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APPARATUS AND METHOD FOR ESTI MATI NG TI M NG CLOCK

OFFSET IN A W RELESS COMMUNI CATI ONS SI GNAL The

present invention relates to an apparatus and net hod

for estimation of a 5 timng clock offset co

of a nultiple input multiple output ort hogonammm“ﬂmﬂ”"”m,m”"l
frequency division nultiplexing (MM>OFDM wrel esaso
comuni cati ons Si gnal In partl cular, the i nventl on

A BARNT s i i TG FOR ST ATING FINiNG R SERFFSET IN

estimate. 10 C ' X vel y

enpl oyed in | %&ﬁ%@@é&m ess

Local Access Networks (WAN), nobile systems with

Wr | dwi de Interoperability for M crowave Access

(WMAX), and Digital Video Broadcasting (DVB)

et present inviestioe | reladtes o anhappaoafdd asd modthed fon estlmatlon of a
frequenc el ective fadi g chaneI s wth a relati

iBUNS P st Cgﬂ'\p@@g{lt HPlesinpyih dukigele output or¥hogona|
ﬁeﬁb@h@*‘ﬁ%sﬁ@rﬂ%ﬂﬁﬁlbxmw (WM@}@ISD \(Iﬂ ﬁégfc&fnmunlcatlons signal.

mul'ti pa propagation~to increase 't
I pgetiatiare the énventionr reldtesitd iprgvidiBy an restistate dfte timing clock

Ot T B8 B A ™

provi des a neans of doubling or tripling spectral
effici encg/ﬂ. The conbi nation of M MO and OFDM _
MIMPHQftRY tecbuplegy is mxtensively smplayedife HEBEBGA 11n based high-

BALLN W ALk Pbekll L lRLa NGRRAEOTHYIARS! | RBSile systems  with

be vul'ner a
Yortdwidei isedroperabilitprfer MibrowaveaAccess $WilAG e and Dlgltal Video

ot a -carrier interference and
Ejattsastpar By Enselemeat kil Pt oF o it ds fgauency
f X h .
Sl Taapurelation i, Bl i B rlenbnpgh oot and i
bapdwidiim efiiencyer ElerepvdrorWMOel takesBradadbtage of multipath

Usi.ng. OEDM
BIohAton RGN Tbtyioiput Taaac/cg v aagn g afalgbity. By
MaRBmitith Tg aﬁulﬁpleBg@rngﬁsV sonfitind & nBefolRhfidre Istreaths over the

Robust mng and ~ Fre ency ynchroni sation for OFDM
sgaee fifequeneFEChanmes . Qnprevisles 30meamns of \dsiubfing or tnplmg

Moo AR DR seicues rovees

iowbudtanqﬂemeatatmqsar&warlphﬁﬂﬂgma@aeraté ¢BATMeSSitatiord
clock timng recovery.

However OFDM is known to be vulnerable to synchronisation errors, which can
cause phase rotation, inter-carrier interference (ICl) and degrade system
performance. Technical publications discussing this issue include, for example,
Michael Speth, Stefan A. Fechtel, Gunnar Fock, and Heinrich Meyr, “Optimum
Receiver Design for Wireless Broadband Systems Using OFDM—Part I, IEEE
Trans. On Comm. Vol. 47, No.11, November 1999, pp. 1668-1677, and Hlaing
Minn, Vijay K. Bhargava, and Khaled Ben Letaief, “A Robust Timing and
Frequency Synchronisation for OFDM Systems”, |[EEE Trans. On Wireless
Comm., Vol.2, No.4, July 2003, pp. 822-839. In MIMO-OFDM transmission

systems, the synchronisation tasks include carrier recovery, phase noise

IR
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suppression and clock timing recovery.



10

15

20

25

30

-2- In M M>OFDM based WLAN systens, the processing of
the MMO-OFDM wi rel ess communi cati ons signal preanble
is sufficient for initial synchronisation of the

M MO OFDM r ecei ver as discussed in the Speth et al and
Mnn et al 5 publications noted above. However, solely
initial synchronisation may net_ be sufficient due to
residual carrier frequency offset (CFO and tim ng
clock offset (TO in the system Though residual

CFQ' TO can be very small after coarse CFO

GOMMIMIOAOFDM based NWILAIN yltas, fHe ardcydsaid of ithé NdIMO-OFDM
drlft in the si Rnal can still deterl orate system

MaelessneQTRRIUNS 98 (fignal preambieis sufficigat forripitiahaynghronisation
g\(‘ ftl‘\é?'l\ﬁml %Wrééﬁ\?& 3¢ eoﬁ&%fﬁ?g if cﬁ\%ngﬁgﬂ\a&fa al and Minn et al

ynam cal y for such phas own “ne
bubhd:dﬂom& oted alswvesi gimabevgrl solebinita rsyackronisation may not be

?l%?e(rr{q rs@(r:]r%gtl i mr:’ré%; Om@dn%&g)f@@g&@@éﬂ%%g clock offset
EPOF ik ehe ShHste. mTrHEJ)u | delsiduRf ©FEOM A @an MéVQeQJQMaII after coarse

h

sys?enrs wher e % estimation is considered at very

m@memnsaﬁdnoacwmslaiﬁ@mpse rotatloanaln@rtlrmlngcd?[ﬂ\/in the signal
h_works Bae ude

B ettt STetp o Ref Pt  CBRpgEentliy thfs & heed for an

bﬁ@l@ﬁﬂbF@W@ﬁrﬁkﬁ% E¥Rémat tboébrﬁbeﬁé’étbl dNr%rﬁlBQF%f for such phase
Mul t| pl e Qut put - O t hogonal = Frequency Di vision

Iﬂg)V(M methodDfgr 4Rist isntto  yseEmsignalcpilaty subcarriers, i.e.,

F@%@é@%&%%@(ﬁ.ﬁﬂgf Eiprl Id%tgll gﬁlﬁ}lfsﬁge%ggﬁﬁg gﬁho%ﬁal data

Yymbdlsh- Yin Ding, and Tzi-Dar Chiueh, " Design and
Simul ation of a M MO OFDM Baseband Transcei ver for
H gh Throughput Wreless LAN', |EEE proc. O 2004

Asr'ew ;E%Sérfs'c%n%fr %@ﬂ O%Brlﬁlrééﬁe{né FOOMENBLOFBDM Qggtgms where

and rt van Zel st,
GF@/EQ/\/esbmambn I's] nrphelder&chtatovergf high- Iwmoaﬁﬂmhlaaeeda simple

%V&re%g%smk@}l[)@{ sggg{gmﬁr ?E ga{pﬁ{gg %B%ngﬁq{ga |Rc[A88§ %Selorl](gHo Won,
Deuk eIl sked plydrkeRinl ik, ﬂaﬁﬁi’céaﬂﬁ‘yérn%nﬁéi’ﬁéntatlon and
recovery schene i s proposed by Baoguo Yang, Khal ed

Bualuatipd; @ff Muttinjerinsut Midiiele BuiputhiQehgd@a, Frenuensy Division

GEFIPLol AN G8 LANSH, 80" OF MUl Contorocs

dlovComailiicatiom. Téchrblagy UCICT 2OOBvat.i2m@d>ril(§:-W pp. 1348-1352;
&\(“S_ eeWS'Yu,T IihS-Yin Ding, and Tzi-Dar Chiueh, “ Design and Simulation of a
MIMO OFDM Baseband Transceiver for High Throughput Wireless LAN", IEEE
proc. Of 2004 Asia-Pacific Conference on Circuit and Systems, Dec 6-9, 2004,
pp. 205-208; and Allert van Zelst, and Tim C.W.Schenk, “Implementation of a
MIMO OFDM-Based Wireless LAN System”, IEEE Trans on Signal processing,
Vol. 52, No. 2, February 2004, pp. 483-494. A noncoherent delay-locked loop
based sampling clock recovery scheme is proposed by Baoguo Yang, Khaled
Ben Letaief, Roger S. Cheng, and Zhigang Cao, “Timing Recovery for OFDM
Transmission”, IEEE Journal of Selected Areas in Communications, Vol.18,
No.11, Nov., 2000, pp. 2278-2291 for conventional OFDM systems. This
method involves an early and late correlation of the received pilot subcarrier

and the known pilots. Timing error is extracted from the noncoherent
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met hod involves an early and |late correlation of the
recei ved pilot subcarrier and the known pilots.
Timng error is extracted fromthe noncoherent -3-
conbi nation of correlation outputs. This nethod

provi des sone flavour of tracking the timng drift
caused by clock offset. Howevey, the acquisition of
this nethod is slow and tracklng performance is poor

g rticy iﬂ%;l xeqogre&%\é\gqsgﬁménw ””ent Egﬁ‘;gow e§SEgme flavour of

tna&kirng tRE tPfing Hrif@dused. by%uo@k '%‘ﬁ*slét WeloG/ehBF! thééhi:‘qmsmon of this
squares (W.S) estimation of carrier frequency fset

aMethednisl slay BNdqgtrasiing owricvfnanﬁeoamogyspemuiagly in low SNR

%@99&\%9 %lnéﬂg nrﬁﬁwg%a%’ ﬁéﬁﬁ%@h@lspg gey n\/éls E{;‘?re gecuracy in its

tieing eBepragstination. Mtjbintly ofeighteguizasy saudrel (WLS) estimation of
O‘fset for OFDM Systens over Fadi ng Channel s", |EEE
FRHIRE . fresuansyi @m%{raﬂ@ seERRlingl Hggueney offget jr QDM systems is

o) h
BfhosedOateo B PO e in b EBE Feair HARLM Rhng Yhd T2i-Dar
Ghhiwatt, i ‘Waint dN eighted Leakb Squanes rﬁstlmaiionSd)SBreécmemg:lyeand Timing

PReL 464 B ek e Shanngle " (BF G eit: On Vehicular

fTé@hﬁél@gﬁ"Vol g4 flEsgeit JbA. 2605, I\% f2)f 1-22H1 NfPreCE@Mosed algorithm
recei ver due to conplicated M channel 15 and

spatachiew®megr dheokramer-Beeelow-beund dnpth@x vasianee \ofr gstimation

b 2 by, S0 S BBl gy OFOM sysems

Hodepvendend cidstidiformSerpregpionenaf tiie aiplingsl WElgHtlhg factors are
invention are defined in the dependent cl ains.

fifigulido deovesior RO Db r%@qlvemw%/tcawr@etl@aieﬁwlMO channel
sﬂboiﬁgl gz%rr%?at%rn” ‘Mé‘r%ofvépmt o@ gﬁg 'v%R, %?&1 Jr{dow is not

tection matri xG( he noi’se
saitablefor practcd| applicatiorof channel Ther ef or e,
performance can be greatly enhanced by utilising
post-linear M MO detection signal-to-noise ratio 25

TR veitRnais tRifineli i the TM@estindRn® 'cFéﬁ%% p@&he'dﬂ%"f\él features of
M MO detection SNR characteristics for a specift

e iovesiigr are defineshio the slependent gaims.al st ream rmy be
used to weight an initial TO estimate for inproved or
enhanced esti mation.

Initial TO estimates may be seriously affected by coloured noise arriving from
MIMO detection (eg, from the MIMO detection matrix G(m)), and the noise
power can vary as a function of channel. Therefore, performance can be
greatly enhanced by utilising post-linear MIMO detection signal-to-noise ratio
(SNR) characteristics.

Two-dimensional post-linear MIMO detection SNR characteristics for a specific
pilot subcarrier and a specific spatial stream may be used to weight an initial

TO estimate for improved or enhanced estimation.

Some apparatuses perform a weighted combination of a plurality of estimates,
say for all spatial streams and all subcarriers of the MIMO-OFDM signals.

Thus, the weighted combination of this plurality of estimates instead of a simple
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30 Sone apparatuses performa wei ghted conbi nati on of
a plurality of estinmates, say for all spatial streans
and all subcarriers of the M MO OFDM si gnals. Thus,

t he wei ghted conbination of this plurality of
estimates instead of a sinple -4- averagi ng of
estimates may be enployed to _pyovide enhanced accuracy
in timng drift tracking. Sone apparatuses base the

initial TO estinate on a i-tier co n. The .
kot B Gl dBarmas, fe ooyt fEMda BbhaRced Bcuracy in
naf,ﬁg grftardckirgdvant ageous. A two-tier correlation

provi des the advantage that the initial TO estimate is

(at |east substantially) independent of carrier

ORI {3€beh T A 55 el Wi oo

usd uf adtwo-tievearrelhtion has théearfduﬁdim etparticaacy bdvant@gb‘ous A
be si gmfl ntIy 10 i nproved. Further, w thout th

FVM? BEpICRY thdr@roa/ﬂfbeao e @H¥apiags that ithe df"t'?hé' O f—@t'mate is (at

B R BT A Sy T o o

dosel (BN)JI iThust dhe eaffm:ploé CF@éPNRaxn -MresTigmtiost rrHy be at least
enerate th

PR e 3% Puely Hiraingaos e, BSRORhnas Soalsor daey b rejanificantly

FHBFABHETF Srtters v»ftﬁbuﬁtH@ﬁx'tér‘p}é%f GNGFOrSAd IPAE tRaidonflexity of the
correspondi ng subcarriers. derived wei'ghti ng

&kt estimatopasray obe t ls@nsfmalnllw rm!ucmssmhemaaqmpaﬂedt hwiith the

iR S AN s RIeRBL sl Sistioresf b V! s, the
Pebgan Msarl &t a¥ gdpedinbtes abdveri gnal -t o-noi se ratio 20
characteristics, the estimation reliability is

dom nated by the less reliable data. In other words,
gﬁﬁﬂa %Egaféfglllr{,%é gﬁné 83@% {Vﬁléhﬁeg FﬁekgoPF'PFn G@ﬁvé&"%?dénal-to-noise

vediog Mhargctfeastlm ) foro at fpositiver adnid TREgative rmiuorof Zﬁ)rrespondmg

BT o RS Bl e e e o e
Oé’lbé%f'tﬁgm-@@lnoﬁéé"’rd% <§l’fafr§81ter|tsﬁ@§5f fHe pae Th|s means that in

conpensati on method for O-DM syst ens’ | npl enenti ng
the piasg- QﬂrteéatlorPQf_tv(l@rmigte subQMrlemmtha@ffdremIsagmtl-tommse ratio

glﬂ)gl%%{grystleg th%ngs({m%trl]c%apﬁ ‘?)llltf/’l tlseE]omlnated by the less reliable data.

In other words, when one of pilot subcarriers of the pair has lower SNR, the pair
should contribute less (i.e., smaller weighting factor) to the overall TO
estimator.

Apparatuses implementing the invention can be used in conjunction with a
carrier frequency offset/phase noise-independent timing offset tracking and
compensation method for MIMO-OFDM systems implementing a third-order
PLL (Phase Lock Look) as disclosed in commonly-assigned Singapore Patent
Application Number 200606234-3, the content of which is hereby incorporated
by reference in its entirety. Such an implementation forms a timing recovery
loop for MIMO-OFDM receivers which can achieve fast acquisition and stable

tracking.
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Application Nunmber 200606234-3, the content of which

is hereby incorporated 30 by reference inits

entirety. Such an inplenentation forns a tim ng

recovery |loop for M MD> OFDM receivers which can

achi eve fast acquisition and stable tracking. -5-

Thus, a nethod providing inprgved accuracy in

M MO-f adi ng channels influenced by coloured noise is
isclosed. .Moreover, disclosed nmethods al s e,.an

TrES LR et Bt RPB3RR a PERIEEY o Bhe BIMEEHAGIA, channels
ifflueadad iy colOtdd herel ivedisScioSed haercdseRt disE¥SEd irRéthods also

wi Il now be described, b exanpl e only, d

. y way of _ an
Wave an attectve éow&qrwée&& epmRAyehte epavemipnal Wibinsathods for

P i bl ock diagramillustrating an apparatus
por e:rte?:% {Sﬁg atimng 10 clock offset conponent of

a M M>OFDM wi rel ess commruni cations signal; Figure 2

tl' a block diagramillustrating a nore detail ed view

erresenhinignian il newe.degarinasaibyrway of reampiPaugnd with
Phfefdritdl B O}ﬁé.a’ébSHF %ngingsdram}m it Whiggr am i [ lustrating
agetalle wewoPa Iterndative arrangenent for the
estimator of Figures 1 and 2; 15 Figure 4 illustrates

1 di ag. for the steps of an al gorithm .
Pigtrt s rablany”dBramfletine it seierebo enttgring a timing
Mo oRsBMedinbehestof £ MMROFNIrale 88 8bmimUrii€ftions signal:;
apparatus of Figures 1, 2 and 3; Figure 5 is a graph

Figuiet% igta hipokrdiageasn diusénatiog a enose (deEedcdapaof thertining clock

oSt SRR 208 AHnrp St Fiduret oG *o and i gure 6

Figure gBaighai blackt drigras tietlatingear gétailad evieRERK an alternative
conﬁarison of the %E)parat,uses of Figures 1, 2 and 3
arangementforihe satimatorafdiiowesi hamde i n  channel D. 25

Bfi{tﬁé r eLsHAeS %nﬁ%@%{ ggéﬂ d%ig?é%?fo‘?‘p(ﬂ@r&%ﬁ O(#fogfw Odigorithm for

estimating a ti set conponen
&5 tindarVa wiimeh@ sslock noffseétc atoingpenesit gofil a WMIMOr@FDMe wireless
descri b atus 1 offﬁg%ure 1. co 3(_i ses two

F%@Q?%ﬁ?actngﬁﬂ%gﬁ hé apparatus o res 1,2 an

Figure 5 is a graph illustrating the packet error rate (PER) comparison of the
apparatuses of Figures 1, 2 and 3 and that of a conventional estimator in
channel D; and

Figure 6 is a graph illustrating the bit error rate (BER) comparison of the
apparatuses of Figures 1, 2 and 3 and that of a conventional estimator in

channel D.

Referring now to Figure 1, a first apparatus 10 for estimating a timing clock
offset component of a MIMO-OFDM wireless communications signal will now
be described. The apparatus 10 of Figure 1 comprises two receiver antennas
(not shown), but the configuration of two antennas can easily be extended to
other MIMO configurations employing higher numbers of antennas. Time-
domain signals received at the receiver antennas are first input 11a, 11b to Fast
Fourier Transform (FFT) modules 12a, 12b which convert the received time
domain signals to the frequency domain. The converted frequency-domain

signals comprise frequency-domain high throughput (HT) long preambles which
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(not shown), but the configuration of two antennas can
easily be extended to other M MO configurations

enpl oyi ng hi gher nunbers of antennas. Tine 30 domain
signals received at the receiver antennas are first
input 11 a, 11 b to Fast Fourier Transform (FFT)
modul es 12a, 12b which convertgthe received tinme
domai n signals to the frequency domain. The converted

fr - [ ' ' necy - i o
EFERURPEET. houd s 98T 3%, RSP 4BA8) estmation
ondquié by viAfidh ngehdrates1damMiNZb candnalr freqesidy egpdnse estimate
channel _estimati on . nodul e 14 which generates a M MO

Axel The QRiained chansshJeasencydesronsg estimate,gnatrix is output
%ir?"td‘%%%h?d"ﬂ@fsefrraﬁ@(gw %&%}Qﬂﬁqéeéﬁgmﬁ\ﬁo@téé%r 48. SNR

out put to signal-to-nbise ratio gener at or
Qenarajon\/ﬂ 6O pecatesttorobt@in aSNFb-ElrgemmoaaI@Nﬂiﬁchmacmrieﬁc — as will

bt ain g two-di NR acteristic - .as :
B Pk el iseanBal Dot Sutni of SR G BL( Bp i8Rt as a firs
SR 200 tﬂrﬁm%;sclbélpéffséls(m)fésftﬁﬁatof POUTArBat o? MIM® detector
cI ock offset (TO estinmator 20. An output o

d8tis dnpyt as1d sesona jnput 29batosEQ @stimaipuz0.2J10 estlmetor 20 obtains

SRR o AE B IRDED ABLAAT o PR AT oot of o

ebtif@crRCe & supliet cilionaillp te e ﬂﬂr@@ﬁde@mmlh? ré@o&d?? Ioop made
third-order tim ng@recovery | oo up o

gp ofypoduigs 22y gde oP'&@ﬁ%WtWUF@dE@ aﬁénﬂFﬁFV\n"\ﬁ@I‘éﬂW controller
%J@ggzgesdgweﬂl iR d&fail éﬁb@@@?}_‘.ﬂ -gesahbtddabove.

S&006 not ed ove Al'so shown I n Figure 1
is a CFO PN track| ng estl mator 32 and demapper 34, 15

bed p
At FRSES ih Figiger ® SoBP Oy BNarRakng SREeires £png tgmapper 34,
Hescrived et élfm%'n aésﬁ?ﬁ@d e@Yngdp%?é’r P%"t@ﬁte%;gbhcatlon Number

reference inits entire gure 2 shows components
e(@geréet fﬂfewmﬁ SH’éQBD)n'th'@ contert OlfffwblCh @0hereby

f F| re.l. W corrpared wth Figure 1,
ﬁ%&tﬁm’éﬁe&oﬁ Fﬁfg cg 'ndtér?cﬂ' %t by |like reference
nuneral s. The apparatus 10 receives frequency- domain

subcarrier signals fromFFT stages 12a, 12r for
Eigure & shows costranents it arfnate detailed dew af dhe tigning clock offset

G5RT o1 B SRUnaRAS] MR FEIFET. R At ar
den@medaby I'Kberexﬁerbpue rimerfalsvl N[Dledeabpatams stoagecelves frequency-
88%“ gsgcarrler sugnals fro‘r]r? Fg'ﬁ't s?t%tggg 1@ ™~ 12r for each of Nr receiver
antennas. MIMO detector 18 receives the frequency-domain signals from FFT
stages 12a, ...,12r. Suppose that the transmitter has Nt antennas. The output
of MIMO detector stage 18 comprises 2J-N; (-J,..,—1,1,..J) detected pilot

subcarriers which are supplied to J-N; cross-correlation stages 40a,....,40,x
where the detected pilot subcarriers are pairwisely cross-correlated to obtain

initial TO estimates.

The subcarriers of the MIMO-OFDM wireless communications signal may be
defined by a set of indices, the set of indices having positive and negative

values (the values - J,...,—1, 1,...,J noted above) in the apparatus of Figure 2,
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subcarriers which are supplied to J Nt

cross-correl ation stages 40a..... ,40J. Nt where the
detected pil ot subcarriers are pairw sely
cross-correlated to obtain initial TO estimtes. 30,
The subcarriers of the M MO OFDM wi r el ess

conmuni cations signal may be _#efined by a set of
indices the set of indices having positive and

SRS B Rop S 4 o fgf B FIRNE) etor o,

aar r ThatfirsttiérsotHey higtitias carrelliohi iera ¢pddLbdirélatioRbetween a
correlator 40, 44. The first-tier of the multi-tier

EBFEEPRRdiBg PRY of subsagiars i ér%mﬂﬁlaiar\ﬁeséag% 40. One example of
cor f?@gbo'rqgﬁﬁ ?ar"’ E §L§<gaq éé(tarrp [Péél{ ié and negative pair of

sobcarsipos) Withy ||111dicesof7 -suUbCHhati & $he Trasposirtiationaisdcarried out
ative pair_ of 5 subcarrjers V\nthlndlcesm m That

BQR'( rp(%é" f repeivpd SuBRarrers af indisgsotianddween a

pair of received subcarriers of indices mand -m The

outputs B, of cross-correlation stage 40 are first fed

ToeduitpytsI3afesosicamelatior stagk 0 fage fidstried o yletay stages 42 and

35550 20 ) PR30 e M0 LB o5 8o tage

aargrelidks QRe @ecbhd Yief o? thd Ro-3iR¢ @BfreldtPh ofSFiglre 2. The second
auto-correlation of the output B, of first-tier

Her M%ﬁu%cgﬁralgéoa@f \ine pUEPUt k|04 fies-ties ropirtatiom stage|40 with a

Y I 4
Ee e fo’%’l?ﬂ otfgtrsgh'%} gi%élt@ ﬁér%gj (fela%'gte%% 4%:%meee%mple of
E}gttnelz trtmgehylengthes sot foutbe ohe CafEIDMSWﬁb@IHehng Slthiag@utput of
44 is su| lied to the timng clock offset estimat

agto-qayTeiglien LagH Ak iss surplistt & the Hmina: tlesk Hftsgh e@emator 20,
Wﬁ%hv‘%gﬁﬁﬁ'ﬁgs-r\%l ﬁfé bbirtdtRIE stye?die Yind g\l}bﬁ%%t&td TO estimate

descri In gre et all bel ow™ A secon
§1ogec4d iasawilr be(ﬁe(scrlbetﬂ on gmatqnldﬁtall belmv.ghi egcond input to TO

rrb 46 t f t - det
SRUPARS 7B e o HERAG S6PBnhRE 6 5651 Gt rom
pOSLdétebtion @fgr%'l-%lﬁbrsbora“ﬁ@' é’%réé‘lb'n@tn@ RRRBFSEF | I1 St i “Fhe operation
generator 16 1s also described in greater 20 d

gt pignal-theoisetatic d@ragtetistibeperatay &6tis mtamdescram uBgreater

SO, 1 gl B SEPATg L TP trm 5 B fdpprses o

FOotorApdnérst estipidtegured to generate a wei ght| ng factor
fromtwo-di nensional post-linear 25 M MO detection

signal -to-noise ratio characteristics and to apply the
YRERSING can be seen that the timing clock offset estimator of Figure 2 is

configured to generate a weighting factor from two-dimensional post-linear
MIMO detection signal-to-noise ratio characteristics and to apply the weighting
factor to an initial timing clock offset estimate thereby to estimate the timing
clock offset component. As a further alternative, a plurality of weighting factors
can be derived for a plurality of subcarriers and a plurality of spatial streams of
the MIMO-OFDM signal to be applied to a plurality of initial timing clock offset
estimates, thereby to estimate the timing clock offset for the MIMO-OFDM

signal. This is explained with respect to equation (9) below.

In the apparatus of Figure 2, the weighting factor(s) is/are applied to the initial
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factor to an initial timng clock offset estimate
thereby to estimate the timng clock offset
conmponent. As a further alternative, a plurality of
wei ghting factors can be derived for a plurality of
subcarriers and a plurality of spatial streanms of the
M MO- OFDM signal to be appliegto a plurality of
initial timng clock offset 30 estinates, thereby to

TRl ReR, PEsHL Eufirter Hwiiobied coBbinalios Bk, Forio drive the
iedingvcldok dffset 2pRYoRiens agfoutp @LBE oR stalgeesgieirgtid Q@‘angement of
factor(s% is/are applied to the initial -8-_tim

EIBER oithe sprrelatpmigmeadep iistiaastQ anﬁ.%tTfaﬁ]tm@gﬁlock offset
he ¢t | ggk (Qf

34155 g 1 o 1001 48, 45X 1SS BPTISAT Hia RS 2 o i

Zmingeclock raffset oestmatmad;e depved fsomgdse Autpuid oMtheTbecond-tler

sBTelAon iaqe 4 Axessribed Y piesapel  caurbon(pl baibvs

timng clock offset estimate is derived fromthe

out put of the second-tier «correlation stage 44 as

fFegurei Bedshowsh thespempotnenmm isond€talledeview. dfi gur ealt®rnative
shows et.al l.ed viewof a :
At 15 BRNERLE deeCotiserinsiiant AEFBLedl: sgain, and when
eBiripaé® lwlmfFugugw € ahd 2\dikiecormpehetis are Hene&WBY AKke reference
with Figures and 2, |ike conponents are denoted by

|numéeral§f efhehappaigis 40 seceives affrauengy-domaie seibgaries from FFT
%Ea?%léefﬁ%????ﬁo'? e%ﬁ %?Nr rSEe&éPQﬁt’éﬁxas S MW ) defactor 18 receives

or eac ecer ver antenn
mﬂ efrdquent§- doawnvagnalsherofrr d%FJ‘ErstagebrTHZajdsngnal Again, MIMO
FFT sta in, MM detect
9{3 r gt aset t@tQBtSN)tZJ b!l ti ot SURcatTiars whighi a1 swiplied to J-Nt

%%Léd\irﬁeléﬁbn] shllg §%54Gé 058J- ﬂ?rvﬂ?ér@t t'h%ndét%ﬁé%spﬂ&asubcamers are

ere the tect’ed pilot subcarriers a
pairigedetipseraosrelated teloatain T estimates. TO est i mat es.
Agai n, the subcarriers are defined by a set of indices
havi ng positive and negative values (+/-1...+-J). In

NG@ire PP %b@arﬂérfbwrdéfﬁedt Bf é“é'ei'oftin@iceszﬂavmg posntlve and
correlation provided correlator 40, 44 is al soO

ﬁsatlveervaﬂm& étiadi. o- J)A finr the wpparals refl Kigwa Bs tae multi-tier

@%%}l?lﬂ g&&wagb %'9/ é%?rtet\f\ftg ?‘@e{igﬁ %I%Bg]fgvg(gg%%&ﬁﬁﬂ%on. A first-tier

eﬁamaltlean; d eogsotaresiaioribegveen fa obrrespdriidig ipairsof Sulscarriers
posi &I ve and negative pair of subcarriers. T IS

t
fRd trshsearrelalions siage Qs Adr exammplg,tof btém@eff%apondmg pair of
666&AYiERs R hYosHHRCRE IMdgatile I JHiCSf BUB&SHiBrs. That is, the cross-

correlation is carried out between a received pilot subcarrier of index m and a

received pilot subcarrier with the index -m.

In the alternative arrangement of Figure 3, the order of the second-tier
correlation and the weighted combination is changed. The output of cross-
correlator 40 is first fed to weighted combination stage 46 where the weighting
factors derived from the two-dimensional post-linear MIMO detection signal-to-
noise ratio characteristic generator 16 is applied. The output of weighted
combination stage 46 is a weighted first-stage cross-correlation, comprising the

initial TO offset B. B, is fed both to delay stages 42 and directly to second
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25 received pilot subcarrier with the index -m 1In the
al ternative arrangenent of Figure 3, the order of the
second-tier correlation and the wei ghted comnbi nation

i s changed. The output of cross- correlator 40 is
first fed to wei ghted conbi nati on stage 46 where the
wei ghting 30 factors derived fgomthe two-dinmensional
post -1 i near M MO detecti on si ghal -to- noise rati o

har I en t | T out

SRRGRILE SBbRE 4l T Stogil barPBRah Riage 45 SRS B second-
tier f tH RELtI6T E5rBeland af Htgua@,s CPHE BeSdritbtiéMie an éhtchairrelanon
TO offset Bl. B, is fed both to del ay staqes 42 and

&f tee quiploBs et yiRighted caspbiaptien S8 48ewitha delayed version of
3‘?8??@’ ?gﬁ{/?& ﬂjilJoB h%‘eI stééﬁleptgfvindt‘ﬁﬁ é){%?nﬁlg%‘?rﬁq%urledfrthe delay

ier c Figure e se
ﬂéngthils d@lso asdid-to dve enet OFDModyribel lengtiyt/. BThef output of auto-
%rted con‘olntl nstagqﬁ 46 with a del ayed versian
GP" r

3168 $188 44 v 1o9.dn Lo SRRAECHAge A esputpih Bngf which
%Bﬁ{m‘s%s%fn é:ét%‘ét% &théh@ Q&In%nént' ength is also said

be one DM synbol | ength, 1. The output of auto-
correlatlon st age 44 |s fed to TO esti mate stage 48,
i ses _an, es

TB0so S Rash rom,bHure 3 3bn SnsiRRol0 B Fiofe: 3 digvides an

aRBATAEMePodiwith SimiRir pePfopmiaes oﬂ@stlﬂagtlﬁé t1ed figling’ Block offset
method with simlar performance of estimating the

cpmpegest.obk thsr apearatumabbiguie 3 the initiel timing alogk offset estimate

e??{}\zef FH\eﬂ}ehnﬁ ﬁ% | %Qg 4%' &Cthga'%ﬁ’g ecgfc%ﬁ'lhaj;ﬁ oh aé Jescribed

wetitht resbeetrtoCEITUa@bat(nzﬁb@lem eN@igmmg famnotrds) Bhs Eﬁplﬁed tm the initial
euatl? | ow. Wei ghting factor( s) are appli
figing €lagl; ?f’f t e‘i‘tlf’fﬁ@tﬁgo@PHEf(oﬂ”f fiest tcoseglat ﬁﬁtséaQﬁJﬁBl}P denve the

in ﬁ@(f ??ﬁ dif¥et eééﬁﬁétesﬁrﬁgﬁgﬁocdr?elgﬁg r! é’t‘ég&hﬁﬂéqﬁ'%@% offset

et estimate through correlator~stage
estmnlage ofaigeet8. estimate stage 48. The processing of
the signals in the apparatuses of Figures 1, 2 and 3
are explained as follows: 20 Matrix mani pul ation

enéffo%aslﬁeeéfafr@ §|g%§1%d|r1 'Ehé %pfaiaéth@é‘é 9 Fly8eds$i @Nand 3 are
are gilven as denotes matfri x i nverse

explagtast as fqu@M@t | on

Matrix manipulation transform operators used in the following discussion are
given as follows:

e (...)" denotes matrix inverse transform operation

o (...)7 denotes matrix transpose transform operation

e (...)" denotes matrix conjugate and transpose transform operation

In a MIMO-OFDM based WLAN system, the transceiver signals may be
expressed in the frequency domain using relatively straightforward matrix
algebra. Considering a NxxN. MIMO-OFDM system, where N; and N, are the
numbers of transmitter and receiver antennas respectively, the N.x1 received

signal vector on the k-th subcarrier may be written as:

y(k) = H(k)x(k)+n(k) ' (1)
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(... )T denotes matri x transpose transform operation

25 (... )" denotes matrix conjugate and transpose
transformoperation In a M MO OFDM based WLAN system

the transceiver signals nmay be expressed in the

frequency domain using relatively straightforward

matri x al gebra. Considering gaNtxNr M MO OFDM system

where Nt and Nr are the 30 nunbers of transmtter and

recei ver antennas respectively, the Nrx1l received
slegealy(keet\or (fony 1 (9, k- vy @)ﬁ%araﬁdem(ln)ay’s bewNt ! esignal vector
as: y(k) = H(k)x(k)+n(k) (1) -10- Here y(k) _ (y, (k),
yranéinjtted fromy N, (tkansmitteamdter(rds ors thd&-thitsubcarmiprawhich may be
vector transmtted fromN, transmtter antennas on
writek-ash subcarrier, which may be witten as x(k) =

(xi (k), x2 (kK),..., X, (k))T 5 The channel frequency
response of the k-th subgarrier fromthe j-th

t N3 é’f),xmﬁ)ennaf,vt&)ﬁhe i-th receiver antenna may

be denoted by H, j (k), and H1,1(k) HL, 2 (k) ... HL N,

(k) H(k) = H211 (k) H222 (k) ... H2, N, (k) HN,, 1(k)
Hikexhaone) frequii@yNrespensarad the Ik th=sybcaryién) from2the j-th transmitter

K), ..., (AKY)T., i tially ind
aifriaith the bt Rcritarantent® fidy b Hendiedtihar ndo) . 26d, &
t he above system nodel, ideal synchronisation in the

OFDM recei ver. has.  been assuned. However, there is
usual |y &ig6k}i erflfsuency offisefkhnd tining clock

of fset |b t r iver apgd transmtter due to the
rplgﬂai_. hﬁﬁ\él_\fggentﬁ%g}gfr ah'sm[t)tgé‘fz (gg recei ver
oscill ators or the channel. Doppler frlequency shift.

This i rue, al sp for the regeiver npl i ng cl ock.
There iéal,s@‘ us aW,LZ;ﬂk ‘15 Nj@ frequency of f set
between transmtter and receiver side. In practice,
there are multiple radio chains in the M MO OFDM

tahdnﬁ(rki)tzt?{(k&,ﬁ@(k)r,.egaivv(%u)’$iiﬁ%sp@ﬁmmmabﬁéwerﬂn@aussian noise
these multiple radi o chains share the sane frequency"

ggctohésri glleieceivehchbiat. nul tiple radio chains in the
transmtter or 20 receiver side are synchroni sed

fne?r[ijg %%io\\//glglysteDnei‘nr% ef, qgezng s?/n%?\rc';_\r];i‘sat?gnd irﬁ t@r?e OFDM receiver has
been assumed. However, there is usually a carrier frequency offset and timing
clock offset between the receiver and transmitter due to the mismatch between
the transmitter and receiver oscillators or the channel Doppler frequency shift.
This is true also for the receiver sampling clock. There is also usually a

sampling frequency offset between transmitter and receiver side.

In practice, there are multiple radio chains in the MIMO-OFDM transmitter and
receiver sides respectively, and these multiple radio chains share the same
frequency synthesiser such that multiple radio chains in the transmitter or

receiver side are synchronised respectively. Denote the CFO as Af, and the

normalised TO as n=(T -T)/T, where T and T' are the nominal sampling

period and the actual sampling period at the receiver. Following the system
analysis method in Pei-yun Tsai, Hsin-Yu Kang and Tzi-Dar Chiueh, “Joint

Weighted Least Squares Estimation of Frequency and Timing Offset for OFDM



10

15

20

25

normalised TOas n = (T - T)/T, where T and T' are the
nom nal sanpling period and the actual sanpling
period at the receiver. Followi ng the system analysis
method in Pei-yun Tsai, Hsin-Yu Kang and Tzi - Dar

Chi ueh, "Joint Wighted Least Squares Estimation of
Frequency and Ti mng Offset fef OFDM -11- Systens over
Fadi ng Channel s", | EEE Trans. On Vehi cul ar Technol ogy,

O
Sl b Bl 3R e R gl To . vor e,
FR%EbJé ¢AlamM008, . 5, 21Demm{d BVE HI0REIY Spécmbatlon Enhanced
nchroni sati on nodel for M MJ> OFDM systens),

e /-
E@fre\?édceﬂmr@r@yﬁyelw@m eViliy f Peseiher b3, %005 (for the
Eguglil’r{ogn@aﬁgb @fgd%\wa I\S“Iﬂ\ﬁbt@Féﬁﬁ ds\‘lg%rﬁé)fhegomo r@c?lved OFDM

I's assumnme
siygral $uﬁedngrfomdetH1ea9¢1crimdmbamcwd error fcanbeader@edVas. shown in

ynbol in the frequency domain. After |FFT
M?B?%@"BW 10 and pass-band nodul ation, the

time-domain transmtted signals pass through a M MO
fadi ng channel. The /-th received baseband OFDM synbol

after sanpling with sanpling clock T and renoving the
duiarapsumed that, thedpfopmatior signais aeel epgoded angl reedulated to form
de ul ation of tgs recei ved sanples via an

[

.Dé\ﬂcﬁyrrﬂtrf& Xd 've@'edt@mw@wairh ﬁ#t@rleEEUféawormatlon

-tﬁgrﬁ mo@fa ’the E{t)lg?qqp%?&t%%m&%ézﬁg%glg pagp through a

NI‘IMO fadindd) cHMMpe® CH’hel $-tPhezeiveal basebbnd @PBM’%V?\%OI after
of FFT points; Ng and Ns are sanples in the guard

isamalingl with dsampling slleckoDVansy, iemlovingc theligu@rduntetval, may be

IPRBS¥ fles BETP BREPIES 1 Toé M, bt o B BorblES via an

Nrpoint ERITSAIdS the récdivedORDM Sy pibatein thedtd quenay dohikn
magni tude scaling, s(zCkk), respectively. Moreover,

the synchronisation error destroys the orthogonallty

k}f?@k\)\eekb(;[l}ewawwwsawﬁng hng in 1C, which is the
function of 25 s(; As set out in Pei-yun Tsa|(2)

£y UML%«M@%“%&F&)MM nt

where ¢, is phase noise; N is the number of FFT points; Ny and N are samples

in the guard interval and the whole OFDM symbol including guard interval

respectively.

Equation (2) shows that the distortion of the k-th subcarrier data caused by
synchronisation error includes phase rotation and the magnitude scaling,
s(m¢, ), respectively. Moreover, the synchronisation error destroys the
orthogonality between subcarriers resulting in ICI, which is the function of
s(79 ). As set out in Pei-yun Tsai, Hsin-Yu Kang and Tzi-Dar Chiueh, “Joint
Weighted Least Squares Estimation of Frequency and Timing Offset for OFDM
Systems over Fading Channels”, IEEE Trans. On Vehicular Technology, Vol.54,
Issue 1, Jan. 2005, pp. 211-223, the definition of s(z¢ ) may be expressed as:
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Wei ght ed Least Squares Estimation of Frequency and
Timng Ofset for OFDM Systens over Fadi ng Channel s"
| EEE Trans. On Vehicul ar Technol ogy, Vol.54, Issue 1,
Jan. 2005, pp. 211-223, the definition of s(7roPk)my
be expressed as: -12- S(7rO PA) = sin( 7rOPk) , and N
sin( ZOPA) N s(7rCkk) = S44r.OA) in the case of p =
k , where p and k are subcarrier indexes and opk = (1
+ 71)(c + -k, s =Af T. Wwen g and c are small
3«ﬁp5bL:Lﬁgiﬁgsglipaﬂdand s(7rcoPk) is near zero, and
the °5 nggﬁh G@a:pistortion and the ICl term may be
i gnor ed. us, M phase rotation occurs when the
subcarrier sanple x1(k) is transmtted. The rotated
ey L C ky=2rr\f (I NN +Ng) (1+r1) T+ 2; zk

%@“Ll\gﬁ@@c@,tb(@%as% ‘%i r%;’t conponent is the
inter-play of carrier and sanpling frequency offsets,
yhesa @nd & crensHReamiRN indexes Qﬂfﬁt Pibatet7hg +sanph i rig= A T
frequency offset exclusively. In the case where only

hemg ancberrosmatk sexdsk i clope tpHaand strat) Bhnearszero, and the
proportional to the subcarrier index as well as the _
SMadiudeistertiomapd dae 1€b terak evaydbarignraedof Thuss a phase rotation

?)E%ﬁ?t%r WheR e Qﬁ?ca?r.fiert b8 ﬁﬁs%ﬂ(g(fsi fhfShitEE PAES rothtedPbhase is

enmenting a spati al i I'ng recelrver In
suekthatal M MO systens, |inear M MO detection is
enpl oyed. This is particularly true for those systens

Y 1) -2ahpage. NTha oL F¥anend it 65, and @gcei ver

ahtennas. Linedr reCeivers ‘utiFise hatrix
mul tiplication to separate the data streans

&%ﬁ;ﬂ%&%ﬁyng@%@&?%ﬂ%% oi%&i’i N nrlgf ¥§m§ﬁ%§( %r%epgy offsets,
anRdestié NBdcdnel doRtpdriemt sy tdoREHEMED Oby V8&inRling 2ftquency offset
detection matrix G k) can be conputed according to a

gelysivetyei Inghe zrpe shareaniutiming:aleck glisetewsiso thq pviss rotation
S birBohhal s AT Ry ROy OIES e Rpbtindex ..,

identity matrix. Wen

In order to take advantage of its properties as one of the most efficient methods
of implementing a spatial multiplexing receiver in practical MIMO systems,
linear MIMO detection is employed. This is particularly true for those systems
with a large number of transmitter and receiver antennas. Linear receivers
utiise matrix muitiplication to separate the data streams transmitted

simultaneously, as given by:

x(k) = G(k)y (k)

s (4)
= G(k)H(k)x(k) + G(k)n(k)

where x(k) is an estimate of the transmitted symbol vector; and detection
matrix G(k) can be computed according to a zero-forcing (ZF) or minimum

mean square error (MMSE) criterion. In this example, the detection is
performed assuming that G(k)H(k) =1, where Iis an identity matrix. When

using MMSE, G(k)is calculated from, as discussed in Catherine Z.W. Hassell

Sweatmean, John S. Thompson, Bernard Mulgrew and Peter M. Grant, “A
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25 using MMWSE, (k) is calculated from as discussed
in Catherine Z. W Hassell Sweatnean, John S.

Thonpson, Bernard Miul grew and Peter M Grant, "A -13-
conpari son of Detection algorithnms including BLAST for
Wi rel ess comuni cation using nmultiple antennas”,

Proc. of IEEE PIMRC 2000, Vol44. pp. 698-703: k) =
(HH (k)H(k) + No x IYHH (k) (5 5 here No is noise

spectral density. 1f, sa il ot re i rted .
2REsRon ot Detabton | HaoRPrl TidudbG,cBRAST for  wireless
icBAMI@Sicatich O5Mgmblipldeatenaas”, PRt tdMEEENRIMREIZO00,2/0!.1. pp.
pilot pairs {-mn} are assuned to have equal distance

&98rf0F hat is, the 10 di stance between the subcarrier
pai r I&;yi n% I ndi ces)|_,- 1 and 1 is Kand the distance
Kethvedh” taH(Bub¥ar i & $ai r having indices -J(@hd J is
K. Wien residual CFOTOis small, s(,ro ) is close to

berd rNOI istitis@bpédirfelepgipi derations, the detected
pil ot subcarriers in the /-th OFDM synbol

i ncorporating CFO TO and phase noi se can be

represented as: 15 z = exp(9, (M)x, (mM+E mn )

lfmsaye gwm'@t%eae«@%?gg PG oA Siaal S Sndg IO subcarrier
' ,bv Ngependent; . eqpabi.ong X, i iti

URSTR By i o WS § Y978, Helgh ol posiive and

xkegative pidt paiexBil mPafarhisumed to hale equal diétar(d® ofHertBat is, the
~11 (m) defines col oured noi se conmponents of pil ot

ibetween theesubsarmey pRIGN'AING dndiges vivend 1 is K and the

g
AR BBt Ing oy eRfer  BRR AR IRAREs | 1 BpH I35 KT When
rdeid hialr®F OoT@iis smesiulstA s ploseetornt & light afithése considerations,

frequency domain and this phase rotation is
then detedteh aiilot sulbedrietshin thebHthaORRM sydbolnidearpanatincdh€FO/TO

OFDM synmbol. i ndex as sho in Equation (3). Thus the
AR RE BB MAIS AT pe FRRSRRBIRY B¥1 ot synbol 1 n t he
L i Al observed at the M MO
z‘g@g(?t%gr%’ou?%{u@jrcﬁ@ﬁﬁ utilised to estimte the ©)
ThB! B60e Aftalibhs&@in He réltifien as the following 2J- N, independent

equations

x;, (m) = exp(jO,(m))x,,(m)+¢&, , (m)
: m=—1--,~J,1,2,---,J . 0
)ACI,N, (m) =exp(jO, (m))xl,..\-', (m)+ 51,.'\-', (m)

Here £, (m) defines coloured noise components of pilot subcarrier, m, due to

AWGN noise and MIMO detection. This coloured noise component is a function
of the MIMO channel.

It is known that timing offset in the time domain resuits in phase rotation in the
frequency domain and this phase rotation is proportional to both the sub-carrier
index and the OFDM symbol index as shown in Equation (3). Thus the phase
rotation of the known pilot symbol in the specific spatial stream, observed at the
MIMO detector output, can be utilised to estimate the timing clock offset. In this
algorithm, a two-tier correlation is performed on the pilot subcarrier output from

MIMO detection stage 18. The first tier cross-correlation is performed in
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algorithm a two-tier correlation is perforned on the
pil ot subcarrier output from M MO detection stage 18.
The first tier cross-correlation is performed in -14-
frequency domain over the corresponding pairs of pilot
subcarriers; e.g. pairs wth positive and negative

i ndi ces respectively. Subsequeptly, a second-tier
auto-correlation is perforned in the tinme domain over

s BBhEREPhyh 5B s X5 ipolibl: i b AEEFvaraT b o0 pairs
Oath pdsitige Qa?ﬁ@f ﬂégé@beﬁ&\dl@es lreé;j'@ctwellyxr Slubéﬁhdéntﬂ/ aNsecond -tier

(-mJIxr-1,i (M , rrh_ye2|rKNSr (8)

autqg- CQWIa@merlé ne@rmﬂem time Reeain mvebtth%;fwotlen eprrelation
0. he (

GERUE ity s OB bl efell), Ebrincto i o lisgretation can

bergxpnestded d¢: can be seen that the output of this

tvvo tier correlation is the exponential function 10 of

I\ni 10O est ol s d by the col oured

rﬂ)q & = [5['[ Miakg™ Flslf@?’ﬁﬂd - Nt TO estimates are

obta ach OFDM syrrbol Sone estimates may (8f

&eexp{: gete;:o(nb)y col oured noi se, so the weighted

conmbi\nati &h of al’l ‘estimates instead of the sinple

average of these estimates is enployed to attenpt to

. [ 1 owi. f h 2
w&egﬂh%:?f %¥%1 °§n“<$+&‘rﬁ-ypa§f ; 1ﬁ%*dg%§zhf’r{s:§é@é§é ;Jmtv,[l;h{mﬂ =1,
ZOo m-~1r = arqg i=1 n¥ [
BNgye, nﬁm)defmﬁéla m'éeecqmpqrgeqt wéep@r*gﬁﬂt ﬁ@tma@wwl ¢Qmponent It
the initial estima

par tbietﬁﬂe&‘rtlhﬁ‘t Putpyt 9€tha'§3wqujeq el f@ﬂt'@@dﬁ thﬁeer)@mnieﬁgal function
Pf"ﬂ{eol"nltiéﬂ [19) elgtﬂpﬁfen 'd@fmb\é@dﬁ)gf&%ecdléhr%ﬁtdd@é | Ofili§ihg PWis method,

each spat stream an carri
J - N, TO estimates are obtained for each OFDM symbol. Some estimates may

be seriously affected by coloured noise, so the weighted combination of all
estimates instead of the simple average of these estimates is employed to
attempt to obtain improved accuracy. Following from this, a weighted TO

estimation method is proposed:

Nt
. _ N §

= ar.
M=ok

z,,(mw,,,

(9)

Im

where w,  is the weighting factor for the initial TO estimate z,,(m) .

It may be particularly onerous to derive the optimal weighting factor with
minimum variance in estimation error for each spatial stream and subcarrier.
This especially holds true for the considered MIMO-OFDM system, where a
two-tier correlation, involving frequency domain cross-correlation and time

domain autocorrelation, is performed.

However, it is known that noise is coloured by the MIMO detection matrix

G(m), and the noise power can vary as a function of channel. Therefore for
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This especially holds true for the considered

M MO- OFDM system where a two-tier correlation,

i nvol vi ng frequency donmain cross-correlation and tine
domai n autocorrelation, is performed. 25 However, it
is known that noise is coloured by the M MO detection
matrix G(m , and the noise_pgwer can vary as a
function of channel. Therefore for -15- |inear M MO

' ts: [ R r&ldabi.l it ure .
HEeEE ARRD, SABEHET R RESP BLReesshld, SRk el RESSU8 s the
passmetercafn intereX pThig edlidbility edSureeshnBe 0&xplbitd® in the TO
obtai n the needed wei ghting factors. 5 When MVSE M MO
getigaterasD tosolial heaeededaveigptioy fastaisonal (in the
spatial and frequency di nensions) post-detection SNR
reliability for the j-th sub-stream and mth pil ot
NiheraMMBE MEM@) detection tihenimbyedyi thg taguditiensiasal (in the spatial
der,ived from Robert W ath Jr d Arogyaswam,

Bad fregrency iRASIC8s) Bestidsiestinn §B‘§1 rediabilgyfari (B dsth gyb-stream
t e y i 7 "o, . .

B P P SEBMe egoert 1P tnéToflowintEdation agfleved from

Robert?0b Heallp Jr.2amb ArogGsvenil, Rauirah, - 1AGtedpa Seegtion for Spatial

- .+ | =i~ ere iy, .denotes t |sth enent .
OB R SR i, My RREY for et IEGEATTBmational
Coadesdndesors Qasnreianiedtibes, ol l7, Jank Roan i ppt 221d122801E
SNR is 15 applied continuously for al [ " OFDM synbol s

igf he tinme dodmin. Since there are 2J N, SN 0)
ar et H -ion (7) above), in the
ol g )

esti mat |°Ln 21, , N , but there are only

g, U DS 19 8y 5 00 el e

are twice as many SNR estimates as initial TO

estimates is catered for by inplenmentation of the

Saideoai Wi Ay cabnoel: iswgonsidensdnto{ SNRimrle,invafr@\dFR; th_e”mbrznse SNR is
11 where m Yo e m nimym val ue function.

Heh)'eeq 69@@%*@%&%&*&5@&&%@9@& thestimgetampains

configured to generate the weighting factor from

t wo- di nensi onal post-linear M MO detection signal-to-

Boiceethese iave chardc SAR paramefers (fropaEguafion (7) above), in the TO

correspondi ng subcarriers. And as an

estimation, SNR, i =1,---,N,, m=-1,----J+1,-J,1,2,---,J, but there are only

J-N, initial estimates of TO output by the first cross-correlation stage.

Therefore, the fact there are twice as many SNR estimates as initial TO
estimates is catered for by implementation of the following equation:

w,, = min{SNR, ., SNR, _, } (11)

im?

where min{} is the minimum value function.

Therefore, the timing clock offset estimator is configured to generate the
weighting factor from two-dimensional post-linear MIMO detection signal-to-
noise ratio characteristics for a pair of corresponding subcarriers. And as an
example, the pair of subcarriers is a positive and negative pair of corresponding
subcarriers m,-m. The timing clock offset estimator derives respective values

for the two-dimensional post-linear MIMO detection signal-to-noise ratio



10

15

20

25

exanpl e, the pair of subcarriers is a positive and
negati ve pair of corresponding subcarriers m-m The
timng clock offset estinmator derives respective

val ues 30 for the two-dinensional post-Ilinear M MO
detection signal-to-noise ratio -16- characteristics
for the positive and negativeqgair of corresponding
subcarriers and generates the wei ghting factor from

HASGEAHAES 5l o4 5oL Bl cot o sppeamers

the guresateeahe lalghy fa‘ctcsrvvmmlth@tchat&zﬁ@:rétlcams:chvnds’h lesser of
different SNR the estimation reliability is dom nated

fe faspective Valesabl e  data. In the alternative

arrangenent of Figure 3, a first-tier

cross-correlation is 10 generated in the correl ator
Zl'msamnplbmepmucm mfeahh&hatemethe&n‘owsbtréla@oarm tk/oqvumt subcarners

a%iiff\ége’a é@% tggﬁ%rrtlrr#\a%h% ;ﬁ?lapﬁl y llﬁ Fo\éiué tﬁdzb)lg the Iess reliable
‘]jggal_l( m (12) Secondly, the weighted conbination is

performed in wei ghted conbi nati on stage 46 on the
output of first tier correlation stage 40. Here the

K\Wm’\}%ht | F %r&%?g%aﬁxgrﬁ%érﬁgﬁg rogngﬁug\%n ]talpﬁrﬁq(%%tr'cross correlation is
?Baémé@rm $hé cortiRtaIeae o e PHrs6f tHe/ BsteEd positivd and known
w,mX m(13) 1 w,mi in1 and wl,,

BﬁQﬁ’{'W'QﬁQyﬂRﬁfﬂﬁrSZ@ﬁ givealtlyy, the second tier
aut o- correl atlon is perfornmed on the conbination

out put .of wej t e27#K)(1M thwt el del ay of one
i)y bndm safdm Tatet TS [exiadied as  (12)
given by: N 2icKN arg , X, -L)7'(14)

Secondly, the weighted combination is performed in weighted combination
stage 46 on the output of first tier correlation stage 40. Here the weighting
factor is derived from the post-linear MIMO detection two-dimensional SNR

from characteristic SNR generator 16 as given by:

Z Z 2y (m)wi,m
2=
S

and w,,, = min{SNR, ,,,SNR, _, |

im?

(13)

Finally, the second tier auto-correlation is performed on the combination output
of weighted stage 40 with the delay of one OFDM symbol, and the estimated
TO is extracted as given by:

. N .

n = 2 2KN arg(l/l/—l) (14)

5

The processing of the signals as explained above may be better understood
with reference to Figure 4. Referring first to Figure 4a, the process starts at
step 100. At step 102, FFT stage 12 performs a Fast Fourier Transform on the
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5 25 The processing of the signals as expl ai ned above
may be better understood wth reference to Figure 4.
Referring first to Figure 4a, the process starts at
step 100. At step 102, FFT stage 12 perfornms a Fast
Fourier Transformon the -17- received tinme-donmain
signals. M MO detection nodul 718 perforns detection
on the M MO OFDM signal at step 104. The resulting

BRI e St SRS, Bl B BBl TR cetection
snitharMiMOSORDM EiipaEaestepd (1, FHYaES@INAG (e@nawéftéﬂaietectuon at
above. The 2JNt 5 subcarriers are output

gianedPBraregreqrencysdomain epatr%tﬁc@,@ra@egrms wmereSdﬂuaduTO The
ggp?éeﬁna I§8&[nr[ee|' rbgé'n Hag uéﬁor‘{'g? V%’n ﬁEJ E!H?é/e AtThe 2J-Nt

subgartibfs atdfleummibyd‘ﬁﬂtl\ﬂotcﬂétéctSNR89l©rt&b§§-@brrbﬁat@ﬂfstﬁgé 40. The
t he a?st-l i near M MO detection signal-to-noise ratio

CHERUOF aHlaseoTEalation stagsat4 isthe fwer dar eorrelationdefineg by equation
TPESRP LR AT S0 MR R R QRITRNR, ol T perves the

derives
pnstahm{mdlmme wetdctloaquagmaiFtoélribl@ ratio abavacterdticst P a pair or

11 O esti d weightin
Pals of paFerRomlins shbeaRrs sdeinedy satialoiGance
with equation 9 above. 15 At step 116, TO esti mator

20 derives an inproved TO estimate defined by
Agstan dh2,9T Qiestimatboie deTives éh@@\ralgfhtmgemg)rﬁ) letae:pordance with

r Str s the f f the or t
B4y 9 5B A 00 5. 30l d BE L 480 P crivec
Wefphtingdfaictérgs)t fo ahe sShigial T3P .estimdte ﬁl swcﬁdéﬁee aﬂtrF%uanon 9
Is performed on the received signals along with M

8BP¥Rtion at steps 132 and 134 respectively. Again,

at step 136, the frequency donmai n post detection

signal wth residual TO is achieved, the subcarriers

At stére I6gNED dstimatod 20 nedvby aredaptoveds TO6 pstimate B)efined by

Glpaiian S Bivah e 1% ahorilamanis dhpiep 118. | 0 >

Figure 4B illustrates the flow of the algorithm for the apparatus of Figure 3. The
process of Figure 4B starts at step 130. As in Figure 4A, an FFT is performed
on the received signals along with MIMO detection at steps 132 and 134
respectively. Again, at step 136, the frequency domain post detection signal
with residual TO is achieved, the subcarriers of the signal being defined by
equations (6) and (7) above.

In the alternative arrangement of Figure 3, a first-tier correlation, defined by
equation (12), is performed at step 138 by correlator stage 40. At step 140,
weighted combination stage 46 derives and applies weighting factor(s) in
accordance with equation (13) above. Subsequently, the second-tier correlation
is performed by stages 42 and 44 at step 142 leading to an improved TO
estimate at stage 144 in accordance with equation (14) above. The algorithm

ends at step 146.
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equation (12), is performed at step 138 by correl ator
stage 40. At step 140, weighted conbination stage 46
derives and applies weighting factor(s) in accordance
wi th equation (13) above. Subsequently, the
second-tier correlation 30 is perforned by stages 42
and 44 at step 142 |eading toq ﬁn inproved TO estimte
at stage 144 in accordance with equation (14) above.

J0B: SV, boffayRRtce Shat ¢ shifiHeistin S MFIO-RrRY based
WULANS ¥gdtem plaidra. MTwaVepatpRistilantd e Fardifitted over a MIMO

transmtted over a M MO fading channel with 20MHz
ffa@qgeﬁb9nrb%lnav%y ZRMHszrﬁgugp@t.taandjubysuwrsmg spatial division

Lblgkﬁéeﬁy puncr[ ur i ng %%O Hépggé%.?&@gdaﬂﬁ%nt puncturing

d@tteal dareda@cymtaemrheeuménlemtsystem Spé@iﬁ@atkﬁmd ﬂaféhed MbANe WLAN
%ﬁz 11n standard dra peci fication
B iTe tandascaeat CEHUG: T ARG bRPEGTalion wEriced Wireless

PesREPA) S haypel
"I EEE P%?Lﬂm\%&?@l ggyﬁ%%&g@%anne O|\5/deel EE Dgﬂﬂ\ﬂb fading
caanaomote! OEER (7802. WWVRGMSdeNenﬁT(blydﬂ\armdl Hdodels”, doc.:

TR BP 31 GHORAE, Nhe, D% 3P FrapiaVeh &0 de: st performance

Bes¥erRemd] aERNaNfEHMRNBaAfidFrafiomakfa Ameat eefrraCYFand the distance
wavel ength. In the assessnent, the residual

bebween adiacenkantenoas m@baifucgm%rmeéwmmhe | east
square M MO channel estimation w thout snoothing and
15 MMSE M MO detection are adopted in the receiver.

MortRevassessheny) ty besideglo P off 1 HOGHACGEhd sk T@ngﬁ A0ppm is
of 128 I s_enpl oyed Two CPE (commpn phase erro

2as14medpy The deanl SauerM Regel eﬁtlrgamth@vé smoothing and
KNS EARAIfD (%ée&@ﬁ’b@tdo%rgté% G thgere‘ééﬁlros%r?&sé}oqﬁe Viterbi
In a first ensati on sch is es

deemdzgg Mlﬁntdam}bpeln satgtil of 028 dsn etripdoyeals | TwofCREBE¢c@RBidn phase

nmbol n the s c met hod, opne OF
itor s bY st AT CE R EhR G chs P, SShEBIcc A8t afansidered in
@énibhfbtféﬁr\kiﬁﬁ tfﬁ@bl%klos@ﬁ%éi?\%dgpﬁn'asflr%FbP"EiES ef84tion scheme,
conpensat ed for segment by segment. ;g)ac ket
é‘:ﬁgrs estirateth dVBERIEMh and eonmpensated fmrowpalne dasisndf ohe OFDM

ggmghgfllgfir%j %%ﬁh@ﬂge‘gﬁd,gﬂ?g '\ﬁgw gs mebol IS divided into several
segments with a pilot subcarrier as the center point, and the CPE is estimated

and compensated for segment by segment.

The PER (packet error rate) and BER (bit error rate) comparison of the
disclosed post-detection SNR weighted TO estimator(s) and the conventional
un-weighted estimator are shown in Figures 5 and 6 respectively. Here BPSK
and 64QAM modulations are considered. The curves for the disclosed method
with the CPE compensation for the whole symbol are given in the figures along
with curves for the method with CPE compensation for segment by segment
within one OFDM symbol. The results clearly indicate that the disclosed
estimator(s) out-perform the conventional un-weighted TO estimator when

different CPE tracking schemes are applied.
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un-wei ghted estimator are shown in Figures 5 and 6
respectively. Here BPSK and 64QAM nodul ati ons are
consi dered. The curves for the disclosed nethod wth
t he CPE conpensation for the whole synbol are given in
the figures along wth curves for the nethod with CPE
conpensation for segnment by segment 30 within one OFDM
synbol . The results cl early i ndicate that the

AR rom™ Hes B Faiane e P Fib &5, S3BLA 1R Brgormance
% hQUErs batter apiehi EPE isl8ombensated, for réé@‘rﬁé}ﬂst%/ segment than the

performance figures, it can be seen that

47k spmpessation foritba whale SFMMesyrape. | Ehis m@g@tr@eﬁea of the

(BRORROTEN 6 BTSSR b SR BRI 6 bon e

shbcanries iirtied aﬁ'd)OFSDrrlosa/nhHgﬂ IE@)Qhahe Epmagberom@aefor all subcarriers
rotati ortional to both the 5 subcarrj
iihanex SHPB) SHEIbol fRiaet e S3ETRa0808 draPIURLTOapRsts, Thus the
TP oM ptinsatibh

TR RIS O, SYHEk i Qoo AP RN A e st
Jé&yetect fbyeg@gbetter pemorsmmargessf ul | y handl e t he

residual TO effect for even better performance. 10 It

wi Il be appreciated that the invention has been
tasmridapprciney that B¥aRPéiorPRAY baBH JERLHBES by way of example

nmodi fications may be nmade to the invention wt
gapaand ngriows adificatiopsrmay dednedee the lmmtlappwﬂuw departing

f‘J"m {rHSe 2 grg n&?&ﬁ?oﬁ@r}%@ ofsdé\l E/Sbt-i Cn;tDII\/In\?\A ?el ess

comuni cations signal, the apparatus conprising: 5 a
signal -to-noise ratio generator configured to generate
a plurality of two- dinensional post-linear M MO
detection signal-to-noise ratio characteristics of

the M MO-OFDM wi rel ess comuni cations signal; and a
timng clock offset estimator configured to generate a
wei ghting factor fromthe plurality of

t wo- di nensi onal post-Ilinear M MO detection

signal -to-noise 10 ratio characteristics and to apply
the weighting factor to an initial timng clock

of fset estimate thereby to estinate the timng clock
of f set conponent.
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2. Apparatus according to claim1l, wherein the
M MO- OFDM wi rel ess communi cati ons signal conprises a
plurality of subcarriers, and the timng clock 15
of fset estimator is configured to generate the
wei ghting factor fromtwo dinensional post-linear M MO
detecti on signal -to-noise rat characteristics for a
pai r of corresponding subcarrfers. 3. Apparatus
g%%ordlng to claim?2, wherein the plurality of

riers is 20 indexed by a set of indices, the
set of indices having positive and negative val ues,
and wherein the timng clock offset estimator is
donf i fwperatus fgeestimatingt adimisggtioch pfiset companemt of a MIMO-

O B e drBandt, e A RripdRe '

negat avegmlito-rifise mtr@@m?dtdﬂwonﬁgbwtbl @driorafeba plurality of two-
par at us accordlh%ﬂto claim3 erein the timng

QIFB%'RSIQWIS@Qsté@pp IMO deleclinn signakto-peisgeiatioecharacteristics of
| |
pospﬁﬂb b%ml\\?ﬂﬁ%e%éé{: ?rlﬁg‘l &Iﬂotnlg i digensi ona

11 near nS|gna to-noise ratio
char aatteningt ¢losk béfset éstimator tconfigared tongerdratee apaeightifig factor

B e a1 o Sime e iaowine dE MME Beletiion sionaldo-noise

?atloeéﬁ&racfgrlsfhe@ a"n‘éisﬁﬁﬁbbl‘{/ethléa\héi@ﬁtl vﬁ fa&BP36 Hrihitial timing clock
according to any preceding claim wherein the timng

offeetestioratedheredyitamstmate thetimingclodk oifsglecrmporent.
plurality of weighting factors for a -21- plurality of
subcarriers and a plurality of spatial streanms of the

M MO- @ippitatas gacdording t cimipd W, tMeﬁémfﬂHel IMD-OFDM  wireless
wei ghtin factorstoaplurallt initial timng

EPBERUNEILNS TgRalAAneRrISase? @Mal{tﬁ 0é§ubﬁaltr@r$ rnd e tirging clock
Glroek sSffsfdr & GNP ERALRIO L il iPRaERH Rom two-
e app s

according to any
ﬁmnerlimonalqmm-mneang/“m& deteomnalgmlrtel-rm:sm satio shagiotertktics for
to generate a Iti-tier correlation, the apparatus
é?a?fgo GHFESHAPEING HIBFBFTSE the initial timng clock
of fset estimate froman output of a tier of the
multi-tier correlation. 10
3. Apparatus according to claim 2, wherein the plurality of subcarriers is

indexed by a set of indices, the set of indices having positive and negative
values, and wherein the timing clock offset estimator is configured to generate
the weighting factor from two-dimensional post-linear MIMO detection signal-to-
noise ratio characteristics for a positive and negative pair of corresponding

subcarriers.

4. Apparatus according to claim 3, wherein the timing clock offset estimator
is configured to derive respective values for each of the two-dimensional post-
linear MIMO detection signal-to-noise ratio characteristics for the positive and
negative pair of corresponding subcarriers, and to generate the weighting factor

from the characteristic which has a lesser of the respective values.

5. Apparatus according to any preceding claim, wherein the timing clock

offset estimator is configured to generate a plurality of weighting factors for a
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7. Apparatus according to claim6, wherein the

correlator is configured to generate the nulti-tier
correlation by generating a first-tier

cross-correlation of a received subcarrier pair

havi ng correspondi ng indices. 15 8. Apparatus

according to claim7, wherein,jhe correlator is

configured to generate the multi-tier correlation

r X b ner.ating,a seconpd-tier autQ- correlati

Sitey ¢ pEECFTls o BRERPG, o Foa seafit o1 e MiMo-oFom
arfRll anddotapph Bidpllralithef RlefyHting faetors kb Pluraity of initial timing
conf|%¥red to 20 generate the multi-tier correlation

closk effse) estimates thryehy de @stimate dhe diming clagk effsatiafithe MIMO-
%DF@Mv?grgg‘t ed first-tier cross-correlation. 10.
par at us

for estimating a timng clock offset
conmponent of a MMD> OFDM wirel ess comruni cati ons

i gnal, the apparatus being configured to: 25 generate
3 pl uPRPAgLusH aPQ&i’dm%‘Hs?%ﬁaﬂ”‘*ﬁSg'{r‘gl claay tenvepparatus further

' i ghal mbRs N i terigt f
CRERTSIRL QPO PR (ridalehl ! BoffiEa S Gpiéiatdla multitier
gerrelative, dhewipparatug beiogocorfigured Ho gdémvanlthe yinitial timing clock
two-di nensi qnal post.- | inear det.ecti on .
offSsteStaledrdn Fiiput ety Ber et e mabies B hstntiony
the weighting factor to an initial timng clock offset
estimate thereby to estinmate the timng clock offset
enpoAdparatus accerding taealaiod 6f avheseini the: corgelatari isi gamfigured to

é
S0 o OPERERb B 3, AT LS 888 comtonof
geceved bilgcarvibt Paia haviggalorieapoatimg dides. gener at or, a

plurality of two- dinensional post-I|inear M MO
detection signal-to-noise ratio characteristics of 5

ghe M Wa%@g/'é’&c[)?diﬁést?gg o?i‘ GHerQRSthe! d l'?too‘?r]g configured to

controlTing atimngc set estinm

generade cthe wailtHbier mpriedaticor resulbrbyt lgeneratimg iat weobnd-tier auto-
tvvo-%i.rren§i ongl Q.ost -1 inear M MO detection

SPGRIAIOP OF Hoe UEstleL CTOsSeRIFelRN i stics and to apply

the weighting factor to an initial timng clock

of fset estimate thereby to estimate the tim ng cl ock

8f f seAppargivaancordiog 10 .claite 7nwtheseinothectarrelatdr , is tdomfigured to

Hgﬁgr%‘#e CHEP R Giti-tdr "SIt r;élst',l\ﬂ '\6% generating a second-tier auto-

correlation of a weighted first-tier cross-correlation.

10.  Apparatus for estimating a timing clock offset component of a MIMO-
OFDM wireless communications signal, the apparatus being configured to:

generate a plurality of two-dimensional post-linear MIMO detection
signal-to-noise  ratio characteristics of the MIMO-OFDM wireless
communications signal;

generate a weighting factor from the plurality of two-dimensional post-
linear MIMO detection signal-to-noise ratio characteristics; and

apply the weighting factor to an initial timing clock offset estimate thereby

to estimate the timing clock offset component.
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OFDM wi r el ess conmuni cati ons signal conprising a
plurality of subcarriers, the nethod further
conprising generating, with the timng clock offset
estimator, the weighting factor from two-di nensional
post-linear M MO detection signal-to- 15 noise ratio
characteristics for a pair ofos0rresponding
subcarriers. 13. The nethod o? cI aim12, the M MO OFDM

reI SS nlca ions [ subcarrl rs
e B aT 4Bt SBlimaliie 2 uhia S8E difel hoPiHerit &' 8 Mimo-
mmvmasg tyRNAHIcARIR! diyRaly ahd Peethb8 @ofRiri3aey:
further conprising generating, 20 with the tim

cl ock 96neEtinge swithredt cﬁagnqlﬁ@-m@qgﬁatmggq@g@w B @?Hra!ity of two-
ﬁﬁr i) C?Eé\ll Sc?ﬁzhlne P%M@%‘éﬁ%&ioﬂn W%-nto%en%ti%ecﬁﬁ%k%ristics of

or a Ive a trve

troy MG ORDYY veirddess comnwmda’tlon‘s'rmgmnﬁ bod of cI a| m 13

, further conpri.sin Vin with the timng

cl ockCBF?’Q'EFQ &stis 6 @&&Z%F'V@t‘?faﬁ%@%@r@?e éa\t‘ﬁ'gbf'”g factor
o H‘}@Pplgl'éWEf RIRbiR onél'd&@ﬁln%mlg e k86n SI nal-to-noise

SI gha to-nolse ratio aracteristics e pOSI lve
matip chagatéristicpaind tof applyrtdaepwe@uhnggsfabtoartmarr Mitiadrtiming clock

BSSt b Rteheraly syt B Bund 6% biSetcompenent

val ues. 30 15. The nethod of any of clainms 11 to 14,
the nmethod conprising generating, wth the timng
dRock Toef methedtafnelatn, 1 Hleuragthed esmpesigat faggiving a MIMO-

Eﬁ-*‘q a{v? {él@é @gnﬁ%ﬁéﬁc{rﬁée%{gmglu%ﬁélﬁé %@%‘%{ of subcqrrlers the

muﬂh(atn) mr}herg:dnlfm'lskhgl gehétatingf vmal tbbttinﬁigg fowdkodsfﬁsdt @stimator, the

|
Bislainoctackorelrai, e dimenignal pRELInGA INELRlestipgersignal-to-

Flsb%tl%mac@gmcgﬂpé air fo-lrr'%‘éggﬁ&h%tﬁfcaﬂ@f‘s(’f

aims 11 to 15, the ne r COfprising
generating, wth one or nDre correlators, a multi-tier

3% 22? Bl o a ; dgral{rf\l/ io??at iﬂll\/g(lf)t(#l%lbWI[q gﬁsfclg%%(munications
§i@héf~‘béfﬁrﬁ@mg $dbcdrierdide@doby o akfMotbnditBs, R Bedof indices

conprising generating the nulti-tier correl ation
havingtpasitiveeard asgative vaiuest the methodigthasosnprising generating,

FABEELtlg R R B N EBIETRRBSmensioa
pogtpddztet:ﬁg'\ SRiTell-adno kel fﬁtldTUhIaiactér%’ticsCf@F r£babitivd and negative

result by generating a second-tier auto-correlation of
PRE of cpUEsPRGIng subcarriers.

14. The method of claim 13 , further comprising deriving, with the timing
clock offset estimator, respective values for each of the two-dimensional post-
linear MIMO detection signal-to-noise ratio characteristics for the positive and
negative pair of corresponding subcarriers, and generating the weighting factor

from the characteristic which has a lesser of the respective values.

15. The method of any of claims 11 to 14, the method comprising generating,
with the timing clock offset estimator, a plurality of weighting factors for a
plurality of subcarriers and a plurality of spatial streams of the MIMO-OFDM
signal and applying the plurality of weighting factors to a plurality of initial timing
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cross-correlation. 15 19. The nethod of claim 17, the
nmet hod conprising generating the nulti-tier
correlations result by generating a second-tier
auto-correlation of a weighted first-tier cross
correlation. 20 20. A nethod for estimating a timng
cl ock of fset conponent of a p%%@) OFDM wi r el ess
comuni cations signal, the nethod conprising:

o el dofimfheest by fo sfifele M Bovia sidi eiset & dbe MIMO-
@meesi@fl,évp OFDM wi rel ess conmmuni cations signal; 25

generating a weighting factor fromthe plurality of
t wo- di nensi onal post- |inear M MO detection

TRE" TR of o BRIAS 1 115¢ I et BBRHBP comerising
gehirating, witheordyortmors cbmetatorishe iuli-tigr cbrekatiohf @Al deriving

conponent .. . - .
the initial timing clock offset from an output of a tier of the multi-tier correlation.

17.  The method of claim 16, the method comprising generating the multi-tier
correlation result by generating a first-tier cross-correlation of a received

subcarrier pair having corresponding indices.

18. The method of claim 17, the method comprising generating the multi-tier
correlation result by generating a second-tier auto-correlation of the first-tier

cross-correlation.

19. The method of claim 17, the method comprising generating the multi-tier
correlations result by generating a second-tier auto-correlation of a weighted

first-tier cross correlation.

20. A method for estimating a timing clock offset component of a MIMO-
OFDM wireless communications signal, the method comprising:

generating a plurality of two-dimensional post-linear MIMO detection
signal-to-noise  ratio characteristics of the MIMO-OFDM wireless
communications signal,

generating a weighting factor from the plurality of two-dimensional post-
linear MIMO detection signal-to-noise ratio characteristics and;

applying the weighting factor to an initial timing clock offset estimate

thereby to estimate the timing clock offset component.



