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15 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.

20 Brief Description of the Drawings

Various objects, features and advantages will become apparent from the following
detailed description, when considered in light of the accompanying drawings, in which:

FIG. 1 is a block diagram of a Joint Space-Time Optimum Filter based Downlink
Advanced Receiver Performance (DARP) capable receiver in accordance with an

25  embodiment of the invention;

FIG. 2 is a more detailed block diagram of the Joint Space-Time Optimum Filter
and Multi-Channel Matched Filters shown in FIG. 1 in accordance with an embodiment of
the invention;

FIG. 2A is a block diagram of a method in accordance with the present invention;

30 FIG. 3 is a graph showing the Joint Space-Time Optimum Filter based DARP

capable receiver performance for various DARP test cases;
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and SVD computations in accordance with the present invention.

Detailed Description of the Preferred Embodiments

Several non-limiting embodiments will now be described more fully hereinafter
20 with reference to the accompanying drawings, in which preferred embodiments are shown.
These embodiments may, however, be embodied in many different forms and should not
be construed as limited to the embodiments set forth herein. Rather, these embodiments
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
25  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).

30 The invention may generally be summarized as follows. A wireless
communications device may include at least one virtual antenna and a space-time filter

circuit for filtering a communications signal received by the at least one virtual antenna by
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each channel. The wireless communications device may further include an equalizer

circuit downstream from the matched filter circuit.

20 A method of reducing co-channel interference within a wireless communications
device receiver may include providing at least one virtual antenna and filtering a
communications signal received by the at least one virtual antenna using a space-time
filter circuit by jointly estimating space-time filter weights and at least one channel
impulse response (CIR). The method may further include generating a filter response

25  based upon a channel impulse response estimation from the space-time filter circuit using
a matched filter circuit downstream from the space-time filter circuit.

The illustrated embodiment in FIG. 1 provides a multi-channel pre-filter that is
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

30 non-limiting example: (1) a multiple-input-multiple-output (MIMO) based Joint Space-
Time Optimum Filter (JSTOF); and (2) a multiple-input-single-output (MISO) based
multi-channel matched filter. In a typical mobile station using a single available antenna, a
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ter 10 can be t

description the pre-fi referred to as the interference 20
cancel i ng fi lAmreexampld 8TGke pieHilear, ordndrfacinse asncelipg &lter fdrahe TRTAQFIMARE

conpliant receiver. A receiver inc orating this filter 10 could. he
de glé ri b&ld RARP-sapable teggiyen is shown atg ?(im By?n wmcﬁ the oversampling ratgo 13%
and the number of the virtual antennas is 4 (M = 4), as also indicated by X;(k) through

X4(k). Throughout this description the pre-filter 10 can be referred to as the interference
20  canceling filter or JSTOF filter, and acts as a pre-filter in a DARP compliant receiver. A
receiver incorporating this filter 10 could be described as a JSTOF receiver as is shown by
the dashed line at 11 in FIG. 1.
FIG. 1 shows examples of the various circuit blocks used for the filter 10. An input
signal is received into a derotation circuit 12. The derotated output signal is split, with a
25  portion passing into a filter 14 of a conventional receiver that includes a 2:1 switch 16, and
an output into a matched filter 18 and a cross-correlation circuit 20 that receives shortened
training sequence (TS) symbols. The 2:1 switch 16 is operable to allow switching between
the filter 14 and the JSTOF-based and DARP-capable pre-filter 10.
The other portion of the output signal from the derotation circuit 12 is split into
30 even samples and odd samples as part of the virtual antenna 24 and split again into real
and imaginary signals to form the respective X;(k) through X4(k) input signals into a
JSTOF circuit 30, also referred to as a multi-channel, space-time filter circuit. It should be
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It thus is possible as described to integrate a pre-filter function into a conventional
20 GSM receiver by adding a pre-filter branch parallel to a conventional matched filter as
shown in FIG. 1. The conventional software/hardware Viterbi equalizer 38 can be used
without change. In one non-limiting example, an integrated DARP-capable receiver has
been tested against DARP test cases by simulations, which indicates that the receiver
provides 1.6 dB to 6.9 dB margin over a specified performance in terms of the frame error
25  rate (FER) for one of the AMR speech channels.

FIG. 2a is 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

30  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
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PP R o3 Ak cu G doreh ot Lon AL Lhe front ond s e
rate. FofsemXPiRhfer chfif ﬁ'&ﬂ\fﬁ‘@ﬁals%‘ﬁd flIRF 8 F2h twholNePark®@ 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
20 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,
25 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 because of the delay in time and another dimension is
introduced from the virtual antenna, i.e., a spatial dimension as described and thus the two
dimensions form a space-time filter.
30 It is evident each incoming signal is used in conjunction with other channels, and
multipliers receive weights from the Joint Optimal Filter Weights and Channel Estimator
52. The weights coming from the Joint Optimal Filter Weight and Channel Estimator 52
7



typically at the rate of 1, i.e., one sanple per synbol. 15 The virtual
antenna 24 can increase the sanpling rate to two sanples per synbol in a
seri al i ng fromthe baseband filter to formt r hannel s
of evenngvgﬁ%oczmg%ef ore this process, the odd/even sanﬁgg@i\?@lﬁ@})@é ially
interl eaved. These signals are then further split into the real and

I mginary signal parts to formthe four independent channels of the
virtual anrd passal inta the holtiplidse noted that in sone enbodi nents ot her 20

mb f vi | .ant /ch . d . Q... 0 :
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circuits 44, €.9g., a one synbol delay, and thus the sign processed
with a riMeighsl andaGhambel Egtimbol I5aywitrd yreatypidatly fh soopenat-limitingsexawiptgnt by

the two ltipliers 40, 25 42 and one delay circuit 44. This operation is
fol | oved 'Qégw %lawmyaw&vfsrﬁrédm@ﬁmwe which frpipipgseayenge 2 PASKST BIRRINGH - t he
system i : | : e ! | I j 4l .
o menat o Aaeuaebeifs3eifh i 20AHAGng LRnAL TRRE QB o fid hETmibE he
i nt r oducdmphisenespoasey bf theamudtivckammal niatehed fites (hly))adandberessl arhahaddgcr i bed
and thus the two _dinensions forma space-tine filter. 30 It is evident
each i ncowsiay @pighey theschaane] teppanss pndh anakss the signat Songemafiasdhe maiehed
mul tipli Eﬁ (receive weights fromthe Joint Optimal Filter Weights and

S

Channel I'mator 52. The weights conming fromthe Joint Optimal Filter

Wi ght and Chaansgiownsini . d, r&2aling 4R 01 404 DeRIvaRCIf SHRRAE/ONBRMAce,ar €
passed into the nultipliers. The weights are also an 8 x 4 di nensi onal

mat ri x i reltheegnid ie not gequired. Ehigapcaling cigcuit 34zgloys; gheater opaation fema4bitairni ng
sequence Sy | tq] i ' = | ter I ght.s_and Channel
Esti mat orss%g&%!tu ﬁ%slr%&glr léllnp 5"% eéigﬁp §eq|° Eﬁesgﬁnéerlbg%%aﬁlz%%t% i nge f EEE 0L 6ut 26

known syndolabeartd reddjiistedienhatticCiigrial b @nsREILAGR ¢ SPEIE&RuitcoNt ai ns. A
+/- 3 or seven positions search in a non-limting exanple can be used to

find the tini g notedbeforg thesmultiplagen e cat take chenignals dhandreifomthe datedntli | t er
(hop C a he. s em mat ch t he chapnel r.esponse and
akod ot nanetoh KRB B horyPyordt BETHRERVET T oL IR S8 RGN RE

data and channel response from the JSTOF receiver 10 to allow a switch-over between the

two. The JSTOF receiver will introduce some loss if there is no interference, i.e., just pure
white noise. In this case the conventional receiver 14 can be used and will work
adequately. So, the circuits can switch back to the conventional filter without loss

20  introduced by the JSTOF receiver and its circuits. The switching is based on the estimation
of the SINRoyr minus SINRpp. If the quantity is below a threshold, the system determines
there is little interference and the interference canceling of the JSTOF receiver is not
required. Thus, the filter of the conventional receiver 14 is used by switching the 2:1
switch 16.

25 The circuit is operable in beam forming systems and other systems. This type of
system also allows the signal-to-noise ratio to be improved and the bit error rate (BER) to
be improved. This could impact top level protocols and phone calls and other
communications matters for use with these circuits.

The multi-channel structure of the JSTOF-based filter 10 is used in one

30 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

8



10 As shown in FIG 1, rescaling can occur as a hardware or software
conveni ence, although it is not required. This rescaling circuit 34 allows

greater ogperation for a 4-bit or 5-bit input as a non-limting exanple to
the ViterWP 284(M4P4%2er 38. The dynamic range of the si gﬁ’&“%ﬂgﬁb 0836

readj usted 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 d2 and c2 for the
dat a and intbHerhaesnald yielddngs erffornmantd Sonansiantationsihadd shoen thetosonearf thet or
the signals dl and ci for the data and channel response fromthe JSTOF
recei ver SPIHIOBSs Hl S0P Bt fephriQuss preidel requiredmgrormmiice agaiort the DAREr

w il int rtgsq%&ieessorre loss if there is no interference, i.e., just pure
white noisSe. ITn this case the conventional receiver 14 can be used and wil|

wor k  adequat efhis MISO-bed giulte-hirmeCantched fiiér divalt 30ds b ieanae g RinpRval
filter without |oss 20 introduced by the JSTOF receiver and its circuits.
The swi t dhe ARl epasie prifarmancesandrgdycss thegrommexity) ofidmorqualinerdysveing £ t he

Mt or f o dG SRR NP CRNRy, 1R RARAT FRFRRC PhAESag bR Gn IS TLF .o

requi r ed.andRdfiventioBallrbddivis fldutd e (ORVEAWGORRdasésecei ver 14 is used by
swtching the 2:1 switch 16. 25 The circuit is operable in beamformng

systenms and ot¥établpyreeadviar strikiusest gapebeofsed dy ordemiainset the IRARBP treguirements.

. |-t o0 nai . . . R t b
o oved ATINERElsAr: Sheete MR T AE RSN, P 156 B Bl o I, it ner
cCoNMMYQi Cadnkedis aabdceibed hRd bétmsfonhin th REEBaChE Gibiferendd hBetrbhit GhRAEVe
structure of the JSTOF-based filter 10 is used in one 30 enbodi nent, and

t he M MO-thdbedstiston afare of the3Chgmel InmdsecaRespanse (GIRY of ithe desiradisignal. Aand
channel tinations th re different. fromprior art solutions. .S
circuit S‘?)H{} {Ege&oc{]uiﬁélonzpfﬁ}%wepdgog&%&fprx?%e&’ﬂlﬂt %‘Ffvéfig%'i?s%‘fafs‘?sc ?Iéﬁﬁ}?o‘? or
bot h synghr gRousamey a8y BSRPATYUShe SisYRReARGS Oﬂa%éfe?erg’,cﬂé;&ﬁgg/ BOGRa6y
interferences and yi'eld high performance. Sone sinmulations have show t hat
none of tdesmputasionsli compléxitysovaved indinding the éJRrof quasterfereni de t he requi r ed

per f qr.mance agai nst the . DARP . test cases. Ls M baged, mul ti - channel
nat cﬁgd filt e%%c?nrec‘a?l?(’d:%@e’?ts the Y‘é‘é‘?ﬁ?‘ge%{ FW%&S@ W@‘ RYARUYS SPAETUIRS 1 or

rate per fR{HRECEIANEe BEUERS SphBalCRIRIEX OYtiRhm! FleL WAOBirdid VR §l N9
used. One difference from the ICMF is that the spatial-temporal filter weights used to
suppress the interference and the CIR estimation of the desired signal are jointly estimated
and optimized in the JSTOF while the two are separately estimated in an ICMF. The

20  JSTOF circuit 30 can be a Multiple-Input-Multiple-Output (MIMO) circuit that takes
advantage of the rank deficiency nature of the desired CIR matrix in the space-time setup.
Simulations have shown a satisfactory performance for the various DARP test cases.
Computational load is deemed acceptable given that fixed-point Cholesky factorization
and EVD/SVD are feasible.

25 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 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.

30 In order to support the evaluation of this technique, the system level Block Error
Rate (BLER) simulator was extended to support all of the interferer models/scenarios
being used by the 3GPP DARP Specification.
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mul ti-channel Viterbi equalizers. The built-in automatic sw tching between
JSTOF- based and conventional receivers reduce the loss in AWAN cases.

Suitabl e (s(si&)i%i%“?tructures can be u_sed in order to neg%,r/g%&)ﬁgﬂgw
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a pre-processing step on the i hput data. This wouid allow the systemto use
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perflgr mance for DARP test

X(k) = X" (k),x" (k =1),-, X" (k- N+ D] =Hs(h)+v(k), ()

where H an MNx(L+N-1) matrix is the block Toeplitz version of H and s(k)=[sx, sk.1, ..

sk-L-n+21 T. The samples that correspond to the training sequence can be collected,
20

X = [®(k),X(k +1),-,X(k + p-1)]=HS+ V, 3)

where p =P - L — N + 2, P is the number of symbols of the training sequence, X is an
MNxp matrix, and S = [s(k), s(k+1), ..., 5(k+p-1)] is an (L+N-1)xp convolution matrix
25  of the training symbols. The joint optimization is to find a non-trivial MNx1 weight vector
w for a space-time filter and a non-trivial (L+N-1)x1channel estimation vector h after the

filter such that the output interference residual of the filter is minimized, i.e., to solve the

following optimization problem:
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cases using the JSTOF circuit. It should be understood that space-tine
processing for joint interference reduction and channel estination has
been used in a base station, where an array of M antennas is avail able.
Assumi ng WRAPOHHB62qui val ent channel response for the 5PSTHGRYPESPed user
can be nodeled as an L-tap Finite I npul se Response (FIR) filter, a
snapshot sanple of the received baseband signal can be expressed as L-1
X(k) =1 c(2)sk_1 + Vv(K)rg 3 + v(k), (1) 1=0 10 wherg x(k) is an M |
vector representi né%ﬂ% %u{ﬂgu fromthe antennas, His a@ MKL matrix
contai ning the channel response for the antenna array, s(k) is an Lx I
vector for the corresponding synbols transmtted, and v(k) is an Ml
vect or incl ydin . . interference. The space-tinme extension
for for kﬁﬁag#f?&b&atﬁ%b%@?ﬁgahgﬁ&stacki ng N time-del ayed versions of
x(k) into a taller M 1 vector z(k) as follows: 15 x(k) _ [xT (k), xT (k
-1), X (k- N+ 1)}T = Hs(k) +V(k), (2) where R an M\X(L+N-1) matrix is
the ®l ock ToeplitzwgrsRaRoh, H and i (k)=[sk, sk-y, ...(5) Sk-L-N+2]T. The
sanpl es that correspond to the training sequence can be collected, 20
[x(k), x(k+1),,x(k+p-1)] _HS+V, (3) where p =P - L - N+ 2, Pis the nunber
of synbols of the traini ngg_ sequence, x is an M¥xp matrix, and S.=[ i (k),
s (k+l) and the ontimal.chanpe] estignation It NS ths pigeBYRGHT GOTTBIPORENE I theompimpnge
training synbols. The joint optimzationis to find a non-trivial Mk 1
vei ght eiehualue of the magris RaceR{IRERL, Mhere and a non-trivial (L+N 1)x |
channel estimation vector h after the filter such that the output
interference residual of the filter is mnimzed, i.e., to solve the
follow ng optimzatign peoblem 10 2007/ 019667 PCT/ 006/ 000856
mhnl@wrX- hT5, 12. (4)Ra7Xc %\abe(W%‘Q hat the optimal Reight is: 5 wapt =
RX' Rxsbopt , (5)

=t
R, =8

3

ST, ((L+N-1)x (L+N-1)) and

—
~3
~

R, =X'S", ((MN)x (L+N-1)). 8)
15
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

matrix R,, the optimal estimation for the channel H is the maximum-likelihood (ML)

estimation, which is a minimization of the following quantity:

20

¢(F,R,) = loglR, | +[X - HS]__. ©)

In this non-limiting space-time model, the number of the independent channels is always

less than or equal to M and H is usually rank deficient, i.e., rank( H) = r < min(MN, L+N-

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

The JSTOF circuit in one embodiment can use a different approach to find the joint

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

ML estimation of H. The estimation can be decomposed as
11



and the optimal channel estimation hops is the eigenvector corresponding to
the m nimum eigenvalue of the matrix RS - RX RX Rxs , where 10 Rx ( M\XIWN)

6 RS =S +N- i L+N- i d (7 R s = ST, +N-1)). (8
(15)(3' ven Wﬁé’&qoﬁse&koi sle))rjl l(JS i nlt )ergren((:e)corrpgnent Vv f&%@%’&@@-’%?m( :

nodel of equation (3) is no |longer white but approxi mately Gaussi an
distributed with unknown covariance matrix R the optimal estimtion for
the channel His the maxi mumlikelihood (M) estinmation, which is a
m nimzation of the follow ng quantity: 20 (HR) =1oglR 1 +II1X - HSIIRY,
(9) In this non-1inft 7. Bpace-tine nodel, the nud€F of the independent
channels is always |less than or equal to Mand R is usually rank
deficient, i.e., rank(ii) =r <mn(M\, L+N- 25 1). The rank deficient M
probl em e ednf. the rank-4.approxinati of .the - bl filter.
The asrepelh RCOVRER Sine' Sfpafttafr B BB iRy oBi ot GRS 98e £ na
t he § oi ng.. i i he filter. i ght and t he channel
estiémat ?%lnmgﬁ%q S p%@é%#@p‘?foﬁ??‘r}%y?ﬁ’ebemalgg% tion of ff. The estimation
can be deconposed as 11 WO 2007/019667 PCT/ CA2006/ 000856 W = HSHH, (10)
where HS (M\xM is the estimation of the space matrix of H and H,
((L+N-1)xM i s theH, 5 RStiVptiaad of the time matrix of (H). They can be
obtained by: H = RS1/2VDM, and (11) HS = RXSH,, (12) 10 where RS =
RS/2R H 2 is the Chol esky factorization and VDM consists of the M
ei genvectors corresponding to the top Meigenvalues of the matrix Db D= R
S (13) H =R_H,, (12)

10
where R, =R;’R[’* is the Cholesky factorization and V,, consists of the M

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

D=R;"”RIRI'R R (13)
15

In a next step, the optimal weight for the space-time filter can be obtained by
w,, =R;'R_H,, (MNxM) (14)
20  and the optimal channel estimation is

h, =w! -H. (MxL+N-1)) (15)

opt opt

It is then possible to apply the optimal space-time filter in equation (14) to the

25 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
level. The final output is a single-channel sample stream and can be fed into the Viterbi

30 equalizer 38. Note also that the number of channel taps after the JSTOF has been changed
12



15 In a next step, the optinmal weight for the space-tine filter can be
obtained by wop, = RX RxH, , (M\xM (14) 20 and the optinmal channel
estimatign_ i.s _hop, =w,,, H (M(L+N-1)) (15) It is then [ Q apply
t he opti e 24 &&%ﬂi me filter in equation (14) to the §§9M6@36@?0mthe
antenna array 24. Clearly the outputs of the filter 30 still have M
channels, and it is a M MO system The optinmal channel estimation in
equat i ofp [414)1 catiparing tead theomotdled chanhel-taprbufai thalST@d filters 32. The
outputs of the matched filter are then conbined. (sumred up) and rescal ed
in the rescaltwe ebseevertbyssimudations thap dhe {1 asseres mqug\ﬁ;@mor?ﬁgatfliﬁ I

out put {s.a singl e- hgﬁrtfq.]l I I Vit.er bi 30
equal i zieofss 38 IﬂIIQ%tpgue;I SO ha?ﬁgﬁe&%egfq%?ﬂﬂ ghgﬁﬁg ?Jgggregél%ée}r tu'? ﬁ% Sh TOF has
been chgngedtiona? filer.200 HLALICHE 106T/aCARMYS ODARDbMatit Gwitthing teowgar theg to L
of the nodel ed channel taps before the JSTOF. It was_observed

. . by
si muf at VSRQFt and convengigmarracetversy dvas i drvaloped hbe eswikhing 14Hasedo98 e t he
pure AWGN cases .C ar t i I b Sy
convent P}?ﬁiﬁreqjﬂtt(gme 3 err%rgcﬁc“}’e}etthggwlgs% gl?%g?ﬂsﬁt rsgﬁgg%;gg léajt?t:tg) rgéme%%et chi ng
bet ween githgerze Jis Ko pesdiefigsd itlasdiold EeeISEOF MasveteisehepRidoff Thrl sl t chi ng
is based on the neasurenent of the difference of the input and out put
SINR s eénvehtombTereivanpiarfuried ondj Flieeinpnc SINB g8 brneasilyr eaartutere gn¢chgshol d
t he JSTO?C. recei vf%zlg t ur ned toff 1§_d t he conventional receiver is turned
on. The SSHRFHORGINR 18 80Pey8 a9 (185 vt ed once the estimation of His done
in gguation (10): 10 SINK. = 11xSI12 = tr(H-RSHT) (16) rnp (1X - HSIIZ
tr(R + HRSHT - 2 Re{R sHT }) and the output SINR can be conputed from
equations (14) and (15){fskl2 © T 15 SJI\BO a7 . hp Sl 2 = N tr(hopl RShopt)
H (17) w PAhopdfip I (H p.}) (16)

R s e T

and the output SINR can be computed from equations (14) and (15):

_2 . T
15 SINR = h””’S” = trth,, R.h,, ) (17
“ T X—h S wwLRw+h, Rh" —2Re(w,R_h})’
}Woptx"hoplsn T wopl xw opt s apt opt x5 opt

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
20  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.
25 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.

13



On the nobile side, a virtual antenna array can be set up by the
conbi nati on of oversarrpl ing and the separation of the real and inmagi nary

parts as . In accordance with various e ' t the joint
opti nmum I\V/?W%&glftl me 20 filter and channel estimat :Tgﬁwggg&lé@?({sﬁpl n
equations (14) and (15) enhances interference suppression performance. The

M SO nmul ti-channel matched filters 32, which are based on the channel
estimation i Pnegueh inplemestation iz Sheleskie deqommpositigndagas matrreineersighidfe
reduci ng. the conplexjty,of the.Viterbi .e allzer 38. tr, of

hut orat iR & ff@nfflagwshﬁ@e@ﬂmpa%wogﬁ&% dhefiir (abspseReif alees « e

| oss in _pure AWGN cases. defined h atlons (6)-(17) can be
i mpl emarﬂ? i SYRIELHG ROSifiye ‘fﬁgﬂ%te ithe &T@;#%Y ‘{ﬂmﬁ‘ﬁﬂ% ?‘E: 15881 abi | | ty and

conput ati onal conplexity. The major differences are the way in which the
inverse of the autocorrelation matrix RX is cal cul ated and the way in

whi ch the channel i SLeEiI mated with reduced rank. Y\Q 2007/ 019667

PCT/ 006/ 000856 e guch inplenentation is a Chol eslé

deconposition-based matrix inversion of Rx and the ei genval ue deconposition
of matrix D in equation (13). Specifically, since Rx is symetric positive
defini t @ chinbe tdvaitemkiyg deconposition exists: 5 Rx = LxLX. (18) D can be

rewitten as D=D,D; , (19) 10 where D, = LST RXTSLXT . (20) 15 It should
be noted that the inverse is actually perfornmed with the square-root of

Rx, and the expli CitAHS (r;g;tigatl on of the inverse may @& avoi ded by the
back substitution. St is nunerically stable be lee of its structure

nblt ual cancellations. This was verified by sinmulations that showed the
conéi tion nunber of Dis seldomgreater than 300. This inplies the

ei genvahyerdeconposition on D woul d not require unduly 20 sophisticated
algorithns for typical applications, as will be appreciated by those
skilled in the art. In fact, this approach may potentially have the | east

conput ati onal conpl exll)ty OJ;RT L‘T. (20)

15 It should be noted that the inverse is actually performed with the square-root of

R, and the explicit computation of the inverse may be avoided by the back-substitution.

Also, D 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

20  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

25  be offset to some degree by round-off errors. Simulations showed, however, that the
condition number of R is less than 107 even in some extreme scenarios such as very high
and very low carrier-to-interference (C/I) ratios.

In accordance with an alternate embodiment, the QR decomposition in the sample

domain may be used to avoid the direct calculation of the inverse of R, . Since the X” in

30  equation (3) has full column rank, it has the unique QR decomposition
14



t he approaches outlined herein. One potential nunerical concern is the
Chol esky deconposition on R, as its condition nunber may potentially be

rel ati Velvég%@%p%%ﬂd its positive definite property nﬁgﬁg@e‘%ﬁg%@ﬁg?%et o]

sonme degr d-of f errors. Sinulations showed,

condition nunber of Rx is |less than 107 even in sone extreme scenarios such
as very high and very low carrier-to-interference (C/1) ratios. In
accordance with an alternate enbodi nent, the QR deconposition in the sanple
domai n may be used_to avoid the direct calculation of the inverse of R
Since the XT in 3& eg@ion (3) has full colum rank, ®1 has the unique QR
deconposition 14 WO 2007/ 019667 PCT/ CA2006/ 000856 XT = QR, (21) where Qis
a pxMN matrix with orthogonal columms and Ris a full rank M\XMN upper 5

tri anguk@%ref@tig g?xgg& nffifix %hm\egoﬁév 2bIuRs anid /R i Tull fRRIMRRINY ifpdy 1 N

equation (13) witten in the formof equation (19) with the D, re-

10 defi pashghter Bat®V Tt can¥showBBat The reduced rank channel estimation may be
performed with the eigenvalue 15 deconposition on D as in the previous

approach, and the optimumfilter weight matrix of (14) can be reduced as 1

T(woP, =RD, V 24) 20 This approach is basical an equi val ent
ver si on of Chol esky%ccﬁrﬁogﬁi’on in the sanple domﬁé%ﬁ since one can show
that R=Lx . It has inproved nunerical stability at the expense of the R

deconposition's greater conplexity (requiring approximtely twi ce as many

oper at i gps g}eob & DBIakib (Pjr%a&'hvt?e”wﬁh&?)n Aok R HRIGuERTPH1S) TR fh¥ ﬁ{\llz%zl i ggd

approximately 3 tinmes as ny rows I n an exanpl e ‘case where M4,
L=5)¢p 2gefli@ w0 approaches described above still require the conputation
of the triangul ar

D, =L7S8Q. (23)

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

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

20 This approach is basically an equivalent version of Cholesky decomposition in the
sample domain since one can show that R = L . It has improved numerical stability at the

expense of the QR decomposition’s greater complexity (requiring approximately twice as
many operations for a matrix of given size) and larger sample matrix (having
approximately 3 times as many rows in an example case where M=4, N=2 and L=5).

25 The two approaches described above still require the computation of the triangular
matrix inverse, although this may be done by back-substitutions. Turning now to yet
another alternate approach, i.e., the singular value decomposition (SVD) approach, the
matrix inversion may be avoided and the numerical stability may be further improved in

some applications. This approach starts with the SVD on the sample matrix in equation
30 (3):

15



matrix inverse, although this nmay be done by back-substitutions. Turning
now to yet another alternate approach, i.e., the singular value
deconposiyt,j approach, the matrix inversion nmay i And t he
nuner i cal‘{]g?gbg?oﬁly%/ may be further inproved in sone aplﬁ ?/ggg@fgﬂg{g"%hi S
approach starts with the SVD on the sanple matrix in equation 30 (3): 15
WO 2007/ 019667 PCT/ CA2006/ 000856 XT = U, ExVX , (25) where U., is a pxW
matri x with orthogonal colums, VX is an MM orthogonal 5 matrix and EX

is an M\XMN di agonal mmtrix, EX = diag(6l, , o-,yN), with the singular
values on its di agonaX. 7 V. eah be shown that Rx' = VER2VX . (26) 10 The D
in equation (13) still has the formof equation (19) with D, defined by:

D1 = LSTSUX . (27) The channel estination nay be obtained by the SVD on D1
and the filt ' X s ' N{AS: =\NOEX. D TI VDY, (28)
wher e V%hﬁrec gjrﬂ g%g’gm%%§ I\)iwr;lil513 Sﬁﬁx%()?l%lgg@g]%\g’eé?olrs SIo) . T‘h@%%?i nthis

approach_ .20 requi.r re.conput at.ions than the Choles and
decoﬁpoé’?ﬂ"éﬁggﬁseﬁ%mﬁ%?fﬁ?%d&%%ﬁp o) e'é'.’aﬁﬂ‘ésJ ’awjlcf,]}blﬂﬁeﬁ“? of the
t hree approaches .outl ined oye (i, e., Cholesky, QrR, and SVD), the table
in FIG u‘efglﬁgsgﬁgo %2@8 aﬁ)ﬁis\oiwg&st{l%p by step for an exanple where M4,

N=2 and L=5. To find the best timng of the burst, the JSTOF searches a
nunber of timng 25 hypot heses and the one corresponding to the m ni num
output residual is chR§eaVas*Mje best timing. The o@§ut residual is
defined by: e = JJWptX -h ptSz Il , (29) 16 WO 2007/ 019667

PCT/ CA2006/ 000856 The search process basically repeats the operations

listed in the table for each hypothesis, . .
10 The D in equation (13) still has the form of equation (19) with D, defined by:

D, =L7SU,. 27)

The channel estimation may be obtained by the SVD on D, and the filter weight matrix

1S may be written as
Won = sz;l DlTVDM , (28)

where V,,, contains the top M right singular vectors of D,. The SVD in this approach

20  may require more computations than the Cholesky and QR decompositions used in the
previous two approaches.

As a comparison of the three approaches outlined above (i.e., Cholesky, QR, and

SVD), the table in FIG. 9 lists the computations step by step for an example where M=4,

=2 and L=5. To find the best timing of the burst, the JSTOF searches a number of timing

25  hypotheses and the one corresponding to the minimum output residual is chosen as the

best timing. The output residual is defined by:

w’ X~-h' S

opt opt

2

e=| ) (29)
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but the input sanple matrices fromthe consecutive timng hypot heses change
slightly by appending and deleting a colum. The updating and the

downdating algorithnms are potentially applicable to so (8; _
operatio 9%&@@%@ overall conputation |load nmay 5 pot gﬁ?ﬁ{ﬁzb %@"?educed.
Let X(k) represent the sanple matrix at tine instant k. It may be
partitioned from equation (3) to X (k) = [x(k), X(k + 1)] , (30) 10 where

X( ka- 1) FhX(skareH process. basicaky- pepets the Gderatichs 1isted is dimplablerfat each hyipothiesis, k+1
may be expressed as  X(k+1)=[ X(k+1), z(k+p)]. (3 The autocorr.el ation

Tt rix But P SATRleaESey 59%\ thwov@e,cufg umm%mﬂlemc angg ﬁ)eb?ly(% + X(k
+ p)xT + s, i | | = g%wg BN grea
rank-1 éé%ﬁe{ltdg%g é‘g%?%,%‘@?b%|°?‘c‘ﬁ’?‘§% gﬂaétg%sgﬁdd g’iléggref%?ﬁ% orfé@l;1 e

updat i ngbeausitiatpplableeo Goaleesishef @etativhg,adnidothe icvemélt cdngputdtionnlobtmdyx 25
Conput ations by Golub et al., 3rd edition, 1996. Another applicable

upda? e/ @etertialbeberedBedd: hm di sclosed in Golub et al. text is for QR

deconposi ti on, ich is based on,the G vens raotatiaqn, couyrse he given
appr oach thg'tEt %ilr rB%?ngﬂlscfafnﬁleamB%q\{? eaIPStglbatplf’?gﬁl?%ﬁp ]Itllon%%églﬁld on
factors vai | abl e processing resources, conputational conplexity,
etc., aseahv:ﬁﬁ{blnat%%%appreci ated by those 30 skilled in the art. O her
approaches may al so be used, as will also be appreciated by those skilled
inthe art. 17 WO 2007/019667 PCT/ CA2006/ 000856 The perfornmance of the
JSTOF based recei v&(khasx(@dX(tevB],uat ed by Matl ab si nul @0)ons using an

ext ended BLER sinul ati on engi ne. The paraneters for the JSTOF based
recébDver can be set with different aspects. Exanples of values follow 1)

The overwsh%rrg)l ing ratio (OSR) of 2 can be selected, which maps to the

e

k+D =&+, X(k+ p-Dl. (31
15  The sample matrix at time k+1 may be expressed as
X(k+1) =[X(k +1,%(k + p)]. (32)

The autocorrelation matrix at time k+1 has the form

20
R, (k+1) =R (k) - X(k)X" (k) +X(k + p)X" (k + p). (33)

This is a combination of a rank-1 downdate and a rank-1 update. One hyperbolic rotation-
based algorithm for updating/downdating the Cholesky factorization is set forth in Matrix

25  Computations by Golub et al., 3" edition, 1996.
Another applicable update/downdate algorithm disclosed in Golub et al. text is for
QR decomposition, which is based on the Givens rotation. Of course, the given approach
that should be used in a particular application will depend on factors such as available
processing resources, computational complexity, etc., as will be appreciated by those
30  skilled in the art. Other approaches may also be used, as will also be appreciated by those

skilled in the art.
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5 nunber of virtual antennas (M of 4 in this non-limting exanple, and
sinmul ation shows that reducing the OSR to 1 causes significant perfornmance

degradat i W8S00 ?0)1 nunber of tenporal del ayed sanpl es (l}l& )%‘390&3}:6 (ﬁgéect ed
as 2. IncreaS| ng he nunber, however, does not al ways 1 nprove tﬂ )

per f or mance; 3) A reduced rank for the channel response matrix can be
sel ected as 10 Increasing or decreasing the rank does not necessaril

i mprove the ﬂélﬁfléﬁff@ﬁﬁé’éce a§ then JATIOB - based aereiver dighdiean cualupied 4y Hatlb 5) X

soft deci si,on qut zed n 5 bitsw dth

o dt bt SraBS Gl ok BRengAHEER SRGIAn 2uik, T Bihipetely FgaEe 39&RF,

deci si OBasedQbdeddricOmbe 8l vidth cﬁﬁé&hﬁ&bpe&@ BasmphRfsaresvliehannel , TCH AFS
12.2 can be used to evaluate the performance of the JSTOF in ternms of FER

The propagat .mn c&ﬂpdquetﬁanmbagwwm(@%mﬂi @qnb@@eleetsé,uwb@htmmu@hﬁm t he
sinmulLations. ation ran 1 for ase The FER s
of the recei \?élpq e’é& Vlﬁ%‘?fq?’lﬁ%m@ﬁ?%é)&“ tﬁﬁ'g"‘é’flfq %’%?gtfx?‘&? ?Lfnéﬂ atione shown
in the graph spéwéihe reducid theBSRkdS cABas A8hifitAR peADRRLIE Be T%szdiaftfahgmnce
specified are listed 20 in the table bel ow. Test case JS er f or mance:

Spec. per for @ance:A Membgrrof dmp@aGilayed lsampleFBR) canlbekgeledBA@S 2. ktcrdaaﬁg 1 %
dB agai nst Spec dB. DIS-1 .-2.6 4,.6.6.DTS-2 7.3 1.7 DIS-3 7.6 10 2.4
DTS-4 -0.9 GI%%e gimbsrhayveyer dgesiof always “HB’FOfVSF}FFaQ‘FE'Z’“SPn"tehe recei ver under

pure AWGN andyDTS- ¢ t gy is
Do 1o hoSby e "SR i B2 b oS, By S VNG, (A

20070019667 PETLEARODGIcOROEBE thegtmkadaeg ot m;tassedlytll'rmm@he perfdk\iﬂxbdjy about 1
can' ol ude it GG SRIER CeebakiceB e TRt oved by & milti - o
5) A soft decision output can be quantized in 5 bits width. Increasing the
width to 8 bits can improve the performance marginally for DTS-5. Soft decision
correction can be enabled.
15 The AMR speech channel, TCH-AFS12.2 can be used to evaluate the performance
of the JSTOF in terms of FER. The propagation condition TU50km/h-1950MHz can be
assumed throughout the simulations. A simulation ran 1000 trials (blocks) for each case.
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

20  in the table below.

Test case | JSTOF performance: | Spec. performance: Margin of JSTOF
C/Tat FER = 1%, dB | C/l at FER = 1%, dB | against Spec., dB
DTS-1 -2.6 4 6.6
DTS-2 7.3 9 1.7
DTS-3 7.6 10 24
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 shown in the graphs of FIG. 4 and FIG. 5, respectively. The
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channel match filter, which conbines the soft decisions after the
equalizers. Aresult is 5 shown and conpared with the original in the

gr aph of . rformance can be eval uated with a nodifi Lcase
DTS- 5R, ﬁg§§@”&H%EZelay of the asynchronous interfererggghﬁg%&@@ﬁ$§gured.
The performance at 0, 1/4, 1/2 and % of the burst length is shown in the
graph of FIG 7. The results indicate that the performance of JSTOF

r ecei vestrategy seflused thedodsyin AWGN breokous 1aH Gaf FER T A6%) ane irfcarred littheploghe
above-d?ﬁgs'ggp recei ver may advantageously be used in nobile wreless
devi ces ¢ .E.Z'cellular devices) as well as cellular base stations, for
exanmpl e. An epNRITOF RkeideMBA ih6luké HRIGSNE ViRMILELEIRED TSIIIead Bea HAAE- t hat
may be used is further described in the exanple below with reference to
FI G 8. chametlevatdefitOQovhith oembiats thel sofi dedisiossafier the eguatigers2@0result keypad

1400 _and, an out put deyi c 600.. The out put {ce shown is a 15 display
16007 mbg\ﬁnﬁg& ‘PIBPEEF‘%EW. 'ée f’ﬂ@?aldpélﬂﬁﬁrggi%%% %her types of output devices
may al ter natpeygiale dhivel &8kkated WAHPE BRAUMA QGVdaSEDISKR | wh&GO MAadSH

wi thin the housing 1200 and is coupled between the keypad 1400 and 't he
di spl ay of @i@0asyiitteoprusdatederey caebd cmfigh®Rd0Thoptrfahmncha 0o pervatnd offthe he

di splay 1600, as.well as the over ratiqn .of. t he bil e devi ce_ 1000,
in P_esﬁ&ugsé?w%avgaweldﬂ th eregh oF ?}Hét ol it indisere et throp FMangofrhe
housi ng (Jé%@ﬁ' n\éé}geglrerxg e‘laspcﬁglgv‘%{iﬂl' &bk YelaQlor 1nf_|§:?iiéf'er0n ot her sizes and

shapes (1 ncl udi housing structlUres). The keypad may include a
noda0sel ect i dfhe deywe-descrifel erecéiaerdmmy eadvantagdduslyr be fused smirhailengirblessveen

text entry and tel ephony entry. In addjtiqn to the processjng devi ce 1800,
ot her pairew%feﬁ-h%ﬁﬁ%i eyIcgR\Asel %eeqﬁlﬁaé%a%m%%ﬁgrﬁéﬁme&-%ﬁ G 8.
These i ngl . ' ' : . { ﬁ%& :
connuniggﬁﬁgﬁgﬁgﬁggg%?%ﬁ?%%ﬁ%?“@%géﬁgégggg@g%waghg“%%33 |S§%g§§§%ﬁgﬁlalong
Wi th ot hie¢ ekarpple/ pldw uiitid eaferease 060G, 8.08k davios 1006 ilhistativelg inethdesas
menory devices 1160 1180 and various ot her device subsystens 1201. The

mobi | e dwysiag 128602 keynsdeldoP smdyanoutpyfrlaxisy 100 ShergHiPER S HeR kXA Bed havi ng
1000 pr s Fodtp TRGH SHLGRELCAAPplbhicaien, Oihel e P Byl BB sy EBV €€

syst ens attematifey Ibat@ilized.. A Posdeddih® dewiys 1 800 H0ddnivkicl @iBi®Uhe Boliding D200
pr ocessi ng device 1800 is prefer ablé/ stored in a persistent store, such as
t he fl agimdnigrorpled bspveenthe dgypase 1490 prd) thendisplar16099The 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.

20 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 other hardware or software for switching between text entry and telephony entry.

In addition to the processing device 1800, other parts of the mobile device 1000 are
shown schematically in FIG. 8. These include a communications subsystem 1001; a short-

25 range communications subsystem 1020; the keypad 1400 and the display 1600, along with
other input/output devices 1060, 1080, 1100 and 1120; as well as memory devices 1160,
1180 and various other device subsystems 1201. The mobile device 1000 is preferably a
two-way RF communications device having voice and data communications capabilities.
In addition, the mobile device 1000 preferably has the capability to communicate with

30  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
19



WO 2007/ 019667 PCT/ CA2006/ 000856 types of nenory devices, such as a read
only nmenory (ROM or simlar storage elenent. In addition, system

softmrewégﬁgjoyﬁg7 device applications, or parts thereo{,(,:E{Qfm/oogﬁm0856
tenporarily lToaded into a volatile store, such as the random access nenory

(RAM 1180. Communications signals received by the nobile device may al so
be stored in_the RAM 5 1180. Theﬂirocessi ng device 1800, in addition to
i ts opef¥ s AMSOL APYiEhTe BUCHTS 2 tepd pnlydnengy (ROMhonsimilar stagrge eleppnt.cat i ons

1300A° 1300Ngp ! 6 BRVLgifut000coti P LEEL Slilidns el oBlis WBLLCRAPRS L hat

control "basic device operatl and vorce conmuni Catl ons

1300A ardngoi@R, loadry iwe d nislhtilk lskde,anck Bethdemdoen 46008 "embAYRIOMYANgd.act ur e.
In addition, a personal_ information manager (PIM application may be

i nst al | E@muBynieasions signalks treeedvedTie the) mpbile devigeemal lalsockepsibicd infthe i zi ng
and gr‘anzilgé g data itenms, such as e-mail, cal endar events, voice mails,
appoi ntment’'s, and task itens. The PIMapplication is also preferably

capabl e of sandiphgessith d086) V30TY idadditibr R dpetatthg SbteR] REStIIB! Hables1401.
Preferably, the PIMdata itens are seanl essly integrated, 15 synchronized
and updéaxesation af sofewage ppplicgtoriel 30941 304dNonhe idevine 10@0, iAcpredefermiged set

correspaopding. data i.fens stored or associated with host, co ter. system
Conmuni 8gt F’i’fﬂw]aﬁ%rgt i%%s Lo 1f‘i(gll &ﬁflﬁg C% 5 RENY e e® ﬁr’rﬁﬁnldetét :gg s Vo%Fe

per f or megmhluin@idabnd NS0GAMERAN 1IBBYBO RSays WRS UitaBBl 100 khe adide0$60(P! drihpr ough
the short- range conmuni cati ons subsystem The communi cati ons subsyStem

10010 nmandfestuae. o additien,verpet®0@, irdomagiog ninanager (BG) applitatior may fer e

ant ennas 4 nd 1560 n dighLon, the communjcations subsystem.1001 al so
ol uded s siEgs i‘?f‘é‘“%l‘:‘ﬁ?e, b nh R fE Fenaple df qreai=ips god Sprsipese)
1580, agpgkaliReR! suRh @k blddifcalchddrhert® Abice Ta1sS PRfdidtrendeR1d49:k88ns. The

i npl enentation of the comuni cati ons subsystem 1001 I s dependent upon the
comuni @&Vl appdicaéenwiy ks rprefhiably cémbirobf kendirey pud rd@Ding datanttendeth ho

te. .F 25 I bj i 00Q i ncl ud ! i cati
albsy st ek uSignatl Perlopb e BE IR de DR el PTBETL TRERGT
Genes al sPagkslizddadh® GRIHAC il @?Aﬁ%mw&bh&@m@@ PAORRANGALIORS QShiOr ks,

and al so designed to operate with any of a variety Vol ce conmuni cati ons

net wor k sorrespondiag dARSMs TN o1CRME attiCPiA 2 hBEI,ompGRsydEXE, etc. O her
types of dat %o?nr}gun\{gaiti%g r%&x&c%xrlslfs’inc l?(}igg S&ﬁg ' grtl \%}ge ! Q(En(;"r%[u?itcaet(ijdns, are
performed through the communications subsystem 1001, and possibly through the short-
range communications subsystem. The communications subsystem 1001 includes a
20 receiver 1500, a transmitter 1520, and one or more antennas 1540 and 1560. In addition,
the communications subsystem 1001 also includes a processing module, such as a digital
signal processor (DSP) 1580, and local oscillators (LOs) 1601. The specific design and
implementation of the communications subsystem 1001 is dependent upon the
communications network in which the mobile device 1000 is intended to operate. For
25  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,
30 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.

20



30 may al so be utilized with the nobile device 1000. The nobil e device 1000
may al so be conpliant with other conmunications standards such as 3GSM

3GPP, Urml\/fgﬁ?g&bg)ﬂ%%g WD 2007/ 019667 PCT/ CA2006/ 000856 N@%WAIEO@%%EN

require ependi ng upon the type of comrunication Sys

exanple, in the Mbitex and Dat aTAC networ ks, nobile devices are

regi stered on the network using a unique personal identification nunber or
PI N associ at ddtwarkt decessciequissnods vary dingt vk the tYpOOf cqoMMEHORIoR access

is associated with a subscr i per. or device. A,GPRS device
t her ef of Wi§Rq P} $Xamplsy, 8¢ ebMO%r‘t%n?q%tS?aMI ‘&?Wizfg%ﬁ‘mbﬁ r g?vé?ersearet 0 as a
SI M car foidifre b Hhe AdwBRCEHEa Bhigle GERShdD fdaaiikationi@ibek @F RIN @sbobigtedor K

registration or activation procedures have been conpleted, the nobile
devi ce “@MOeavhydseced lanGPRScaétwerksoimweiaamiebysk sicgers| is asvediatethevith a

communi catiqon network 1401, Sig recei ved fromthe co ni catj ons

et vbr kSabeaber1es VP ohé ST IR ISTEe {AHEN Fo ErsS PURURYE: 145888, whi ch
provi de?hcfdﬁ[e 56%5@@%&"(&%&9&4 chfE HSREY oD E Y SPRDbtwbiKl, t eri ng,
channel “sel'eé¢tion, eétc., and nmay also provide analog to digital

conver si on. Avianogehiceddieyiwork regstratiorsoroattivhtidnhprocaineisvade begnaimpleted.ows t he

DSP 1580 to perform nore conplex co ni cations functions, such as
denodul #19 drebiled dgwes dlG0). may ée%qc rﬁnanFecﬁ’iXﬁné?’?mé‘flﬁﬁ%?@ SRS PYLni t t ed

to the 88%%&%%%1 %é&éorﬁrﬁo?f%’&ﬁag ‘?t ebved FrofT Y bhREnRAGRNERNEX 1401 t he

DSP 158 are then provided~ t e transmtter 1520 for digital to
anal@g ®gnier ahtehna fliSdquancyoutal conher eceiner fliSDO,emibidh previgdsi forcaignain and

transm ssion to the comuni cati on ,netﬁork 14 %ﬂ“% r networks) yia the

ant enna 2aMpGHcatian, FeaARancy Koy GHnKeEvs; Her&ﬁ’rﬁg g?‘il?fﬁ’é’ns?tﬁﬂé? may fesopsp
1580 prqQyi . t eceq: Vs : ; i tbLer
1520. Fg#%‘g%;?r%ﬁ(ég, togzggllgﬁgln%(%lghseél ' t‘*g‘%l‘{gm%‘?%é’g’ ?gér%%lgg?gtrt]a g&?ﬁ@%h@} %lecei ver

1500 andiibwanaaibserissb2e payorhe nastapiompdey comomini@itibad fuintionghswht smat i ¢
Cormuni daTdHvo g deFodtiEL I B SIS RACD GIERaRdo b TBRETIESdagE B page
do oad, i r ) I i y L. Salnput to
runb22) S BERSESIE £ind ST OIS 9n AR S T oBR b ol

pr ocess ggl (Hytrdnbithir 4526 sdrran%icmci, aldBeshvesiona freQuinpy up contdiionli fipkiay, 1600,

or alternatively to sonme other auxiliary I/O .
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

20 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

25  processing device 1800. The received signal is then further processed by the processing

device 1800 for an output to the display 1600, or alternatively to some other auxiliary I/O

device 1060. A device user may also compose data items, such as e-mail messages, using

the keypad 1400 and/or some other auxiliary 1/0 device 1060, such as a touchpad, a rocker

switch, a thumb-wheel, or some other type of input device. The composed data items may

30 then be transmitted over the communications network 1401 via the communications

subsystem 1001.
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devi ce 1060. A device user may al so conpose data itens, such as e-nail
messages, using the keypad 1400 and/or sone other auxiliary |I/O device
1060, su chpad, a rocker swtch, a thunb-whe 0ot her
type of ic‘ﬁ%g?m@é%‘%e. The conposed data itens may 30 thggwgg‘&?or%@ﬁ@ﬁ?tted
over the comuni cations network 1401 via the conmunications subsystem
1001. 21 WO §{307/019667 PCT/ CA2006 00085§ In.a voi.ce conmmuni cations node,
overal | oper Ht f JRICSTCOPHRUMEAORE MagesRtrEtlh APFraTen, Ok [hei dexiceiy sybraniiatly
comuni ¢at: Q%ggg : ei i r t peaker
1100, a% ig?g?la sqg%r ra‘%%sl?n&tgglg 5151@&%? ng"g’%?r‘%{} g‘lﬂe? gg{rﬁf %:rg%pﬂ%tﬁléta?lgo.

Al t er natpedierv 01 0% arid avighaly fdrOtaubhnigsbenEe Senetatas by W oini@opiRms ayE20.

recor di n? subsystem 5 may al so be inplemented on the device 1000. In

addi t i oftexiveveise gy audiod/Grepsystems.isach ag ¢ vpise gnaspregarcaadias swRRYblEm i ons
node; for I 1.spl 1d j . |41 t t.he, duration
of as vo?‘é1 g%é%lni?e, &oélg%glﬁg(? Oggkllécg&g% mdé:[%fl (g%u&}ifct g% rc}l%s? %3 nl%qr%ays?‘}(s)or P Sr ange
comuni galizedna WidesyhOhiesas abode) ToreNagipld wdiRphyelnidehity fobtalngevi ce
1000 and ot her proximate systens or devices, which need not necessarily 10
be si mi paity, desduretion ey vaiseabl er otherevoigeell related dnfoometion cat i ons subsyst em
may include ap. ipfrared device and associat edbfei roul ts.an G2 onetBts, or a
Bl uet oot hTM "C06 FO8t i CREHDTICES 08 5?0 i G818 O T TR OB R (P

si m | ar b abYiesl 16y bedbthe PrbxiiANte GOSemMdR e WBEY, Whid hOSoR RecRNBY
enbodi nents of the invention will come to the mind 15 of one skilled in

t hel@r t bhainilg devieeh Faetkample, thh shere-sange egmnpmicatinnesiibisysteth endyoinelydé ng

descri ptions. an he assqci ated, drawi ngs. Therefore, it is der st god t hat
Che 1 nvehe POHRRS ddiiie” R8) aSioffet, el - okl GoBPPEite i PEORES | os o
and t hatofiR@hichGasi MB&uIaNE pretiBe dbreshinAlcatb vahdSithilafly REaHIEE Isg_agrﬂs wi thin
the scope of the invention.” 22 CLAIMS: 1. A wirel ess conmuni cati ons device
conpri siamgdevfjceat_ | east one antenna and processing circuitry (24) coupled
thereto for f\fa%? In%’o'd?ﬁca%%%s SIPCJ (I)th;[:rl e%oadiments of the invention will come to the mind
15  of one skilled in the art having the benefit of the teachings presented in the foregoing
descriptions and the associated drawings. Therefore, it is understood that the invention is
not to be limited to the specific embodiments disclosed, and that modifications and

embodiments are intended to be included within the scope of the invention.
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comuni cations signal into n signal parts by sanpling the comunication
signal into even and odd sanples and separating the even and odd sanpl es
into real and imaginary 10 parts; a space-tinme filter circuit (30) for
filtering the n signal parts by jointly estimating space-tinme filter

wei ghts and at | east one channel inpulse response; a matched filter circuit
(32) downstreamfromsaid 15 space-tinme filter circuit and arranged to
have a filter response that is provided by a channel inpulse response
estimation fromsaid space-tine filter circuit; and a further filter (14)
operativeChhAéMSan interference 20 level is below a predeternined threshold
and conprising a further matched filter circuit (18), a cross-correlation
circuit (20), and a switch nechanism (16) for selectively swtching the
comruni catfli.ons Asivgneal e$nt comaind qrdtiched BV cer cenpeis ingnd

cross-gorrelation,cireujt. . Lr oo j ons,ydevi ce of
d ain1§ mhereiﬁ% %a? Es%%%énggﬂ%u#}ﬁg% 8?%%%??8conprf§e§’g n&lti-input,
space-ti meobplitear tioeretn tfdrordddivengngntihephi st grmla parts by jointly
estimating space-tjine filter weights and 30 associ.ated | | s esponses.
53 3. The CRIFET LG8  LORTT T ORSCady Fedn 3t RFarm'D WHEFGLR® SArd

mul ti -i npdbmmapacet {bfes fgldlerintior eweh andpodéesaratled east one multiplier
for multiplying each signal part by a espectiveé%face-tine.fiIter

5
woi ght . 4B5PRESHE PG| BRS CHATce &P oAE AEE? co T Xal AP WRBPEPRZY

10 parts;

a space-time filter circuit (30) for filtering the n
signal parts by jointly estimating space-time filter
weights and at least one channel impulse response;

a matched filter circuit (32) downstream from said

15 space-time filter circuit and arranged to have a
filter response that is provided by a channel impulse
response estimation from said space-time filter circuit;
and

a further filter (14) operative when an interference

20 level is below a predetermined threshold and comprising a
further matched filter circuit (18), a cross-correlation
circuit (20), and a switch mechanism (16) for selectively
switching the communications signal into said matched
filter circuit and cross-correlation circuit.

25
2. The wireless communications device of Claim 1 wherein
said space time filter circuit comprises a multi-input,
space-time filter circuit for filtering the n signal parts
by jointly estimating space-time filter weights and

30 associated impulse responses.
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said at |least one nmultiplier conprises a pair (40, 42) thereof connected
in parallel; and wherein said multi 10 input, space-tine filter circuit
further conprises a respective delay circuit (44) for each signal part
connected to an input of one of said pair of nultipliers. 5. The wreless
communi cations device of Claim4 wherein 15 the comuni cations signal
conprises a plurality of synbols; and wherein said nmultipliers and del ay
circuits are each configured to have a one-synbol del ay associ at ed
therewith. 6. The wrel ess communi cati ons devi ce of %Iain13 further 20

conpri si ng- a rE_HEELTSAS SSURMBFUBLFE BP0 485V HTT FulmiPhg 2olbptE  of the

mul tipliegs;d ohyBach iphannghacd-t The M 1@less cenmuBbeBLi o8s gevi ce of
Caim1 further conprising an equalizer circuit (38) downstream from said
25 mat chetedst tare aiulddpdieg. far mpehplP bfine@iciingle82¢nadhklPY it er f er ence

wthin a ré‘énégét?ﬁ?e Ni-GALI PNSLdeViERECei ver conprising: providing at
| east one antenna and processing 30 circuitry (24) coupled thereto for
receiving and splitting a conmmunications signal into n signal parts by

sampling hhe EROTUINEAIION aRakERbs CYEN ANG 03 SAMRI GRea0t 24
separating the even and odd sanples into real and imaginary parts;
filteringsahe at siegre opar rslusphjen spave-sdgre falitter(4056 €2Fcuit (30) by

jointly estimting space-tine filter. weights .l.east . pne channe
i npul se rE@%B%%%; dgﬁﬁﬁﬁpiﬁﬁ gaf?ﬁ %%’r%%%&ﬁ?%%%gégélgpoﬁ a channel
i npul gB r espensesw@sdd-Hiecofifitem thecspackattime fdorperisesi acuit using a
matched filter cjrcuit 3%}; and .

respective dela ircuit (44) for each signal part

connected to an input of one of said pair of multipliers.

5. The wireless communications device of Claim 4 wherein
15 the communications signal comprises a plurality of symbols;
and wherein said multipliers and delay circuits are each

configured to have a one-symbol delay associated therewith.

6. The wireless communications device of Claim 3 further
20 comprising a respective summer circuit (46) for summing

outputs of the multipliers for each channel.

7. The wireless communications device of Claim 1 further
comprising an equalizer circuit (38) downstream from said

25 matched filter circuit.

8. A method of reducing co-channel interference within a
wireless communications device receiver comprising:
providing at least one antenna and processing
30 circuitry (24) coupled thereto for receiving and splitting a
communications signal into n signal parts by sampling the

communication signal into even and odd samples and
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10 operating a further filter (14) when an interference Ilevel is below a
predeterm ned threshold and sel ectively switching the comruni cati ons signal
into a further matched filter circuit (18) and a cross-correlation
circuit (20), using a switch mechanism (16). 15 9. The nmethod of Caim38
wherein the space tine filter <circuit conprises a multi-input, space-tine
filter circuit that filters the n signal parts by jointly estimting
space-tine filter weights and nulti-channel inpulse 20 responses. 10. The

met hod of Claim@8 further conprising providing an qual,izer circuit (38
downst r ea®PP3oHT e thét EFER gﬁiit gfd %%‘F%]Lﬁ% .“‘%S’ zeallard' fraginary (59

parts;
filtering the n signal parts using a space-time filter
5 circuit (30) by jointly estimating space-time filter
weights and at least one channel impulse response;
generating a filter response based upon a channel
impulse response estimation from the space-time filter
circuit using a matched filter circuit (32); and
10 operating a further filter (14) when an interference
level is below a predetermined threshold and
selectively switching the communications signal into a
further matched filter circuit (18) and a cross—correlation
circuit (20), using a switch mechanism (16).
15
9. The method of Claim 8 wherein the space time filter
circuit comprises a multi-input, space-time filter circuit
that filters the n signal parts by jointly estimating
space-time filter weights and multi-channel impulse

20 responses.
10. The method of Claim 8 further comprising providing an

equalizer circuit (38) downstream from the matched filter

circuit.
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