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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

‘0 pre-filters have been 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

‘5 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

0 applications for these systems have been a base station

where a physical antenna array including a plurality of

antennas is available.



where a physical antenna array including a plurality of antennas is
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response that 1s provided by a channel impulse response

estimation from the space-time filter circuit. A standard

filter can be operative when an interference level is below

5 a pre-determined threshold and can be formed as a matched

filter and cross-correlation circuit and switch mechanism

for switching the signal parts into the matched filter and
cross—correlation circuit.

In one aspect, the multi~channel, space-time filter

'0  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

'5 delay circuit is operative at one symbol delay. A 3joint

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

10 the multi-channel, space~-time filter «circuit. A summer

circuit sums data from the multiplier and delay circuits for

each channel. An egqualizer c¢ircuit 1s operative with the

multi-channel, matched filter circuit.



and receives training sequence (TS) synbols and timng uncertainty data
and generates space-tine filter weights for cO the multi-channel,

space-ti ngohbdte@vesgi rcuit. A summer circuit suns data premabtwoishé i plier
and delay circuits for each channel. An equalizer circuit is operative
with the multi-channel, matched filter circuit. 3 WO 2007/ 019684
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FIG. 2A 1is a block diagram of a method in accordance

with an exemplary embodiment;
FIG. 3 is a graph showing the Joint Space-~Time Optimum

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

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

0 compared with and without an auto-switching strategy;

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

5 FIG. 6 1is 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

0 Space-Time Optimum Filter Receiver and a modified test case

in accordance with an exemplary embodiment;



5 FIG 6 is a graph conparing the performance of single wth nmultiple
Viterbi equalizers in accordance with an exenplary enbodi nent, using 8-bit
SDlimt [ g4Sinulation; FIG 7 is a graph show ngchha.hRidpipance of
Joi nt Ogg%g@g- q!fﬁr% Optimum Filter Receiver and a nodi f?e% test case in
accordance wth an exenplary enbodi nent; 4 WO 2007/ 019684 PCT/ CA2006/ 001329
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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
5 embodiments set forth herein. Rather, these embodiments are
provided so that this disclosure will Dbe thorough and
complete, and will fully convey the scope to those skilled
in the art. Like numbers refer to like elements throughout,
and prime notation is used to indicate similar elements in
0 alternative embodiments.

In accordance with one empbodiment, 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

5 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 is operable for «canceling the
interference and providing channel impulse response (CIR)

0 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-



is addressed, as well as the conpliant requirenment of a 5 Downlink Advanced
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MISO~-based multi-channel matched filter. The filter response
of the matched filter 1is provided by the CIR estimation from
the JSTOF.

.5 The output of the multi-channel matched filter passes
to a Viterbl equalizer which removes the inter-symbol
interference (ISI) and provides soft decisions for further
processing. A single channel response required by the
equalizer can be formed by a combination of the convolved

0 CIRs from the JSTOF. This pre-filter can also automatically
switch to the conventional or standard filter in the
conventional receiver in any AWGN dominant cases and switch
back to the JSTOF-based receiver in any interference
dominant cases. This auto-switching capability reduces the

’5 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

30 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



'O CIRs fromthe JSTOF. This pre-filter can also automatically switch to
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to formtheneespaeidve Q@(ﬂﬁ)on of the output signal from the
derotation circuit 12 is split into even samples and odd
samples as part of the virtual antenna 24 and split again
5 into real and imaginary signals to form the respective X;(k)
through X,(k) input signals into a JSTOF circuit 30, also
referred to as a multi-channel, space-time filter circuit.

The output signals from the JSTOF circuit are passed into a

~multi=channel matched filter —circuit 32, and its output

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

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

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

conventional filter 14 1s connected, the multiplexer 36

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

5 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

0 time~delayed samples used in the JSTOF circuit is 2 (N = 2).

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

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

30 includes channelized multipliers, also termed mixers 40,



t hrough X4(k) input signals into a JSTOF circuit 30, also referred to as a
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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
5 indicates that the receiver provides 1.6 dB to 6.9 dB margin
over a specified performance in terms of the frame error
rate (FER) for one of the AMR speech channels.
FIG. 2a is a flow-chart illustrating a high-level
method associated with the described system in which the
0 various steps are shown as non-limiting examples. The
various steps begin with the 100 series reference numerals.
The incoming communications signal 1is derotated (Block 100)
and passed into the virtual antenna. The communications
signal 1s split into even and odd samples (Block 102), and
5 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 into the JSTOF
circuit, where the communications signals are multiplied and
delayed (Block 106) and then summed (Block 108), all as part
0 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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(M SOs itechegoRfFeétatiPRUCqBISSCkS 1A Cand -Ehen FUmEY™MPE1YO D7/ 019684

PCT/ CA%&Q@&%@Z&I}%Q%%@&%@W Pagpefsgs, a,sLR0lgmalh Shanalcdqto the

Virterbi® equali zer 114) in a soft decision i's "“made (Bl ock
116) . Hon Upsgatieonm, pohetsderBhas) ohhei GMEOKt si@nied oper dld erdatwd hasGVBK

sl o . 3 0al S 0 LS LLSUeEY 1 pel L0 o pard ol Nty anal 0o
after fdaredaticam the the front end is used for even and odd
samplings, which 1is useful because of the over-sampling
rate. For example, 1in a conventional receiver, this is
5 typically at the rate of 1, i.e., one sample per symbol.

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

.0  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

5 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

0 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



signal constellation becones static, i.e., any synbols are typically
concentrated on 0 and 180, with synbols rotated .0 to those two points.

Thus, they&MKosdsgnal can be treated as a typical bi napyr/phaneosiBid t
keyi ng (BPSK) signal. The derotation at the front end is used for even and

odd sanplings, which is useful because of the over-sanpling rate. For
exanple, in a caonventional receiver, this js__.5 typically_at the_rate of
1, i.BeCayRE s9 IEHSerd§ Aol 11 THe A rtaﬁ)é:‘ gﬁogﬁ%Z%l@gnsilﬁgreé%e t he
sanpl ii%gr%@h%edt 0 #\6n Sapps esyRetusYMahtichnd , seri a. manger speaiay fromthe
baseband filter to formtwo separate channels of even and odd. Before this
pr ocesismenisd cod i 2varssaipeds ant etBepi &Ney tee| fiBensaesg. fHdsedsignal s
are then fu—rtil?neer ﬁltietr into the real and inaginary signal parts to form
the f&&FSndépendént Schannel s of the virtual antenna. It shoul d be noted
that in sge eibodenpdeatot kerchnunbecenidig vi sigaklantiennassehanhel s may

be used (e.g., one or nore), as will pbe appreciated hy 5 those.skilled in
the arPNIMIYEON sHewh | ATRPE Fappetd siagﬁjgl ?u;&ép H&T Spas§ed YFnto the

mul ti pldi€fnt40. A2oRNE HAN bo dt aYpeiik@di U8 Aer eWBightd Qi1ed SyRBRhedel ay, and
thus the signal is processed with a nultiply and delay, followed by a

nul ti plstiopdrcat i BR - asTioe ewisdeditt Dy coRd nOwo L ABIt | P1§ erSia¢, 9PtaRalone del ay
circuit,,.44. j p ti i S 4f S i i 6 as

i |l ustra té‘a‘cf %%(ih%orghgor?%o nt%r%eoés%/tgit/@%% %‘|2oelrélg%}atedafaysgéﬁ:{1 mul ti -Elgéannel ,

t wo- diansipanalrd.i | ter. One di mension occurs 9 WD 2007/019684

PCT/ CA2006/ 001329 because of the dgl gyéi Qiti me, and. anot her dinmension is

i nt r oduced TioM &I &4 raifa 2 158 etmal megsieralt MarheRsi-BnCaE
descrifed angd &y dhembyO, dimensi o1 fO{dhés. As to the training

sequence symbols input into the Joint Optimal Filter Weights
and Channel Estimator 52, there are typically in some non-

5 1limiting examples about 26 known symbols and it is known
which training sequence a packet contains. A +/-3 or seven
positions search in a non-limiting example can be used to
find the timing. The impulse response of the multi-channel
matched filter (hge) can be used such that the system

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

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

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

As noted before, the multiplexer 36 can take the

30 signals d; and cy 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



space-tinme filter. 51t is evident each incomng signal is used in
conjunction with other channels, and nultipliers receive weights fromthe

Joi nt OptywgBhoAuibdser Vi ghts and Channel Estimator 52. pFia-AMebifdli$HoCOM Ng
fromthe Joint Optimal Filter Weight and Channel Estinmator 52 are passed

intothe .0 multipliers. The weights are also an 8 x 4 dinensional matrix
in one, non-limting exanple, i.e., 32 weights. As to the training
sequence tERHOS TPt PR oL EhénFEentl SO niht & FeeenGRi ght § -  ad#SEhannel

Esti matQir S%nither € 58, t YRI ¢@lilsY ddb eSO NOOntent i 5hA1 ngeeégwkenab_out 26
known Synmbols and it is knowmn which training sequence a packet contains. A
+/ - 3 orcageven upedi endnyvisldarebrk nadeqoatkilyi-t iStg eaepEtércantbe cased to
find the.timng. The inpulse response, of the l.t.i - channgl tched filter
(hops) “Tarr Pe WR_G sulh thtz?eth'@gé‘l}'gf“éFhoﬁﬁtfmal{ELI &% hew%:ﬁlé?lﬂgrl ﬁ‘é’?ﬁonse and
makes tikg r@idgnald strongae agter thecsvbehedadd| tiafs AS rhaws.inThkG 1,
rescal i ng can occur as a hardware or software conveni ence, although it is
not redWrERinthi 5 Raedd i RF chhRuies tdmagiicvwso§r ddter S&PBpmt MéRUor a

4-bit amdd - bik it oass i ReN-1d Mbbhpg exagpheshaithe Mg erbis, gquali zer
38. The gﬁ%’m C range o? tﬂels' gnla can be rea jﬁsteg’su%@\étﬁ?ts)cteﬁ‘e si gnal
can bedsgetrmiimes £hedd tiorlittbeétintecfietends antethbefioter felrence

mul ti plcexere 36 caonft ﬁg y& Orsi n‘clalrs d2 and c2 fo.rr t(is:.e g ta an% channel
r espons& ¥ rdmthe cg Vet oRal YT FLETT r &Ee\Per TG $Fe F‘l‘dﬁal &6 and cl
foro theldata ahdclehasosbenespanse recedviche 1STIF ne6@i ¥oOr skAtlkding! | ow a
SW tChE%\éer2 :blets\cﬁgcréht qes-tvxo. The JSTCF receiver wll 10
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)

15 to be improved. This could impact top level protocols and
phone calls and other communications matters for use with
these circuits.

The multi-channel structure of the JSTOF-based filter
10 is used in one embodiment, and the MIMO-based JSTOF

20 circuit 30 provides a space-time filter weight and channel
estimations that are different ffom prior art solutions.

This circuit provides the ability to combat the interference
efficiently for both synchronous and asynchronous
interferences and yield high performance. Some simulations

25 have shown that none of the solutions in some prior art
techniques provide the required performance against the DARP
test cases.

This MISO-based multi-channel matched filter circuit 32
is a feature that improves the overall error rate

30 performance and reduces the complexity of the equalizer by
avoiding multi-channel Viterbi equalizers. The built-in
automatic switching between JSTOF-based and conventional

receivers reduce the loss in AWGN cases.

11



WD 2007/ 019684 PCT/ CA2006/ 001329 introduce sone loss if there is no
interference, i.e., just pure white noise. In this case the conventional

recei ver wdé 06068 used and will work adequately. So, pHECAbRFGMILIZZ0 Can
switch back to the conventional filter without loss 5 introduced by the

JSTOF receiver and its circuits. The switching is based on the estimation

of the SINROUT mi.nus_ SINRINp. .If the quapntity is ow._a hol.d, the
system detérifidhds theret Ve | iSE quﬁteg’rfé;%llén)é’g al‘rll%)&% h\gni n%%??eﬁzr g%ce

cancekjdag ofridhe PREEOF neeeiivementsnot Arequinedrfdhescet heatBeliiihter of the
conventional receiver 14 is used by switching the 2.1 switch 16. The
ci r cuiMatichesheFabreri nl He%m f 6% ngS8y Aens*aAd ! ot fkr t SAETURHi s type

of syst | so allo | gnals gt o- ol sE frdldp teobe dgppypvedrand the bit
error arngt@e&’(aBEélngVéfeoé%gq%%r oérelg. This could (frrpagt top |level protocols
and phore fealdreceand Takheci conhuniicat sensimaveerso f dihausesuimhtiphese

circuits. The multi-channe tructure of the JSICOR-based, fil.ter O is used
in on@réﬁ?d’f?di%nf?eaﬁEaPHEEM%WBuf%?eg{ewe Zg]gl:)r ct tg§8 8?8\%8&‘15 a
space-dsigmu f i | hergowighbeanduchannal esh) mehoaas td@id aperdoifaneat from

prior art solutions. This circuit_provides the ability to conbat the
i nt er ffarerides wfieientest fe2Sedt hIByASAL bhBUstan8ngsPAéhioHoGY 10

| Nt erfenanaes, ANtnyt &l U GR R ONMBNCE r SR ShULalNSZOKRAYG, Shown
t hat none o e solutrons in sonme prior art techniques provide the

r equi reethperdwrorernc ecagpl @st tyhe nDARRedt eigt  £asesng Thihe MISO bhsed

mul ti-channel matched filter circuit 32 is a feature that inproves the
over alint&5 TGt e 30 performance and reduces the conplexity of the

equal i zer by, one embodiment, the virtual antenna 24 is operable
with adaptive space-time filtering, allowing the Joint
Spatial-Temporal Optimum Filter (JSTOF) circuit 30 to be
l5 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 Jjointly
estimated and optimized in the JSTOF while the two are
separately estimated in an ICMF. The JSTOF circuit 30 can be
>0 a Multiple-Input-Multiple-~Output (MIMO) circuit that takes
advantage of the rank deficiency nature of the desired CIR
matrix in the space-time setup. Simulations have shown a
satisfactory performance for the various DARP test cases.
Computational load is deemed acceptable given that fixed-

25 point Cholesky factorization and EVD/SVD are feasible.

This method has some simplicity and low computational
complexity. It 1is also robust because the system makes few
assumptions about the source of the interference. 1In
addition, the system can continue to wuse the existing

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

In order to support the evaluation of this technique,

12



avoi ding multi-channel Viterbi equalizers. The built-in automatic

swi tchi ng between JSTOF-based and conventional receivers reduce the |oss
in AVCN Ga69607/01d6sY¥O 2007/ 019684 PCT/ CA2006/ 001329  Sui pall@20@%Rk 348"
structures can be used in order to nmeet the DARP requirements. An
Interference Canceling WMatched Filter (1 CVMF) can use an exanple of the

virtual antenna as _described, a beanf.or.m ng onmbat t 5 interference.
The c;’%th(,eui tsyisgeg\enilefjle@e %gofhenggf?ﬁatl?%%e e érLSErEg) of> THE G néPS npul se
Respors@ ded) ©b thepdesi redl sEgnale #nidorpérOemadidedtsi/erendB) cshowed
good performance_ for the various test cases. In addition to the difficulty
in coad Agaheadihre Mo PR htRgEei@ti%Here may be heavy 0

comput at i oRgle COMpLXI %1'11%\4@ ved igdfdndicngd he O Rief  anmyinakaiferer. In
one enbodi nent, the virtual antenna 24 is operable wth adaptive
spacepenfedndricer i gy, BARDwirgtt ltes@si nisir8pathal JF8@Porakc@pti-mim Fil ter
(JSTCE circu%t 30 to beql/_é ﬁeg. ne difference fromthe | OV I.s that the
spat i &°HEhpBF alt T 1% ig 85 (RIFT o HlppPESS e ont BPF erd&iCE  and t he
Cl R estriv@ticanfe t Fedeesi s8dasigrdlanaicd jedtihat i @st haat pdeandisept i M zed
in the JSTOF while the two are separately estimated in an | CMF. The JSTOF
circuiln 3@ cdpife LML pYeeFrapuRD MUREFBYe- Oft pit E@WHSDR2S rddi t t hat
takes o, advanhage flsddisng Aka (LRS! EBRY ORLHECRLAHRT desadeOR, matri X
in the space-tine setup.” Sinmul ati ons "have shown a satisfactory performance
fob thtevasingbe DARBitrest wasescanChputadéebadl alsoaah i §-tepnétirddeept abl e

0o ol 44 XBg 7R 0 Dk 19 PO Lactr Leatlancand EYPL SV 21, easi bl

received baseband signal can be expressed as

x(0) = S eW)se, +v(k) = Hs(k) +v(k), (1)

=0

-~

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 Lxl vector for

the corresponding symbols transmitted, and v(k) is an Mxl
0 vector including the AWGN and the interference. The space-

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

as follows:
)5 x(k) = [x" (), x" (k =1, x" (k= N + 1) =Hs(k) +¥(k), (2)

where H an MNx(L+N-1) matrix is the block Toeplitz
version of H and s§(k)=[Sx, Sx-1, «.r Sk-r-w+2]T. The samples

that correspond to the training segquence can be collected,
30 '

X = [x(k),X(k +1),--,X(k+ p-1)]=HS + V , (3)
13



conplexity. It is also robust because the system nmakes few assunptions
about the source of the interference. In addition, the system can continue
to use tReoeyiratdsdyg 30 equalizer structure, as the sol upipeabdeionizegr at ed
as a pre- processing step on the input data. This would allow the system
to use the HWequalizer accelerators if available. In order to support the
eval uation of this technique, 12 WD 2007/019684 PCT/ CA2006/ 001329 the
system | evel Block Error Rate (BLER) sinmulator was extended to support all
of the intefearerp mdel s/ scenar iz09, beilng tisednybéheo8GEPMBARE of

Speci fication. There now foll ows a description of the sinmulation 5

per f orthende fiori rPARRQuEStcasks igsieng Mle 08FOEXei pBdi 5. 9t  shoul d be
under stood that space-time processing_for joint interferencsrur eduction and

channel estlise) ons hé@lbeeﬂ'u_§é&+prﬁ?é b&s&Pstldtor,) “Rh&PBVaN &Py of M
a”%e”%?ascfigj Grallablea s Re pobial the gouhvabeRinehagngh §gspense for

.0"thée single desire an  be nodeled as an L-tap Finite Inpulse
Respornsigvd FER)ndi44e1vi#l snapshaote sgipl ecafotrhew feecei yedphasehdme si gnal
can be expressed as L-1 x(k) _ Z c(l)sk_I + v(k) = Hs(k) + v(k) , (1) I=o
.5 whefid b{kk) ang an rivkl-tusicticrl r €ptéskhtlchpiiel oaspimatieomvelsdognt ennas,

His gn ML matrjx coptajning the channel . response. for. the antenna array,
s(k) ﬁ’é d#_q_‘?ﬁ v%?orgfg%erthauggrrgsﬁ nditR§ sg%é’f% trlélﬁs?rﬁft%trg&,ceand v(k)
is an Mdidhveetror chacl uditg t he AVGNimnged he ii.nd.gr f ebengslvelhengpace-

tinme extension for fornula (1) can be obtained by stacking N
L0 following optimization problem:

mw,ilpuwT)_(—thnz . (4)

It can be found that the optimal weight is:

L5
w,, =R;R_ h (5)

xs opt !

and the optimal channel estimation h,, is the

eigenvector corresponding to the minimum eigenvalue of the

20 matrix R,-RPRI'R_, where

R, =XX", (MNxMN) (6)

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

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

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

30 approximately Gaussian distributed with unknown covariance

14



ti me-del ayed versions of x (k) into a taller M| vector 1(k) as follows:
5 x(k) = [xT (k), xT (k -1), , XT (k - N+ 1)]JT = Hs(k) +V(k) , (2)

where H ghhl) matrix is the block Toeplitz ver$@ra3hoddodddd
9( k) :[sk?ﬂogw,ﬁo&,&%k- L-N+2] T. The sanpl es that correspong to the training

sequence can be collected, 30 X =~x(k),x(k+1), ,x(k+p-1)~=HS+V , (3) 13

WO 2007/ 019684 PCT/ CA2006/ 001329 where p = P - L - N+ 2,_P is the nunber

of symbotsiof R, he theaion hignsleqeehteat donsfan MRgp adhannied, Hndss B9 (k), s

(k+l) , ..., s (k+p-1) %) is an (L+N-1)xp convolution 5 matrix of the

trai nil?f@x%bllske%ﬂ‘éo? i AMLy pSSHIFRGIGN i PRECN £ FRd 3 TIMER 75 E° M|

wei ght r rayS i filter and a non-trivial (L+N-1)xlchannel
fe§ﬁ8 il Igwhﬁ%f§€§ﬁ%%tﬁe

esti mat’i on vect or e filter such that the output interference
residual of the filter is mnimzed, i.e., to solve the LO follow ng

optim zation problem nhnl I WX-hTSI12. (4) It can be found that the

opsi mal wei ght ig(:H,Rv5=\Abg|Rv{:+"X'—FﬂSlngpt , (5) and the d®i mal channel
estimation hopt is the eigenvector corresponding to the m ni mum ei genval ue
of the 20 matrix R -RX Rx'Rx,., where Rx =X*XT, (MXMN) (6) RS =SIST ,
((L+N-1)x (L+N-1)) and (7) .?5 Rxs((M)x (L+N-1)). (8), Gven that {he noise
pl us interfgmeﬁggjtoﬁﬁanéhmlgapa space-time model, the number o

the independent channels is always less than or equal to M

and H is wusually rank deficient, i.e., rank(H) = r <

10 min(MN, L+N-1). The rank deficient ML problem can be used
for the rank-1 approximation of the space-time filter.

The JSTOF circuit in one embodiment can use a different

approach to find the joint optimum solutions for the filter

weight and the channel estimation. It is possible to find

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

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

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

H. They can be obtained by:
H =R"*V,, , and (11)
25 H =R _H,, (12)

where R, =R!Y’R?? is the Cholesky factorization and V,

consists of the M eigenvectors corresponding to the
top M eigenvalues of the matrix D,
30

15



t he space-tinme nodel of equation (3) is no |onger white but 30
approxi mately Gaussian distributed with unknown covariance 14 WO

2007/ 019634 »RSbidef2006/ 001329 matrix R, the optinal ep@T/@ggdog,@Olf;;gj t he
channel Ris the maximumlikelihood (M) estimation, which is a

m nimzation of the followng quantity: 5 (H R) =loglR | + 11X - HSI 12
. (9 Inthis non-limtin space time nodel, the nunber of the independent
channel s is al vva}br—Re;gszR%pR)fRsequal to M and His Uddally rank
deficient, i.e., rank(R =r < 10 min(MN, L+N-1). The rank deficient M
probl em can be used for the rank-1 approximation of the space-tinme filter.

The JSTOF Ciﬁcg't d ODE T nb rr:%ﬁ)ét fcn?ﬁrlt Uv§(§1 %ggr% %@a@ﬁréo find

the joint optinmmsol utions t an anne

esti mafibnerltansb«posbthinedobjfl nd 15 the I\/L estl mati on of H. The
estimation can be deconposed as H =HSH', (10) where H S(M\M is the

estd mation of the space matrix of 20 Hand H ((L+N-1)xM is the estinmation

of the time matrix of hey can ained by: H = 1/2v DM, and
(11) 25 HS = Rx e ‘(]fziﬁﬂvﬁefe R, =I?ﬁN%'?)t2RH12 is the CEJ; esky factorization
and VDM consists of the M eigenvectors corresponding to the top M

ei genval ues of the matrix D, 30 15 WO 2007/019684 PCT/ CA2006/ 001329 D=RS
"2RXRXR Rsu@nd {R3)opthimabexhashep, eshémapibnaliswei ght for the space-tine

10 h =w’ -H. (Mx (L+N-1) ) (15)

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

15 channels, and 1t 1s 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

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

It was observed by simulations that the JSTOF receiver

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

30 of the input and output SINR’s of the JSTOF. When the
difference 1is below a predefined threshold the JSTOF

receiver is turned off and the conventional receiver is

16



filter can be obtained by 5 WR (MM (14) and the optimal channel
estimation is 10 hol"=w p, H (M(L+N-1)) (15) It is then possible to apply
t he optl 2&9%@@85 filter in equation (14) to the gg %ﬁéﬂh?ﬁbthe
antenna array X ﬁ ?1
channels, and it is a MMO system The optimal channel estimation |n
equation (15) can be used for the nmulti- channel nmatched filters 32. The
out puttsigfed hen rratT(bI@edlnI?N t 8ENBr €arhele c 6@5iined ¢
in the rescalln cuit 34 ta the dlflegiﬂe3|red | evel . The 20 final
out put®S SR S HY c anel® 84 HeAR an

equal i zer 38. hbte al so that the nunber of channel taps after the JSTOF
has been changed to L+N-1 conparlng to L of the nodel ed channel taps
before the JSTOF. It mas-ﬁﬁﬁerved by sipuhagigns that the JSTOF receiver
25 i ncurred noresiNg@

conventional recei veF %ﬁnmgnhe trCRlyeMlRyHaT ~-2RefB,H }Jo reduce the |oss,
strategy of automatic sWwitchi

regei vers was devel oped.

di

Clearly the outputs of the filter 30 sti ave

ng between the JSTOF and conventi onal

upRcsndhescal ed

an be fed into the Viterbi

gonpan&d to the

The switching is based on the neasurenent of the
ference 30 of the input and output SINR's of the JSTOF. Wien the
di f f er ence asd behewratpued8iNRedanhbes ltolnguttiesl FITOF equaddiorsy (1)t ur ned

a

of f anqaih? ﬁonventlonal receiver is 16 WO 2007/019684 PCT/ CA2006/ 001329
t ur ned? et i nput SINR can be easily conputed once the estimation of H
is done in equation (10): IHSIIZ _ tr(H*RSHT) (16)
h, S trth) R h!
SINR,,, = . " 2 H ( plT ) T (17)
l ap,X hoptS” tr(vvoptl{ w+holeshopl 2Re{woptRx5hopl})

LO

LS

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)~-(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.

One such implementation is a Cholesky decomposition-

17



SINR,,,P HslIl =2 - tr(R+H Rs HT -2Re{RxsHT}) 11X 5 and the output SINR
can be conputed from equations (14) and (15) : ~lhopt 11 - tr(h* Rh T

77 S| NRowyd dyy7massshopt Sl 1 Z tr(w p/ RewrhoPl Rsh opt opt  pper/@Redodfoe32h Pr})
(17) LO On the nobile side, a virtual antenna array can be set up by the

conbi nati on of oversanpling and the separation of the real and inmaginary

parts as shown in FIG 1. In accordance with v r|ou enbodi mentg the joint
L5 opbiamed M Motsidce- ENFELFiPler 8hd cfannel® i on®$EENVASHEh in

equations (14) and (1 enhances i nterference ression rmance. The
MqSO ﬂﬂqqu&?)&ﬁr}é% ( )H@&rlfxll r§n3§’q itOR aﬁ;&g'asgaeffﬁg EP{annel

est i MLl %réher%b §t' ggm&%§ Lc &959%;&@6 BEEQhitale E%foemegk\w le 20

reducing t exi t ferbi equalizer 38. A strategy of
auton@é&n@/@gsthﬂd}g detaepn JSTOF and conventional receivers reduces the
|l oss in pure AWGN cases. The JSTOF defined by equations (6)-(17) can be

i npl emented in different ways in ternms of nunerical 2?5 stability and
conmput ati onal c i.tzy. The nmmjor differences arg the way in which the
i nverse of the ut‘ errel ation mtrix Rx is cal ated and the way in
which the channel His estimated wth reduced rank. One such

i npl ementation is a Chol esky deconposition- 17 WO 2007/ 019684

PCT/ CA2006/90t329pebased irmithi %si nversi on of RX and the ei genval ue

L0 D=DD’, (19)
where

D, =L7RIL7. (20)

L5
It should be noted that the inverse 1is actually

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

computation of the inverse may be avoided by the back-

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

20  structure of mutual cancellations. This was verified by

simulations that showed the condition number of D 1is seldom

greater than 300. This implies the eigenvalue decomposition

on D would not require unduly sophisticated algorithms for

typical applications, as will be appreciated by those

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

have the least computational complexity of the approaches
outlined herein.

One potential numerical <concern is the Cholesky

decomposition on R,, as its condition number may potentially

30 be relatively high, and its positive definite property may

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

18



deconposition of matrix D in equation (13). Specifically, since Rx is

symmetric positive definite, the Chol esky deconposition exists: 5 Rx =

LxLz (18) e rewitten as LOD=DI D , (19) wher (20)
It shovtvj?g @zmnot ed that the inverse is actually per g?’rre? tks-litghe

square root of RX, and the explicit conputation of the inverse may be

avoi ded by the back- substitution. Also, Dis nunerically stable because of

i ts ?0sbbwedtureowdvemt udhatanced | ebingngiothisumiesr verfi f Red 1y leesul ati ons

that showed the condition nunber of Dis seldom %reat er than 300. This

i mpl i e§heRe18i gereal L BeBBnPBErErensSCeR2DIABuFHCRoR ST gqavr BigRdarg

Sophi SLEGH! ¢6,alaon hTR fahe dhiealocARRYGaliAa%s a5 Wil | be appreci ated
y those Z5 skilled in the art hi’s “approach may potentially

have t he | east eonpmtiancena\krltbrrpilematlyce:)rfnatttﬁe auprogtictead, odthlei n@8 herei n.

tenti al th d RX,
19 CoRBPPIGRSMINGE Myt Fot SHEPLF | JORa0NDBoNo R | YTy T gﬂ"ohﬂggi“ *

it
t b

o or s STEPR 217 BRb A0 “0 *%*%018%%§?%%T%&20§E6 30755 aFoud. however

that thguaeaditi on) numer £01 1 Rcd Surres g antkhani 40 avepnkn ﬁmﬂ;@xbkerre

scenari os such as very high and very low carrier-to-interference (C1)
rati osdecomposition

10 X" =QR, (21)

where Qis a pxMN matrix with orthogonal columns and R

is a full rank MNxMN upper triangular matrix. It can be

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

D, =L7SQ. (23)

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

be reduced as
wopz =11_1])!7“,DM * (24)

30 This approach 1is basically an equivalent version of

Cholesky decomposition in the sample domain since one can
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In accordance with an alternate enbodi nent, the QR 5 deconposition in the
sanpl e domain may be used to avoid the direct calculation of the inverse

of R SiRgG240AR196841 N equation (3) has full colum rankerichdi@mefshe uni que
QR deconposition 10 X7' =QR (21) where Qs a pxMN matrix w th orthogonal

col ums and R is a full rank M\XMN upper triangular matrix. It can be
shown that Rziﬁ R 1R-r (22) and the Din equation (13) can be witten
in the ?%WthBF ¥] x|onr?1@?3mﬂmﬁrPH@dD@UWérééﬁﬂnééabylZGYDEt—tQEWSQ

23 k. &h I t t b f d th th
61 genvaTRE Shcomfost 116N O D SR I A BV ougPooBeApprREeraiid t he

opti mutréqhtefnyei gipromimdtedf (dd)cecars bpahgdusgdrasi¥lsl HR 1D vDM .
(24) 30 Thjs agﬁroach is basically an equival ent version of Chol esky
deconp®F¥1%n tHe<amiesdonainf si-AEEesnesa@mpLle 19nany 200 711687

PCH CAZ0864 90432 v show; that as._. i Opr meri cal tab|I|ty at
the expense of th % xR d lecomé%nté%§1%é%ﬁeg?eggc§§EHEX|tyasfre$ﬁ
appr oxd¥hi el 52 tawdelas) many operations for a matrix of given S|ze) and

| ar ger sa € trIX%éQaVIn r oxi mat el tinmes as many rows in an
exanpl e case mggre g %n%ﬁgﬁglbg%h %%Bea ddch&8ddeser ithed above
np
still ¢canputLLid® of the triangular matrix inverse, although this
may be done by back-substitutions. Turning now to yet
10 another alternate approach, i.e., the singular value
decomposition (SVD) approach, the matrix inversion may be
avoided and the numerical stability may be further improved
in some applications. This approach starts with the SVD on

the sample matrix in equation (3):

L5
X"=U_z VI, (25)
where U, is a pxMN matrix with orthogonal columns, \A
is an MNxMN orthogonal matrix and Z, is an MNxMN diagonal
‘0 matrix, I, =diag(o,,:-,0.y), with the singular values on its
diagonal. It can be shown that
R'=VzI?Vl, (26)
'5 The D in equation (13) still has the form of equation
(19) with D, defined by:
D, =L7SU._. (27)
0 The channel estimation may be obtained by the SVD on D,

and the filter weight matrix may be written as

20



conputation of the triangular matrix inverse, although this nmay be done by
back-substitutions. Turning now to yet 10 another alternate approach, i.e.,
the sing 6500’7?1%%4 deconposition (SVD) approach, the mpiicaosky@isoon may
be avoided and the nunerical stability nay be further inproved in sone
applications. This approach starts with the SVYD on the sanple matrix in
equation (3): L5 XT WF "xV (25) where Ux is a pxMN matrix with orthogonal

colums, Vx is an M\XMN orthogonal matrix and Ex is an M\XMN di agonal '.0
matrix, Ex = diag(a,.yvs-'§y) ., Wth the singular val on its diagonal.
It can be shown trf‘éitd%('z‘:‘vﬁ)’(z Vx . (26) '5 The D in €équation (13) still

has the formof equation (19) with D, defined by: D, = LSTSUx (27) 0 The
channel estinmation may be obtained by the SVD on D, and the filter weight
matri x nay wWeewei t¥,gn asnOiN® 2BO7L0DPO684 iIREK GAXNOI HO1BROtoW¥ Opf = X
VZ-'D 1 VDM, (28) where VDM contains the top Mright singular vectors of

5 B1. Phe VB i$VPhis ddproatpredch enalr & emwieec anpue atpopstat hanst he

Chol es an econpositio used in the previous , two approaches. As a
corrparfggﬁﬂ gpgtqﬁgoﬁﬁgg‘é{ &B&gp}b BRI THhREA (1 ethe CREPBERYS QR and
SVD), the &pPkBatReEl G 9 lists the 10 conputations step by step for an

exanpl e where M4, N=2 and L=5. To find the best timng of the burst, the
JSTOF searthed £ompwars gt ¢f nthg Bpechesws canhasheowhbined above

(i.e., Cholesky, OR, and SVD), the table in FIG. 9 lists the
10 computations step by step for an example where M=4, N=2 and
L=5. To find the best timing of the burst, the JSTOF
searches a number of timing hypotheses and the one
corresponding to the minimum output residual is chosen as
the best timing. The output residual is defined by:
L5

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

0 sample matrices from the consecutive timing hypotheses

change slightly by appending and deleting a column. The

updating and the downdating algorithms are potentially

applicable to some of the operations, and the overall
computation load may potentially be reduced.

’5 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)

0 where
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corresponding to the m ni num out put residual is chosen as the best timng.
The output residual is defined by: 15 e - IIlwP, X-h ptsllz, (29) The search

process Raghsdlohdkss epeats the operations listed in theptplhsokoiizeach
hypot hesi s, but the input 7?0 sanple matrices fromthe consecutive timng

hypot heses change slightly by appending and deleting a col um.

The

updati ng and the_.downdating algorithnms are potentially applicable to sone
of the operati on¥(k #Ab={¥& *dver S8k + otput ati on | oad may péientially be
reduced. '5 Let X(k) represent the sanple matrix at tinme instant k. It may

be partitioned fromequation (3) to X (k) _ [x(k), X (k + 1)]

, (30) O

where 21 WIRHO0S40I B 8Aa Pelk (A20060H0B2%Nma k(e ld b Xékaddd a5 - X(k+p-1)].

(31) The sanple matrix at time k+1 may be expressed as 5 X(k
+ 1), x(k + p)] . (32) The autocorrelation matrix at tinme k+1

+ 1) _ [X (k
has the form
10 This is a

Rx (k + 1) = Rx - X i T (k) + x(k + p)xT (k + p) . (33)

conbi nati on of aﬁ%’r‘i@’i%%@a’f@*’aﬁﬁ'a rank-1 update. ©ié)hyperbolic
rotation-based algorithmfor wupdating/downdating the Chol esky
factorization is set forth in Mtrix Conputations by Golub et al.,

edi tion,

3rd

1986 45t drot het aapph i tabt e upidat el ovntlat€s atlgorfddmm di scl osed

in Golub et al. text is for QR deconposition, which is based on the G vens
rotation. O course, the given approach that should be used in a

particul ar applicgt jop))u ki (HAEREREQR) +x(k + p)x" (k+ p) . (33)

10

15

25

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 Computations by Golub et al., 3™ edition, 1996.

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

The performance of the JSTOF based receiver has been
evaluated by Matlab simulations wusing 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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factors such as avail abl e processing resources, ?0 conputational
conplexity, etc., as will be appreciated by those skilled in the art.

Q her apRy8agfagodsqy al so be used, as will also be apppegialeshdaysbhose
skilled in the art. The performance of the JSTOF based receiver has been
eval uated by Matlab sinulations using an extended BLER 25 sinul ation

engi ne. The paraneters for the JSTOF based receiver can _be set with
different aspecté! ExanprE®edt ok af RROFE | Sﬁnlai?dTﬁénkW@rssa% i AgCratio

(GSR) of 2 ganshecctekedLdy, WohePe FBRAG @nkheuytier dwdidt ual,apt ennas
30 (M of 4 in this non-limting exanplé, and sinulation shows that

reduci ng t heotSrRlvays écmpseyeskyri Pecdnrmapeetor mance degradations; 22 WO

2007/ 019684 PCT/ 006/ 001329  2) A nu r.of_.tenporal_ delayed sanples (N)
can be sel ected §£22.RI ng%é §P%g trﬁéﬁ(nﬁoerr, Hiever 2 Hoks X%E?Oa? ys

i My ove themperfir mRRCae 33efereddcad rank thercbhke nehaiinehe£28R9088 5
matri x can be selected as M Increasing or decreasing the rank doés not

necessari | ythaprepE €pespeptoRrREREEATAY YARMREPTEs WEc REEEPETRBICE -can be

4.75 dB. 5) A soft deg'hsgagoggw%h?%ﬂrggh%?g@taégggi Q95 Rts wdth.

I ncreasing the wdth to I'ts can inprove erformance marginal |y
for DTS-5. Soft 8éci shomsofdordescision cantyet enabl &d. qileentAMe S pech

channel , TCH. AFS12.2 can be used to . evaluyate th erformance of the JSTOF
interns of%%é?{ w‘i’ﬁ%h'p O gatioP c‘i)th%i‘t’i“gﬁ“TﬁgO m -0 58z 1 BBROBR assuned

13 ¢ hr oughothet hge BF Hthah &ONSma Ay Shaul @t i1 9y r rs1800 Bbirdl Sqecision
correction can be enabled.

The AMR speech channel, TCH-AFS12.2 can be used to
evaluate the performance of the JSTOF in terms of FER. The
propagation condition TUS50km/h-1950MHz can be assumed

15 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

20 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



(bl ocks) for each case. The FER s of the receiver, against the carrier-to-
interference (C/l) ratio, are shown in the graph of FIG 3. The nmargins

agai nst e 26fo@segpce performance specified are 20 |ispegcabods/agiskabl e
bel ow. Test JSTOF Spec. Margin of case performance: performance: JSTOF

against C/|I at FER = C 1 at FER = Spec., dB 1% dB 1% dB DIS-1 -2.6 4 6.6
DTS-2 7.3 9 1.7 _.DTS-3 7.6 1 TS-4 -Q.9 6.9 DIS-57.49 1.6 The
p_erforﬁl&?l%% of thE r c?@!z\feroﬂn%%é' pu_r8n§V\E%Gang”D'F§-S§eé§§evse]\M't h Bhd

Wi t hougt EReegyit @esiickeni v Sisateay ixic3pYW0-260¢/ 019884 (RET/FeA2006/ 001329

shown in the graphs of FIG 4 and FIG 5, respectively. The strategy
reduceOt heandssnenr AENL byt dpoless @8r(BTSFER = 10% and incurred little

| oss for DIS-5. T TOF receiver can include multiple.Viterbhi .5

equal i zer s,ﬁf’%l I éj\rl)‘@?é)\]tﬁy a°hut TP+ chaifel Jn%?#%g?i I f“élrl,@lﬁ/r]l?ch Ydtitiihes the
sofg deghsiopsraft eoltibaecaqus) izensitA-£RSHhEL hatsRown 1aRd cofpaied with
the original in the graph of FIG 6. Perfornmance can be evaluated with a

nodi f i eembesescade sSALDTEesRsigner @ftties ddiayeahal heeasynéhnoroulst
| ongt h T sRBAn1a FRACaT AR "o 'FRES FriAReTedh (25 HRUR OF (G- the
perforgance of JSTOF recei ver degrades "slow y"
Performance can be evaluated with a modified test case
10 DTS-5R, where the delay of the asynchronous interferer can
be configured. The performance at 0, %, ¥ and % of the burst
length is shown in the graph of FIG. 7. The results indicate
that the performance of JSTOF receiver degrades “slowly”
with severe delay of the interferer.
15 The above-described receiver may advantageously be used
in mobile wireless devices (e.g., cellular devices) as well
as cellular base stations, for example. An example of a
mobile wireless communications device 1000 that may be used
is further described in the example below with reference to
20 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
25 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 mobilé device 1000, in response to
actuation of keys on the keypad 1400 by the user.
30 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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Wi th severe delay of the interferer. 15 The above-descri bed receiver may
advant ageously be used in nobile wireless devices (e.g., cellular devices)

as wel | I r base stations, for exanple. An exa bile
26301 4! . , mp appirRA2hocho1 31901 |
mﬁreless‘ggnnunlcatlons device 1000 that may be used 1is further described

in the exanple below with reference to 20 FIG 8. The device 1000

illustratively includes a housin 1200, a ﬁe paq)1400 and an outgut devi ce
1600, THECBUIBEEVadSyiTe SHOWRTS 508i SHRAF 1660,0XHoaT | <=4k ofBF EBI y a

full PhL¢ LGP CeheL t ypes of output devices nmay alternatively be
utilizgﬁa g%p?%cegging ézvice 1800 is contained within 25 the housing 1200

and i s coupledabetiveen tte Keypadotdssingddevheedil8iGhy A0 Fhets

processi_ng, devi ce 1800 contrgqls. the eration of the displa 600, as wel |l

B T heS by RS o338 Ao Fort AoWe i1 EoTbvF et 1 + E&pbHGe B0

actsuat pBsef 1keysqen af herRrRad A4 s userio@d; Theshopel pgndg00 may
nmay

be el ongated vertically, or take on other sizes and shapes (i ncl uding
cl anshebimhoiuskhgonst r aobayesem The2Reypabemayeypetiudé480npdedsetketi on

key, or,, 24 WO /019684 PCT/.CA2006/ 001329. ,ot her, hardware o ftware
fo¥ switERIAY BégagEnaEQQP St Ty Og Iie?%%%BEngﬂ?FyA%W+%ﬁﬁﬁipgﬁ'to t he
procesghyg dq\i!dtﬁ éﬁ@ollQbhera§a®é§l &fs trﬂ@mc@PjPi h%vd%\éiscelﬂém,o g1 g8oshown

schenaticafly in FIG 8. 5 These include a comuni cations subsystem 1001,
a shorandange ioosmatitcat | desicebsybbeat ¢0201200s Kiypadol#D® dediche

135; “Ye0Rore ReBHBabhy Yadvi i “Ee0 Y IR LorRoUL B RGr nakiTde.
subsys{gnBe 1204 JERG MRS ideM 16 sl 000 1 5 U Sf ef abhya fr 1¥R; Wake RF
conmuni cat i ons devi ce havi ng
mobile device 1000 preferably has the capability to
communicate with other computer systems via the Internet.
Operating system software executed by the processing
15 device 1800 is preferably stored in a persistent store, such
as the flash memory 1160, but may be stored in other types
of memory devices, such as a read only memory (ROM) or
similar storage element. In addition, system software,
specific device applications, or parts thereof, may be
20 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
25 applications 1300A-1300N on the device 1000. A predetermined
set of applications that control basic device operations,
such as data and voice communications 1300A and 1300B, may
be installed on the device 1000 during manufacture. In
addition, a personal information manager (PIM) application
30 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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voi ce and data conmuni cations capabilities. In addition, the nobile device
1000 preferably has the capability to comunicate with other conputer

systens W@ bdym1ddalier net. Qperating system software exepgred260¢/0b1380
processing 15 device 1800 is preferably stored in a persistent store, such

as the flash nenory 1160, but nmay be stored in other types of nenory

devi ce ch a d y.RCM r _simlar, stora elenent. In
addi ti %ﬁ?ﬁgyst%ﬁ? sg tﬁa/a?@giy%%g{c%l cl(sdew %g fprpﬁélgcraatq?l%sfangﬂﬁr t‘gfet her eof ,

may bes@fidiegpoarad i Inededadedy | Ah@aa vobméi LSt @r ewisdehsas ddgysandom
access gﬁ ry (RAM 1180. Conmuni cations signals received by the nobile
devi cel g‘?m ST &8 dved i e he PREM PEI® ThESHF 0cE%S ngseRwies 15800, in

addi ti j op [ em ct nabl. es ecuti.on .of software
25 app??%%?f%%gdiBO%k?’%?g%ﬁ%é%tdt hearn evi %é&l%b%cg K Br edder i TS 7 of
ap i caetonskt hd01centholheasievideyivee roperatdHondue) @8 Hdattand voi ce

comuni cati gns 1300A and 1300B, na be installed on the device 1000 during
manuf a2tBFeS PR 2888FiRbRI Wiperaohasti ppePwaer onvabemger (PIM application

30 may be i@shalhedaBushng Ampyiacture.; The, PIM i sypreferabl v | capabl e of
organi zi ng and managing data itens, 'such as €- %‘ai?, Zal 8fdar % S, voice
nai | s, cappen hitaendss, anaré asker 2o 2007¢ QIP6 84 IRCT/ CGARARH/QQL32% i tens.
The PI Mg{gggl {:cat i \%r& i.s al so preferably capable of sending and receiving
data i TRNEYIFEa w0 ess2Met woPRS1PAY1. Pregugtabl fhet hsmmidargs tems are

Lo O o T by P ot o shaB AR A o (Tt e
wi th almobtdesmeut eeceyseeml500onmanitatnsan tfiugct 1626, i ughag ata and
vorce 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
L5 (LOs) 1601. The specific design and implementation of the
communications subsystem 1001 is dependent wupon the
communications network in which the mobile device 1000 is
intended to operate. For example, a mobile device 1000 may
include a communications subsystem 1001 designed to operate
20 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
‘0 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 cations, are perfornmed through the comuni cati ons subsystem 1001,
and possibly through the short-range 10 conmuni cations subsystem The

comuni cayh9hs/oibdasyst em 1001 includes a receiver 1500, paridabdioiier 1520,
and one or nore antennas 1540 and 1560. In addition, the conmunications

subsystem 1001 al so i ncludes a processing nodule, such as a digital signal
processor (DS 1580, . and_l.ocal oscill ator (L 1601. The specific
designaﬁﬁag?ﬁg%gneﬂfg@icﬁﬁf% the'+ ¢ hnﬁ%ic €?§n3?§3Q8§gFen1EBBEV &
dependgit wHPRN alcl@ s sCABMHL £ 1 KNS NRLVRN K istibskirgBeirhe ymbide gevice 1000
is intended to operate. For exanple, a nobile device 1000 may include a

communidedirons dubSFRSemde0lradesiipralfaxe opesatere® wht hstheckbberexTM
Data TA "'.gr 69q&éfl Packet @adio gerviée %GPRS) nobi,l e dat .
cormuni-G8PF&HE ARt Nor ks, AN A'd0 T§ESFHREd TO Sferdt & Wit F94%Y of"a

varg et yr@krvebCepegarBUBhCAl GPRS Aekworks, such as AWPS, TDVA, CDVA, WCDVA,

PCS, GSM EDGE, etc. O her types of data and voice networks, 5 both
separ at e andhient egreqwidcedray Ngtyerife ut¢gigerawion tier nebtigadéonce 1000.

The mobBile device 1000 Iy, alag Be, OMHI|anf i ih aLhS COmRI gali ons

e
st andaPdS“Such~3 ét c. access requi T elefts vary

dependsggdupoanithe Rdeyipe of womamicadics SyssiefhaFor exagpl e, the the
Mobitex and DataTAC networks, npbile devices are registered on the
net wor ROUBPRAFCatdRNquEFeicsdhal 14Qfknt | Fieaeilen maasdvest Firem26ting

et nor KaRRGeyons, ASHAHE A RREORLT e MehPeRRL 188l e PoRERT,, Lser
of a deviceneA GPBSedevice 1BeOef or ehienui resoaigubscrigber badgakity
nodul e, commonly referred to as a SIMcard, in
amplification, frequency down conversion, filtering, channel
selection, etc., and may also provide analog to digital
conversion. Analog-to-digital conversion of the received
15 signal allows the DSP 1580 to perform more complex
communications functions, such as demodulation and decoding.
In a similar manner, signals to be transmitted to the
network 1401 are processed (e.g. modulated and encoded) by
the DSP 1580 and are then provided to the transmitter 1520
20 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
25 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.
30 In a data communications mode, a received signal, such
as a text message or web page download, 1is processed by the

communications subsystem 1001 and is input to the processing
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5 order to operate on a GPRS network. Wen required network registration or
activation procedures have been conpleted, the nobile device 1000 may

send and weaeirwgog@nmuni cati ons signals over the comuppsaisbeydodSkyvor k
1401. Signals received fromthe 10 communi cati ons network 1401 by the

antenna 1540 are routed to the receiver 1500, which provides for signal

APl AN 66 SR AN, ROTUPERL N of [UAG] | B RUANZLCaRELEC! ! T,

etc., may al SO provi ital " conversion. gg-to-digita

convensi oth®f ptbectetapvedvitesi B0 abkows tha t580nht 0 dpsphiarm nore
conpl ex communi cations functions, such as denodul ation and decoding. In a
si m | d8%FanneF, Aitgiaatiebe tparfome tebhed ehellietwork/A40evirce

o1 ovi a5900 %t e TRans At of 21530 20 PRI Ta" Lo IR 0B bl & on,

frequencyl umeaeaversSi onsinki | tRei NReypaR! i T400t i AW (goaRSNMossken to the
communi cat.ion network 1401 (or. networks) via the antenna 1560. In addition
to prSeBsdiifg tofmini 8atiens L&hal suchheas 25 DepagbBadpr gvi deskesr control

of the, el ver 1a0R.and the Ly ansyltLer 1520, For exampl ey gaias appl i ed

to comuni dations signal’'s™n the recerver 1 and trans F°€1520 may
be adapid vebyposatr aldwed themsghaut erBhi bgaktpranefntrel abwor i thes

impl enented in the DSP 1580. 30 In a data communi cati ons node, a received
si gnalCoMEEH Cafe o g Bt WIS A0 br Vi bt pageCEBWAL 6aB1ons prbe¥sEea by t he
cqgnu@dﬁyjons subsystem 1001 and is input to the processing 27 WO

2007/ 019684 PCT/ CA2006/ 001329 devi ce 1800. The received signal is then

further prdcessedroice communications mode, overall operation of

the device is substantially similar to the data

communications mode, except that received signals are output

to a speaker 1100, and signals for transmission are

.5 generated by a microphone 1120. Alternative voice or audio

I/0 subsystems, such as a volce 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

!0 party, the duration of a voice call, or other voice call
related information.

The short-range communications subsystem enables
communication between the mobile device 1000 and other
proximate systems or devices, which need not necessarily be

5 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.

30 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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by the processing device 1800 for an output to the display 1600, or
alternatively to sone other auxiliary I/O device 1060. A device user may
al so conppeeoFahsssit ens, such as e 5 mai|l nessages, usi pgridaodkaypd 1400
and/ or some other auxiliary I/O device 1060, such as a touchpad, a rocker
switch, a thunb-wheel, or sonme other type of input device. The conposed
data i the nsnltted ver _the communicationg network 1401

vi a th%ggg T cat?%%gréagéggfen1 106& Ina3398?€ge nnéﬁ?%é??ﬁns node,
over al Th@ﬁ@faképn 16f 1o hendlendcsod Scieabstaat kakkyitsioni i s the gata
comuni cati ons node, except that received signals are output to a speaker
1100, ARE1EPEnale fighe t rempsHifsist oemipaslimengenedased osgda maodophbat 1120.
Al ter r i I/ ubsystems, suc ce,ne
recorgﬁ%gygﬁ%§§g§8§1Eﬁ#gyg Od? %n?npl%ﬂ%nﬁg 8% %ﬁe€8e3> lﬁﬁgﬁagsn
addi tiwhthihethdi spbpy é@OGh@aynabﬁ@lba,utlI|zed in voi ce conmuni cations
node, for exanple to display the identity of a calling ?0 party, the
duration of a voice call, or other voice call related information. The
short-range comuni cati ons subsystem enabl es conmuni cati on between the
nobi | e devi ce 1000 and other proximate systens or devices, which need not
necessarily be ?5 simlar devices. For exanple, the short-range
comuni cations subsystem may include an infrared device and associ at ed
circuits and conponents, or a BluetoothT® comunications nodule to provide
for communication with simlarly-enabled systens and devices. 30 Many

nodi fications and ot her enbodi nents of the invention wll come to the mnd
of one skilled in the art having the benefit of the teachings presented in
t he

29



28 WO 2007/ 019684 PCT/ CA2006/ 001329 foregoing descriptions and the

associ ated drawi ngs. Therefore, it is understood that the invention is not
to be limted to the specific enbodi nents disclosed, and that
modi fi cations and enbodi ments are intended to be included 5 within the
scope of. the invention. 29 Cains: 1. Afilter (10) for reducing
co-channel - interference w.thin a conmunications receiver, the filter
conprising: 5 a nmulti-channel, space-tinme filter circuit (30) arranged to
filter n signal parts that have been split froma comunications signal by
jointly estimating space- tinme filter weights and multi-channel inpulse
responses (ClRs)nRased upon QR and ei genval ue deconpositions; and 10 a

mul ti-channel, matched filter circuit (32) arranged to receive

mul ti-channel signals fromthe nmulti- channel, space-tinme filter circuit

(30) and arranged hoc; hewe prdy ldr rrea%qaaec&ha&aﬂ&lpmb%grpac@ channel

i npul se response estimation fromthe space-tine ter 15 circuit. 2. The
filter (10) aeudshding cgmmnmaqﬁQDQhﬁWﬂagﬁlveynptm%|ﬁk}ﬂ§IVFPWB§FSbﬂ9Enna

circuit (24) connegt gy io cipalhiuldlceNRBNg! ¢1 FRACG LRl Ibber circuit

(30) for splitting e conmruni‘cati ons S|gna Into o even sanpl ed,
real and i magiaraepgrdstgnedltpar trs sigmalhpakipt ehag mvea@@@ndispélto Claim1

el oy *2ng et b SOARAS s RBRE iR bl S04 AT e stdRhngoBpaLESS 25

at | east one multiplrer 1 pl'yi hg” each “si gnal y a
respective spadewt ffbtér|werghei gind multi-channel impulse responses

(CIRs) based uﬁon QR and eigenvalue decompositions; and
lb a multi-channel, matched filter circuit (32)
arranged to receive multi-channel signals from the multi-
channel, space-time filter circuit (30) and arranged to
have a filter response that is provided by a channel
impulse response estimation from the space-time filter

15 circuit.

2. The filter (10) according to Claim 1 further

comprising a virtﬁal antenna circuit (24) connected to

said multi-channel, space-time filter circuit (30) for
20 splitting the communications signal into odd and even

sampled, real and imaginary n signal parts.

3. The filter (10} according to Claim 1 wherein said
multi-channel, space-time filter circuit (30) comprises
25 at least one multiplier (40) for multiplying each signal

part by a respective space-time filter weight.

4. The filter (10) according to Claim 3 wherein said at
least one multiplier (40) comprises a pair thereof
30 connected in parallel; and wherein said multi-channel,

space-time filter circuit (30) further comprises a

1062708v1 ’ 30



4. The filter (10) according to Caim3 wherein said at |east one-
multiplier (40) conprises a pair thereof 30 connected in parallel; and
wherein said nulti-channel, space-tine filter circuit (30) further
conprises a 1062708vl 3 O respective delay circuit for each signal part’
connected to an input of one of said pair of nmultipliers. 5. The filter
(10) according to Claim4 wherein the 5 communi cations signal conprises a
plurality of synbols,. and said nmultipliers (40) and delay circuits (44)
each arranged to have a one-synbol delay associated therewith. 6. The
filter (10) according to aim3 further 10 conprising a respective sunmrer
circuit (46), fedpeRtche abaapetirdQic $YFEAGHOM PUIS it RELAULEdPI T ers
(40). 7. The filter ,according to Claim1 further conprising a ]oint
optimal filter"WAgHTEANAE cPRfRA 86 palsrof spyltipg ifge-recei vi ng
trai ni ng sequence synbols and timng uncertainty data and for generating
space-tine filter weights for said nulti-channel, space-tine filter
circuit (30) %nd é"hﬁu?%%t%amﬁ ICepYEA3B I 68 pBkrsian flowherkdnntibe i - channel
mat ched fi st erccmfudicht § 343 - s 2thal. : | GOEQ [ 0 %llﬁj 1 further
conprising an equalizer cir6ﬁ$¥§(§%@sggaﬁéféean1f#g#?gg?ds t#g“channel
mat ched filterd®d sgaft mebpiplbersg (48) napodebiy raidissiitg 664 L heantel

interference \aﬂrfahgedatsqmwiacadeOB?mESEe&cyfa{y GO SkBE: ¢ 3OLY g
a- comruni cations signal into n signa parts; filtering the n signal parts
within a nmulti-channel, 30 space-tine filter circuit (30). and jointly

est.imating 6. The filter (10) according to Claim 3 further
10 comprising a respective summer circuit (46), for each

channel, for summing outputs of the multipliers (40).

7. The filter according to Claim 1 further comprising a
joint optimal filter weights and channel estimator (52)
15. for receiving training sequence symbols and timing
uncertainty data and for generating space-time filter
weights for said multi-channel, space—time filter circuit
{30) and a multi-channel impdlse responée for said multi-

channel matched filter circuit (32).

20
8. The filter according to Claim 1 further comprising
an equalizer circuit (38) downstream from said multi-
channel, matched filter circuit (32).

25 9, A method of reducing co-channel interference within

a communications receiver comprising:
splitting a communications signal into n signal
- parts; . |
filtering the h signal parts within a multi-channel,
30 space-time filter circuit (30) and jointly estimating

space-time filter weights and multi-channel channel

31

_______



space-tinme filter weights and nmulti-channel channel 31 inpul se responses
(ClRs) based upon QR and ei genval ue . . deconpositions; and receiving

mul ti-channel signals fromthe space-tine filter circuit (30) within a

mul ti-channel matched filter 5 circuit (32) having a 'filter response that
is provided by a channel inpulse response estimation fromthe space-tine
filter circuit. 10. The nethod according to Caim9 wherein splitting 10

" conprises sanpling the comunications signal into even and odd sanples and
separating the even and odd sanples into real and inmaginary signal parts.
11. The method according to Claim9 further conprising 15 sunmm ng outputs

of the matched {i r_an aj t desi I lei qbdvale nethod
according to dmﬁu%]g%f?ﬁg?ﬁ%%?&c{)én%)s?’ﬁgedegéégf?cgli nagycg esligjr?grjg clgilannel
signal after rdescappajtions; 2@l desired |level. 13. The nethod according to

Aaim9 further conprising fi Egjpg the _n-si r kD¢ 8he
alternative filterggffi i éﬁléﬁ'f% er grggggéggsé(ﬁﬁg; e%%&pg t hreshol d.
25 14. The netfiadeaccordihyg (30)XClwithi® Rumbbet -comprelsinegched| €£bE8T ng each

signal part based o -tinme filt.er i i al afcle M
accor di ng ttso &gﬂﬁﬁ?%ft %‘flr&%rfabrfltlgitr?ém%%g 53%%3‘??1%“551.592’%&%61%5 ¥or each
channel after a mithhhplyingul8? response estimation from the space-time

filter circuit.

10. The method accordihg to Claim 9 wherein splitting
10 comprises sampling the communications signal into even
and odd samples and separating the even and odd samples

into real and imaginary signal parts.

11. The method according tQ'Claim 9 further comprising
15 summing outputs of the matched filter and rescaling to a

desired level.

12. The method accordiﬁg to Claim 11 further comprising
equalizing a single channel signal after rescaling to a

20 desired level.

13. The method according to Claim 9 further comprising
filtering the n;signal parts within an alternative filter
(14) when an interference level is below a threshold.
25 _
‘ 14. The method according to Claim 9 further comprising
multiplying each signal part based on space-time filter

weights.

30 15. The method according to Claim 14 further comprising
summing the signal parts for each channel after

multiplying.
32



