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JO NT SPACE- TI ME OPTI MUM FI LTER (JSTOF) USI NG CHOLESKY
AND EI GENVALUE DECOMPOSI TIONS Field of the Invention
wOorte7/preesent i nvention relates to wirel ess PCT/CA2006/001328
comuni cations systens, such as cellul ar
communi cations systens, and, nore particularly, to
JOTINT EATE-'TeME \CFor IMUM | FIISrER U TOR)0 USTRE CHOMEEKE AND
TnLert erence. Backoround Tnierterence cancelrng
mat ched filter SELEENE BDEGOMPO]EERANEat i on (JDW)
has been investigated to neet requirenents for a
Downl i nk Advanced Recei ver Performance (DARP) that is
Fieidandamubzédvbgtﬁba third generation nobile

ni cations %ysten1and the Third. Generation

PaF fer shPpePFBect (BUPRFI°"Somer6t2tR8se pF8posarireless

comAbi8 188t ibakt h sy tthe ,f old o N artéel ps1and dogHABNEStions
1. Liang et al., A Two- Stage Hybrid Approach for

sysgempl Sl aReductiage WiRAT tSpatle e Frocebsl mgrinEEEreceived
w1r§9€§§”%€%RF9% E%tﬁgﬁu¥%|un%aaecelég§E5g%¥en%%97 2 .

on et "a t'1 channel or mance
Cbnparlson In the Presence of ISl and CCl, 1997 13th
Backntl. nf. on Digital Signal Processing, July 1997. 3

l'ini, Adaptive Rank-One Receiver for GSM DCS

Sy&h@@&iekEEEeTk%&%elQ& VehiteHedy! fhesina ogyeMMol an@ljoint
5, Sept. 2002. 4 FeaS|b|I|ty Study on Single

demﬂﬁvéﬁﬁaopnterﬁ@?@ncefﬁﬁhcabQﬁﬂ(n1KﬁyﬂiBlQQﬁGQEmﬂto meet
reqNﬁE@ﬁ %%s SQEP a Downlink Advanced Receiver Performance

(DARP) that 1is standardized by the third generation mobile
communications system and the Third Generation Partnership
Project (3GPP). Some of these proposals are set forth in the
following articles and documents.
1. Liang et al., A Two-Stage Hybrid Approach for
CCI/ISI Reduction with Space-Time Processing, IEEE
Communication Letter Vol. 1, No. 6, Nov. 1997.
2. Pipon et al., Multichannel Receives
Performance Comparison In the Presence of ISI and CCI,
1997 13th 1Intl. Conf. on Digital Signal Processing,
July 1997.
3. Spagnolini, Adaptive Rank-One Receiver for
GSM/DCS Systems, IEEE Trans. on Vehicular Technology,
Vol. 51, No.5, Sept. 2002.
4. Feasibility Study on Single Antenna
Interference Cancellation (SAIC) for GSM Networks, 3GPP
TR 45,903 Version 0.0.1, Release o, European

Telecommunications Standards Institute, 2004.



10

15

20

25

30

TR 45.903 Version 6.0.1, Release 6 , European

Tel ecomruni cati ons Standards Institute, 2004.5 . Radio
woneanessssi on and Reception (Rel ease 6), 3GPP PI3/d52000@1328

Version 6.8.0; European Tel ecomuni cations Standards

Institute, 2005. 6 . Stoica et al., Mxinmm Likelihood

Par anet . andaBask TEShisfalsisadn mrikeR@sptRaitK (Release 6),
Mul ti vari ate Linear Re ressions, | EEE Trans. On Si gnal
Pr 8688si ng, T80l . 45005, 12, Versionogs. &di-Sienssohusppean

?:lo Tel@kb%uﬁ%%@%ﬁs‘ §%ghb%&8§t 'Iﬁ% ngtu% eBPSKos,

myuni cati on Channel roc I"oméar Conf .
Si gnal s §.SysSéms candetCorput erMax19@8. LGdalld hetodal Parameter

Al =RONERET ot At A dt g e EL A A € Linear

Nupehiresk iBael, PEEEEN TeanLANMrER 1§l d89ZesOMg envol. 44,
A obal System for Mobil e conmunications (GSM cel l ul ar

sySperg  h&¢€-t 3 98&dr ess the co-channel interference
(ca) OR %@%B%Egolne S agion @3 édSI% l}[]!jeﬁ\g‘f.flcation
t

addr ess requi renents. anne
stDﬁctmréﬁﬁﬁhdemmuhubHEnsnhaM&nb&Eh u§edmto apt i Asilomar

cancel.in erference and provide sone nne
BGrSe DB poRSE e By Seete A o O RY e er L Sae
syst enschbavp used dmx] Mvgatdian ebmpl€ations, 3¢ Edition,

signal-to interference to design jointly a single
A&l space-time filter and the CIR estimation for a

singl e ghapae anetﬁe%lsysh%%r%‘éﬁ H9ed 3 ‘A%%‘b&%‘ N§dg7,

mnimzation o mean-square error to desi gn a
single Press et al., Numerical Recipes in C, 2" Edition,

1992.

Current Global System for Mobile communications (GSM)
cellular systems have to address the co-channel interference
(CCI) on the mobile station (MS) side, as well as address
the DARP requirements. Some single channel structures and
pre-filters have Dbeen wused to aid in canceling the
interference and provide some channel impulse response (CIR)
estimation. Moreover, some systems have used maximization of
the signal-to-interference to design Jointly a single
channel space-time filter and the CIR estimation for a
single <channel. Other systems have wused a constrained
minimization of the mean-square error to design a single
channel space filter. Other systems have used a single
channel space filter that 1s 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 is available.
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channel space filter. O her systens have used a single
channel space filter that is designed by a rank-one
woagpr/onssat i on of the M. channel estination. THE/CA00€001328

applications for these systens have been a base

station where a physical antenna array including a

plurality of antennas is available. Summary Generally

speaki ng, the present disclosure relates to a filter
Summa¥Y r educi ng co-channel interference within a

CQﬂQH@f&?iy095e£§§§bveEhegPE%s@ﬁEtHE%E%%%&me he 1t t'%eFo a

may |ncludearmt|-c ann spacetlrre lter circui
filtemt fliolt ersediginrg paptshahaelhawgmﬁ%ﬁemgn¢¢ fwotthan a
conmmunj cations s o nt S tin a
comffITHRL S804 PIZ 2T ol ! Rk 18RI aTRY, MR RP A1 LT nay
inc(&d&s)a baselt pdiamn&hpl esfycsleconposf i1 Aircuit that
mul ti -channel matched filter circuit receives

Fileersi - Hamddl sPghaFs filoh t h8aNdl tikePannapPlit from a
comﬁ@ﬁf@aﬁigﬁsf'|t§ﬁa§'rQH}t ?n?%% a E%Hﬁ%&lﬁgszﬁ%&e time

that Is prow by a chan ul se respon
filesrti neiigriof r endt h@lbtpac@mmmmlfuhwlsa rcasponAes (CIRs)

basF U AroT o2 b EMBKR Br SSRE P i h oAl d R i g cohed

filtermediasuatmatehedvekl t @1and cBbO$S1COILiQNAlIsON from the
circuit and switch nmechanismfor switching the signal
mulphr¢RApne b t FOAFRCHES ff%%‘é@raﬁdr@ﬁ@sts eaidr dlat i en filter

res§bﬁ§g'tth4ﬂq 9%3 §B€ Heqt bhghﬁgﬁ f??QFQS tf onse

ilter circuit esa uralltyo I er an
esttlrea‘ayoni riongint sthhats;eeuehtrlarael gelnesi gnadcxpart sA Temndard

fllg%gcgg %% %&%id%!%%‘%ﬁéﬁ“éﬁ ?5 er?gggaégelg%%ﬁdf¥1below
a pre-determined threshold and can be formed as a matched
filter and cross-correlation circuit and switch mechanism
for switching the signal parts into the matched filter and
cross—-correlation circuit.

In one aspect, the multi-channel, space-time filter
circuit includes a plurality of multiplier and delay
circuits that each receive n signal parts. The multiplier
and delay circuits are operative based on space-time filter
weights. Each multiplier and delay circuit comprises two
multiplier circuits and a delay circuit. Each multiplier and
delay circuit is operative at one symbol delay. A joint
optimal filter weights and channel estimator is operatively
connected to the multi-channel, space-time filter circuit
and receives training sequence (TS) symbols and timing
uncertainty data and generates space-time filter weights for
the multi-channel, space-time filter c¢ircuit. A summer

circuit sums data from the multiplier and delay circuits for
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wei ghts. Each nultiplier and delay circuit conprises
two nmultiplier circuits and a delay circuit. Each
wonsht/dpbs3er and delay circuit is operative at R{IT@CA2006/001328
synbol delay. A joint optimal filter weights and
channel estimator is operatively connected to the
eacHUkhbhngbBanneln spRRGe-lZ¥e EitéeitcCiiLUbpeaRdikBCOIMES the
trai ni ng sequence (TS) synbols and timng uncertainty

mul tdatcdh agnid lgemdtaahed shdden g dyitt-er wei ghts for the
mul ti -channel, space-tinme filter circuit. A summer
circuit suns data fromthe nmultiplier and del ay

Brigfi DasdigtoragacifE ditenMtawigsequal i zer circuit is
operative wth the | tj-channel tched filter
ci reuiy® B?"}Oéfac scriptiahedr Ak g&ﬁpﬁage%r“ﬂ&ﬂs become

appairct srdeat ties apdladvagt agesaM bl baessRipPRaneNt when
fromthe following detailed description, when ‘

congiighiaferied §ipht ght Efe tarCaeonpdry i HR Wiad mgidt Winich:
i-ch: Fl j b | agra .a.Jal S -H
Ot BT b B a BRRT Pk A aRsEs Apagr,aane Bfinun
FiltRer f basadc ®WDARP)k cAgabheed e®eicedvem RBerDeo tasmecee W (IDARP)
exenplary enbodinent; FIG, 2 is a nore detailed .

AR i A S O AH TS Sl o1 e L A S Gt
andr Ul pi iGhanngbribtdeied ikd terScehewagirBmFldE dhéNJoint
accordance with an exenplary enbodinment; FIG 2Ais a

Spaqa vdknali @g BvBf Falkerhedd MakicorClamrre i Matghed Filters

o odi _ - ) | .
shofERIPIEY S A radicR e b, LANBEIAY bl dirent
r &cled veApearsf ca nhhoekf ariavaranoust DARRdtgsid casescdelr@ance

..,4 is a graph show ng the Joint Space-Tine Optinum
Withyqn &% %re%‘?‘%ﬂ%tnce in accordance with an

exeP! ayYis a graph showing the Joint Space-Time Optimum

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 an exemplary
embodiment with additive white Gaussian noise (AWGN) ,
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 an exemplary
embodiment with DTS-5, compared with and without auto-
switching;

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

FIG. 7 1is a graph showing the performance of Joint
Space-Time Optimum Filter Receiver and a modified test case

in accordance with an exemplary embodiment;
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enbodi nent wi th additive white Gaussi an noi se (AWGN)
conpared with and w thout an auto-sw tching strategy;
WOH0®/0B683s a graph showi ng the Joi nt Space- Ti rRCTGpAI0N®ION1328
Filter receiver performance in accordance with an
exenpl ary enbodi nent with DIS-5, conpared with and
wigtmut gautHswi tedidgit i¢ Gob16cks @i Hofh o@npat | R ekt ary
performance of single with nultiple Viterbi equalizers |
modgly HdEEESSceCAPHN AR EXERAPI YL ePrbddidfentanushpg used in
acc&hﬁﬁcé%j{]ﬂﬂnérﬁrei&nﬁl@rf'éﬂrﬂc?di'n@g}it,Flaci:\d7 i's a graph
show ng the performance "of Joint Space-Tine Optinmum
Fifi®r Redsi var tabdea cwwpdiowh t €be cdsees napproadhnge for

per At RO o T e ey BT i%n,  and

sin@OMERINI cedi@h deykeempbaitcan be (gvegd i ncaepardaness in
with an exenpl ary enbodinent; and FIG 9 is a table

acCUARIGS My thet Roh rREE PPy cheHesOFWre per f or mi ng Chol esky
deconposition, (R deconposition, and singular val ue
deconposition (SVD) conputations in accordance with

Detailked Reseripiiien oxfirthe Rref¢medEmbodinentsfi t he
Preferr Enbodi ments Sever al. non-1lim.ting enbodi nts
T DO e Bedo v P e, B Pt Bt (s bea

mord effeneRcend fe i hef BEEORPARY I NYE dlf @t ®gTo | Bhehiadtompanying

preferred exenplary enbodi mrents are_shown. These
dravehiptli meht s WAYChhoREGERITBE eRB6APATYN REWpPJiments are

shov%.ffﬁﬁsgg f QR e tshah & nQLBe-CoNSYd Usth g &d Mihethany
to the enbodi nents set forth herein. Rather, these
dif ot néptresarandr ehipdéd sott Hee chinstdued osur éimikbked to

thegg%%ggigggﬂsggggﬁf %ﬁ?(%eéggkw‘ﬁgtﬁgklyt%%g%e%ﬂgg%iments

are provided so that this 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,
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
is addressed, as well as the compliant requirement of a
Downlink Advanced Receiver Performance (DARP) standard by
the Third Generation Partnership Project (3GPP).

The illustrated embodiment in FIG. 1 provides a multi-
channel pre-filter that 1is operable for canceling the
interference and providing channel impulse response (CIR)
estimation adaptively and optimally. The pre-filter can use
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-
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in the art. Like nunbers refer to |like el enents

t hroughout, and prinme notation is used to indicate
wosini/b@ps3el enments in alternative enbodi nents. HAT/CA2006/001328

accordance with one enbodi nent, Co-Channel

Interference (CCl) on a nobile station (M5) side in a

oututremrSbpbabaSyst ennf ol -dbbhhel (GaM ceeamupi Teét ONSIn  a
systemis _addressed, as well as the conpliant
typiegli FORéne oTtat FRWNPF ARY Adv aheedi Reg¥pyépble antenna, a

VIrE’sgiorarm%%a( DARFY Stc%@lda;;é’ RS HU di £LOEEE 1 PNby  the

Part nershi p Proj ec (3GPP The il lustrated
comemhadioenpfi rmvféersaftnpdrlmg desd athal sepematneh of real and

. e-filter gh % erab e fo; cancel ing the
lmasﬁ?%F¥eP%ﬁE§ g pF%v?aVﬁgséﬂg K& i npul se response
(CGR) eséi mbhoniadephyVvedybodtnoOpt) mal ysidh€l from the

re-filter can use two maj or conponents In one
virggﬁl|pﬁpgpﬁ@ é%5ﬁ§|és @fﬂ 4o the JSTOF, where the optimum

we1§y£5'95§ %BQU&H@MJEEQQ% q%ﬂ%ﬂféﬂ@ﬂ%@(#%%%ﬁ%fkﬁ'ﬁllter are

ace-Time Optimum Filter (JSTOF)
estmuhtepL eArtnrmte— s;an@et et)un@ut tl(ld’s/l S@)ltbasednnallt iCI®sarfmet the

hedf In.a.t bi] e, st on u a
des [PRGI S 4ATT ai™E anpeRiny” atoF PRGEF dantitha CHEER) ogf the
szbe @qufdv@urﬁdel mheélﬁabhﬂénb}é the sonFiinakired fndVeed to a
npling and the separation of real and imagjnary
Mlsaabﬁgeﬂhﬁtllféécéh@éﬂgéwmaé@eﬁn féré eon ﬂhem Jflr?@er response

0 al; [ S
of gl:e{g ?lggt%ﬁ%d\]%%g:tgqv\herg thelta%rﬁllbrl% ts or t OA from

theMIMPBased i nterference canceling fi I ter are
es mate Att e t he | ti-channel, Rs
Forhfttadt ot ol et FRRR Fipre™ passes
to out pwti tefrptihe eJ;SBClEz@Iﬂ oW itdre | rdneyfesy engees t Oi e r-symbol
filtered and fed to a M SO based mul ti-channel natched
1ntﬁpﬁ?éﬁpc¢héQﬁqteﬁn@egﬁgﬁgges soft decisions for further

processing. A single channel response required by the
equalizer can be formed by a combination of the convolved
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 1in any interference
dominant cases. This auto-switching capability reduces the
loss in AWGN dominant cases.

An example of the pre-filter or interference canceling
filter for the JSTOF-based and DARP-capable receiver 1is
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
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
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of the matched filter is provided by the CIR
estimation fromthe JSTOF. The output of the
wonot/vvessannel nmatched filter passes to a Vit erdii/CA2006/001328
equal i zer which renoves the inter-synbol interference
(1'Sl') and provides soft decisions for further
filt@modﬁsskn@dj%endgﬁ@xxﬁ&ﬂn&% 4 e3pDDBereegiiveedabyishehown

uallzer an be farned ?y a conbi nati on of the
by IRE Aokt HE F3FeFL This pre-filter can

a@q@ auloﬂﬁkh%9|bka hkgh 49 the cepvephsondl-Qfit blocks
standard filter in the conventional receiver in any

usedAiIN dbne ndit teasdd .arfth skipeh Bagkato itsher JS8TORbaseto a
|ver y t r n SES i .
derot NoRke %1 dy% 1516¥4§ &Qﬁgdgges ?ﬁ%pﬁ@ S%gﬁggméﬁ split,

0= s Wi ing capability re 0SS
Wltmloam pant icasgmssAmEexanpbe aoff i heepr 24f idft e ebnventional

interference can elln filter f or éhe JSTOF- based and
FeCPARP- 1 'e'S sPoWcat 190 RO FRE, O§tPuEinto a

matd&\!@cphfibeeiava.rasagr@al g &@éé@—é@rgemléﬁlecﬁ%@‘irt B0 that
the virtual antennas is 4 (M= 4), as also indicated

recegyesl fhkyredmedglt rraniky Séﬁﬂ&ﬂ@moﬁfsthﬁymhaiﬁlFﬁh@nZ 1

e:-fi c e .
st £ SrLt DLBka0eean U 1] SUEI A3 Uleern g ratver
14 aﬂdSihﬁsJ£ﬂﬂﬁ+ﬁaédduand1DﬂHDM@%pahnﬁ|gﬂﬁ—ﬂxmﬁﬁnumo. A

recei ver incorporating thisfilter 10 coul d be

dedts i pdiels PISTE r i vER® asCPEPYhowA B2t hefrom  the
erdfdashed | bnecaltlhd niEl Gpilitc EhGo ]e\%]pv‘@aﬁlﬁ@@@l %c@f odd

the various circuit blocks used for the filter
samplmwta@ gaalt it rebei wadtivatlo antrinm akRomrs r%}Hltt 12galn

snccl e AR ROV SUARELs! BoSBLLh: LA ROEAN . o
thrctdmt kKpctudeapat2:si gwilischidbe andIsnobuigidicuint 3@, also
referred to as a multi-channel, space-time filter circuit.
The output signals from the JSTOF circuit are passed into a
multi-channel matched filter circuit 32, and its output
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 1s connected, the multiplexer 36
receives the data (dz) and channel (c,;) response from the
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
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,
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matched filter 18 and a cross-correlation circuit 20
that receives shortened training sequence (TS)
wosyo19683 The 2:1 switch 16 is operable to al IRE¥/CA2006/001328
swi tching between the filter 14 and the JSTOF- based
and DARP-capable pre-filter 10. The other portion of

42, t heloyt puli tSi gndl ahd oBukhe rderg® atwioiciei fapuit 1AtioS multi-
split into even_sanples and odd sanples as part of the
Cha%@?%u%?tﬁh?énﬁélﬁﬁrénd&ﬂﬁQ4 R nof ntber €grand lustrated

nary, 4Si 0 m IV, k
Chaﬁ %%gha§s I?ﬁé&é g%gﬁé1§Q?n?§§gﬁ§%ﬂ§§%§%%%l%rg passed

intcalesosm@erréa t & asiatnwptiimeAadddlterspadgrttismmrid |¢hemnel
circuit. put, signals _fromthe JSTOF CIrCUIt e
est SIEERE"; cTRE,OH Pia %) BRELBVLEOTHLNC SIS T Bl Pofing
unc@ﬂ@airﬁ’@yo@h@lﬂﬁal%l gt@l pirsdpassethd nyeighkescald-Ng used for
rcuit 34 and then into a nultiplexer circuit 36 as
thed&%%¢¥%|§ 4%e nultiplexer circuit 36 also receives a

channek, (Ci )5 F 6SREREE. Mhenqibe, cooyeRY ol fLLLer 14 re-
PReIrEi .

is connected, the nu pl exer 6 receive
fil@gr ahdnchaoneintC a)cpesponsenﬁﬂoGBMheaummﬂaajHyIaddlng a
cireuit 18 and cros relation cir
ore grLFHE (Bae o Brt etn e tiaf PoBF S §ohata megried tilter
as Osgbwhoneutput. Furt hele dei@iventoforddie ol and/ Hdiware
mul ti-channel matched filters are shown in FIG 2
Vlt%ﬁ%+eeﬁ%%lhaﬁﬁeﬁsoﬁaﬁuH@ &é?éy@&t§§ﬁﬁlé§a@§€d|ﬂ¥tQR9 non-

llm%%n%hr oug ’4 ?ﬁ) (%l}%e%%%te?%l [ nt o lé%llfgﬁ%é—ée%ér has
beemstsh@md|ag@i@a¢eDH$ﬂzméstThaséSTmﬁrcsnmuﬂbt%@ns, which
inalfeaseyehantel L2ed, Ll Lers, 890U R S
ovefulat | sﬁ@@ﬂﬂ@éd MyetRGnfdrideer $n4& drafs eaeh tofe t heahBUrerror
ratélkggé{a%gg one of the AMR speech channels.

FIG. 2a 1is a flow-chart illustrating a high-level
method associated with the described system in which the
various 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 virtual antenna. The communications
signal is split into even and odd samples (Block 102), and
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
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
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channel s, and signals fromthe matched filters are

passed into a sumer 50. A joint optimal filter
wongesssand channel estimator circuit 52 receatGREAIDEs/001328

synbols and timng uncertainty signals to produce the

wei ghts (WOPT ) used for the mxers 40, 42. It thus

(Bldck pagei bl gnas glasedd bed tgo idtegrat eud pé@@hblerlnto the
function into a conventional GSMreceiver addi ng a
Virtgarhi i egerlbfahcHBpardl 14t ol €BAGENEA tnﬁ?@héélon is

ad | <(E;1Q{ a own in FIG 1 . The conventional
ma [Yo) tvvacre/ ]Zdr‘bdvvare Viterbi equalizer 38 can be used

wirhovpechange, | bhenaawrtldtmdr ngiexarpl el2anis operable

. ate RP-ca abl e receiver has been te
wie, R e e ShaRe Lo b8, WP af FERSSTRN R oot that is
partl NS cahgs thahalihegr eajttrio1pr avd fese lafy dBetk8t8:90dB the

margi n over _a specified performance in ternms of the

Slgr}‘ar]amé’oélsltér1 l|a§tl@n( FER) dramife 6ndt hef pRR é%ﬁerébqﬁtlon the
sig an8§h§t th%g %%d%ﬂg \%Eﬁ%q% t%'EStr rhpg 9mbols are

eve assocl ated w t e déscri bed system
typucralwm ctontenveatedsost 8ps aare BHown x&stlmoaytnbmtsl mgtated

Th t th.the 1
co (HTET oike ROt al <1 The [ RCoNING SOANGAI EAPi B (ErGRER 25
a dypidenot atied Bl paksd003hant pRspeey i N{EP3te Widrdal. The
antenna. The comuni cations signal 1s split into even

derofif it Sdnpltés (BIreek 1627 | landieedh ¥Ren RN odghd  odd
sam 81'193[§ '%vhtlk 104;%' ' E,?_%@EQ rﬁ@&aﬁ‘@g '@g't'}?eryo%]e%l%lr%mpling

arts (Bl oc e conmmuni cati ons signals
ratet he Rarr t gxlam@iteennanar e passeehnt ndmal herwﬂfelc,l r duiits is

cyp BT, 1 SO Sk s 1 gnal s 2ne e
asTH@rvirtual 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
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
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.g.,
a one symbol delay, and thus the signal is processed with a
multiply and delay, followed by a multiply operation as
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
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of a first multiple-in, multiple-out (MM Joint
Space Tinme OptimumFilter (JSTOF) . After sunmm ng,
wosHTerdess gnal s are passed into the multi-cham@El/CA2006/001328

mul ti pl e-i nput single-output (MSO matched filter

circuit (Block 110) and then sumed(Bl ock 112) and
becfirgsed astaesi gghayouinsi giaé 4P tdiwtfiddt eidiimension is
. equal i zer (Block 114) in which a soft decision is nade
intyglusgd 11650m | hheperatiteRl t e t@aYBrat i breci rcai t spatial

dimd i%?rggl Qe .cglbggslgﬁ@dlﬂlhﬁtseg’f}% g@@bs.cﬁ Jﬂ%ns form a

requency offset that Is part t hat signaling
spaqu-dtiosolfilBefror e any derotation, the signal

constellation jis. dynam.c and after derot atli on, the :

si()%nall%ongtvéfiﬁ i o Bt onbRCeFLEP ¢, St982l amy® syWBBfs 1
conRlr-did calilth coneent rahginons) o 180t Witk sy nmelsive

rotated to those two points. Thus, the GWSK signal can

welgfd s r €aPBd W alPypl cPmadr yFphase sl teeyapg Channel
Estif(n%%%&) Bognakhe Thee ARLAL Ald A A Ehem' ront efdhdss gﬁ%gmal

or even and odd sanplings, which is useful becaus
Filttdre Woeghtaapldi riharated. Forimxbopl| 82 iarea wosseht iohal the

receiver, this is typically at the rate of 1, i.e.,
multHR &l e per symbol . The virtual antenna 24 can

| M ease dHhes sarplangorategt @ twWaimanBhesapehasyiROlin one
in a serial manner coming fromthe baseband filter to
non-+lgm kg separater chafnel SofvebehtandAsddo Beher &raining

| ;9&‘@@ d e, sarpl ri-al .
seql%érﬁc}} }Og avedl.SS T%ﬁ@%gs%ﬁ%l ghgr gB%ﬁgnW?E?{n%gr Egr%llt?étr iwr?tlghts
and t@Geaneal &sdimatigirndd, stlgeed paet $yid dadrlm tire Some non-

i fYiepeRent chonels, ob L e it ushaptenna, 1t Shovld,,
whidH It dai n 8ng erBaskalbannel sa deyt becHsgdnEe. & .+ oM 8F seven
nore), as will be appreciated by

positions search in a non-limiting example can be used to
find the timing. The impulse response of the multi-channel
matched filter (hept) can be used such that the system
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
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
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



10

15

20

25

30

those skilled in the art. A s best shownh in FIG 2 ,

these signals are then passed into the nultiplier
wOoiDp7Ae19683d unit delay circuits 44, e.g., a oneeEy@imh6/001328

del ay, and thus the signal is processed with a

mul tiply and delay, followed by a nmultiply operation

int ASd@yé debBhebY okRe ittwaHald i pbi g6S i4@erédrandepna @del,ayjust
circuit 44. This operation is followd by a summation
pure nwhhflerodgeas in |4sts at2te FhescpBivensacaplt feceiver 14

canSMF.t TS QRErghbl e 85,4 @Hé&ga%y.e' o ,tWthi BIPARAl can
filter. One di nension occursbecause of the delay I n
switchre aadkandtder tdenernsinorents on@tlr odickde f r omitheut loss

. __virtual antenna, i a_spatial dinension as, .

0t HQUTT bed hnd Whud SIE { K6 CaR eS| BRG [ aircuits. The

switPReegtiine Hhké@r.ofd t the evdwdidt £9€h oifnCemd NG INRYPAlminus
is used in conjunction with other channels, and

SINRuret i glfi eblBer eb@inid ki §ht PPM Bhehmsisholdht | ke system
' j s.ang.: n i r . '
det s S S B e T e TELEreP gt Cang o) ference
canGhaing| oEsttihwat B3TOGR areecpasseds mat t hegmikedpl Thus, the
., The ights are also an 8 x 4. dinepsional trix in, :
FI1GRE Hon e S oiai e Feoa e B T Rel St s S 5 FHehing
thet?al ngRPgesequence synbols input into the Joint Opti nal
Filter Weights and Channel Estimator 52, there are
t ypiealdyrGiitsoke rRRIFRtS ndexkephed gBmg 26YRAOWE and

I d iy [ train c - _
orngITIOEB0d o KW IGRLER 100, SEQUERCEIE oipen
to-mons¢i mating texdmpl empanvee ased tthe fhid eheotri mang (BER)

The | | se. response of. the nulti-chanpel t ched
to PR (DR Ght Fhedn dRP Aot BACh {hEr |RES LyBEaRPCols and

phone calls and other communications matters for use with
these circuits.

The multi-channel structure of the JSTOF-based filter
10 is wused in one embodiment, and the MIMO-based JSTOF
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
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
performance and reduces the complexity of the equalizer by
avoiding multi-channel Viterbi equalizers. The built-in
automatic switching between JSTOF-based and conventional

recelvers reduce the loss in AWGN cases.
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mat ches the channel response and nakes the signal

stronger after the matched filter. A s showmn in FIG 1
wQ 200780683 Ng can occur as a hardware or soft waRGT/CA2006/001328

conveni ence, although it is not required. This

rescaling circuit 34 allows greater operation for a

4-Dhi+9518- RidediRRt aSrach@Ped | Malnl NGe eXxalRl eid ookBer to

Viterbi equalizer 38. The dynamc range of the signal
meegantbe r dddjHuist eeldwieememis - t hAnsi gndlerd@repesserffanceling

' hit_ circuyt. efqre he .
Mat%%?i %Tlélxtgérrt 38&g§r€9t a(li%lt ﬁltegesi SﬁZI %Q%gglaén)d og Zt?%r e\flhretual
antdaha arak chaasekibedponsel f r baemfiermangenti®nakofmbhter the

. receiver 14 gor the signals d and ¢ i for the data and .
intep ﬁﬁ%’ilc?esﬁﬁ‘se AEGMthel SSREPFECEI S 1008 & olrarion

err§PT 6R- Q¥Rr AIRIMREN 1hSuI40. RAGEoISI OrciRFEIotelthe desired
wi I l'introduce some loss if there is no interference,
signaé., B udeiptr Pepridwel afcixe. (PR)t Mhowedegphd performance

c ent.i I iver. 14 n . d.w il work .
ror HRLERRLANAL LESE MSbelt San s 0 M4 Mty an
combatyegt itoral adyhdlerompidotihtbaserent; odiizet: byayh®e heavy

JSTOF receiver and . its circuits. The switching is
CO‘“B‘AE%EPBH&‘%héloé@t]ieﬁ&ttiyorﬂfb‘f"]t‘ﬁe‘fSFNRféﬁdlmgm}'sh%lRlﬁeﬁ pf an
interfbrthe quantity is below a threshold, the system

determnes there is little interference and the

i nfer oaecerriebedielt ngtbe VHE tISTORN A eR4i §sneperable

. ' . . Th fil .Qf, ' | .
wich Loy et B i oS A Comian il e souns

s-used by sw
SpaTheleTemporails Operminh e Fid tkeam(TBTOFNg sysdeits @0 to be
other systens. This type of system also allows_the

usedi grffld 0dindicsEN At | BTEB 'S npFBied andate bhe etRafial-

tempBt81(BER)ter weights used to suppress the interference
and the CIR estimation of the desired signal are Jjointly
estimated and optimized in the JSTOF while the two are
separately estimated in an ICMF. The JSTOF circuit 30 can be
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-
point Cholesky factorization and EVD/SVD are feasible.

This method has some simplicity and low computational
complexity. It 1s also robust because the system makes few
assumptions about the source of the interference. In
addition, the system can continue to use the existing
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
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to be inproved. This could inpact top | evel protocols

and phone calls and other communications matters for
wQXe7/0u9683 t hese circuits. The multi-channel stRQIECA2006/001328

of the JSTOF-based filter 10 is used in one

enbodi nent, and the M MO based JSTOF circuit 30

the PrMd1des aspacepiod® fEkker WRhglt aBdeRNad@hulator was
estimations that are different fromprior art

extempied i §As.SURiartci aEhi Ofpridve désteRéesbi| imodels (ssfymrios
. i f Cc fhchen synchronous and
bel%@%%%é gkgn%ﬁéﬁ?n?Gef eﬂgzgﬂr{]%eééﬂj%cn%]?{/?%?%%i gh performance.

Sonee sé M@t | ol hawe showte ddwatptnioore aff t hehesolslimudnst ion

in sone prior_art techni que rovide the_r ired
Do LR rRnERE AGARRs ( oete THE® [SUinGa5he. JFRPE circuit. Tt
shoM $O0Rasedagustboghamgl sphebedihé! o dILUHd 248ri Sjoint

~a feature that inproves the overall error rate
interfernencecdndticedueas i Hargesipl extigabionhbas been used

. egquallzer .din ti-gha | Viterbi .
h e%ua %égr sg¥?ﬁé8h0i I 9??%Eautaglnatg?%a¥w to?;ﬂ rb{lg t?er}tv\e/enenr?s S
avaIBtFe baasdumhdg cohaent henakuieadiener haethede radspdness for

in_AV\gSN cases. Suitabl e recei ver structures can be used .
thej 5iggdsr 4% FREL DARB r equsnPéﬁiﬁ sasppn L-tap Finite
Imph D& frrpnaas LangerRyngs Matehed £ o HSVFsam@NeUSEE  the
an exanple of the virtual antenna as described and
recebedf oPaF R Rd shubat ¢he bPate¥pPeeesed.aThe circuit is
sensitive to the estimation errors of the Channel
| mpul se Response (CIR) of the desired signal. A Joint
Denodul ati onk{ JD) showed good performance for the
var i ousX¢hdst ) ct4Bés. +I"Ek)zfd&isflﬁ)dﬂ"({€br the difficultylin
conbati ng t e’ asynchronous interferers, there may be
heavy

where x(k) 1s an Mxl vector representing the output
from the antennas, H is an MxL matrix containing the channel
response for the antenna array, s{(k) is an Lxl vector for

the corresponding symbols transmitted, and v(k) 1is an Mx1
vector 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:
X(k) = [xT(k),xT(k—l),---,xT (k —N+1)]T =ﬁ's'(k)+'s7(k) , {2)
where H an MNx(L+N-1) matrix is the block Toeplitz
version of H and s(k)=[skx, Sx-1, .., Sk-1-n+2]JT. The samples

that correspond to the training sequence can be collected,

X = [x(k), X(k +1),-,X(k + p~D)]=HS +V, (3)
13
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conmput ational conplexity involved in finding the CIR

of an interf erer . In one enbodi nent, the virtual
wosmyes24 i s operable with adaptive space-t iRGI/CA2006/001328

filtering, allowi ng the Joint Spatial-Tenporal Optinmum

Filter (JSTOF) circuit 30 to be used. One difference

fromthe ICMF is that the spatialtenporal filter

wei ghts used to suppress the interference and the CIR

esthsug iBnof thé dediredsifnkf Bhe nemheryoéssymieds of

nd optimzed in the,JSTOR ile the two are —
the XX AT AE TRt 0aK; R oarn GeP FAE TGRS St 30
ca a Maltiple-1npyt-Muihtiplig- Qut pyt, ' I s
thg“c;t lo}tg)a'ke%i,/leadvght age g?dyﬁlel:)r]ar%% gg‘f ﬁé+§1yyw?atcﬁriﬁgfuttlon
matitire adesthedtChRimgr sxymbolsheTBpadeinknepsetipation is to

. Simul ati ons, have shown a satisfactory performance for
find he PR ousl DERP ML CIREEN CHRFEPEL i Bndlon oad Spsce-time

. .. deened ;accept ahl e gi ven t. fixedpoint Chol esk
£ BE R oG (O i Y SUD Br b PRI EAL FRELTREL ABq vector
h Jd@sesonensi mplicéty a@enl ovhgenpuhat i endbugoNMa@Etference

I't is also robust because the system makes few

resigiqhmpeifonshabdutl tHe d6urprbnvnize@ i ft-&r-frer EAcesolve the

follacﬂpiirH ocgbtitnblezas@/is&@rgl«:@&%qpti nue to use the existing
equalizer structure,” as the solution is integrated as
a pre processing step on the input data. This woul d
al low the systemto use the HWequalizer accelerators
i f avai hafiwéX 1R’ \rder to support the eval uagion of
this techni que,the systemlevel Block Error Rate
(BLER) sinulator was extended t o support all o f the
i nterferer nodel s/ scenarios being used b y the 3GPP
DARP Spedid | tatndnthatherhe nuot frod 1 ovesi ghtdelser i ption o
f the sinulation

w,, =R;'R_h (5)

xs“opt 1

and the optimal channel estimation h,, is the

eigenvector corresponding to the minimum eigenvalue of the

matrix R,-RIR'R_, where

R, =X'X", (MNxMN) (6)
R,=S'S",  ((L+N-1)x (L+N-1)) and  (7)
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

approximately Gaussian distributed with unknown covariance
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performance for DARP test cases using the JSTOF
circuit. It should b e understood that space-tine
wQroovewssng for joint interference reducti on aGI/CA2006/001328
channel estimation has been used in a base station,
where an array o f Mantennas i s avail able. Assum ng
matRALRE hergauioyalignh channel fgspensecfor chlnsiNGi€is the
dé5|réd user can b e nodeled a s a n L-tap Finite
max ilndGrH 1siecRespps e (MF) Restihbeiond shdR$hots sanpligidikzation
t he received baseband signal can b e expressed a s
of Bh&)f o lqwing qUARKMY= H s( )+ v(fc) , (1) where x(k)
i s an Mkl vector representing the output fromthe
antennas, Hi s an MKL matrix containing the channel
respons ryL n ara|tay, s(k) i s an Lx ect or
for théﬁE%?P%sggﬂgVﬁgpgyﬁgﬂk$'transnitted, andk% k)
s an Mkl vector including the AWGN and t he
interference. The spacetine extension for forrmula (1)
carm btaiebtdrerdi i tyirsd agkiang-Nimemmsted By edheersufhser of
o f x(k) into a taller MXI_ vector x ( g a s foll ows:
the WP APN WNCPERRELP et r3X3Ys {R8ShlLoeR ToepPdial to M
vefsio f._H.and = K K-is .., -2 1T.
and Tehﬁe slagrl'p:?lessl,latlhlg){I g%%%(es%%%g%e%éf he t¥ 3 ni%gﬂée%lzence t
min @&h bLeNebd) l edhed, rahe pPefAcliexnt ML )preoblEf €an be used

T R e Y e PRV S
M MBS TOX, c BRc =i ) SbKe, efibbltdent can, usekaPdiklferent

is an (L+N-1)xp convolution matrix of the training
apPrRaMibl &0 Thed| shat JegtitmioRftimmn j ;0 et ¥omy for the filter
: PQP- Vi al i g rLaw f S -t -
Mt té?aaﬁ'E%N%%%§¥§}VEEF&?%&%PPY X chgﬁngﬁﬁﬁgkpggtF%nflnd
the MIcteyt imaficetr dihenf.i Ther esttdhatthah tthe ®ét peicomposed as
interference

A

H =HH, (10)

where ﬁS(MNxM) is the estimation of the space matrix of

=

and H, ({L+N-1)xM) is the estimation of the time matrix of

=]

. They can be obtained by:

H,=R;"?V,,, and (11)

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,
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residual of the filter is mnimzed, i.e., to solve

the following optimzation problem minb (4: It can
wamof/oengs t hat the optimal weight is: and the RqIv¢amb6/001328

channel estimation hopl is the eigenvector

corresponding to the m ni num ei genval ue of the matrix

R -- R pR R wherg! =X X T, (MXMWN) (6) AT S*Sr

, ((L+I\P|)l’>}~‘(ﬁ,§r¢1|€;) ‘>ﬁa‘nd'(7) R=XSr , ((NE)liT

(L+N-1) ) . (8) Gven that the noise plus interference

conponent V in the space-tinme nodel of equation (3) is .
nol T oAgére®khi $eebut tBBprRtilfatel Weissfan &hst ritngasdime

Fi1ME hcmkgg%ggygé& gematrix Rv , the optinal

estimation for the channel His the maxi mum|i kel i hood
(M) estimation, which is a mnimzation of the
following quantity: In this non-limting space-tine
nmodel , Whe RipBerHof the i AePEndent channel s(34%)

al ways | ess than or equal to Mand His usually rank

deficient, i.e., rank (H) =r <mn(M\, L+N-1). The

" agkq defd chenin- prablem canibe. isgd; Lor the rank-1

approxi mation o pace-ti1 nme ter. The JSTOF
circuit in one enbodi nent can use a different approach
to find the joint optimumsolutions for the filter

wei ght Bpd=tfg ‘dhannel e§ix Mat¥oh.) It is possiblESto
find the ML estimation of H. The estinmation can be
deconposed as H= HH (10) where H (MXM is the

esf{rn¥§ OEhQB tﬁE%&ﬁ%ﬁ%? Q@tréﬁpf§ 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
channels, and it 1is a MIMO system. The optimal channel
estimation in equation (15) can be used 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
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
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
of the input and output SINR’s of the JSTOF. When the
difference 1s below a predefined threshold the JSTOF

receiver 1s turned off and the conventional receiver is
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Hand H((L+N-1) xM is the estimation of the tine
matrix of H. They can be obtained by: H,=R 1/2V D,
woand7/0893 H =RJH, , (12) where R = R 2R?' 2 i s tH®E/CA2006/001328

Chol esky factorization and V D consists of the M

ei genvectors corresponding to the top M ei genval ues of
turnkle st rrkeDinghta et ehap.bd h@agplyrr@lomwt@@t é:@ée the

the space-tinme filter can be obtained by opl R1
estimaidion EMNEM) i61dpnanint aguapienalléhannel estlnatlon

ish=-H. (M(L+ND) (15) It is then possible to

apply the optiml space-tine filter in equation (14)

to the sanpl es Fﬁ m t he ant enna array. 24. Cearly the

out put s, t he ' er 30 stil ltr@&ReHVi)channel s, and ié

ieaugt iMon (%§t|~§21nﬂ§geuse "?g? tﬁ}l’lgmne%R@ﬁ{c‘han D" A

mat ched filters 32. The outputs of the rratched filter
are then conbi ned (sumred up) and rescaled in the
reseld o Sl toidk tad h@e n@a%;éu@ ddﬁﬁbﬁegqhg‘é%ns (14
The final output 1s a single-channel sanple stream an
and ddrv)be fed into the Viterbi equal izer 38. Note also
that the nunber of channel taps after the JSTOF has
been changed to L+N-| conpari ng to L of the nodel ed
channel s before the JSTOE,, s observed by
S]NRSI nul aJl% that the JSTOF Fré'é«@:lR/@bpz ncurred nore }hﬂt
$ d Iro§s m—ﬂ’he t[E(W’éRAWG\h'CQEQ§ cqrmqwé’th @'t D
conv€mt ionarn ecei vel Usi ng”t he "convent i®onal ¥1l ter.
To reduce the | oss, a strategy of autonmatic sw tching

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
optimum MIMO space-time filter and channel estimation set
forth in equations (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
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 in terms of numerical
stability and computational complexity. The major
differences are the way in 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 1is a Cholesky decomposition-
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bet ween the JSTOF and conventional receivers was

devel oped. The switching is based on the neasurenent
waopfoot/megsi f f erence of the input and out put S| NRT/GA29D6/001328

the JSTOF. Wen the difference is below a predefined

threshold the JSTOF receiver is turned off and the

basdPNVERHANRI  eGRIASEL Sturned pn. They | NRWe S BREARalue

e easily conputed once the estimation of His done in

decPiandd 18F: matriW BK in eduatiom =(33y: 15} @Elf&:ally,
"B -z- (T by [IXHS| tr(R¥HRH:-2Re(R %)) and
51r1<1€he But pus SENRmeamnibe pospttied fdemleqtuat,l oer( 14:bolesky

and (15) : SINR On the nobile side, a virtual antenna
decomafi el e<isdtSup by the conbi nation of oversanpling

and the separation of the real and inmaginary parts as

shown in FIG 1 . In accordance with various

enbodi NRNESL, [r,The joint optimm M MO spapmtl me filter

and channel estimation set forth in equations (14) and

(15) enhances interference suppression performance.

ng M SO mul ti-channel matched filters 32, which are

§38n Pen&SEFkantER &Sti mation in

D=DD/, (19)
where
D, =L7RILT. (20)

It should be noted that the inverse 1is 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
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
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
be relatively high, and its positive definite property may

be offset to some degree by round-off errors. Simulations
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equation (15), inprove the error rate performance
whil e reducing the conplexity of the Viterbi equalizer
W@BR07/#9683 at egy of automatic swi tching bet weerPCIBIL®B06/001328
and conventional receivers reduces the loss in pure
AVWGN cases. The JSTOF defined by equations (6) -(17)
showed] Bouddemenhed Ithdi EERHERE oWaYsurdkd €678 Rl is less
nufrerical stability and conputational conplexity. The

thanMor e deh f ef escrs @k'@rézh@ s\aynamwl stichhgsi ngeysrigh and
the autocorrel ation matr is calcylated and the
VerywaPvi FaRkiieH Fﬁe1€ﬁ§ﬁ§§Feﬂcﬁs (&<t n&PEd ORi't h reduced

r3pK. 2008 rauABel MR BB AL IO d S A AR M ment,  the OR
deconposi tionbased natrix inversion of R and thé

decompgentabne idecdrposintp bh dbmaner nryDben mgﬂatncona(qisc)l the
. Specifically, since R1 is symetric positive .
dlre&énqﬂlt%ll%wéﬂmeﬁestw FEREREDR | PLorRexi SEECED i Pe  in

rew i t houl d be noted that the inverse
equat g8, L3l Jasbr FOF ket SIEHT ¢ FaRbquat - Fag BrS R4 iy OF
decoln®s@xploinci t conputation of the inverse may be avoided
by the backsubstitution. Also, Dis nunerically stable
because of its structure of nutual cancellations. This
was vergfied by simnulations that showed %ﬂﬁ condi ti on
nunmber “0f "D°T'S sel dom greater than 300. s inplies
t he ei genval ue deconposition on D would not require
undul y sophisticated algorithns for typica
appleireatQadss a as<Mii Inathei :apprigci at edogyna hoselskinkl edd R
inthe art. In fact, this approach may potentially
is 411a\}feﬂtlherﬁéﬁstM%‘@%upﬁpﬁénaHWJe@@tVla@frltme It can be

showdPREQaches
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
D, =L7SQ. (23)

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

be reduced as
w,, =R'D{V, . (24)

This approach 1is basically an equivalent version of

Cholesky decomposition in the sample domain since one can
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outlined herein. One potential nunerical concern is

t he Chol esky deconposition on R, as its condition
wonmberessay potentially be relatively high, armCT/€s2006/001328

positive definite property may be offset to sone

degree by round-off errors. Sinulationsshomed

showlggf%\éerR Jdfat ¢ Peh‘égnqnér%eﬂurﬁ%%{eﬂf Issceikﬁ.%‘%%pa{lt the

even i n*sone extre scenarl 0s SUC as very

expefBd Veiy | ewecargd er ak8ohpbeit esgnse (g(ﬂéa)téra“@émplélmty
accordance with an alternate enbodi nent, the CR

(reqee@@ngosappéﬂxmatﬁéma*ﬁvplreedmu marmy ppegsddons for a

th .
macr 40 8} N EDCLE8) PR ot Rlen (RPRBLRL e PLiR - (paving
apprbaimblnelym?:ql,tan@% e onPgi Fown Xn—@a :2hjp Wheces&) wsere

é ﬁﬂgatrlx wi th orthogonal colums and Ris a ful
M= 4'rgn =g per triangular matrix. It can be shown

that R# Ra?aﬁaro(a%%)esar@eéé"ﬁlkgedi N 2@l | 9‘6‘1113)re‘?ﬁ‘ﬁr@e the

witten in e formof equation (19) with the D1
comppgagebnned byheaheriedaeddr r agk réHanmalersst,i mattloengmythis

may b%epe%%”eggw' EQcﬁchguShQ‘f%gE?ﬁ ‘.J'eC?HPR%Q 0 o&’/” Poasyet
t hé "previ-ous appr oac an €' o
anotheirghtanetrat®f @pgyoaan, be:reducedthe mehguuwmachalue

i s basicall an equi val ent versi on of ol esk
deco@@@éﬁﬁ&?ﬁug% Ph gﬁé’@& P e %%Fﬁ%u%el%ﬁ%r%h%h&wy be

avoitiBatl RS the ﬁum@§§céﬂp§QM§QlBH?EhEwaé“E@&&héﬂ #hproved
the expense of the QR deconposition”s greater

in somepl @RPiycEE Qs ri Aglapmrpdonstel staykcevashmilg SVD on
the %B%%%%I%g%rl%rl% equation (3):

X'=Uux V! (25)

x~x "x /!

where U, is a pxMN matrix with orthogonal columns, V,

is an MNxMN orthogonal matrix and X,  1is an MNxMN diagonal

matrix, X, =diag(o,,":-,0,), WwWith the singular values on its

diagonal. It can be shown that
R]'=V 327’V (26)

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

D, =L7SU,. (27)

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

and the filter weight matrix may be written as
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matri x of given size) and | arger sanple matrix (having

approximately 3 tinmes as nmany rows in an exanpl e case
wonver/e196834, N=2 and L=5) . The two approaches RE3CAIOb&E)1328

above still require the conmputation of the triangular

matri x inverse, although this may be done by

back-substitutions. Turning now to yet another

al ternate approach, i.e., the singular val ue

deconposj,t+ ¥Z['BYM),,approach, the matrix i n2)si on may

be avoi ded and the nunerical stability may be further

i nproved in sonme applications. This approach starts

with the SVD on the s le matrix in equation (3) :
WHBEESY Youi 5CRRBRRRE b Fi £OR £ T Hogoral Lor u%%%Fov ot
1S an IWMN ar.t.hog rjix.a 1.§. @ -
D,. dlls%ego%gbb(r%ﬁlt :rgclhxl,S XQ@@%%%?% héy , %WJ)Sr’e vr}\ﬁu%vﬁg(t 8mputatlons
thanS tM@U o e rRD GF Sd&ik g t 1 dils Cadedei sheMe phatious
R:1=v :2v (26) The D in equation (13) still has the
two fgpmogichéguati on (19) with D 1 defined by: D =L7SU
(27) _Th esti i | hed S
oAb AP TRET oEr Tl T A Y B CHbove
(i.eQpt ChoYeskyi, tOR, \arlMSVI)28 Yhevhealel s/ Dh cbhGai Aslihes the

top Mright singular vectors of D 1. The SVD ip thi
compyaryac e S 0N SLem o FL Rl o sramndins et (hels WL2 ana
L=5.Chebeskynand: LR desoppositiens dsedHa the skl evic@ds JsTor

two approaches. As a conparison of the three
searghgrsoachesnBubPEFne®faboviEning hypotheses and the one

corresponding to the minimum output residual 1is chosen as
the best timing. The output residual is defined by:

2
!

e=“wT X-hn’S

opt opt

(29)

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

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

It may be partitioned from equation (3) to

X(k) = [X(k), X(k +1)] , (30)

where
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(i.e., Cholesky, QR and SVD), the table in FIG 9

lists the conputations step by step for an exanple
wontver/e19h834, N=2 and L=5 . To find the best ti mamWCAI006/001328

the burst, the JSTOF searches a nunmber of timng

hypot heses and the one corresponding to the m ni mum

[ — h b i mng. Th
out put Yeor BIRARCRRES T 20 o % o)

The search process basically repeats the operations
listed in the table for each hypothesis, but the input
sapt esamR ke destFipm § el et Ula X e | fREL Tdtheses
change slightly by appendi ng and del eting a col um.
The updating and the downdating algorithns are

pot ent i g4 ¥ 1pPXircabl Rkt Op)pome of the operationsz)and
the overall conputation |oad nay potentially be

reduced. Let X() represent the sanple matrix at tine

instant k . It . be rtitioned fro uati gn to
(3 By qeq s UGN RSty | Sher i W s i K den
\),---,x(k + p-1)]. (31) The sanple matrix at tinme k+1
may be expressed as X(k + 1) =[X(k + ),i(k + p)].
(32) ThR, &ut booRr 6t)at X(GIX rth) + Xkk aip)X | e k-l has t h@3)
formRx (k +1) = Rx(k)-x(k)xT (k) + x(k + p)x T (k
+ p). (33) This is a conbination of a rank-1 downdate

angdl, A fﬁ@k- 1cgﬁgg§§ti9?eo@y e&ggw-gh@%@g{a%@- ;me% rank-1

algorithmfor u I'ng/ downdat 1 ng esk
upddtaet or iGad | orhyse el for t hrdtrethdnrtba Lairputadigaoniscy for
updé%ﬁégvggwg%éﬁiggdtggi%ﬁg}eggyﬂ%actorization is set forth
in Matrix Computations by Golub et al., 3" edition, 1996.

Another applicable update/downdate algorithm disclosed
in Golub et al. 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
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
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 reducing the OSR to 1 causes significant

performance degradations;
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Anot her appl i cabl e updat e/ downdate al gorithm di scl osed

in Golub et al. text is for QR deconposition, which is
whmewEiess t he G vens rotation. O course, the R{ITv€A2006/001328

approach that should be used in a particul ar

application will depend on factors such as avail abl e

Processjng respurGes, o¢OoMRUHRIANA e GO eXit¥1e8t ¢N) can

as W ll 'be appreciated by those skilled in the art.

Obersapprbadhes Pay aleeamwingethe asumbek, ahsovelyer, does

appreciated by those skilled.in the art. The

perf?%r?rg"ﬁac%s o%/mfflﬁ%v?] earsfe%m?ae%%?Ver has been

eval uat®d bya Matéabcsd mukahkongousi ngean cexingrded Blsdnse

sinul ation engine. The paraneters for the JSTOF based

r et et €an setlegtied dasf M enfnaspeeiny Prafsic@sasing

of I f j raft i

> 18 8% Pl et e s e T % Ohe bt T lge.

ant ennas) ( MAnfadtd-pswhi sh nomned sind 1 d nopeXoepd €75 adil.

simul atjon shows _that reducing the OSRto 1 causes .

Signi fi%hnt BoFPoF maREE SaBhr AL nE S )5 AURBEIZGRE in

t eppos a1 dehayedcsanriasg tNe GaMdEe S&l echedsasad -improve

I ncreasi ng the nunber, however, does not al ways o

i nproveae It meging )LyA feducBBSrank Jofttidecision

chagnelo{ £5Po0SE WBLLL X, £ag be selected as M, |

| ncr'easi ng or decreasi ng e rank does not necessarily

I Npi®VveMmhe sperichr maheenel, ) TTH-AEDIZWE t cdart hbeshosed to

can be 4.75 d 5 ) A soft decisign output can he
evahiahti 288 Pf TS BrrS &%.W%@E@anﬁq Ree v Rt §E8 - The
proggétgftg@rﬁ‘_ | gneMe ithe Pew b orARACes sBmgE naldah f 0be DTS Psumed

0 eci si on
throughout the simulations. A simulation ran 1000 trials
({blocks) for each case.

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
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correction can be enabl ed. The AVR speech channel,

TCH AFS12. 2 can be used to evaluate the performance of
wawe7/0963F in terns of FER. The propagati on caGii/€A1m06/001328

TUSOknT h- 1950MHz can be assuned t hroughout the

simulations. A sinulation ran 1000 trials (bl ocks) for

earte Case-foRinideR o8 afhd heckBEQEYErun@ERl RRiret NBWGN and
carrier-tointerference (C/l1) ratio, are shown in the

DTS¢f aphses RHEGh 3nd Thicthmiryi bike agatasewihehisbesgémesegy is

er f or panc cifli e J]isted_in the table .
snoBg] o ThE GePPBisioe 1 thettEcBtfer SandarEperd "Rk The
stré@tely PToebueageshd tivandim hivout dneaetio- IWdEhifg reEr =
strategy is shown in the graphs of FIG 4 and FIG 5 ,
10%) eapdcinGeryed Thiet &l ateyy FedURB¥2he | 0oss in AWGN by

a 1 t = % dincurred little | oss . f.qr .
D#@%%. %%Eoﬁgnggggggésercggni#hﬁ%ﬁ(?rnﬁ?ﬁ%ﬁ%hﬁiteﬁ&erbl

equeElattzer solfovkawed by muntd {éhLhasnehagshclEiflickt-er .which
whi ch conbi nes the soft decisions after the

comipbiRef i $BRs SA Y edeFisienghahheandhconprnati 7@ E$H- t Ae result
: Lgln i aph, pf . rf.or ce.can b
I R A e S R
6. delay of the asynchronous interferer can be

configured. The performance at 0 , H, and H of the

buF LD EPRRAFE | S2@BhBGN SV [t g apitbfa FredifiedThest case

Iesul i-pdi e e f S
DTSr%@bi%gskgeggg%é%éf€$o&FyJﬁ§%t%% evé?gggé agggFrFﬁéer can
be conteidered. The pboferdescei bedOy|etei weanday of the burst

) ; ) devi
len%@¥8§%ag§$#%:gybgggfgggiﬂag%aéhg.m%ﬁe%%%§re%ﬂf%gsindicate

that the performance of JSTOF receiver degrades “slowly”
with severe delay of the interferer.

The above-described receiver may advantageously be used
in mobile wireless devices (e.g., cellular devices) as well
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
device shown is 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
operation of the display 1600, as well as the overall
operation of the mobile device 1000, in response to

actuation of keys on the keypad 1400 by the user.
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as cellular base stations, for exanple. An exanpl e of

a nobile wrel ess communi cations device 1000 that may
wohmouswesd s further described in the exanpl e FTwOA2006/001328

reference to FIG 8 . The device 1000 illustratively

i ncl udes a housing 1200, a keypad 1400 and an out put

deﬁﬂ@ehéﬁeQnngezwtmag drvi eBofhavedi Srextdicslllay, or may

1600, which is preferably a full graphic LCD. O her '

take ypesobhesutspae sdarit eshamss al teghadinegl gloashellli xegising
A processi device 1800 is contained w thin the

STrYE usri%sé 1200° and’ P 3 cBaP LA B8dsean RS ES&S&glﬂod‘eY r oF

otha@ndhihgwaispbay sbEQWarbher g osesstmhgleyeeRedB0@ext entry
controls the operation of the display 1600, as well as

and gl oY |epe¥ati on of the nobile device 1000, in

r 0 ; ct.uatiqn , . key 14
et v henbdeichd B e B arCHeSy R00g, Blodh pares
of the Maybiakedonioéhk006i 228 shdwahapdenmaitickhadiyndn FIG. 8.
cl apshel | housing structures). The keysad may i ncl ude
These nbifel $&¢ et FERTKBYCabECBEhEHPRAPEGRTr 081 /s Gf tShard ~range

. S\ i n t ntr n h nt
o R o2 6 AT e P S "5 ehe
dismpfay ha60obi | el deyi ee thO0Otlaee Shoput /ochemat | daliyesn 1060,

FIG _8 . These include a conmunications_supsystem
1089003109 ¢t t112RyeacoMfilni cafi SRECLYbIRY TR 102860r hd 180

and K¢YPa u§4g9h@gddéyidgfﬁﬂﬁg&Q%gHE 5019 %ﬁ%?g%%qg% device

I nput/ out put devices 1060, 1080, 1100 and
1000wl s psefren@byydeviveswdi6BF tH8Ouandardonsusiestier having

. devi ce subsystens 1201, The nobil e device 1000 is .
VOliﬁe?%?a%??aaCPWBQRAQaFF086nﬁﬁﬁ?@é@ﬁ&ﬁ@SdeJPcéQQ%FH%?' the

mob V04 Ceqand dat & grymmupLEAL L 995y CapaRi | IdieS. chPapility to
addition, the nobile device 1%00 preferably has the
comuwapatate twitlp other computer systems via the Internet.

Operating system software executed by the processing
device 1800 is preferably stored in a persistent store, such
as the flash memory 1160, but may be stored in other types
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
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,
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
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communi cate with other conputer systens via the
Internet. Operating system software executed by the
w@roove®ssng device 1800 is preferably stored iRCTACA2006/001328
persi stent store, such as the flash nmenory 1160, but
may be stored in other types of nmenory devices, such
may abea iredthlddd) denbny (ROMY agrt usieni |Tre sPdMage preferably
el enent.. I n addition, gysten1soft re, specific device

capalyhe | Ot | Frda bk £8% RS Greg2 bR CdFPSrarTist as e~

malioa@%th@%Q‘%0@H@§'|$o§ker%a£%§ﬂ1éﬁbéfﬁ%ﬁ@ﬁ@@”’and task
access nenory (RAM . Communi cat’i ons S|gnals

ltemeceﬂ\i@d ByMt f@pﬁ)ma‘fel@ewwe ab§o alpye fisgr agtlor edapable  of
he 180. The prog §sin%EdeV|ce 1800, in gdd it on. K
sen bm?tsa %er‘f&ceﬁ&lwst - Punct§ohs,” Ehabl e¥  ERECHT] o‘he wor
1400f sefkbwarenapnl i caid onsTH30QAtE300N  @hst hgrdevigdimlessly
1000. A predeterm ned set of applications that contro

intgasdtedevi syneperatizeds, awth wedalted amMdavoitde wireless

00A and 1300 ] ed
net {RERaBIP e 1000 HHr CRg RN TR o GO SR o, At Lcens

sto@@@sgﬁaéssaépéﬁaal@ntnaaagsgt(5$ﬁ®uaeplsyatéﬁnnay be
installed during manufacture. The PIMis preferab

capaphenbdfabigani Zung tand smanadgidig deata i €efs, agoice

enall cal endar_even voi ce Il.s.. appoi nt nent s
comy kcaglons’Ther%I %ﬁ% PTCa |d€@#%u ?s&ahrefer ?nlcgklons

subsapabhe afooasndi agd angoseadilyi Notitiedegh t ebevi asiort-range
W rel ess network 1401. Preferably, the PIMdata itens
com@u@lgébhpagsﬁthﬁﬁégwatéﬁuesyﬁ@mﬁahpééaoaﬁdswﬁﬁaﬁé§m 1001
h net k 14 . d
inclifol 08 NEr PR L T &l G CE8e0E B Bre o
morhoshtéﬁﬂﬁstQ549y&h@mlﬂﬂmﬂﬂﬂm(XﬁdﬂﬂlanKHhéﬂ&bmmunlcat1ons
includingﬁdata and voi ce communi cations, are_perforned

sub@n;%g@hl ¢ EdmPunintstudiss @ processing module, such as a
digital signal processor (DSP) 1580, and local oscillators

(LOs) 1601. The specific design and implementation of the
communications subsystem 1001 is dependent upon the
communications network in which the mobile device 1000 is
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
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 also be
compliant with other communications standards such as 3GSM,

3GPP, UMTS, etc.
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subsystem 1001, and possibly through the short-range
communi cati ons subsystem The comruni cati ons subsystem
wal020i9nssl udes a receiver 1500, a transmtter PXF20A208610D1328
one or nore antennas 1540 and 1560. In addition, the
comuni cati ons subsystem 1001 al so i ncludes a

prﬁ%%%%kﬂg goduks. S4Gh Asméndl Oifaly Si ndﬁ&@ﬁeﬁéeh the
(DSP) 1580, and | ocal "oscillators (LCB) 601

typspeﬁffpommesugatand|suﬁtﬁmmt§bromxﬁmgmm, in the Mobitex

andg AL o PR B S ot G TTe 708 PEIaByRee iy the
net'w%r'kmi.l%ri@l)%d a %r@ﬁﬁf@t;%rf&{alexﬁf%@lf?CMﬁ en@fvi£€or PIN

0O may i'nclude a conmuni cati ons subsystem 1001
ass@esagﬁéd votbpeeatle wighidde NbblEé%@tnﬁetmataSTAﬁbonvver,
torﬁ%ﬁneral Packet Radlth ergﬁ %GPR ) % £
NeLEBmMum CatT%on's® ngt Wt k3, “ant* al's8 dESPgéd o Oo‘pe‘fsa% ot @

devWckh any ofprs vaddetde Oftkyé)ﬁé?ﬁn@é) €2t ONS;  subscriber
networ ks, such as AMPS, TDMA, CDMA, ., PCS, GsM

ideppdty emedulehercamfeslof rgdeargdd Yoi @& nat wokks card, in
both separat e and [ rated, ey al so be utilized
Order KOt R ew@% Sl & dev?%gglﬁﬁg the nobi | e devi ce 1000

rrawhélnso beqeDrpdl | amte tWiddk Ot hegi sppatnbgat iciNs activation
standards such as 3GSM 3GPP, UMIS, etc. Network access
proﬁé‘-qiuirleérrém‘ée vaegn depardiergupdma heobype grvice 1000 may

Se“ﬁa?]% Lo lec'et it Er%(u exanpl g, 1n 1h n I\@bl t ex.and

netmor €vi Ces are regis 3efed oh %he
compehweiak idsi ngqeatm}quewel songlighdest i fdeeaiiiv@d nufb®fi  the
or PIN associated with each device. I n GPRS networks,
Comﬁ‘bl\ﬂé\?é‘rtloﬁét VR I Qi e 3401 s bys sits apBEeMREh 1840 are routed

SUQ%%r'b§%cg vd3er QEo@ devk ?ChA G§?§v98ggce for signal
therefore requires a subscrl nodu

ampddﬁﬁ@ahyomefmmeqtddtyﬁﬁdwdﬂd&mﬁ@ﬁbl¢m fllterlng, channel
selection, etc., and may also provide analog to digital
conversion. Analog-to-digital conversion of the received
signal allows the DSP 1580 to perform more complex
communications functions, such as demodulation and decoding.
In a similar manner, signals to be transmitted to the
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, frequency up conversion,
filtering, amplification and transmission to the
communication network 1401 (or networks) wvia the antenna
1560.

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
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order to operate on a GPRS network. When required

network registration or activation procedures have
whmenowesspl et ed, the nobile device 1000 may serGi/@ab06/001328

recei ve comuni cati ons signals over the conmunication

network 1401. Signals received fromthe conmunications

1520¢etwwy K tk403dbpt i kel ant esver AbAEH arce noaudiredati@omB@ic gain
recei ver 1500, which provides for signa
congppli pilgaribhmsf irpleneptadwancbheePsPoh38Pi | teri ng,
channel | ection, etc., d als rQvj nal.og
t o? i éi td%%aco%%@%?%%étﬁ%rg?o%g?%i diagiq:tezjlpcle gggi\?esﬁis rlo‘a(r)]l ’ofSuch

as bheeeceiasthgd gnal wah | puget BEwREBad58Q st prRRIFHIN by the
nmore conpl ex comuni cations functions, such as .
compehbaarAPrenSaREYGEEBdILAL PRda i MRt ehnidie processing

Lanagl 0 t n thed . tg tihe, ne k
dev%?%céﬁ%@% (gsa.gﬁgggkgﬁe%l nglén%%dggghbfﬁéﬁém%égpﬁ%%%ssed
by ahe grmddmesiipr odededet @800e firansm dbtieput520 fudte display

digital to anal og conversion, frequency up,conversion,
16007 | 17 | AgECRRBFETRLYL itth aABCt CHASH cRiBhliprynd /O dévice

10669nﬁy@éyyéé"h§5¥WQ%?t&fQJ &Qﬁgggémﬁéké)f@éﬁéju%uch as e-

antenna 1560. In ad Ion to processing comruni cations
maidi gnaksagéhe DSPLASHBCipr owedgmd 011400nt bol/ofr t heme other

recei ver_1500 and the transmtter 1520. For exanpl e,
auxd2iAEYaphl? e @SVd ComBRAPcatI Wiy &Sgnal SquFhrad, @ rocker

swik8Rei ere 1afo and 1 r agsmistier 1530 may gs @c}apfﬂ'rp\aﬁéhydevice.
confrol l ed through autfomatic gain con¥ ol algorithms
Thei nplmgpergdeddianat hec 8P H5§0. than abdat tar mosmimt €dit ioves the

co node, .receiv%d signal. such as a text nessage or web
"4 AbAAT S e T d80%s i %yt UBRIRAT Reh T thsoUPS Y5 tem
1003ubsystem 1001 and is input to the processing

In a voice communications mode, overall operation of
the device is substantially similar to the data
communications mode, except that received signals are output
to a speaker 1100, and signals for transmission are
generated by a microphone 1120. Alternative voice or audio
I/0 subsystems, such as a voice message recording subsystem,
may also be implemented on the device 1000. In addition, the
display 1600 may also be utilized in voice communications
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
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
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devi ce 1800. The received signal is then further

processed by the processing device 1800 for an out put
wa m0t/iwess spl ay 1600, or alternatively to soneP@vew2006/001328

auxiliary 1/0O device 1060. A device user may al so

conpose data itens, such as email nessages, using the
modi€Pado 143 antl Of o 80 nituREcaador | i vh | /s@ndewWrde -enabled

1060, such as a touchpad, a rocker switch, a
systRm-aiteedevigtesome ot her type of input device. The

COonpg d ﬁgh?ﬂfﬁkggﬁoﬁgy EPB%P bgt{lrgnsrgr&bto%dlmovn%rsthgf the

communi catrons network 1 vi & tRe communications
inwatbsyst eni100konlen o Vohee md @MUl CahbOR%kiMI@R, in the art

overal | operation of the device is substantially .
hawing | afhe o peredlibta ebmbAfcatPBRE1RBEe, PEREEPLechatin  the
fol EEEINPd UANAl S, A& OU Riflq 0 SPEAKEL L1%g aNdirayings.

signals for transm ssion are generated by a m crophoné
Thddfbr)l t £t nabi vadeeisceodr thadi aHd Q suhsysdenss Av€hto be

. as a voi ce nessage recording subsysteg%_qg%)also be
LiRREndRt ed6n PRECHEFFCeCMPRIMPRL BT IFDIOSeRe and that

modjﬂﬁpéfﬁ/ic;rﬁsooa%y %kﬁ@?ﬂﬁer%él 'a%%d iﬁ‘téﬁ%f& to be included
conmuni cations node, for exanple to display the

witldentiiey sdfowme caf | iy jpardnytidmhe duration of a voice
call, or other voice call related information. The
short-range conmuni cati ons subsystem enabl es
conmuni cati on between the nobile device 1000 and ot her
proxi mate systens or devices, which need not
necessarily be simlar devices. For exanple, the
short-range conmuni cati ons subsystem may i ncl ude an
infrared device and associated circuits and
conmponents, or a Bluetooth(tm comunicationsnodule to
provide for communication with simlarly-enabl ed
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systens and devices. Many nodifications and ot her
enbodi nents of the invention will cone to the m nd of
wQove7/6i9683 ed in the art having the benefit of RGTCA2006/001328
teachi ngs presented in the foregoing descriptions and
the associ ated drawi ngs. Therefore, it is understood
crLafrhst the invention is not to be limted to the
— specific enbodi nents disclosed, and that nodifications
and enbodi nents are intended to be included within the

1. chp%iQEeEhQEfpVFQ &anélﬁ%wghanﬁel E%&%%red@é within a
r rte

educi ng co-channel int rénce Wi thin a
commonmuat¢ahbonsceéuekvethetheltektepmpompnnging a

mul ti - chann ace-tine filt i rcui.t th ilters

81 BHAT LpARPE e A RATE BedR S dgmanit that Eflcers
n LYAANI gakt ONE it vdY beehntdpy) iest ErBhi By spatenitd®ions

filter weights and mnulti-channel inpul se responses
sigpalRrYY ba@é@thboﬁsm@laééw a?rmﬁc‘eﬁgfelmﬁal félter weights and

mu1@§08HBRﬁb Lﬂﬁﬂg ge Fhéeghq nB&QFSd fcﬁle%%olesky

circurt t t ecel ves t|-channe signals
andnahgenuhanaebgcspaoeitﬁnesﬁ|bhér circuit and has a

filter respagnse that Vi a, chan

cep o e S Re b PrErRefe Sred  ShECRTEL e b8 e ives
mul€hiFedbhne2 .sild@afdl tf&*onacﬁﬁédlnﬂglﬁlo-ccﬂeﬁiﬁ@lL furépgte-time

conpr|S|ng a virtual antenna circuit connected to said

filkgrt méﬁaﬁﬁelandspbﬂ@@e 2 i el ¥91 %SRS Ehathat s spreykded by
a cE Oy %ts' Onﬁeiﬂ)&@é e%tt‘lm%‘%qog”df% ﬁ%”pésg'ce—tlme
rea . e filter

and | glnary signal parts
filaecordrrgiteo Claim 1 wherein said nulti

2. The filter according to Claim 1 further comprising a
virtual antenna circuit connected to said multi-channel,
space~time filter circuit that splits the communications
signal 1into odd and even sampled, real and imaginary n

signal parts.

3. The filter according to Claim 1 wherein said multi-
channel, space-time filter circuit comprises at least one
multiplier for multiplying each signal part by a respective

space-time filter weight.

4. The filter according to Claim 3 wherein said at least
one multiplier comprises a pair thereof connected in
parallel; and wherein said multi-channel, space-time filter
circuit further comprises a respective delay circuit for
each signal part connected to an input of one of said pair

of multipliers.
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channel , space-tinme filter circuit conprises at |east
one multiplier for multiplying each signal part by a
WO mepenbsve space-tine filter weight. 4 . The HG1/€£2006/001328
according to Claim3 wherein said at | east one
mul tiplier conprises a pair thereof connected in
5. pargid el ;fiandmherRiddreing Nukbi - chagngl , spacgdid®h  the
filter circuit further conprises a respective delay
corgiyiekGat s eattingl grampepasescenrekienl oy anfi symbods, and
o) i [ f i pki e filter
B T e e e e S T
symorprdsksy capdarbdtied diesgwmbols, and said nultipliers
and delay circuits each having about a onesynbol del ay
associated therewith. 6 . The filter according to
6. O arme 3rhutbhera coidisd Ngoa dRSRECE! MRISHE®! comprising a
circuit, for each channel, for summ ng outputs of the
resRE¢t Ve erssier, ThsCRiLEt erf@ec@adingchentedi m for summing

ou{¢g§5w§fcgm@r$&j{§b§%é§gpt optimal filter weights and

nnel ~ esti1 nator recei ving training sequence
synbols and timng uncertainty data and for generating
space-ti filter weights for_said nulti-channel, o
7. Spathe { e RF (RFCT A ¢ B LA M L] - FRBAFiging a

jolRSPaRSEidhHT S@i kil tie el admt cheghdfdl t &sGidpld  for
. 8 . The filter according to Caim1 further .
reqNpHiSi fgranlagualsFuenes r eubodswitd edminemugwiertainty

da@ylghacpﬁﬂpq%e QPQ@P&% EEEESLtEEEC%J;té%'w Qé%%ée%or said
system for reduci ng coO-channel "I nterference n~a

mu Loireimcad 1 pnspaecet inee, fiheeti tiecusystem a multi-channel
impulse response for said multi-channel matched filter

circuit.

8. The filter according to Claim 1 further comprising an
equalizer «circuit downstream from said multi-channel,

matched filter circuit.

9. A filter system for reducing co-channel interference
within a communications receiver, the filter system
comprising:
a joint space-time filter comprising
a multi-channel, space-time filter circuit
that filters n signal parts that have been split
from a communications signal by jointly estimating
space-time filter weights and multi-channel
impulse responses (CIRs) based upon Cholesky and
eigenvalue decompositions, and
a multi-channel, matched filter circuit that

receives multi-channel signals from the multi-
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conprising: a joint space-tinme filter conprising a

mul ti-channel, space-tine filter circuit that filters
wOonRes7/greed3 parts that have been split froma  PCT/CA2006/001328

conmuni cations signal by jointly estimating space-tine

filter weights and nulti-channel inpul se responses

(Gl Rs) bagphion deskyignd g gegval ¥ercuit and has a
deconpositions, and ‘a multi-channel, matched filter

circuit tiditawrcaioseonmd tithekanhel BFgnadiedf rim tehe channel
mul ti channel, ) Spageti R fi %EgEQQEESH' t%f?‘&ﬁ W% dspace-time
filter response that 1s provide y a channel "1 mpufse
response fesitigmtdiorcdirtomdre space-tinme filter

circuit; _and an. alterpative filter, operative when an

i nt €°F eFEREEPPETEF | 5 beFow R Frdddter PRBd ¥hr ésfiGIrderence
180 coBPIHSIdRY & 'ﬁte‘i:i&%rfn{i'nte%f1t§r§§9§§dc%rnrdelﬁéﬂlﬁf‘ising a

circuit, and a switch mechanismfor switching the n '
mafighed pattsrintd chessaconedliitivar @wcuit, and a switch

c - Cor at | brcuit, 10...The fi S
R Tt e Bl bR el o s v vETE S ne matched
f idnteeneendt i ¢l 4 - cxpnreelct teicbrt aoisadudi il ti - channel

space-tine filter circuit that splits the

conmuni cations signal into odd and even sanpled, rea

1@Nnd pHEgi palYeR SisgR@lerPardScoddindhethi | t@raigystem further
according to Caim9 wherein said nulti-channel, .

cEpaceEidre & i Iteitudlr cuintegormpr icdesudtt | epnested to  said

mdﬁgfi éﬁﬂeffm‘%ﬁgégJy%Heng§§%grS|gfgéufgrttﬁa%zisplits the
respective space-tine Til1ter weight:

communications signal into odd and even sampled, real and

imaginary n signal parts.

11. The filter system according to Claim 9 wherein said
multi-channel, space-time filter circuit comprises at least
one multiplier for multiplying each signal part by a

respective space-time filter weight.

12. The filter system according to Claim 11 wherein said at
least one multiplier comprises a pair thereof connected in
parallel; and wherein said multi-channel, space-time filter
circuit further comprises a respective delay circuit for
each signal part connected to an input of one of said pair

of multipliers.

13. The filter system according to Claim 12 wherein the
communications signal comprises a plurality of symbols, and
said multipliers and delay circuits each having about a one-

symbol delay associated therewith.
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12. The filter systemaccording to Caim1l wherein

said at |east one nmultiplier conprises a pair thereof
womanewsssd i n paral l el ; and wherein said nmul t irEhes0e4/001328

space-tine filter circuit further conprises a

respective delay circuit for each signal part

14 .compect efli 1=@N EPPHEmOf sererafingal dPaiciffm 11  further
mul tipliers. 13. The filter systemaccording to Claim
compx hiiéyei A ﬂﬁ@RﬁﬁﬁﬁHﬁcéﬁm@ﬁ§:ﬁkﬁﬁﬂl%@nﬁsté?QP channel,

£ orP @ st QS ¢ 1 RNG 53 gal”}élxt pliers and del ay

circurt eac avi ng about a nesy del ay
associated therewith. 14. The filter systen1according

aim 1l further conprising,a respectiye .su r
15 Gt EFOFSBach VS Emel 2o G S hG. o(gieS of ¢ fErther
xrgﬂ—tlltshmq ers. {&intl heopﬁtirh@:[ Sfﬂ@@}acw@&ghﬁg tan€! aichannel
further conprising a joint optimal filter weights

estigmpteianyl eetehated §orinbRei SPAYCRERI ﬁmg%éqaéﬁcélmmg
uncwﬂg%%r&f”d?#gﬂ ng,yncertal Q-igé’n&‘?é&rﬁ‘d. g%}cg— fﬁé‘“ Biter
| 0 tI- annel ,

space-tine ter weights f sai d
weigphace- fome $aid emethnc-whtanamd a sphte-thaanefilitgul sercuit

esponse.for _said nulti-channel matc
and. 3 CREL 18PaRRer AMPUL =By SRHORor t g P R g ehannel
matfdhddheri iIcawrditng @n equal i zer circuit downstream
fromsaid nultichannel, matched filter circuit. 17. A

nmet hod of reducing co-channel interference within a

16 COMINI CALY P05 T g 't\é?nr oMLl g ng: 8Bl 1 'a;l‘i} further

comuni cati ons si into n signal parts;
comﬂnaalnggpmuegaatszamthumcalmﬂdqwnﬂunﬁam fs®mceandnmulti—

cndildST SLISUE AN, S50) i ng space-t e

17. A method of reducing co-channel interference within a
communications receiver comprising:

splitting a communications signal into n signal parts;

filtering the n signal parts within a multi-channel,
space-time filter circuit and jointly estimating space-time
filter weights and multi-channel channel impulse responses
(CIRs) based upon Cholesky and eigenvalue decompositions;
and

receiving multi-channel signals from the space-time
filter circuit within a multi-channel matched filter circuit
having a filter response that 1s provided by a channel
impulse response estimation from the space-time filter

circuit.

18. The method according to Claim 17 wherein splitting

comprises sampling the communications signal into even and
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filter weights and nulti-channel channel i npul se
responses (Cl Rs) based upon Chol esky and ei genval ue
waimoToessi t i ons; and receiving nulti-channel SHQIM@A206/001328
fromthe space-tine filter circuit within a
mul ti-channel matched filter circuit having a filter
odd espaised hahdi sdpandudety byha chainebnimds$esamples into
response estimation fromthe space-tine filter circuit
real 1@nd TheaGeRAbY atedrdi RgrEd- C aim 17 wherein
splitting conprises sanpling the comunicati ons signa
into even andodd sanpl es and separating the even and
19 oddThanptesshodit acrealdiagd toadilmity dilgnéahrphets.cdprising
The nmet hod according to Clajm. 17 further conprisin
SUB AR G R s0bf e BAFERBH (541" anac iatd Hd oto 2
dedidegi regdelevel . 20. The nethod according to Caim19
further conprising equalizing a single channel signha
after rescaling to a desired level. 21. The net hod
acc [ [ . t her I Signgef, | [ s
20 R L P E e R ST P L Gy iing
equaleziegerce diengle | shbehew asitmeshdfkhe?2reBoaling to a
q nethgd according to Claim 17 further conprising
SHuFefpt§VHy: each signal part based on space-tine
filter weights . 23. The nmethod according to Caim 22
further conprising sunm ng the signal parts for each
21l ehahkhel mg&QQd,nﬂqqng%n@g_to Claim 17 further comprising

filtering the n-signal parts within an alternative filter

when an interference level is below a threshold.
22. The method according to Claim 17 further comprising
multiplying each signal part based on space-time filter

weights.

23. The method according to Claim 22 further comprising

summing the signal parts for each channel after multiplying.
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