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1 APPARATUS AND METHOD FOR ESTIMATING TIMING CLOCK

OFFSET IN A WIRELESS COMMUNICATIONS SIGNAL The present

invention relates to an apparatus and method for estimation of a 5 timing

clock offset component of a multiple input multiple output orthogonal

frequency division multiplexing (MIMO-OEFDM) wireless communications

signal. In particular, the invention relates %o'providing an estimate of the
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transmitting multiple signals containing different information streams over the

same frequency channel, MIMO provides a means of doubling or tripling
spectral efficiency. The combination of MIMO and OFDM techniques provides

low-cost implementation particularly for high data rate communications.

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”, IEEE Trans. On Wireless
Comm., Vol.2, No.4, July 2003, pp. 822-839. In MIMO-OFDM transmissicn
systems, the synchronisation tasks include carrier recovery, phase noise

suppression and clock timing recovery.
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wireless communications signal preamble is sufficient for initial
synchronisation of the MIMO-OFDM receiver as discussed in the Speth et
al and Minn et al 5 publications noted above. However, solely initial
synchronisation may not be sufficient due to residual carrier frequency
offset (CFO) and timing clock offset (TO) in the system. Though residual
CFO/TO can be very small after coarse CFO compensation, accumulated
phase rotation and timing drift in the signal can still deteriorate system
performance. Consequently, there is a need for an 10 efficient CFO/TO
tricHuilyISEIGRDMo asaiensarcNd wya taiedlly ties spgfe@bang diftHRNRIMO-OFDM
kan|J|yv method for this is to use %'%?al piIo} subcarriers, i.e., subcarriers o
cONEIRRTG RISWHYSBLNRi SRR HEATRRI D BHNGIsMI TaaiR EiznBaishienisation
Adfieting dEvVIiOc QTSiRier thediming slrifigesovety itortivd MR« BMa3YSRMSIinn et al
WhL% lc(a: iO/TO %stin&%lié)n is E)nsidered at very high-level and only as a
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proposed by Baoguo Yang, Khaled Ben Letaief, Roger S. Cheng, and
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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. 30
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

estl te imple - 4 - gveraging of estimates may be

RS0 SRR sy T o hiaNiab=cpmee favour of
apeekingsebiming iifitzd 1@ d synwdve lon fsptultHteveasretationcduisition of this
u -tigr.co I s been found to be particularly.. .

a v%?r’?tg%tggu%?‘%ﬁw%ﬁﬁ%%%n%%PE%rU? e&he aPo‘?/%rntanaé{tlﬁﬂﬁﬂ\é iReigw SNR
Tenektmatents (ankdastdimstarfadiyy intepeederdws cartee frempreacyuracy in its
0 ojse (PN). Thus..the effect of CFO/P, TO0.,.
R B e Sl B & i s AER D stmation of
acauingcyregyercyigifiteintnd 19amplioge dequehey, wifisettith@iRRkplaystems is
0 @'Egl@' e timater may, be significantl ,
réﬁgﬁhﬁé\bc?rﬁpare w%%}%ﬁ cgorllil/-e%lﬁg}znal Jgﬁﬁ?b%ﬁ'lageg% igﬂd Tzi-Dar
nfeftieghdisdrisedVieigbtaskdraphs, Snures rsiswteralqgfaperqaady and Timing
apARe, QRS ; ighting.fa deriyed )

Si nal-%(]ﬁ\%ise ratio%#aﬁﬁﬁsﬁ%i%?é og%éqéﬁaér‘l% hgé(ag |v2%aqrs 'oﬁ m Vehicular
cdrespelaig ¢obe4rressier he teriv2e0melghtiAg 25 isThesdisdnghd algorithm
SERHIEL ileRSES %Qf&T%r?\'gﬂﬁé'atgn&'ﬁ%Bﬁr'%C”ﬁrﬁ}%e(@%%gét%. stimation
pair. This means that in the cross-correlation of two pilot subcarriérs Witk

dffepent @@n%ﬁ%ﬁ@@@ﬁti&@@ ctringteerisncs, Hegtstimatpon) rel&biidy systems.
doinsied bﬁﬁg‘%I'@§§d%ﬂwee%'i%s|§‘iétﬁ|§eBW%QS’o‘ﬂhﬁ{éprﬁﬁfélﬂw factors are

subcarriers of the pair has lower SNR, the pair should contri ess (
sHifirrieigisiivg factarMERQT B receasmiate toosppplicatieseMIMO channel
[ on e Wi rrier .
o o R PSR an it is ot
cOHISEIR 48D R RRERI IMAUIILOFDM systems implementing a

third-order PLL (Phase Lock Look) as disclosed in commonly-assigned
Singapore Patent Application Number 200606234-3, the content of which

isl Reréhemienpisrdriinesd ipytherdreraentiratepiaiatg. SBemaroptional features of

Il mRNAYA: FRraKT AHMINhECEAKRINIaRPJRAUMO-OFDM receivers

which can achieve fast acquisition and stable tracking.

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
greatlyénhanced 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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- 5 - Thus, a method providing improved accuracy in MIMO-fading
channels influenced by coloured noise is disclosed. Moreover, disclosed
methods also have an attractive low complexity compared to conventional
WLS methods for OFDM receivers. 5 The present invention will now be
described, by way of example only, and wjth reference to the
accompanying drawings in which: Figure 1'is a block diagram illustrating

an aratus for estimating a timing 10 clock offset component of a .
Nﬁ%gig'ﬁénﬁ wire &gs]t%&r%“n%!ni%&iSH%Di%’ﬁ%; {Eig‘aﬁ%vg}% LRI graRYracy in
il irstiragi iyih iremiardetailed view of the timing clock offset estimator of the
apparatus of Figure 1; Figure 3 is a block diagram illustrating a detailed

view of an alternative arrangement for the estimator of Figures 1 and 2;

16piner @ grlustuates prsedbefioitialidyDasssifoa tthe steps oifiatiealgoritistion. The
for estimatin imi lock offset.component of a MIMO-OFDM wireless

AUse E@“&t!w%-%é'ﬁw el %fg(n Ras oo @H%‘?ﬂ fgsgf %aéﬁa%?r Y Iaé'xia%eous. A

communication Signal in thé apparatus o
atgiebietliastratatip the padttes ether satea(REdR) toatptwsamiteftle estimate is (at

a o0\ that of a conventional esti rin
R A Wb e R A IR AR S CIRE o phase
coriparigoN)of theuspgheatefestobFigHO N 2andG astintatiof anay be at least
C ional estimataqr. in: e : ing now to Figure 1, a first ...
chasoolena) ssUgelal ARy SFISILS MIBERNEY & Sontcanty
MIVROC @b M Witledis s wisb aruth tingc éniems 819 0 &G Drand HeNelberibechlaeity of the

oReRIUU ARG FiAle HEOIRIRRE NG reRSivREANISRSS (ol shown

r .
but the configurationof two antennas can eas}l"/f?/"%é extended t Other with  the

MIMIEesBi il rigioh SEMIdVirestighsionumbthecd idéstkrseas ifiner: 8Rample, the
dpg}@%ﬁiggg’%{gﬁ ' Bg 6@ eé%%jvgr antennas are first input 11a, 11b
' ?s%orrﬁFF% é(

to Fast Fourier Tra modules 12a, 12b which convert the
received time domain signals to the frequency domain. The converted

o ’ mal <o - |
e T T
afetie calatratarishiemnéesBmansifivmdardl nediativgerpsritesta MiMEponding

CQGHEQH@?@W'?%@%W@E@E&%% M, T@%QQE&”SH ?Hgngﬁlalle{ or lesser

fre&uenc response estimate matrix is output both to signal-to-noise ratio

(SRIRG G6ABratieNd-ImaNBM R tietebryac®riskics géribeanain.c Dhisrateans that in
o818 R WSHBERRIANG RN AR QGEASHE s 3RV LIRS RGP M ise ratio
and a first output of SNR generator 16 is input as a first input to timing

O afissistice) hstiesdisraimmrebabiity Js Miononetescty igciddaspuetisble data.
oL . ; . .
3 §eARBH WL %&Bg@éﬁ(ﬂﬁé%agcgrgeﬁé ar?ﬁ%é%ﬂ?é%’ﬂgﬁﬁg@l%& the pair

estimate - as will be described in detail below - ar
cSRRtAebr cantaikuispliesDptichal lprealirs thveightiag tifsintp Fectvelygogyerall TO
neagegiloef modules 22, 24, 26, phase rotation module 28 and FFT

window controller module 30, described in detail in SG200606234-3, as
noted above.

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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Also shown in Figure 1 is a CFO/PN tracking estimator 32 and demapper

34, 15 described in commonly-assigned Singapore Patent Application

Number 200704494 4 (agent's reference SP7930), the content of which is

hereby incorporated by reference in its entirety. Figure 2 shows

components in a more detailed view of the timing clock offset 20 estimator

of Figure 1. When compared with Figure %,like components are denoted

by-like reference numerals. The apparatus 10 receives frequency-domain
s.uyrbl}:‘ffﬁiea?1 sig) ﬁso #oﬂ&\ﬂﬁhg%g'éﬁgf%{?f1%??8F%%Ych'5f &‘Méf@é’l‘ng channels

améneasei I dietecidr i@isedeivisdbedthqudbeycdemainsienals fiithods also
F tages 12a,.....12r. Suppose that the transmitter has Nt antennas.

Tﬁé \g%t%&t 8F1NXﬁVIFV‘6e é)'ﬁgéé(f g&‘l’@%%?ﬁér@egoé‘j’ Rfenay) Wiiacpagthods for
piREF Bl canmedrerashich are supplied to J N t cross-correlation stages

40a,....,40INt where the detected pilot subcarriers are pairwisely

cross-correlated to obtain initial TO estimates. 30 The subcarriers of the
MO pDseiem Wivelesreaditinmonicad ansssiginadi sy weydefired Py 28119 and with

ingj t f indices having positive and negative values (the
va fgq?ﬁ%?égc}gic%/éﬁr? ﬁ@aa{%%aa (RY6F leglﬂélv %%7 - the multi-tier

correlation is provided as a two-tier correlation by correlator 40, 44. The

firsi=tier of t lation | _correlation betweena . -
o e e S A il e e 6 wofirating a timing
eximbpleffsetheosaopmrpunofieg ARG HDMA Wers és @ quositivenzdions signal;

) ) . fagh  That | | !
e B R GBS WA D0 Bl et i timing clook
irefises estimatanoTtre@nppata®s of Eiigssectrrelation stage 40 are first

fqﬂégrgeI§yigtaégeglg@(a%%gé&%ﬂyu%gﬁﬁéc@/ tge%ﬁe{?é]gg%%\%igl%E}\thgltemative

stage 44. Second correlatio ovides
necraegenealdivihss ijimaRr DhéE igruend temds2an auto-correlation of

irSt-ti lati ' delayed i f .
e S D A SN g o
desdimatipeh i8 sbnivnde JaskoPrebyathopemeh 10fTHe MALPIODFDM  wireless
BRI o0 4 SURBIEAIA NG HINA ok et esimator

20, 15 which comprises weighted combinatiofi stage 46 and weighted TO
eSiHEReSiage asab Wilsleatiosciie darketaoodeowiit HAER) Acsaguarison of the
[ dfR&EstypatRy 29404, for le, ' c ination stage. .
46) Is output from p%j'st-dete(’:ti%nggggg-%)qﬁoﬁeéggidach%orag{aer}%!s?f?:aﬁ Stimator in
g BRIri62Mthe operation of signal-to-noise ratio characteristic

IeRRiIOs 18 s Rgslesnlioedin graaten A0 ezl elows Zhe quiput 50 of
We@ted TO esﬁa&%ﬁ stage 48 é%mpriseﬁs %ﬁgé?ég férx%o%}%itcgs%%%?gpn 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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Therefore, it can be seen that the timing clock offset estimator of Figure 2
is configured to generate a weighting factor from two-dimensional
post-linear 25 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 compor@ent. As a further alternative, a
plurality of weighting factors can be derived for a plurality of subcarriers

aria PrRHiyoF SdatRpdiesn2as b MndcuerBrtiyRMata Kb appmeastimation

toradlurglinuoliRitial HevrgAackeoarl GOBRUMAES SIS [ ESHBIRE estimate
the timing clock offset for the MIMO-OFDM signal. This is explained with
rédEEKto GGaREIROFHTHRNNS IS EYotR IR SiHiABIeaMatrix is output

weisthted sRinbinationissagridqInesryenditining sloghvafiset detector 18. SNR

component as output 50 of stage 48. In the arrangement of Figure 2, the

cSIPOBIBIAE TRa0BIBIEP R GRUD Al aA mrEsiRMmaYy SNBk Sirigcteristic — as will
egiinadacisrnde ool siages Het 4xtputhe SNRIghHepitoigyrid it as a first

injtial 5timing clock offset estimate_is derived from the output of the

<ARBHRARR Bo eI SEyR TR oLl S eI AT rbshCPHIRA R M) detector

belevis Fguteasd amﬂaempmmmmm 2 spiaiien yew nhassahesrative obtains
arran%iment for the timing clock offs_ﬁt estimator?ﬁf Figure 1. A

ain, and
W AohOL 5 AS saaR DG SETEeS Thaih s s AR s @Byt of TO
|i|@§tﬁfﬁ’©ﬂf®ﬁ@@@tﬁiﬁea hﬁaaoﬁanggu;; the mﬁivf@@arﬁt&ﬂu@cyc@@m@inbop made
subcarrier fro FFT st 1 a,...,l Qr eac Nr recei tennas.
O ERRS: 822t A AL O RA S R S0Y BE Tepdiow controller
stagefile230,.dedcAgainnMEED tleSER0C3a62 A8 BUASLD RN d0s

subcarriers which are supplied to JNt 15cross-correlation stages 40a,
40JNt where the detected pilot subcarriers are pairwisely cross-correlated

toAibtaEhdWrestirARies: Adein DEGLRNaNRIE ayedefinadhga set afemapper 34,
indices having positive and negative yalyes (+/-1...+/-J).In the apparatus

o IRHEE, i mEREPT A0 SEs e aton SRS by CE P ARG Number
algQ Gy YMaerdiercqugaiian. idflirsiiter SPEIZNON thed oseedreglatibich is hereby
between a ﬂgorr&s{ponding ﬁpair of subcarriers and first correlation stage 40.

AMEQERRRRSS e ElFEEEE RN PV S¥subcarriers is a positive and

negative pair of subcarrier.s. That is, the cross-correlation is carried out

g%yégfﬁneﬁ éﬁ%%i%f%ggﬁ%%g rxrri\eraorfnicg]r%eéemaﬁgg eig\?vr%?%wg ql%l% clock offset
estimator of Figure 1. When compared with Figure 1, like components are
denoted by like reference numerals. The apparatus 10 receives frequency-
domain subcarrier signals from FFT stages 12a,...,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,nt
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

-J—L Lo J

values (the values noted above) in the apparatus of Figure 2,
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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 30 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 fsa weighted first-stage

crpss-correlation, comprising the injtial TO offset B. B1 is fed both to dela
s%a&egwg'gﬁtﬁ 8%'&'5&8%(&%&58“—%3 RFr@ i L SRR '%)é(fif?fﬁe¥at°r 40,
cdreldlioe §tagtidd girtvidesuiticiseconddigtion the Awadisy-correlation Bktween a
Fic%urre 3. Trgje second tier |s an auto.—c?rrelation f the outé)ut 13, of _ e of
WergTHER SIS 15 S s PX 3 HE GIRA W sl-5RE/a98A SsHee 8. Qesigagmple o
tHreugtodelaysidigey4dain the exdomigat Figﬁr@ ?pdbi@i\ﬂf@h(ﬁ Iﬁ@glﬁliﬁ@ pair of
alsq said.to be gne OEDM symbol length, /. The output of auto-correlation |

s aljg;oe% 24" %e ﬁc\ﬁ TBde'%ﬁ%é%'e’rs’zagmttH% o B AOBmiSrisasried out
ahatvterate phthefTrecedragandniarfiars, dof imdress ioanbigwre 3 that the
apparatus 10 of Figure 3 provides an 10 alternative method with similar
performance of estimating the timing clock offset component. In the

apparatiis wbHyofeciobre dnitialdtinimg elgekidffars @stinfiedetds dteeyeastdows 42 and

irst fier.| 0,0f th [ti-ti latj ibed with ,
B Ly -
irfidaptionidg < fihek sfsmic sematettoertiwd fiem doattatiteladoFitage 20 Bhe second

) . i | 4 d .
R e e B R St ARG a0 wnn

appkavedsessioRigiritself, B.ants8vae tiplagtedelafatays: 420 Matie example of
o B N s S L SRS IRE A e cvtoutof
denisieto melationantgsseranstopp lopd rididhifing denttesfiewttréstimator 20,
CWPJI*&Q%%mﬁigggsﬂ%%{&{]%cg%i%%?&)argiosn[age 46 and weighted TO estimate
stage 48 as will be described in greater detail below. A second input to TO
estimator 20 (or, for example, to weighted combination stage 46) is output from
post-detection signal-to-noise ratio characteristic generator 16. The operation
of signal-to-noise ratio characteristic generator 16 is also described in greater
detail below. The output 50 of weighted TO estimator stage 48 comprises the
TO component estimate.

Therefore, it 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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In a MIMO-OFDM based WLAN system, the transceiver signals may be
expressed in the frequency domain using relatively straightforward matrix
algebra. Considering a NtxNr MIMO-OFDM system, where All and A/1 are
the 30numbers of transmitter and receiver antennas respectively, the
N1x1 received signal vector on the k-th sybcarrier may be written as: - 10
- Here y(k)=Gi(k),y2(Kk),..., ¥,,,(K)r , and x(K) is the Ntx1 signal vector

transmitt from nsmitter antenna on the k-th s bcarrier, whic
ol et S ) R, KA S HRRALP cEaoR o (o Gerive the
rgspogselottheffstt suqunenn‘ramndha)utfﬁtﬂaﬁﬁ@t@w aBtements dheahtfement of

R BRI MR CRaE R S dses A pelia Thrdimaiva gk ofset

fwsilhra@vermbdmﬁplﬂirstbg%bw,e 4ystémthwdebadetls of Figure 2, the initial
I R S e T S R S et o csecondtter

is usudlly a carrier frequency offset and timing

rexeieation stagsrittersdiestoilted mismaspdistivesutiiotrddsmitiewand
receiver oscillators or the channel Doppler frequency shift. This is true
also for the receiver sampling clock. There is also usually a 15sampling

freiguracydofishoetviben tampoiteartandfeceiwstsittel view of an alternative
arrangement for the timing clock offset estimator of Figure 1. Again, and when
compared with Figures 1 and 2, like components are denoted by like reference
numerals. The apparatus 10 receives a frequency-domain subcarrier from FFT
stages 12a,...,12r for each of Nr receiver antennas. MIMO detector 18 receives
the frequency-domain signals from FFT stages 12a,...,12r. Again, MIMO
detector stage 18 outputs 2J-Nt pilot subcarriers which are supplied to J-Nt
cross-correlation stages 40a, 40J-Nt where the detected pilot subcarriers are

pairwisely cross-correlated to obtain TO estimates.

Again, the subcarriers are defined by a set of indices having positive and
negative values (+/-1...+/-J). In the apparatus of Figure 3, the multi-tier
correlation provided by correlator 40, 44 is also a two-tier correlation. A first-tier
correlation is a cross-correlation between a corresponding pair of subcarriers
and first correlation stage 40. An example of the corresponding pair of
subcarriers is a positive and negative pair of subcarriers. 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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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 20receiver side are synchronised respectively. Denote the
CFO as Af, , and the normalised TO as 77 = (T' -T)IT , where T and T" are
the nominal sampling period and the actual sampling period at the

syﬁl%rgl analé%s meti?od in Pei-yun Tsai, Hsin-Yu
|

R B o AR o et By seiAaR AL SR e second-

Friequénioy amd-fiencwOkisetfof GigiMd SyStemsexsid-ading shmannelsorrelation
IEEE Trans, OQnVehicular, Technolo 0l.54, Issue 1, Jan. 2005, pp. .
BTt M B & SRR STl WifbseiabBd version of
Oteedd Biyra drivalit dtiaugVideTa Psieerabid. 2Bnth208%(iasithef Figure 3, the delay
S isation model for MIMO- systems), the /[-th received QFDM
SVé}beooriés%?f%?insga#ogﬁ tﬁg gy%%h@fngskgltiox@eﬂ%i E%?‘pg'é deﬂjz}?a%&pm of auto-
showelatiéiysitige @ ieléed tbisTasastietbtizatthgentsmiéon$ipnals0 of which
a d.and lated toform an OFDM symbol xi (k) in the
fr%%ﬁ@ﬁ%%%gﬁﬁﬁ."ﬁ%gﬁ ?f&etiﬁésqgmpﬁ%en Oand pass-band

modulation, the time-domain transmitted signals pass through a MIMO

o o B R PO 6L W Slices an

with sdmpling emoving the guard inte

réfiersetine o ikashmwiphesiniter genfodutaion of éstimeatigethsamptesolick offset
R £ B Y SRR RIS i csmare
I(ldsrived (romkthe Itstkjerrnigtage 40 of the multi-tier correlation as described
with respect to equation (12) below. Weighting factor(s) are applied to the initial
timing clock offset estimate output from first correlator stage 40 to derive the
timing clock dffset estimate through correlator stage 44 and timing offset

estimate stage 48.

The processing of the signals in the apparatuses of Figures 1, 2 and 3 are

explained as follows:

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

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

@

« (...)" denotes matrix transpose transform operation
(...

)" 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 Nxx1 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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(2) where yiis phase noise; N is the number of FFT points; Ng and N, are
samples in the guard interval and the whole OFDM symbol including

guard interval respectively. 20 Equation (2) shows that the distortion of the

k-th subcarrier data caused by synchronisation error includes phase

rotation and the magnitude scaling, s(70kk), respectively. Moreover, the
synchronisation error destroys the orthba nality between subcarriers

resulting in ICI, which is the function of T55(7rOpk) . As set out in Pei-yun
Tb@r&ﬁsir(kﬁf%{\gmﬁfénﬂszm}asmi({e | "Jant\Welighted HeasNSquasiemal vector
Estimation of Frequency and Timing Offset for OFDM Systems over
Faanfrdttchfiory, N HFEamsanteO aAnvehitasap méoRNotbgyy MeaBier)ssbieh, may be
Jan. 2005, pp. 211-223, the definition of s(707,k)may be expressed as: s

s 'éé%rﬁf nit )pkand 7r0 N sin(-) s(R-Okk) = s(z0"k) in the case of p = k

where p and k are subcarrier indexes and Ok -= 77)( p)- k, = 4f T . When

q W?ﬁ(%IWﬁ|kZW5QQ@, )CIA% ggﬁe to 1 and s(77,4) is near zero, and the

The channel frequency response of the k-th subcarrier from the j-th transmitter

antenna to the i-th receiver antenna may be denoted by H, ;(k), and

Hy()  Hyp() .. Hyy (k)
Hy<| B Haa® e Hyy®

HN,,l(k) HN,,2(k) HNr,Nz(k)

and n(k) = (”ix(k)»”z(k)’---a”zv, (k)}r, is a spatially independent Gaussian noise

vector for all receiver chains.

In the- above system model, ideal synchronisation in the 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 7' 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
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5 magnitude distortion and the ICI term may be ignored. Thus, a phase
rotation occurs when the subcarrier sample xi(k) is transmitted. The
rotated phase is such that Ot(k)=-22-rAPIN, Ng)(1+17)T +27k+ Ng)q + col
(3) The first component is the inter-play of carrier and sampling frequency
offsets, 10 and the second component is contributed by sampling
frequency offset exclusively. In the casé Where only timing clock offset

exists, the phase rotation is propaqrti tg the subcarrier index as well as
S S BN 0 Sl A0A0E N8 0 19 b e L o Vol.54,
mesUefﬁcidahmmmdao;iszdﬂimpmmerdtirewsmatiapmmtw;t@@imm{]ﬂ@aivefnhanced
in, practical MIMO systems, linear MIM ctign is employed. This is
p%ﬁegf\asrfyt (R M6k %ﬁ’é}é‘?ﬁg%th ?ae?tée nﬂ]ﬁ\‘l}?em&efraaémiftte%% (for the
rexeichrarisaioas. hivgelr fecaltBOLOBR Magpstakiplicationtio sepsikale OFDM
the data streams transmitted simultaneously, as given by: X(k) = G(K)y(Kk) ,
O O Ok VRIS RBPRSLh SOy P R A ghown i
syanbativedd) baovdetection 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) =I , where | is

an identity matrix. When 25using MMSE, G(K) is calculated from, as
disdasaestmechthatitecziviorratisn Sgralnam elsiods] Bhdnmpsdulated to form

Co TR o s g conprap eeen.
agiRnpass-baeer AIdEREBIVRE gRQQdXﬂ%&npl‘Paﬁgﬁfzt%gy&éﬁgp!:ﬁgésasr éhrough a

i
) 5here No Is noise spectral density. If

(k)H(ké’jr No(k)(5 :

irSEMel &adg hagingl subEhRierd) tiegriveslitusabriticREDMe givehol after

bydfpiidg WithrJshrpling S ! FOSHVE Afhoving the guard interval, may be
represented by N samples. The demodulation of the received samples via an

N-point FFT yields the received OFDM symbols in the frequency domain

Y (k) =exp(2AN (IN, + N )(A+mT +¢,])

x{ 27k(IN, + N )7
exp

2
j TWJH (k)x,(k)s(7gy )+ ICI, (k) + n, (k) @

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(mpy ), respectively. Moreover, the synchronisation error destroys the
orthogonality between subcarriers resulting in ICl, which is the function of
s(7¢,.). 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(7¢,.) may be expressed as:
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negative pilot pairs 1-m,m1 are assumed to have equal distance of K; that
is, the 10 distance between the subcarrier pair having indices -1 and 1 is
K and the distance between the subcarrier pair having indices -J and J is
K. When residual CFO/TO is small, s(7r0"k)is close to 1. In light of these
considerations, the detected pilot subcarrﬁ:s in the /-th OFDM symbol
incorporating CFO/TO and phase noise can be represented as: 15i, (m) =

exp(91 (m))x, (in) +C(m)nl (in)(6) The above equation can be rewritten as
thﬁ(ﬁ@ngwngMndadt equations (in) = exP(./0/ (m))xi @ TO+(m)

in=-1 'J,}f%m(ji@%(fn) =exp( j19, (m))x(m) + Z,N, (m) Here ;,,,(m)
defines coloured noiBe components of pilot subcarrier, m, due to 20
AWGN noise and MIMO detection. This coloured noise component is a
furiovipn ef g MINTOtlok adasel off is krfown that timing offset in the time
domain results in phase rotation in the frequency domain and this phase

rQiAkea is RIRPartiaRaldouRalithe sYBxRATIRTJ 25¢Jnd§>$1aw2)t_ge+9§-DM e=AfT.
symbol index as shown in Equation (3). Thus the phase rotation of the

kit piletrely smbid isntiadl, spegifio spatiakstieamanbserved pishesdiM&o, and the
detector output, can be utilised to estimate the timing clock offset. In this
algetittde tigiarépborrelativn Iis|peror ey dretignpitetsubbariex phgme rotation

frose AMEh detariian Blageds sgtﬁ@fgskgl%r gﬁgh%qﬂﬂggoﬁ'lﬁs?p%{g{é@e Bhase is

in - 14 - frequency domain over corresponding pairs of pilo
sBUeRriats; e.g. pairs with positive and negative indices respectively.
Subsequently, a second-tier au@ﬂ:orrelation is performed in the time
dBriialirr dvef ¥Ae firdt;ieropiT Bitputg, With one (3¥DM symbol delay.

For m=1 to J, the two-tier correlatlon can be expressed as: z (m)
=ie./0103C,)111 (rn).1: (-11)1 7C/ 2 ICNT sr/
The first component is the inter-play of carrier and sampling frequency offsets,

and the second component is contributed by sampling frequency offset
exclusively. In the case where only timing clock offset exists, the phase rotation

is proportional to the subcarrier index as well as the symbol index.

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
utilise matrix multiplication to separate the data streams transmitted
simultaneously, as given by:

xX(k) = G(k)y(k)

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

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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=exp +ei,;(m) N (8) where the power of the known pilot symbol is
assumed to be unity, x11(m) 2 = 1, and ei,t(m)defines a noise component
independent of the useful component. It can be seen that the output of
this two-tier correlation is the exponential function 100f the initial TO
estimate, disturbed by the coloured noise1. Utilising this method, J AT, TO
estimates are obtained for each OFDM'syTQ*nboI. Some estimates may be

seriously.affected. by coloured noise, sg the weighted comhination of all )
e%{ﬁ?]’ﬁ%y%ﬁ%&ea% of %{%ﬁ&%?e a@é?ggﬁwmﬁheé'g%éﬁ?%teg'g%ﬁ;IoJ@B towireless
atemptuoiobtain irsingved!tioieusatynRawingctrom B PgRINedobOVol.1. pp.
1%%%@ lon method is proposed: N 17=arg 2n-KV, J E zu(m)vvi, i=1
m=1 I v

G(k) = (B (k)H(k) + N, x 1) H (k) (5)

here N, is noise spectral density.

If, say, 2J pilots are inserted among N signal subcarriers, the pilot subcarrier
indexes are given by m=-1,---~J+1~J12,---,J. Here, all positive and
negative pilot pairs {-m,m} are assumed to have equal distance of K; that is, the
distance between the subcarrier pair having indices -1 and 1 is K and the
distance between the subcarrier pair having indices —J and J is K. When

residual CFO/TO is small, s(z¢,,)is close to 1. In light of these considerations,

the detected pilot subcarriers in the /th OFDM symbol incorporating CFO/TO

and phase noise can be represented as:
X, (m) =expf), (m))x, (m) +G(mn, (m) (6)

The above equation can be rewritten as the following 2J-N, independent

¢

equations

321,1 (m) =exp(j0, (m))xl,] (m)+ 51,1 (m)
: m=—1~J12,.J . )
“%z,N( (m) = exp(j0, (m)x, y (m)+¢, y (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 results 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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, (9) where w is the weighting factor for the initial TO estimate zis (m). It
may be particularly onerous to derive the optimal weighting factor with 20
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 autotaf]re‘lation, is performed. - 15 -
Iigear MIMO detection, thels)ost-processin_g SNR reliability measure is the

prAMERof AIRALL O YR dh&IiSBIFRSRRLNR RakD RN WIRARIE D €.g. pairs
eslithapers&/¢o @Maiﬁe@@tineeﬁgnb‘é/§i%§'pﬂ?gﬁ@ér?v$- %{@(ﬁ@@d&dyﬁﬁ MIM&:ond-tier
detection is employed, the two-dimensignal (in the spatial and frequency .
SRRSO e el i o BTl SrePhpagrrelaton
poetsutscaitico regMeD I shenfallayeng eqeation: asclgrives fiemi&akeftiation can
. Heath Jr. and Arogyaswami Paulrah, "Antenna Selection for Spatial
?%u?tﬁ)))f&?nsgs &2ms based on Minimum Error Rate", IEEE International
10Condergnce on Commuynications, Vol.7, June 2001, pp. 2276-2280: 1
SE/RI = 10§ [H8 tmJrL(nad#e Niplt Mg, [Li denotes the j-th element

on the diagonal.of the inverse matrix. Since a WLAN channellis (8)
censi rjegrt@,ew -time invigriant, the same SNR is 15applied continuously

for all OFDM 8ymbols in the time domain.

where the power of the known pilot symbol is assumed to be unity, ’x,’i (m)[2 =1,

and ¢, ,(m)defines a noise component independent of the useful component. It

can be seen that the output of this two-tier correlation is the exponential function
of the initial TO estimate, disturbed by the coloured noise. Utilising this method,

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:

Ne ‘
X N ; lez,i (m)wi,m ( )
= arg =5 9
27KN, 5

i=l m=1

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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Since there are 2J N SNR parameters (from Equation (7) above), in the
TO estimation, SNR,,",i=1, ,N,,m=-1, ,-J+1,-J,1,2, ,J, butthere are
only J N, initial estimates of TO output by the first cross-correlation stage.
20Therefore, the fact there are twice as many SNR estimates as initial TO
estimates is catered for by implementation of the following equation: ww"
= minISNR ,SNR(11) where min [if is the WRinimum value function.

25There he timing clock offset estimator is configured to generate _
R NI PO b T SIORAF 5 80 M MIRIE ecteRpeLre is the

sigaedriteturisef raiie elvarartesistisiraloniy PAHE 5 GRSTRERPIHENG SHBRAIIIEIS the TO
air of subcarriers is a positive and negative pair

Q}ggg?ﬁ?ggf%ﬁ ﬂr’%p‘lé%‘ﬁ’t’ggﬁﬁ&rg‘?ﬁéﬁﬂ WRIMRY etk iset estimator

derives respective values 30for the two-dimensional post-linear MIMO

detection signal-to-noise ratio - 16 - characteristics for the positive and .
SRR B MEHEL 572 B RS 2 ek amBolRiep g the spatia
famtar firoquéne ¢ hibraielistys) whithdbesaides SN Fertlhfa bﬁﬁ%ﬁ@ﬁ*\tﬂé{ Ale8ub-stream
5This implementatign means that in the cross-correlation of two pilot .
B HENL RH cRrRATENI%, ST AtGn FURENE RAdGHRm@a prived from
tHedbsestréliableatiatsr. atal tAecafernativei wwmem@EM%%@iop for Spatial
first-tier, cross-correlation is 10generated in the carrelator 40 on the pairs .
oﬁHg' N p%%iﬁ%aﬁa%%mﬁpn Hﬂ%uﬂﬂotgé'[ﬁfca%’f’é?s; a@&é,{@?mat:onal

Conderence on Communications, Vol.7, June 2001, pp. 2276-2280:

SNR,,, = ! -1 (10)

N, B (mH(m) + N, I

-1
JsJ

where, [] ;., denotes the j-th element on the diagonal of the inverse matrix.

Since a WLAN channel is considered to be time invariant, the same SNR is

applied continuously for all OFDM symbols in the time domain.

Since there are 2J-N, SNR parameters (from Equation (7) above), in the TO
estimation, SNR, , i =1,---,N,, m=-1,---~J+1~J1,2,---,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
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(m) = Vem)54; (-m)}= exp .27z-K(1N, + N g)t7\ +(12) Secondly, the

weighted combination is performed in weighted combination stage 46 on

the output of first tier correlation stage 40. Here the weighting 15factor is

derived from the post-linear MIMO detection two-dimensional SNR from
characteristic SNR generator 16 as given by: z1,, (n)w" = (13) | and wirn =
mintSNR,.",,SNRi. 20Finally, the second {1& -auto-correlation is performed

on the combination oytput of weighted stage 40 with the delay of one .
oﬁéﬂﬁé‘gﬁﬁ{ ﬁéﬁ%ﬁéftﬁ%geeﬂmavgd%@ i9eGateenals gfverrtseragiing subcarriers
2 aid Jetletnteb the weigrta gRtdharsignte apririRedoRAYERAY BSesser of

ter understood with reference to Figure 4. Referring first to Figure 4a,

b
the' procERCiidryres-

This implementation means that in the cross-correlation of two pilot subcarriers
with different SNR, the estimation reliability is dominated by the less reliable

data.

In the alternative arrangement of Figure 3, a first-tier cross-correlation is
generated in the correlator 40 on the pairs of the received positive and known
negative pilot subcarriers, as given by:

. . _27Z‘K([NS+Ng)77
2y (m) = [xl,i (m)xl,i (”m)] = exp(] N ] te, (m) (12)

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 Zy (m)wi,m

X == izw (13)

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

im? I,—=m

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:

A

T KN

)

arg(z, 77,) (14)

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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step 100. At step 102, FFT stage 12 performs a Fast Fourier Transform on
the - 17 - received time-domain signals. MIMO detection module 18
performs detection on the MIMO-OFDM signal at step 104. The resulting
signals after detection at step 106 are frequency domain post-detection
signals with residual TO. The subcarriers are represented by Equations
(6) and (7) above. The 2INt 5 subcarrierd are output by MIMO detector 18
to cross-correlation stage 40. The output of auto correlation stage 44 is

thE KSR BRam sivraiby MoAgipcirapatide At&tepriorn)s detection
therposi-tieMCHOFOINRsggnarataidp dedvesioerpeskineaigMiM Qfter detection at

dg&[%ec%tiq i%nal-to-noise ratjo characteristics for a pair or pairs of

SRR SUBEHRTSY, CRTERA BT SRGHRR SONURMBresi8upbTO. The
eslilnateradf daryes e yupighting, factantid ragange it tion .
11 given :above. At stg}p?lm TOrlg}étimtgll'sg\frt ggﬁ;ﬁeﬁ%@e é\?ejjrivthé%%%' The 2JNt
WEGHY TR RPs9 HARE DHidAIMO detrsias TBdecerastres nplationatencod0. The

alonBuLof AR HDatlEH asigralnr RONeTNRS R EBRALEE T PRAAHS equation
defined by equation 9 given above. The algorithm ends at step 118.
F%yr@tlféy qé h‘%

Lt STV i thRsaRRt R estine SNFaegnsetmiglicerives the
Thesineesermat-igetectBrstasig i slemanR £5ih Bttt EFdriS pair or

performe%d on the received signals along with MIMO detection at steps 132
aRG' 13 T EAPESRAY NP CURSS. B dainse RueReyalinnalfA post

detection signal with residual TO is achieved, the subcarriers of the signal

being, defi y-equations (6) and (7) above. 25 In the alternative '
PR b of P IR R e HEF Lo S e EHRed A egibAqaargance wit
isepgridonediagaien bbby, comelais stage #0 ALaMRAD0VEKIIEE the derived
comtﬁyftlon st?ge A)G derjves and aﬁ%llses weighting factor(s) in _ .
(ARG (R g&ua‘ﬁ’o#ﬁ&*}"ﬁ%v s atBeRiently, 3eEEsIg-twith equation 9
caitselation 30 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. - 18 - The system performance

My stecontHeTa! st AHRMPIQHERRY BaspAIMVAYN SyStasBtRARie Mefined by

T tial st t itted MIMO fadi h | with
OB HE RG] BB By LT PP Eh R Bing (SDM)

techniques. Convolutional codes with different puncturing rates are

ted., The detajled ification | d to the WLAN
o A HAT AR S o BT b he BRI e 3. The
Qumoserdisiof Figlicad®) stéttd AtlesemBer 28edin2PRfuréype, RVER®P is performed

fading channel model "IEEE P802.11 Wireless LANs TGn Channel
S RN B b, AV Job A &le-RIGyeR TP hd 32 and 134

syssprctiediytmagein] GainssassTBeNntt e ereqieimy castigiagestigidtection signal

Iig\ﬁ r?érsaéu%q Beigisatgﬂ%% ggtm(ﬁena jacent antefn as is a half carrier
waveleng% : , 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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In the assessment, the residual CFO of 1000Hz and the TO of 40ppm is
assumed. The least square MIMO channel estimation without smoothing
and 15 MMSE MIMO detection are adopted in the receiver, Moreover, the
Viterbi decoding with trace-back length of 128 is employed, Two CPE
(common phase error caused by residual CFO) compensation schemes
are considered in combination with the di€losed methods. In a first CPE
c?{rﬁgens tion schgme, CPE is estimated, averaged and compensated for
0

e BAERBr BREPBRESI GBS FRHFSEEEN T nfethtdl, MMSEPPM based
sytibaNsyivides hsimf&w&rﬁ'vﬁ@%b@lt;@ %ﬁ%ﬁ@%é&%@;ﬁ@h%&‘%ﬁr a MIMO
int, and the CPE is estimated and compensated for segmentby
TP b el R VT T R H RABR cPor IS el dvision
ohthétipkerisgl¢SBDOstatetrLlia) SOEhWsigtedITE@ssnarrtHrarthtsuncturing

tional un-wej d estimator are shown in Figures 5 and 6
8 A B SR o RS AN RREHU P o efdraEEcr e the WLAN

respec J
c8a24 for thimditatdsedaetEYIOViH ThPERE spapresedian ferihervbalewireless

S | are given,in the figyr lopg with curves for the method with CPE _
oS B o ] 22 EAE o G o bR MIHO facing
refmamlelbankydadiﬁﬁﬁﬁﬁhﬁ’l&m@.msmw@%tim(s)r@ﬁ-mé?fﬂ‘ii(émﬂodels”, doc.:
c t] n-weighted estimator when djfferent CPE tracking
scﬁé%]e@abr% Zp%?{@g Br% db%( o%%@%r,aﬁ%n? [ﬂ@kﬁy BerBrish Y figiRe stformance
cassesseemthatThe pfermancenBgurativbetieravhasde Pirisy andf theh distance
c ed for ent by segment than the CPE compensation for the
W%%%%ﬁ%@%?/%iﬁ%%ﬁg? il W{igaéﬂg&\%ﬂ’ﬁ CRflual TO. Since

the TO causes the phase rotation proportional to both the 5 subcarrier

index.and QF mbgl index,.th e rqtation fqr all subcarriers in ,
orlrﬁe @%D%ﬁ%s%gn%%é ngﬁhreegg%ago%}feéthg%rae%s@%ﬁ% érgtigﬁ‘f. #er{?m%e‘mppm IS
GrBEWoRthenBatde asigsaeard\idiMhemtaramcs wstematioly éthdlettemoothing and
resi ven better performance. 101t will be reciated . )
tﬁzﬂ%g i-rﬁ@e“ag)gr%} égéscﬁggnaégsgﬂgggegy Way 6t é%%?é-oﬂ)@géﬁa%i&@ Viterbi
nesgitidinip métmitp te- bealidaogtiedht@gtisnevithioyede parin G RENIGBMMOnN phase

A e RO o 0 b AR AR cer
copmiimitiativnitbitnald s cssphnadtis atenphisiadirSaGRIb abiopaisatiaioscheme,
g@ﬁ@%@%gﬂmgﬁfda@eg%@&aé%g ngrgwapl)i%(s)gpévg “for on the basis of one OFDM
symbol. In the second method, one OFDM symbol 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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dimensional post-linear MIMO detection signal-to-noise ratio
characteristics of the MIMO-OFDM wireless communications signal; and
a multi-tier correlator configured to generate a plurality of multi-tier
correlations, the apparatus being configured to derive an initial timing
clock 10offset estimate from an output of a tier of the multi-tier
correlations; a timing clock offset estifator configured to generate a

weighting factor from the plurality of two-dimensional post-linear MIMO
ARG AT M ROR 055 BAARS ATHIRS 4neAtd Bbyig eReloRightime formance

fastontelihpdeisialitiRin CrEEkDiseh SeHRAERhSF e Ip SSIBREIS®ent than the
ti?g% clock offse _cog&onent. 15 2. Apparatus according to claim1,
w B

ifHEPRA MGiVRRle CSRL sivaiRshs SisdpciRdRsae #ffect of the
phesititys0 fRObCagIiRss, tABdTiEdiNEG Aos opiiset RIURBHOB S NEAWEE both the
to generate th Weelﬁ{al mor from two-dimensional post-linear MIMO _
SRR REE AT exaeldnees foe ReRrsairertRdspampcarors
subcareieDf: D Aypaiballis aesoringdmelaimod weersiidhis PRt Thus the
s&;lgrggrs IS |nd<§xed %y a s%;r%yndlces, the set of indices having .
positive ANK REGALVR VERDEN Y FRAGRThEImitg erRSiBivsBaadipntprresidual
isT€o rfifpoteld tegendratie r 2= thamweatging factor from two-dimensional
post-linear MIMO detection signal-to-noise ratio characteristics for a
positive and negative pair of corresponding subcarriers. 4. Apparatus
altoiltiing applavicdewteaeiméhinvionitigrelosk pset @stomed B ivay of example
cg%}gg%j to derjsve re(zs:ltPecEive values for each of the two-dimensional .
postinar M JERUISAUS SN RY R fs IR ihing Rk y¥itheut departing
pbisitiviharspinit gati/ e quaiie aff cber espastied sidiessriers, and to generate
the weighting factor from the characteristic which has a lesser of the
respective values. MCSLLP -21 - 5. Apparatus according to any
preceding claim, wherein the timing clock offset estimator is configured to
generate a plurality of weighting factors for a plurality of subcarriers and a
plurality of spatial streams of the MIMO-OFDM signal and to apply the
plurality of weighting factors to a plurality of initial timing 5clock offset
estimates thereby to estimate the timing clock offset of the MIMO- OFDM
signal. 6. Apparatus according to claim 1, wherein the multi-tier
correlator is configured to generate the multi-tier correlation by generating
a first-tier cross-
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10correlation of a received subcarrier pair having corresponding indices.

7. Apparatus according to claim 6, wherein the multi-tier correlator is MCSLLP
configured to generate the multi-tier correlation result by generating a
second-tier auto-correlation of the first-tier cross-correlation. 15 8.

Apparatus according to claim 6, wherein 28 multi-tier correlator is

configured to generate the multi-tier correlation result by generating a
sdel@HBier auto-correlation of a weighted first-tier cross-correlation. 20
9.Apparatus for estimating a timing clock offset component of a MIMO-

OFDM wireless communications signal, the apparatus being configured

ol ¢RRRRAREUS plafaREf BTalRg dnfinienslstaifaalr sammonRe @ibs MIMO-
sigiEbiP WREESIUDATIARGEARIHS Gh Hae MIMSS U DMVEERIRSRing:

communications signal; 25generate a weighting factor from the plurality of

two-diméhgieRal-fosto e inmrosiatecfon irardibranseairoa plurality of two-
charasteiistiss paenarriaranpiNeliycet nuli-HRyAS Al ratio BRHVEcRYistics of

initial timhhré; clock offset estimate from an output of a tier of the multi-tier

cdhe MM QREMoUBEIF SR RBImISAHRAS Si9RR) iARRI timing clock

offset esimatatthrieoieRstBnatetng BN SlQfEdnelise! COMMNRER- of multi-tier
MCSLLP -22 - 10. A method for estimating a timing clock offset

cSABBIRERNSs 4% NBRAERINEuRRING CEBHaHIBL480AE 416naN thtiRktiping clock

CAgsisi@imate from an output of a tier of the multi-tier correlations:
a timing clock offset estimator configured to generate a weighting factor
from the plurality of two-dimensional post-linear MIMO detection signal-to-noise
ratio characteristics and to apply the weighting factor to the initial timing clock

offset estimate thereby to estimate the timing clock offset component.

2. Apparatus according to claim 1, wherein the MIMO-OFDM wireless
communications signal comprises a plurality of subcarriers, and 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.

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.
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generating, with a signal-to-noise ratio generator, a plurality of

two-dimensional post-linear MIMO detection signal-to-noise ratio MCSLLP
characteristics of 5 the MIMO-OFDM wireless communications signal;

generating, with a multi-tier correlator, a plurality of multi-tier correlations;

deriving an initial timing clock offset estimdate from an output of a tier of the
multi-tier correlations; controlling a timing clock offset estimator to
generate R RASRINGEN G S50 ND TroA @ iRERdiftoftaiBLdWRersiBhane timing clock

PRsiieasMIME detesHAg HEAablgaIiss:EAte HRAKISISHRI P factors for a

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

toRddEROihRUSAT D A St Se PRERIPY rdnePatialr A eAgIR oel dha MVO-OF DM
1QighaIapthes sepnprising (resilyie RdYMBy S RSrDM Wits|gssity of initial timing

communications signal comprising a plurality of subcarriers, the metho
furtREK QffpptieRi iR ivig YR GRIMAte e dininsctlestinedicr! withe MIMO-

weigima igeipr from two-dimensional post-linear MIMO detection
signal-to-noise ratio characteristics for a pair of corresponding subcarriers.
20 12.The method of claim 11, the MIMO-OFDM wireless communications

signal compprasitasubcasrgisgneexadify a selrbiagicesethaset®lr correlator is
indices having positive and negative values, the method further

cHTIRHEGEN SRR IRt D WRy QBieFHn byiaensrating eflptitigr cross-
fagtpreraio e 4liesriend nesirdeigsiipn SIgRgIdonaisedati®y indices.

characteristics for a positive and negative 25pair of corresponding
subcarriers. 13.The method of claim 12 , further comprising deriving, with

the, timingspeektofselcesiidiateridespaetive valHerdior eashalith&ier correlator is
two-djmensjonal gost- Iineﬁr MIMQ detection signal-to-noise ratio

CIFQPHIAHIRAAS 18P iR s G RN -S6h AR/ Rl Gt RY S ARIng a second-

sitieetiRrSonl-aRnesiting hetweiokribag-astas digsn the characteristic
which has a lesser of the respective values. MCSLLP - 23 - 14. The

method of any of claims 10 to 13, the method comprising generating,
8. Apparatus according to claim 6, wherein the multi-tier correlator is

configured to generate the multi-tier correlation result by generating a second-

tier auto-correlation of a weighted first-tier cross-correlation.

9. 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;

generate a plurality of multi-tier correlations;

derive an initial timing clock offset estimate from an output of a tier of the
multi-tier correlations; and

apply the weighting factor to the initial timing clock offset estimate

thereby to estimate the timing clock offset component.
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with the timing clock offset estimator, a plurality of weighting factors for a
plurality of subcarriers and a plurality of spatial streams of the MCSLLP
MIMO-OFDM signal and applying the plurality of weighting factors to a

plurality of initial timing clock offset estimates thereby to estimate the

timing clock offset of the MIMOOFDM sigiat. ~ 15. The method of claim

10, the method com risérg_gen_erating.the multi-tier correlation result by
geieratify AAREdeloEreSiIRGBR R IBIRor<dere PTisstisnmaneal of a MIMO-

hayinamvatiesess divghndiseatidkd Jigpdnetheddsliaimtdmihsineethod

comprising generating the multi-tier correlation result by generating a

second- & RIESRSrrdihoR of iRAtorteiserdsdieorengigton sa1piurally of two-
matheh SbaEIPoLR. e fINAD COSOEIRING JRMIRING Shs il iaracteristics of

correlations result by generating a second-tier auto-correlation of a

wiiSAN LN W Iesstaliamusiealians &ibalfor estimating a timing
clock offseiepmipRnentiobaMdi fer@bRPMbre e S FAMUNIABIRDET correlations:

signal, the method comprising: generating a plurality of _
two-dim&RHYR 683%%5?wmﬁcm&!@eﬁ@ﬁg@m%&@@r%output of a tier of

chaeagignisties € rikkgahMdbME)-OFDM wireless communications signal;
25generatin lurality of multi-tjer correlations; deriving an initial
timing cl88f396@§%9e§t i ﬂ?lér?%ﬁ‘ﬁgtﬁ%mﬁ’f@lc & BeNfiAtearweighting factor

carepfatianpluraligeortadngdim i g Retthéaminedluedstioh signal-to-noise
two-dimensional post-linear MIMQ detection signal-to-noise ratio .. . .

AR R AELSA IS BRI R WS M RN 6 8t hhg hifiabtiming clock
clofsstftsstiraatinater Sisr eb e stistiengle ihe tigningcrlesfs effseinponent.

component.
11.  The method of claim 10, the method comprising receiving a MIMO-
OFDM wireless communications signal comprising a plurality of subcarriers, the
method further comprising generating, with the timing clock offset estimator, the
weighting factor from two-dimensional post-linear MIMO detection signal-to-

noise ratio characteristics for a pair of corresponding subcarriers.

12.  The method of claim 11, the MIMO-OFDM wireless communications
signal comprising subcarriers indexed by a set of indices, the set of indices
having positive and negative values, the method further comprising generating,
with the timing clock offset estimator, the weighting factor from two-dimensional
post-detection signal-to-noise ratio characteristics for a positive and negative

pair of corresponding subcarriers.

13.  The method of claim 12 , 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.
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MCSLLP

223 -

14. The method of any of claims 10 to 13, 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
clock offset estimates thereby to estimate the timing clock offset of the MIMO-
OFDM signal.

15.  The method of claim 10, the method comprising generating the multi-tier
correlation result by generating a first-tier cross-correlation of a received

subcarrier pair having corresponding indices.

16.  The method of claim 15, the method comprising generating the multi-tier
correlation result by generating a second-tier auto-correlation of the first-tier

cross-correlation.

17.  The method of claim 15, the method comprising generating the multi-tier
correlations result by generating a second-tier auto-correlation of a weighted

first-tier cross correlation.

18. 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 plurality of multi-tier correlations;

deriving an initial timing clock offset estimate from an output of a tier of
the multi-tier correlations;

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 the initial timing clock offset estimate

thereby to estimate the timing clock offset component.



