomoz
communi cations signal, by jointly estimting space-tinme filter weights and
associ at edSIHELRY - et G Inpaitsd frESpEASBET N \3 (AAFHIUNARBEARRSCi rcui t  (24)

connect ed L0 19 fak gy MUl ~idIRYE ., space-tinme filter circuit arranged to
split the conmunications signal” into odd and even sanpled, real and

i magi nary n signal pampdtbylngappligaFatidreofmihpeati besiti gitdl into even
and Oqiéi sanpl g%rgﬂgegytgepﬂ@élj ng sti%%agvggregg qugt Sr?am:g §2en
split from a communications signal, by jointly
estimating space-time filter weights and associated
multi-channel impulse responses,
a virtual antenna circuit (24) connected to
15 said multi-input, space-time filter circuit arranged
to split the communications signal into odd and even
sampled, real and imaginary n signal parts by
sampling the communications signal into even and odd
samples and by separating the even and odd samples
20 into real and imaginary signal parts, and a multi-
input, matched filter circuit (32) arranged to
receive n signal parts from the multi-input,
space-time filter circuit and arranged to have a
filter response provided by a channel impulse
25 response estimation from the multi-input, space-time

filter circuit.

2. The wireless communications device of claim 1
wherein said multi-input, space-time filter circuit

30 comprises at least one multiplier (40, 42) for
multiplying each signal part by a respective space-time

filter weight.
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20 into real and imaginary signal parts, and a nmulti- input, matched filter
circuit (32) arranged to receive n signal parts fromthe multi-input,
space-tine filter circuit and arranged to have a filter response provided
by a channel inpulse 25 response estimation fromthe nulti-input,
space-tinme filter circuit. 2. The wreless comuni cati ons device of claim
1 wherein said multi-input, space-tinme filter circuit 30 conprises at

| east One3”U|tTHE'@Eréﬂé&s‘%@mﬂdﬂid@%&%h@'Mé@gcéa&ﬁ Signaly part by a
respective space-tine ilter weight. . The wirel ess conmuni cations
devi ce ofWCEaPhﬁzsaM%eaﬁnhﬁaﬁa @n&tmuéésplbﬁé eanrigiese poipri ses a pair

(40, 42) “3?“9% ) CORDECted. 4 AL é' Eﬁ' aPQPl%t]era%dq ﬁ%‘r‘éln”g!alﬁa I nput ,

space-time filter circuit fUrther Fises a respective ay circuit
(44) for @aéhlsngwwﬂ,Fﬁgace1ﬂ;mﬁe¢ué@etocancmxunﬂunﬁheaneombr$aed pair of
mul tipliers rel ess comunigations vice of daim3 arranged to
recelv% tﬁeresﬁnu%f§%¥$6ﬁ§7§Pﬁﬁg t g ?Iglnja Sﬁ%“ﬁ%apﬁf§ of synbols; and

wher ei n eachnettsaditb anulitnppiti eifs candotesayd gpaictlidfs muAsialdaessynbol del ay
associated therewith. 5. The wirel ess comuni cations device of Caim2 15
wherein said filter further conprises a respective sumer circuit (46) for

each channel foheswPENgsOWPRHLHiRhttiBas AUl iEpl bLrSLaitn 3The wirel ess
comuni cations device of Claim1 20 wherein said filter further conprises a
joi nt opt PRAPTIFT| tRrr S igint SPEnGORRERAER tET mitBR Y SETPEdFIR8cei vi ng

trai nkg seguepse: Sy ol Sl st BhAgwHESE! 4 adddy Salsa iand
multipliers and delay circuits has a one-symbol delay

associated therewith.

5. The wireless communications device of Claim 2
15 wherein said filter further comprises a respective summer
circuit (46) for each channel for summing outputs of the

multipliers.

6. The wireless communications device of Claim 1
20 wherein said filter further comprises a joint optimal
filter weights and channel estimator (52) for receiving
training sequence symbols and timing uncertainty data and
for generating space-time filter weights (Wepr) for said
multi-input, space-time filter circuit and an associated
25 impulse response (hepr) for said multi-input matched

filter circuit.

7. The wireless communications device of Claim 1
wherein said filter further comprises an equalizer
30 circuit (38) downstream from said multi-input, matched

filter circuit.
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for generating space-tine filter weights (WQPT)for said nulti-input,
space-tine filter circuit and an associ ated 25 i npul se response (hopT) for
said nmulti-input matched filter circuit. 7. The wrel ess conmuni cations
device of Cdaiml wherein said filter further conprises an equalizer 30
circuit (38) downstreamfromsaid nulti-input, matched filter
8. A nethod of reducing co-channel interference wwthin a wreless

comuni cati ons device (1000) said device
1500) conmprising a 5 nulti-input,

circuit. 30

having a wirel ess receiver (11,
space-tine filter circuit (30) and a

nul ti- input natodgtbd idft eedeciegi tot@Rynneheintsttifed eogrpri Shhy:  splitting
(102) a r ecelvef commypi.eations. si anal ol ntogysignal 4pgrLs by sampling the

comuni cati ons si'gha

even

info even and ©
10 madiroglch sdanpllessi ntoeteat and, i rfEdfi ) naoypsighay parts;

npl’es "and Separating (104) the

filtering

(110) ghe n signal parts within the nmulti- i.nput, spage-ti filter circuit
and | ntT@l%E%Vﬁﬁ{”n&pagﬁa%ém?i%%f???t%ﬁrﬂﬁﬁbﬁﬁg)aﬁaga%s%gf%ked channe
i mpul se  igspoOnseshandilbereeerying (BX),gndle pathsdf comptheispace-ti me

filter circuit within the nmulti-input nmatched filter

ci.rcuit having a

filter respons®®thatiis PPVi dede6§i B cHAMHEH Gatp R Se S88Pbdnse esti mati on

fromthe spasestdighaif idatr@k

rsab1id the Bamimtibadiassosdimg to Caim8

5
further conprising sunm ng (¥12) out puts of the matched filter and
rescal i ngint® WesTe@PedelPlos and TeRALGRING (2€éor BPACY A ai m 9

furthﬁf CQH@ré&argbmples into real and imaginary signal parts;

filtering (110) the n signal parts within the multi-

input, space-time filter circuit and jointly estimating

space-time filter weights and associated channel impulse

responses; and

15 receiving n signal parts from the space-time

filter circuit within the multi-input matched filter
circuit having a filter response that is provided by a
channel impulse response estimation from the space-time

filter circuit.

20

9. The method according to Claim 8 further comprising

summing (112) outputs of the matched filter and rescaling

to a desired level.

25 10. The method according to Claim 9 further comprising

equalizing (114) a single channel signal after rescaling

to a desired level.

11. The method according to Claim 8 wherein the wireless

30 receiver further comprises an alternative filter; the

method further comprising filtering the n signal parts

within the alternative filter when an interference level
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equalizing (114) a single channel signal after rescaling to a desired

| evel . 11. The nethod according to Caim8 wherein the wireless 30
receiver further conprises an alternative filter; the nethod further
conprising filtering the n signal parts wthin the alternative filter when
an interference level 31 is below a threshold. 12. The method according to
Claim8 further conmprising nultiplying each signal part by a respective
space-timgg 5.fd4) terweight 4 13. The nmethod according to Caim12 further
conprising sunm ng ghe signal parts for each channel after rmultiplying.

32

12. The method according to Claim 8 further comprising
multiplying each signal part by a respective space-time

5 filter weight.
13. The method according to Claim 12 further comprising

summing the signal parts for each channel after

multiplying.
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