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A METHOD OF DETERM NI NG A CARRI ER FREQUENCY OFFSET
BETWEEN A TRANSM TTER AND A RECEI VER The present

wa@p@siogsti on cl ains the benefit of United Statesr/sG2008/000001
provi sional application 60/883,645 (filed on 5

 BMEEHAROR DETERMNING & GARRIER PREGUENGY.GerseT

FIELD CF E@Ep@g'@%ﬁm%ﬁmw& ﬁéeewmnt' on

relate to W rel ess comruni cati ons. By way
of exanple, enbodinents of the invention relate to a
nmet hod of determining a first carrier frequency offset
between a transmtter and a receiver for a first

Tlf\é Péé%'ﬁ?éﬁgﬁdgloﬁr@aﬁsstﬁ%%eﬁ%f URted B?é}é@b%(wéif)ﬁéﬁt

transmtter and the receiver for a second
arbplmqtmnn 60/883645 Hiled oh ddlarfuacy iFHTI dherentise Loptents of which

carr en a transmtter and a
arbdpeyperatp PR by rdiBhes Ty MAREPERd a second
carrier frequency offset between the transmtter and
the receiver for a second frequency band, and a net hod
of conpensating a sanpling interval offset between a

transmtter and ag“?'?'gd'?‘fﬂ'ia}ﬁ"é@ﬂ@ﬁ”' er frequency

of fset between th nsmite e receiver for a
first frequency band and a second carrier frequency
of fset between the transmtter and the receiver for

Embesieentsal dem sy eption roIals tadhe figk! otwireless sampgunications.
B ngltigss n or%‘ Qﬁﬁb?lﬁ%ntgéﬂﬁm idr relatE tb 'él\éﬁblﬂo@\bﬂ n

nuni I's conmon to encounter the
detemhining afﬁrstazarmwfréqmmqmgruﬁyaebbétsﬂen(a)transmqtmmyl a

rdlffe encg%sﬁtween imtter and acfrecelve F
eCRIVEE t He%% Puecopd et fea ey ieef o
bMEﬁﬁh?%ﬁWﬁ&%rﬂﬁﬁ\eﬁb%ﬁér for'd dfond fRstLRMEY Bandl 8

typi cally used, thecorresponding effect on the carrier
metheglefrmompensating et earmen Fequeneneifsat beiween Rdransmitter

a8 e Sharthr et S SRR A S S An YR 5GPy B
bétdeehghé tranBmittéresneth@receiver for a second frequency band, and a
method of compensating a sampling interval offset between a transmitter.and
a receiver, a first carrier frequency offset between the transmitter and the
receiver for a first frequency band and a second carrier frequency offset
between the transmitter and the receiver for a second frequency band, as well

as corresponding communication devices.

BACKGROUND OF THE INVENTION

In wireless communication, it is common to encounter the problem of carrier
frequency offset (or frequency difference) between a transmitter and a
receiver. In the case of high speed wireless communications, where higher

bandwidths and higher carrier frequencies are typically used, the



10

15

20

25

30

wo 0808867 (fromits own clock crystal

di fference between the carrier of a received signal at
a receiver and a denodul ation signal generated at the

_ osci | | atEr1/sG1008/000001
order to denodul ate the received signal. There are
al ready a nunber of known nethods to solve probl em of

coresperding effeeteuihecsaroer equenanriiset brbvesr e yanspitter
<o P o ALl ol omaiged 1

F St e carrier equency
of fset using the transmtted pilot synbols, and then

to carry out the conpensation of carrier fr enc
AsRIseahafaieihe ATy ARG Tipauercy Sifeob elerein Bidjeddency
f iarl gt ad r
d@%ﬁ%@‘fe, b%ﬂéﬂemg eao ertﬂ(gw&%:gg\%%rsgén%ali%%ergﬁ ?ﬁEE égj@ysi ng
detmedutationsigmal georsated @b thiieateiver ¢tiom iSFOVN sladkalryst@ihe

effect of the s ¥ iaterval offset is then
osgjiiatonsnardenlp ‘P‘?lﬂg%ﬁrﬁ‘& r?ﬁ%"’@ﬁﬁi@’@rnbol with the
i nverse of the phase ranp. A second conventi onal

met hod [2] would be to use a best fit nmethod to )
Thete aeet already ahombendf kiewp metbods o solve dreflens efithe carrier

RS oty BEENEen M ena iR efadf Beestvrad, "rry T

straight line. Athird conventional nethod [3] would
be to jointly estimate the carrier frequency offset

: | . . €(
Adiret eorvesdinpali methostldl wanlddee tafirst eptimalathgsartien frpquancy
' : j ' e I ' t he
offShiuflo FREGTmMeSILERAoRlr AT e & o) B fe' 021 o
compenbation of ¢drdet freguermyedffset based oRdhé @stimgtedhcatier
t he cong nsat ed gre nble is transforned into the
freAugReneSEolPAEXAZRE-t hen used to estimate the
sanpling interval offset.However, there are

di sadvantages with all the above discussed )
Ircmove detailn for eashHoBBM symbelx theparglewif the phase ramp is

conveng i anal t ho i n [
o§BlRY oA Bt ot bleb sy iR R B AR g, The
effeerpfithe safisting Witspiil BEfsef isehén compensated by multiplying the
OFDM symbol with the inverse of the phase ramp.

A second conventional method [2] would be to use a best fit method to
estimate the slope of the phase angle change with respect to symbol time. In
more detail, the best fit method used is a weighted least squares best fit

straight line.

A third conventional method [3] would be to jointly estimate the carrier
frequency offset and the sampling interval offset. This method involves using
a specially designed preamble to estimate the carrier frequency offset and
then compensate the said preamble in the time domain first. Following which,
the compensated preamble is transformed into the frequency domain and

then used to estimate the sampling interval offset.
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In this docunent, a new nethod to overcone the problem
of carrier frequency offset between the transmtter
wandsH$ser ecei ver i s provided. SUMVARY OF THE pddvEdEbbEDd0001

In one enbodi ment of the invention, a nethod of

determning a first carrier frequency offset between a
Howenenitherer argrdisad vastageswith afl the abeye discugerdhegnyritignal

m[%?rg%dgsm%?)f %?Qrgmé[vklﬁ{ e St n%ﬁél%eﬁ%g‘,"ﬁﬁﬁet&%e when

e recerver ftor a secon equency

tHeapatkes size ®f ithie transimittetd dtadanye thedsolutiors suffers from the

determ ning gn estinmate of the first carrier frequency
phaseswrapried 8HRfhi ng an estimate of the second carrier

frequency offset, determning an estimate of a first

sanpling interval offset between the transmtter and

Irt this dexaenert; afrew methdd tesovdrcemedhe prokiath dfcardeofiequency

eterm ned _estinmate of t first carrier, frequency

offsatBieategh i kpBs it apcdfi setdaris Pitvidedecand

sanpling interval offset between the transmtter and

the receiver for the second frequency band based on

the determ ned estimte of the second carrier

frequency offse t [ rther includes
determ ning an ﬂ@%ﬁsﬁrﬁ%@‘(‘%@gﬁg of f set based
on the cal cul ation of an average of the determ ned

estimate of the first sanpl !g&% interval offset_ and the
Inene erbRaimeRt of Hae dnventioR ca Satbed of datermining afirst egrrier

f e _ : S
8ty o pREMEE Tabinlier dnd 8 hoCdlidr BF o hETHERL By
band tihe adssoandi caedecivequarey adfsepbetwgdnthertreaisnuftésand the
BRIl EF DESCRI PT CF THE W | he d i ik
raCeET £ S PR TR RO YIdR B TRE MatRod AffVided ( o
inchideSHMemih G &1 EEMhSRE ofMh&Whst chBRferdfeilien@§ ofset,not

necessarily t0 scale, enphasis instead generally being
detleaviningi porestimate of e sepandecasriericeglency siffsehedetermining

invention, Ln.the foll.ow n oLl ri
b BRI TSBE e e YA ffer anc e
rdcehverr srchetfvstt gy epich Bandbateawmpe determined estifiage béthe

1 shows a communi cation device accordjing to one
firshBadieriiequency affset, and determining an estimate of a second
sampling interval offset between the transmitter and the receiver for the
second frequency band based on the determined estimate of the second
carrier frequency offset. The method provided further includes determining an
averaged sampling interval offset based on the calculation of an average of
the determined estimate of the first sampling interval offset and the
determined estimate of the second sampling interval offset, and determining
the first carrier frequency offset and the second carrier frequency offset based

on the determined averaged sampling interval offset.

BRIEF DESCRIPTION OF THE DRAWINGS
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i nvention. Figure 2 shows an illustration of how

frequency ranges nay be used by the conmmunicati on
wey®Besnsshown in Figure 1 according to one enbpci//semns/000001

of the invention. Figure 3 shows an illustration of

the preanble structure used by the conmunication

awingske ﬁefpr%eecf@ra@t@&fy gengrally refge tathsRame parts

tfipyof e St sl T S fAYE ofe RobhdedssaiaABscale,
etnphasisvasteadrgenshallyebding ptaey| upon illusteatingl the principles of the
SRR 8 SR g i PREBEREs P Benton
a(ﬂl@é@dﬁ;’éﬁ%iﬂ? PefEferéBSo ?ﬁ@ﬁiﬂl’om dRiwih§§, ih WHieR:i on,

re the sanpling interval conpensation is perforned
in the tinme domain. Figure 6 shows the packet error

Flabie Toos & Sppal R anonBa: aeenaorois SkPallifioite
of efpiveRB&MNY and conpensating carrier frequency

of fset and enbodi nents of the invention. Figure 7
shows an illustration of how the wapping effects in

th re : r | (St
Flatfe, & RM S BERFEIS T ) FredBREY iac b BE TRy fhe
est i gdimuhicationtystdr rshbwadn Figureonatcordingdd.orfel gure 8
shows the packet error rate (PER) performance
conpambegimertofithe iveniopat e node of 106.7 Mops in
C\V4, Dbetween conventional nethods of estimating and
conpensating carrier frequency offset and enbodi nents
Figluré Beshiomsean illostraioryof thePprebmivte stmectoreenused by thed

c Chobh e SPob B LB o S o

t 0 OBfthe invention.

Figure 4 shows a block diagram illustrating the implementation of one
embodiment of the invention, where the sampling interval

compensation is performed in the frequency domain.

Figure 5 shows a block diagram illustrating the implementation of one
embodiment of the invention, where the sampling interval

compensation is performed in the time domain.

Figure 6 shows the packet error rate (PER) performance comparison for the
data rate mode of 53.3 Mbps in CM4, between conventional methods
of estimating and compensating carrier frequency offset and

embodiments of the invention.

Figure 7 shows an illustration of how the wrapping effects in the measured

phase when the number of OFDM symbols is large will result in
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enbodi nent of the invention. Figure 10 shows the

packet error rate (PER) perfornmance conparison for the
walziosog23se node of 200 Mops in CM2, between  PCT/SG2008/000001

conventional nethods of estimating and conpensati ng

carrier _frequency offset and enbodi ments of

i nvefigniisantegarsdnine griignt eRtinpaliotein eyt ?%n\@rkt'pe%

perfmeqﬁ%@ﬁ conpari son for the data rate node of 480

Mops I n CML , between conventional nethods of

estimati ng and conpensating carrier frequency offset

d di f th 12 sh h
Fioicn BrSRaMSIersARel PER) ot [ R RR e HaReRFowRANFop fafiae
dat ags@l @tdRidRIedr 108, 2 MBS 'W%M@eﬁ%&ﬂéﬁ%&%ethods

bet ween a conventi onal nmethod of estimatin
conpehestimating-and cempeneatingcarrief frequengyio and
enbodi rtr)eBt Oft E&?Sh' nven ion. Figure 13 shows the
pack8TPEPIEFNP ?5\*:’55‘ '?)'érfor mance conparison for the
data rate node of 106.7 Mops in CMA (W th shadovvl ng),
bet ween a conventional nethod of estimatin

Figorg Srabewsrigednean sauared pIENdMSHrefdhe Ay Interval offset
nb
ST ok WERR S ShEAE i RS, A Blone

rat eembddm@éntZﬂQhé/hﬁ&nMOnCNE (WI th shadovv| ng), bet ween

a conventional method of estinmating and conpensati ng
carrier frequency offset and one enbodi nent of the

Fig %'s‘%wsﬁh@?p%kéﬁeﬁ&or‘é?e {ﬁ@Rpastsﬁn&we%orhaéﬁsdr%?)me

ormance conparison for the da rat e node of
Mopsdata réid modietdf 200edbpsé ingCM2) between eonventiomal oredihods of

th f Tl t at i
;nra qugf{g? "?%S faRc I n%n ﬁ%':g'&f ﬁ'@ﬂlf‘g'g? ﬁ%eteqrﬂ?ent i on.
DETAL BB IPRSSRIP TRONvERtidhiE | NVENTI ON Typically, it is

not possible to use identical clock crystal
oscillators in the

Figure 11 shows the packet error rate (PER) performance comparison for the
data rate mode of 480 Mbps in CM1, between conventional methods of
estimating and compensating carrier frequency offset and

embodiments of the invention.

Figure 12 shows the packet error rate (PER) performance comparison for the
data rate mode of 53.3 Mbps in CM4 (with shadowing), between a
conventional method of estimating and compensating carrier frequency

offset and one embodiment of the invention.

Figure 13 shows the packet error rate (PER) performance comparison for the
data rate mode of 106.7 Mbps in CM4 (with shadowing), between a
conventional method of estimating and compensating carrier frequency

offset and one embodiment of the invention.
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transmtter and the receiver, and that this is the
root cause of why a carrier frequency offset, for

WEXmP$867 exi sts between the transmtter and tHFEr/SG2008/000001

receiver. Additionally, the frequency offset between
the cl ock cr%stal oscillators in the transmtter and
Figwee 11dcshiones theegadket ear @de HRERY peHofmanegs semparisen for the

i nvo : ’

e dHBCRE MpdB A RIEWppS i CRZ LW SR nG), ot OiTa

t hanchmeermidaial methoof estimetimegyard coimpensatiig caryiet frequency
oscillator, the frequency offset between the signals
genepHsetBndore embogiaant afdhe pxentiant ne receiver is

hi gher than the frequency of fset between the cl ock
crystal oscillators in the transmtter and the

Figeee il Geshowsuthetpacket errohrmate BER)perferrsangs comgpagsars tat the

it cgn be observe the f uenc ffset between

t he @pciets rclesst 4 bps A CONF FhEn adonie]. cEHeER 4

the p&eRint@hal MetcPof @sftin@éﬂr@dahd“cér!h?eﬁéé’fmg dHtrier frequency
frequency offset between the transmtter and the

r eceoffeet and ong emiodiraent ofdbe irveinignt o one enbodi nent,
a method of determining the carrier frequency offset
between the transmtter and the receiver is devel oped
by appropriately conbining all the above di scussed
observations. |l n one enbodi nent, the carrier frequency

of fset i s RETANERPEIFCRIRTIONORJHE INVENTION e

estimated carrier frequency offset is scaled (or

transl at.e i . d [ I
TyRiEa, 8 BESSLIR 10k, Rpff BN B oRAEG A the
trahdmries andeht receiosic bag ahatahisos shé heotfoatge @fieshymodsier
since the sanpling interval offset for each frequency,
freavencysoffsatiier exgmplg; xists Petwrers thedlaRNsmittar ?lﬁiﬂ&ﬁe&ewef
bet ween the clock crystal oscillators in the
transmtter and in the receiver. By so doing, a nore
Additionaliye tks fieqaenoynofisettbiedweanthe olgck crystalaiscilatarstin the

can be obtalned. As used herei the term"sanplin
RTaIPE ARG P e dpoeival BRY Decrcas PR n FH4 PERER B Rled.
FOPExSAPIR), ifthe isirRl Yeherdted from theeISA B ERY oBEIRSDPF hadTa

a transmtter i'n order to generate digital data ,
higher frequenciathainghaloscilating fregueneyt efibie cork gristal oscillator,
the frequency offset between the signals generated in the transmitter and in
the receiver is higher than the frequency offset between the clock crystal

oscillators in the transmitter and the receiver.

Further, in the case where sampling is used, it can be observed that the
frequency offset between the clock crystal oscillators in the transmitter and
the receiver is also reflected in the sampling frequency offset between the

transmitter and the receiver.

lllustratively, according to one embodiment, a method of determining the
carrier frequency offset between the transmitter and the receiver is developed

by appropriately combining all the above discussed observations.



10

15

20

25

30

sanpling interval used in the sanpling process of a
receiver of the transmtted signal in order to recover
wa tes/dsgét al data fromthe transmtted signal .PdTISGI0$000001

context, a sanpling interval offset nay be considered
as corresponding to a sanpling frequency offset.
InFene @mhﬁvg?mme the eargier reguency effsells Pﬁ?%ﬁ%'ﬂéhéﬁ'me

t 0 j
agfizhf ot e BSfaldEEHARE KpRAETC RNy LIPS (PPtransiated)
aecardmgiywl the eBtienated santpling interval effsétr #heastimaiéd satmpling
.for each fregyency band,are then_used in the process
niervabosets o LIRLANGTo0PY 2610SSIRR SRI4ENGH bRBS Bigss e
s%r;‘nggﬁg ﬂﬁén@fgﬁset%r 8adh fIBqIONG, barPisIrRE&HS calisédbyitee

ncy offset conpensation’is typically carried out
frequemcy diffetaneedetaennitihe ciiek icrystaleossillatersdn die tranpmitieg

i nt | off t ' i ed .
apfla el ReSRBID . o are SR B pafbing
intétarofiditicahite estafrss of sanpling interval offset
conpensation nmay be carried out either in the

frequency domain (using a frequency domai n phase

or . f o ey . oy . .
ASTBRERE el @fnsabtfy ienal s ki8R SR g biteRence
béwﬂrﬂﬂbéﬁaﬂﬁﬁlirfgdhte@wmﬁd)in tbfk& gamqiolin@ ptaress O}i raooahsmeitter in
0 e invention, a nethodq o eterm ni i rst
ogder tp generate dihial dater %%f'eg@e/ﬁe@an%' torh& s iedannd he
SEE P Fiteralued I (S R 0D BR LR o R Tt trangmitied
sighal inewrdewter recoverstheatigital data froemiby thanstnitted signal.dedhis
Thte t hod provj dedI i.pcl udes deter.nining an estinate
ceffterhe samRinRlerva offSeL Mashs SoRsided S calresRan e @
sﬁ%ﬁ;iir‘i@?@q@énéﬁ@ﬁﬁ?ond carrier frequency offset,
determ ning an estimate of a first sanpling interval

of fset between the transmtter and the receiver for

Fé@cﬁynﬁ'g: igl%,rtﬁgigﬁgctﬁ’/g%%r}?ﬁgq&%cg%?fsg%t ¥gig?ﬁ‘#raeﬁgency

St carrrer requency o

baed arabbiairdby s&dlingethe astintated samplisgintervag offséter val
of fset between the transmtter and the_ recejver for

agerdingbo TierrPepeeive, CaHptTBauanNPysiTsei il &aep faaugncy band
afSthelRisedah thé Bro@s8™ carrier frequency offset compensation for

each frequency band. As a side note, the process of carrier frequency offset

compensation is typically carried out in the frequency domain.

Next, the process of sampling interval offset compensation is carried out
based on the estimated sampling interval offset. It should be noted that the
process of sampling interval offset compensation may be carried out either in
the frequency domain (using a frequency domain phase compensator, for
example) or in the time domain (using a low complexity minimum mean

square error (MMSE) interpolator, for example).

According to an embodiment of the invention, a method of determining a first

carrier frequency offset between a transmitter and a receiver for a first

7
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carrier frequency offset. The nethod provided further

i ncl udes determ ning an averaged sanpling interval
wmtdoses2zblmsed on the cal cul ati on of an aver ageP@i/SG19e8/000001

determ ned estimate of the first sanpling interval

of fset and the deternm ned esti rratem{ t he seco
frearpneyganth aee atecond carierdrrAusiCY alisat RgWeRD Prtansm'ﬁef

ﬁé‘rtﬁé Rlcdivér% yﬁg%\éggéée g@g @ﬁkﬂ/ 6%?(% %ngj&ﬁa‘mé%et od

requency offset aver age
p&mﬂéd ingluidesaetetatmiairgsart estitmbtedofitbatfisstafartiérefréquencyiafiset,
e fromthe dz)gﬁ{]den

ins. | di .
dﬁ%m%m@a SRl TSP AR ARV SPetay SRR ing
RlestiRfits of hifét §dn‘i‘1§lh'1%"lﬁbén95lfo‘¥%bt BSM&ﬁﬂthbhﬁansmltter and the

ansmtter and the receiver for each frequency band
r&n‘el\aarrfulr thedirstirequerfcythangukased dathesdetermingdtestimate @f the

t t f 1 | .of
i g8 oty oiRat 28 deldmObe A Ees dnef ¥ AHARED
smbﬁng ihtbRRil BHSét ietvebh Yh@trahs@fter i thandseibaskd tien
determ ned estimate of the carrier frequency

smqrmbtreqwnce/atzam basaor therdelgrmines estimalg qb the sa@zﬂd

opeL AEianbRfy Bi5e:, 36 5 dhBl o Aded fiHR SHoiSAEE UbRmining an
avéragbd s3etsing infetval sifisebasedbdn tiecalaotation of 'antaanevage of

t%%%géﬁw&%r@xeﬁiﬁe%?%ﬁ%mba?a@ Ttotd pITee aLtiGensy
ency
hfiled Qétbrﬁét‘gtbfftﬁg %g@ ﬁﬁﬁg gfnté%l gHdtl thj Eleféfnﬁrf\mg
s based on t

requency erm ned aver aged
thexdfinst camjier frequenty offseteind the sesodd icarrigrifrequency effset based

"nmul tiplicit refers to ee For exanpl e,
03t'?.%f’?f)%m"&‘?f¥9v%f@9?9éaﬂa‘f89' tgﬁ‘@goﬂnogrs to threem;r
nore frequency bands.In this enbodi nent, the nethod
provi ded rr(gy be extended to determine the carrier
Emhedirpaots ofithe dnvemsionemengeifam éhe dependent glaimsy
bands. In this case, an estimate of the carrier
frequency offset between the transmtter and the

I &6 erodiraent aed niotiest prosiddebindludies aleterintiniplgi ari estiméte of
frequency bands js first determ ned. Thi s neans

ther carfigr treguenay pffsajbehwger Higkansmities apd toe b??%YthG%Pach
frgﬁg%@pgqﬁafgz«w{é@?}yw FeBUYRLY Hafds, MriSddtBRh BindPan
estimate of the sampling interval offset between the transmitter and the
receiver for each frequency band in the multiplicity of frequency bands based
on the determined estimate of the carrier frequency offset for each frequency
band. The method provided further includes determining an averaged
sampling interval offset based on the calculation of an average of the
determined estimates of the sampling interval offsets for each frequency band
of the multiplicity of frequency bands, and determining a carrier frequency
offset for each frequency band of the multiplicity of frequency bands based on

the determined averaged sampling interval offset.

As used herein, the term “multiplicity” refers to “three or more”. For example, a

multiplicity of frequency bands refers to three or more frequency bands.

8
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offset in total (one estimate of the carrier frequency
of fset for each frequency band). Next, the averaged
wo 2vphs3g7 i nterval offset is then determ ned bpCT/SG2008/000001
averaging the N estimates of the carrier frequency
offset. Finally, the respective carrier frequency
of fsets for each frequency band are determ ned based
of.: e r f
rEfhis GBSt thef BRI Sroie i3y bRl ricHded o BtBmine the
cagiet frequedcyoyffeat for aInytultllhdlﬂy@fcﬂnmaencwbdnds/dnakglectase an

eshEblanidnsagieT iratisnmianivg! Peeenc GREMNG SULUR
réti%f Jéég : éém&ﬂgg&g%ng agg)t of nﬂﬁt‘ipﬁifclﬂ/ eﬁﬁeauemv Bérﬁ&syisrfﬁst

sanmpling 1nterval offset with
detesmirett] Thisefnieaos emt |ﬁtin¢re bee anvmmcaibanlde i #repiuitiplicity
ot h the estiate o

of feGuertyhatsg Han Gersmeotd BEN exigips i RS tedfioncy
offsétlih Rotal (Hhe! é‘ﬁm‘iiﬁb%f hé edrrRy fietbAcPbffédtdof badh frequency

carrier frequency offset with the sanpling interval
band).t he i nverse of the first coefficient, and the
estimate of the second sanpling interval offset is
determi ned by nultiplying the determ ned estinate of

NeRE th€ av8rhgedrdansling interealdffset fssthen wetdrntihed bgraveraging
interval and the inverse of the second coefficient. In

thentd esimsiesiehihe career Geauensstaliseh Tinally fhe fespective carrier
frégﬁéﬁcé};bf%te 1k %cﬁfém: ﬁférb‘a eé}h?lhéd paeyy oW'tﬁe

rati o between’the carri requency of the
atémagedfsaampliegdmtepealdfiset! t he carrier frequency of the
second frequency band. | n another enbodi nent, the first
coefficient and the second coefficient are

Id 67€ %ﬁ*ﬂo\b‘ﬁh ¥nfS ?rllf-,eﬁtts? @afrfé? ey u@héyJ Bffeét i8 dekahfinéd by he

range fromoO . I'n one enbodi nent, the averaged
rmmmjymg ghe demrmnedaavareged saplinglintesd! aFsatwith a first

cBEHHETT AP 1R R B b BRI, 534 L e
frequency offset is determined by multiplying the determined averaged

sampling interval offset with a second coefficient and the inverse of the

sampling interval.

In another embodiment, the estimate of the first sampling interval offset is
determined by multiplying the determined estimate of the first carrier
frequency offset with the sampling interval and the inverse of the first
coefficient, and the estimate of the second sampling interval offset is
determined by multiplying the determined estimate of the second carrier
frequency offset with the sampling interval and the inverse of the second

coefficient.

In one embodiment, the ratio between the first coefficient and the second
coefficient is about the same as the ratio between the carrier frequency of the

first frequency band and the carrier frequency of the second frequency band.

9
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According to an enbodi nent of the invention, a nethod

of conpensating a first carrier frequency offset
wheisegasen transmtter and a receiver for a fiPGL/SG2008/000001

frequency band and a second carrier frequency offset

between the transmtter and the receiver for g, second
Iy arethenefbediments the Hot Mﬂ?‘?ﬂbawii%%ﬁw 'ent_ogfe
roPELHIE SERER B RN ATRE Eih the Farlde GbBtd 255,
second carrier frequency offset, determ ning an

estimate of a first sanpling.interval fset for the

Iy o EMbOEUER: {1 Brer 288 canping et efieh e eakdisthdas an
afthnidiR dVerade BRIHd GbtefhPREINAES SPihe SHMDIIR] MteFVaI Ng
an estimate of a second sanpling interval offset for
off$ats ferceanh frequermydansand based on the deterni ned

estimate of the second carrier frequency offset. The
met hod provided further includes determ ning an

ABNGURELY SRERIDoAImEMtsTtM@invehtion! a hfstRed @ coimpensating a
cal cul'ation of an average of the determ ned estimate

first camier fieaseney pfisethetvaee atsansonifteeand arecaiver for a first

: ; ; ; i .
TSl B4R S oI et RERRREy BASES blckR (2hnemiter
ag@ tthé f&e&aarwlda Satdémdafreﬁlflw isfp‘rleeidfe?a'ﬁbel m:e‘tzodﬁe

et erm ned aver aged sanpl i i nterv t,
pravideshiagiudrg deRITining arkestinTate qfﬁ'é%] fEst %rfiﬁffgeé}%%gﬁm offset,

i 2 t ..
O B o e e o RIS Rt QRRermining
anestmaterefia fiest sadh plingrintervdl offgetioc thefirfst frequencyband
enbodi nent,, . conpensat | the f.irst ' f \
gTaLRn i ek BTGl e o e Mt EqUE diP Bncu BTEED She
deRehities af ¥ishiHIE 0P8 secbhd %bm?hﬁg enteAlalbffgét foperdsedbnd
the determned first carrier frequency offset,

frequenay banthbasesben the detesmines: egtinyatesd dle seepnchearrier
termn i ef S .

ATl By pleiosd ERHEP Y lde Rprpining an,
avsraged sahipliggtiends offssi hesbdset thedcgibalation of ahiaveragenof

anot her enbodi nent, conppensat Ih"&? t hef er?t carrier
therdajeERBgd gtigte ohtha et sampliag ke sstanahey

¢ . S i rd Y

oBiFed SRS TR i ARG L e e
first carrier frequency offset and the second carrier frequency offset based on
the determined averaged sampling interval offset, and compensating the first
carrier frequency offset and the second carrier frequency offset based on the
determined first carrier frequency offset and the determined second carrier

frequency offset.

In one embodiment, compensating the first carrier frequency offset and the
second carrier frequency offset includes determining a first phase rotation
based on the determined first carrier frequency offset, determining a second
phase rotation based on the determined second carrier frequency offset,
compensating the determined first phase rotation, and compensating the

determined second phase rotation. In another embodiment, compensating the
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first carrier frequency offset based on the determ ned
third coefficient, determning the residual second

wa2zns/H2867f r equency of fset based on the det er mrcEEGE2008/@0001

coefficient, and conpensating the determ ned residual
first carrier frequency offset and the determ ned
first spEriafreguensy offsel and they saneadSarden fsgquensy Qfisgt fisthes
in%fho%%b@éi{afmimnfé tﬁinfcééfﬁae fﬁ’é}afi%l &élgijrgﬂir\\lgethe residual
conpénsati ng sanpl ing Irnterval offset between a
fitst gaarteriftezjueany offsetdrasedesn the deteshinedrthird coéffientncy
of fset. between the transmfter and thﬁ?étreé:ei ver {ﬂ%{/ a

determining i E3RIGHAL SRACRH GATIEE JEGHENEYP gsedfine
dei‘efn%ﬁ%de iR idi aﬂn gﬁ@% ﬁsag\g@tﬁéﬂ@e@ﬁﬁmem%sfd%u first

secon requency I's provid The net hod provi ded

camier fréquedey effsetrantdytherdedemiined eesitiualrrecond variernfreqrency
requency offset, determ ning an estimte of the

odsRlond carrier frequency of fset, determ ning an

estimate of a first sanpling interval offset for the
first frequency band based on the determ ned estimte

According fo ar embediment afitbe irvesyions a srethod ef ca@pensatingg

S0 B Pl SRS A 1B S
fregliemat sffsdt bewesre trendansinitiee antithe vecetyerdoF adirst fidgiency

nmet hod provided further includes determ ning an
baRe ARE EHSRM) GaTEeT fiewranay afisel etwaaiLtedrarsmatter and the

21614 8080 ABGRUSEAOT bR FhavRA o B
indkidesnietednieig amestimate dfthe dicstrehraemipt quencyrafiset,al

ARG 8BS P 1 Socanartier beFeeioRtoes dhiSTiBa
afl €sBBtd Bfla %Yﬁrs%ﬂfpﬂin§4%r\bél Sffset firtiae fisst Freglency band

conpensating the first carrier frequency offset and
based ordle deteaminast estireatecafdhe dirstearrierderauensy offset, and

determ ned fi.rst LI r .
o5 ad Sstlrbia LA reRhpd SAHitfRGty R Bl fip ¥ second
freQudssIEandBaddtbon A tergminddestahatefdfthe sbesradicamiet he

determ ned averaged sanpling interval offset. |
frequency offset. The method provided further includes determining an
averaged sampling interval offset based on the calculation of an average of
the determined estimate of the first sampling interval offset and the
determined estimate of the second sampling interval offset, determining the
first carrier frequency offset and the second carrier frequency offset based on
the determined averaged sampling interval offset, compensating the first
carrier frequency offset and the second carrier frequency offset based on the
determined first carrier frequency offset and the determined second carrier
frequency offset, and compensating the sampling interval offset based on the

determined averaged sampling interval offset.

In one embodiment, compensating the first carrier frequency offset and the
second carrier frequency offset includes determining a first phase rotation

based on the determined first carrier frequency offset, determining a second

11



10

15

20

25

30

In one enbodi nent, conpensating the first carrier
frequency offset and the second carrier frequency

woidoses2ssncl udes determning a first phase rotEd¥$E2008/000001
based on the determ ned first carrier frequency

S B AR Ay G
cgrgggﬁé‘étﬁ{d {he deiermsipka ﬁ‘i%trtﬂ'%sﬁirb&ﬁigﬁhéﬁ@ cbRip@nkafing ﬂ’lﬂﬂ

ensat’l ng the determ ned second phase rotation.
deteanitead sadoodi phase, rotadiope lrsanothgr emdotiiment, campessating the

sk BEMPTbe brBR e R cRip e B PR rner
ingRRfek det@mbiniriged Blitdvederficieat iksrativeI ddtbeminey theakesidual
first carrier frequency offset based on the determ ned
finshcadtier frenueocyaffsetdhmsedramiheatagninedithind coeliisiang

carri e t ' hird
o 8hPiTg M AR sBhoRf baltRh B aREn SRR M
déterpinetiathirtd @oefflchstiteany coimbensatintrithieldetdahieediresidual first
resi dual second carrier frequency offset. In one

CFigb ieAEARCY ebtRlansthe determined igtidugl seqpad ¢armesifraquency
O#§et§:arri ed out after the processed received signal has
been further processed according to a transform In

anot her enbodi nent, the transform nay be selected from

Itk PEPEUIERR GPPARGS (e THET i Py A iek e cauriag out
afléraRelb8e dded bceivBd Qitfhaf KBS HeBR Hith&QsBeassdd A&cdraing to a

sanpling Interval offset is carried out using a

tramgfqueninyanisher embodimerdathertransforam oiaydbe selgstadqfieom a

I { ' | ' . i I
oPar Rt o Fu TR BB Pl P i ehSom
(DT ednd DestrateeTcednsl TeamgibimgDCM.er val of fset, and
conmpensating the determned third phase rotation. In

anot her enbodi ment, conpensating the sanpling interval

; : nd ; .
VRGBT ch O P At gl o
usiag er firequehcyetintaialcompestsatar m amotheeembodimeritf set

e B SR B SRR e ey AR i phase
rotation based on the determined averaged sampling interval offset, and
compensating the determined third phase rotation. In another embodiment,
compensating the sampling interval offset further includes determining the
residual sampling interval offset, and compensating the determined residual
first carrier frequency offset, the determined residual second carrier frequency

offset and the residual sampling interval offset.

In yet another embodiment, compensating the determined residual first carrier
frequency offset, the determined residual second carrier frequency offset and
the residual sampling interval offset includes determining a fourth phase
rotation due to the residual first carrier frequency offset, the determined
residual second carrier frequency offset and the residual sampling interval

offset, and compensating the determined fourth phase rotation.
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In yet anot her enbodi nent, conpensating the determ ned
residual first carrier frequency offset, the
walzwensméred resi dual second carrier frequency BIT/SE&1008/000001
and the residual sanpling interval offset includes
determining a fourth phase rotation due to the
residual first carrier frequency offset, the

BB P TP bt NGB o
ficst epRies dtdquenty effdet, dientetedninedrrekidulabsecorat earrienfrequency

nbodi ment, det ey m ni f h. ph '
offert anS PRdePBLALEAIPING BETVal GlTest | FareBing dsikalor

s%n??o@ebﬁédﬁﬂ %yﬁﬁﬁil@H@Fyrﬁ?ﬁ&ﬁiEaﬁrﬂ{ §yRbols’ equency

set "and the’residual” sanpling interval offset is
carried out using pilot synbols, preanble synbols or
n one

h i zati nbol s. nbodi : .
SRS R R Be i A0 B TR et g o
b8tdre BRS protebb6d PEQGREPSignAIES RliIvst srbBesded gcdordingas the

processed according to the transform |n another

trgnﬁouhnﬁhznotbgnpmb@dtme@t, corapensPina e sarepling intarvaleaffset
st PCHaBHIa e M PROGERI SRR mbduifint

tHe tithe @onialt lcde pepsatriea (finitRimpulseaespomse(FIR) filter.
enbodi ment, the coefficients of the FIRfilter are
det erm ned based on one al gorithm sel ected fromthe

Irg{)rgé‘orglrv{tﬁ%lid{?ﬁp the E@emiBhthﬁszfﬂ’t%?P?e Séfe%n{étq;@%)ed on

e I1near Interpolation algorithm
ope lajgwithral sedectdd ifrohetheograupancladiggrthe Inmininblme rheam aggare

oAb B 5 17 a0 S B i
b[ézéé&ﬁ’ﬁ@@%tarﬂoﬁ AIGERhRL T Lagra%ba% héritAhamee pleelNiser et e

R
ourier Transform (DFT) in erpol ation al gorithm
palyoomifl interpolatioreatgodthrethe sling interpadatiaroalgodthm, the

comuni,cat | Vi ' [ dedn. | '
e R B e
(mlptpih[g'rgbmoﬁra@frtthmte of a first carrier frequency
of fset between a transmtter and a receiver for a

first frequency band, a second determning unit for
ABELRY {8 A eRTboRhEATSANE invntiBACE CofrfthiniBAtidr BEVES R/
provided. The communication device includes a first determining unit for
determining an estimate of a first carrier frequency offset between a
transmitter and a receiver for a first frequency band, a second determining
unit for determining an estimate of a second carrier frequency offset between
the transmitter and the receiver for a second frequency band, a third
determining unit for determining an estimate of a first sampling interval offset
between the transmitter and the receiver for the first frequency band based on
the determined estimate of the first carrier frequency offset, and a fourth
determining unit for determining an estimate of a second sampling interval
offset between the transmitter and the receiver for the second frequency band
based on the determined estimate of the second carrier frequency offset. The

communication device further includes a fifth determining unit for determining
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the transmtter and the receiver for a second

frequency band, a third determning unit for
walzwensmeri ng an estimate of a first sanpling iFCESGRDS/000001

of fset between the transmtter and the receiver for

the first frequency band based on the determ
apgverages sAMpling infenval Qftset pased padhe ﬁ@ﬂﬁujﬁt\%'é%r} anayprage

ofﬁ%fdé}eg%saquﬂh{é@e BPiHe fi ffrgf sgfﬁg Mendl aﬁsﬁﬁdrmbe of

secon ng rnterv etmeen t
déteamimad esirmatedaﬂtlhe seeared sampfing lrttele/a!seifseidamd agidhcy

band. h d det d
ISR PP QR ELie TR C R RN TR TSR YHTosd hddhe
sééUﬁd“@éme‘ﬁleHG’@&yaoffééct'stQG"oﬁrtﬁb HetérmiiRéd al@faged sampling

determ ni ngan averaged sanpling interval offséet based
inbervaheffsed! cul ati on of an average of the detern ned

estimate of the first sanpling interval offset and the

determ ned estimate of the second sanpling interval

ABESrgiRig totd embodithéntdsitieg Mvinfien Ua cbniniinie i device &
the first carrier frequency of fset and the second

prswvidede T hereasuranpigation sevicedaeudes atfiret dﬁée@wmngemt for

\
d%ﬁ@@ﬁﬁ@aﬁ%@ﬁﬂaﬁ&of ﬁggéntt(iadlé?l&fﬁé ongnl ca Pgﬂv VI ce is
transmitiée édind Bnrecetvemio & fitst freqdency bandicd seemdadéterraining
determ ning unit for determ ning an estinate

unif fasidetaimining an efinate,of# seeandcarierifeguency r@'%ﬁetttbsmeen
mgggaﬁsrﬁ.ﬁ@ﬁbﬁ&&hé Fl%{ce?vé‘r'f&sé sEE@WﬁBﬁMeW@an@ aSiand

erm ning unit determning an estinate of a
detecuiting antt ferdedtermjomucan estimate bia fiest sattpbing interval offset

ogREn Lo NS e SR 15U 1010F T GReNPR G Dased on

th%sdétgﬁ'h medfestinddte of tHeafifet tagier Feguuaty off§steand atfoarRn
the transmitter and the receiver for the first

detesnining ynib ferdieterseiningnan Betimateeeiha reepndssamating titervak

o AR AP St P od B gy bana

bassPoA tisadplarmihddéstinvate offtihe eécchm vEreier fr’equency of‘fset. The
transmtter and the receiver gr t he second, fre uenc

coarwnicalion dayigemiairhier ichdese Bk deigrmingpouni ok %tﬁa'n}/ning
’? H] ed gﬁﬁﬂg@g}’lg&?élﬁﬁet baged BATHE 'cSFéUa‘ﬁ?nQﬁ\éinca?verage

determning unit
ofttbeedatemmingd estimate of the first sampling interval offset and the

determined estimate of the second sampling interval offset, a sixth
determining unit for determining the first carrier frequency offset and the
second carrier frequency offset based on the determined averaged sampling
interval offset, and a compensating unit for compensating the first carrier
frequency offset and the second carrier frequency offset based on the
determined first carrier frequency offset and the determined second carrier

frequency offset.

According to an embodiment of the invention, a communication device is
provided. The communication device includes a first determining unit for

determining an estimate of a first carrier frequency offset between a
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an averaged sanpling interval offset based on the

cal cul ation of an average of the determ ned estimate
wmtooshe3éi rst sanpling interval offset and thePCT/SG2008/000001

determi ned estimate of the second sanpling interval

offset, a sixth deternining unit for determni t he
transrgitteg apd iagiecevey Im&?r%fr%g@%n%le@%@ %f&gmodeggw g

urﬁlf ﬁ)ql&%}hllqlbgr Vaféﬁ?ﬁ?l‘é di'h §&‘§>n@eéa‘?ﬁérr‘ ﬁ‘@@Jéﬁ@rcﬁ%‘fl between

nmpling in a conpensating unit for
thectremsnsadar and thesrddeier fora seeond ireqmmuyybaﬁd‘ sethirdnd

defeTBInAG Ut 9 A8t STmipinGa Frimate 7 R Sameifia ieval offset
bé*We%h"th ‘ﬁ%n%ﬁﬁl‘?é}darﬁﬁﬂfé r‘ébeﬁé?ﬂ#@lﬁ‘éﬁréﬁfﬁfe‘éﬁbncﬁﬁﬁﬁd $iaBed on

to an enbodi nent of the invention, a conmunication
thealatermined pstimate of theHfirsteanianfrequensy effsstcand adoudes

ademyrig Ut Bt oD dn s B el Bl @inSiid Réral

offdet Heshdén tHe ﬁélﬁisrﬁltt"eeéﬂd\tﬁé réc¥iver fbi !‘r%tse‘doﬁdtfﬁétmency band
band, a second determ ning unit for determ ning

basad emthe detesminesgriimate of dhe w@me?ﬁ;ryebfrfeg'e@nqye@fﬁeénThe
CH%@&'U ec%@iﬁﬂ]ote\/ge ﬁﬂﬂﬁ} P@Mg%t%%l ity dé@mﬁnﬁ&?@rﬂ%r determining

ermnrng unit
argl fa?@rfa@‘eglmgﬂimgeatermitwfsef basdd olsthsealpulatigniaﬁaeramkage
of fset between the transmtter and e receiver for
bk Vel n

Oftthg (ﬁt?@'”?q gat‘l@ﬁtﬁlo ﬁcf'rmplmg I{'l gah
deteh {?ﬁh}s@ifnéte%fiﬂé §éccﬁﬁ‘f éérﬁﬁnﬁd REeacH<eh f$8ikth and a

termning unit for determning an estimate of
detesmrmgjumhfqllda’oqnnlnmrthalflrsifdasmr fb@lumm aftset and the

tra smtte and th eiver for it d f
Pt resiency Qitsel PRrean 8¢ Ariruied everaged salfipling
mféH/éI' SHset [ £fitee B6Mpehbatiig uﬁhﬁ:r%ﬁ’ﬁ'ﬂb’ﬁs@ﬂhg e fifst cafrier
further includes a fifth determning unit for

frequenayiaffsetand the seceticarbiapireadgenet @ffSﬂilba§ﬁf’ §é‘tthBased

o@Brhibep TheCeA L fRa @i biTerRRE I betdifhifid ScBf Carripr
iy %ﬁ?ﬁs‘;?z“:ﬂmcﬁﬂﬁeﬂﬁﬁﬂm?‘“g'::’z?’rﬁ":?“"‘gf*e
sampling tenvalotiset baseq op t B?%@ %3 p¥eraged s g‘p 'Pt@[fva'

offddgauency of fset based on the determ ned averaged
sanpl i ng

In one embodiment, the communication device may be, but is not limited to, a
wireless communication device, a high speed wireless communication device,
an orthogonal frequency division multiplexing (OFDM) communication device,
a multi-band (MB) OFDM communication device, a ultra-wideband (UWB)
communication device, a WiMedia communication device or a Bluetooth

communication device.

The embodiments which are described in the context of the method of
determining a first carrier frequency offset between a transmitter and a
receiver for a first frequency band and a second carrier frequency offset

between the transmitter and the receiver for a second frequency band are
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interval offset, a first conpensating unit for

conpensating the first carrier frequency offset and
wo bmssssend carrier frequency of fset based on pdtESG2008/000001

determned first carrier frequency offset and the

d d
aneloGePIL SIS ARS AR O POMPEBRIIRE It GarTel Teashisnei
offdeh %%‘t@éer?faftﬁﬁ{snhﬁéreéhd)ﬂ rébsvélabe brﬂrﬁ%ﬂ)@f@gﬂﬁd and a

sanpling interval offset. In one enbodi nent,
se:nmmdmamat frequeteyiaffsehbgtweaen thettransmitier andﬁheaceqeo/er dor a

QR IFrency e, e meipd oS Po el d R,
oﬂ(’gét })'eﬁkéi‘érh BArdrichididr savetaivér arfirdesdrfier fraquatdyl oﬂ@‘ﬁd

OFDM conmuni cati on device, a ultra-w deband (UWB)
befwernithe Mansmittenansbthedeveiverios adishifpauencydransand a

s ) R BRE Ohh FB S0t oAU or

setohdrfréduengy dand( ahd dee rdspecliveecoranmunicdtiohedevicssyaed vice
transmtter and a receiver for a first frequency band
veipd a second carrier frequency offset between the
transmtter and the receiver for a second frequency
band areanal ogously valid for the nethod of
Figonshosat a ogmminicationcdevices i 00 medareling/toodries emblodinestrof
a.transmtter and a receiver for a first frequency
th@é’h\‘ﬁ 199-a second carrier frequency offset between the
transmtter and the receiver for a second frequency
band, the nethod of conpensating a sanpling interval
The Esmmuricatisendevice 408 inaludas atranamittareiGieand a regeiver 103.
rier

i e Shul e FRUGR: i B e 1R RS g

prodéssifg bidckqTX) qm7<ﬁrfd5£tad3@tr‘eqaenw REY @rmmssmg rbkm“kC(TX)
the receiver for a second frequency band, and t

109egwcnepewecaﬁwmﬁle@¢s amFprAcessingieck (R0 153, saabaﬁb@nd
prbcSLONE b AITRIN GUALA rde& BatPHlopkqq7di ng to one

he i nvent 1 on.
At the transmitter 101 side, the data generated by the transmit data source
105 is first processed by the baseband processing block (TX) 107. The
baseband processing block (TX) 107 may include, but is not limited to, a
channel encoder, an interleaver, a data scrambler, a code spreader and a
modulator, for example. The processed data is then processed by the RF
processing block (TX) 109 before being transmitted over a channel 111. The
RF processing block (TX) 109 may include, but is not limited to, a mixer, a
frequency up-converter, a filter, an amplifier and an antenna system, for

example.

The transmitted signal passes through the channel 111 before arriving at the
receiver 103 side, as the received signal. In the channel 111, the transmitted
signal may suffer degradation, such as additive white Gaussian noise

(AWGN), fading, shadowing, reflection and refraction, for example.
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The communi cation device 100 includes a transmitter
101 and a receiver 103. The transmtter 101 includes a
wa 2m8/88m367 dat a source 105, a baseband processirQr/sGmok000001
(TX) 107 and a radio frequency (RF) processing bl ock
(TX) 109. The receiver 101 includes a RF processing
bl ock (RX) 113, a baseband processing bl ock (RX) 115

Af'atrﬁ% r%c%ﬁ%?"lﬁ sﬂ)%t %é’k{t‘é&ﬁve&d@ ?ﬂﬁt|§ iR& gr BHiHyethe IRE

€ data génera ran ata source
prb%smag folackt (RX)ock: aad thgn fdibmkmislm)bmwbasamaeds)mgessmg

0IRg (AL 8 Siler ocrelive Py e CEBS TG 1 etrdnte

blBEk '13‘76Th§we roc@sé*ﬁ%%‘;lé&r @te)' £13 may§lads s R3S Abt Arffled

ul at or or exa pr ocessed data i s then
top aocedemh bysteme arFixpr, ackegueneycddayn-comygrterog filier and an

bei n t.ransmt channel 1
eqliRI2Rc dPhEAmBles T kRoeBa R are ook (5] 115 gay
intiudlet Bdt isThot Ainile¥ab, a dehTRIMRDE S m@@él‘épfdaﬂer &data de-
filter, an anplifier and an ant enna system

scerambmreanmemter@@ym anea ahagngl deeadassfor ﬁxam@le t he
channel 111 before arriving at the receiver 103 side,
as the received signal. In the channel 111, the

A% éaéi@él“'rémad( #ti incthe s@YN thiat leach bigkesrathedinansinitter has a
additive white Gaussi an noi_se

(A fadi ng, .
COIFRERORIANS bipek pBdhe FecalYRI- FEF Pé%’!‘v% thg %?y &35%%?1@9 Rfock

(RISIEEE I arinEE 181 ol CmSogehiyrnd pigRk nnorecsiver
1031&Tanf|eiyj tbmd%IF inyocddssingaslebla(lRXpd 88essi ng bl ock (RX)

115, in order to retrieve the data transnmtted for the
recei ve data block 117. The RF processing bl ock (RX)

AddifloRRY, kR Eéﬂﬁiur@éﬁtldnsdé\%e h o0l Rrepfesetit apnili®awdeband

system” a m xer, a frequency down-converter, a filter

(LANB) samequaitation deviee (whishysiperates dasad ephe f@m'ﬁ@%ﬂ MB)

oR b nicatbri BhnhaRoY for ctimbis. e dybsbiliens
dé’étr@ﬁoh NiherdreBydimentslofthehsrasent ideertiber proﬁ/mlledemﬁmrel .
side remark, it can be seen that. each bl .ock on

dlgﬁlésqqddpgm apaytragppddepand (UWB) communication device as an
illustrated example.

Fig. 2 shows an illustration of the frequency bands used by the
communication device 100 shown in Fig. 1 according to one embodiment of

the invention.

Fig. 2 shows 3 frequency bands, the first frequency band 201 being from
3168 MHz to 3696 MHz, the second frequency band 203 being from 3696
MHz to 4224 MHz, and the third frequency band 205 being from 4224 MHz to
4752 MHz.

As mentioned earlier, the ultra-wideband (UWB) communication device is

based on the multi-band (MB) OFDM technology. In view of Fig. 2, the ultra-
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correspondi ng bl ock on the receiver. For exanple, the

RF processing block (TX) 109 on the transmtter 101
wo2ms/as2eer r espondi ng bl ock on the recei ver 103cmsembse00001

the RF processing block (RX) 113. Additionally, the

communi cati on device 100 may represent an

widebaad(UY¥BreemmunBiatiosfyitecmay hie ernsidared\asi ¢ #-band
: I'ti-band (MB) OFDM
OB SR nd S 2 ogy) | or exanple. It he

subsequent description, the enbodi nents of the present
i nvention provided wi|l be, discussed

Fig. 2-alsqishewafdiranifeissionrrRaniod-e /i ingsf 94/ § daggseconds
A ELSS LD ) FARSRIRA D314 200 g6 oing
of LB12.5 ms\wEach OFHPM symbobirdnsmisswnopericsh2@R comprises atdyslic

PAEIHBF NSRS AR 5 QU eBR! ot (Pangs® Rpe)

the second frequency band 203 being from 3696 Mz to
4224 MHz, and the third frequency band 205 being from
The arrapgement o7 8@ Jsymbpoktrarsioissivadpeasiadsi 249 inthe

R R SR e SRR kbt e Gealef Selefre
used inBeulifra-andslslrn@WeY By steaimAmex@hpleroftheipreamble be
consi dered as a 3-band_ OFDM commruni cati on device. Fig.

stpuiureousAthigshown igrfigh 3si on period 207, being of 937.5
nanoseconds (ns), which consists of 3 OFDM synbol
transm ssion periods 209 (each being of 312.5 ns).

Figp ShsHowaMars llustratiom afhthe sreboblg structdre800 usapbytbe a

o insealion o dse] S s Pt ackobdihpa opB Apomant of

the ifYémRn. t ransm ssion periods 209 in the transm ssion
period 207 is determ ned according to the preanble
structure used in the ultra-w deband (UAB) system An

Inegxeanrg:}lal(?tl%c pFeI?E\?n c% rﬁ%{u?e 300 is designed to assist receiver side
algorithms to perform specific functions, such as synchronization, carrier
frequency offset estimation and channel estimation, for example. For OFDM
based systems, the preamble structure typically consists of two portions, a
time domain portion and a frequency domain portion. The time domain portion
includes a packet synchronization sequence 301 and a frame synchronization
sequence 303, while the frequency domain portion includes a channel

estimation sequence 305.

The packet synchronization sequence 301 may be used for packet detection
and acquisition, coarse carrier frequency estimation and coarse symbol timing
estimation, for example. The frame synchronization sequence 303 may be
used for frame synchronization and for synchronizing the relevant receiver
algorithms within the preamble transmission period, for example. The channel

estimation sequence 305 may be used for channel estimation, for example.
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structure used is showmn in Fig. 3. Fig. 3 shows an
illustration of the preanble structure 300 used by the

wE wgzeAat i on device 100 shown in Fig. 1 accosdi/scob9000001
one enbodi nent of the invention. In general, the

preanble structure 300 is designed to assj egei

1t GP0beatagur ek IS PackSLSYBAIPAEIh SEINGRE PO hdhoIRe as
SKEFERERNATSedonde? ] g LSRRI cSlimafon S eRce 305
canysisteof 21tOEDM symbols, 3t10kRMsyenholpiand| QFEM symbolsf

SbRa P 0o Pl SN BAER DR s B s
a RankRlissiyM BBF6A 30RIdf OB BMitGBSEcoHb (?Bﬁ whiélh 8&quivalent to
synchroni zati on sequence 303, while the frequency

1Q ofrthientramsmission prriadssd) TashavemineFige 2t i nati on sequence
305. The packet synchroni zati on sequence 301 may be
used for packet detection and acquisition, coarse

AS al'sid& hofd, @R pReamBietdtitureshevh ings8 isforTimet Fregogncy
estimation, for exanple. The franme synchronization .
Code (EhEd 230Biokds Used ie si§taraling thar PPN SeANSaEe SROWR
L . AVI=Y '
P 2 RS O R g RGO R Ay bana
20%\ethe keoord GRDMeym i is tgoemitied3nhesgedred frequehay band

channel estj ion, for,. le. |t b t hat
2G5Sk B RN S Btk in D o e
2§?nchroni zation sequence 303 and the channel

est

i mati on sequence 305 consists of 2 1 OFDM synbol s,
3 OFDM synbol s and 6 OFDM synbol s, respectively.

rlisg Uehin » S B B0 RYaLS o SRR ShELH O
efMmbsHPSERYTdRe (HRhtiohiveére tﬁe%@bﬂpmgﬁﬁtemﬂ cbthpinshtien is
transm ssion periods 207 shown in Fig. 2. As a side

perteraed indhgfeeaveney slomaif.ure shown in Fig. 3 is for
Ti me Frequency Code (TFC) 2, which is used to
determ ne the "hoppi ng" sequence shown in Fig. 2

Alsigren eranbmittéd FomQréMdrsiyteba0 1 ipassesatisough twe witelelss channel

third frequenc¥
403 before arriving a

band
the receiver 405 (as the received signal). In order to
account for the signal degradation suffered while passing through the wireless
channel 403, the received signal may be considered to include additive white

Gaussian noise (AWGN) 407.

The receiver 405 includes a local oscillator unit 409, a low pass filter (LPF)
and analog-to-digital (A/D) converter unit 411, a carrier frequency offset
(CFO) processing block 413, a sampling interval offset (SIO) processing block
415, a Fast Fourier Transform (FFT) unit 417, an equalizer 419, a phase

compensation block 421 and a baseband processing block 423.

Further, the carrier frequency offset (CFO) processing block 413 includes a
carrier frequency offset (CFO) estimator unit 425 and a carrier frequency

offset (CFO) phase compensator unit 427. Similar to the carrier frequency
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205, the second OFDM synbol is transmitted in the
second frequency band 203 and the third OFDM synbol is
wo rmsssmsét ed in the first frequency band 201 )pCcT/$6®08/600001

shows a bl ock diagram 400 illustrating the
npl enent ati on_of one enbodi nent of the |nvent| 0

of@aeé.(@FQ)@r@mmgnQIOichﬂéﬁvme SURPUIGL LSRRl oftsebép  med
pr’toﬁegg]ﬁ IiGaU %cﬁﬂé@'é‘?ﬂﬁgﬁﬁﬁmﬁvﬁ\\fl\n 3 Sk@)d iR Hor unit

rans tter 401 passes ss c anne

420 3nd ef sarapling intervgl cffset (®10)guhaseasondidnsater urie431.
received signal). In order to account for the signal
degradation suffered while passing through the

A%ifi@b%@?t ASSS ¢ ?ﬂgen&é‘tﬁ)ﬁ K166k 104 iS¢IaHEd aarRStion and
consi r ed o I nc e additive white Gaussi an noi se
ph{asaGegtratior. urih433 emmsmalmase Averagng anit 4daland a data

| 1 at t fil PE .
Pl enmeanantgr valf 135 Fye BEeOEFRLprohrTng Pldck £Eineldss
fuh&ﬁ’&vai pits Btk &ls rntdriaver ang iaVitdrbpe&caties, for example.
sanpling interval offset (SIO processing block 41 a

Fast Fourier Transform (FFT) unit 4 17, an equali zer 4

T L S A

408 fripstt tHeDoChl @scmm.smmgwg gekerbtds and Ipmkﬂetesatrmamer clock
freq(uency of fset. (CFO) esti mat unit 425 and

signalr{PEfrefvenfhbip qm%ta P]IEHE) 3%%%% ReRYesiogPfthe
retiled i éd?‘AftéPt&éﬂg é)‘?@&{] ds8H %ﬁgwwegffmef aﬁt?:??)gltog-to-

process e sanpling interva
dlgﬁl@orwedeeamt Ad 1 ppartkofithe preambbzaresthearnsedfor

erval  offs Sl O timator 2
SYh g2 a foradshets opd ts AGCIoRp BRI uni
431 . Addltl onal ly, the phase conpensation bl ock 421

i ncludes a sunmmati on and phase extractor unit 433, a
Turaingioew tfphla@ealme freguancyeifset4O5 Qirastimaiet wnipAas.for a

t c I ock
ufi3RARaA AL werin.¢ RSk B PG b tec,
typiedll® u¥ed esidarfeckpeqliendyffsex é@ﬁhetloﬁrMGdrdi\mg rlo ione of

view on how the received signal is processed jn the
embediment of the invention, a conventional method of estimating the carrier
frequency offset may be used, such as estimating an auto-correlation function

based on the packet synchronization sequence in the preamble, for example.

As a side note, in order to obtain accurate carrier frequency offset estimates
using the method of estimating an auto-correlation function based on the
packet synchronization sequence in the preamble, the symbol timing is
synchronized first in one embodiment. In this context, symbol timing recovery

is performed prior to carrier frequency offset estimation in one embodiment.
lllustratively, the method of estimating an auto-correlation function based on

the packet synchronization sequence in the preamble may be carried out as

follows.
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405, first, the local oscillator unit 409 generates
and provides the carrier clock signal (of frequency

wd 2ps/vse3er der to perform frequency down- convermimsGmbs/000001
the received signal. After being processed by the | ow

pass filter and anal og-todigital converter unit 4 11, |
Letthe sumbertaf Qfr[abhgynebels éjspa dor ¢caregr fre@uency offset estimation

inf RS2y uha 0T TAE FREL AR & tRE Rk er fidffehey

for  exa rni Ng™Ao e carrier uency

S ol et @r | tAr425% giveh b Ul tra-w deband

OT%)@) bgégfngr\{vﬁ% C@%Mqégl’mblAﬁ’('gsgn egglh band) are

typical ly used for Gij,er frequency of fset

estingg i en__Acégraeg'{Q%tE;@fml_,%rmodimm, f3 the (1)
onab ne

n
i nventi on,2d Avent tHod of estimating the
carrier frequency offset nay be used, such as

whetd ratrepresentsiiecs’t teoebiest samplewithin the B5QEPMaYmbel in
packet synchroni zati on sequence in the preanble, for

banchnpland Ads thesampleodwration. As acide potshthe autgcearrelaton
carrier frequency qffset estimtes using the nethod of

ARSI L AGoAReAiR- &F ek ol Ediiflonqn pased on { he

packet synchroni zat iz gliEhce in the preamble, the
synmbol timng is synchronized first in one enbodi nent.
In this context, synbol timng recovery is perforned

0 car t4i [ jod
Bl R hbfbed SRR b, ST 12 Tah B et
o tlﬁwi]ﬂ ggsdengthltinte dﬁm‘alimsmmorﬁaaw\ eelré]\qjotrdr&:ep(&dﬂhetjt the pre-

synchroni zati on sequence in the pre e nmay, be
appandesd ze(n saeples PRHIUBEY 'fttﬁ%laﬁﬁ}?@ eegy C r€dnbol s
used for carrier frequency offset estimation in each
frequency band beNFOE . Then, an estinmate of the

Fediner, dérshbuklaisobe ruftéd ¢hatithe vahue ofi498herEnuationy(]1) gefers to

3), . is gi by - W in. .
e Asaried wtich StparalFstef st i SuichySeizian
séscl}udé%b tbthé ?hﬂé{/iaﬁs fithglsyrichrbYzatPseyubncatithin tHs same

e note, e auto-correlation 127 function refers to
bandfardimerFregueneynCedadiFont( 1 )

Additionally, it should also be noted from Equation (1) that an estimate of the

carrier frequency offset should be obtained for each frequency band.

The next step of processing is performed in the sampling interval offset (SI10)
estimator unit 429. The estimated carrier frequency offset (obtained from the
carrier frequency offset (CFO) estimator unit 425) is scaled (or translated)
accordingly to an estimated sampling interval offset for each frequency band.
An average of the estimated sampling interval offset for each frequency band
is then obtained. This is done based on the observation that the estimated
sampling interval offset for each frequency band is caused by the same
frequency offset between the clock crystal oscillators in the transmitter 401

and the receiver 405.
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In this context, it should be noted fromthe val ue of

127 in Equation ( 1) that only the 128-length tine
walzengessynchr oni zati on sequence (w t hout the PCT/SG2008/000001

preappended "zero sanples" and guard interval) has

been considered. Further, it should alsqo he noted that
Felirwipg which thegyeragad sainping wtqr)vat%ﬁ@%ﬁtéﬂ ftfﬁgehﬁyﬁfﬁerthe

cés’til;ire]ei %b@ﬁc%ﬁgg} (gl‘gi@ré%ttiﬁ%tépﬁnif? Yok efihe tddfRllve carrier

nrzation s nce to the previous timng
freguericyoolifseds famesobdrsquencyibandrare Hisers abtaimeh by Soaling the

Fr equenc de (TFC) 1. Additiopally, it should also
ay)%raaggégﬁqcﬁ%g]@%:ur\éq?iogf%etaclcgrdlpg&t an estimte of the
carrier frequency offset should be obtained for each

frequency band. The next step of processing is
Tpe caoierdtequenchoffsahior eagh fiegeeney band ésthensised to perform

gt BRUpRtapfsd) P ERloh e PRl A RERY
pieantle PolridrR @Sedfoir ch4rRe! dstinftishethd for datn MHigprR®essing

accordingly to an estimated sa Iin8 i nterval offset
stepris pgefermed i thecgarmantrequen s6§6C50)Phase somagansator
ursﬁﬁggl,i ng interval offset for each frequency band is
then obtained. This is done based on the observation
that the estimated sanpling interval offset for each

Th SO S SToS 0 O 55 B ping iRl
f ) F [

of JANSID} eSimAt AAZ0NR: SIS6 Blekh bytHs sapIRK iRV ofBey

(S10) phase aom pansatarqunitv3/ , 46 pedorni SEApliegtintental offgal t

425. The respective carrier fre ncy of fsets for ea
oqPBEREHEY BLTE BiRETIIE Robtins Rk ) ChedneliuaLon S tr
dé}éq;@g@dﬁé@mdyrw)rﬁghgrval of fset accordingly. The

carrier frequency offset for each frequency band is

then used to performcarrier frequency offset

' C eanbl e
AR ERE RO, ey BEFrod LR brPBHffona ahetisgBE o
cc?’rhpénwtﬁ@mﬁmatr%gnoimﬂ effset, mndestimateefthe sampling
requency of f set ase t it 7.
intervgl offse% in the freqéency)do%ai% is (r:gq i%’é‘f’ %ygircaH)r),l addél}tlzonal
processing units or circuitry are needed for so doing; some of which may have

complex circuitry.

However, as discussed earlier, unlike the conventional methods, the estimate
of the sampling interval offset in the frequency domain is obtained in this
embodiment of the invention by scaling the estimated carrier frequency offset
and then performing an averaging of the results of the scaling. In this context,
there is no need for any additional complex processing units or circuitry. As

such, the complexity of the receiver 405 may be reduced.

Turning now to the phase compensation block 421, following the sampling
interval offset compensation (performed in the sampling interval offset (SI10)

phase compensator unit 431), the residual carrier frequency offset and the
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The averaged sanpling interval offset (obtained from
the sanpling interval offset (SIO estimtor unit 429)

WO aoshgacused by the sanpling interval offset KU$$2008/000001
phase conpensator unit 431 , to performsanpl i ng

i nterval offset cog%ensatl on for (5) eanbl e ﬁ ons,
residial SgMPYHAg Aerval ﬁﬁ*a'i"?bﬂr?sam?t? %{‘%?'HP? %ated using

({ii\%ﬂﬂ@ﬂﬁym@%s@aseﬁ%@t@ St giﬂ%is ﬁénéﬁ@l‘é’dqn %@e&@bﬁﬁmed

conventi onal netho conpensating the
sutzcptrieng withireeach OFDM esym baoh, fesexampke of the sanpling
interval offset in the frequency domain is required.
Typically, additional processing units or circuitry

Aﬁre%aﬁﬁﬂé’ 8¢ aféthed fSPéﬁGnat%fd@n@EoMﬂieﬁBat“@’tHéﬁ‘é@ndual carrier

onmplex circuitry. However, as discussed earlier,
fremuemca/ offret eod\be residual samplingsinterval offset mavdathe: he
fgagﬁ%lng interval offset in the frequency donain is
%hed in this enbodinent of the invention by
scaling the estimated carrier frequency offset and

t hen erform,hrg an averaging of the results of the
The s¢sidgal qafrienrequansyofset apd the residual sagwplingintgryal offset

oA 8 bR AP ) AR Ml i € oo
mﬁ?fmgmrhr”mm rrgormi@vvtds betdbie fthasea coohpmm aetemtiohl adgdrithm
, follown

h | ff
(WiFp BROSTAIB O NEET BERGLPSHOTHCEI Ma1GCPREL AS this phase
rthficieis tfa%k@)i PSS FENRAES. aél?ibe l;brlbf S|g§éls)are trtali‘@mlltted in

residual carrier frequency offset theresid
predeterimiged aulemaveremltm eaely Qfslwrsamml dhese piot signals
conpensa nventlo sed_on the
G LSt et Gt OB P o B ot PeE fotatioh.
sub-carriers Mﬁthln each OFDM synbol, for exanple. An
exanpl e of a method for estimating and conpensatin

lfﬁm@traegmm sigaaly ther receivgdesignal @nddbe estimatecharnelual
ling |nterval offset may be t efollov¥| I}I%
retsae 88 3t Peet SubsFarfie g @Rty » o <A AndSPREC P/&Bﬁ&%f e "
i nterval offset cause a phase rtcly;atlon in the.

OFBH\é .svg%oéuagm%ﬁtlr@%tﬁmféae phase f?iﬁﬁ%’é fordhay| DM symbol, 0,

is given by

0, = arg{z by *y, /x,‘_‘,} .,k =45%15325+35+45+55 (2)
k

The estimated phase rotation may then be used to compensate for the phase

rotation of the current OFDM symbol.

Turning now to the residual phase averaging unit 435, similar to the averaging
of the estimated sampling interval offsets (performed in the sampling interval
offset (SI0) estimator unit 429), the estimated residual carrier frequency offset
and the estimated residual sampling interval offset may also be averaged as
well. This can be done because the residual carrier frequency offset and the
residual sampling interval offset are correlated from one frequency band to
another, based on the earlier discussed observations.
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increases with time. In order to be able to use a
coherent detection algorithm (which generally provides
w@alg/es23prer f ormance) in the receiver 405, thi spqiisc®08/000001
rotation is tracked and conpensated. Since pil ot
signals are transmtted in predeterm ned sub-carriers
W thin each OFDM synbol, these pilot signals may be
PGBl Cobietisatng e RGN aId dreatenE P ofisBt e
re%i%]ﬁbampxﬂng I&tﬁea&ﬂ bffaéteiE td datfﬂr)]r&aﬁwnpensaqtop}miw?? and
sub-carrier are , |, , and hk , re ively, r, .
further RragesMngyiRtiae bagabdnd proseasis gk %ﬁi@ﬁe Fegeived fata is
e h OFDM synbol, , is given by q, = argj A *y kK
> °§t9!<rl<et°h = 5, 15, 25, 35. 45,55 (2) The estimated phase
rotati on may then be used to conpensate for the phase
rotation of _the rrent. OEDM synbol . . Turning _now ta
In grrtrab s e o e CaTiag FrREuHey Stisat SRR R pbiipierval
off S R4t SUib-EARieP bﬂ@]tﬁéiwﬁﬁﬁﬁnUF(GJWB? gystam bRt s
perfornmed in the sanpling interval offset (SIO
repseserded mathematically as fedlowst i nat ed residual carrier
frequency offset and the estimted residual sanpling
interval offset may al so be averaged as well. This can
Fietlyd enetimecduinaintiisebafd deedivesignar may dgueniten asf set
and the residual sanpling interval offset are
correl at edgﬁr om ong, fregiency band to anot her, based
on the)ed |Y &1, Hiecu¥sed olp§drvations. Finally, after (3)
corrpensat"ikﬁé}the residual carrier frequency offset and
the residual sanpling interval offset in the data
whbas e, 4o theetiansroittedrsymbis at thedlk? subicarrigirafdes £7 OFOM
the baseband processing block 423, the received data
symbalbHaiisithe. frequegeyatahaintohanael respenss faritee &irsubegarrier, T

15 isghERaTTHIgdren G of Mo eieri DN BRI o ¥Bks bRk b,
FOGridreRaRSRNNIIFFRY APl C 1 | Visahe fiétal QWstiohiofshé DFDIe

time domai n baseband received signal may be witten as
symbol including the zero prefix duration and 7(¢) is the additive white

Gaussian noise (AWGN).

10

20 Let T’ be the sampling interval at the receiver 405 such that 7'=T + AT. It
should be noted that the sampling interval offset, AT, may be a positive
number or a negative number, depending on whether the sampling clock
signal at the receiver 405 has a higher frequency or a lower frequency
compared to that of the transmitter 401.

25
Taking into account the sampling interval offset and the carrier frequency

offset, A, the N samples in the Fast Fourier Transform (FFT) window for the

" received symbol may be written as

24



10

15

20

25

-2 1) 2p k (t- iMI) r(0 = a, LHke NT +h(t) (3) = ?
where a k is the transmtted synbol at the /

wdswBeasr i er of the h OFDM synbol, Hk is the pcr/sG2008/000001
frequency-domai n channel response for the k h
sub-carrier, Tis t_hgwgngrn'pl ing interval at the
t ransim &t-eeM NajTS)et hié numbgr, of inverse Fast Fourier
Transf’orrm(l FFT) sanples, MT is the total duration of

the OFDM Bynbol i netudindtdvenzer g prefi x, dusation and (4)
h(t) is=t e dadditd vé @%sﬁ%%ﬁm&%m

T be thé sanpling intervdl at the?receiver 405 such
that T =T + AT, It should be noted that the sanpling
wheten o0, bf-+48%t7- D T, may be a positive nunber or a
negati ve nunber, dependi ng on whet her the sanpling
cl ock signal at the receiver 405 has a higher
It tapdpecsen ftomaEdquation (4) thaldine ferovAparespoonds teatheophasges

disfofen e 3 1 parnpl ISkl pfedt FRm R o fRid g e
phade\@istyriciBlLE o the EAfierfrebubney biiset Banthkaem (G-FT)

w ndow for the h received synbol nmay be witten as} |
cqrréspondisNe e phase distertion duertp the gombined effect of the carrier

oS AT i bl 11

It can be
seen from Equation (4) that the term A corresponds to
t he phase distortion due to the sanpling interval

Indypisat OFIM syslemss the Preaspllfds uped {hestiRaletngi et i on
R AT A
sy PG Mrdifid & GltraQlideB8n8 RUWBY systems) is also to use the

preamble to estimate the carrier frequency offset Af, for each frequency band.

An example of such an approach is discussed earlier in relation to Equation

(1).

Using such an approach, let the respective estimates of the carrier frequency
offset Af, obtained for each frequency band be Af,, Af., and Af,,. As the

carrier frequency for each frequency band is different, the carrier frequency
offset for each frequency band is also different. However, as mentioned
earlier, it is observed that the sampling interval offset, AT , is approximately a
constant value for all frequency bands, since the sampling interval offset, AT,

is caused by the frequency offset between the clock crystal oscillators in the

transmitter 401 and the receiver 405. The quantity—A}T- may be denoted asé,

which is typically measured in terms of parts per million (ppm). For example,
in the proposed ultra-wideband (UWB) systems, the quantity ¢ is typically
specified asd <40ppm.
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frequency offset and the sanpling interval offset. In

typi cal OFDM systens, the preanble is used to estinate
WO resosaeei er frequency of fset, Af . As such, OREr/SG2008/000001

approach for nul ti-band (MB) OFDM systens (i ncl uding

ul tra-w deband %Ns ystens) is also to use the

Fpﬁb@ﬁrﬂnerqi@tl@mm’ae Q%theaiarnerrfrerql@mamﬁebﬁn@éhe D/
gﬁgﬁ f h
Séag“@@ﬁﬂe&% ussggeg'g}r@her In {rlvgl gt | 2gct oarE]quatl on

(1). Usi ng suth_an approach, let thesrespective

esti mat¥s hﬁawc%/r?rrq_gfeqﬁncy—‘f‘fg et D ¢ ()
obt ai ned for' 8ach frequency band be B/ c) , Af c2 and
obPéquvaleAtly,t he carrier frequency for each frequency

band is dlfferent t he carrler frequenci of f set for

each £ €guEREY ang I s _al ver 6
ment i ofied Ieamﬂ}g |B+Msjgfved3t Haemhgesarrpl i ng ©)
i nterval offset, AT , Is approxi mately a constant

val ue for aII frequency bands, since the sanpling

' I f f
EISELE o’ 375t o eatefily BhE-LE RV ety
bérrgo;lv@mﬁé %co*ﬂﬂlfr@q%ﬁc%arnaqg ¥Rd tH@ﬁ\lrdTﬁé‘thba‘rww)

e denoted as d whi ch |s typically measured in

respectivedy, qral £.5, per ﬁ;r; ate the qaonen frequencyfantblecfjrsi ineqmﬂncy
proposed ultra-w deband (UAB) systens, the quanti tdy
band (y)ptrmeqor@ﬁeegueir@u bandd2 ao@mﬁ ttumfnequenowé)an (3),

rel a nshi p between the carrier frequency offset and

resh&c jling interval offset may be witten as fol |l ows
ff. -f,, - f (5 or equivalents, D) | / ¢c3 (6)
where Af ci D c2 , c3 are the carrier frequenc
Usingstbe crpvertipnal apgfoaqhéawd (eaRlier in I?Iatlo'a t Eduatipri(1),

the SRRy SPerRmueney ofSatATa. & 659 e tad %%Sqtif?@ed for
eééhe%&&é:é(cyf t%not, I?gr é)'(é’rfcfﬁlef GSi HH Cithér Equation (5) or Equation (6).

Since AT is approximately a constant value for all frequency bands, the

carrier frequency offset A/, and the sampling interval offset AT may be
obtained as follows. The estimated sampling interval offset for the first
frequency band AT] , the estimated sampling interval offset for the second

frequency band Af,_ and the estimated sampling interval offset for the third

frequency band AT; may be obtained as

—AF ~ —Af
= oA N g a7 —Na g (7)

AT, = L ) = — g
Ja + 4/ far + 8, S+ Mo

However, it should be noted that in terms of implementation, Equation (7) may
not be easily implemented. Additionally, since Af. << f,, andAT <<T,

Equation (7) may be simplified as follows
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band ( 1) , the second frequency band (2) and the

third frequency band (3), respectively. Using the
wazos/esmwséonal approach di scussed earlier in ratG$G0%/a0001

Equation ( 1) , the estimated carrier frequency offset

D el , D c2 and D c3 may be obtained for each

frequem:y ba f or examyp) e, ng- Ay, r Equation (5)

or tI‘O‘n—j(Lg Knte : S é?bro?‘rr%‘tr}gly a constant (8)

val ue for Cll frequenc;cbands the ‘¢arrier frequency

offset D) ¢ and the sanpling interval offset AT may be

obtai ned as follows. The estimted sanpling interval
A@bféi@é nbty, sirhﬂah?n $$?dltseql?lehwot;.b@bé phésentet dates wontd slibow

sanplin |nterva of fset for the seco frequen band
thatrtheaperfemmancs Ipasae @ esHibPf Aych ARUPORICAIP RIS ACKBI ¢ he
nédﬂ? frequency band D 3 may be obtained as AT = Afc T

TAT =~Afc | T(7)/ , +A d |/ c2 + D
02 / 3 + D/ c3 Hovvever, it should be noted that in

rrsof tion, Equation (7). may npt be
7% KpPRRdEdn OrdidpPONEE PPl dRfiaikerd®;
n%!é’m@ntatlsn' nﬁﬂﬂ%ﬁkb%hé ) dlmr’@@vﬁh BRbide wfluédr EQianl\Wéger
side note, sinmulation results which
valoe lsboulel qur ewdeédvhemeaer pessikiesinothis ease, the
f.ormance | oss as ar sut of ssuch.a si fication
oG8 s «n iy BPubet S LhRings /01T oo MG har 1 1
order to reduce conplexity in hardware |an emant ation,
simplificgfiarcleaps fe agimalefhadwace designas gy balve or a
non- |nteger~value should be avoi deg-whenever possi bl e.
In thi éél]thcho fcl’ iTeni %, L _gfi_rfay be used to (9)
repl ac f ay- f and sueh a si n%llfagatlon | eads to a
si npl e hardware desi gn as shown below. D7 -7\ AT2 - c
TDZc3.T(9)

In general, the coefficients a; --- a3 may be selected to be approximately in the

same order as fc1 ---fc3 . In more detail, the ratio between the first coefficient

a, , the second coefficient ¢, and the third coefficienta; («, : a, : a;) may be

selected to be approximately the same as the ratio between the carrier

frequency of the first frequency band f,, , the carrier frequency of the second

frequency band £, and the carrier frequency of the third frequency band £,

(fa:fuifs)

In one embodiment, the ratio between the first coefficient, , the second
coefficienta, and the third coefficienta, , (a, : a, : a;) may be selected as

13:15:17. As a side note, these numbers are selected based on the respective

carrier frequencies used in the frequency bands shown in Fig. 2.

As a side note, it should be noted that Equation (9) is not used directly.
However, the simplification used to obtain Equation (9) from Equation (8) may
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I (X a3 In general, the coefficients a - a may be
sel ected to be approximately in the sane order as f c

WO 2008082361 n nore detail, the ratio between thePd1/$61008/000001
coefficient , , the second coeffi cient 2and the third
coefficient a3 ( a :a2 : a3) may be selected to

be\gpplisd taithe @xvetrﬁ@ngaﬁéh%am@ng éﬂtﬁafab@ffﬁ%térfo'i %Ch ?requency
%ﬁﬁré§%hJWﬁBPBQFy of the first frequency band / cl
he Carrier "‘frequency of the second frequency band f
c2 and the carrier frequency of the third frequency
band / ¢c3 (/ d: / c2: [/ e3 ) . In one enbodi nent,
Theaveeaged ssoplingnintenvalioffsst Adoanay be @hta"aed bv mfe@?@mwe
coefficient™ and the third coefficient
esfimatedl spnplingdptesvel affset! q@lllthreeogeauw%b%enam%éﬂ,
nunbers._are sel ected based on the respective carrier
My @fideti @8 used in the frequency bands shown in Fig.
2. As a side note, it should be noted that Equation

(9) ﬁ] sedl’ d¢ eetAV,y However, the sinplification
usedA?o /IXZ nNA9) from Equation (8) nmaybe (10)
applied to the zfver a‘gl ng“of the sanpling interval
whEfSR1 ﬁstr@n@msersrﬁ@qw tHd. as_shown bel ow. The

aver afjed sanpling interval offset AT may be obtained

by averagi ng the estimated sanpling interval offset

for all three fre uency bands. nanel D7; , AT2
Uaing1begaeesimplifigation apsliedon Em@a@er@» Entiadion (19) H‘@Y then
%'F@d osimplification applied in Equation (9),

guation (10) may then be reduced to Next, the carrier
frequency of fset fpr h frequency band may be

obt ai ndd =3, Mil:ropf&f L, - /., (12) It should bd11)
noted that ias a r sgul‘t %f AT bei ng averaged across the
frequency bands, a nore accurate estimation of the
sanpling interval offset is obtained.
Next, the carrier frequency offset for each frequency band may be obtained as

follows

Anc =E——=Ja» AAc :-—"fc ’ Aj; :—:fc (12)
fl T+ATf] f2 + T 2 3 3

It should be noted that as a result of A7 being averaged across the frequency
bands, a more accurate estimation of the sampling interval offset is obtained.
Likewise, due to the more accurate estimation of the sampling interval offset,

the respective carrier frequency offsetAf - Afc2 and Af , for each frequency

band are also more accurately estimated.

Again, using the same simplification applied in Equation (9), Equation (12)

may be reduced to

A ~ ~

A AT " AT - AT
Afc1=7><051, Afc2=7xaz, Afc3=7><0‘3 (13)
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Li kew se, due to the nore accurate estinmation of the
sanpling interval offset, the respective carrier
wo zegoeney of fset D) A , Af c2 and D c3 for Baw$G2008/000001
frequency band are al so nore accurately estinmated.
Again, using the same sinplification applied in
As@ side oote.dh shatdd heingted 1hat anajteprativegsipwifieatiqn which may
ol epiE T e PRury i Shedetab AP R imalized

S%Bﬁﬁb [ﬁ?r\@‘ 818 ATPPF | Gfletd; L gbove discussed steps

to use the nornmalized sanpling interval
offsets D7 I T, where i =1,...,3 . After
conpensating the carrier frequency offset in the tine
Afteneempensating:thei castiesirgaugnay ofistin thedirae gamaindhepe

Lt . . = -e NT . e 2*f )
re\geé\}efde{]gﬁlgl)mlh%tl%ﬁorﬁg%%?gﬁﬁ\{grﬁ@r% D corresponds to
t he phasevdistortign dug,to the residual carrier
frequency’of,f get,/Var. ./ "whel' & f  ierszapin G i2ssBlaven  and  (14)
the t &t mExctl r'esponds—tgthe ‘phagedi stortiom due”to
t he conbinéd effect of the residual carrier frequency

whbfs e @AM 1 BBrreapPhdd'® thelpiakaldibipldud® thertesinad
earlier in relation to Equation (4), the termA

camier fenasncy bifsdthe ,wirse [di=SAOr-tANaddehé tertrhE corresponds
sanpling interval offset. There are two approaches to
td the! phasetdistodicradgd tathe canebined effetseftthe residual carrier

frequency offset and the sampling interval offset. As mentioned earlier in
relation to Equation (4), the term A corresponds to the phase distortion due to

the sampling interval offset.

There are two approaches to implement the sampling interval offset
compensator, either as a frequency domain compensator or as a time domain
compensator. Since the block diagram 400 is also an illustration of the
implementation of a frequency domain compensator for the sampling interval
offset, the frequency domain compensator is discussed here. The time

domain compensator will be discussed subsequently in relation to Fig. 5 later.

If the frequency domain phase compensation of the sampling interval offset is

used, the received time domain samples r',, are then passed through the

FFT unit 417. After the FFT unit 417, the received signal at the k™ sub-carrier
of the /" OFDM symbol may then be described as
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15

conpensator, either as a frequency domai n conpensat or
or as a tinme domain conpensator. Since the bl ock
walzmgnes400 is also an illustration of the  PCT/SG2008/000001
i npl enentation of a frequency domai n conpensator for
the sampling interval offset, the frequency domain
conpens%ior i s giscussed here. The time domain
con@ensaior”, vi [ 1 ¥be di scussed subsequently in relation
to Fig. r5—later I f the frequency domain phase
conpensgtlgn of the sanpling interval offset is used
t he recelved tIHE onl n sdhpies rﬂguemﬁ&eﬂthen~passe%
t hr ough 2 he- FEF uniet 4 7. Adter €he FFT unif 4 15)
t he receiVE® signal at the 1sub-carrier of the t h
OFDNIsynboI naw_then be described as- I2p- NN nn==j2
. p-ran ) where and h\ k is the
add|t|vek |te %%u§5|éh not se (AWGN) in frequency
domain. 1f a np.s2assumed to be an i ndependent |y and
identically distributed (i.i.d.) random variable, then
whiee second termf Al m| nk of Equation (15) (which N
m= nk regpresents the inter-carrier interference (1Cl))
may be si ‘hp}y_ggnsndered as additive white Gaussi an
noikg :(@@\I) Y eAddi"t BRI since DT " 1 and f rNT
"0, It cah also be assuned that Imm 1. Therefore, the
conbi ned &ffects due to the residual carrier frequency

16
Offset sin ﬂ(mT+AT—k+f;N(T+AT)j) . N—]( T+AT ( )
J;r—N— n

_ T —k+/;,N(T+AT))
Nsin| Z [ mIEAT —k+f,N(T+AT)j
N T

2B (AT

A =a, H e NT (17)

nm .m m

and n';, is the additive white Gaussian noise (AWGN) in frequency domain.

If a,,,is assumed to be an independently and identically distributed (i.i.d.)

Y

random variable, then the second term 22N A4, -1,, of Equation (15) (which

m=——
2

m#k

represents the inter-carrier interference (ICl)) may be simply considered as
additive white Gaussian noise (AWGN).

Additionally, since AT << 1 and f,NT' =0, it can also be assumed that Inm =

1.

Therefore, the combined effects due to the residual carrier frequency offset
and the sampling interval offset may be considered as a phase rotation, which
is dependent on the sub-carrier index k and the OFDM symbol index i. The
received data in frequency domain in the presence of the sampling interval

offset and the residual carrier frequency offset may then be approximated as
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and the sanpling interval offset may be considered as
a phase rotation, which is dependent on the

wWE208/0526867 er i ndex k and the OFDM synbol i ndexd1/SG2082000001

received data in frequency domain in the presence of
the sanpling interval offset and the residual carrier
frequency offseﬁzn{}?ﬁyf t hen Lg,aApproxi mated as2 -- Ma

a, tHEe~amle 18y €€ G wheré Kuk is the additive (18)
whi te Gaussi an nof se (AV\GN) the term F corresponds to

wthgfes 27? ai%etgg' q?d?tf\;e' \ﬁﬂl Se2us8iahHis , e &irvaF

term corresponds to the phase

?ﬂré%{?%ﬂndcs;'/tg gﬁ??htagetd@oﬁi%ﬁtﬁd%eﬁ@ tREfsariplinG |ﬁt'é‘?vél‘%ﬁﬁs€t1§hd the

and the sanpling interval
tonfrt @rcarc&qpendattm t@ plhmesdlsmrtmgduatt@ th@tombﬂwt effmt ofthe

era i ng, interval .0 t he received
f%%'@féj¥r%% ﬁ%"%?%q%@ﬂwm HL%P’ f%relt'tten as R k
=a, kikkej 2pM ej 2pf atmM+ W k (19) uv

where ATr is the residual sanpli ngpl nterval offset,
Affer ecomipgngating e samglingniaterval aftsefusingdhe @ypbaq%i sampling

t he hase di stortiaq ue t e .resi dual

el OdsetaiT b roggver SERET NG ACNENE L ARTAD BidDs, written
the term G of Equation (18), because the sanpling
Interval offset conpensation does not affect this
term This neapstthat g}(rilwt,)eﬁgmv i s not conpensated
for, Iéjkrfce,kﬁkel s"dlre —_¢f"tihe phase (19)
[ nformatl on. Afte'r con‘penSatl ng the sanpling interval

B U S S Bl 5757, P
R T e i SR

ifervaboffsatsat ed by using the conventional phase

conpensati on al gorithns based on the pilot synbols in
each OFDM synbol .

As a side note, the term V is same as the term G of Equation (18), because
the sampling interval offset compensation does not affect this term. This
means thatA7T in term V is not compensated for, since it is already part of the

phase information.

After compensating the sampling interval offset, the phase distortion in the
pilot of each OFDM symbol is only due to the residual sampling interval offset
and the residual carrier frequency offset. Hence, the phase distortion in the
terms U and V may be compensated by using the conventional phase
compensation algorithms based on the pilot symbols in each OFDM symbol.
An example of such a conventional phase compensation algorithm is

described in earlier in relation to Equation (2).

It should be noted that the carrier frequency offset obtained for each
frequency band is also correlated. Further, in an indoor environment, for

example, where the Doppler shift is negligible, it is also reasonable to assume
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An exanpl e of such a conventional phase conpensati on

algorithmis described in earlier inrelationto
wazpsnsoer (2). It should be noted that the carr@E$G2008/000001

frequency offset obtained for each frequency band is

al so correlated. Further, in an jndoot, environpent, .
the the.caisr FeaWiparkofsel hsbwper fhe frapemitier 40 andl egeceiver
407 |SBIY BO830 0 Reherg iTEichet LtiobRhe Rspech Bhek
cA/8tal oscittaions pf thectransnoitter #0 ¢ qondriby relidivenr 40 dldroenwten

et SRR TeyEnEN AR LA T Dl TBaHush SMpling IntSfLoffset are
coreSihfbiromadiid Reqlié toHriotgér. and the residual

sanmpling interval offset are 5 correlated from one
frequency band to another. It should be noted that in

it SBRUR BARMBLhyshiGn ol BaTeSePbip B Rdron
isfdopRitRINed tdBe Fahdomeidindepdisdetitflom bhe firaaenacy band to
npensation is Eerformed on each frequency 10 band as

co
angiher. Asisydte thepbasereampepsatioftis parafMes PN eaeh HoaveRey

b:9r§d EP%eﬁ’f’.ti mat ed carrier frequency offset and th_e
sanpling interval offset across frequency bands is

used. As such, a new nethod to estimate and conpensate
t he phase 15 distortion due to the residual carrier.
IHE B Rt g heraveTHion, B8 B(RIROE She AgImA(es) GAlTier
fr@dleifdy St BRUUAE Sanfdling AeRal BirbiCadrbs Rebliene)barkds is

pective resi carrier frequency offséet i

- usart AS sushua@msw imathiodriy estimaievand cgmpensatelthe pbase -

. . fr2, =Af c2 - Al.c2 . f r3 zD. c3 - c 20)
disfaghiar lup 16 14 Fesiual i Tayeploffiges it rertesfifiehcy
s&thpme intérval bfsdtiniaf bé Leadeas shdanth thelfbllowirige

resi dual frequency offset for the second frequency

band (2) and the residual frequency offset for the

Fiﬁ%iyfr‘% Fersg\%&?\{%: YosRATM Eéﬁ?ﬁ ﬁfl’%ﬁ??ﬁf;’/ Yftbet in EHLAHRlehéP band

er en as
may be given by
Ja =4, —AJ}cl’ Jfo2 =81, _A];cz’ S =N, _Ajca (20)

where 1., f.,, f., are the residual frequency offset for the first frequency

band (1), the residual frequency offset for the second frequency band (2) and
the residual frequency offset for the third frequency band (3) respectively.
Equation (20) may be rewritten as

AT AT AT AT (AT AT
f,l=[?-ijc1’ fr:z:(’T_“_T‘chz’ fr3_(_T—_7}fc3 (21)

From Equation (19), the ratio of the phase of the term U ¢, over the phase of

the term V ¢, may be written as v _yg , where Z is a variable depending on

Py
the index of sub-carrier. Typically, Z varies from between 0 to 15%.
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From Equation (19), the ratio of the phase of the term
U fu over the phase of the termV fv may be witten as
WO 2088/88236mhere Z is a variabl e dependi ng on Yvpd1$G2008/000001
i ndex of sub-carrier. Typically, 2 varies from between
0 to 15% 30Since both fu and are caused by the
Sinesi hthl o, c andipg rarercagiged by the regidualeardenisequrncy offset and
interval offset, the absolute values for both fu and.
sampling intefval pffsets the absolyteadues fon bokte vs LEGu 8Fe relative
sinplification, fu may be ignored. Therefore, the
smalli Aasuchhadbe subsegiert somplificaliabor, magy be igRoreden as

=i -y f e (22 ) wherel, = (2pMDTr (\ + 9)),. .| =
Th@mfovesfhekreﬁ,léw ohase ¢ dpF é%@ﬁb&ﬁ §M@bpfw’&1‘@9( QS%WFH%“ as
frequegj.,cxiba_n s, and y=1 ,2,3. f c is the carrier (22)
frequency for’/ he correspondi ng frequency band. It

RO AT IS o) S Bl ek LR RN e
OFDM : _ . ~a e h

frearh B g8l 25n £ apdfie SRbEY RARERRE B oG ng

OEDM s ot{s acr 0ss tdwe frequency bands, and then used
cqraempﬁﬁ?% BAUEDY B3 [ osi dual phased. In other words,

g may be iteratively updated in order to obtain a nore

accurate estimte, since the nunber of OFDM s¥nbol S

Itshould/keinpted that ¢ isecyalue mdich is inderendant &om thesindex of
t h ti.mgt f the t, h OFDM |

fre@Re TSIy Tades ohey iU Satteis Asis iRl Ry eRpted

aGr3YBHf itRe dtirBEdsosk Pinfi&}l)ﬁé %anﬁ,%rtéa ‘Prﬁni the slezbimg OPDM

Equation (2), for exanple). The wei ghted average g i

sympokeag@bsetheblydguenty Yiands, and thentused {oZcompgnséte fior the

where g - , and =mod(i / 3), +1. .
residual p%asee. In otHer worgs(, y ma); be J|'terat|vely updated in order to

obtain a more accurate estimate, since the number of OFDM symbols

received has also increased.

In this context, let 7, represent the estimate of y for the " OFDM symbol

derived from é,. (which may be estimated using the conventional method
discussed earlier in relation to Equation (2), for example). The weighted

average 7, may be given by
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As a side note, it can be seen that Equation (22) is

now represented in Equation (23) as an iteratively
woipdshedsestimate, with the initial val ue Fi g.p&r/stmes000001

a bl ock diagram 500 illustrating the inplenmentation of

one enbodi nent of the invention, where the sanpling

i nterval cggggnsatlon IS perforned in the tinme domain.

I't can be n’that the bl ock di agram 500 has a nunber

of bl ocKs=&ng—umits which are the sanme as those as the

bl ock di agram£400 shown in Fig. 4. As such, the |abels

used for such bl ocks and units woul d have the same two

ri ght nost/ di gi ts. Foy .exanple, the carrier frequency

of fset (CECH, pPoeeds| Pguljl ock is |abel ed as 425 in

Fig. 4 a d_asJEQS_Ln Eﬁg“ 5. Wen conpared to the

bl ock di agra OO t bllock di agram 500 does not

i ncl ude pha conp §;5t|on bl ock (421 ) or a (23)

sanpling Jnt fval offSet (SI O phase conpensator unit

(431 ) . (R ‘%t T ;h | ock di agram 500 has a
m ni nmu U U_re rori( E) interpolator unit 539.
I n this=¢ontekt,athe mrean square error (MVSE)

i nt er pol atow pniY 639 | S used for conpensating the
aver aged \sa ing i tekval /offset. Additionally, it
can be seqn that the arrangement of certain bl ocks and
units i s—q]—f?f,er" ithe bl ock di agram 500 conpared
to the bl ock di & rarh 400. In bl ock diagram 500, the
entire process of estimating and conpensating the

whaFd 7, eJ_ELewp¥anJ(ﬁg§+and t he averaged sanpling
intervai- foffset is perforned before the Fast Fourier

Transforn1(FFT) unit. As such, the sanpling interval
conpensation is considered as being perfornmed in the

t d . As id L hould b h
AS l@"%%ﬁgﬁ?q  cAyoé shed Tt Giaom LR e Eadn
EQL&GSH &f3) tﬁ%ﬂhéﬂa%'ﬂb@ﬁt&ﬂé‘ﬁfﬁat@r Wath th&ARHRI value

i'nterpolator unit I'n other words, the m ni mum
msangsquare error (MVBE) interpolator unit 539 is
n‘pl-y used here as an illustrative exanpl e of

Fig. 5 shows a block diagram 500 illustrating the implementation of one
embodiment of the invention, where the sampling interval compensation is

performed in the time domain.

It can be seen that the block diagram 500 has a number of blocks and units
which are the same as those as the block diagram 400 shown in Fig. 4. As
such, the labels used for such blocks and units would have the same two
rightmost digits. For example, the carrier frequency offset (CFO) processing
block is labeled as 425 in Fig. 4 and as 525 in Fig. 5.

When compared to the block diagram 400, the block diagram 500 does not
include a phase compensation block (421) or a sampling interval offset (SIO)

phase compensator unit (431). Instead, the block diagram 500 has a minimum
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the tine domain conpensator. |In one enbodi nent, the
time domai n conpensator may be a finite inpul se

wo emposse’ (FIR) filter. In another enbodi ment, p¢treG2008/000001
coefficients of the FIRfilter are determ ned based on
one al gorithm sel ected fromthe rourgﬁi_ncl udi n

h
mean; sauareednr EMiE istarpelatanyot) hig ﬁﬁvt%ghé Thigigum

A7 AN o P A S o

averaged \sasoplipgligteovdl afffsetit er pol ati on al gorithm the
spline interpolation algorithm the trigononetric
i nterpol ation algorithmand the Discrete Fourier

Agﬂ@BQ%@{/ éé?ﬁgé sbBh A hebHaRgam2pt bt B@i‘talhrblddl@%&f units is

e mnlmm nean square error é
diﬁareanmltlm blockiiagrasus50G& camppied te themlock legramHuO@hln

oipFk gk 20 Gl FHITRLBRRe SR Fifond bl PBiaeiidhe b

cérﬁér ﬁéh@@ﬁ%{ Sfisdtldndstheaivie e@@ﬁﬁ%@ﬁﬂer@bﬁ@mwn on
| ock di agram 500 w || present ed using the

penfcvrmﬂm{am thfq Gaste-auriesT r@rms&p (FRT bEpibI As éucm ihe

SRBAE B by 2558 BSER A i e

demam.es r \ n are passed through a digital finite
i mpul se response (FIR) filter. Adigital interpolation
is then carried out based on the criterion of

AFUEE FLRGRd, RESHIRAT b8 HIRELMR I Géndial, %Sfrhrﬁ@@oh{gﬂ#“ se

response o and” t he (approxi mat e
compengatbatmay ks geed in dlhces ofitreenminimam meandiqyiarelerror

APES I SR e BEERGEP b Bk r o
(MMSrEf)%te‘f‘@éTH{o?@nV@%% simeydsea Here st AEfILstratmEreemnple of

ata.” I'n order to limt the conplexity of the variable
theutgneaibmmn@optﬂe@sator the digital interpolator may be
designed to interpolate for a fixed resolution of
sanpling offset, i.e., the digital interpolator only

INéri&k emdodiriént) iesigherdonisd cbﬁﬁidntstatdmﬁay bera finienipipilse

if the digital interpolator's predeterm ned r?%ollyﬁ_\,ipn
regsponss (FoIfR%tfﬂ;gr In another embodiment, the coefficients of the FIR filter
are determined based on one algorithm selected from the group including the
minimum mean square error (MMSE) algorithm, the linear interpolation
algorithm, the polynomial-based interpolation algorithm, the Lagrange
algorithm, the piece-wise polynomial interpolation algorithm, the spline
interpolation algorithm, the trigonometric interpolation algorithm and the

Discrete Fourier Transform (DFT) interpolation algorithm.

In view of the above, the minimum mean square error (MMSE) interpolator
unit 539 is simply a FIR filter, which employs the minimum mean square error
(MMSE) algorithm in order to determine the FIR filter coefficients. For the
purpose of illustration, subsequent discussion on the block diagram 500 will
be presented using the minimum mean square error (MMSE) interpolator unit
539.
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sanpling period, T, then the digital interpolator

woul d only be able to interpolate the sanpl ed val ues
wa@toos/oswe= 0,1,. ..,7 . O A counter may be userC1/9G2008/000001

cal culate the estinmated accunulated timng drift T due

to the sanpli ng interval offset, until the small est

resolution (i. - ) is Oreached. Only then the

Infidrd Aethinti ﬁﬁH@' AUl MehrPSq@sre! é’ﬁéreﬁ/WFSE)QmTJ}Eolator unit

predeterm’ ned filter coeffici ents for the said anount
539, thereogiveld tifrte ddimeain sarnplesi 1, t ale passedbtatghom digital finite
be carried out usi ng predeterrﬁ ned filter
ingmdéé resportse, (FUR) filtert I#ed@:iiahirﬁerpbia‘tionris théwe caimigd alt based

i nter Iator that suffjcient sa a ee .
oRaE 1P R BN M ENEC e Mo SHUAT S [Ty, BrRveansUie; ipulse
re%ggh?é QfeaR Q¥esEtitér and Pthedgigprotimats)f Idtélfbblated signal. This

icients to conpensate for a timng ift of-
means thatpheddigital iinterprdator égsimplyi af\(anableeNn/e-;tap FIR filter which

gy g dhraied 15 rikrofed 68, ShARe: A%Hispi‘?@ vl i e

mf:bhé@ﬂll%%mbfdd%a?tats hMd MSE (i), i = o
d=20 7, where d is the |ndex for the

different coefficients for the digital interpolator,

L BRgTEnd Bffel b B VRGOl SR it
mtterp‘oatororfnayajmdesigmbd ({)) 'immmo:latedsnlat fixed eesotutioni m@samphng
imn

offitc Honthe Sitht BierPaioT TG oty iy Hedlesimest [Sagjtions.
F&F 8cdmple, ihRe HigiRf intefpciaiark redbtierhine@visbiution is 1/8 of the

sampling period, T, then the digital interpolator would only be able to

interpolate the sampled values at %,n =0,1,...,7.

A counter may be used to calculate the estimated accumulated timing drift

due to the sampling interval offset, until the smallest resolution (i.e.,% ) is

reached. Only then the digital interpolator would be activated using the
predetermined filter coefficients for the said amount of timing drift. Next, the
digital interpolation will be carried out using predetermined filter coefficients,
until the counter informs the digital interpolator that sufficient samples have

been digitally interpolated, and that it is time to switch over to a new set of
predetermined filter coefficients to compensate for a timing drift of%. This
process is then repeated for the next predetermined resolution according

to% n=01,..7.
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been recei ved. Wien the counter reaches d x- cl Q6
nunber of sanples, a 4 control signal is sent to the

woriesMHsBéer to | oad the next set of filter codafdT/£6G®ng/@0001

hMd MSE (i), i =- NpR~X\ ...,0, ..., NR+in
order to performdigital interpolation on subsequent ly

e e e T gt Lr e les af e
AR B R S B R e e
subsequent proces It should be noted t hat

dhrried B TOF gubgd
cé%ﬁwe%geﬁmr"]’?%@avgachegf tnre’bg Systzens u‘Zed 'flo-{re\?ﬁéreoa is the

pur pose of conparison, is simlar and only enploys

ingiext torcthe differert mﬁffltzlﬁetsCmrrtherdngrtehutiﬂtgolatﬂf,sthe samplmg
riYaLB o BkhsBRBR FRSGissthy pEHerBABE B BIMR CF or

A, System B and System C. System A uses the earlier
descri bed first conventional nmethod [1], System B uses
Fohanestimated 4€s the bathbse obsamplaswehichoveild mesuibie 4 sampling
with sone adaptations made so that it nmay be applied

T
g T R B P A ARy

synbol s used for carrier frequency offset estimation
co@nter maeder userhity ksep(rackef the syimbry obsamplaswhich have

simul ati ons. System C uses the earljer described third

bEER Yk aRAHER R bolAler rasees thf‘ﬂ-txheﬁ MR dfdenples, a
I cations nade so that it may applledtoa

T 45 R Rl bt B pDgF R v

used in System C fpor rier f uepcy of fset
cesfflcmts}q%,sﬁl(s)zlzt-m(—t—é@—t—);; afl. y,w gerordantd) perfoirs digital
| s conparabl e to existi ng ultra- vt deband (UVB)

|
{1 5 O 50 SRl To e i are
thear rpassedr quélntEybaSéband apracessing block 523 for subsequent

processing.

It should be noted that simulations have been carried out for embodiments of
the invention. Each of the 3 systems used for the purpose of comparison, is
similar and only employs a different method for the carrier frequency offset
estimation (and compensation). For ease of reference, the 3 systems used

are respectively denoted as System A, System B and System C.
System A uses the earlier described first conventional method [1].

System B uses the earlier described second conventional method [2], with
some adaptations made so that it may be applied to an ultra-wideband (UWB)
system (or a multi-band (MB) OFDM system). In this context, the number of
OFDM symbols used for carrier frequency offset estimation is limited to only

60 (20 per frequency band) in the simulations.
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sanmpling interval offset, is also included for the

pur pose of conparison. The channel nodels (CM used in
wo bws®saset ati ons are all taken from | EEE 802. 1P&1/3G2008/000001

[4]. In this context, 100 channel realizations are

generated for each sinmulation. Simulations ar

System Edusas theparier drscsibgddRisd sopuenrtio "!@tk%&lil aggin with
t

i, EEbeto SRR HiRle SE2ARL eF nlopplled to @ i

widsblanda(UwB) :slyetem S(oar aentultfbang OARY QF DY syatea). In the

SETHIRIRIS, AR AT G oTebIS s B FOR & 4o aiTer fraqgncy
'@gépéstln%aﬁb?‘?% fu?l'itea he SR ® Per BHrd) STRIBA cdrfiparable to

The different data rate nodes (such as
e)dsm@p.ﬂtrammmm (WO gt msn dvisge324tpreantudes are typically
(ﬁirrpl e) have been simulated in the |ikely operating
nnel nodels, CML to CV4 [4]. Figs. 6, 8, 10 and 11
show the sinmulation results for the channel nodels
wi t hout shadowi ng, while Fi 12 to 15 show the
Additianally, gan m$vgtenbrwh¢r@ t%wawfienomeer'sfrﬁﬂuﬁncy offset and

f ' h
SFRPA el Vel ot S ncigpid M R Bost MRBRIRon "
ang tlge | gga! I sylst emt Eave bfeen i ncl uded : n Figs. 8, 10
Thee hignniab masiels (PR wsach &éé&?ﬁéﬁgﬁﬁeéﬁ%mcj@ﬁenﬁf“ (225
8('):2 gfﬁ:o aﬁjﬁtl]]tlﬂ this é tehh?OQ ﬁEnﬁ& Hn%%?ene?é‘t@d for each

ceresu ts for sem the I deal system
suhaﬂaatldreeﬁlmuia’dlomaedre thefri garr@daeutv\mlr|5(] data packdtst(each of 1

bove, for easg o onpari so he respective
Kpgesdp ﬁ%ﬁ’é@"%@lﬂ {%00? ”’?ﬂ‘f’%i‘_ﬁah NBystem B, System C
and the ideal system would be | abeled as n01 , nGCB,

n6 and nO7, where n corresponds to the Figure nunber.
Andbiet reseivery siden thee 19ubvasguderfoaming stiaans! gralizations are

PR SR8 8 PRBTBCE A AR B W Fifginng

op @ﬁbﬁhel&béﬁiatro@beTﬁé’EB)cuﬁteﬁpbcﬁeﬁerrchm’a&e“:éPBR)altsacbed for the
ot herw se. Fi 6 shows the packet error rate 5)

@@Wﬁg@s&gﬁwgrlngﬁgs i&fo ﬂEeThe different data rate modes (such

as 480Mbps, 200Mbps, 106.7Mbps and 53.3 Mbps, for example) have been
simulated in the likely operating channel models, CM1 to CM4 [4].

Figs. 6, 8, 10 and 11 show the simulation results for the channel models
without shadowing, while Figs. 12 to 15 show the simulation results for the

channel models with shadowing.

Further, for the purpose of comparison, the performance results for System A,
System B, System C and the ideal system have been included in Figs. 8, 10
and 11. Similarly, the performance results for System C and the ideal system
have also been included in Figs. 12 to 15 for the same reason. Likewise, the
performance results for System A and the ideal system have been included in

Fig. 6 as well.
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data rate node of 53.3 Mips in CV4, between
conventional nethods of estinmating and conpensati ng

wa208hHes6f requency of fset and enbodi ments of tIEr/SG2008/000001

i nvention. As nentioned earlier, an averagi ng of the
residual carrier frequency offset and the residual
sanpling interval offset may be carried out across the

1] VBAHEIRY MQSE{Q&%%@%H{@E?& theTEspctRe feHormance

enbodi nent of the 1 nventio ch carry out suchr an
resuttsdgr Bystem AaBgstedn Bs Sgstein Crarfd the ideal systierniveoidd be,

[ der t trate_the effect f :
AR5 G- TG T P RRRCERP @SR FoLepands 2 oRtammber
where the said averaging is not carried out for the

residual carrier frequency offset and the residual
Additionally in the subseqifent discussions ps the sompagisad&d performance

e ftiofie defiiPayOast Perbiags BonimbRBler R IS PRERATR Rt
tHePBaCKEh eildp wated PER) offBxn 0¢0uRIaEs dtdted btrsrwisy. t he
i deal system On the other hand, the enbodi nent with

t he averagi ng being carried out only shows a

r f t o
FREIG SRS fif, pcio Rnch BAPREY iqntBfiPe SBRAIRONGr the
da,rf?aﬁart]é h&fdiadefsszgﬁ Naltos dmbGMadBemérmorwwﬁohalpnetrmBrw f

1i ch may be obtaine .carrying oyt the averagi nq o
epWBatiag Al SOMPENSAENG cAlIRE diacenty Olfsetans emboditasils of the
i@@ﬁgbﬁng interval offset across the frequency

ands

.Further, it can also be seen that the
enbodi ments of the invention show a performance

i nprovenent aver System A a side remark. the
AsaRPaIGRR A IES AV espoiag of i osfadsl oI il pffget and
tHel Rekid R tsaim slingapiervdlass e indyBe fdafifdd 6andervss anélfrequency

method, in that it is unable to handle the w apping )
bands cThke drerfarmanegsigsetis shibe embadiment ofethg tnveption which

o BT SHRD 2 FeETInbs 1080 ST ERF S Addiforily porder
toaesdnktrate tHeceffisets aff suehsm aderphimgg thepegoadarce results for
estimation in the first conventional neth

thes gmbogliment, vheee the saidiavraging is not carrie %ui Hr the residual

carrier frequency offset and the residual sampling interval offset (609) is also

included in Fig. 6.

It can be seen from Fig. 6 that the embodiment without carrying out the
averaging shows a performance loss of about 2 dB, when compared to that
for the ideal system. On the other hand, the embodiment with the averaging
being carried out only shows a performance loss of about 0.5 dB, when
compared to that for the ideal system. As such, it can be seen that there is an
about 1.5dB performance improvement which may be obtained by carrying
out the averaging of the residual carrier frequency offset and the residual

sampling interval offset across the frequency bands.
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estimte. However, the wapping effects in the
nmeasur ed phase when the nunber of OFDM synbols is

wo 2008883861 | result in significant errors in thecT/SG2008/000001
gr adi ent estination (as di scussed subsequently in

relation to Fi 7shovvs an illustration of
Fudher, rk can Ao %g ﬁemeéh! the embodiments &f thRdB¥erlishshow a
é Srrh ngﬁ@m g‘y s?erlns large will result in

gni |c errorS|n egradlent estimation, in the

first conventlonal nethod The wr appi ng effects in the
measur ed phase ( for exa e nu

t

Asyarisifle remarky rihe) perfarma C@sf%sa*!téoofb§Y§tﬁ n%a@?"éd'ﬁ]:?t%d a
fu?&%merﬁglg’d g8\ atfizge YhER ﬁl@?céﬁ\ﬁéfﬂbﬁ I %ﬁ?cﬁj q),f, tivat |t is unable
S carrier 1ndex approaches the value of th
tc{]rbaedleethe{ohmamzmg betff&e:tm@itth?] ubeawredephasedeand/vaal a:l result, it

ave a, valu about Thi s,.i s, ref t
oS duiee dbe wiogd bsfidiation o ihe 1Al SELarihn B Patt

the best fit Iine determned (which may be the

wei ghted | east squares best fit straight line, for _
Irethisrportpxt, ét sheelld be@oted thatéhe 0se of measucedphase far gradient

obBE TR 8¢ A RSRR, Pl G T St

eSiffar. 39oWevereee fWrappingdeffécts hiat thef nfeheuted/\/phas@ avhen the
W appi ng effects, the best fit |ine deternmi ned woul d,

nwaber e PAOMesyrobols|is |asoe | will reswit iny significadt eirors in the
e N S T i e L it
error rgte ]SPER) per formance conpari son for the data
rate node of 106, 7 s i.p C\VA, between copnventi onal
Figa oo duSTAlon R Pamne SHEBREG: ST e dpeastred
phagd eﬁxh@fnpﬁﬁier%ﬂ@)mm@m B |9fgoet Wi reSueH s.gnmcbht
can seen fromFig. 8 that the enbodi nents of the
efrarscintthe igradient esimatjors invthefinstedrvantinoal methasly enent
conpared to that of all three conventional nethods
(System A (801 ) , System B (803) and System C (805)).
TheWrBBping! dffeetlindRe F864bUr8@phhbE (for esa®ple, vten thelnuhBber

erformance | oss in the
of OFDM symbols is large), is illustrated by the labeled lines 701, 703 and

705. When the measured phase of a sub-carrier index approaches the value

of —rr, the measured phase of the next sub-carrier index would have a value

of about 7. This is referred to as the wrapping effect.

As a result of the wrapping effect, the best fit line determined (which may be
the weighted least squares best fit straight line, for example) is the labeled
line 707. It is clear that line 707 would consistently give the wrong estimate on

the gradient of the measured phase.

As a side note, it can also be seen from Fig. 7 that if there were no wrapping
effects, the best fit line determined would have been line 703. It is clear that
the gradient estimation for the measured phase obtained based on line 703

would be accurate.
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enbodi nent where the averagi ng of the residual carrier

frequency offset and the residual sanpling interval
w®@idoses236s not carried out across the frequencsgCBsEmdss/000001

(809), when conpared to that for the ideal system

(807). On the other hand, there is only about 0.2 dB

performance | oss in the enbodi nent where the averaging

L 8 by e biticof BiTol Bite PERY BRAbnfGES ol or the
datarrags mode dfr1@@uk Nmpstiar@i\M,( [Between, conlventlm'mmmthdds of

hat . for i deal stem (80 L, 1t . can b
estTatingand ChBIPENR e CaB {reanbaey BEracriskepRSaetts of the
invBRfiglyement whi ch may be obtained by carrying out the
averaging of the residual carrier frequency offset and
the residual sanpling interval offset across the

o A5, BIRA bSO g, 571

sKGW addSforRfangesimptdaimémtecopssdred na ke dframrtmsymvenuonm
obt ai ned by the avera of the residual carrier

methagiseiSoptam Ao@O0T4,-oyStee B 4893aNd System RdSPADer val

of fset across the frequency bands for the data rate of
106.7 Mops (0.8 dB) is |less than that obtained for the

Fdaher, i I‘taactam bé ééépgg&bn?eré r:ﬂoﬁ(!&tlaod-fi‘gdBQ)@’I‘(;JWE&Irtch:elom‘eeinnthe
squared error of, the sa i.ng i nteryal offse
e@gpﬂmﬁn oMh %p@\@r@@pgtcﬁéha ?'QP%'n‘fa"Hﬁf eﬂbl?’é%ﬂﬁé%t and

Fé%r dlidt %aﬁﬁ;lﬁ’lgem?émgﬂbﬂgé{t is C}fott&‘?né@\b%ﬁtdc?&é thes hredLiéncy

enoted ach data rate node has a different
bamids 809)gwhengentpared torthatfor $heyidsial emﬁegy(&QY InBinsthe other

g dhgte Boomkafut Brd Sractem i Eangs it Hhq pififbfot where
th%d %vbfbgﬁ\rbé)uéf 868 fdstiudl Nearket fRStRIcByt OffS6ti SBdr #ié esidual
b/ No)~ paraneter), which corre3ﬁonds to the signal

samehrw|rtt©rvabof§%etrlapab'le(d3wtra9;0§fa @encyripndsr(§rhl), when
ol b RAET g iU aCAY e S50 DL APt v

isi Bheab@ut ofa‘d&tpeer@tmaﬁt:e Gmpedresmeetd whidHinnay Hm obtained by

range for the Es/No paranmeter is in the ran of fro
caRing R 1the averagings Bt the-gesigud a%ﬁﬂsrr} y Stset"and the

restfuafl VBRDiinG MteRRF bRt GLrb 808 fréqudry 5’3?'@%? 4d Bto

Additionally, by comparing the performance results shown in Fig. 6 and in
Fig. 8, it can also be seen that the performance improvement obtained by the
averaging of the residual carrier frequency offset and the residual sampling
interval offset across the frequency bands for the data rate of 106.7 Mbps (0.8
dB) is less than that obtained for the data rate of 53.3 Mbps (1.5dB).

Fig. 9 shows the mean squared error (MSE) of the sampling interval offset

estimation observed for the different data rate modes, according to one

embodiment of the invention.
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about 7dB (for the bit energy to noise ratio (Eb/No)

paraneter), which corresponds to the signal energy to
wmeooses3at i 0 (Es/ No) paraneter range from aboupCF/4¢£008000001

to about -0.5dB. It can be seen fromFig. 9 that the

mean squared error (MSE) of the sanpli n&fi nt er val

It sshosit b@snotﬁdtth@tnemaa epteiede, hagea difesentpprprating range

o 57 40 P 958/ b Dildeptal (BB e, P 2

ZgOI\/bpsOI th;a operating range is fromabout 5dB to

about 8dB the bit t t

F R PRHEpIE: 101 iR 1A o o ADPE eI S PR RgiPrh bout
35‘% tS eatffﬁggaB(@r/ ﬂglg)n mggﬁ@ggtts 'ndi€e Bftid (EBTN%Z?HFar@t%r} vhich

out n fromFg. 9 th t he nean
comespardisctorthe sidvizitenefgy tmene;laemrailm (ﬁs/htoe) maaameta‘rsange from

byt Bl T Bbant -baB; 1 te S6n PR Fidh i figh e ke spuared
eltrSr @hgl%g of tfX daMpikdy intEidal bRsE!dsti métléh SR ek ﬁ/lthﬁhttﬂe said

s, the operating range is fromabout 7dB.t
raatg@mpr o Es{Nomarametsirtis éntheyyangs abfrem almmto'b(l@of m@)about
6 ,Eq@mater) whi ch corresponds to the signal energy to

se ratio (Es/No) paraneter range from about 6dB to
about 8.5dB. It can be seen fromFig. 9 that the nean
squared error (MSE)_ of the sanpling interval offset

Fes therglata aish gl 08 T MipRsithe tarErating range is éfom @OEMQB to
r.a ere .S h b elén!t

SHSHCTREEL “Hli ERISR, e SHARHNG itplhld ! nich

c@i@é@pdmisetorthd&grta‘l eberg@dMopsoisedatid (E€6lo) Mapa;mefen range from

exanp| be n that the ne
b HB e S 0-AG51 H 6oy e SEPERoBo fdred 1Bl the mean
W@B‘é@ﬂ)rf MS@%QNQ %%n"i(gﬁlngti’%hal%f&bff%tlrﬁéﬁ% 8bsédrad within
one obserVved for It shoul d be noted
thiehsetid wange farthe Eside perarogter isemrtbartaeqe: af ameabeyt 3x10™° to

#the sanpling interval offset estimation, the
é‘%\@qod‘gfoaveragl ng of the residual carrier frequency

of fset and the residual sanpling interval offset has

greater effect on the
Further, for the data rate of 200Mbps, the operating range is from about 5dB

to about 8dB (for the bit energy to noise ratio (Eb/No) parameter), which
corresponds to the signal energy to noise ratio (Es/No) parameter range from
about 0dB to about 2.5dB. It can be seen from Fig. 9 that the mean squared
error (MSE) of the sampling interval offset estimation observed within the said
range for the Es/No parameter is in the range of from about 1x1 0" to about
2.5x10™",

Additionally, for the data rate of 480Mbps, the operating range is from about
7dB to about 10dB (for the bit energy to noise ratio (Eb/No) parameter), which
corresponds to the signal energy to noise ratio (Es/No) parameter range from
about 6dB to about 8.5dB. It can be seen from Fig. 9 that the mean squared

error (MSE) of the sampling interval offset estimation observed within the said
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performance i nprovenent obtained. As a side note, the
performance results of the three conventional nethods,

w@ ByshgassA, System B and System C) are signifiBems&3008/000001
worse off than that of the enbodi nents of the
invention._ Additionally, it should be noted tha

ranas fomthe EslNp pararegter & mdhgirange efiframeakeuyt; %i‘{% nstoggbout

ganpling interval offset, which resulted in a
ioaclget' error rate (PER) of 1. Fig. 10 shows the packet
error rate (PER) performance conpari son for the data

V&@W?Sg'é‘%mgsé lﬁﬁ gQﬁofﬁ:'\/lzoqﬂ}@n@ %gonv?qg’g%ps and of
166 gmt@%gyoroéia?ﬁﬁleaﬁ@aﬁfﬂé%mfaw@‘ mfehﬁ dquiPed eRBr SMISSE) of

een fromFig. 10 that there is on gaout
thﬁBse&Muognat&mall oﬁseti estiratianmbbaenvedt forifsy.éMbps is about 10

e §8elia. on R ArengOrdlved ot b PMRY B R 47 ofiRtna

witHtlaRfer Aatudef tHeeHitaIrcyqlRasderfofQMBE) vhitie samphng thterval
to that for the ideal system (1007). On the other

offeefcestimatios, the stﬂpyofa@@n@glog ot ifee ffé&"ﬂ‘éﬁ'r%ﬁrd%r freguenay offset
aﬁg Iil erPéﬁérmt s‘é!Hﬁ‘Jn thﬁte?s)é?r ééltg f‘fgsdu@%afeﬁs'%é% on the

equency o Pset and e r esl

pefbenande inigroeémiest obfaineztd out across the frequency
bands (101 1) , when conpared to that for the ideal
system (1007). As such, it can be seen that there is

grﬁ %idPAble, 4né rfb‘?ﬁ\faﬂﬁgqrﬁgﬁlté P’Pﬂ?&’ﬁ%@tc&%ﬁhaﬁéﬁ methods,

ycarryi ng ouf e averaging of the residual carrier
(Syseemeh,cﬁysﬁefma ant Syistem @ artu aigniicaptly merse toff than that of

R BpRias oo L oS ALIR: w5BEETe phle el SyBtem

ACEERFAifRA 10N8bRA BRENRAS @stifdtibhs dPfth ng ntéRal dffset,
agai nst that of the ideal system (1007). Simlarly,

whighrresultediinpe ippokeleerce s ER) ebbut 4dB for System B
when conparing the performance results of SystemB
(1003) against that of the ideal system (1007).

F]i:lsﬂ OII(IS$I'QTWé ir% F\)/\E/qudket erros rate [{PER) iperforaahos sowipatibon fordts

or stem en conparing the perfornmance results. of
data ratg mode of 200 MbpsrlTrPCMZ %etweere convenr{%nafmetr?gds gf
estimating and compensating carrier frequency offset and embodiments of the

invention.

It can be seen from Fig. 10 that there is only about 0.3 dB performance loss in
the embodiment where the averaging of the residual carrier frequency offset
and the residual sampling interval offset is not carried out across the
frequency bands (1009), when compared to that for the ideal system (1007).
On the other hand, there is only about 0.1 dB performance loss in the
embodiment where the averaging of the residual carrier frequency offset and
the residual sampling interval offset is carried out across the frequency bands
(1011), when compared to that for the ideal system (1007). As such, it can be

seen that there is only about 0.2dB performance improvement obtained by
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System C (1005) against that of the ideal system
(1007). In view of the above, the enbodi nents of the

WO pwengizen show better perfornance conpared t oP¢TaG2008/000001
System A, System B and System C. Further, as mentioned
earlier, the performance inprovenent due to the

capypg Pwgthss aVpEAGNG: Df 1P realﬂpﬁbpafrreéc{a%qﬁ%n% pifsat apd, the
d
rdsiifud SafititR | FBRRN offdet A6rBLY He Reqdetcrarmss. BoT 1 S

sgral l er than the one observed for the data rate npde

of 53. 3Mops over that for e dat te de .of

HOWS V3 TS 9B, PErAMATSRs IS 0 GROME SUE 18 SYAISRR A ahen
é@gbﬁﬁ%’thgaﬁ'&%rﬁ{érﬁbgresﬂhs %‘?rS)‘é?@mdﬂt?GOqt) gEme tﬁfat of the

S, t'he nean square error of "t he sanp g
ideal eystam 01068t Sivilantthere tsb@@eﬂ@cnrrmncaulﬂss 813 abaubl4d for

t th ff
sySRan s Brandinarihd heliEnge (SUhrd Syaidht 8 (1003
aghinsefrtef thBadeal §témofobing Addifiewalyg tivéretiBea performance
residual carrier frequency offset and the residual

losargfl abaytidsfeforabysemsetwhen sgmparinghiederiamange results of

[
<S5 EITES) oBRRLERTS) vEPHBS SRR (06T RN B above
tHeemboaimevits aif thbenmuodlsmw bettér pdaéonmmmm campanegr to that
t he System A decreas s when the data rate increases.
Oﬁ'ﬁ)’%teﬁbAbS,M%nt@% YHeMdat a rate increases, the data
packet size would be decreased accordingly (S|nce a
constant data payload is assuned), and a decrease in
Futtkedaas rpank'mhedsi%lievouhel pedoimanae limpovesventedue to the

axeragiabl e Fesitud Catfet RERUpASY pbst 3830 468 BSLS! Sampling
wﬁ@r%%ffé?éirbélﬁ@ cbﬁféod@tﬁtﬂsr ch 7R This A8HoMamscd imprslkement

bet ween conventi onal net hods of estimating and

|sampuméaan rdge one obserneddguiheciatafrateemoda® Sdbdbpeaver that
B AV e, R PR SR8 T gl 085 o

egslapedess follovBabasdd &y Figed.A, System B and System C.

For the data rate mode of 200 Mbps, the mean squared error (MSE) of the
sampling interval offset estimation observed within its said operating range is
in the range of from about 3x10™*® to about 7x107"%. This MSE range is very
small, and therefore, the effects of the averaging of the residual carrier
frequency offset and the residual sampling interval offset being carried out on

the performance improvement obtained is not significant.

Additionally, it can also be seen that the performance improvement of the
embodiments of the invention over the System A decreases when the data
rate increases. This is because when the data rate increases, the data packet
size would be decreased accordingly (since a constant data payload is
assumed), and a decrease in the data packet size would result in less severe

distortions due to the sampling interval offset.
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However, it should al so be noted that the performance
results of SystemB ( 1 103) is relatively close to

wo bwsast7 t he enbodi nents of the invention. Thh&r/sG2008/000001
observation may be expl ai ned based on Fig. 9 as
follows. For the data rate node of 480 Mops, there are
only 60 OFDM synbol s avail abl e for t ransm ssi on.

Fig, 31 STRES.BRIRAoREt Bfol FUSIPER) eribiriancs clblls offﬁs‘ﬁe
détﬁrrateanbb Ideroff4r86q\dbpsm 6M1s @etweern ovmventionbhmeithead sobf

t he ove, the casg with t dat a r 480
expAINEING CORPRESaNG CArer Erﬁquﬁrem ﬁéwa%mﬁgd'mems of the
inD&hfig.mance condition for System B. Additionally, by
conparing the performance results of the enbodi nents

of the |nvent|on it can be seen that there is only

1t E3RBR sk oM g A1 aParR gt dients 8 WA show beteer

péﬁmﬁeycd?ﬁéérea te Mt dfeS ysasrh du BystsTE ang Systerh \Gl
of fset across the frequency bands. This observation

may be expl ained based on Fig. 9 as follows. For the

HERkEEs". 3 SpdREZSE & Rofdinthar S pRFRANAALE TECLIR! BPSystem B

sanpli™hg interval

(1208k iy eslativdIficioget ® traisd afptheaémbgdm&rrge of thé rln\térmon This
range of from about 0Q.7x1 tQ about 2.5x1 0 13.

omﬂrgatmmaa@eema'oeﬂ;b@ﬁﬂmn ignd asfellewdre, the
effects of the averaging of the residual carrier
frequency offset and the residual sanpling interval
Farf treetdabeimte ceode ed 480 Mbps Hee[fera‘rerwwﬁﬂ OFDM symbols
n| ficant VI ew of _the

avalBbl o tensmisaioBadis Jisisesh Bhtiss 18 HeletBpdo Hig? 5. Metnis
cd¥, f@jgé’(éﬁhcﬁ eIy etEeY eVbn) RSaRatNe JOFBIM SsyphbdlBefor carrier
I nvention over the three systems (enploying

fremuarmytd)ffﬂeélestmahodsbn view of thecahave, &%cgw withi thgrdata rate

i€ 20 055 19 PrcePoECBEE o an BBy e BERance

cd}mﬁ@tfoels@gtm@es | ess severe d| stortl on due to the
sanpling interval offset. As a side note, subsequent

performance results illustrated in Figs. 12 to 15
Additionally, by comparing the performance results of the embodiments of the

invention, it can be seen that there is only about 0.1dB performance
improvement obtained by carrying out the averaging of the residual carrier
frequency offset and the residual sampling interval offset across the frequency

bands. This observation may be explained based on Fig. 9 as follows.

For the data rate mode of 480 Mbps, the mean squared error (MSE) of the
sampling interval offset estimation observed within its said operating range is
in the range of from about 0.7x10™"® to about 2.5x10™"%. This MSE range is
very small, and therefore, the effects of the averaging of the residual carrier
frequency offset and the residual sampling interval offset being carried out on

the performance improvement obtained is not significant.
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woul d show t he performance conpari son between a
conventional nethod of estimating and conpensating

wa208hHes6f requency of fset (System C) and one ertisiGao881000001

of the invention, over a nulti-path channel wth

shadow n ther it shoul d be not t hat. t.he
Irawmgcpfnﬁ\%@%pn% iteGam ke e@aﬁy. @rc‘?’}ci‘dﬂfeﬁ@?t 4 serfogmance
irﬁoﬁrt%vlén trﬂeucﬁlet 5 boRfnd f”He ﬂf\feﬁ%n'évé?%ecﬁ{réﬁeéi/stems

nment o e Invention. Fig
(emplogmgkebneemtmnal aheth@BER)wqmdftmammmdewrﬁmlflm wben a

sl S Sl T0e BB oS e erases,
r@siﬁtbﬂ?tde'&%ﬁ?e@ pasRANSiak | CHLISeR! feks8T sdverdl U@iBRYtiIcH fRRt to the
and one enbodi ment of the invention. It can be seen

samplinginjervapoffeett t he enbodi nent of the invention show
better perfornmance conpared to that of System C
Further, it can also be seen that the enbodi nent of

Ashesitia o | SUbseqaent’ ssrarilanca besiltslil2stataarie Figs) 122605
of Eb/No) conpared to the ideal system Fig. 13 shows

wonld shew dhe @Gi‘f@'ﬂ“@%ﬁ%cqmms%wtﬁﬁ?ﬁr%@%‘tﬁf’é@f‘?k@ﬁth‘?ﬁ of
ebfifafih Anh EoRuffiEaiRg cafier relaBicy BERISYan ) and one
eﬁﬂioldd' iméntgf the dhmtipanemhn amuitapathechdnnetwith shadbivires.
t b

FaBsF i oG e ated it B BeTaaS Gine Fesinguemisr ramiRpy
off L& tFPl%rr{aQird”%FQ ﬁkggfﬁﬁ&%t & n6f carvied dk fn then

nore detail, the e ofthe invention requires
eaﬂmdiméd&ﬂtbesn\(en’moner ms of Eb/No) conpared to System

C. Additionally, it can also be seen that the
enbodi nent of the invention requires only about 0.6dB

[I%rﬂ $hows e Backet E%N@étef(PEP@fp%ﬁfomahB@ chAparissi $brethie

is inmplies that the enbodi ment of the invention can

dataniste masteefifshd Mops iInCM4(withshadawinglgbetimesnal
gé\ﬁchgr E@%tr&o(])déloisélﬁ%at r%earﬂfﬁ&ﬂbeﬁéétmg E&thigr frgEuR%ncy offset
nparison ror e

and one embodiment of the invention.

It can be seen from Fig. 12 that the embodiment of the invention show better
performance compared to that of System C. Further, it can also be seen that
the embodiment of the invention requires only about 1.2dB more (in terms of

Eb/No) compared to the ideal system.

Fig. 13 shows the packet error rate (PER) performance comparison for the
data rate mode of 106.7 Mbps in CM4 (with shadowing), between a
conventional method of estimating and compensating carrier frequency offset

and one embodiment of the invention.

It can be seen from Fig. 13 that the embodiment of the invention show better

performance compared to that of System C. In more detail, the embodiment of
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data rate of 200 Mips in CM2 (wi th shadow ng), between

a conventional nethod of estimating and conpensati ng
wa208Hes6f requency of fset and one enbodi nent OFCT/$E&2008/000001

invention. It can be seen fromFig. 14 that the

enbodi nent of the invention show better performance
thednpentian teguireatabot 8gBtesa (@ tarmsmefrb/Me) gpmpared to System
Cerrbodi ment of the invention requires about 1.8dB |ess

(in terns of Eb/No) conpared to System C. Further, it
can al so be seen that in order to achieve a PER of 8x1

0 2, the enbodinent of the invention requires onl ,
Addijonalty, #aeamalse kg seqrethab thy em@pﬁwer&f%ﬁaﬁé@vem Hgquires

. I _ . . . _
o Eont Y Bl ol fip SIS of ERND TR he Rt Bt This
intslied that the embodimeearstenf, the lievesriopl ¢argalinmist rooat pesfsases fully for
has | ess effect f?n the performance results. Fig. 15
thesAMPINGINERNVRRMSE or rate (PER) performance
conparison for the data rate of 480 Mops in CML (Wi th
shadowi ng), between a conventional nethod of
Figs tlidnsitowsgtherphakehperas ete SPE R performanescempgprison faytthe

oSRGaRES, 200 BTN GVig (i shAYEinoRrbethpefid cdifveribal,
meYS O Estriating aRd 8bRipeAsMfd CarBRfreqLeseY bffsetamdtdiey |

it can also be seen that theenbodi ment of the
emnbodimentrofitbe invesdodnl y about 0.2dB nore (in terns of
Eb/ No) conpared to the ideal system The above

di scussed observations on the performance results seem

It tcani blseah Erohh Rig.t 1tz entodirhentvell thefifsertidmashowve better
little effect on the performnce resqu?loés. ) Q?lai n, té]i S
PeyfrEranas empgesds that of Iysterddr Indpotgdeiail e smbodiment of

thr%glr@‘éﬁﬁéﬁdrehﬂiré§'déﬁdtxﬁ”1 58BFkgs (ﬁf‘)tertrﬁ?tofv‘i?ﬁ:?\lsog:‘@%rﬁéé%d to

S I ncreased, e sanpling I nterval as
System €f fect on the performance results.

Further, it can also be seen that in order to achieve a PER of 8x102, the
embodiment of the invention requires only about 0.3dB more (in terms of

Eb/No) compared to the ideal system.

The above discussed observations on the performance results seem to
indicate that when the data rate is increased, the sampling interval offset has

less effect on the performance resuilts.

Fig. 15 shows the packet error rate (PER) performance comparison for the
data rate of 480 Mbps in CM1 (with shadowing), between a conventional
method of estimating and compensating carrier frequency offset and one

embodiment of the invention.

It can be seen from Fig. 15 that the embodiment of the invention and System

C show comparable performance results. Further, it can also be seen that the
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Enbodi ments of the invention have the foll ow ng
effects. Firstly, enbodinents of the invention

wa yos/ee3éy show better performance conpared t oPdH®G2008/000001

W W W V]

exi sting conventional nethods. Secondly, as discussed
earlier, the enbodi nents of the inventign are easy to

embpdisnent; of Ake davantiopheeasires PMyrakouf0.24B Mmeve (in &rms of
r.Qm ctive solutions for the
E%&%ﬁcg{rﬂ?‘géregggﬁhn%fqe%zsgér%ﬁ]éonpensati ng the carrier
frequency offset as well as the sanpling interval
offset. While the i nvention has been_particul arl

The ok vh digraisser pebssivetionse gt dhe P]HEPTBIRECE fesults seem to
; [ t [ I n t bl

AR TBR L e, e JATY, SuSRNEREey Hap Ten) AR S B8R, the
pbdonmealiece hexselts. Wigdiout thisepabsémgtiom oagraes swith i theandarlier

scope, of the inventiop. as define y..the appende .
obSaVRIH fhiscusthit T refhudh, fit EidT Ja7 ot eBR Kt gate is
ineYeddeR, 2RE ARSIy HitemapHsal hashasgasieshigphtHeo BRrformance

w thin the neani ng and range of equival ency of the
resuisns are therefore intended to be enbraced. In this

docunent, the follow ng publication is cited: [1] SPW

docunentation for a timng drift conpensator in W.AN
EhidedahEnisZdf the irk@p86n hatd[tke foowingeffeddéi m ng Cheng
and Limng Sun, "lInproved Joint Carrier and Sanpling

Frequency O fset Estimation Scheme for OFDM Systens”,

: ! ot A |
PGP bmIShGORELE, S PORGE SDRARE, A0 19 fenanco
chiapared tterihat iexistiﬁ@iYcoTra&lhlotiﬁhalyme(tﬁ'm) Stoondlr elsediscussed
TR T e
erﬁ??ﬁ@éerg?(}g/ HEBNEMI VBhYWAGrelad proRiseess ictfective éolfutions for

etermning a first carrier frequency offset
thieeproddem eoft estinsating and aethpensating be dastierafrequency offset as

wferl %%%ﬁé‘%%m%fi‘lﬂg ir?tg(rjva o sé:t(.)nd carrier

While the invention has been particularly shown and described with reference
to specific embodiments, it should be understood by those skilled in the art
that various changes in form and detail may be made therein without
departing from the spirit and scope of the invention as defined by the
appended claims. The scope of the invention is thus indicated by the
appended claims and all changes which come within the meaning and range

of equivalency of the claims are therefore intended to be embraced.

In this document, the following publication is cited:

[1] SPW documentation for a timing drift compensator in WLAN library

[2] EP 1363435 A2
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frequency offset between the transmtter and the
recei ver for a second frequency band, the nethod

WEZoRn$28éng: determ ning an estimate of the fiRrGESG2008/000001

carrier frequency offset; determning an estinmate of
t he second carrier frequency offset; determ ning._an

[3st | el ejf Weimings€heaggnd kdgmine: SuR.alimeravest Jaik Gagier and

S

ePBUDORRGrcY QfeR P RE etRime Rir GPOM Siglemy; Globe

Téletommaatitatinsf Conferste 20035 @bl 4 dss 2815 ri 281 JaDecember

estimate of a second sanpling interval offset between

transmtter and the receiver for the second
frequency band based on the determ ned estimte of the
second carrier frequency offset; determ ning an

[43v er kdeel 862D HHigh RateeAltexhatifef BHY Taske@raup (1Ha3a) for

T

P

gﬁifoggtmo? EEH02P Task GrBEp SAC FEE FBm2. 1 5103/28801 val

and determning the first carrier frequency
of fset and the second carrier frequency offset based
on the determ ned averaged sanpling interval offset.
2. The method of claim1l, wherein determning an
estimate of the carrier frequency offset between the
transmtter and the receiver for each frequency band
of a multiplicity of frequency bands; determ ning an
estimate of the sanpling interval offset between the
transmtter and the receiver for each frequency band
inthe multiplicity of frequency bands based on the
determi ned estimate of the carrier frequency offset
for each frequency band; determ ni ng an aver aged
sanpling interval offset based on the cal cul ati on of
an average of the determ ned estinmates of the sanpling
interval offsets for each frequency band of the
multiplicity of frequency bands; and
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determning a carrier frequency offset for each
frequency band of the multiplicity of frequency bands

whzmeds2067 t he determ ned averaged sanpling i ntECw$E2008/000001

offset. 3. The nethod of claim1, wherein the first
carrier frequency offset is determ ned by nmultiplying
CLAMSet er ni ned averaged sanpling interval offset with
a first coefficient and the inverse of the sanmpling
interval; and the second carrier frequency offset is

V\ﬂﬁtwoﬂanﬁeldis{ mul ti plying the determined averaged
sanpling interval offset wwth a second coefficient and
the inverse of the sanpling interval. 4. The nethod of

1.any erﬁel‘PIBd‘Hf %‘ef@'rrﬁnlhg a?’flrs}"@&rri%!rﬂ gnsn&%ﬁ@t&t\%eﬁ ke

first sanpling Interval set I s determ ned
trangrmitter ynd@ teceivee f@ranfirst frequencypmband aind Iaesefqonétcarrler

t th th t
freguenaoTee) DEBusan e Etsriter abd T B o 4RI
fr@éﬁérr@tt%rm‘ tﬁé‘ﬁwe‘iﬁ@@ﬁémfbﬁﬁih tng interval offset is

determ ned by nultip &éedetermned esti nate of

t he @@t@anmmam%ﬂrwaﬁ%qﬁ firsbeareiet frapuencyreffsedinpl i ng

The SEERERNY 2 FsmEe §fth%f%%¢¢§d%%89&“ff&&ﬁ%rc&°d£@?h
rat i @etefivenah ha%tlfrialt@ bf & diedtfsamising intedvdl lffsetbetmken the
coefficient 1s about the sane as the ratio bet en the

transPitier anflde EeravasTiot iie st Keavansyikand basadkion e « he
dﬁ%frﬁg%rdo%gtm E'b‘f%’hé’flrs'iﬁﬁrr%‘??%ﬁ hegaHsSCY band 6. The

whereln the |rst coefficient and
t he d@teandurmg)aﬁfast]mm oha secespsamplieg ynteplatoffeet eteeen
he range fromO to

55.7. Th :
TR Er eNLiTR FEoeiiRs o1 terrEony dedyeRcL AR Phged oh the
détel'rrﬁrn\éfal et At8lof kife 68¢sH &drfibr ASq@ehcy dfidurEt i C aver age

he determ ned estinmates of the sanpling interval
of f s@etermtmngaan laveraggdesanpplingniaterval offset based on the

calculation of an average of the determined estimate of the first sampling
interval offset and the determined estimate of the second sampling interval
offset; and

determining the first carrier frequency offset and the second carrier

frequency offset based on the determined averaged sampling interval offset.

2. The method of claim 1, wherein

determining an estimate of the carrier frequency offset between the
transmitter and the receiver for each frequency band of a multiplicity of
frequency bands;

determining an estimate of the sampling interval offset between the
transmitter and the receiver for each frequency band in the multiplicity of
frequency bands based on the determined estimate of the carrier frequency

offset for each frequency band;
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8. A nethod of conpensating a first carrier frequency
of fset between a transmtter and a receiver for a

wd 200§ts2867equency band and a second carrier fragueReos/000001
of fset between the transmtter and the receiver for a

second frequency band, t

he nmethod co
det edetRAMINGIGAN ayeragedesamplingdntaryalio ?&?F Eﬁégd pPdBBency
c1LdI560n of Sh g&g‘gaeﬂg 18 RHNTRLE eSfimbRE SraRe %@mhbl.ﬁtrervm

requency o ermning an estinmate of a first
oftset® forreachrfrexjuemicy diahsedf the multhmlcfty nﬁfrenueq%ehalydsnam

based on fhe determ.nned esti f {
f r oRRIRBY NG eealmedgfea%nﬁy RfSsfTobearRaraubicy 58l sf e
f
T e B e P
inferegjudfsey. of f set; determ ning an averaged sanpling

interval offset based on the calculation of an average
of the determ ned estimate of the first sanpling

3int eTN@}néQMdsng@nﬁ 1t hedsiher m ned estimate of the
second sanpling interval of fset; determni ni ng the first

car riherfirsteaftientrgauenaycafisehis determinegrly watinlving the
I
SRS PRI e DG A B g e

ing@rsel sfithé safiptingyntefvadedndand t he second carrier
frequency of fset based on@ge determned,firs arr
Y 90 ipf

f r eqiierEFOpH CaBHErFRAUSRE gt igidatemaiped by yltiplying the'
adteRAke e‘?ééﬁ&ar%n?lm Henapshiad vith §|séb8h§coéﬁ€feﬁ't Bnd

conpensa carrier frequency offset and

thbhﬂvesreemﬁdhe:aannlpbnginteqaaéncy of fset conprises
determining a first phase rotation based on the
determ ned first carrier frequency offset;

4. The method of any one of claims 1 to 3, wherein

the estimate of the first sampling interval offset is determined by
multiplying the determined estimate of the first carrier frequency offset with
the sampling interval and the inverse of the first coefficient; and

the estimate of the second sampling interval offset is determined by '
multiplying the determined estimate of the second carrier frequency offset with

the sampling interval and the inverse of the second coefficient.

5. The method of any one of claims 3 or 4, wherein the ratio between the
first coefficient and the second coefficient is about the same as the ratio
between the carrier frequency of the first frequency band and the carrier

frequency of the second frequency band.

6. The method of claim 5, wherein the first coefficient and the second
coefficient are respectively selected from a group of numbers in the range
from 0 to 255.
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determ ning a second phase rotation based on the
determ ned second carrier frequency offset;

wa@eovpesesat i Nng the determ ned first phase rotatP@OISG2008/000001
conpensating the determ ned second phase rotation;
determining a third coefficient iterativel

7det eThe method i9é claisi dwhereintbe averagesk samai\ﬁiﬂeiﬁwval offset is

B R
sarhphsy ild@satofisets fier slshefrequeadytbandd coefficient; and

conpensating the determned residual first carrier
frequency of fset and the determ ned residual second

gear rA‘?f]etfhbaFBf%Bﬁw\YPaﬁ%%ﬁﬁéafﬂ- cﬁri%fr@&@erﬁ:ﬁ/ SHYSP 8BRS

a sanpling inter et between a'transmtter and a
tramsmittee andaa facediter ¢arra fiest freqagonenband Bhd &t sévendesamriehe

t it d th i ver f first f
RNy et DEBARRD e PR PE QORISR ELOEESRET ¢ ne
fr% Gy B, tﬁé‘%détﬁgd Egﬁ,@,ﬁg@@ for a second frequency

nd, “the nethod conprising determ ning an estimate of
t he detesmining an@stimate obthefirst ¢arser frequency offsey; an

estinate of the second rrier fre ffSelee s

det eRaerm QAN sSialk of fie sconi G a o et a

of f s@étePRiring ahidstitnaté eflH Finstisdpmplithgliageval @ffsehfor the first
determined estimate of the first carrier frequency

frequenay: banst basachemiheadetesmingsk estigatg of dee Htst saFHar ng
' fset on the second frequency band based on
fr%(ﬂﬁeeq{ocﬁfgs%ft,ned estimate of the second carrier
f r eqdeteernirdhd antestithete vfrasengndsampting jedrahofisetnan the
i nterval offset based on the cal cul ati.on o%ﬁmn aver age

segordeequansyhandbased apihe dateimiperiqsimate phfegecon
Cérﬂgﬁfrgag%ﬁép){gﬁge@nd the determ ned estinmate of the

secon ing I nterval
determining an averaged sampling interval offset based on the

calculation of an average of the determined estimate of the first sampling
interval offset and the determined estimate of the second sampling interval
offset;

determining the first carrier frequency offset and the second carrier
frequency offset based on the determined averaged sampling interval offset;
and

compensating the first carrier frequency offset and the second carrier
frequency offset based on the determined first carrier frequency offset and the

determined second carrier frequency offset.

9. The method of claim 8, wherein compensating the first carrier
frequency offset and the second carrier frequency offset comprises

determining a first phase rotation based on the determined first carrier

frequency offset;
determining a second phase rotation based on the determined second

carrier frequency offset;
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offset; determning the first carrier frequency offset

and the second carrier frequency offset based on the
walzwensméered aver aged sanpling interval offset;PCT/SG2008/000001

conpensating the first carrier frequency offset and

the second carrier frequency offset based on the
det eeompeasatingthe determyped fisg Phaes retatieBi and t he
det er i her o f ;.
andceIBEHRFEORE AETRL CLERFBRUSPIIBRY, Lased on
t he deteenimimgd thivd cagffidientitptatingly; nt erval of fset. 11.

The t hod of .claim10, wherein conpensati th

S ARG IR sbleL brs! Canas R gnEy oapt Basetian the
dOEARRIaRird GeeticRshtsi gnal has been further processed
according to a transform 12. The method of claim 11,

wher détermining thenresisiual segonskcardiee frequencyopifsetdrased on the

conpri s Fast. Fourier Transform (FFT), Discrete
d@&ﬁﬁl’@d t‘%&gﬁgﬁfﬂclﬁ Dﬁ‘i and Discrete Cosine Transform

( DCTgompensatitgy thedeestniihed rédidudl ¥irstdigtiér flequency offset and

conpensating the sanpling interval offset is carried

theudetermingd 4esidugl rarondfanperfreianey sifset.. 14. The
met hod of claim 13, wherein conpensating the sanpling
interval offset conprises determining a third phase

10.0t ahimethbd f donpenBatinkg hasamplied inteeval gffidet betweemga
interval offset; co ensatjn? the determi ned third

trams(Bter and rereivebra et RRIET (IRGUPBSY Aliset REWSEN

tréﬁ’grﬁg&é? n?ftﬁé%éei%’r%?&?ipﬁq ' ﬂ@y?)?ﬁd%tdeé BbEGHY carrier
residual first carrier frequency offset, the
frelguenayioftset betvehrethedearamittenand ¢he feceives fioya sé€amd

R e 5 e BpplsRBL v Of et 15 The
FL USRI Bhls pebmst el regusodct
determining an estimate of the second carrier frequency offset;
determining an estimate of a first sampling interval offset on the first
frequency band based on the determined estimate of the first carrier
frequency offset;
determining an estimate of a second sampling interval offset on the
second frequency band based on the determined estimate of the second
carrier frequency offset;
determining an averaged sampling interval offset based on the
calculation of an average of the determined estimate of the first sampling
interval offset and the determined estimate of the second sampling interval
offset;
determining the first carrier frequency offset and the second carrier
frequency offset based on the determined averaged sampling interval offset;
compensating the first carrier frequency offset and the second carrier
frequency offset based on the determined first carrier frequency offset and the

determined second carrier frequency offset; and
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walzeshge3éhe resi dual

frequency offset and the residual sanpling interval

of fset conprises determning a fourth phase rotation
first carrier frequency afdBSEG2008/000001
the determ ned residual second carrier frequency

of fset and the residual sanpling interval offset; and
conpeerapensafingibefamp!ingeieryal 19%(*5ﬁt baseton the determined

a%%ggg&gg&g)t“ﬁéﬁgﬂ;%@%mmr ein determining the fourth

ero ue to e residual first carrier

frequency offset, the determ ned residual second
carrjer frequency. offset and the resji.dual sanplin

110t eFbameshed of i dsr wnede B sempansgting o SaRleg dterval

offdt ?éfeéﬁie%ycfmgﬁ%r He prorelsad Péﬁdé@si?ﬁﬂﬁ%ssbeéﬂ furthee
net hod

of claim 10, wherelin conpensating the sanpling

processedacedrilingttoiastransfoirad out before the processed
received signal is further processed according to the
transform 18. The nethod of claim 17, wherein

1Z0NPERS Atdthed bR Blaft a2 0ersiaThé trasisformandfibedddiésted fom a
carried out using a tine domai n conmpensator. 19. The

grespresinprising brgt Aeurieassferm{EFT ). RisawtaFaurier Transform

Egglrsp ' 1 R i response (FIR) filter.
( 0. a?@éﬁﬁ?@fﬁéécﬁﬁlﬁ%ﬁgﬁfﬁ@%&@e. n the coefficients
of the FIRfilter are determ ned based on one

al gorithm sel ected fromthe group coggri sin

t .
135 o FATTRLBSE OLCETR 14; WAETSRBTBASGLRG {hePAmALNG niear
. . . Co q
oﬂférﬁtzgr g%’:”%thzdgﬁ %’@8% :frieﬁ%én%)ﬂgorﬁgg?’angleég ég@fft hm the
pi ece-w se polynom al interpolation algorithm the

plipe interpolation. algori.thm the frigononetric.
1§ PRt SL e BT o erein s Sating BRESHRplnG interval
offdctdhfyri®esDFT) interpolation algorithm 2 1. A
conmuni cation device, conprising a first determ ning
uni tdéterminingaihird phaseratstiomhaseden the detarmingd avgraged

fregquen et.. between a transmtter and a receiver
shpHE el o

uency
compensating the determined third phase rotation;

determining the residual sampling interval offset; and
compensating the determined residual first carrier frequency offset, the
determined residual second carrier frequency offset and the residual sampling

interval offset.

15.  The method of claim 14, wherein compensating the determined
residual first carrier frequency offset, the determined residual second carrier
frequency offset and the residual sampling interval offset comprises

determining a fourth phase rotation due to the residual first carrier
frequency offset, the determined residual second carrier frequency offset and
the residual sampling interval offset; and

compensating the determined fourth phase rotation.
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band; a second determning unit for determ ning an
estimate of a second carrier frequency offset between

wo bmshssesnm tter and the receiver for a secondpCT/SG2008/000001
frequency band;a third determning unit for

determining an estimate of a first, _sanﬁl i n@ni nterval
161 f sEhe mathed of claim1oamhereindeterminingdhe dedith phage fotation

b0, il BTt Pl W BAETEse, WA 86
sdcoundt dartlet eqienoypfiset tinfl dne degiduali sanmgingrintesval mdfiset if
a second samplJing |{nterval offset hetween . the ..
CATIRHSHT LB Biigt SYBOIse PAEBSer s OF SHBIORZaURR ey
based on the determ ned estimte of the second
carrier frequency offset; a fifth determining unit for

determ ning an averaged sanpling interval offset based
an aver age of

t l.culati he . det i
1801 1 Rhip Baifiod Aot db. BheriR caHneisalid i paPIRg terve
offt ¢S BhnRd ARYefdreahprodisseatessive@Bynani fuRher prdcessed
of fset; and a sixth determning unit for determning

acdeedingrtetthe iansierms r equency of fset and the second
carrier frequency offset based on the determ ned
averaged sanpling interval offset. 22. A comrunication

18levi Tre ntsthpd of tlagn a 7{ wheteid eoenpensiatiag the svéraged sampling
~determining an estimate of a first carrier frequency
intgrvaleaffsed isearred out HRIDE; tiwe dafBaiR GOFRENAAIOT or a
first frequency band; a second determ ning unit for
determ ning an estinmate of a second carrier frequency
1@f f sSEhe bedthed of tlaen tiBanhereindhe sind ddreainecrnpensdtor isa

second, frequency band; third determning unit for
det er"?ﬂ%'i"hfgﬂ%ﬁ]f%?f’r‘ﬁ%{'éﬁ@ff" Mfirst sanpling interval
of fset between the transmtter and the receiver for

the first frequency
20. The method of claim 19, wherein the coefficients of the FIR filter are

determined based on one algorithm selected from the group comprising the
minimum mean square error (MMSE) algorithm, the linear interpolation
algorithm, the polynomial-based interpolation algorithm, the Lagrange
algorithm, the piece-wise polynomial interpolation algorithm, the spline
interpolation algorithm, the trigonometric interpolation algorithm and the

Discrete Fourier Transform (DFT) interpolation algorithm.

21. A communication device, comprising

a first determining unit for determining an estimate of a first carrier
frequency offset between a transmitter and a receiver for a first frequency
band;

a second determining unit for determining an estimate of a second
carrier frequency offset between the transmitter and the receiver for a second

frequency band;
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band based on the determ ned estimate of the first

carrier frequency offset; a fourth determ ning unit
w0 s/ deser m ni ng an estinmate of a second sanplRAESG2008/000001

interval offset between the transmtter and the

recei ver for the second frequency band based on the

det ea thirsedetesminirg unipfortdatereipingrn astimate efrafiisd sappling

A 65 B BRI ey

bardl badet bR theHe®fming eégtimate dfitlee st eamerdreencyatfset;
of the first sanpling interval offset and the

det e? FaurBudelermiving ubit fanfeteariping anRBIMAL PhA &pcnd
DY inferdbi e SRl RO i Bnd Sh FEc ot e

carrrer Trequency and the secon arrl er
sédoﬁdlff&quemilﬂmad bzseddbrothet deteeined reistirdite vé thegsetond
tF |nte val offset; and a conpensating unit for
CQIB% RN GYP 5}% first carrier frequency offset and

the z§ﬁﬁﬁ'ﬂ%té‘rﬁ{lﬁlhﬁrurﬁtrf@%@fé%ﬁlrﬁﬁé aRtaveARRAY %nbh‘fg interval

determned first carrier frequency offset and t
ofiett duased@du the calalilation ofean avaqgemwbﬂete@mmemestme of

B Al Mo ekprinie S8fringd Sxllia 1ehé seBon

sdMplindPintarvaoff<dtid communi cati on devi ce. 24 The
conmmuni cation device of any one of clains 2 to 23,

bei n@smmdetearrw'a@yandor(wgym@mﬁmm. firsk wﬁea&eﬂ@%ncmﬁset

rﬁﬁ’leo%%%&@ ccc\/\'p%;gﬁetg?éﬂ ffr%.eé g ﬁ tl‘?é d% &Hﬁedzag'ertaﬁed

sampling interval offset.

22. A communication device, comprising

a first determining unit for determining an estimate of a first carrier
frequency offset between a transmitter and a receiver for a first frequency
band;

a second determining unit for determining an estimate of a second
carrier frequency offset between the transmitter and the receiver for a second
frequency band;

a third determining unit for determining an estimate of a first sampling
interval offset between the transmitter and the receiver for the first frequency
band based on the determined estimate of the first carrier frequency offset;

a fourth determining unit for determining an estimate of a second
sampling interval offset between the transmitter and the receiver for the
second frequency band based on the determined estimate of the second
carrier frequency offset;

a fifth determining unit for determining an averaged sampling interval
offset based on the calculation of an average of the determined estimate of
the first sampling interval offset and the determined estimate of the second

sampling interval offset;
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a sixth determining unit for determining the first carrier frequency offset
and the second carrier frequency offset based on the determined averaged
sampling interval offset; and

a compensating unit for compensating the first carrier frequency offset
and the second carrier frequency offset based on the determined first carrier

frequency offset and the determined second carrier frequency offset.
23. The communication device of any one of claims 21 to 22,
being a multi-band (MB) orthogonal frequency division multiplexing

(OFDM) communication device.

24. The communication device of any one of claims 21 to 23,

being a ultra-wideband (UWB) communication device.

25. The communication device of any one of claims 21 to 24,

being a WiMedia communication device.
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