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M ERY | N AN OFDM SYSTEM Fi el d of the
‘mm mm present invention relates to an
; receiver and a nethod for timng

recovery*in an OFDM system and particularly for
sanpling timng recovery inplenentation in a
M MO- OFDM system for w rel ess ' comruni cati ons.
Background of the invention M MO OFDM technol ogy is
extensi vely enpl oyed in high-speed Wrel ess Local
Access Netvvorks V\LAN) such as | EEE802. 11 n, nobile

AN AE TR, MEB; l&NDaA ME'HH@D FOR TIMING

Br oadcast i ng sys
OFDM i s robust in = C .
wth a rel atlvely | ow i rrpl ementatl on cost and high
bERieddviod ithe éhvemtiemcy. Mreover, M MO takes advant age
of nultipath propagation to increase t hr oughput ,

AeiRRees: GRanuSH brlbie g apPerdlians FRrUEhaioR method for

Sty Fe ORIy t |Hea§3(UPDM %%%‘FYaﬁBa@é}ﬁbulaMI'\@r sampling timing
provi des a neans of doubling or tripling spectral

efeidoyeB c ympiEmeentstion naini oa  HHIM®-H RiMd eysmm for wireless
rOVI des | ow cost i nplenentation
p§$$ﬁ-lc%lﬂcar§\°% for high data rate conmuni cati ons.
However OFDM i s known to be vul nerable to
sBackarourdiof tine divertion whi ch  can cause inter-carrier
interference (1Cl) and degrade system perfornance. In
stens, the synchropi

 MG-DE LN BpBur s EsbRYy ToRIEHFS s BloPotpesiky Wreless
tLé‘&élgAbééé’s’eNé‘tv&d?ﬁé WLAN‘)tE&]E é"l smt n,SYele cellular

synchroni zati on and sa roni zatl on.
Syaems WIMAX, and Dlgltal Video Broadcastlng systems (DVB-T). ltis well

known that OFDM is robust in frequency selective fading channels with a
relatively low implementation cost and high bandwidth efficiency. Moreover,
MIMO takes advantage of multipath propagation to increase throughput,
range/coverage, and reliability. By 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 synchronization errors, which
can cause inter-carrier interference (ICl) and degrade system performance. In
MIMO-OFDM transmission systems, the synchronization tasks include carrier
frequency synchronization and timing recovery that is further divided into
symbol synchronization and sampling clock synchronization. Symbol
synchronization finds the correct position of the Fast Fourier Transform (FFT)
window with the aid of the dedicated training symbols. The purpose of

sampling clock synchronization is to align the receiver sampling clock

T
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synchroni zation finds the correct position of the Fast
Fourier Transform (FFT) w ndow with the aid of the
dedi cated trai ning synbols. The purpose of sanpling
cl ock synchronization is to align the receiver
sampling clock 1IFLEEELEEEEEErrrrlT~ *@0007* 2
frequency to that of the transmtter, that is, the
sanpl i ng phase drift should b correctly recover ed.
There exi st many publications dealing with timng
recovery for OFDM M MO- OFDM recei vers. Exanpl es of
these are: [1]. Haing Mnn, Vijay K Bhargava, and
Kﬁ@ngan@eto thett of g1 trapsmistausthat T, fihergampling pdaserdrift should be

for (J:DM Systems | EEE Trans. On
PE@?}@&%P& Vol . No. 4, July 2003, pp822-839.

[2] M chael Spet h, Stefan A. Fechtel, Gunnar Pock,

aftiere erist aiari\ﬁplnbllcat@as idesalimdRed Nmrn@&ﬁjogéryf for OFDM/MIMO-

W,dﬁélﬁss Broadb }/stems Usi ng OFDM Part |", |EEE
r@ﬁe'eBFﬁn plesof these are” Novenber 1999, pp1668-

1677. [3]. Nguyen Duc Long and Hyuncheol Park, "Joint

Frne 4k h Zjat i S| f
N;ﬂ. Hﬁbg% wﬁﬁ wa&ug grP%é LS ﬂttﬁgpﬁlagn§éﬁqrégtaréf % Robust

FTUB@Qsamig meﬁwofvaonlaatlcgyﬁtre(aﬁDM SpsiesYOZEE Trans. On

pilieles E9mma o2y Ko, SRnopd bbecariag 007 Ser

I mpl ement ati on and Eval uation of Miltiple Input

I\/[Q]t Il\mbhaélJSpleth OStéTagOAalFecﬁte&qmyar DPytksi afd Heinrich Meyr,
l\/LJ I exing (M M- wstem | EEE Proc.

R &?&P'V@ér@%?'%cf@f irelgssnRipadeansh Systams|Uy)g OFDM-
'ﬁ@ﬁ POPBEEVPtars. OAREShT V1 4PING48; AdRmber 1999, pp1668-

1677.

[3]. Nguyen Duc Long and Hyuncheol Park, “Joint Fine Time Synchronization
and Channel Estimation for MIMO-OFDM WLAN”, IEEE Proc. Of Intelligent
Signal Processing and Communication Systems, ISPACS 2004, Nov. 18-19,
Nov. 2004, pp463-467.

[4]. Seok Ho Won, Deuk-Su Lyu, and Hyeong Jun Park, “Physical Layer
Implementation and Evaluation of Multiple Input Multiple Output—Orthogonal
Frequency Division Multiplexing (MIMO-OFDM) system”, IEEE Proc.
International Conference on Communication Technology, ICCT 2003, Vol.2,
April 9-11, pp1348-1352.

[5]. Chi-Yeh Yu, Zih-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-Fag/lc Conference on Circuit and Systems. Dec 6-9,
2004, pp205-208.

[6]. Aliert van Zelst, and Tim C.W.Schenk, “Impiementation of a MIMO OFDM-
Based Wireless LAN System”, IEEE Trans. On Signal processing, Vol. 52,



[5]. Chi-Yeh Yu, Zih-Yin Ding, and Tzi-Dar Chiueh,
"Design and Sinulation of a M MO OFDM Baseband
Transcei ver for H gh Throughput Wreless LAN, |EEE
proc. O 2004 Asia-Faqg/lc Conference on Crcuit and
Systens. Dec 6-9, 2004, pp205-208. [6]. Aliert van
Zel st, and Tim C. W Schenk, "Inplenentation of a M MO
OFDM Based Wrel ess LAN Systent, | EEE Trans. On

Si gnal processing, Vol. 52, 3 No. 2, February 2004,
pp483-494. [7]. Shou-Yin Liu, Jong-Wa Chong, "A Study
of Joint Tracking Algorithns of Carrier Frequency
ONps3d: Febryiaga @04 ep4d304%4.Or f set for OFDM based
WLANs, " | EEE Proc. X Communications, Crcuits and

t : S ' i . .
ST BA N SorgShE G1aS" L 8TE dflork TRB Bgprinms o
LEbmiezf F réqugmcyS.OfﬁmngngaS@nﬁ{lingaeroﬂaoOffsétT ifor NQFDM-based
A B, Bros QR Bieelohs, CoHIS Bnchsystems and West

, - - Pei (lfRk4 Hsin-Yu
\oho cAMmRRTATY, fakizs! Sy Palprig TR,

Squares Estimation of Frequency and Timng O fset for
8pguenEngy dkhaled Baty LetmefnRoger .EEReny.aard Zhigang Cao,

o it Becdf er KRpM Hrasg 81 FFEE yoffal Bigaiecten Areas
Vihr@bressuriisatioms| Vo 8 ANb1i1e NovQr20001 pg22782gember
23th, 2005. [11]. "IEEE P802.11 Wreless LANs TGn

] Nbdel s, dqe.: | EEE 802, _ 11-03/ 940r 4,
O APERBIE TSR Hsiey o Kang o1 (/D5 G ety olouitydlafited Least
PSQRARIEE dtin SHIE bt ¥rf @y idhd Tihﬂﬁ%‘éﬂ‘fcﬁéit HSr @F@M'S}%tems over

phase and stably tracking'the tim ft wth a’low
coagihexChanrels UdEBE floans On ¥ehibolar shaobnotngyz Afdl &4, Issue 1,

(3456 2095, BE2iP233t he

[10]. “EWC HT PHY Specification”, Enhanced Wireless Consortium
Publication. V1.27, December 23th, 2005.

[11]. “IEEE P802.11 Wireless LANs TGn Channel Models”, doc.: IEEE 802.
11-03/940r4, May 2004.

However, a majority of the work addressing the problems in quickly acquiring
the varying sampling phase and stably tracking the timing drift with a low
complexity actually focus on symbol synchronization [see for example the
publications by Hlaing Minn, Vijay K. Bhargava, and Khaled Ben Letaief,
entitted “A Robust Timing and Frequency Synchronization for OFDM
Systems”, published as |IEEE Trans. On Wireless Comm., Vol.2, No.4, July
2003, pp822-839, and Michael Speth, Stefan A. Fechtel, Gunnar Pock, and
Heinrich Meyr, entitled “Optimum Receiver Design for Wireless Broadband
Systems Using OFDM-Part 1", published as IEEE Trans. On Comm. Vol. 47,
No.11, November 1999, pp1668-1677.



publications by Haing Mnn, Vijay K Bhargava, and
Khal ed Ben Letaief, entitled "A Robust Timng and
Frequency Synchroni zation for OFDM Systens",

publ i shed as I EEE Trans. On Wreless Comm, Vol. 2,

No. 4, July 2003, pp822-839, and M chael Speth, Stefan
A. Fechtel, Gunnar Pock, and Heinrich Myr, entitled
"Opti mum Recei ver Design for W rel ess Broadband
Systens Using OFDM Part 1", published as | EEE Trans.
On Comm Vol. 47, No.11, Novenber 1999, ppl668-1677.
4 Many sanpling frequency offset estimation

aMgoyi samplingi fieayenay pffeat eistimatipn eglgenthymefipindly with carrier

- RendA et Sy iAot BgtesE s NG o s ingtead of
t redoveryTRselel fonaskandisle qlublisatibrise[8] todV kedrtinflet ebvve], and few
ef fici entlé_‘eto integrated circult inplenentations

sWetksnlends them effipienty taunirorated Gredit Impipmerigtans suitable for
d = ased sanpling clock recovery schene

i ?@%?%glgis%gl Hl)r%eteﬁg publicati on by Baoguo Yang, Khal ed

Ben Letaief, Roger S. Cheng, and Zhi gang Cao,
eAtnen-edherentidetpyRocked igor base-BaNTDIing dcks renovery scheme is

CHRRIRPadei Bk uryispiiars o5 REBaus’ YaBg, Riigsh Hof Letaldt, Roger s.
PORERG: 27D Zhighhg Cad esmitidasTImibgRedbviehy for@PDMCRtdn@mission”,
i nproves the nean square error conpared to commpn
cbublishgdi iprthadER&ddournahaf Belesited Aseas i komymunigations, Vol.18,
g Cf ¢ . _ o
ol L 1964, 2008, RY7E2281; he SERhBLyeseEHE i, pupyication
pietiprovesniee meamequareperrbr cohmared it conwn&iNRRoarethtion methods,
mul ti path fadi ng channel s due to its%goaré%dghase
dPREFEiArRAPi ERCKING e (HIMING AT CRYSeRidyhtedSarRRYRg frequency
SoHseeS HOWdVER! it§ afuisifidr i$sIdw CANE Hatkigf pBFomREnce is poor
sanpling frequency offset in OFDM systens”i S proposed

i particglaplyldn il@atSN)% mpdipath fadingachamigis dve tedisgcaanse phase
Téljsbrrlbr%rma loinuﬁamit%rrﬁ itled "Joint Wi ghted

A jointly weighted least squares estimation of carrier frequency offset and
sampling frequency offset in OFDM systems is proposed in the publication by
Pei-yun Tsai, Hsin-Yu Kang and Tzi-Dar Chiueh, entitled “Joint Weighted
Least Squares Estimation of Frequency and Timing Offset for OFDM Systems
over Fading Channels”, published in the IEEE Trans. On Vehicular
Technology, Vol.54, Issue 1, Jan. 2005, pp211-223. Although this algorithm
derives the optimal weight factor and can achieve near the Cramer-Rao low
bund in the variance of estimation errors, its complexity is very high and it is
not suitable for practical application. Moreover, its accurate estimation is not
integrated with an efficient PLL implementation. Thus its acquisition and
tracking performance are not promising due to the high dynamics in the

estimator output or the loop filter input.

Thus there is a need for a system and method which ameliorates or



Least Squares Estimation of Frequency and Ti m ng

O fset for OFDM Systens over Fadi ng Channel s"
publ i shed in the I EEE Trans. On Vehi cul ar Technol ogy,
Vol . 54, Issue 1, Jan. 2005, pp211-223. Although this
algorithm derives the optinmal weight factor and can
achi eve near the Craner-Rao lgw bund in the variance
of estimation errors, its co exity is very high and
it is not suitable for practical application.
Moreover, its accurate estimation is not integrated
wth an efficient PLL inplenentation. Thus its
asupstantiallyrovengomes dlok Bhgvereeniionashdisadvantages.

prom sing due to the high dynamcs in the estimator
output or the loop filter input. Thus there is a need
for a system and net hod which aneliorates or 5
substantially overconmes the abovenenti oned

dSsadnary efitlse invantiomy of the invention In general
ternms, the present invention provides an apparatus and

T 8, D SRSl G5 SR oo or

| ﬂﬁalmd qepovsty M ano-CFDRNSySea, BBeH NagNa |I\V|Hw®| UIFC[NVI system,
estimator as s timng offset discrimnator. According

t BOEPFiSINGt a Abjsd cardgr phase Ppels dorp iandedt twondimansional maximum
POV very in an OFDM
CHBE SRRl Sliting Biredt OIS Tol Toop (PLL)
conprising: a Fast Fourier Transform (FFT) stage for
rAcecbmilmgg ta mlfrrmalaspéct of bl m’egalaﬂ sventibhethereres provided an

in an% ttrans orm oneﬁﬁ__r I@D of the nunber of
|ﬂBlBﬁ"a§li"i>; Al 'E‘“E‘%r?“rfé’ gy A PYGYaiem CORPTSINGor e of
the nunber of input signals having an associ ated

sanpl i ng fr gqniedeydetphasBasek Rog (PRIPEbSIpAging: nunber
of synbol s, the Fast Fourier Transform stage being

arranged to a a Fast Fourier_Transform process to
one or nored aqtrf@qﬁlgﬁgéansjprm KpGT) stage for receiving a number of

input signals in the time domain and transforming one or more of the number

of input signals to the frequency domain; one or more of the number of input
signals having an associated sampling frequency and phase and comprising a
number of symbols, the Fast Fourier Transform stage being arranged to apply
a Fast Fourier Transform process to one or more of the number of input
signals, the Fast Fourier transform process having an associated window of

operation;

a phase rotation stage couplable to an output of the Fast Fourier
Transform stage for adjusting the phase of one or more of the one or more

transformed signals;

a frequency offset estimation stage couplable to an output of the
phase rotation stage for estimating frequency offset between sampled signals

to provide one or more frequency offset estimates;



signals, the Fast Fourier transform process having an
associ ated wi ndow of operation; a phase rotation
stage coupl able to an output of the Fast Fourier
Transform stage for adjusting the phase of one or nore
of the one or nore transformed signals; a frequency
of fset estimtion stage couplggle to an output of the
phase rotation stage for estirmating frequency offset
bet ween sanpled signals to provide one or nore
frequency offset estimates; 6 a first accunul ator
coupl able to an output of the frequency offset

esti mati on 8tfiasgfeadcomuiaton saiplablegtorareouimet of thepirequency offset

cSSNERL s Bo=3Rt afeUhiBRS o Bpp LRER TirelehEy offspppstimates:

stabilizing the phase | ock | oop; a second accunul at or
coupl abI e ta Iaw paspfilterodouphebié dwv grassatput iof tkes fitstraccumulator
a atln %%Jtﬁ gf the | ow pass filter; the

'%'&QJ QS&iloRPar r anged to control phase

rotatlon in the phase rotation stage; and a controller

stage for canidcehnli Acurhibits @%‘f}%bléttsdaﬂ\ﬂdukpdtr@f the low pass
w ndow of operation of the Fast Fourier Transform

pliltereios agppmudatingyoutputs phine lyuppes fiitestbe sarosdaagsumulator

cBRBE bGP B LA TR Theb Rl gt g

to generate a t| me recovered out put signal. In a

first prefeareontesifzpdstaget fort bentroltng etiraingofassetiated with the
estimation stage conprises. one or npre Fast Fourier

TiOM, o apesgiian &f the Jaast tfpuries of rapstosms peessst arpfiednby the
aﬁé&”?@uﬂér FrhR&iBinie&taBB the RRBhY Scdimfliaf?UbéiRG arranged to

Transtorm
control the controller stage;
the first accumulator being arranged to generate a time

recovered output signal.

In a first preferred embodiment, the frequency offset estimation stage

comprises:

one or more Fast Fourier Transform stages arranged to receive
a signal from an antenna of a receiver and to apply a Fast Fourier Transform

process to said signal to provide an output signal;

one or more cross-correlation stages for correlating one or more
outputs from the one or more Fast Fourier Transform stages and for providing

one or more cross-correlated output signals;

one or more first summation stages for summing the cross-

correlated output signals in each antenna channel;

a second summation stage for summing the one or more

outputs of the one or more first summation stages;



process to said signal to provide an output signal;
one or nore cross-correlation stages for correl ating
one or nore outputs fromthe one or nore Fast Fourier
Transform stages and for providing one or nore
cross-correl ated output signals; one or nore first
sunmati on stages for sunm ng e cross- correl ated

out put signals in each antennd channel; a second
summati on stage for summi ng the one or nore outputs
of the one or nore first sunmation stages; 7 a
further stage for determ ning an average phase

d| fference Beluriden si@@%ef@mdaterr@ymoae avemganpbampuilfference

vk T gcg’wé%gg%"%ggﬁ@ﬁ%%?e o‘ﬁl{tﬁﬁf Sﬁ% g%h & second

fsmmhmtlonaitag;@ dr extracting the phase of the one or
nore cross-correl at ed output signals and to generate

ti mated fre ency of In a secon
SPe?Zrlred ei’rﬂﬁlﬂ u:e]ﬂ(r:’aqtlﬁg B%%r%gyﬂg%f%m ﬁ@rO‘étBHbe%@ further
astifgdor A8 Rfetihg that &Héfsé:%‘f‘ﬁhé‘%?e BeIME c?s% e&?eusfed output
noreé Fast Fourier Transform stages in t requenc

osifjpals anst forgaresatesamgetimated mnplmgs&e@mrrcm effsedn
stage. According to a second aspect of the present

e\ [ i S e M .

 BE8 Febihn prefiadi b luricit. B FPRsiat el ichwiseg a o
Faetecfonstaye Coaplably betiexget® 6a6torfabrd Fast Foansi Transform
process to a _nunber of received input signals in the
t$1age¥oRaine fEquenan Qftseh atiea@ionrstageopndhthen ¢rassrcarelation
ﬂ é signals to the frequency domain, one or nore of

t nunber of input signals having an associ ated

sanpling frequency and phase and conprising a nunber
oAcaydingl & at secdrak aspectr ofethe present invention there is provided a

method of timing recovery in an OFDM system comprising:

applying in a Fast Fourier Transform stage a Fast Fourier
Transform process to a number of received input signals in the time domain to
transform one or more of the number of input signals to the frequency domain,
one or more of the number of input signals having an associated sampling
frequency and phase and comprising a number of symbols, the Fast Fourier

transform process having an associated window of operation;

adjusting the phase of one or more of the one or more
transformed signals in a phase rotation stage couplable to an output of the

Fast Fourier Transform stage;

estimating in a frequency offset estimation stage frequency
offset between sampled signals to provide one or more frequency offset
estimates from an output signal of the phase rotation stage;

accumulating the one or more frequency offset estimates in a

first accumulator;



transform process having an associ ated w ndow of
operation; adjusting the phase of one or nore of the
one or nore transforned signals in a phase rotation
stage coupl able to an output of the Fast Fourier
Transform stage; estimating in a frequency offset
estimation stage frequency offset between sanpl ed
signals to provide one or nore frequency offset
estimates from an out put signal of the phase rotation
stage; accunul ating the one or nore frequency offset
estimates in a first accunulator; 8 stabilizing the
phase | ock $tebpizingi thg phaseviogawopiudinga;lowgpasaitest i ng
out puts of the low pass filter in a second

accunul at or; L [ rOf at.| A

phase rotat?%ﬁﬂﬁéggébuggﬁéﬁgtﬁ£q§§0&§&Ig%g% gﬁrbﬁﬁsaoﬁecond
t Aecdrowtafoass filter; controlling timng associated
with the wi ndow of operation of the Fast Fourier

Transform proce applied by the Fa Fqurier . .. .
Tr ansf or m SEIIEIME i PhAES SetelinnAaea RIAsE fetetian siage using
| i Raendlatedesutp@Rbrare fhvdbbBfiert i me recover ed

out put signal as an output signal of the first

accunul ator. Preferably, the step of estimating the
frequency of®RYellingHpvng §§$0%§dwlﬂ'gthﬁ1‘e/"&0“h@? eperadipn of the
FRLL B8y iTe{raﬂ%EQfo'F}n"{)Fb%‘éﬁ %@R{i&d %getheqfaé?‘ifo%m%'r ghsform stage
recei ve rom one or nore énnae of One or nore

r esing tiee accurulated bdtputsof e lowrpassifilievtarsd gnal s;
correlating one or nore output signals fromthe one or

gﬁ geor Fﬁls)tr eg%ﬁ*%éﬁﬁggﬁrgéggé@eﬁéﬁ %%?plﬂnsqgrﬁﬁraspgr? \(/)Iugplurt]%ignal of

the first accumulator.
Preferably, the step of estimating the frequency offset comprises:

applying one or more Fast Fourier Transform processes to one
or more signals received from one or more antennae of one or more receivers

to provide one or more output signals;

correlating one or more output signals from the one or more
Fast Fourier Transform stages and for providing one or more cross-correlated

output signals;

summing in one or more first summation stages the cross-

correlated output signals for each antenna;

summing in a second summation stage one or more outputs of

the one or more first summation stages and providing an output signal,

determining an average phase difference between consecutive

symbols from an output signal from the second summation stage; and



out put signals; sunming in one or nore first summation
stages the cross- correl ated output signals for each
antenna; summng in a second sunmati on stage one or
nore outputs of the one or nore first sumation
stages and providing an output signal; determning an
aver age phase difference betwe 9en consecutive synbols
froman out put signal fromthe” second summati on stage;
and 9 extracting the phase of the one or nore
cross-correl ated output signals to generate an
estimated sanpling frequency offset. In a further
preferred ewngapmme phaseref Hwioneor meereconopsicogrelated output

PR ol Py R GBS (R Ry o 1 cer

estimation stage to one or nore inputs of a M MO
dén adurther pstfaged @ntmodiment, e mapooffunmw @i)rapnw apslying the
nals in the fre‘gg]enc of fset _estimation stag

A(?gsr% "AGr& BUIRULHPT HieaQffOf mareriast Soseiend raR/aHN seges in the
t hRGAechSy BffS¥t 8&fnatiod § th%rorfé’HPHo?é Wﬂpt?tgeofzé)g/ﬁmﬁétectlon

for timng recovery in a DM system defi ne
Ostager pror dopthef @temd)fewwahmttbeosﬁignale jpr diserfrequency offset

rising the third-order PLL with a
%ﬁrﬁ%”@rﬁgfa&% maxi mum | i kel i hood (M.) estinmator as
its sanpling offset discrimnator are particularly

aA‘taﬁlfcim‘gECtUSaltihlrﬂl aspect ey ergsémtr inleMRn@HﬁMé)%gﬁowded a

WLAN syst ens. articular, one or nore referre
efﬁf&h\(%%@p?ﬁ‘@g eharRaratus for imings qu@X@fY do@pl kDN system
a an conventional systens and mnet hods.
Ngrggrg%%bm;%e third-order PLL structure assists in
provi di ng good | oop noi se performance to assist in the
abmiecoremene poéferedherasdinzerdsiofithe pneserd istexritlon comprising the

t [rﬁr‘ﬁf&r‘?i%r PLL with a two-dimensional maximum likelihood (ML) estimator as
its sampling offset discriminator are particularly advantageous in timing
recovery for MIMO-OFDM based WLAN systems. In particular, one or more
preferred embodiments are both accurate and of lower complexity and cost
than conventional systems and methods. Moreover, the third-order PLL
structure assists in providing good loop noise performance to assist in the

achievement of both fast acquisition and stable tracking.

Brief description of the drawings

The present invention will now be described by way of example and with

reference to the drawings in which:

Figure 1 is a block diagram of a third order phase lock loop (PLL) for
recovering timing in a sampling system according to a preferred embodiment

of the invention;

Figure 2 is a block diagram of a two dimensional sampling clock estimator for

use in the third order phase lock loop of Figure 1;



Brief description of the drawi ngs The present
invention will now be described by way of exanple and
with reference to the drawings in which: Figure 1 is
a bl ock diagramof a third order phase |ock |oop (PLL)
for recovering timng in a sanpling system according
to a preferred enbodi nent of1 he invention; Figure 2
is a block diagramof a two di'frensional sanpling clock
estimator for wuse in the third order phase | ock |oop
of Figure 1; 10 Figure 3 is a block diagram of an
alternative two di nensional sanpling clock estimator
f flguie e isna ﬂ'@ke%@bﬁ'ﬁéﬁtafbﬂtﬁmgtw%tg\@ dingnsiesaksampling clock

g ﬁﬁﬁgllng frequency
%?f?rtﬁtaﬁﬂ‘?%ﬁ‘fh rﬂ@ e"ﬁht]bgaex to'f'F r1d order PLL

according to a preferred errbodl ment of the present

i figemes da iasa graphPhowioguhe eariatien & gaﬂipjlngifgm,eacﬂbffset with

Sy R BLARG Ier 2 8o ML, SecsPinorn 3 aretprot embodiment of the

apﬁégecahltMehtJoﬁa@.rtﬁéWLchcgJMQh% fna®f the present
invention as the PLL tra he signal; Figure 5a is a

graph showi ng the variation in BER with SNR for a
sFigvaes 4bpifuRagraphashaviaoniget varatRpsin gyabphphese rotation with

SSRBEE) HRsRTa  AAMLORBEBLL desoRds i efret bR of he

I praseatirvedtiohiasthg F!Mtetraca(sdhe\s@tal,onal PLL has been
applied/used in the processing thereof; Figure 5b is

S0 B S S e e ol oSt 5, o signal
SRIMRIIMatEd e tehaesK rfnbaéra'nasnvgah'@n@ irflainf IA\/\V@N channel

secondl y when a LL according to the present 1nvention
i firstiy adthamel driftingd isecoitdin whenom Péhtaasoadin@itd. thepreseat invention

ARPLLSI RISl WREn a conventional PLL has been applied/used in the

processing thereof;

Figure 5b is a graph showing the variation in BER with SNR for a signal
modulated according to a 64 QAM modulation scheme in an AWGN channel
firstly with no drifting, secondly when a PLL according to the present invention
is used and thirdly when a conventional PLL has been applied/used in the

processing thereof;

Figure 6a is a graph showing the variation in BER with SNR for a signal
modulated according to a BPSK modulation scheme in a B type channel firstly
with no drifting, secondly when a PLL according to the present invention is
used and thirdly when a conventional PLL has been applied/used in the

processing thereof;

Figure 6b is a graph showing the variation in FER with SNR for a signal
modulated according to a BPSK modulation scheme in a B type channel firstly

with no drifting, secondly when a PLL according to the present invention is



processing thereof; Figure 6a is a graph show ng the
variation in BER wwth SNR for a signal nodul ated
according to a BPSK nodul ati on schenme in a B type
channel firstly wth no drifting, secondly when a PLL
according to the present invention is used and
thirdly when a conventional P g has been applied/ used
in the processing thereof; Fi'gure 6b is a graph
showi ng the variation in FER with SNR for a signa
nodul at ed according to a BPSK nodul ati on schene in a B
type channel firstly wth no drifting, secondly when
auped 2ndt dhisdMgwhent acanvestienali Rllerhasoieen appliediesed in the

ggg?életeg'g%glsﬂégygbqn a conventional PLL has been

In the processing thereof; Figure 7a is
a graph showing the variation in BER with SNR for a
sFgue 7anisld gramh sbowird) e tvariatiéd QANBEROwitht SRR for a signal
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schene in a B type channel firstly with no drifting,

s Eigunel| 3b han geaghl shewiry thengatigtiémen (FER eRith i SNRNMdr o4 signal
is used at 20ppm and 200ppm and thirdly when a
cm%?ﬁt?%n%ﬂco Ingde 2 Mam@dglabieprsdiemede @ B type channel
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Fourier Transform (FFT) stage 11 for receiving

Detailed description of preferred embodiments

Figure 1 shows a timing recovery apparatus for a MIMO-OFDM system
according to a first preferred embodiment of the present invention. The
apparatus comprises a Fast Fourier Transform (FFT) stage 11 for receiving
an input signal and for converting the input signal into the frequency domain.
The output of the FFT stage 11 is applied to an input of a phase rotation stage
12, the output of which is applied to an input of a two-dimensional sampling
frequency offset estimator 13. The output of the two-dimensional sampling
frequency offset estimator 13 is applied to the input of a first accumulator 14
and the output thereof is applied to the input of a low pass filter 15. The
output of the low pass filter 15 is applied to the input of a second accumulator
16. A first output of the second accumulator 16 is applied to a further input of
the phase rotation stage 12 and a second output of the second accumulator
16 is applied to an input of a FFT window controller 17. The output of the FFT
window controller 17 is applied to a further input of the FFT stage 11. The
first and second accumulators 14 and 16 and the low pass filter 15 form a



an input signal and for converting the input signa
into the frequency domain. The output of the FFT
stage 11 is applied to an input of a phase rotation
stage 12, the output of which is applied to an input
of a two-di nensional sanpling frequency offset
estimator 13. The out put of tqg t wo- di nensi onal
sanpling frequency offset estfmator 13 is applied to
the input of a first accunmulator 14 and the out put
thereof is applied to the input of a |ow pass filter
15. The output of the |ow pass filter 15 is applied
t Hikcherder phasefock leepdRBLAccumul ator  16. A first
output of the second accunulator 16 is applied to a
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aot ar digyg-darralation stady @ber raFbregrogslicaralatidh, the output of the
i nvention. The two- dinensional sanpling frequency

oPMétCOéﬁﬁtlﬁét stage322dy applipd itadhefioputeath summation stage 23.
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CPRRUTUBIT 1899 A 1SiARPIBRf e APt an OFDM symbol delay stage
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a sunmation stag e outputs o
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SRS, ARBLE eLinerBRF UFy Stde 25 350pTkla 3 SeRgnd input
i Gﬂotﬁe gfagen 26HM dataiaihiride trry pﬁb@@%ff@r@n@@ Obétw%‘éﬁoé%secutlve
out put of the accunul ator stage 24 is applied to a
f $¥polsnnd the output of the stage 26 is applied to the input of a phase
extraction stage 27. The two-dimensional sampling frequency offset
estimator 13 shown in Figure 2 is particularly suitable for use in MIMO-OFDM

based WLAN systems.

Figure 3 is an alternative two dimensional estimation stage to that shown in
Figure 2 according to a further preferred embodiment of the invention. The
same reference numerals have been applied to identical components in the
two stages. The sole difference between the stages shown in Figures 2 and 3
is that in the embodiment of Figure 3, a MIMO detector stage 32 is included to
receive the outputs of the FFT stages 21 for each subcarrier and the outputs
of the MIMO detector stage 32 for each subcarrier are applied to an input of

the respective cross-correlation stages 22.



of a stage 26 for determ ning the phase difference
bet ween consecutive synbols. The output of the OFDM
del ay stage 25 is applied to a second input of the
stage 26 for determ ning the phase difference between
consecutive synbols and the output of the stage 26 is
applied to the input of a phase extraction stage 27.
The two-di nensi onal sanpling f?equency of f set
estimator 13 shown in Figure 2 is particularly
suitable for use in MM>OFDM based W.LAN systens.
Figure 3 is an alternative two di nensional estimation
stage to that shown in Figure 2 according to a
further preferred enbodi nent of the invention. The
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Firéqeémgeoffdet Bas bbewl“estilmatéd dhrtRe Jfredd@anbb&affs)eme@ﬂmator 13, a
recovedéésta ge, there are two operations, nane

t oy des Hli=eomRNEng stagrys 4ej16srarksth ep@nerih@mng phase for
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of f sét estimator 135 shown 1 n I gures
oan 3nteggr ipartuged a traeernaira:tast t h’hefinmgeema;t isf ised to adjust the

}A]fs)tgﬁhgﬁlﬂmrgé ;rﬁ QEFTOf fr}ﬂ%\r\i%%%go er 1 'hn%t movleg {he window
position forward or backward for each sample. At the same time, the fractional
part is used for sampling clock adjustment which may be performed in the
discrete-time domain by phase rotation in stage 12 of every subcarrier for
each OFDM symbol.

The third-order PLL in Figure 1 comprising the stages 14 to 16, has an
excellent loop noise performance for both achieving fast acquisition and
stable tracking and solves the problems often associated with conventional

systems which tend to exhibit slow acquisition and poor tracking.

In the two dimensional timing frequency offset estimator 13 according to the
preferred embodiment shown in Figure 2, the signal output from the phase
rotation stage 12 in Figure 1, is applied to the input of FFT stages 21 as
shown in Figure 2. After FFT transformation in the FFT stages 21, cross-

correlation is performed in the cross-correlation stages 22 between received



third-order PLL conprising stages 14 to 16 tracks the
varied timng phase for every OFDM synbol. The
tracked timng estinmation outputs are divided into an
i nteger part and a fractional part. The integer part
is used to adjust the synbol timng in the FFT w ndow
controller 17 which noves the w ndow position forward
or backward for each sanple. A? the same time, the
fractional part is used for sanpling clock adjustnent
whi ch may be perforned in the discrete-tinme domain by
phase rotation in stage 12 of every subcarrier for
eardsitiSJéMttyla’gative Shbcarhier ¢baos der aftl la.4 in BingOF®M symbol. The
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in Figure 1, is lied the input of FFT _stages 21 ,
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ss-correfation stages 22 recei ve
pcmrrtela;t@ramtpuég‘am ihe stapge &6 isappliedte aaphaselestnadtionastage 27

SUFmRRIo e, SR RaiE ST FiFcLRPOUGTISA 1 BsPUipUs of phese
a@a@@ﬁ@ﬁ isyyes B G3 rapphéd 9t8ttﬁe ithird- Bﬁé%ﬁ@bbﬁfbr@tr%ﬂﬁ%ges 14 to
3, and are ~further accunulated in the spatial donmain

n16t<Dfe':lgUE65ﬂ whidutracka the ariegvining| phasee‘@éevw OFDM symbol.
antennae signals. The averaged phase difference

r{wb"‘@im Li{n?il}gg f?dagé'n%y'm%'e? Al 'i@%:‘c&ﬁfing to an

|s conputed I'n t €S cross-correlating t
o dlent ativef pltelﬁerréd rembmbmmtxlshbwn iB4Figuten 3t Hbe m@\alcmEKput from

Ségbrp@agg!gg Isé}age 12 |n ure |s appq|ed2to the |nput of FFT stages
21 as shown in Figure 3. After FFT transformation in the FFT stages 21, the
signals are applied to a MIMO detection stage 32 and then to respective
cross-correlation stages 22 in which cross-correlation is performed between
received positive and negative subcarrier pairs an and a.,, in an OFDM
symbol. The cross-correlation values are then summed in the frequency
domain through all positive and negative subcarrier sets in the summation
stage 23, and are further accumulated in the spatial domain over all received
antennae signals in the first accumulator 24. The averaged phase difference
between two consecutive OFDM symbols at the receiver is computed in the
stage 26 by cross-correlating the outputs of the first accumulator 24 with the
previous symbol delayed in the OFDM delay stage 25. The second-tier cross-
correlation output from stage 26 is applied to a phase extraction stage 27 to
obtain the estimated sampling frequency offset. The output of phase

extraction stage 27 is applied to the third-order PLL comprising stages 14 to



correlation output fromthe stage 26 is applied to a
phase extraction stage 27 to obtain the estinated
sanmpl i ng frequency offset. The output of phase
extraction stage 27 is applied to the third-order PLL
conprising stages 14 to 16 of Figure 1 which tracks
the varied timng phase for every OFDM synbol. [In the
two di nensional timng frequen of fset estimator 13
according to an alternative preferred enbodi nent
shown in Figure 3, the signal output from the phase
rotation stage 12 in Figure 1, is applied to the input
of 16FeTFiguag dswhigh tsackshibarvariedrirgingeptaasefor @veRFDFDM symbol.
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phase_ traction stage 27 is applied to the

tH’?’?)d'- Bﬁéépgibﬂikgconpri sing staged)14 to 15 16 of
Figure 1 which tracks the varied timng phase for
every OFDM synbol. The offset estimator of Figure 3

is particularly advantageous as it has inproved
anti-fading capabilities and better accuracy in a

g/IH@ef agtikna (,h30E),...onetk) f hansy stpm shane im, i gsighal vector
transmitted from N, transmitter antennae on the & -th subcarrier, which may

be written as
x(k) = (5, (k) x, (K)o (B

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

H;,(k) H,(k) ... H (k)

H, (k H, (k) ... Hy, (k
H=| T® Ha®) o o

H, (k) Hy (k)..H, k)



The processing of the signals in the structures shown
in Figures 1 to 3 nay be explained as follows. In a
M MO- OFDM based WLAN system the transceiver signals
may be expressed in the frequency domai n using
relatively straightforward matrix al gebra.
Considering a Nt*Nr M MO OFDM séystem where Nt and Nr
are the nunbers of transmitterand receiver antennae
respectively, the Nr *1 received signal vector on the
k-th subcarrier may be witten as: y(k) =

H(k) x(k) +n(k) (1) Here y(k) =(y, (k)y, (k),..., xN
(kJ)(E)—é»chc)xr(Kk)lsnMB)) *"1 signal vector

transmtted from N, transmtter antennae on the k - th
subcarrier, which may be witten as x(k) = (x, (k),

X,In (tk¢ .above, system rokdiel, idﬁm sghammeizaltioaqudheyOFlemMer has
of the k- thi p{:arrler romth ”& th tr z?nsmtt

aSERR2S g e FOWaYSF R8T & USHAIN h SaTHEY @@U&@ﬁw@f&ewemen
II:||2thdi (Gf%elveraé\rﬁ’cé (rjﬁnsmlt(é?)ddél%zth)ékrhlsmatcﬁ'(be;\lvééﬁ thé"(r(h)\§mltter and
. receixer oscnlatgts)oq’r@e ahaanekDopplef krequancy &hift. This is e also for
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receiver and transmtter due to the m smatch between
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r ?8@&.V8%aﬁ+p%ﬁg clock offset, n, may be designated as

N=f-f
=T -T)IT

In practice, there are multiple radio chains for MIMO-OFDM transmitter and
receiver sides respectively, and these multiple radio chains share the same
frequency synthesizer such that multiple radio chains in the transmitter and
receiver are synchronized respectively. Thus, the above definition for carrier
frequency offset and sampling frequency offset are applicable both for OFDM
systems and MIMO-OFDM systems. Following the system analysis method in
[9], the MIMO-OFDM system model suffering a synchronization error may be

derived as shown below.

It is assumed that the information signals are encoded and modulated to form
an OFDM symbol x,(k) in the frequency domain. After IFFT transformation
and pass-band modulation, the time-domain transmitted signals pass through
a MIMO fading channel. The /-th received baseband OFDM symbol after

sampling with sampling clock T' and removing the guard interval, may be



In the receiver, the carrier frequency nmay be denoted

by f , and the sanpling clock by T'. Therefore the
carrier frequency offset, Af, and the relative

sanmpling clock offset, g, may be designated as Af =f

-f 77=(T ' -T)/T In practice, there are nmultiple

radio chains for MMO-OFDM transmtter and receiver
sides respectively, and these Itiple radio chains
share the sane frequency synthesizer such that

multiple radio chains in the transmtter and receiver
are synchroni zed respectively. Thus, the above _
detpraseinted byrV samples. Ther deyneduiation fof dhe sereivechpamples via an

freque ffset,,are appli e fo S .
S PRI R el 6B R BVB ey Ads L ey fin
method in [9], the M M> OFDM system nodel suffering a
synieh+ en(izay (lgnr leyropT nmy be derived as shown bel ow.

It is,assunpd,that the informtion signals are @coded
andgc : Hek )k, O strd, anl CORDML Sy nbol  x1(k) in the
frequency'do n. After IFFT transformation and

pass- band nodul ation, the time-domain transmtted
signals pass through a M MO fading channel. The /-th
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the n er o poi nts respect| and are
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synbol including guardinterval respectively. The )
di istlGH twhinh d$ the function of s(z¢, ). As set out in publication [9] mentioned

above, the definition of s(z¢ ) may be expressed as:

_sin(7f ) and
7[¢ pk

N )

S(”¢pk) =

N sin(

s(mgy ) = s(7¢ ) inthe case of p=k

where p and k are subcarrier indexes and ¢, =(1+n)e+p)—k, e=41T.

The synchronization error causing distortion of the k-th subcarrier data
includes phase rotation and magnitude scaling respectively. Moreover, the
synchronization error destroys the orthogonality between subcarriers resulting

in ICl. Where n and ¢ are small, s(zgp,) is close to 1 and s(zg,) is near

zero, and the magnitude distortion and the ICI term may be ignored. Thus, a
phase rotation occurs when the subcarrier sample x;(k) is transmitted. The

rotated phase is such that



the k-th subcarrier data caused by synchroni zation
error includes phase rotation and the magnitude
scaling, s(7rCkk), respectively. Moreover, the
synchroni zation error destroys the orthogonality

bet ween subcarriers resulting in IC, which is the
function of s(zgpk) . As set oyt in publication [9]
menti oned above, the definiti of s(7rQpk) may be
expressed as: s(rOpk)= sin(Jrcpk) ,and N sin( Iro pk
) N s(7rgkk) = s(;rOpk) in the case of p = k where p
and k are subcarrier indg;:s and Opk = (1 +i)(s + p)
- C 5 T. v T n nj ion ror causing
diéf%h?%%ﬁ%g¥fﬁﬁéxt$pﬁy§056§p¢ﬁ NJHatZé)includes phase
rotation and magni tude scaling respectively. Moreover,

the synchronization error destroys the orthogonality
betheWist sompanentisdhe axigr-playgf Ganlierand smepling freadercy offsets,

| . _ _ o "
oL sohlf ohBor oS Bk ARG hdigrey ot
t eaxclusivelype i gnored. Thus, a phase rotation occurs

when the subcarrier sanple xi(k) is transmtted. The
ThSthg caBE8 inest R Rimin isapiency SfefeRels ape phse rotation is
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frequency offsets, and the second conpdnent 1Is
contributed by sanpling frequency offset exclusively.
| ANtgRNesals dg Qffain 8rpreCIsEntiimiar ineguwidey rasides dhe esyinshionization

| BB Lo e BREPERRC Blaks SIECAURERRGhSGana e
olsyachronizatieni sent one ngr infore preferredng@botiivgents of the present
S)llr?\?ehnrti%w, gédsolns concentrated on the tracking and recovery of the timing
drifing due to sampling frequency offset. A conventional correlation based
coarse symbol synchronization algorithm may be implemented with the aid of
the dedicated training symbols to locate the initial FFT window position and
examples of conventional correlation are described in the publications by
Hlaing Minn, Vijay K. Bhargava, and Khaled Ben Letaief, entitled “A Robust
Timing and Frequency Synchronization for OFDM Systems”, published as
IEEE Trans. On Wireless Comm., Vol.2, No.4, July 2003, pp822-839, and
Michael Speth, Stefan A. Fechtel, Gunnar Pock, and Heinrich Meyr, entitled
“Optimum Receiver Design for Wireless Broadband Systems Using OFDM-
Part 1", published as IEEE Trans. On Comm. Vol. 47, No.11, November 1999,

pp1668-1677.

Moreover, various conventional carrier frequency synchronization methods
such as those described in the publications numbered [3] to [7] listed above
may be easily combined in the implementations of preferred embodiments of

the present invention.

When there is a sampling clock frequency offset between the transmitter and



process usually includes two steps, coarse
synchroni zati on and fine synchronization. In one or
nore preferred enbodi nents of the present invention,
focus is concentrated on the tracking and recovery of
the timng drifting due to sanpling frequency offset.
A conventional correlation basgd coarse synbol
synchroni zation algorithmmmy be inplenmented with the
aid of the dedicated training synbols to | ocate the
initial FFT wi ndow position and exanples of
conventional correlation are described in the
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R AR for KGR bl eflythrt Flaye®2 may be

dir?%fé‘sieﬂf@i a$ &Epbtiog4hr equency of fset estimation for
M

1=1 i=l

( 27KN, n)
= arg| exp| j

_ 27KNn N
N

z, arg[zz Ym(@,)y; (@, )[Zzy,-l_, (a,)y..(a ,—)} ]

2

ZZ[ZH,,«: )x(a,, )[ZH,Aa_",)x(a )} ]

i=l m=1} j=1

S

where the frequency domain channel response H, (k) and the pilot
subcarrier x(a,) are commonly applied for every OPDM symbol. Namely

Hl,i,_/ (k): HI—I,I',j (k): Hi,j (k)1 and xl—l (am)= xl (am) = x(am)

In Equation (4), arg(’) is the phase of its argument and the summation is
carried out over all pilot subcarriers and over multiple receiver antennae for

averaging.



OFDM based WLAN systens according to the enbodi nent
shown in Figure 2, it may be assunmed that 2J pilots
are inserted anong N subcarriers and that these pilot
subcarrier indices my be denoted by am= -1,

,-J,1,2, ,J . The two-dinensional estimator of
Figure 2 is based on the fact that timng offset in
the tine domain results in phase offset in the
frequency domain and this phase offset is
proportional to the sub-carrier frequency as shown in
Equation (3). The estimation derived by the estinator
oferinglu etakeriatp aecouné pl esetribetions fiéquabiserit4he esfimator for the

?d\hlhh?yOF&EA jgy%t'e%wl i It ggngw_g‘]gﬁol %e%ﬁ’o_téltiﬂ@& gh%j(%gye’xj éi’m’ance for each
) ]p;'an"bf ;bllo(t %ubééﬁre‘?é id e Vﬁbaljtoﬁﬁ ?Pé ﬁ%ﬁve@kai"aﬁﬂe |§ 2T function

ere requency
cMﬁ#elsmmnﬁeqwﬁnwkc)ﬁ@’ndmtrha qmristant mhngrfacter Thus, an ML

? %E[Sr &%rﬂm yin qgfénpoéf1‘§§5?{¥ fr%)queneg/ o?gset subcarrier
X lndéﬂnahé’xéirﬁﬁol) Tﬁﬁéd%é B:élléqﬁél@ﬁ‘ﬂ)( Ac)env@ﬂgﬁaﬁed Scz{ﬁ NBe two-

phase of its argument and the summation Is carr
oimgsieng| estignater sbawean figure Anthisestimated tlmlreg offset may be

recei BRbt ezgngfnnae for averaging. 20 e, and ~, take
i nto account’’all contributions fromnoise in the

estimator for the MMO OFDM system It should al so be
not ed, t hat the |nde d|Mance for each pair of pilot
subc@ T Ferg i BG W The deri{®d variable is a
i near functl dn of the sanpling frequency offset with
a constant scaling factor. Thus, an M

where the first component is the useful component and the second is a zero-

mean disturbance.

The ML estimation performed by the system of Figure 2 has similar accuracy
to that achieved by implementation of the algorithm described in the
publication by Pei-yun Tsai, Hsin-Yu Kang and Tzi-Dar Chiueh, entitied “Joint
Weighted Least Squares Estimation of Frequency and Timing Offset for
OFDM Systems over Fading Channels”, published as IEEE Trans. On
Vehicular Technology, Vol.54, Issue 1, Jan. 2005, pp211-223 although it
adopts a simple single parameter un-weighted estimation instead of joint
weighted least square estimation. With regard to complexity, the weighting
factor calculation adopted by the algorithm described in the publication by Pei-
yun Tsai, Hsin-Yu Kang and Tzi-Dar Chiueh, entitled “Joint Weighted Least
Squares Estimation of Frequency and Timing Offset for OFDM Systems over
Fading Channels”, published as IEEE Trans. On Vehicular Technology,
Vol.54, Issue 1, Jan. 2005, pp211-223 is avoided. Moreover, in the algorithm
described in the publication by Pei-yun Tsai, Hsin-Yu Kang and Tzi-Dar
Chiueh, entitled “Joint Weighted Least Squares Estimation of Frequency and
Timing Offset for OFDM Systems over Fading Channels”, published as IEEE



timng error estimator independent of carrier
frequency offset, subcarrier index, and synbol index
may be efficiently derived based on the two-

di mensi onal estimator shown in Figure 2. This
estimated timng offset may be denoted by, NN* _+
(5 2,rkKN3 - ~ * 21rKN3 where_the first conponent is
t he useful conponent and the sgtond is a zero- nean

di sturbance. The M. estimation perfornmed by the system
of Figure 2 has simlar accuracy to that achieved by

i npl ementation of the algorithmdescribed in the
p%ﬁﬂéa@ﬂdfﬁfuyulpeﬂeylmmplwguai\,/olrfmi, issve Kalap. 2005Tpp2 DeR223, even

O 8t 30 i SR B e o
SY&E@!T@aIQEei\PPd;éﬂiefﬂgatgﬁaW& tragtuip ﬂh?rs‘tg\ﬁ)-?ﬁnérﬁ%\al Jeasrt]i.mator of

Trans. On Vehicul ar Technol ogy, Vo , Issue 1,
2008urepg2the firg tign porglation ondy dptadvess bvomomnpengheltiplications,

- el ant ti ' ' ead of joint
nangTibsfs 40 & I @t -ARlER, IibR FisgaplyS: gver one OFDM
C agyphis idnd, muhipleVRiceiier thairfsa FirRllyC ah6thler CbRIpIAERRIBSication is
by the al gorithm described in the publication by Pei-
yURayiseqd forsesond tieingorelatianiovesrtwonicaesecusivei OFEIM symbols.

S A PR R g APAESS ey
CriznaehisVed @shthestaeddiaserisidrial Bregscor@lalVehietfidiardtly removes the

Technol o Vol , 54, Issue 1, Jan. 2005, pp21l1-223 is
aVBINRIES qasEibt raatenaheffsstist sanRlingibeakpBer offset ioreover,

[ [ i) U ' I B Y wlZi = Dar :
D 0, B R, Tfor 5 oS08, S4TSR negate

Esibearriess, whichragg ineifoynial separated) ThissaecréasesiFBNhfluence of
SySQl\tHsn\TlsarPa\{%rn oardcljiﬁ%req}aglﬂbec!asrriérspllﬁblal girs];e)grs?vse IfaEEr%g 2cghannel. In
addition, the averaging over multiple receiver antennae further improves the

accuracy of the estimate.

The above-described estimator shown in Figure 2 operates on the OFDM
symbols after a number (N) of FFTs where N is the number of antennae. In
practice, the estimation variance may affected by MIMO fading channels, as
shown in Equation (4) above. The estimator shown in Figure 3 is an

alternative estimator to that shown in Figure 2 which operates on the OFDM

symbols after MIMO detection. Namely it operates on y'(k),

¥, () =GR)y(k) = G(H(R)X(K) + G(k)n(k)
=exp(jg, ()X, (k) + ICT, (k) +x', ()

(6)
In the above equation, G(k) is the detection matrix, which can be computed

according to zero-forcing (ZF) or minimum mean square error (MMSE)

criteria. The detection is performed assuming that G(k)H(k)=1, where Iis

an identity matrix.



Trans. On Vehicul ar Technol ogy, Vol.54, |ssue 1, Jan.
2005, pp211-223, even the sinplified estimtor of 77
still has a high conplexity and is not suitable for
practical 1C inplenentation. By contrast, in the

t wo- di mensi onal estimator of Figure 2, the first tier
correlation only invol ves tmoéggnplex mul tiplications,
then there are a few conpl ex itions for the
averagi ng over one OFDM synbol and nultiple receiver
chains. Finally, another conplex multiplication is
requi red for second tier correlation over two

cdhtfecabdowes yOFDMssaplieldsto Edimtiendad), theestioglioaxpdérforared by the
cost is attractively |ow, but a high accuracy may be

activater eEFighee Bupayibegivarol cross- correl ation
efficiently renoves the i nfl uence of carrier

frequengy o 2%1’8 li requency of f set.

Mog eoafg(:cexﬁ) Q| 4 n‘g & ion is perfornmed on
pairs o tive ad gathe subcarrlers whi ch are
hal f synbol separated. This decreases the |an uence of

atlon for different subcarriers ip a i
LTS F SENgNE WAL 33porigh W Tor, NFh@nsdh digemep direct
O%fat|%|tb'tﬁé ‘MIM'@ %éﬁﬁg RahRBNatniE W 1Ry th'aW@é@lﬁnéf‘& variance
accuracy of the esti The above-describ

eSﬂBWﬁBcﬁlgmh@ﬂmlyﬂﬁdEcgﬂbre 2 operates on the O:DM
synbols after a nunber (N) of FFTs where Nis the

Dol TEN U8 AROHENECestPa? iyt T filtre 2 RERASE on the OFDM
s hgwibdl$ afiet MIMD cofbindidie whitte sabstafBaly remeves the significant
Figure 3 is an alternative estinmator to that shown in

ugm@cz rdispersper fading ehnnned oorbressipatiensvasiense as shown in

he Ehy! ﬁ.!.}iv@? te %@%g e (
G(E%Qlagﬁ ? OIE) (kl)1é tﬁ)ﬁ‘l Ac Lré]raY:yzggér)l(%fsz r(]é)',@ from the
( kgvexagicg pver h(tllt'lplle Pt subda,rrleéd@alnmanmmwtbspatlal streams.
equation, k) is the detection matrix, which can be

SR B9BE ¥ R0 08 IPPRAE Ao PRH, obtai an
pestficlenesblassie Mairdicot@l) itHas beeh deBAhmed that the estimation
accuracy is not a unique factor dominating the feedback tracking loop
performance. In conventional timing tracking loop designs such as those
described in the publications by Baoguo Yang, Khaled Ben Letaief, Roger S.
Cheng, and Zhigang Cao, entitled “Timing Recovery for OFDM Transmission”,
published as IEEE Journal of Selected Areas in Communications, Vol.18,
No.11, Nov., 2000, pp2278-2291 and Pei-yun Tsai, Hsin-Yu Kang and Tzi-Dar
Chiueh, entitled “Joint Weighted Least Squares Estimation of Frequency and
Timing Offset for OFDM Systems over Fading Channels”, published as IEEE
Trans. On Vehicular Technology, Vol.54, Issue 1, Jan. 2005, pp211-223, the
estimated error signal is smoothed by a low pass loop filter (LPF) and further
accumulated by an accumulator. In this case, the high accuracy offset
estimate means a fast acquisition stage and a short time to enter into the

locking and tracking stage. However, in the practical implementation, this kind



an identity matrix. 22 If the above y',(k) is applied
to Equation (4), the estimation perfornmed by the
estlrrator of Figure 3 may be given by: 21rKN,q , |
2,rKN,.i z, =arg Cexpj N+ e =N+ (7) where Cis a
const ant which is associated with J, Nr , and Nt, has
no direct relation to the M fadi ng channel . This
nmeans that the estimtion vari@hce nmy be
significantly reduced. Thus the alternative estimator
shown in Figure 3 operates on the OFDM synbol s after
M MO conbi nati on, which substantially renoves the
sigjreeqvensioon generay takss ajlongdiree ieentedintg toa statde state.
the estimation variance as shown in Equation (4).
a
e e b Rl LIS LERY pERBLd & 87 Sr ni@dpreterred
ar&mmmmen@aﬁtlae pEeserdnaverRoreand rug:nnemldsrtaltFPlﬂ_ﬂsLthat in the
structrﬁre S in an efftgrt to obtain an

o ArE S Fv ST the, BN o B ERksey. hiquatian gsgumutor first
dehé&h NisNgehddiifdd tHhe aﬁ%\'/v"?bk@nﬁlte?CSHEaﬁJ\ﬂHe? E@&frﬁulated by an

uni que factor dom'nating f eedback tracking

peacpum%ai@é The oyerallethirderrder PilLki eppratien kiayg bbaifgscrlbed by the
sq| such as those described in the publications

by Ils‘aogu'o Yang, Khal ed Ben Letaief, Roger S. Cheng,

and Zhi gang Cao entitled "Timng Recovery for OFDM

Tr@l publ i shed as | EEE Journal of Sel ected

r;bf(b)atu ons, Vol.18, (80.11, Nov., 2000,
pp 27 91 a Pei -yun Tsai, Hsin-Yu Kang and Tzi - Dar
Chi ueh ent itled Joi nt Wei ghted Least Squares

E%Héi‘étlgprhé?-f EL CHH loﬂngnd fgfabf% %efg. ffﬁfgé GRY! 5, is the

Systens over ad| ng anne

Tfe@ﬂﬁwat@vé/ﬁ@'&lﬂhéﬁeTéﬁﬁBﬁ'aQ@Yh s%ﬂboﬁ&urahéﬁ%. 1, Jan.
2005, pp2l11-223, the estimated error signal is

snoot hed by a | ow pass loop filter (LPF) and further
As the estimation of timing offset » is independent of the carrier frequency

offset Af or €, only the timing offset need be considered. In this case, the

phase rotation is proportional to the subcarrier index as well as the timing
offset itself,

27k
(0,(k)=—N—(lN,\-+N,,,)77

and
ea) (1) = (bl - ¢/

The stochastic difference equation (SDE) that represents the dynamic

behaviour of the tracking loop may be written as:

A
m=- eT()+Z ® f(I)

A




accunul ated by an accurulator. In this case, the high
accuracy offset estimate neans a fast acquisition
stage and a short time to enter into the | ocking and
tracki ng stage. However, in the practica
i npl enmentation, this kind 23 of recovery | oop
generally takes a long tine to,enter into the stable
state. The difference between ¥he PLL structure
according to one or nore preferred enbodinments of the
present invention and conventional PLLs is that, in
the present invention, the estimati on out put passes
h_an@acce hen i s snoot hed by a
Ig&%%gs@ fllrerngﬁd ?urf adédwulated by an
accurmul at or. ‘The overal | thlrd order PLL operation may
be described by the equation: 1 1 ~ (r)f (1) (8)
wigased oh thenSDEsequation, iheé dhirduoddén P)Lileop eerfdPance may be
f||t nd 0 s,the estimted val ue of phase
rﬁYtlﬁ:ﬁﬁ%F ?'h?#%ynbol duration (p,. As the
estlnatlon of timng offset i is independent of the

canr trey pressntensegntion f set skbwar ine Figurky 1t rtﬁettlﬂi\ﬂr@}} clock offset
of fset need be consjidered. In this case,

t he
r stisgriroinaler prtpyb 13 d?%qseﬁotmﬁ'ég@lﬁbaﬁqcp@"rm@tﬁﬁe% afﬁ'St then is
r {’L'?\iﬁf"é? rbgnd'léﬂérﬂ%fs‘?ﬁt%?QFP#ﬁosﬁ.Lrgheé%g&g})sutla‘tg&W an Mecumulator

di fd. eflen deom deiadiosed p$OEing the acquneslatdrsodtpat dy naoi adjust the
behavi our of the tracking |oop may be witten as: Ae
( Bymby! timirg @andfgapling clock 12. The timing offset caused ICI term may

be ignored when performing the sample timing adjustment and only the phase
rotation proportional to the subcarrier index is applied on each subcarrier. This

is an efficient solution when N7 <<1.

In the timing recovery PLL, the estimator output is the residual frequency
offset. For example, if the estimated deviation is 2%, then the first two
estimation outputs should be 98% 7, and 98%(7n —98%7n) ~ 2% .

By contrast, in a conventional second order PLL, the input of the loop filter is
highly dynamic in the initial stage and the low pass loop filter should have a
wideband to adapt to these dynamics, which implies a poor loop noise
performance and a long acquisition time. This directly results in a poor BER

(bit error ratio) or PER (packet error ratio) performance.

In preferred embodiments of the present invention, as the estimator output is

the residual frequency offset A7, its accumulation is the estimate of the
original frequency offset 7, but with a better accuracy in the progress of

accumulation. As the estimators according to further preferred embodiments

have a high accuracy, the resultant accumulator output enters into the stable



24 where 77, = ~01+ -(0" ,De,, (1) =e,(1 +1)-e,(1).
T,. Based on the SDE equation, the third-order PLL

| oop perfornmance may be analytically evaluated. In
the present invention, as shown in Figure 1, the
timng clock offset discrimnator output 13 passes

t hrough an accunul ator 14 firs then is snoothed by

a low pass filter 15 and furt accurul ated by an
accunul ator 16. The loop is closed by using the
accunul ator output cp, , to adjust the synbol timng

and sanpling clock 12. The timng offset caused |Cl
t estatenegry asucklyrandeis wiieamigse ar@rIQanTlnlaerT@aﬁpltfeatta m‘arrgw band

a t [ ot ro . .
¢ 0.0 Ve b ol RBTRRnoeE e W B i AR pssists in
Thachieving dottefddtcdogisitior dhd etatibarmdking with lowkhn cof®lexity and
timng recovery PLL, the estimator output is the

ré€sual frequency offset. For exanple, if the
estimated deviation is 2% then the first two

espy édJanMdlﬁHéﬁtsS&QHé%J%%t.%ﬁ%é%be%ﬂﬂ@@%( 45*2 MIMO-OFDM

98%7) 2% 7 contrast, Iin a convention secon
orb:@edP\NLAI‘N msysterput Tie BY&ieh‘DGpeleICatﬂn i refaa'rlgaldl fo the WLAN

1) e Dl oo e anibTealiclh 4pft: 87 gl Speciication’,

d)@rﬂﬁﬁrﬁ:%d Whtiefdssi OBhé&Siuth PablicdtiofP VAR DedePhhé PRACL005]. A
and a Ion ac uisition time. This directly results in

a s dingrehannehinedel das mierciipad ket ther puhlication IEEE
raba 1?% r8| SEE 'rE;trﬁ(:RBr‘?ﬁéﬂ\‘}i Sé'Bodo[ I‘E%E‘)%pgh% 03/940r4,

present 1 nven est ITH

reMa;dQetmr mqwempwyfeaeh tihe systetrSsmﬁnatmui_ ation is the
estimate of the original frequency offset i 7, but
etter accuracy in the praogress

W
c’%%ﬁﬂ t BoR. 9'ABN $ROVHRY; thEt BF '%{ %’bracﬂd HaF'EJ”QJP‘%*}?é’r'OUF of the
PriRir§lor@&r PILAsH FBNES 1. MANE Rqlisktibrefhl i@ AKe ddtifhation duration,
resul tant accunul at or out put enters Into the stable
that is, only two OFDM symbols, which is confirmed in Figure 4 It will be
seen that the acquisition and tracking start at the same time and the transition
time to stable tracking status is negligible. This substantially decreases the
acquisition and tracking error, thus the timing drift may be tracked and
regenerated with high accuracy, which implies an excellent system BER and

PER performance.

The system performance comparison results for two timing recovery schemes
are shown in Figures 5 to 7. The system simulation results in an AGWN
channel for BPSK and 64QAM modulations are shown in Figure 5 for a packet
length of 2048 bytes. It is clear that the third-order PLL of Figure 1
significantly outperforms the conventional second-order PLL schemes. In the
simulation, it was also observed that the phase unlocking occurred frequently
for the AWGN channel. In this case the bit errors are not counted in the last
BER. Evidently the real BER performance of the traditional PLL schemes
should be much worse than the result shown in Figure 5.



25 state very quickly, and its dynamcs are low. This
inplies that a narrow band LPF with good | oop noi se
performance may be enpl oyed and assists in achieving
both fast acquisition and stable tracking with | ower
conplexity and cost. Preferred enbodi nents of the
invention may be verified in *2 M MO- OFDM based
WLAN system The system specif catlon is referred to
the WLAN 802. 11n standard draft [see the publication
EWC HT PHY Specification”, Enhanced Wreless

sortium Publication. V1 27, Decenber 23th, 2005]. A
%’3’@ BYSiERDSImyiatgn desHitein B MIMQ fadingsehanns B fot BPSK and
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GDMsmeS which T7s confirnmed 1n Figure
baviths aegligiblet sysiemapqdo@mmqm dagzadatlank mndchs isamucht better than
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decreases the acquisition and tracking error, thus

t Marluur:n mgd mcatﬁdmsm/trteeembad heshtend thée Qﬂ@é@ft&h@éhﬁ@ri described
h accurgcy, %h i npli es an excell ent system BER
OVRERAY, BPTBRMRNE &Y SYRRPLS, e priPPeReRtsnd method steps can
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oPosoBle HIficcthe, SCRe of thercidis, asnwlbg clertaane skilegrreader,
Fiwgthoat depatiggifidnt &g byopribP@efiaverionhe conventi onal
second-order PLL schenes. In the sinulation, it was
al so observed that the phase unl ocki ng occurr ed
frequently



for the AWGN channel. In this case the bit errors are
not counted in the last BER Evidently the real BER
performance of the traditional PLL schemes should be
much worse than the result shown in Figure 5. 26 The
system sinmulation results in a MMO fadi ng channel B
for BPSK and 64QAM nodul ations, are shown in Figures 6
and 7 respectively for packet “1engths of 2048 bytes.
The sinulation results indicate that the third-order
PLL of Figure 1 out-perforns the conventi onal
second-order PLL significantly. Moreover, the PLL of
Figure 1 may support clock inaccuracy up to 200ppm

wi th negligible system performance degradati on, which
iﬁCEM%Q better than the 20ppm cl ock i naccuracy
regorrenent specified in the WLAN standard. Vari ous
nodi fications to the enbodi nents of the present

i nzent i Am agparatud éat tinaibgvrecomeyry ireanm@EDMFsystenamph®@ising:
ot her conponents and net hod steps can be added or

substituted fqgr. those above. Thus,_ although .the
i nventi on ha%ﬂ'"'é{e fﬁséaegé‘?? I96R (R s?%gB%IPQ-i cul ar
enbodi nents, many variations are possible within the

scope of thes Flagt FBuri@sTHriskorke (FEBRgtabe foNfedeliVihg @number of
reader, w thout departing fromthe scope of the

i ri0Rwk $igRalsan thetimergdomaimand gignstaroing epetarimage of the number
r [ Yeil I glng: t by :
oSt s Rl GHERER PR S r el oh hE, AEEr of mput
Trsigmflghav(n@%ﬁ) assagatet anmslingi fmql@n?ymmmhﬂTawfand oprprising a
signals in the tine domain and transform ng one or

m%@é%@ Ry TRRIBele KASt FggeT draapan sipdeneing &iaangeg to apply
dofHat FUNRieP TAARERN gF&]%_sgut'EbSHe Yr Hb‘?é‘toJ ﬁ]‘ﬁgﬂﬁlln%er of input
havi ng an associ ated sanpling frequency and phase and
cagnalsi g Bastnoedwigr vansformpgirecesshbavingtarressociated window of
Troap%sfg oL m stage being arranged to apply

a phase rotation stage couplable to an output of the Fast Fourier
Transform stage for adjusting the phase of one or more of the one or more

transformed signals;

a frequency offset estimation stage couplable to an output of the
phase rotation stage for estimating frequency offset between sampled signals

to provide one or more frequency offset estimates;

a first accumulator couplable to an output of the frequency offset

estimation stage for accumulating the one or more frequency offset estimates;

a low pass filter couplable to an output of the first accumulator

for stabilizing the phase lock loop;

a second accumulator couplable to an output of the low pass
filter for accumulating outputs of the low pass filter; the second accumulator

being arranged to control phase rotation in the phase rotation stage; and



a Fast Fourier Transform process to one or nore of the
nunber of input signals, the Fast Fourier transform
process having an associ ated wi ndow of operation; a
phase rotation stage couplable to an output of the
Fast Fourier Transform stage for adjusting the phase
of one or nore of the one or e transforned
signals; a frequency offset e mati on stage coupl abl e
to an output of the phase rotation stage for
estimating frequency offset between sanpled signals

to provide one or nore frequency offset estinates; a
first accump aaptrofieumtage efor ccanirallingodiming asgociated with the

fr ne ' ' - G [Ralesy

| NEPUEA®Y, bRl 8 HATROALPOBHEP T HGPISHEE! ifrea by e
peesst fFddrir Teupferm estage, atheosbatid @lcctimaldtor Peing arranged to
accurmul ator for stabilizing the phase |ock | oop; a

sOHHE! Hl?c‘%ﬁﬁ}fojllebﬁta&@upl able to an output of the |ow

pass filter for accumulating outputs of the |ow pass
filter; the (ngcepd CEUMNALP beiRG! Bﬁaﬁgé&n&?d?éﬁerate a time

control phase rotation in the phaSe rotation stage;
arf@coeered atdpitrsignalr stage for controlling tining
associated with the wi ndow of operation of the Fast

Fopr { eTaT TGS GT BEOGEES, ABPLERA. BY MNSCTIRE FONIEL offset

Transform accurulator”'bel ng- ar

t estiomtiohdtagd eompnises! | er stage; the first
accumul ator being arranged to generate a tine

recovered output signal. 2. An arat us, accordin 0 ,
a1, whdi o ke Frst entsr SR stteniared © receive
StAGANELHBIM SNt 6F a BESvdraaid fPHppISTa FR3NBEPiEP Transform
stagés arranged to receive
process to said signal to provide an output signal,
one or more cross-correlation stages for correlating one or more
outputs from the one or more Fast Fourier Transform stages and for providing

one or more cross-correlated output signals;

one or more first summation stages for summing the cross-

correlated output signals in each antenna channel,

a second summation stage for summing the one or more

outputs of the one or more first summation stages;

a further stage for determining an average phase difference
between consecutive symbols from an output signal from the second

summation stage; and

a phase extraction stage couplable to an output of said further
stage for extracting the phase of the one or more cross-correlated output

signals and to generate an estimated sampling frequency offset.



a signal froman antenna of a receiver and to apply a
Fast Fourier Transform process to said signal to
provi de an out put signal; one or nore
cross-correl ation stages for correlating one or nore
outputs fromthe one or nore Fast Fourier Transform
stages and for providing one ég‘ nore cross-correl ated
out put signals; one or nore fiTtst sunmation stages for
summ ng the cross- correlated output signals in each
antenna channel; a second summati on stage for sunmm ng
tgﬁngne or nore outputs of the one or nore first
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sts&ws amdhe fnhasmca/xbﬁaet iestimstiag estaga pbladbltaet oro3B-correlation
$ut of said further stage for extracting the phase
one or nore cross-correlated output signals
and to generate an estimated sanpling frequency

off set .A BRthéd oPimBRPRIcALVYS iAGHPOEDM s%é’ceﬁi 86MpAsin
further conprising a M MO "detection stage coupl ab?e

bet ween the on nore Fast_ Fourier Transform stages
in the freqf&R &in%f'ﬂs@t Fast ifipuriepnl ianglsmafiiegeaa Fast Fourier

CrOSAsBRhHbedd<LR a ﬁhﬁ%%r of reci JH%‘ lﬂﬁgt Q@B%'s;flh Ege time domain to

recovery in an OFDM system conp
Faransfagor dre orrnmtefaﬁrtlm stsdper af Fm:t sigoats terthe Trezjuehoy Blomain,
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t he nunber of input signals having an associ ated
s&iapsfaig procegs bavingaitassaniated wdndewnef operajion; nunber

of synbols, the Fast Fourier
adjusting the phase of one or more of the one or more

transformed signals in a phase rotation stage couplable to an output of the

Fast Fourier Transform stage;

estimating in a frequency offset estimation stage frequency
offset between sampled signals to provide one or more frequency offset

estimates from an output signal of the phase rotation stage;

accumulating the one or more frequency offset estimates in a

first accumulator;
stabilizing the phase lock loop using a low pass filter;

accumulating outputs of the low pass filter in a second
accumulator;

controlling the phase rotation in the phase rotation stage using
the accumulated outputs of the low pass filter;



transform process having an associ ated w ndow of
operation; adjusting the phase of one or nore of the
one or nore transforned signals in a phase rotation
stage coupl able to an output of the Fast Fourier
Transform stage; estimating in a frequency offset
estimati on stage frequency ofgset bet ween sanpl ed
signals to provide one or m)reofrequency of f set
estimates from an out put signal of the phase rotation
stage; accunul ating the one or nore frequency offset
estimates in a first accunulator; stabilizing the
phase | ock |ecwpralgiotiming assqsiaied witht te; windowueioparatign of the
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phasig a&émﬁp@t@g@utgatsn@f theheéwazes miteata@ out put s of
the low pass filter; 30 controlling timng associ ated

with the wi ndow of operation of%é he Fast F

Tr ansf or m pr@REating s 4rag regouan PH%Q“tlﬁéﬁﬂeﬁgsl an output signal of
Trmgsffrgtréy_nf@m’ggtor_usi ng the accunul at ed out puts of the
Ite

| ow pass r; and generating a tine recovered

out put signal as an output signal of the first o
aczunul Atmeth@l ascengdingdo adaiot & nhereircithe mtap ofrestinating the

t he st 0] ' ing the frequency offset
coﬁ%ﬂ‘%gcg:gﬁg%gf%%bsgge or nore Fast Fourier Transform
processes to one or nore signals received fromone or

nor e ant ennagplfingreneobr mure Fast doveies Transfprmvprdeesses to one
or nore output signals; correlati ngnone or nore out put

si YriaPEe BigPAIS Ieselyse ferm @hecer more antennae of one or more receivers
to provide one or more output signals;

correlating one or more output signals from the one or more
Fast Fourier Transform stages and for providing one or more cross-correlated

output signals;

summing in one or more first summation stages the cross-

correlated output signals for each antenna;

summing in a second summation stage one or more outputs of

the one or more first summation stages and providing an output signal;

determining an average phase difference between consecutive

symbols from an output signal from the second summation stage; and

extracting the phase of the one or more cross-correlated output

signals to generate an estimated sampling frequency offset.

6. A method according to claim 5, further comprising applying the one or
more outputs of the one or more Fast Fourier Transform stages in the

frequency offset estimation stage to one or more inputs of a MIMO detection



Fast Fourier Transform stages and for providing one or
nore cross-correlated output signals; summng in one
or nore first sunmation stages the cross- correl ated
out put signals for each antenna; summng in a second
summati on stage one or nore outputs of the one or
nmore first sunmmation stages ang provi di ng an out put
signal; determ ning an averag 1phase di fference

bet ween consecutive synbols from an out put signal from
the second summati on stage; and extracting the phase
of the one or nore cross-correlated output signals to
getiagat rreinte dhe netepdot avplelatingf thegsigrays dhf thet freGuercy offset
neé#%t%qfﬂgggng to claimb5, further conprising

appl yi ng e”0ne or nore outputs of the one or nore
Fast Fourier Transform stages in the frequency offset
est.i matA cecavergorprising the appa@tuselarsy efe af Malks 1 to 3.
detection 31 stage prior to the step of correlating
the signals in the frequency offset estimation stage.
7. A receiver conprising the apparatus of any one of
clains 1 to 3.



