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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 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 1is available.
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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 1is 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 1is operative with the

multi-channel, matched filter circuit.
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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 1s 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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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-



current d obal System for Mbile (GSM comruni cations
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Partnership Project (3GPP) . The illustrated
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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 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 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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standard filter in the conventional receiver in any
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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 1is 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 Xj(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,

7



into real and imaginary signals to formthe respective
X i (k) through X4 (k) input signals into a JSTOF
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branch paral | o0 a conventional matched filter
rate (FER) for 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 1is split into even and odd samples (Block 102), and
each even and odd sample 1is then split into real and
imaginary signal parts (Block 104). The communications
signals from the virtual antenna are passed intoc 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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where the communi cations signals are Itiplied and
to thigoyel B 0ER 108)° tmd Mhen Cunedha Bl Sk 266y Toahed as
a tyPScBartpohadyfipsisauldipie- ivyyimy ti@erqut MM,  The
Joi nt Space §I/'| me QptimumFilter (JSTOF) . After
derotgfiminngatsukhed Srgnbl serd e jpasssed nifent heven and  odd
l.ti - chanpel , . pul ti [ i ngle-o ut (M SO .
Sampl%lg}:slﬁedaﬁlgp?erl%}]r%%% B:H;eg'{(a%leg) ogndléb%enoger sgmpllng
rate.sufed(8kankld l2)imnd passeckras anati NgleeedierSi gRakis is
. into the Virterbi equalizer (Block 114) in which a
typlc@@ﬁé’ abei-beonate fhg '(BIrGck PI6) SAPHCopErativBRolthe
derotwt ik i A6HEAnd 2 2iss Qper aRkee¥bE h tEMEK sl /af edace
signals and the frequency offset that is part of that
to twe GRAINLeF st comboBefrore sewylaermmnenncombeg from the

baseband filter to form two separate channels of even and

made Q.%
hi g

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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signal constellation is dynamc and after derotation
the signal constellation becones static, i.e., any
wawholssare typically concentrated on 0 and RGDCAMO6/01329
synbols rotated to those two points. Thus, the GVBK
signal can be treated as a typical binary phase shift
becauk®! B8 (BESK) 481 9pal;y The feratal | apghebhedhik@Rtighd is
I's used for even and odd sanplings, which is useful
introdecadse fafort hetlower vsatphing ande@nalzor lexeanpl ez i apatial
, conventional receiver, this is.typically at the rate
aimengof 153 @8scEREatiih bRPS SRSt ety Peiars T 2
spaceARligRNa i34 «Gan i ncrease the sanpling rate to two
sanpl es per synbol in a serial manner comng fromthe |
Baseband EVEEBRTt 0 SBEm tiRFYepaF at E1gRBANel'S of URRn 1N

conju%%%i%gp'w%%%orgtﬁgks @KQ@&? ,tﬁﬁuPdQ(Q%% 153 eSeceive
were serially rnterl eaved. ese S|gngls re then
weigHtr t Aeomsphiet Joiwott Rptieall andltemgieaghtsi gral faetsel

. to formthe four in endent. chapnels of t Vi.rtual .
Estimabod nz2-| tT%ﬁOlﬂedlgggcpsnotcé)alWat 9Fﬁmsotfornee eEJEOl tmeﬁ fimal

odl

Filtedt hesignirbahs chavinciuad s aiieiastehameelsa swed bentsedhe
(e.g., one or nore), as will be appreciated by those
multigiillgrsd in the art. A s best shown in FIG 2 , these

SHNal s Al theD passed, gt &hﬁiﬂghgﬁggéfrgégrﬁg 2Rdone
unit delay circuits 44, e.g., a one synbol delay, and
non-ltimis itrte sxgm@lej sipeocesxedvaighta. mikt ity ytheadtraining
del ay, followed by a nultiply operation_as_eyident b
sequiies 1THRAT | PITEY SCoP HBE oAt BheCHbRap oFPCbPE HEionts
and dhisnoperstinatbs f5d,| ovesk dyadeSuIREIdaQN yi NBUSBRE 46n-
~as illustrated. This portion of the systemis operable
limitdiaa f@pRPleRarmiequt t ¥6- ditrsrsi 6NEPCOLS| tatd Gfe 18 known

omictl CEOEER, OSEUERREUE S AL ADE SELBIoLD W T Ao seven
positanirennacarchk. ,ima spabinallimiting example can be used to
find the timing. The impulse response of the multi-channel
matched filter (hgt) 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 mnmultiplexer 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
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di mensi on as described and thus the two di nensions
forma space-tine filter. 51t is evident each
WO p@oni9egs si gnal is used in conjunction wth OPEECA2006/001329
channel s, and nmultipliers receive weights fromthe
Joint Optinal Filter Weights and Channel Estimator 52.

. 59 O f h L.nt. t Filter ust
1ntr§§lﬁaﬁf % éhanne E@??}rr%t g? g &Peg%ggsé?eéldlelﬁt}teh R
purenuhitiitpl ineris.e .Thin weh gt saaeetalesaoawe&momadj meerss iored 14

t n one n limting exa 32 wei ght s.
can o (489 en R arm Mok R B & PR o nRAftS can
switefi NtuQut i mad Fichier é/&hgéﬂtsl&ml Channekb r Estyimot 5210ss

there are typically in some non- L5 limting exanples
intraggged2ebknovie syl E aefaitvers Raewn itki chireaihbng The

swit2HIHENCEs s 2pRacket gontal néstﬁn?elgnor fseyﬁgd%g\yéo% inus

hlnanonl|mt|ng exanp can be use
SINREpe tifii nge Tduean oy sesr esgomse aof thiheshal dj - chenngystem

t che t b sed such that ., t
detefRLRER theig: ol i R R G A b kLS pfprence

cancélgngl o3t rmeﬁs@bteﬁ:et:féwé&t cl®dn£tl reGuifed . SMOWY i Nthe
FIG 1, rescaling can occur as a_hardware or sof t war e

filtggn@énitdifceconeHotRped t reGehver r dduilBedsethiey switching
the hescalng hgcwt 34 allows greater operation for a
g-’%it or -bit input as a non-linmting exanple to

t MeeVi ct:'erdnhiteqlial | geer3dBle Then dpeami cf s@angey Ookyishhems and
can b read usted such that_the signal can be

othe g LS ‘0 B R t CUPS5 0 198t £ 1 She AGLHG Harpr B anal-

to-nb8eMattifR) ee@rbéfils;@@ob@&e drie @%Sbgeale%r%raqda&, fPEER)
the data and channel response fromt
to be improved. This could impact top level protocols and

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

The multi-channel structure of the JSTOF-based filter
10 is 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 1improves 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.

11
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conventional filter receiver 14 or the signals d i and
Ci for the data and channel response fromthe JSTOF
wo e@eiowess 10 to all ow a switch-over between theCT/@n2006/001329
The JSTOF receiver willintroduce sone loss if there is
no interference, i.e., just pure white noise. In this

%ﬁﬁ%ahg% Q%%%HWéPnékrh%%ﬁE%%r<%ﬂ103€l%%é@egnaQQd@ﬂ|to

wor k adequat e So, the circuits can switch back to
meet thﬁmzonmkRPlomaquﬁmbmentwnthdUI IEEE&Ifﬁf@@@%edbecﬁhéng

ceiv dits CIrCUItS Wi t i IS
MatChﬁgnglgﬁefhegggﬁﬁnaFl8n BF 1 e SFﬁﬁ%EE H?ﬁus NG T Rﬁal
antennal f 48€e quanddited s bﬁHOthdﬂmﬁﬁﬁqu tbe sysitem the

determnes there is |little interference and the
interifgrencarentBecantetity dfS t RRNIEFERSr elRi Vé1e | §Shopation

error<CHY régk aﬁgﬁneih Ehh%@rR%%p%%%ecoﬂﬁﬁﬂth9@a£he desired

receiver IS use y switching the 2:1 swtch 16
51gnalhe Blﬁtunﬁzlgempéuébteonn GEam sbpwiedg &yt epsringmance

er_syste ThIS t ype, of stem al so._all h :

for t& A TR eE rat e o%l’t ol hed ?%?/%dkganag?hg\{%ff%cgrl}: r
combdﬁﬂﬂ@(iﬁ%§abgnbﬁrbﬁbﬁevadwéﬁﬁékdxnﬂdthapaChdynbéehebvy

prot ocol s and phone calls_and ot her communi catigns
compUiattians If o OREC T th £RESEVERr Al t 51NHHeI nfibei Hantkl an

ure of the JSTOF-based filter 10 is used in one

lnter%%%%ﬁ#nent, and the M MO-based JSTCOF circuit 30

ﬂhnv¢m@sembggamentbwéhéIvtmtu@lghntandacﬁﬁhné$ operable

est ons t hat e different.from rt .
with SR e T BT prouraEes ne bt TEY ¢ BEonBaint
SpatﬂdM}TdMﬁﬁﬁﬁﬁe@@tl&ﬁﬁjCFEDtéy f@rstom)h symehienoBs auwl be

asynchronous interferences and vield high perfornmance.

used.SoRBes| fhif BR TN hdwershbha tHAE ndfe BREhd Rl GPREAS -
tempdrré Soﬁlgéﬁforwéaf%hgsecngbgueéo p%ﬂ}ﬂbg’%stshet}{eeqLi'nﬁ:%@ference

performance against the DARP
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 wvarious 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 is also robust because the system makes few
assumptions about the source of the interference. In
addition, the system can continue to wuse 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



test cases. This M SO based nul ti-channel matched
filter circuit 32 is a feature that inproves the
wer@raldeserror rate performance and reduces t hBCT/CA2006/001329
conpl exity of the equalizer by avoiding nmulti-channe
Viterbi equalizers. The built-in automatic sw tching
the Qg%%ﬁn PSJOE- bassd and. canventd-onabEegei ¥eng1heduCeyas
the loss 1n AWGN cases. Sui tabl e receiver structures
extendad b useppintorddr @D hbet itrtediARR Y cgode bFARESNaNROS
. Interference el tch Eil.ter (1CMF) can use
belngaﬁssga |§%8fg?E% b?% ua egﬁ?gﬁﬁglég'déscri%ed and
heartor pbRg Folcewbat at hae5Sckhpeidbar eace. tibe simalLation
is sensitive to the estimation errors of the Channel
perforpairse IiRgs giise FEFR) CaPCEhESdBE T8¢ IR . Iptht It

shoulBem@dul alieon+J) sheowed goed gl o}t'sf@esgsi% thE joint

various test cases. In addition to the difficulty in

interdempatieng adve tdsyncimdnonsninal eeséimas 1 onhdvas negebeused
. heavy .0 conputatiqnal conpl exj | NVOL v [ inding .
in at h%%eR osfgca 10n %ere n aélyaeye %dlebqrren ?E%ﬁgég 1S

anirtert erer . Inon

availwblkualnsatimdma 2t cropesdqbiea vérith @daptiéVveresponse for

space-tinme filtering, allow ng the Joint o
the shiel deehpsralisedti Fimn PP MALrsTES érr dite®oftpite
Impulle L_ﬁey?sfésem i feriancs frgm §H§pé}%4:: isaridiad e the

spatialtenporal filter weights used to suppress the
receiivede beeebard snidnehe c@nRbes eixpaeiseedofast he desired

signal are jointly estimated and optim zed in the

JSTOF while the two are separately estimated in an

| CMF. The TOF circuit 30 can be -0 a

Ml t i pi(e) + et V() e kLY (M MO) circuit tHat

t akes advarfage of the rank deficiency nature of the

desired CIR matrix in the space-tine setup.

Si mul ati ons have shown a

where x(k) 1is an Mxl vector representing the output
from the antennas, H is an MxL matrix containing the channel
response for the antenna array, s(k) is an Lx1 vector for

the corresponding symbols transmitted, and v{(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 MNx1l vector x()

as follows:
= T T T T Iy- =
xM)=b(HJ(k—ngx(k—N+ﬂ]=Hﬂh+va (2)
where H an MNx(L+N-1) matrix is the block Toeplitz
version of H and s(k)=[Sx, Sk-is ..y 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-1)]=HS +V, (3)
13
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satisfactory performance for the various DARP test
cases. Conputational |oad is deened acceptabl e given
wao baw/ofdezed- 5 poi nt Chol esky factorizati on anPCEUBLIBYDN1329
are feasible. This nmethod has sone sinplicity and | ow
conput ational conplexity. It is also robust because
the system nakes few assunpti ons about the source of
the interference. In addition, the system can continue
wirerse ot e Rxt ski ngN36 equdl iizerthst rutloge, ofissymeols of
solution is integrated as a pre processing step on the
the tirgded ndaSE8IUPRcS ol dSafP o EReMalEiEm #8%uSe T he HW

N | er at i f ilaple. | ,
B S B EC L tat PR 1 Tha L pahr i Bs 2 RE' ebvgpprion

matrikewsd Blockedtoig Rayrod B ERIhs1 vl gt obprasi ext eadedst to
o support all o f the interferer nodel s/scenarios

find bei mpruded wial t MExBGPR AP Bpetpfi out fon. ahepachowime
follows a descriptigon o f the sinulation 5 performance

filtgroraphRp 8 tdadde usi gl 1 he Ldeans r%%F%IgaHO%hasFaor
nh  aftd undgrstepg dhat spacechipe pracegstpacf Of nk@ifkrence
interference reduction and channel estimtion has been
residisdéd bfi atlbasdiditatri ohs whierienizadar iag.o ftd atlermashe
£ lli S avaitl.abl e.. .Assum ng that the equival ent channel
O L1 qWadieh PR Whr? 40 e R G1%¥ ‘desi red user can b e nodel ed
asanlL-tap Finite Inmpul se Response (FIR) filter, a
snapshot sanple o f the recei ved baseband signal can b
e exprg dia_ﬁ@ﬁ(A:) = c(l)sk_ + v(k) = HggA) +
V(A) (1) 1=0 ."5 where x(k) i s a n Ml vector
representing the output fromthe antennas, Hi s a n
MKL matrix containing the channel response for the
ard etdia Wy riund (tKat thea aptdixdalvectiarhd ars:

w,, =R;'R_h (5)

xsopt T

and the optimal channel estimation h,, is the

eigenvector corresponding to the minimum eigenvalue of the

. Hp -1
matrix R, -R R'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

14
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the correspondi ng synbols transmtted, and v(k) i s a
n Mkl '0 vector including the AWGN and t he
w0 nioeniwsence. The spaceti me extension for forpai/aAtay/001329
can b e obtained b y stacking N tine-del ayed versions
of x(k) into a taller I\/le vector x(k) a s foll ows:

(A ( )1
matrll—yls(g £h§(k%t a)(]2) len}e’leJC hgn) foﬁ\/l\&}ff ﬁlfi?nrenhit rﬁcxllS she
-3 v H G [

mam@?f?,l“lsk%klﬁ.%% i @%\éﬁ@%ﬁ%&s VAR eépﬁﬁa““zam“
of tHehefdIrlawiingg @egueinge can b e collected, 50 X =

[x(), x(A +1),---,x(A +/?-1)] =HS +V, (3)where

p=P-L - N+2, P is the nunber of synbols of the

traini equ :M\xp matrix, and [s(k),

s (k+1 gﬁig‘ %égkhgﬁ7ﬁms ran (L+N-I)xp convé?btl on 5

matri x of the training synbols. The joint optimnzation

is to find a non-trivial Ml weight vector wfor a

Sﬂ?‘%hﬁkﬁ%éﬂ—'iﬁﬁnﬁfk@?te QReLE] er»ea'mé&eﬂ\“)th@ CH&HQ@% of

estimation vector the ter such that the
the oDndeppendater teaeneédsr dss dalbbapd fhaesfithber dars equal to M
mnimzed, i.e., to solve . the LO follow n

and  dht i h§ 2 AT 1of oBPER  APRWCESCR/ 7J‘S€Ft'cd‘%rﬁ% (Hoyng © <

min (AL LERE19PITHR  WehBNhdrS cilen tand, t B%ogmtewadarph@@n%lsed
estimation hopt is the ei genvector correspondi ng t

for the mmkﬂmmg@wm@eommf hehe Cspaeiikine [ERter R
giff§% a;%lfﬁflt gn one e&E%dlmthsﬁ§£ US%(%+%ifkérent

approach to find the joint optimum solutions for the filter
weight and the channel estimation. It 1is possible to find

the ML estimation of H. The estimation can be decomposed as
H =H H", (10)

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

ar]

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

o]

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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25 RX *S, ((MNX (L+N-1) ) . (8) Gven that the

noi se plus interference conponent V in the space-tine
wore@el1w84 equati on (3) is no | onger white but BOI/CA2006/001329

approxi mately Gaussian distributed with unknown

covari ancematrix Rv , the optinmal estimation for the

channe g maxi st | i kel i hood (M) esti t|on
e en b B R R TR N e o ny quaitrty
,RV) logRv +| X-HS|| In this non-limting space- tlne
nodel , the nunber of the independent channels is

afways rledss $thanm, orhequalt itma IMwdticght Esruttel |3pddake ime
deficient, i.e,, rank(H =r < mn(M\, L+N-1). The

filtennkaneP® cPRRR1IMAPPBbl em can be used for the rank-1
approxi mati on of the space-tinme filter. The JSTOF
circuit in one enbodi nent can use a different approach

to flnq,t qﬁ opti mumgieknf i ons for the fidfer
wei ght &nhd t e ‘thannel estimation. It is possi ble to

find the M. estimation of H. The estimation can be
deconposed as H =H, H, , (10%_mhere Hs (MM is the
e%@@ggb$oﬁPB¥m@heC§®%ﬁ%lnﬁ? RABEOY BAd H 1 ((L+N-1)
XM is the estimation of the tinme matrix of H. They
can be obtained by: Hr =R 1/2v DM, and (11) where

conS|shs QﬂythINlelgenY@Q(QLﬁ prrespondlng t o5t he

top M elgenvélues of the matrix D ,In a next step, the
opti mal wei ght for the space-tine fllter can b e

obtai ned by and the opti mal channel estimation is opl

It HigwEheR |[Dogsiisle 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 is 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 1is 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 1loss, 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 Dbelow a predefined threshold the JSTOF

receiver 1is turned off and the conventional receiver 1is

16
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It is then possible to apply the optimal space-tine
filter in equation (14) to the sanples fromthe
waeioenrmmsarray 24. Clearly the outputs of the PCT/Ca2008001329
still have M channels, and it is a M MO system The
opti mal channel estimation in equation (15) can be
ed fo tig c f T

rurnelh oTp " BelPc SRTE FER, & SR8l SR gy e the
estimgsumredfu@ asdderscahedquatibe resgaling circuit 34

to the nodified desired level. The final output is a

si ngl e-channel sanple stream and can be fed into the

Viterbi equaligzer,238. Note al so that the nunber of

channel taps aﬁiﬂ t he JSTCFth&E}beﬁb changed to L+N4

SIN&., ek
LR R S T el B e

receiver |ncurred nore that 1 dB Ioss in the pure AVGN
cases conpared to the conventional receiver using the

SRbm Qo HT IR Lot holh TS EYCRT BN EOROERENndr ¢

and (negelvers was developed The switching is based on the
nmeasur enent of the difference of the input and out put
SINR s of the JSTOF. When the difference is below a
pr edefin threshol d the JSTOF recelver is turned off
and tm @gﬂnventlonal recei Vigh,, Ry hed on. The |n€Hh

"”Serav) wéEﬁiﬁ%?"‘é’ﬁ Ry i & (Fom R D 1y
“RH) --, (|

SINR

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 joint
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)Y-(17) can Dbe

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

A

the channel H is estimated with reduced rank.

One such implementation 1s a Cholesky decomposition-
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| X - HS tr(R+ HRH- 2Re{R H}) 5 and the output
SINR can be conputed from equations (14) and (15) :
W®ERNR019684 = A tr(hop tRXs op t ) -11 2 (17! w DET/HAB06/001329
tr(Ww Rw+ h RhL - 2Re{w" RI] hr}) LOOn the nobile
side, a virtual antenna array can be set up by the

basecCOMRLAALLON f QYESAMP! PO AR NG FEPALALI ONc0hehhE1ue

ginary parts as s I'n FI G
r ce i OfS nt.s,, 0 .53

decorf SR TN N Toscart i Be 111 Car Snd channe] “SorrEatranLy”
sinceSsetRfori® i symaeationspbéddyiand @ébinebbancese Cholesky

i nterference suppression performnce. The M SO
decompggtiit-icimarmxelstreat ched filters 32, which are based on

t he channel estimation in equation (15), inprove the

error rate performance while -0 reducing the

compl egi Ly, gfr the Viterbi equalizer 381¢) strategy of

automatf c sWw' chi ng between JSTOF and conventi onal

receivers reduces the loss in pure AWGN cases. The

JSTOF defined by equations (6) -(17) can be

iPpreneheedewnigicfherént ways in terns of nunmerical .5

stability and conputational conplexity. The major

differences are the way in which the inverse of the

aut ocoprepasi on matrix R is calculated apdofhe way in

whi ch the channel His estimated with reduced rank.

where
D, =L7RIL7. (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 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 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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One such inplementation is a Chol esky

deconposi ti onbased matrix inversion of R x and the
wer@enymBue deconposition of matrix D in equat PONCA2BF/001329

. Specifically, since Ris symetric positive

definite, the Chol esky deconposition exists: RL L

8) .D can be rewitten as D=D1D 19; e L5 It
Showgs%bulh(?wﬁéfeﬁdt e%h%/\%att%t ec?rﬁc\ll;g%ls N ?uglgt dal ggrfeﬂsrre]uess
thanM &N &N, SGHA Gid WL QAndR scang-1de ﬁzagli Lt high

anconputation of the invé?séﬂhay 5% avol e&ﬁiyvﬁﬁ%e tgh and
verybheksodsrieunttoninpesberéncs hUnericatigsstabl e
because of .its 20 structure,of nutual cancellation
o eSia19% ed By sl s foretHa oBRgaRnFhe""tne o

decogpadition aunkee cfanplies ERldiommeaber ukBan t30Qvolil Sthe
inplies the eigenval ue deconposition on D would not__

direceqeieneuladilop sophibei datved s gofi tyns $onceypibeal X© in
applications, as will be appreciated by those 25

equakkpl| )i nheRe Httl rFRlPESt rakks éﬁpr%@%htﬁ‘@y unique QR

decoﬂ%&§ﬂ£i§£ly have the | east conputational conplexity of
the approaches outlined herein. One potentia

nunerical concern is the Chol esky deconmposition on R
as its_gondition nunber may potentially 30 be

rel ati%el5A gh, and its positive defini®&) property
may be offset to some degree by round-off errors.

Si mul ati onsshowed, however, that the condition nunber

Ofh& & i esspklmnni@ZieVen thn MR @He B NG4S R
such as very high and very low carrier-to-interference
is a CEu)llr atdros. MimMAC ook c e rdviahiyudaral h&Endke It can be

enbodi nent, the
shown that R

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,, =R7D/V,,, . (24)

This approach 1is basically an equivalent version of

Cholesky decomposition in the sample domain since one can
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deconposition in the sanple domain may be used to

avoid the direct calculation of the inverse of R .
w@emee1deke X in equation (3) has full col unm rBERCARM06/001329

has the unique QR deconposition X 7 = QR (21) where Q

IS a pxWN matrix with orthogonal colums and Ris a

f r gk 1N refr] I matrix. lLt.can, be
o e MAE SRR Sl o
93) e@n benavr i hhen ddbdiod 0 i:Pfs eayabhen (1M tdy;
expeIghe)D 1 re-defi%ed by Tﬁgﬁ?éhﬁzed %ané c%anﬁel ontf Y
(reqektingt i AP rARLME plef f drime wash mheyeigleavatﬁens for a
c 0SJ.tJ as_jnt evi ous proach, an .
e T i E2r ner b RErIPE ofea s o having
5 approxitheesl ws3 Thimeappsoachy srdvasi tal by ﬁﬁaﬁgmérébgﬁtwhere
ver.si on ol esky deconposition in the sanple donain
M=4’§$ﬂ€éa %gaﬁéﬂshom/that R=1L. It has inproved
NEHEBT it Gal §§§$%ééﬁ&saHe%Q@i%é@G”&@o@% 8 1GR require the
deconposition' s greater conplexity (requiring _ .
Comp%ﬁﬁﬁkﬁﬁnﬁfeﬁ?etWn&@mﬁvhﬂﬂnmaxnwxu}nm?iéef alghbugh athis
[ve jze n ampl.e matri avi ng
may gép%r (r%(cl%n%t )ek?€ % Cﬁ{n%’gf bféllgélntylornosv\'fs i)&ﬁlré’r%negxarﬁﬂwe d&se Yot

10 anotheer eabkdyrnblc2 arapdrzich, The.ewp appieoachesqgaessr i Red ye
above still ire the conputation of the triangular

deco%‘tsr%%&?rhvé?g’@?uaﬁlﬁmm hit§enda bel Hodevisysion” may be

avoidaCkasaibehbt Wli@RS caTUTdHARG 1NQW ey eﬁe'%??@ﬂggeﬁmproved
al ternate approach, i.e., the singular value

in seeeoRpBSitRGACRSVYDT HppraprhvathesmarEEX Winhertsi®nswRy on
the €60 \gﬂﬁ¥¥¥f§uﬁgigadgg¥ggc )stablllty may be further
|w6?bve ’

LS
X"=U_zV/, (25)
where U, is a pxMN matrix with orthogonal columns, V,
is an MNxMN orthogonal matrix and 2, 1s an MNxMN diagonal
0 matrix, X, =diag(c,:",0,y), with the singular values on its
diagonal. It can be shown that
R'=V IVl (26)
5 The D in equation (13) still has the form of equation
(19) with D, defined by:
D, =L/SU,. (27)
0 The channel estimation may be obtained by the SVD on D,

and the filter weight matrix may be written as
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in some applications. This approach starts wth the
SVD on the sanple matrix in equation (3) : L5 = x xV,
W@ 2@y/oweer e x is a pxMN matri x with orthogonal PCDCAS/001329
Y x is an M\XIWN orthogonal matrix and is an MW
diagonal '0 matrix, x = diag{s ,---, sMN), wth the
singul ar values on its diagonal. It can be shown that
R'" v 2vj. (2 6 5 The D in equation (13) still has
t he fowrp, @iVQim%VBp,(lg) with D 1 defined(Ry) O The
channel estimation nmay be obtained by the SVYDon D 1
and the filter weight matrix may be mLitten asVVoEt \%
X X Ul 28 ; where V D contains the top Mright
STIHRLE aygyeg%}tsams 5115 1toP eI s9bti §irAbd agppieciers of
r ire re conputations than the Chol esky and
D, . e%oﬁ%ﬁgi ?oﬁglgsg§g&ﬁaf%%I%?%vf%ﬁglfﬁomﬁﬁﬁr6§%mﬁ%ﬁa€g§ns
thanatﬁ@“@ﬁélé@ﬁyogthQRtBE@%m@BQEQ@SH@SugghlHEEQﬁ%f%%%Vious
(i.e., Cholesky, QR and SVD), the table in Fl
two 3IpRE@a¢hRS L. O conputations step by step for an exanple

r n =5 To find the best tim of, the

g%?s?,ggﬁga?g%Eﬁ ggtﬁ%f%sggr%%nﬁgprg?cﬁ?ﬁiﬁﬁtig?ed above
(1.ehypoitdibselsy angRt hen@nsvopy r eepondbng ta the . monilMuPs the

out put resjdual is chosen as the best timng. The
ComPLb‘iﬁ%lR% eSteRiaPYi StaBf ihvdd By 1Rl g Wheere H=4j 2N=2 and
L=5. (29) Fheseaneh B%_@,Eesﬁﬁéﬁgc%ﬂ fepeaiSrdde the gstoF

operations listed in the table for each hypothesis,
sear¢igs t he i mpgdoer  of timing hypotheses and the one

corresponding to the minimum output residual is chosen as

the best timing. The output residual is defined by:

2

w! X-h” S

opt opt

e=|

' (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 locad 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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10 sanple matrices fromthe consecutive timng
hypot heses change slightly by appending and deleting a
w@ odoanmmesdThe updati ng and the downdati ng al gorPCTiOBR2M85/001329
potentially applicable to some of the operations, and
the overall conputation |oad may potentially be

reduce 5.ef_ r esenf,the sanple matrix

time |%yf = t?‘(%(g”ﬁiwg“@); b _pgilt itioned from equé?ibn
(3) to X(k) = [x(k),X(k +1)], (30) whereX(k +\) =
[x(k +\),---,x(k + p-\)]. (31) The sanple matrix at
tThree denip bayndfer ex priessiote ast b Kk bé Jexpfogked 49, x(k
+ p)]. (32) The autocorrelation matrix at time k+1 has
the formR x(k + 1) = R (k) - x(k)xr (]|c<) + x(k + p)xt
k + px — Ty S conbi nation of a rank-
domg?a{( égr@f ﬁkamu’-sifkap@&e. One hyperbolic 52}
rotati on-based al gorithm for updating/ downdating the
Chol esky factorization is set forth in Matrix

Cotp LR B TOSE By tetugnastrif at Srinedit dres 199%. famn
Anot her applicabl e updat e/ downdat e al gorithm di scl osed
in Golub et al. text is for QR deconposition, which is

based oR, (hel)@ Re(w —agk (o X@ + GIEI(%S. pi.he gi wey)
approach that should be used in a particular
application wll depend on factors such as avail abl e

! ' .0 tational complexity,
AT By S TPTBE ApPYRC At Bd-BY <t hoSEvERRFFednn fgnic-1
updat¥ . Qrher appfaasiies M0 e vised a%l‘@{jﬂitﬂnﬁo for
be a}J reci ated by those skilled in the art. The
updatiq IGHIRE: TG t Hee ) ShoR opkyed acdau it tnms beonet forth

in MAVALHA G Pya M A, 5 1dBH 31 | ans, usi ngeapext gpdedy BKER

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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15 sinmul ati on engi ne. The paraneters for the JSTOF
based receiver can be set wth different aspects.
wex@mpless of val ues follow 1 ) The oversanpl i POT/CARG06/001329
(CSR) of 2 can be selected, which maps to the nunber
of virtual antennas O (M of 4 in this non-limting
exanpl a j t ien tah £%ii&l t
1 caus%s sirygnﬁ{fuﬁigg%t IOgerfo \r?utsarr?clea%%%ra at ggﬁébgsﬁﬁ) an
regrbeeleftednper al. delayess isapties (lhbean bewsglkeect etbes
as 2 ..lncreasing the numbe s however, does not al ways
iNPr e iFe BEY %ﬁ&%;p%r A'#fuced rank for the
channed) r esponsedidédi XxrgaR beogel egked RsnMel response
Increasing or decreasing the rank does not necessarily
impEole cAB per foriamiced as) Min Butveswinghorhdesinslaging
C b 7 . ) deci si on output can.be
e oy Bl a b STt TRE B R PR e
bits cén i Mar ovet d-hewpeci of meesieo ndr gamabé y4 f 5 I S- 5.
Sof t dgci si on cgrrect i,on can be enabl ed. The AMR ,
speech® charfhef O TCASRESTSN2 CMR We GAfbdPE 0IBFAFhaEE in S

tﬁﬁt§eﬁi@£ﬁﬁn@ﬁc9éagﬁﬁ%3%E@Fdﬂﬁﬂﬁ”i@ Of bEER cThe improve
propagati on conditi on TU50km h-1950MHz can be assuned

thougsifioniacs nieaoiioad 1YA spiul BTSoh. r afpfio0Giecision
tééﬂécéf%r? é)r%rgaargfe&ase. The FER s of the
r t i

c
ecel ver, agal ns e carrier-tointerference (C1)

I'etié 0 AMR esphewh i chiheeyy apiCIiAFIIG . B cafhebgBngds to
ainst the reference performance specified are listed

a
evallil‘%t? heRE abrE TREMNCeTHE Pl of maREe 18 §9d"F ee ki BR. The
propagitefoPur @ oAWENi@Rd  TUS0km/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

The performance of the receiver under pure AWGN and

DTS-5 cases with and without the auto-switching strategy is
23
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DTS-5 cases with and wi thout the auto-swtching
strategy i sshown in the graphs of FIG 4 and FIG 5

wo empocteBa/el y. The strategy reduced the | oss | PCEQOEN06Y01329
about 1 dB (at FER = 10% and incurred little | oss for
DTS-5. The JSTOF receiver can include nmultiple Viterb

showﬁqyﬁltﬁ@rgmagﬂl'Qwe%qky a4ny$a'F§aan@e'f@ggéaéldéﬁy The

conbi nés the soft decisions aftér
straE@@ﬁlrednsedAUhEnﬂ¢S$SlshmwGMthcahDated\MBfMﬁheFER =

or nal in e h. of FLG 6 . Performance can be
4 oaf e e Lo R ohe e Drseh Dre BB Cehera tre

dghay okrhle a§¥ﬂ§5&@pouéahnteﬁﬁﬁﬁﬁﬁaCaﬂug€1gle Viterbi
configured. The performance at 0 , H,

equabizers) efglhowsdskhowra i mulhie-graphe bf mEtGh Illtﬁhe which

I dicate that the erfor nce of  JSTOF
comb] 281 VBP qtadiscr ol O y @ TorEh W eraotb 5T Pnaresult

is sh@%ﬁrgﬁﬂeEomggﬁe@bQY%hdgﬁgrb?@@lﬁgqehﬁekh%a%raph of FIG.
advant ageously be used in nobil'e wreless devices

6. (e g., cellular devices) as well as cellular baseI
ations, for exanple. An exa e of a bile w reless
KB MR L0 SRRl o A AL e o 2 bl e W ele%s
DTS- sipeﬁcwhe@e ithd hge EXANBIre IR] ONG WhERr 68688 ERGR el @kLE can
The device 1000 illustratively includes a housing

be CQQ@OQUEe@eyﬁb@ mao@oamdnaﬁ atit Put *deti ead180@f The burst

| whi ch
Leng P oY aSr o REGPARRT c SECBIC0 er Hyhee o ucgticate

that de;\r1ece§emysmbh@éna@fveiswdze %bbh%@g d\e@f&&@w‘wowly"
devi ce 1800 is contained within the housing 1200 and

withisgeveoupl @il detaweerhe henkeybark 1400 and the dlsplay

h d 1800
oheT a7 01 OF ST RET B pf 2y 166D, "a¥ GBI PEESACSderR 125ed

in mopelat waredbskheigmlidse devd ce dO00u14P HESPERSE 18 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.

The housing 1200 may be elongated vertically, or may
take on other sizes and shapes (including clamshell housing

structures). The keypad may include a mode selection key, or
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actuation of keys on the keypad 1400 by the user. The

housi ng 1200 may be el ongated vertically, or nmay take
wo@moehiess si zes and shapes (i ncludi ng cl anmshel PCTIOASG05/01329

structures) . The keypad nmay include a node sel ection

key, orother hardware or software for sw tching

othe PEHYLENa LEXb reHd Bt BN 1AL LPROIWCRIAE ybekweéﬁd'tte'x‘En etrPc ry

the processing device 1800, other parts of the nobi
and telegkordPOdniare. shown schenatlcally in FIG 8. These

i ncl .. comrun i ons subs m 1001 shor ran e
B DB L On e ST SRT t e e phBB9A08 ey et s
of tﬁéSﬂ%eméﬁgemeleomgow gh}eogn%nl @e%%e%tl%tllqﬁwrpaﬁm 8.
0, 1080, 1100 and 1120; as well as nenory “devices

Thesq161@c111<.1.80aandmmanacat,lonhesu@evs@ems HIOLst enshkGrange

bile d 1000 f er abl t Wo- RF
conmigredront; SR sgren il vHice Knbadt 4700 Mana  che
dlspp@wmrao@e}tlgnén apali i btBSr llrmﬁ&%ut@ﬂuttasvmeesl €060,

devi ce 1000 preferably has the capability to
1080 coAHQAi catk W26 oelerwebhpasemesystyendeviees ha160, 1180

| nt er net . era yst.em sof t xequt ed t he
and GIETRIE R5HE, e B s TG ahf o o1 B bamoide device

1000 pes Spﬁé@étaslw 8, twuchags R‘Fh%ofn{rr@%ﬁc@rﬂérn)é B, cdbWHaving
may be stored in other types of nenory devices, such

voicgsardrdadiaoAPymrBieRy 1PREVFapRPSILALLES - s tTor @gieiltlon, the
e Ln ion m sof tvare, speC|f|
mobi £ OBl s K840 Lo PRSI Ol bund Enpapabifg v

I ons or

conumhr@ﬁ@’@@e i it ©n aot\,/t@é_ﬁtd:cbrﬁpﬁﬁ@f esy§tJé?ﬁﬂs apid hend angodinet .
access nenory (RAM 1180. Communi cations signals

reRet et dy SrEsrobFPétdeviceetrgutEoblye Bhor edrdaessing
devi{ D188, 1190, T0EaBI 90883100 480t ) A Obucn

per ctlons enables exec
as thé eofatswarn%m@hrmo,onsuﬂ,s&ger RROON OFfed hendethee types

of ﬁgﬁgiy'Adggiggg?rnéggg 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
may be installed during manufacture. The PIM is preferably
capable of organizing and managing data items, such as e-

mail, calendar events, voice mails, appointments, and task
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set of applications that control basic device
operations, such as data and voi ce comuni cations
wa@omemsd 1300B, may be installed on the deviPer/CA%D6/001329
during manufacture. In addition, a personal
i nfornmation manager (PIM application may be installed
itemsglur impg NMROMf Qﬁiwi%atﬁr&l PEM i 81 $6 efp%"e%l%'ﬂébqaypagéﬁgaﬂie of
organi zi ng and managi ng data itenms, such as ‘emai I,
sending erfddl &¢ERLYingoi detamiltemaippdiant remiSrebasls network
t aski e PILM appligation_is al so preferabl
1401bapl§%fgggg1abgghdi ntgmeand%%ceid i"Ag d%%{“sl’teﬁﬁew as%?mleSSly

intedtded®ss Behwarkni40d. Bref engflated heyPAM daka il ess
are sean essly integrated, synchronized and updated

netwegly 141 witkheshesdpEdqer ksea0s wiorkr espendévioc dlarser tems
ored or_associated with a

stor {8 AP AR - CTCTn Condtm Canrbrd e o

| Crhriughh N@a tlod @ aBdn¥ el 68s¢OMIKHIGRLHIRNS, ¥ £ Pehior AR ce

t hrough the communi cations subsystem 1001, and _
commyyE3 h QNS hr Glighh t9ﬁ¥@ﬂﬁﬂqdrzﬂﬁﬁ9qgh(xﬂhﬁnﬂqgmmumuﬁjtlons

parasy st The gommugicatieps syst,em 1001 i ncl udes
SUbs e eeei 32?11500, a tpgﬁg%b??ersq%ghandggﬁe S ORdr &2ange

commuant @iasn 4 540bapdt éh60.Then @stghindatides subsystem 1001
. communi cati ons subsystem 1001 al so includes a
Inclyfetessi RN e 1580ch s taagisgiitaersi 1920, peocessoe or
more(£§¥an&é§015@@dahgcfg668Cﬁhl?Eaﬁ%iBE (%ﬁ%)c%%%%nigg ions
speci fic design and Tnplenentation of the
subsymmnl@et i ehsosuibsystiem E0QHrdce dependesdu@ONstbE as a

[ ' t k in which the nobile device 1000
digital'| Rt BRdld LG GEeCH e DFr d58Rpl énch hpbhl e oseuildetors

10 Ay ] : i-cat | { 01
oso88ng) el WikcareorILCH | 0 SPRMTADALED, or e
commupAQ(atorsy  GenbsalstPackel0®Adi d sSer dependERRS) updi | ethe

dat a .communi cg%i?ggs networks, and al so designed to

CommURGA e t REAHGT 6! 1 vERFERY T vBPlble 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.

Network access requirements vary depending upon the
type of communication system. For example, in the Mobitex
and DataTAC networks, mobile devices are registered on the

network using a unique personal identification number or PIN
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communi cati ons networks, such as AWVPS, TDVA, CDVA,

WCDVA, PCS, GSM EDCGE, etc. O her types of data and
wooioce19ses wor ks, !'5 both separate and i nt egr at BGT/CA206/001329

al so be utilized with the nobile device 1000. The

nobi | e device 1000 may al so be conpliant with other

asso&PARAI GAlH NS HAANGRRAESeSUCAnaseBESM n SEFr k MM Siowever,
etc. Network access requirenents vary dependi ng upon

netwohle 8ccgpe o6F commiiatad ovitdyst eswbforilbeanpkeusem of a

, t he bi and Dat aTAC, net wor ks, nobi.l e devi ces are |,
AeViGeyis erégﬁgn gﬁngStm%Fﬁrﬁggﬁﬁ afﬁﬂﬁ&&@épef&oﬁ%ﬁscrlber
ident tept ifdkatd, OncBRABAN yOr r St Nass@cicat edsWid hs@dchcard, in

device. I n GPRS networks, however, network access is
ordenstocirg et oh a SRRScréberror user of a device. A
RS devi ce.therefore requires .a . subhscriber identit )
ﬁ@HﬁPe,r§8§%6ﬁFy r%?§V?5 t § 9 SE S C@hrd?rirl%ﬁﬁﬁﬁgtlon
procéuePSr abeeOberGCRRSnPEs ¥Od K. tWbemdEaw r @8y Net Wah§o may
registration or activation procedures have been _
send conph@t edreER&VADDI Fempupications mayigeadsand ovegei vahe

j cati Lagnal ver &.h omuni cati on networ k
Commﬁﬁg%. gﬁgnaﬁgﬁyé%givé . fom%%é?%%%nuﬁ?%%%Y%ﬁs géPWorfhe
commidldabyotidenanivenRa 14040 oy etheuted drihd hES4@CQIr¥eIrouted

1500, which provides for signal anplification, .
Lo FRRUekSCHNEE comRESi on, WiigGh er igkpvidamnelfor  signal

. . I .
ampl%lf%c?ﬁ <9r';],’ ?Eggueﬁggmgg?égSlc:%gvg:i”%_vﬂoge %I}?Lt%gl.tn%n C)c*fhannel

tal conversion. -To- ital conversi
seledtion eceitved shgdal may| avissd he rlbSRdk58@nk0ogeré®r Mmigital
nore conpl ex comuni cations functions, such as

CONVeetiful atdvhl Ak Vet iyl 1P eI Hidar afanrddie  received
; j b ptt 0 e 14 re
Slgn§19n§h§0&g Qjﬁgan%%%atggegndqghcg%%%?£§§ tﬁér SP?ﬁﬁﬁ}ex

processed (e.g. no .
commamitat sorthefupe ovoded sachhest Hansaultelioh520d 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) via 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
1520 may be adaptively controlled through automatic gain
control algorithms implemented in the DSP 1580.

In a data communications mode, a received signal, such
as a text message or web page download, is processed by the

communications subsystem 1001 and is input to the processing
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for digital to anal og conversion, frequency up
conversion, filtering, anplification and transm ssion
W@ eoovleesonmruni cati on network 1401 (or networ KBQT/CA2006/001329
the antenna 1560. In addition to processing
conmuni cations signals, the DSP 1580 provides for

deviceOMged . OThENe JRGRIErs 10D and thed ransidt epréeddsed
For exanpl e, gains applied to communi cations signals
by then phecessengedeyioe A8PQ rzmsnént eutds20 tmythe display

adaptively contrqlled through automatic.gain c rol .
1600, 51 0T AR R TERI Gnt €0 PRIERE P 1880, TATY dikh device
1060 .CUTBEY £ | @OSr RIS, adsbeelnyREeSial i tsdied), asudht 8%t e-

nmessage or web page downl oad, is processed by the
mail coewsAodestyi onsisdbsyke enkaadd arddtQG iamsuton o solle other

. .pr.ocessipngdevice 1 ~ The received signal is then
auxi Rerh ot/ B GREER %0he Broiecs ng devraeeddoo T oFogker
switc@yt piit thOmbhendespl @y 1K otnatt %g@@_t iofel ¥np@t SeBRice.
other auxiliary I/O device 1060. A device user may
The apmpogedpesdadalihensemyy stbhnade- tsananithedsayesy, the

usi .t he ke d.,1 d/ or_sonme ot her auxiliary,l/O

comm B Lol SRR RE I RNREE EafhikePtipp CRlngySten

1001.t hunb-wheel , or sone other type of input device. The
conposed data itens may then be transmtted over the

é@mniqu%ngom@vmﬁktiqoi vicgle heoEeRAbAi cRgAision of
the ° %361 fem .Q 1Q%£bs}t%%q%i‘ég'1§z¢ cQuuyRicati ens npde, g . o
a é devi ce y

over opération o [ i's subst ant’i al

commuiifdatalonso mMdtk: ,dad e aaMiiu € at ¢ eaSveddei gexTephréhatitput
recei ved signals are output to a speaker 1100, and
to  &j gPRE3keHr LE3Asni §8con HrE@als g at bgapymyssion  are

sencrBSLOROnE HEET AN MILEETC OB or suso
I/0 sudssjyietd, 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
proxXimate systems or devices, which need not necessarily be
similar devices. For example, the short-range communications
subsystem may include an infrared device and associated
circuits and components, or a Bluetooth™ communications
module to provide for communication with similarly-enabled
systems and devices.

Many modifications and other embodiments of the
invention will come to the mind of one skilled in the art

having the benefit of the teachings presented in the
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may al so be inplenmented on the device 1000. In
addition, the display 1600 may al so be utilized in
WO oi0ce1weamuni cati ons node, for exanple to di SPCEHZALRINE/001329

identity of a calling !0 party, the duration of a

voice call, or other voice call related information
foreddenshordesd £oOMIUNI e} ub }gﬂgple -

%onﬁ%nicati%ﬂﬂﬁ%tmeen t%ﬂinngﬁFg d%%%%gma 00 and ot her’ "
Thergfoxé maie $psuederetodevitdes, e chnveediowt is not to be

._.hecessarily be !5 simlar_devices. For exanple, the
llml%ﬁ%r§¥fa§§é cgﬁﬁﬁﬁ%&gti8ﬂ§°§bﬁ§9§?ed$h§91?ﬁ%¢udé“&ﬁ that
modi f 14 & dawiCeemPel Aases ated ClEcshlSqand, pe included
. conponents, or a Bluetooth(tnm communications no ul%

withinp phevseerd ovf comruimcantiomwi th sinilarly-enabl ed

systens and devi ces. SO Many nodi fications and ot her

enbodi nents of the invention will cone to the m nd of

one skilled in the art having the benefit of the

teachi ngs presented in theforegoing descriptions and

the associ ated drawi 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: a

mul ti-channel, space-tinme filter circuit that filters

n signal parts that have been split froma

comuni cations signal by jointly estimating space-tine

filter weights and nulti-channel inpul se responses

(Cl Rs) based upon QR and ei genval ue deconpositions;

and a multi-channel, matched filter circuit that

recei ves
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mul ti -channel signals fromthe nulti-channel
space-tine filter circuit and has a filter response
wao bav/o1sspr ovi ded by a channel inpul se responseCT/CA2006/001329
estimation fromthe space-tine filter circuit. 2 . The
filter according to Claim1l further conprising a
crLarus-tual antenna circuit connected to said
— nulti-channel, space-tinme filter circuit that splits
t he conmuni cations signal into odd and even sanpl ed,

1. r?\alfi rkdeﬂ @gbngé&uglwhg%%l—c@ﬁr&l 1 %]r%teT rférl Flwithin a
according to arm erein sard milti channel,
commspdcattiions freldedrveai,r chiet fddnenr sempati slieast one

mul tiplier for I tiplying each signal, K parf by a ,
s PR T e | R TGS vt G EC e FRREeFLlters
n s?&ﬁ@IdFBQtEO tHAl MmaveheyRin sgi th attrb@asd eBRmunications
~ nultiplier conprises a pair thereof connected in
signgdr Y el olafd ywratdinatsiaid spdce-ehaandliltgpaceeighes and
f.ilter ci.rcuj t S rnes LV a
multé“l rcgﬁlntn%flor wélgg%géi glﬁ%?&%g%é cgﬁr@csﬁedgggggnelfg%t bgf and
eigeora lafe sEcbmpaisitdformyl tanpl i ers. 5 . The filter

accordjng to Cajm4 wherein_the comuni ¢ati aqns si gnal,
G L bE- S b | 17 oo nol <o aRa Mg Kk pFPEEdves
mult3ne el ChigHhLS ededin havengnaboutl cRa@Resymokpdekay ime
associated therewith. 6 . The filter according to
filt@raidhr i taiet hohpt | 61 Hege e Fespeess vehabmh@r provided by
' Pt ac I, I nTg N t e, .
2 cHhEEY) b S7°DeROBR0E, oI AtHR (9B IS, FoabiSeine
filtfeur tdiercucanprising a joint optimal filter weights and
channel estimator for receiving training sequence
synbol s and timng uncertainty

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 into 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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data and for generating space-tine filter weights for
said nmulti-channel, space-tine filter circuit and a

woredoriorskannel i npul se response for said nmultiPChann®b/001329
mat ched filter circuit . 8 . The filter according to
Caim1 further conprising an equalizer circuit

5. dowpstreamdeyom gadriihyi - chgnnetiafmt ched fjHdRin  the
circuit. 9 . Afilter systemfor reducing co-channe

comnjyrtieraftaratc es Wgndl ncampmrﬁem @atpwlrlé@el ver symhels, and
SalJ Aﬁf¥%é¥¥g¥ésﬂ{? %ré@f@g é ﬁﬁgrabout a one-

space crrcuit
symkidnatdeﬂlaly @rssdt&tgxtﬁltmdv&ﬂmat have been split from
a conmuni cations signal by jointly estimating
space-tine filter weights and nul ti-channel inpul se

6. Tesponses:LEl BRR)-Aasedy upgn (R ands eirgenv@lUecomprising a
deconposi tions, and a multi-channel, matched filter

resnﬁcrtomet shamereceivesihul tioxhsacdl shgnaes, f riom t lsemming

nn ce-time filter circuit and has
outp% thgesg%%%e Q%é?:ls provi ded by a channel inpul se

response estinmation fromthe space-tine filter
circuit; _and an alternative filter_operative when an

7o i i f ELLREE 1AKRATY IO DeF 8w E e dbt EMRTRET t FPBRRBFENT @

joirgd d‘;%’.fiﬁr[alls' NG & et Ghadidd t @hg ac‘l"ﬂa?x%%lcore%%'ﬁ%a't%'} for
circuit, and a switch nmechanismfor swtching the n
recesigmed parisinat Gadvenmm chgdbdl st @ndandiming uncertainty

cr rrelat| C|rc % 1 Th fllter S, .
dat%w%%?d%% tQ$Qﬁég% P rof ﬁ%rge%%pﬁﬁél §z¥?n$hﬁl for said
mulﬁmﬂdﬁﬂﬁhemI%ﬁpécéxﬂﬂm@tﬁﬂlt@rSﬁiﬂcuit and 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 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 QR and
eigenvalue decompositions, and

a multi-channel, matched filter circuit that

receives multi-channel signals from the multi-

channel, space-time filter circuit and has a

31



10

15

20

25

30

mul ti-channel, space-tine filter circuit that splits
t he communi cations signal into odd and even sanpl ed,
WO e@b/ogge84 | magi nary n signal parts. 11. The fiPCBCA2006/001329
system according to Claim9 wherein said
mul ti-channel, space-time filter circuit conprises at
| east aqne vay tirRlsib@hskor tAHLt i PEYigeLeaedy Silgpala pahbnnel
by a respective space-tine filter weight. 12 The .
filter isywtlean acespanag tostimamian wheeri theai gpace-time
| east ti.plier .c ises a pair thereof
connec?ggtgﬁl6%&%#ﬁé';ggﬁ% wherein said nmulti-channel,
Spacealteenktlitver £iYwan t cherbharvecompensesm ainterference
respective delay circuit for each signal part .
leve&onﬁ%c&’é&otwo %n%irﬁﬁﬁtteﬁf“l&‘?g ofh P pai ARgr comprising a
matdRid i phiees, 13. cFBestibbier1gaysbamaccaidi ngaha @ akWitch
12 wherein the comunications signal conprises a
mechginjrsal i fgr o$wiyehong, thadnsaildgnadl thgpttiersnamdtiel mgptched
. i i ch havi ut .. synbol del ay
flltgesrgo%g}&afcgg)ast%e%b%vé%q%t?%% 'ﬁw%%q{}]ett'er system accor di ng
to Caim11l further conprising a respective sumrer
circuit, for each channel, for, summ ng outputs of the

10. mIhg pl FEHsST 155YPRET | 135/ 1% m Becolditid t o O APREher

comprifdiers COMhSIINg a3 de@indl eRtitEk fibhekMeights saig
and channel estinmator for receiving training sequence
mul tsiyrh@ingiednd sipriceg tdneer falhey datpcahd ftdratgemsgrdattsngthe
ace-tine filter.weights for _said nmulti-channel,
comf ARG idlB 1ot G cirdd 1 odRa R T c RARGE O 3l anc
imagiesponse fignasaiphragd.ti - channel matched filter
circuit. 16. The filter systemaccording to Claim?9

further conprising an equalizer circuit downstream
11. o sakdegyl tdehaihehccording to Cclaim 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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matched filter circuit. 17. A nethod of reducing
co-channel interference wthin a comuni cations

WO e@eioves4 conpri sing: splitting a comruni cati oPGT/€AYN8/001329
into n signal parts; filtering the n signal parts
within a multi-channel, space-tinme filter circuit and

J@H@')Ef¥ﬂéﬁﬁté?gtéﬁacécbbﬂalﬁg|t%b\Mﬂlﬁﬂﬁ apd  further
mul ti-channel channel inpulse responses (CIRs) based

compyEéEi NAR andeeﬁRfémﬂéd%eSH@@@ﬁpﬁlltqtblﬁs 4A8 readi vichgnnel,
for Tl %h%rﬂ{{%!ut% nalis,d 1 ann&ellsé}%ce tinme filter

circul I'na nmulti mat ched filter circuit
having a filter response that is provided by a channel

i mpul se_response estimation fromthe space-tinme filter
15. ey tE1 158 TRYSKEPhOF SHREH iy T8 CRaiii™7 JhefBFfner
complditdd NG COMPirSesosami ngfih@eﬁon?{}@ﬂd;ﬁ@él 0Bg§dsi gRahnel

into even and odd sanpl es and separating the even and
estiggd oFarfsiesr ¢ R0 ¥l L aan i i gf anRgn e gﬁmﬂthﬁt gngdotiming

unce?’c%l é)"Odth%OVQ 9 t,C aqjéﬂde]{!{ g£he£ $ouwy | é”gftllter

out puis of the matc resca
welghtdaesfoed $ v | muZﬂtl—Eﬁnenmﬂhodslaacefdlmg tfol 1G et m:19cu1t

furth ri sing equalizing a sin Ie channel
and (bR CF sSEARTREL L GmE dgs: FaThcRE 0% STRA Hethoqchannel
natceeorading# ¢i&dxajim 17 further conprising filtering the
n-signal parts within an alternative filter when an

interference level is below a threshold. 22. The

16. 'T%thtéOd f"ff@éf“ n%yts(aegiI a'J@c"J %a é heEOCOQCﬁ ?({ N8y further

mul t1 plying each signal part sed on space-
compfriilstierg vt ghgisalizer circuit downstream from sald multi-

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 QR 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 is 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
odd samples and separating the even and odd samples into

real and imaginary signal parts.
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23. The nethod according to Caim22 further
conprising sunm ng the signal parts for each channel
w@baoen19s84 t i pl yi ng. PCT/CA2006/001329

19. The method according to Claim 17 further comprising
summing outputs of the matched filter and rescaling to a

desired level.

20. The method according to Claim 19 further comprising
equalizing a single channel signal after rescaling to a

desired level.

21. The method according 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 Dbased 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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