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comuni cations systens, such as cellul ar
communi cations systens, and, nore particularly, to
f5O1Ier | SEACTSOPIvE it 1Me 5T 193108 E7STOF)° B WRREUIhR
interference. 0
mat ched filter sﬂ%ﬁFpEﬁﬁbﬁpsﬂimfoﬂ%ﬁQ@ati on (JDVM
has been investigated to neet requirenents for a
Downl i nk Advanced Recei ver Performance (DARP) that is
Figldmeifirdiecthvgntient hird generation nobile

co ni cations system and the Third Gener ation .
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Conpari son In the Presence of ISl and CCl, 1997 13th

nf. on Digital Signal Processing, July 1997. 3
10 ﬁ%‘lpoal}gﬁ%l i ni, Adaptive Rank-One Receiver for GSM DCS

15

20

25

30
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de%ﬂ"e]rﬁwtalqrhterf@%%ce 2Mhcel PagRon {BAPEF1g8FedSM to  meet
re@ﬁﬂﬁ%ﬁéﬁ%s 38R a Downlink Advanced Receiver Performance

(DARP) that is 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 Prccessing, 1IEEE
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 Intl. 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 6.0.1, Release 6, European

Telecommunications Standards Institute, 2004.
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TR 45.903 Version 6.0.1, Release 6 , European

Tel ecomruni cati ons Standards Institute, 2004.5 . Radio
woneanemwesi on and Reception (Rel ease 6), 3GPP PI3/d&2000@1325

Version 6.8.0; European Tel ecomuni cations Standards

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

Par amet ¢, anckadank e idtd P RedUERs RedK (Release 6),
Mul tivariate Linear Regressions, |EEE Trans. On Signal

Pr 6&&¥si ng, T¥ol . 45 . 00, 123V€E§i04996.GQHfQ@nssoEUEppean
m'Tel'é&%&d%i Qﬂ%%sl%% Hg& tﬁ%%&g&u%eBP§§85.
| nf. On

Conmmuni cat | on annel , roc. 30th i 1 oméar
Si gnal s,6.SystSems cande Cordut,er 8axi1996. IGHalb hetodal Parameter

Mat ri x _Conput ati ons, 3rd ition 996. Trefethen et_,
NP R it iAo o o 40 e 0y ud LELFR RPDCE Linear
NUnRIG G s IReW, PESTHIN GanNhEds1doam 2082esEMkgento1. 44,

A obal System for Mobil e conmunications (GSM cel l ul ar
sy$ten® h&r€ t ¢ %@fdr ess the co-channel interference

(Cal) orf(fi@%éﬁ%@(;ne ec'tE agil‘?f‘ (B'Y@ndSiﬂ%sﬁcé("eHdeﬁﬁification
address the DARP requirenents. Sone single channe
st rafct ar 3PS d Comewhilice¢rionhaVkaheeh, useha.o a0 | Asilomar

cancelding the interference and provi de saone ne
e B Sl e B b e T 1B
syst ens chawe used amxj mMeaddion gbmpbbéations, 3*¢ Edition,
signal-to-interference to design jointly a single

chaf?él- space-time filter and the CIR estimation for a

3!”9'? @@%ﬁ@%heﬂo%ﬂe%JQXSW%H%xHQ%Q ysedaa @Q@ékﬁ%LnQ@97.
m nim zation of the nmean-square error to design a
single Press et al., Numerical Recipes in C, 27 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 been used to aid 1in canceling the
interference and provide some channel impulse response (CIR)
estimation. Moreover, some systems have used maximization of
the signal-to-interference to design Jjointly 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
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 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
woappr/eestvat i on of the M. channel estination. THE/CA00€001325

applications for these systems have been a base

station where a physical antenna array including a

SuithalF glity of antennas is avail able. Summary CGenerally
speaki ng, _the present disclosure relates to a filter

forGeretet hy ebeekinael that Breepefcdiviciisnrg relates to a
flf@@PunT%§t'Q%hﬁ VeEo g?%ﬁngﬁrtl 4@%%&@e fl %ﬁrn a

may i ncl ude tl-chann space er- ci feul
combanifatiens segﬁanmﬂtMDImapahaveubeemysmuHeff@ﬂtar may
c nnunlcatlo S. Si JOInt|y esti space-tlne

Ingiveer mef@ﬁf A b fy el VW%uﬁgé! driggdiit  that

flxﬁk%) bs&Sﬁ'ﬁlupOpaatsl NHH=d vakue da:s‘é?éPDOSIsbIl% (S¥Bdm &
. A qnultichannel matched filter circuit receives .
coppRicEhEMRl  SigRats fAYom IMEN Y ti SERAMAEENY  space-time

fispaceWditdd | LR %chﬂﬁ-tcmglasl L'ls%errégé&%]ec’g (CIRs)

that is provided by a channel 1 npul Se response
bagedi Nﬁpmorﬁfﬁ@ngpﬁérspaﬁemudecbinpoemtgpncuaaVD)A A multi-

ar [ r c oper.ative when an interf enc
ch %vé? %a%elo% a:a?%pgﬁteﬁﬁqﬂﬁﬁ%hr@%ﬁ%f%e%nd %annel
si@mnlmujﬁrbna UBéChﬁdlﬁl4dH§nﬁﬁmi CBQS&eG@ﬁm%|a£iIﬁbr circuit

ircuit and switch nechani smfor switching the signa
ancgaﬁ’l? i At &d%%?@ﬁmfﬁﬁﬁan??l e tandSc stk eyt i n channel

imi I$dl tredPoRBe ashethatibg Mekbin- Cﬁﬁ@neg a%%a%gm%'ngilter
filter circuit includes a plurality of nmultiplier an

Clg@ley- ci Pcuprtandpad eddh tiegceicmn n ¢ gnabeparise Theen an
1nﬂ@4£épéﬂ@é ?Qgegell%y kg’él[&\b“ fas ﬁee cPencerﬁﬁllnveed bgﬁ'resﬁ)old and

space-tine
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 «circuit. A summer
circuit sums data from the multiplier and delay circuits for
each channel. An equalizer circuit is operative with the

multi-channel, matched filter circuit.
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wei ghts. Each nultiplier and delay circuit conprises
two nmultiplier circuits and a delay circuit. Each
wot/opbizer and delay circuit is operative at REITECA2006/001325
synbol delay. A joint optimal filter weights and
channel estimator is operatively connected to the
mul ti-channel, space-tine filter circuit and receives
trai ning sequence (TS) synbols and tim ng uncertainty
Brijaf -Dasdriphien: af thacBravimgsi|ter weights for the
nyl@éi%gégthJkﬁﬂﬂﬁe'%ég%ugégtegn !'gaya%gag %“”H?El become
circurt suns data fromthe multiplier an eelay
appérentt sffom eabk cHaidewindn egualiilzer clgssfilptii®n, when

operative.with the ti-channel, matched filter, ,
CO%?%%%F?. BHleilﬂﬁgc??;ﬁ%na%?o?ﬂ%%}%% PRV AR P oukn which:
obj pcts, 1f eat Hr 83 oard dadyaRmages aMdd i rite GRIR ARRAELMpt imum
fromthe follow ng detailed description, en
Filbasi #és&d i hovnihrk ofdvRecatc diprmiiary BeafPrgsncen (DARP)
; ; i spa 0 - )
e ETFI T Ve bacsd Lownl b avansed Auos ph oo dd ent;
Per F6% madc el { DARPo reapdbt &1 Yet eblerki miaguamdant e tiviet Woint

e I : odi.nent ; FI 218 nore.detaile .
Sp%?%c’lé%g?ag%rlnﬁo %lhlgecjed"i nt" pbé{%lej-c T?%a%?%n‘ﬁﬁw%ﬁ#‘ﬁgefllters
shamd Ml FIc Chanhe! adbd chietcEi b1 €l Sas hoxemp Na ) Gmdod Mment ;
accgigan e wth an _exenplary enbodinment; FIG 2Ais a
bl obkCdi &Gr @i of & LPEFhFHIFFHR cBF d&ndBE Wi 4R accordance
wi€Kespl axymerhedi ampbaifdsz ; 3 is a graph showi ng the

Joint Space-Time Optimum Filter based DARP capabl e

recBf@er 3pésf ¢r R fPhowind otilke DARPNt eSpacasds meFIORt imum

A p ' i_nt. ace-Ti e timim .
Fllféﬁilt'serga?’%gemﬁp&gg%%?r%ng‘%cgﬁvggc Fe a%n%rem%?%ngﬂr various
DA eppdtargases;

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 with additive white Gaussi an noi se (AWGN) ,
conpared with and w thout an auto-sw tching strategy;
WOR0®/08617s a graph showi ng the Joi nt Space- Ti rRCTGpAION®ION1325
Filter receiver performance in accordance with an
exenpl ary enbodi nent with DTS-5, conpared with and
Wity aut psWist ChERGha £l & b@o'c?k adﬂ%?PQmC%'fpaéh ngddi@1ary
performance of single with nultiple terbi equalizers
modieyl adtigredssse wpmmanCé%enpladgvquodﬂwﬁntca@sihg used in
t | is a graph
ac %ii/\%rﬁ%gt ie@%)ea%? o#%%rﬁ fa%fn%‘l‘ p%{e%P%e Opt i mum
F| |FEG. R@ceusvea arah 1z rm@ln;ﬁajeﬂncj eshecaterdan appoodanee for

di t;FIG 8 is a schenat,ic
pe#%ﬁrﬁﬁg‘? ag ly%mn:go Ima(’fr;srjytJrﬁfbrel Qft r faggmposition, and

s 1 EQRTRIA Ca‘trehptﬁ]edeVd@@oﬁnﬁ@EJﬁ@Bnbe Ysed)i N 2eaeLYaREens  in
wth an exenpl ary enbodi ment; and FIG 9is atable
ACRVFPARTFRG I He e e%r%t‘bﬁb?‘b&é%lcf%%r%erf orm ng Chol esky
deconposition, (R deconposition, and singular val ue
deconposition (SVD) conputations in accordance with
Detaipled Mrwmmm ethoR e faxirad Fnbgrdimeniod t he
Preferred Enbod s_Seve non-I|im.t.i.n nents ,
% Vera%enaescrl éanﬁorg'rbfjgl fnfnﬁgréﬁ’%?%? V\,g?hdescrlbed
mof@f&h&ﬂ@e i Or¢ hea BECONRARN NPle T BN EGS td NtMEBT GRrcompanying
referred errbodl nments are shown. These enbodi nents

dr HAPIfonePer "N e eREGdEEF SN FRAGAHNER &F e R Sf of RWRANd These
emﬁgﬂ&ﬁéh@@trﬁﬁzco%%M%%%q aspbi NbhBdqi0qt e, enod) MntcSerent

set forth herein. Rat her t hese enbodi nents are
fomrpvided sshohdd thet dbecl osnpbruetl be t homoagh amg the

em&ﬁcﬁ]ﬁ&]ﬁ@s 389 Worlthflilll b %onvlféltﬁehre, SE Ogs?etgmggg‘:su%ents 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/hp17el ements in alternative enbodi nents. HAT/CA2006/001325

accordance with one enbodi nent, Co-Channel

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

cu€pi £ entMiFopal b Hysd ermmd of 1 Mabid e { CoMt apmrund catd,ons 5
systemis addressed, as well as the conpliant
CYp gl r BRBAL eofs @ Dih| P aknddRaridew IRecayyblable antenna, a
. Per f or D t and. b LLd . ti-an
VBRI heren D Br of 21 (3PP " tRECTRIaSE drg el by the
comlpbogt hemt of noFke@ shmprlavigdesida the t seghaanebn of real and
. gre-filter that. is o€erable for. canceling the
IMFATRFFRrRATES ahdP brovs i iy SHERHRT - i npul se response
(CIR) esté naidwnl aelapiny el sttt mald V.sidyl  from the
. pre-filter can use two nmjor components in one .
Vlﬁ%ﬁa}iﬁ???ﬁ@aeﬁéﬁﬁye?s(i?dato the JSTOF, where the optimum

welthts PEEr | PRET MAMDLLRLEHOYLRUL FEMNOL Q?%%@lJQBn%ilter are
Space-Time Optimum Filter (JSTOF); and (2) a
estama il e- Rhpthesisagleeduitput (g SOI ] baseldammiél i CERandielr the
ed.fjlter.__Ln | cal i l.e statjon using, a
de%?%%#edsal e{%é\lablaéean %%%QWa Sy Hbaaqe(g'nt fia 8P#B§tca?1f the
JSTeF canfibgur ethd ntetaaféyehyet he aanbEbhatépsdofanevefed to a

i t he separation of real and imaginary
ML e T oo bt e e  BahpReeCh e GhotRoN- TP (iAger response
ofeﬂ@@dhﬂﬁﬁﬁedaf§lﬂ@§|igrﬁﬂbbhﬁea'B&U%hea@ﬁﬁn%%tQB%%éohsfrom

fed to the JSTOF, where the optinum wei ghts for
the I Pased interference canceling filter are

est+mmat t e, I tji-.channpel.ClRs
forTﬁeggggﬁecﬁ}gi Sﬁg}em&‘r ggj glhﬁf“flgies a}trra%ed;. %]I"r%er passes
toow pu¥ivérbhe 9§T@Fiakkowshtihk | mkapkesencdet 0 ib@er-symbol

i i - hed
inéé%{%§$§%%2qFF§?ng} S%%%%% ggego gtdeégggggg 9B£Cf%rther

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 in 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 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
indicated by X;(k) through Xs(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
wonsht/d226tvannel matched filter passes to a Vit erda/CA2006/001325

equal i zer which renoves the inter-synbol interference

(1'Sl') and provides soft decisions for further

f1iPFOEEPE| BYu1 A BENGL8cehBBACksr 8SPENSE headiiked RY tiRe shown
equal i zer can be fornmed by a conbi nation of the

by comw olggle € Ren¢ ram theld ST This pre-filter can
al SPI@Ut Cima% 8\9&' ye)fﬁ\gﬁéglcég t 8ft ht,ehé:og\éﬁ‘qtoh%naélpéult blocks

st andard fi conventi onal receiver
usé&%ﬁbdomm@amnkzmmslwndAsmuhphtbamgnaitfm ﬂéﬁéfﬁbdsedto a

recelver 1 n an i er rence om nant . ca
ae LRt  ehren e abani PRy ofEabaned: PRl Sig Anas spLit,
witlemanaricasespadvigyanple of thetpre-1d |d€ra0fconventional

interference canceling filter for the JSTOF-based and
re¢pRFeEaphdl eiretiger i s 3ndtAtar 16/i ANF @n putpyy into a

mah L8 tf*l%t%\ferfé‘”'@h'dngaréﬁ:b@s'—éo%réﬂgtwﬁ VB!L@&IltOfZO that

the virtual antennas is 4 (M= 4), as also iIndicated
re@glVﬁS(bﬁOﬁhﬁ@@@hC@h%ﬂ@ng thgeghgutTﬁmsﬁymﬁml$ptwbﬁ 2:1
pre-filter ferred
s REATHE; e STeatbdts i 11 Ter Brosets PPupen,fpe filcer

14a@m6 tise aJprerfbhsed amdaDKHWFbapmmléamte¥E£Bt@er10/\
recei ver incorporating thisfilter 10 coul d be

destirfbe@ta8ra BRTEEPecEfverhgs PY¥tHEHOWN SHP EHe from the

defdshedohi na ratuikl 19 RIG sd1itFliGtol shews @&@M@Sa% odd
the various circuit blocks used for the filter 10.

sanppes §ﬁgmﬁrﬁsofe@QQMﬁﬁiﬁﬂQﬂaaﬂéﬁbﬂaHZﬂw%ﬁ@c@pﬂlizagain
S5 OSSO, a0 B0l AP ARBBLLP 00
thtbaghi ngl(kdesrp2: 1ssgnath L6Gtoana aSTOEthIcwmm ao, 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 is connected, the multiplexer 36
receives the data (d;) 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)
wosypad2e17 The 2:1 switch 16 is operable to al IRE¥/CA2006/001325
swi tching between the filter 14 and the JSTOF- based
and DARP-capable pre-filter 10. The other portion of

421 hgedulPUiniHgNed Eh@Msthecdar et i wichr €Hptit12nitS multi-
spllt into even sanples and odd sanples as part of the

chwmbamaaﬁbéﬁnél.é&eé@d 4l fier a@@@h pht sheedlouandillustrated
ar formt ve )

onbRELE ;) O0RLTLE KL LOR, RIRBRLILE X e () pog passec

intbse BemmereSOtoAasoanmubptlmhanﬁeuteapa&aQMUﬁaéndtdhannel

circ The output_signals.fromthe ircuit are
o= ABERHE] nETEthi ¢ 152N aRRER L HERChdY 11 TYRROL] £ cdnp 32 iming
un88fthist QuUlYnagigned ipTokRsSedhdt QedghesCalifly) used for
circuit 34 and then into a nultiplexer circuit 36 as

theapdxess) 49, TA&- mul tipl exer circuit 36 al so receives a
chagpel n(Gi ) 1§eEBQQ§Elth§P LB £PpYENLI0 f%;é%éﬁ (é4pme-

i's connected e nultiplexer 36 receives t
fi}tandfehahmen {atp aespowsetﬂpoaﬂtﬁéMnaEche&eklk@emddlng a
c and ncross-qonrel ation circuit als _.
pr%ré %gsse LEHES B etéquallc?relyeg 18§ag g@F B filter
asdeshswon Dut pEtG. Furt herhéjetcaddxserﬁfldzhael J SGR waitth Aherdware

multi-c hed filters are shown in FIG 2

h
Vi L SRR hBar Bl CoPbey Sr Rt I R e s e | i frge non-

1idS g Cidsigdid S Bn{ Nmt&glated Nk 'c%‘ﬂ)%b'l'épu{'écé}ver has
(k) t%rough X ( k) are received into the JSTOF, which

beey dieowed nagreater DAEFai tesTheasSFOD I séwiiagfons, which
inlDhUES GORTORL! EdoULEI BLLeS5e e LT IR Ot i
ovanIEn spaonéiedamahdmﬂmddmy31A8tﬁﬁmmeash afhd her&@er error
ra e ??éﬁetgor 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
wonogbes17and channel estimator circuit 52 receatGREAIDEs/001325

synbols and timng uncertainty signals to produce the

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

(8150332 eafg desssdbedid 04l 4 sy Al € RitPr 8EHhE®M into the
function into a conventional GSMTeceiver by adding a .
Vipterli| egnabianch (Fdogk é4l4)o ancohveht ionddihmdenedion is

il wn in FIG 1 . The conventi onal
mas%ft%?@?hfa?%){/\bre Viterbi equalizer 38 can be used
wi t houtopehangen,| ntbhae dworndtat tomg caxanglte, 1an is operable

_integrated DARP-capabl e receiver has been tested .
WiLRaPHSE PARPLEESH BA98SLBySaf mhN&t FERGUSRAVCRETSSE that is

patfdbeatestt Ratyrhe el s cdr ovaslesrd . SndBdk@o€a8i8B, the
mar gi n over a specified performance in terns of the

signahe cansde ilatd CFERF GRS ofNched AMRY splekdtation the
siiggﬁn%BﬁstEhgétggﬂ5%é%5déy*§@§£%c'lﬁ@%trauhgﬁ 8ymbols are
i gh- t he ed”

"evel nethod associated wt escri ystem
typicahlghcbheenairaved shes ared shdhh, asinbnslymioflisngotated

exanples. The.vario ste begi.p wi.th the 100 serie
to R aPenCHO nURAPaF s THHE | REGHERS o SHHIRLCSTORS. SrgaRed 2o
a Ityshefr attath (Bl 0¢kalt0) sandrpagsgdngnt perdwr) vidigiadl. The
antenna. The comuni cations signal is split into even
deppiep b satpl 9 BIfgORt08Pd, afd eaef efeh Hedpnd odd

sam@lPh§s | S hilesh spld t uisRiEQ1r ephbcandel B Ny Sv@@lsampling
parts” (Bl ock 104) . The comruni cations signals from
ratée VHot udxaamtlenna iar eapassedenhionahe ISTOVerr cuitis is

e BPL L BT PREE AETE PLAORL St ML P A
as Pa¢t 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
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 1is followed by a summation in summer 46
as 1llustrated. 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,
wosuamext6si gnal s are passed into the mul ti-cham@l/CA2006/001325

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

circuit (Block 110) and then sumed(Bl ock 112) and

pbefass8d @6 ard NHea [But %l gRAel NEAAL henMERELT Biimension is
_equalizer (Block 114) in which a soft decision is nmade
ingppdered16Yrom n tdyger atiwiiHak heaeetat i oh- iy cuiat Ispatial

di%uéngpgﬁaglse #égrl gggu“ﬁhf‘sd ‘ﬂi%n%lw% acﬁ‘fjr[\éxbseions form a
requency offset that s part of that signaling
spprcetotmé. fBefere any derotation, the signa

con éeILation i qynanic and after derotation the

SighBl ¢onste 1R on BRCANEd SPRERE, (SHEnalnyieynised i

co@féntypobsalhyriconaedy atednoel18, anfddl8fultd i sysbdleceive
rotated to those two points. Thus, the GVSK signal can

weLghtF o4 asha tppincal OBt HerYy phasersHIg 9Ky i aAgd Channel

Es BRSK) rsigpal rhEheyderatat i ObnBlgt he I ORheeNgol St UK imal

_for even and odd sanplings, which is useful because of
FitheroVedobsnpirichgChanrel FEpténanpke 52 rmze coavendi dngb the

i this is typically at the rate of 1, i.e.,
mu%ﬁgﬁ%gﬁ%fé per synbol. The virtual antenna 24 can

i ncTeaseethprtsanpki afspate B0 xt WO carplsd®npdr eI in one
in a serial manner com ng f%$n1the baseband filter to

noR ol H{ o e fEPIPd Sehamtel’s Of H94ANAAd G, CBefBfe training

sefhbScPr 8¢RB61st NBpAdd) a¥en taNPlas tWeR i%@Ni dildker Weights
interl eaved. These signals are then further split into
an@h€hﬁééﬁla@§q%ﬁﬁﬁQﬁH§bsiQhﬁrepéﬁ%% P kG Y henf ggme non-

o n f e, yiriu t.enn I t. .shoyl
LRSS 8,01 e A gl L S o
whicht takianhgnrasicinarmed speayjebe cosed ie..g.A ©A€30br seven

pogy{gghsa%éggdhk%%agpnﬁgi¥f%%g¥ﬁg example can be used to
find the timing. The impulse response of the multi-channel
matched filter (het) 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
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those skilled in the art. A s best shownh in FIG 2 ,

these signals are then passed into the nultiplier
woidpA@2arvd unit delay circuits 44, e.g., a oneeEy@mD6/001325

del ay, and thus the signal is processed with a

mul tiply and delay, followed by a nmultiply operation

1n@¥b&ﬁ%@e§&m9ylbgg EwoﬂﬂéﬂéFhéeﬁ§ 40 cf2caBlconeidel ay yust
circuit . This operation is followed by a sunmat i on

pure w,lmn*n@r na@sas iZiry lrétlr%tcéaﬁe THie ponveBRienaihgeceiver 14
casyﬁ%euse %Rgfaylfla%o§kn%| U%Q%qna’sngkgéngg§ 89%% can

| mensit on occurs caus of t'he del ay
switd®e abdcanotther tihaens:iOQNemllomaﬂoduﬁnelctén omvthBout loss
vi rtual _antenn at al di nensi on

i RaUITERd Bind s THEF WEBaF HERS! oRGH! o a Circuits. The

swobagend i & fhhten. di tBeeddteMateanh bRCOAANYSINGPAl minus
is used in conjunction with other channels, and

SINRine i pllifer she eceiapd ik ght s PrRlem t de tMenﬂhoéﬁrl nghe system
da%%i&fﬁe¥@£98£§e§§d1§Eﬁﬂee n%@EEEFEQEeS%ndTQ%e 'dygf%erence

com ng omt ol nt timal ter Wi
caChahived ES$t ithet oF STBOF arecgassed lisntreott heecmwitqa@l | Bhgs, the
fl]oﬂgr \rl1\§lr19|h| %,l %roﬁléfaelé’l%olo%l%ls rxecA'eld\}%nf’A on%t n2§ lbyt oswtlﬁcchlng
thérai hi smgisegueece synbols input into the Joint Opti nal
Filter Weights and Channel_ Estimtor 52, there are
t ypt &l 1940 iombSn RS TR Sig 1Bx dfAtes fOBBInI6SKRbSRS and

otR¥YFbalsrapd. 'WHf%I%WB@ Whi Gl Steledi TN, SEOUSRSCtie s1gnal—
paCke cont al ns. -3 or Seven pOS|t| ons search in

tomopi$é nicakag etxvari?ﬂ ell@momduged ttdnef ilpvek t @eroknirage (BER)
coq B 5051 ST RTSC gl S ALY RO TEL ZP Bllocons ane
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

receivers 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
wQ200Tex2al7 Ng can occur as a hardware or sof t waRGT/CA2006/001325

conveni ence, although it is not required. This

rescaling circuit 34 allows greater operation for a

4- bgti P&bde bideddipidr ast BudOArds Mcannbexarpke 19 bkBer to
Vi t er bi alizer 38. The dynam c range of the signal
meghn B&er egdﬁ}’st e GUEFETRES t heABj galtegds rigacsentCanceling

Ma‘c@fx@da AR dy or reuiht Cifcyds AnS LP n%;ef fthéhemrtual

t1pl exer 36 can take t he si gnal s
andanaaanohs:hadaebrubsponsaelcf r ohetih€éoconhugnt itanal cbmbaer the
Is.d i_and .c. i

iné%%?g%%{)‘ﬁ%r Qfékepoﬁggcf%rlgm the SREFH % eecefoc\‘?e JQE% tecisatlmatlon

erabkoWod et CihaOMRIl bEipEERSE t REsh¥Bse THEIRAFTOE the desired
receiver wllintroduce sone | oss if there is no
signgdrf d edednti Remodusitisuy e (HRI t Shiiask. 9pAdt Merformance

fo?aﬁﬁetbgrﬁeﬁgeﬁgbgnéhs%%ceﬁﬁe%dﬁﬂtQ%% ke, %§ﬁ9<§¥¥%f@dlty in
wor k adequately. So, the circuits can switch back t

combat toavame onaynéhiergusy LhoarfEoessi nttrfmj:uacedabybEhéaeavy
ver Ci I The .swi tchi IS
Coﬂg %ttinﬁg??ﬁe%es ?%ﬁ{tllttgln ?Lﬁh‘;edSI &Fdlnﬁuggg NREFNSE an
intetfetrde.quantity is below a threshold, the system
det rmnes t ittle interference and the,
i nt ?fé’rngnceé“q?:oacﬁ](f‘é?r?)ﬁ'rg bRe Mé r¥eter TV M fer2f s Iforoperable
w1£ﬁqub6§§tl$eusspbaé Elihker Qﬁtb&@n@onv%ﬁﬁb%ﬁ@ the Joint
receiver 14 is used by sw tching the 2:1 svvltc 16.

SPFheatTFRHPPrRE OPRdriaBie Fdlbeam f6FRPRY Sisiwers aBf to be
usQ&hth§¥SH§¥§er£hbé tﬁﬂﬁno fﬁySEEMkal 59 %%ﬁ F%Qeﬁ;§glal—

signalto- noise ratio to be I mproved and
tempoeal BER)lter 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
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 lcad is deemed acceptable given that fixed-
point Cholesky factorization and EVD/SVD are feasible.

This method has some simplicity and low computational
complexity. It 1is 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
wQe7/0d2617 t hese circuits. The multi-channel StRQICAR006/001325
of the JSTOF-based filter 10 is used in one
enbodi nent, and the M MO based JSTOF circuit 30
th®l Oy §hesn @ 13Pace- H1IR K | ErebrweRgbt apgLERANN®Inulator was
estimations that are different fromprior art
extohdedons. SUPERORS radlt qfr oviieledntreLabeki tyoded YeiAsatarios
i rfer e I 6hept . ynchr onous and
be%ﬁ@n%%%%n%ﬁsgﬁﬁt%?%%rg%%%sé%%%gg}gggb%ﬁgh per f or mance.
Son®hsraul mbw onBo hbaes s howndd dxat i groinen ofoff hettsol wiinarisation

in sone prior art _techniques provide the r ired ,
pet Bo POTER e 6Ok IPRE Tand (i s oot Legsbhe FEMPE Mreuie. 1¢
shdh 89 hasednaulkttoshanelt mapebhedt ikt fr fdd ity 320kS joint

~a feature that inproves the overall error rate
inperf o ARAL e TEAYCEERTC SRS H TP exFEimatlemehas been used

ineqHalbégé bgtgfngLngwﬁg&Ei'%RanQQEaX:t%&biM antennas 1is
equal 1 zers. The built-in automatic sw tching between
avdETdpleasadsamndngohhent tbrakguéreileerts aheduwed tdesdooss for

c?ig%ls%itable receiyver str;ctures can b%a%s%%nite

Ln_A
thP 0 SGAGEF 15 HEST t RE"DARB T difti PERBAES. n =1 -

r
Impol e&f erewen Lancelir)g Fatebed Rl teiapgdHd) seaplyseof the
an exanple of the virtual antenna as described and
repedheor AP RgPeBA cohPRE Lt RN AE eFXRFeReed aPe circuit is
sensitive to the estimation errors of the Channe
| mpul se Response (CIR) of the desired signal. A Joint

Denodul at j,on 4 sho 9 performance for the
vari ous f‘@f g‘gb k-t TW@MP‘?&@H@ the difficulty‘th
conmbati ng the asynchronous interferers, there may be
heavy

where x(k) 1is an Mx1l vector representing the output
from the antennas, H is an MxL matrix containing the channel
response for the antenna array, s(k) 1s an Lxl1 vector for

the corresponding symbols transmitted, and wv(k) is an Mxl
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 MNx1 vector x(k)

as follows:
X(k) = [x" (k),x" (k= 1), x" (k= N + D] =Hs(k) + (k) , (2)
where H an MNx(L+N-1) matrix is the block Toeplitz
version of H and s(k)=[sx, Skx-i; .. Sk-1-n+2)T. The samples

that correspond to the training sequence can be collected,

X =[X(k),X(k+1),,X(k+ p-1)]=HS +V, (3)
13
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conmput ational conplexity involved in finding the CIR
of an interf erer . In one enbodinent, the virtua
wowemeal’24 i s operable with adaptive space-t iRGI/CA2006/001325
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
estwinete op of Pt he LdesiN eld i ghal s akkej ohmbey et isymbeds of
~and optjmzed in the JSTOF while the tw are  _
tng oA LALTY SEEFTRES Kn dh FOWPTE Lyator gt QUi 30

can: b Iti phe-1npyt | tipl a- ut Vi ' ' :
tha{S@é é&é%\jgbﬂ agé gf(k{yﬁe lggngsgle%fc(i:[g{wd(\:ﬂyl’\{%t Sﬂrogﬁ}g}fltutlon
mathex desi tbd €CERimahygi xymhoilhe Fphacgotinme opetimpzation is to

~Simul ati ons have shown a satisfactory performance for
finge avappousr DARPL t 88 1c adesIh ComsGitat ofalfdtoad iSpace-time

. deemed acceptable giyv t | xedpoi nt. Chol esky .
1 e o ac OO Ar BAT BvbL ey e | SESRRMeCL TRRS REAGR vector
h hastspnmetgpenpkicity aBdchowteafputatl oralte@npliedidnference

It is also robust because the system makes few
regsdydpt idnstBBout 1 tFRY sdgr cBipini Bedi ntlerS or efi€e. SPhve the
£oRdi1hgNopt 1 SYSIEM SR £GRL I nue Lo use the existing

equal i zer  structure, as the solution is integrated as

a pre processing step on the input data. This woul d

allow the systemto . use the HWequalizer accelerators

if avail aii)ﬂluev.TXﬂhBS’ﬁer to support the eval uat(idon of

this tecHtfique, the systemlevel Block Error Rate

(BLER) sinul ator was extended to support all of the

i nterferer nodel s/ scenarios being used by the 3GPP

DARPL Spekei b cheviod. thaer ehaoopt e buke lolllest? ! ption of
the sinulation

w,, =R'R_h (5)

xs - opt I

and the optimal <channel estimation h,, is the

eigenvector corresponding to the minimum eigenvalue of the

. Hy -1
matrix R, -R R 'R , where

R, =XX", (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

14



10

15

20

25

30

performance for DARP test cases using the JSTOF

circuit. It should be understood that space-tine
wQoorexssiing for joint interference reducti on aGi/CA2006/001325

channel estimation has been used in a base station,

where an array of Mantennas is available. Assum ng

math8g we e@rw,veﬁe afhégf‘?xhafféﬂ‘)@é? LA té?l%n%eriglﬁ | ds the

desired ‘user can be node as an L-tap Finite Tnp

maRespenseké Elibodi (M, «xtShapskel, samtie of %h%unlmlzatlon

recei ved. baseband signal can be expressed as where
ofxtks FelhpwMRe VeRBbBEtYepresenting the output fromthe

antennas, His an MKL matri x containing the channel

response for the antenna array, s(k) is an LxI vector

for the f transmtted, and vygk) is

an Ml vg§¥g§§Pﬂ? d?ﬁgythe|ﬁMEN and the |nterfé% nce.

The spacetinme extension for forrmula (1) can be

obt ai ned by stacking N tine-del ayed versions of x(k)

i ntna thald enoMkimvethgr space)-tasnef ohbaws;, WIS enumBdr of
thhhkgé N-1) trlx i s .the block Toeplltz version of H

and ER?DF§H$£ fanels 1s splyaxgolpps fh@rsdivpl ggual to M
andhaji COET esponth § o t equenge C

hafi cot! anpenty 3‘}(rta\|?ﬁ< ka@ﬂsb@en% 9& ar;é]rgﬁsHl
leSMMheﬂeNpliIDThQ.raNk+dEflqlam;tM@ @mwbéemﬁcan be used

fo2YERE! 2ah | [ Sob BN SEWENR, dhide AN BRI

conviod ugSDOF mat reniof ihhentr abodgneyrbeks. uﬁﬁed(ﬁﬂﬂferent
[ i o find a non-trivial MWl weig

_optimzatiqn is
aoRRRt Oh “BPt S R el aiis FEY IR REaL A hORS L EPLI khe filter
we{dt\ bhaxlwehansehngst | ratdign tiest.orrh akt e§o§§"leo]fé I£8" fing

~such that the output interference residual of the
the Mk e2stmag omi gedH i The astigelbien lman be decomposed as

H =HH", (10)

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

=]

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

oo

. They can be obtained by:

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

where R;=R!’R?? is the Cholesky factorization and Vo

consists of the M eigenvectors corresponding to the

top M eigenvalues of the matrix D,
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followi ng optimzation problem mmw x-hrs |2 It can
be found that the optiml weight is: opl R -x R xshopl

waQ 2007/@2%17and t he opti mal channel estination hdET/Cs20061@01325
ei genvector corresponding to the m ni num ei genval ue of
the mtrix R- RRR, where RX=XXT, (MXW) (6)

R=SS La-IholH s=IN2 | and (7) R X = AST
((MN) X (Pé )N)R“)R?((g)(” 'vé% 2hat tge)noi se pl l]]g§

i nterference conponent V in the space-tine nodel of
equation (3) is no longer white but approxi mately _
Gaub’i an ngixst rstRR edt Pt RPHARBIWY ST | Boe efrhier ispaRer time

filtépecé’r?tllbg’;%ﬂ?ﬁaﬂ%é?&g’n for the channel His the

maxi mum | 1 00 estimation, which is a

m nimzation of the followi ng quantity: (H Rv)= | ogRv
+ X-HS In this non:limting space-tine nodel, the
nunber oW, FeRi Rddpendent cH#Bl s is al ways | €sd than
or equal to Mand ii is usually rank deficient, i.e.,
rank ( ) =r <mn(M\, L+N-1) . The rank deficient M
probl em can be used for the rank-1 approxi mati on of
the space-tinme filter. The JSTOF circuit in one
enboad neim¢ caninsk chahfié¢brestimppraachsto find the
joint optinmumsolutions for the filter weight and the
channel estimation. It is possible to find the M.

estimtign of,H §1 The est h@g&g@_ﬂa)n be decorrpplsse)d as
H*=0, ¥ (107 )

It is 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
channels, and it 1is a MIMO system. The optimal channel
estimation in 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 level. 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 1is below a predefined threshold the JSTOF

16
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where Hs (MM is the estimation of the space matrix
of Hand H, ((L+N-I) xM is the estinmation of the
W@ 100wt i X of . They can be obtained by: HBCECA006/001325
1/2v L, and (11) H=1 0, , (12 ) where is the
Chol esky factorization and YDM consists of the M
re@bgeay¥ectHr $Golespendi iyt e Hhectbapehkebagnvalsesi Pfr s
the matrix D ,ln a next step, the optimal weight for
turpedspace-ThareinPirtelSIdEn ¢ obraisdsd by wwmpR S| once the

14 . t.i mal nel timation is = -H
esé%f&l\fﬁ ﬁ?% hqe%noelosllntrrﬁee%uc%g_gosq b(lle t'o apply the

opti mal space-tine filter in equation (14) to the

sanples fromthe antenna array 24. Cearly the outputs

of the filter 30 ﬁﬁﬁ | have N1cl%ﬁ l§7yand it is a

M MO sysSEVR, En -0 1 —gst . ,

equation (15) ch-HES|uset(Ror H R Hiut 2Re¢RakHg)

mat ched filters"32. The outputs of the matched filter

are then conbi ned (sumred up) and rescaled in the

rescaling circuit 34 to the nodified desired |evel.

Thea®f naleoftpbtti SIHRsFRG beclvampeit esafslon stavedmoarsd (14)
angani e.fed into the Viterbi equalizer 38. Note also

that the nunber o f channel taps after the JSTOF has

been changed to L+N-1 conparing to L of the nodel ed

channel taps,before the JSTOF. It was observed by

si mul ati]bgﬁﬁ‘kzhat the JSTOF rag@l YRk’ pcurred nore tt(wfl;)
o)y 2\1j SIS O s 0 e .

SI]\{I'R”dB: C » Uy T
conve‘ﬁdp,%ahoprﬂcei VT oS et i Bk} er.

On the mobile side, a virtual antenna array can be set

(16)

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 joint
optimum MIMO space-time filter and channel estimation set
forth 1in 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 H is estimated with reduced rank.
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To reduce the loss, a strategy of automatic sw tching

bet ween the JSTOF and conventional receivers was
waimednped. The switching is based on the neasROTeO®2006/001325

of the difference o f the input and output SINR s of

the JSTOF. Wien the difference is below a predefined

thrgshold dhes JSTORERESEYSE T3S tHN Negb DEd x @NAidRBposition-

conventional receiver is turned on. The input SINR can
baded easid tyr conputreck onicen t hefest iRpt | agmdf thes dergenvalue

equation (10): ) and the output SINR can be conputed
dedompoeeiaen o (MaBrignd N 157 eqativn mobdl e Srdgifdcally,

3L e S a0, Sk VOB IS SO ey
de&gﬁ$§g@{yb@aé§%%@§:shomn in FIG 1 . In accordance
W

vari1 ous enbodi nents, the joint opti nrum M MO
space-tine filter and channel estinmation set forth in
equations (14) and (15) enhances interference
suppr essRorF bekf or mance. The M SO nul ti - Eh&hne
mat ched filters 32, which are based on the channe
estimation in equation (15), inprove the error rate

per pordmner Wil e deduadg the conplexity of the
Viterbi equalizer 38. A strategy of automatic

swi tching between JSTOF and conventional receivers
reduces the l0ss in pure AWGN cases. The J?TSE defi ned
by equat on91]?6) -(17) can be inpl enent ed {h7di f f er ent
ways in terns of nunerical stability and conputationa
conplexity. The major differences are the way in which
t hewhewerse of the autocorrelation matrix K x is

cal cul ated and the way in which

D, =L/RIL7. (20)

It should be noted that the inverse 1s actually

performed with the square-root of R,, and the explicit

computation of the inverse may be avoided by the back-
substitution. Also, D is 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 1is the Cholesky

decomposition on R, , as its condition number may potentially

be relatively high, and its positive definite property may
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the channel His estimated with reduced rank. One such
i npl ementation is a Chol esky deconpositionbased matri X

wao weeebon of R x and the ei genval ue deconposiR(To0A96/001325
matrix D in equation (13). Specifically, since Ris
symetric positive definite, the Chol esky

be deEFHRASI tbOR A% SdSgrde =bd Ho@idR£@NePLEW idit®Mations
as where It should be noted that the inverse is

shaeedal Inpweaiefror neldawi tthet heosdifaien r oombefr P& Rands 1less
the explicit conputation of the inverse may be avoi ded

they the DEKSUbSTTIUISHECTIR SECNFHIOH FRGN & VPRt dlgh and

becaysec9F ribs-sLLug t a tions. This
vemgs verified by sinuf%%?%ﬁén?%aygé%gm£%€%%§°condition

nunber afc@rdance| durmlyr eat erlthana860. emhodimept j esthe QR

' [y 0 si-tion on D would not require |,
decale s Eoen {F, SEECTARS: AR oY Ve cdpeti®lS' SSotd ene
di2OBtI callicanstids Wi | the aPRIeGAted Y these skihbedgr

in the art. In fact, this approach may potentially
eqhaveot he J)easascaiyill atbonah ool exiity dst h@e unique OR

qgﬁéoachES outlined herein. One potential numerica
deQYARBTh 12"t he Chol esky deconposition on x , as its

condi tion nunber may potentially be relatively high,

and its positive definite property maybe offset to

some degXée=BR round-off errors. Sinulations) showed,

however, that the condition nunber of Ris |ess than

107 even in sone extrenme scenari os such as very high

and, yery ka%C%r%&ﬁﬁ'&thﬂ%g&gﬁ eg%%h%g%h%%g%%ﬁ%%hslgnd R

accordance wt n alterna odal ment,
is a full rank MNxMN upper triangular matrix. It can be

shown that
R =R7R”, (22)

and the D in equation (13) can be written in the form

of equation (19) with the D, re-defined by
D, =L/SQ. (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
wopt =l1_]])17“7DM * (24)

This approach 1is basically an equivalent version of
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deconposition in the sanple domain may be used to

avoid the direct calculation of the inverse of R .
wasimre22btre X t in equation (3) has full col umPaTa0k2006/001325

has the uni que QR deconposition X 7 =QR, (21) where Q

IS a pxWN matrix with orthogonal colums and Ris a

chédddxyapkcWhixWNiwpBE! {1 i @AGUIAMIM®E Mi¥math @HARE one can
shown that and the D in equation (13) can be witten

show thetf ®& mldf. equatdonifdS)ved t huhbeifal seadefinedat the
by D1=L"SQ (23) The reduced rank channel estimation
expRlySbe pérfoilied @Rt h daremEiqferhiginie degoapbsrti eempdexity

IOF op
(r b R S R APRIORER. 300 ARE RO I§ Tror o
maﬁklx(Zﬁb 'BMWEHaana&Oh Badbasacaéty samebhwi vatenix (having
Versj on eg{ deconposition in the sarrgli domai n
o el T, ERBGSL Rsy TRIY fovy (T eeh BarBpLa case  where
M=AUNRED c@ldai_;a@ lity at the expense of the Q?

deconposition's greater conplexity (requiri ng‘JL '
apprioxi F¥Cel JPRIPRENAS FEFF rdperat 3lorse f Gitid lmareanipg the

coﬁ%&%ﬁkf&ﬁ?éFanelﬂﬁgg{g%Tgyehigg ﬁxlﬁgéyégg ﬁthough this

appr oxi ma tinmes many rows 1 n an exanp

mawhere Moﬂle I\kb‘-32 et H-=B)b s t ifthe itomes ap;ihnauhegs now to vyet
eﬁcrlb abovE still re rethe corrEFI ation of _th
I t

aNQ i GhguPaF ShREFFx ﬁRPeli’saé al t holigh may'He" %I%ﬁe value
decbcympbta@ktﬂbtbSt iStyoh i omsprdJakt) NgheOWnd©r ¥€t 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):

X"=Uzx Vv’ (25)

x=x "x 1

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

X

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

matrix, X, =diag(o,,:,0,y), with the singular values on its

diagonal. It can be shown that
R;' =V IV, (26)

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

D, =LSU,. (27)
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anot her alternate approach, i.e., the singular value

deconposition (SVD) approach, the matrix inversion may
whmozenstied and the numerical stability may beedueAlones/001325

i mproved in sone applications. This approach starts

with the SVD on the sanple matrix in equation (3) :

whe Uy 51 - L x o w th o | ,.col \Y,

R e e
andi eigenal 1 vat r w¥ight “mét g% Smay-be SMN-YenWth the

singul ar values on its diagonal. It can be shown that

The D in equation (13) still has the form of equation

(19) with D_1 ihArgd by: The channel estinmati may be

obt ai nedulw "tXé ‘Sb/g%‘ﬁ’D 1 and the filter wei(gﬁf

matrix may be witten as where \DM contains the top M

right singular vectors of D1 . The SVDin this

appwibacd VRy remibdindoriee cospumarigns thaguhhe vectors of

Chol esky and QR deconpositions used in the previous
D, t wWShappi\daches thAss aproomsdr irson péqtheet oee computations

approaches.outlined above (i.e., Cholesky, OR and .
enSPFRETTES 8bky FROFDE, GoPreps i ERenconsRFatioitd sissvious
twdYasbpePab@Esan exanpl e where M=4 , N=2 and L=5. To

find the best timng of the burst, the JSTCF searches

a n¥rbér Cerreirisrg Wipditesekremdaphecanbes outlined above
. COrre ' tgpth i p{,Aum p si.du i s ,chasen
A T e o o M S
compuratidns| 2fep2b9 stEpe foearaah ¢qanebs basreaMky, N=2 and

_fepeats the operations listed in the table for each

L %ypo Qnesfitl&d b& G héeisﬁpu{:l@éﬁﬁl eo%rat’ffil%esb“fl?%“'m t Hde JISTOF
seLOMsES Ut bve riunBadlg hypot hesesy hypotheses and the one
corresponding to the minimum output residual is chosen as

the best timing. The output residual is defined by:

e=|wl,X-nl [, (29)

opt opt

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)
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change slightly by appendi ng and del eting a col um.
The updating and the downdating algorithns are
w@mheateel |y applicable to some of the operat iRITECAADEI001325

the overall conmputation |oad may potentially be _
reduced. Let X(A:) represent the sanple matrix at tine

i ns{yedtek . It may be partitioned fromequation (3) to
X(k) = [x(k), X(k +1)], (30)where X(k + 1) = [x(k +
[),---,x(k + p-)]. (31) The sanple matrix at tine

k+1 ma expr ed. as k + = [ X(k + V), x(k +
p)]. (%2%’?’@5)3&5@6&#@ f'"e‘h‘bltri x at time k+1 ha%)
the formR x k + 1) = Rx (k) -x(k)x r (k) + x(k + p)x
t (k +p) . (33) This is a conbination of a rank-1
dovwhidat ampltie ama bnkx latupdate. k-Ohendny pee bekprressed as
rotation-based al gorithm for updating/ downdating the
Chol esky factorization is set forth in Mtrix

Conput at y , 3rd edition, 1996.

Anot her gg%ilgag@g ﬁg’dgt%&a))d%\}mdat e algorithmdi é,_g?z)s_ed
in Golub et al. text is for QR deconposition, which is
based on the Gvens rotation. O course, the given
appt Bach’ t RS T SRbut OB VST | HC aF HBR ththikgs the form
application will depend on factors such as avail abl e
processi ng resources, conputational conplexity, etc.,

as wi |l Re(fappreRi,ehed@yx't(hps&(kiphxad 4 p) 1 he art(33)
O her approaches may al so be used, as will also be
appreci ated by those skilled in the art. The

e LS oL ghUERISTOE BESECLRREL LB IOty g g
updatel at i @re endiymerbidiel par anetagriof-traddte JSIQohased for
updating/downdating the Cholesky factorization is set forth
in Matrix Computations by Golub et al., 3¥d 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 wusing an extended BLER
simulation engine. The parameters for the JSTOF Dbased
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
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receiver can be set with different aspects. Exanples

of values follow. 1 ) The oversanpling ratio (OSR) of
wa200am2bey sel ect ed, which naps to the nunber afCTIVEA200&€001325

antennas (M of 4 in this non-limting exanple, and

si mul ati onshows that reducing the OSR to 1 causes

si gehdwsantharer beruengg daw adaki ons; 12 %aé\sayﬁ‘%f Bfficant
tenporal del ayed sanples (N) can be sel ected as .

| ncPRBEPHERRAR AedBrYathemeier, does not al ways

I mprove e pgr ce; rakforth
channel %gspoﬁségﬁlg?% %fc}n eorsag ples” (N) can

I ncbeasethgctaeddecsr easi Irg::tetmsI@ktld@eﬁumbterne@@&%&relﬂ,y does
[ nprove %erf or manc auto-swi tch threshol d

can bk %fi B YBITMBE VA E}b?tp%lé%‘?@%‘hc%ut put can be

quanti zeghin & btééu&égthrahﬁcr§§§|nghéhedeNHéﬂ()ﬁésponse
bits can inprove the performance narginally for DTS-5

Soffaetx sFen &or rexteoredaas bdf enbibt eela s Ting AWRdecreas1ng

sp nn an be used tg eval uate
T Pe e T e s® o MGG 1Y ROty | Do france.
propagat4 pn mmdamtmﬂ'ib&}kndltn:é&ﬁ@l\dikmrb@m aps e d

t hr ougho t the si I tigns. A simulation ran 1000
trials (Dl ocks)SPEF §8FIS&8§e°u'FIPéltFEI@n Pofappptized in 5

reQ§iN§rw1@g§|nihckagsﬁﬁﬁrk%%‘@ﬂkﬂﬂﬁ“&?r§n5§té cbh. improve
ratio, are shown in the graph of FIG . The margins

aga‘ifl*%t Herfefqléﬁaé’r%c@aﬁérlﬂérlﬁfa(nc@Spe@T&r%d et | steed sion
inthe dable b e‘l’l@é@f Qrnmance of the receiver

under pure A cases with and without the
autthewAghi ﬁgest:hatelggmmsl 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.

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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shown in the graphs of FIG 4 and FIG 5

respectively. The strategy reduced the | oss in AWGN by
woator022817dB (at FER = 10% and incurred littl eedToes200€001325

DTS-5. The JSTOF receiver can include nmultiple Viterb

equal i zers, followed by a nmulti-channel match filter

whi The C &Y ligsnde SeFt Wdeci skeas vakt eindd® pure AWGN and
equalizers. Aresult is shown and conpared with the

DTBrd graaesi withe ajrcaphioiowt Ghe auPerfwitehiegcanrbeegy is
| uat Wi nmodd fi test _ca DTS-5R,_ where the
Sh%ﬁ agﬁo?ﬂfhg&ggyﬁbﬁg%d%ﬁg'i%t%? e?ZF'cgn gespectively. The

stcandggureductbe ey f Dss@mnes awel byH apand of ddhe(at rFEr =
burst length is shown in the graph of FIG 7 . The
10% kst siirar et el t Hate t hespef9Br WRFice: of JSTOF

recehyer saegfrades.coi P y" Wht h Severe delay, of jLhe iy ooy
interferer. The above-described receliver nay
eqagVant ageolslyohedudgd d murbbi+ehariel esstdrVife@Ser, which

. 0. [ 1 ul devices) as well as cellular base
coéﬁ%@?%nggef3¥%%ka T3 1 ApS eRAhBFe WO L HbEi 2R r ePegesult
is CORNBMRI 341 08% Q§¥80§i%909héh62i5§ﬁa9e'Hs%ﬂel%r%%étg?'FIG.

described in tﬁe exanpl e below wth reference o Fl

6.8 . The device 1000 illustratively includes a housing

keypad 1400, and tput device 1600, The
out T LIV S SROWRC) &4 LiPapiay He00T WARLRLRS cest case

pro+sd er ahkyea thid laaraphbe kER QA HEntyRess o nPUtPUter can
devices may alternatively be utilized. A processing
be gern £ouBed- | Bheoreaf enenge hih @ hetshousiang %200 ahd burst

LedBEoHDl A 5t yeep LG kexpad 1400 andithe dLoBla) oo
thapertai opepfornendespfy JEG00, ascuelébrasiddier alkh o1y~
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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operation of the nobile device 1000, in response to
actuation of keys on the keypad 1400 by the user. The
Waums0226171200 may be el ongated vertically, or PEYCAHRE001325
on other sizes and shapes (including clanshell housing
structures) . The keypad may include a node sel ection

KeyTher nehRendhal2oer @a9’ 15Of bwahgatal SWMACHHIY v, or may
between text entry and tel ephony éntry. In additi'on to
tak@eopr otdegi iy zhevi Ted 1809pe st Hencpadisgot lemshedli Iousing
] 00,.are _sho schematically in FIG 8 . These
St?ﬁ%#ﬁg%gg'c%ﬁ%uﬁ?ggggoﬁgys6859538n¥1@6ff 8RGO arf§y oF
otlt@nmuaiarbirensrs Wastsiam 1020, skheckeypadetdflnand thent vy
di spl ay 1600, along with other input/output devices

ang ool eApB0Y 910BYand 1120; as wel | as menory devi ces
1160, A480:200. VoI oS OIDAL, Ao Ee5H0SY3REHE L2RLr pares

The nobil e device 1000 ‘i's preterably a two-way
ofcbhaumbbaléodsvdeeiaeobamkegs%@MQesam@mdaﬁaﬁlly éﬁ FIG. 8.
. conmuni cations capabilities. In addition, the nobile
ThERY| CA-L00D Br EPBRLBLGARACHEnauEAPABET: EPORG @ Shorc-range
coRRIMLEA €88 £s W §bb OF heky corguy 27 Syst vaalcf‘ tlgfoo and the

Internet. Operating system software executed by the
dispbresdiel§, devl erg 1800 h sopnef eralphyt /shaped | dedices 1060,

[ he flash 1160, _but
1offs *BI0B vl H20inar (e o Resry dinrices 1AER, 1180

andsvariead @ﬁh%rnﬁﬁﬁﬁbe(%g@s§gtéﬂéﬁifﬁl?t@ﬁégﬁobéle_device
elenment. In addition, system software, specific device

100 pi § carebasab by parvs-vAEr BBf commynbeateémper devlige having
w0208 B8, 2R LS B RE BB B LD LA, e
moliElei vadvhyet haoombi | ereleyi £61 yrayhakso die Stesg8iNity  to
the RAM 1180. The processing device 1800, in addition
commyinigate with 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. 1In

addition, a personal information manager (PIM) application
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operating system functions, enables execution of

sof tware applications 1300A- 1300N on the devi ce 1000.
wOoRopr/extet7er m ned set of applications that contRQI/CAM86/@1325

devi ce operations, such as data and voice

conmuni cati ons 1300A and 1300B, may be installed on

mayh@cdaM 46 1100 during maRukacture. Ithadgiyiqa, eferably
personal information manager (PI'M applicationna e

CapﬂglalhﬁjQMgamﬁpimmuﬁadtmmmaqmngFwakasimemberam?? as e-
capabl e of, organi zi ng and nmanagi.ng data jtens, suc S

magie |C??8£F8r¥da VeRit sV OVGF c B ormdiSirs , SRIpHT HEFRNR s, agfq task

itéask itrenspIihesgy M apldrcatisonaiso alpse ferakarablypable of
capabl e of sending and receiving data items via a
sepiied e hetREER VIAT1. dPEef ektdny, wige Pl Wikgbe$s emetwork

es i nt te sy r.oni nd dat ed
14@?3 t%gg%gﬁékggé ngg&%rkgi%01qgﬁf% tﬁ%gg%viggguséﬁagleSSly
integrespondi sgndatrantzedas ﬁhﬂ*ﬁhgua§§@0003§edththw&reless
host computer system Communication functions, _
ne?%%?ﬁdgggldﬁ%ghaﬁaevgﬁgécéoﬁﬁﬁﬁiéaFPéﬁ@FP@P@lﬁgrﬁ@ﬁﬁedtems

stdPEeQugh Lhe.cp @imﬁoyshéypsafém&méloo%% .@%ﬁs

possi bly through the short-range comuni _
subSymitemi caTheogomiunictabnens simdystiery 10804t4 nchyddes voice
a receiver 1500, a transmtter 1520, and one or nore

COTRPRhNAS 9330 At 1560 LIS di th 9 hehe  communications

suSOUFtEH Catlioons Swﬂ§¥5tﬁﬁbégglyalﬁﬁu&ﬂﬁhyde§h@ short-range
processi ng nodul e, such as a digital signal processor
coqmgpl ca 580 s afdbbygsskemes did atommsurice)idedl subkgstem 1001

. [ fic design and.i.npl enentation.of the
ln%%%%%%iébt{%%slgﬁﬁsﬁéggw\fbofrﬁ§83%%§ﬁ&¢n}5%%0naFﬁ% one or
mo €O NARIE €4 & 0OD540ebnar K560 . WihcRdbhe 168k ke cdWneRinkQRQ i ons
is intended to operate. For exanple, a nobile device
sulPoR-erayl PRI adeca ioshvdsiSc &t iRIRCSthsYStRAdubOl such as a

di&%@éﬂ”@qgh91°$?6ﬁé%sor (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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with the Mbitex(tm, Data TAC(tm or Ceneral Packet
Radi o Service (GPRS) nobile data communi cati ons

wompnenke, and al so designed to operate wi th arQr/©A2086/001325
vari ety of voice conmmunicati ons networks, such as
AVPS, TDWVA, CDVA, WCDVA, PCS, GSM EDCE, etc. O her
typest R r fat e AUk VLR sNRAINARIS, vaekh é@ﬁ@ﬁaiﬁganﬁpon the
integrated, may al so be utilized with the nob

typleviode d@OQunIhet hobi lsgsdewi. ceFd.looexamplal,smrbethe Mobitex

0 w th ot her & ni cati,ons standards such
an§ QR 80 M S, RRETHE, PRl BRI EhattEiay tne
ne 6@PERALBIngPaNuhhgukY pe rebne@mMuRneatriien t3 st emnb%qr or PIN
exanpl e, in the Mbitex and DataTAC networ ks, nobi
asgevieesd ar"élt?féglesatCéT edleyicehe ABt WOFKS usl?@ﬂ’gﬂ%rkﬁ'w qdﬂ@wever/
en ntifi r..or_P at ed Mﬁth
ne R R A s R AR R e e ORp SERORLET B WMokl ot a

devSc@ssoni aGedswi tiBvacsubsbeirbgorer usefiieksa daeVIsQﬁ)so‘irlber
GPRS device therefore requires a subscriber identity .
idepbibte, msion yCoPBreplEd Ffesred Stm cafd,@ i §18r deprd, in

or&@rOPSré%grQQeaoﬁ;§§hﬁ§§mﬁé%wo¥wen reqU|red net wor k

regi stration or activation procedures have been _
conpher ed,r stdvel mobi | eethevike myylsunaﬁmmm aod regeiiwaation

muni cations .signals over onnunl ati on net
Pr§RANTeF GRATE. Al VBT CHF Y e SOOI LR | GEL Fot JBPR may
sedd01 byqt herantepna 1@6Qm@ﬁ§c5@§5%§ togstiR@anecei Weler  the
1500, which provides for signal anplification,

Comm@@u©®ty0@omneéwﬁvérsmﬁQlfllﬁxgnakﬁ chapméved from the

Iectlon et c. also OVI e ana
oftar CRant cherahttatios 20 BhG) it IO cfudGrage routed

tothetm@cely@@eisxir@flal mdm,v\s tvhe_LcEPSP 1580, tdeper fym  signal
amS?{Eigggyégf frequency down conversion, filtering, 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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conmuni cati ons functions, such as denodul ati on and
decoding. In a simlar manner, signals to be

wa roaneazstt ed to the network 1401 are processed®T@CAR006/001325
nodul at ed and encoded) by the DSP 1580 and are then
provided to the transmtter 1520 for digital to anal og

1520N\eSi 88, AHSHHEREYy URHINENE PNt hirbub®r | 8Ftomatic gain
anplification and transm ssion to the conmuni cation

coperawr&klagqoitimes pephenrksyedi dnt hike aRERNHBBAE60. I n
additign to _processi.ng.comuni cations_signals, the P
158%£p§oﬁ%i§5?%ﬁm%%h F&O%ﬁ T?é%?e%ef?grl¥§éos&ﬁg te Such

ast kansiitt kels shaR0.o FoFele XEapd edo@al 8SdAPREI edokt@ssed by the
comuni cations signals in the receiver 1500 and _
CORRARLARtterd52BPREGTER ABADt ROEI yScARPHSI Ited thier RugiFessing

e gai. C I LLhns | in t
1o BpPTERR0 P GERt S A eheTon noaET 2UFEheR, dfbeessed
by sitgralprosecs iagy addexte nk88agEoar amebopaget dovnltbed,display
S processed by the communications subsystem 1001 and, .
1608, ! 55t~ 1 oo FHe brobbssing Ubv 88%%0()3.3/%%@6@%% device
1080 9Nal degithen it ey PIRCesSRLLLY §HEaPLLERSSI BYch as e-
devi ce 1800 for an output to the display 1600, or
majlt engtagesy tusigure thchekeaprid | 4490| / @déer cesdds0.0ther
A devi ce r ;may als npose.data itens uch as
b b ot ae St sEng 0 FE R AIBH 1h00t andrsRbegme @ ocker
swot 88l aWHHUr-WHdQ deyi C8ohBbQtnHCh Ase actouaBRRd.ddrice.
rocker switch, a thunb-wheel, or some other type of
The npempgsccedaTae idemsosedy dathen t ees tnansrhidirase over the

co%ﬁ@ﬂf&g££§gso 8£WEPE EQHH“QESa%% n%rﬂ%ﬂ%@éét%%%g\Q&%system
e comuni cations subsystem1 . n a vol ce
10ebmmuni cations node, overall operation of

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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the device is substantially simlar to the data

communi cati ons node, except that received signals are
wouopm6t70 a speaker 1100, and signals for tr Cancsx0e0m1325

are generated by a m crophone 1120. Alternative voice

or audio I/0O subsystens, such as a voi ce nessage
mod €LOT @loNG SHPSYSt €8l Ml Si 38 drTPk €8BNt86h 1Ak K1Re enabled

devi ce 1000. In addition, the display 1600 may al so be
sysitéhs$ zend i e vbte®. communi cati ons node, for exanple to

di spl ay the i.dentity of a calli art the duratio

of T8 BBt bther=d) o el (LS 188 che
inv&hoi @t wanl Hwnshost thangd rebndEnbaat iskisl 18hsyst €Ak art

enabl es conmmuni cati on between the nobile device 1000
hagheo ot e pPBREfAEe SYst ERE o c@EVileds, WHeSKRNAEEd rAdy the
£oPEGERRAT I b ALEIRL deylges for ARG dde drawings.

short-range co ni cati ons subsystemmay i1'nclude an
Théendfared deviee uandrassod attertt citeulhgemton is not to be

_coqgonents, or a Bluetooth&ﬁn)_connunicationsnndule to
iRt 6% det T ortRomPRsiCadtiCon SPPHIBPRT Par fySehapfed and that

modYB1 €881 NE 8 CEfboYBYn FRAifiLal i P85380d tF heE included

enbodi nents of the invention will cone to the mnd o
wiohpen skii¢| edopa ohetlaetimasmhgonrhe benefit of the

teachings presented in the foregoing descriptions and

the associ ated draw ngs. Therefore, it is understood

that the invention is not to be limted to the

speci fic enbodi nents di sclosed, and that nodifications

and enbodi nents are intended to be included within the

scope of the invention.CLAIMS : 1 . Afilter for

reduci ng co-channel interference within a

conmuni cations receiver, the filter conprising:
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a multi-channel, space-tine filter circuit that
filters n signal parts that have been split froma
womambrat i ons signal by jointly estimati ng SHEATEAZI0061@1325
filter weights and nulti-channel inpul se responses
(Cl Rs) based upon a singular val ue deconposition (SVD)
crLaTM®d a nmulti-channel, matched filter circuit that
—recerves nulti-channel signals fromthe nulti-channel
space-tine filter circuit and has a filter response
1. Lhal 21 PEevieded T GRANEL AL P e AEEPPDSENCe within a
estimation fromthe space-tinme filter crrcul
commmmewabioﬁ$a1@¢dlfﬂrthemecbmmtési¢gmgmx®im@al ant enna
circuit.connected.to said | ti-channel
1T P F e S hae CSBRPEsTERE EONTAR EAEFUAE Shgnaifilters
n bib8a0dhant eveatSamiedocsalpand ifagh NAr y-dhn®indRlt ions
parts. 3 . The filter of Cdaim1l wherein said
Sl@mﬁ%. byhaitidtt 1 % p@eBlne kng| ISPececitidi t£icr | yesghEs and
mui@ﬁséhmeeﬂumb@igsrrégﬁoﬁyégl PEYRBY. gaged%%ﬁ' ap%rltngular
by a respective space-tine | ter weight
vaiy¢ t @ecofoC af hor3 Vﬁ%@bawﬂyéld at Ieast one nultlpller
conpr Shher conn ralle nd .
mhggehﬁﬁzélgﬂahﬁtl ﬁ%ﬁ%@eﬁpsggggg R?; 1ér£%??cuﬁfelves
mufuftdeancehprsises 1 r ésprctine daﬂay ~chaaukl , f or spaekk-time
naI arf _connected taq, ut of one of said pai.r
£ it Pt br eh0eheSTae 2T ekr BoPoOPARNT RO aRe R g by
a CORMMRIICaihONSsS GRAHFREPr & sesnar PO &lddny Ofe space-time
synbol s, and said nultipliers and delay circuits each
£1 W3F el BBUE- a one- synbol del ay associ ated t her ewi t h.

2. The filter of Claim 1 further comprising a virtual
antenna circuit connected to said multi-channel, space-time
filter circuit that splits the communications signal into

odd and even sampled, real and imaginary n signal parts.

3. The filter of 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 of <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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6 . The filter of CAaim3 further conprising a
respective sumer circuit for summ ng outputs, for
weemomnoxzhennel , of the multipliers . 7 . The fiRAR€AN6/001325
Caim1l further conprising a joint optimal filter
wei ghts and channel estimator for receiving training
5. SequUencei syEhobs andihi i REe¥BEAr takNyrddhd caRd oh@ signal
generating space-tine filter weights for said nulti
Comprahtfet , aspacealiiy foft s¥mbPieuni @nghdsaidunulténdhaes and

1 I Lol ti nn h Lhter
oo IpULSE SIS SO pusharne] AEOEGbL! ocsay

rcuit . :
assompried ngherewetftal i zer circuit downstream from said
mul ti-channel, matched filter circuit. 9 . Afilter
system for reducing co-channel interference within a
6. CONMMRMI €altens dfecelyat, 3t Fairftihelrerc syt B4 €PMBI irSisPpctive
. a joint space-tinme filter conprising a
SURR ¥ j Cthahhel TOEpaeBM PEeCRFPREF, cfPEURRChh&haPPELer © the
mulk Spof@s parts that have been split froma _
comruni cations signal by jointly estinmating space-tine
filter weights and nulti-channel inpul se response?SVD)

c on- a Sjingul ar val deconposi.ti.on o
7'? éﬁ%gabﬁb |ggﬁg%néﬁfﬂ%gt?he&%¥#ﬁ¥%1 5¥$%ﬁﬁﬁlpﬁata joint
optrieel véslnukt iwedharusel asd goabankloradthienatdd | ebankelceiving

space-tinme filter circuit and has a filter response

FrRIHE"] s SHAYTIGEd DY Thafhel HiptR%e Upespoadaty data and
foSlyeRida@n nlg OBpLBe-spAce-4ier weights for said multi-

channel, space-time filter circuit and a multi-channel
impulse response for said multi-channel matched filter

circuit.

8. The filter of 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 a singular
value decomposition (SVD), and

a multi-channel, matched filter circuit that

receives multi-channel signals from the multi-
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filter circuit; and an alternative filter operative
when an interference |level is below a predeterm ned

wa twwehrel’d and conprising a nmatched filter, a PCT/CA2006/001325
cross-correlation circuit, and a switch nechani smfor
switching the n signal parts into the matched filter

and crossh&£@k& e at spaceifemét . rifrefhechbbhier sygieMhas a
of daim9 further conprising a virtual antenna

circuit EbhhrEt etPIRPRRE d thdltt | 16hankevidsgaceyt igre channel
filter cj pEot jts ni | O [ [
into oddintla %iée%enwgs np éee:j, e?steagfn%EWi rrgg%)#]laptiné; g’lrg%rﬁ:ael time
parts. 14ilTGde ¢ircert system of Claim9 wherein said
mul ti channel Eace-tima filiter circuit conprises, at

Bip

| east on@ nul FBRAASP muliPiSfi ng SacH st Ynal pAFR  an

intyr fefespeclliev@ 1spaseddlmm fal afedaricgittinet?. tHh€shold and
filter systemof Caiml1ll wherein said at |east one _
COTHRF1$ P9 er® cBRAPFNGEs Bl i t RerebPSTormeEe RREion circuit,

an®as abi; et ch aRd-WhRE 8hinrs@l dwiWbhinghanael, sSPRacs Ya®s into
filter circuit further conprises a respective delay
theimgigched of i bagh ®i@natopsreoconetied ¢oranit nput of
one of said pair of nultipliers . 13. The filter
system of Claim 12 wherein the comuni cations signal
10 conpité seSi et gt ursaldtieyn obfsyobalis, andfssiite Mulddnprigisg a
.and del ay circuits each having ahout a onesynbal del ay
viE0IBL; AU M or GAFER -4, CTRESFFFier oy StHIA oftdtdrahernel

spd sk thBhie COMIiet NGidf@sPeehb¥e SPMEE GWHLEVidomm@ications
_~each channel, for sunmng o tputs of the nmultipliers.
signal into odd and even sampled, real and imaginary n

signal parts.

11. The filter system of 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 of 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 of 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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15. The filter systemof Caim9 further conprising a
joint optimal filter weights and channel estinmator for
WO ®oEd2217g trai ni ng sequence synbol s and ti m rRLCT/CA2006/001325
uncertainty data and for generating space-tine filter
wei ghts for said nulti channel, space-tine filter
l4cirouet mnder melkiceahappelcidmpul 9@ response f@msRidhing a
mul ti -channel matched filter circuit . 16. The filter

FeRREehTof SOTHISH 9CtEFEREr cbtfricdicly ahaeRBAri Zgr summing

ou@ﬁﬁ@yigfd@mgqﬁﬁf%%%j{éggsajd mul ti-channel, matched
filter circuit. 17. A nmethod of reducing co-channe

interference within a conmuni cati ons receiver

co | SEngy . spLitilng mnicat.i signal .inton . .

15 G on hEPre P efTRE RO EREP IR bR RTRLS soine

optmmdl - chaneel \wesipates t ame bhbhﬁélddﬁﬂﬂﬂaﬁﬂKif@fﬂ&bﬁeﬁving
est] mati ng space-ti ilter. wejghts and nul ti-channe

Cr Tl SPABERE 1 BUNHbbs J0E Ryt higed asON d gt g and

fowalger edeGameOSsbheB-{ SYB) ; £ ANk F eGRihrG Mebli -Lhanngl; 1t -
signals fromthe space-tinme filter circuit within a

Ch3pfi®} - chalpet - FitRhefil it eFercerfeitt RAGI ng amulittiechannel

imS EERONSE L PGt sd S PEPVI gggdbym@lEEaeHShnE?Fuhﬁ%ched filter

response estimation fromthe space-tine [ ter circuit
circum:. The method of aim 17 wherein splitting
conpri ses sanpling the conmmunications signal into even
and odd sanpl es and separating the even and odd
16 sarfilees fiiltterr ealsasn i sBQig1ariyn SbgnahroREE S.ckhpriting an
hod of Claim 17 further conprising sunm ng outputs

t) ! .
eqéga%?ﬁfnaF&ﬁgalﬁlt IO FH calfFRE t oAl Yesfd¢i-channel,

matched filter circuit.

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 a singular value decomposition (SVD); and

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

circuit.

18. The method of Claim 17 wherein splitting comprises
sampling the communications signal into even and odd samples
and separating the even and odd samples into real and

imaginary signal parts.
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| evel . 20. The nethod of Caim19 further conprising
equal i zing a single channel signal after rescaling to
woodeeizeed | evel . 21. The nethod of C aim 17 fROTV¢#2006/001325
conprising filtering the n-signal parts within an
alternative filter when an interference |evel is bel ow
a threshold. 22. The nethod of Caim17 further
rising nultiplying each S|gnal part based on
19 spg"E lee t imethodt 2 Wt ghits . 108, TrHe-hest hepmir igigign summing

{Qe%fco{'iﬁ’é' % '%Q:h%‘éfm]ffﬂté{ﬂea?ﬂdgnééml?é‘ﬂﬁgf Yo €2CResired
il

Y hannel after tiplying.
level.

20. The method of Claim 19 further comprising equalizing a

single channel signal after rescaling to a desired level.
21. The method of Claim 17 further comprising filtering the
n-signal parts within an alternative filter when an

interference level is below a threshold.

22. The method of Claim 17 further comprising multiplying

each signal part based on space-time filter weights.

23. The method of Claim 22 further comprising summing the

signal parts for each channel after multiplying.
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