WD 03/ 079552 PCT/ SG03/00030 1 METHOD AND APPARATUS FOR FREQUENCY OFFSET
ESTI MATI ON, AND SYSTEM UTI LI ZI NG SAME Field of the Invention 5 The
present iweoantoress2zrel ates to frequency offset estimation, PATRGIBEDOESO
particularly to frequency offset estimation in the presence of direct
current offset. 10 Background of the Intention Wth the advent of personal
W rel ess communi cation devices, there is a need for snmall portable units

that have | MEPHGD ANDAPPARATUSIFOR FREQUENCYI OPESET RYTAMAEON, ow
cost. To nmeet these requirenents, there 15 is interest in a transceiver

with direct conversion archANELBYSSEMEPILIZING2AME from conventi onal
het erodyne receivers, the receiver of a DCA recovers base band information
directly fromthe carrier signal w thout passing through an internediate

frequency stage and i nmage si gnakieldeifebtilaRentibhs i s acconpli shed by
translating the radio frequency signal 20 directly to zero frequency, and
then enploying a | ow pass filter to suppress any high frequency

oot ver . and MO PHeeRCaePi e BEH 8 e ROH BRI IR O Sty aRe o e

di ssi pat i omor@ngattivnledst to flewaeaty ddfsetliesticyaidga the plesclownf chraer t ed
base band extends to zero 25 frequency, and extraneous offset voltages,

referred t6uEEeTHi@fEest. current (DC) offset, can corrupt the base band
signal, and saturate subsequent base band processing stages. In addition,
a DCA receiver also suffers [/Q msmatch, a result of m smatches between

anplitugle of the | and Q si Baskgfouind@fgHadh@kdtiondown conversion. There
are al so concerns 30 with even-order distortion, flicker noise and | ocal

oscillator |eakage that adversely affect the performance of a DCA
receiver. WO OWi%%%Za(R%IKthp Séros%%?é? wifeless communication devices, there

is a need for small portable units that have low power dissipation, and
can be provided at relatively low cost. To meet these requirements, there
15 is interest in a transceiver with direct conversion architecture (DCA).
Different from conventional heterodyne receivers, the receiver of a DCA
recovers base band information directly from the carrier signal without
passing through an intermediate frequency stage and image signal
rejection. This is accomplished by translating the radio frequency signal
20 directly to zero frequency, and then employing a low pass filter to
suppress any high frequency interference. The DCA receiver has several
advantages over the heterodyne receiver, and meet the requirements of
small form factor, low power dissipation, and low cost. However, a
disadvantage is the down converted base band extends to zero
25 frequency, and extraneous offset voltages, referred to as direct current
(DC) offset, can corrupt the base band signal, and saturate subsequent
base band processing stages. In addition, a DCA receiver also suffers
I/Q mismatch, a result of mismatches between amplitude of the I and Q
signal during quadrature down conversion. There are also concerns
30 with even-order distortion, flicker noise and local oscillator leakage that

adversely affect the performance of a DCA receiver.



Ot hogonal frequency division multiplexing (OFDM is a bandw dth efficient
nodul ation technique that is used for high-speed wirel ess data

transm sswors/78FDM transnits data on densely packed ort hegarsso3/00030
sub-carriers that are spaced in frequency exactly at the reciprocal of 5
synbol interval. A primary advantage of 20FDMis it is utilized for

transm ssion at relatively low conplexity in nultipath channels. A

di sadvant age oOr€hbjbsalstrefBehsyidisisiei shhitipledid® (OFPMERCY fdASidth
Frequency offset can cause a reduction of signal anplitude at the output
of OFDM defiiricat snoduladion sechmigusdiadssiwsest farahighespeed iwireless dentae
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efficient. However, the DC offset and the frequency offset 15 nust be
addr essed. SYPHrlalnigrvaheAappimacn adiantaget ak FDMtis éstis matibzed HerDC and
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during t hedisabpintageodf ORDM &3/&bé® s0fs @L%CBeH@ft@i%%ﬁﬂregu!éﬁ‘é?uéﬁséﬂ? a

packet switched system each data packet can be treated 20 independently.
Wth ref er Ehe@uency| adfsat gapr camisecalvgluctiononh signal amphitudée et the where

t he preanb epti tar 0, and ends _at.t3. .Durin first tine
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of f set 1@st inirfexenc@U(IOTY frbm 38@OBEhe B Haekedk, tthu® dedtfoifig0ede 25
portion 110 of the preanble is used for DC offset conpensation; and during

a third tifEthagogality of ®KBM.3 a third portion 115 is used for frequency

of fset estimat} / e receiver_anpli.fier, j$ not
saturated by t g%?lﬁégctﬁoﬁﬁ‘ﬁ%%?ggpmﬁl 8 %55%%”%?‘?18%@&1%0%
sequenti al bynad$tioret factdg Basoldwepowedmaessipheion 0s tiky KostOaglf 6t . and
then estinmates the frequency offset. O course it assunes that the DC

of f set est bandvddtheffisients Heweuennthe O noffset andcthpe ifoeaadnayDolisE079552
PCT/ SA3/ 0P8 be addressed. Typically, the approach that is taken is to estimate

the DC and frequency offsets and then apply compensation based on
the estimated offsets. In data transmission, offset estimation is typically
performed during the reception of the preamble of each data packet,
because in a packet switched system each data packet can be treated

20 indepéndently.
With reference to FIG. 1 a preamble 100 is shown with a time line
t, where the preamble reception starts at tO, and ends at t3. During a
first time interval tO to t1 a first portion 105 of the preamble is used for
DC offset estimation; during the second time interval t1 to t2 a second
25 portion 110 of the preamble is used for DC offset compensation; and
during a third time interval t2 to t3 a third portion 115 is used for
frequency offset estimation. Here we assume that the receiver amplifier
is not saturated by the presence of the DC offset. This conventional
method sequentially estimates the DC offset, compensates for the DC
30 offset, and then estimates the frequency offset. Of course it assumes

that the DC offset estimation method is based on the initial reception of



3 the first portions 105 of the preanble 100, and that the information
fromthe first portion 105 is available. Due to the limted tine avail able
t o proceswotobo7gsseanbl e 100, to to tl interval for DC of PsEiSGeyviosmt i on,
and tl to t2 interval for DC offset 5 conpensation, one disadvantage is
that residual DC offset may still be pré&ent when the frequency offset is
| ater estimated in the tinme interval t2 to t3. Consequently, the residual

DC may resuht first paeGonat 05 fgreie pe¥anitis el 06S hnBih QN the N @f&b LA
since part of the 1rgeception tine o?ﬁt he preanbl e 100,‘9‘?nt er\l}a %ltllg?)l t2,

i s used fordrame tyer et pentiomid 08ris Byvadlableonpensati on, the available tine
for frequency t,i.mat i,qn the i,nterval t2 to t3, ig.reduced. Hence,
a further disa V‘g(?lt? élégg&nqﬁﬁfi;hmﬁﬁ‘f?d{?qqg%?ﬁgogﬁﬁ %h? ipﬁ%a{’ﬂi?l?rlr Octe
frequency af figrbrwedt fofADCOBITES ePeH{AIERIandnd (€2GASRAGBE EaGHsACY of

the frequency offset estimation. 15 Brief Summary of the Invention e
present Si nFemporsaidensong ¢isadvaetagerst that resldaphDQtaffset anay oftils dle

ti ti tilizi whi.ch . . t .| t 20
educes - nP Gt IR i Bk Bheintisn: 1B e FERTAR RAEE Wmemferal one
aspect, the2pt@s3Nt Consequiedydr fyé deSidudpliC SRUasedt iiﬁ”ix‘i%@@&f’eﬂ% for

receiving at |east one data packet, wherein the dt |east one data packet
has a vari &egusmayneisetinestimptions Int additiors sincenpant ofitheweceptondime

and s ol ur 8f s WheRple. T80 iffrh Bt 103845 s Vet "Bl affset i tinBians «y
of offset esid BBhHNSEHRNGN| ShéGivadlabledftheOfRe Hégﬁ,@ﬁc |df¥§€!ti %éﬁx?fcatﬂ;yi set

estimators for estimating at |east one of the variety of inherent offsets
from at | esBe inten@l tact ¥3dipreduced.ofenke, atfurthet doseddattagpactkeiiswhi | e

the at lea ne, dat cket..is heing received, and the at |east one of the

plurality gl{‘e%doﬁ 6652%?’%&7@@3{3’/"&}8%@10 frequency offset estimation is
performed, and the consequent inaccuracy of the frequency offset
estimation.

15

Brief Summary of the Invention

The present invention seeks to provide a method and apparatus for
offset estimation and system utilizing same, which overcomes or at least
20 reduces the abovementioned problems of the prior art.

Accordingly, in one aspect, the present invention provides a data
communication receiver for receiving at least one data packet, wherein
the at least one data packet has a variety of inherent offsets, the data
communication receiver comprising:

25 an input coupled to receive the at least one data packet; and
a plurality of offset estimators coupled to the input, the plurality
of offset estimators comprising:
at least one of the plurality of offset estimators for
estimating at least one of the variety of inherent offsets from at least a
30 received portion of the at least one data packet while the at least one

data packet is being received, and the at least one of the plurality of



4 offset estimators having an output for providing an estimate of the at

| east one of the variety of inherent offsets; and at | east another one of
t he pl ur avotog/oofssnf f set estinmators coupled to the out put Pefi/SGego@Bo | east
one of the plurality of offset 5 estimators, the at |east another one of
the plurality of offset estimators for estimating at |east another one of
the variety of inherent offsets from the at |least the received portion of

the at | eawffspreesiahators kaving 'a'rfv‘oh‘ﬁﬁut %r :[ﬁ8§fdlﬂ ear‘ij%ts"l‘lrﬁﬁfé‘%? éﬁ%‘l% %tff‘ ing

received and from the estimate of the ast oeo the vari
i nherent of 15%%&@ne&rﬂdh@h'@rmtyloéalahemmetwande of the plurality of

of fset estimators haV| out put_ for vi di n est e of the at
| east anot her one of % n%%?gref%? el OPﬁh@; g]ﬁ? @F&?@& isphnaf'l(ﬁsl’i’éPaE&rﬁect
t he presentcoupledt t@rther ovitpas ¢f €At 2a€ AN beat bPrthfee?ﬁui‘&l'itg;f OF s& Vi ng

dat a packets the data conmuni cation receiver conprisin an 1 nput
coupl edSt o eskigBatarsathe asleashanosher pacl@ftthev\phnalwytdfe:ffmt ds¢imatarse dat a

ket h t,,of f set t | ffset t t f
Cati mati ng OF 4 Bt at PR BROURA G5 S045¢ wnBREnel BrpSHrt TSP dfoeast a
recei ved pahtidtie@bt the rééeiv€d PortioRofdHeta PREKELNMHA R #)Q@kétt whfigStheOne

data packet is being received, 20 and the at |east one offset estimator
havi ng an @(itlgast pae ql)a@/pachgt nbeing rectivedfandc fom theasstimate of thiee

f h f d
Tor revet vAQeRRE neof Bik Fapfiy alnsafie ORI S pheual dacmatatss of
the at 16easheosp th@f;naeah@sbf BHEef cbAmd@e§indvidgtdie o%ftb'df%? prbvidifgat

| east one of the 25 variety of inherent offsets, the at | east "one
conpensat o@ry¥ @ﬁitlnl?éﬂq@é rtbatatrlgasuq@nath&reqm obtlee yariche of @mhete;ntaiffsetthe rent

of fsets of the ga use ng % e _estinmpte of tt.he at @St on f t he
variety of i nhéFerft tassptc? ot augéean eH%‘ferélﬂBrtHr(S’rYl S afp F‘al ly

conpensat e@orﬂﬁi@miﬁ#ﬂi@ﬁ ré@él\)"&}erf%lrn releivind edsta OP‘écmenﬁ"i‘éoﬁahﬁs an
output 30 for providing the at least the portion of the partially

conpensat e§OoHMNAINIpAERBITECSIVER SPUIRKISIMZE 0 the at | east one data packet;
15 an input coupled to receive at least one data packet, wherein the
at least one data packet has a variety of inherent offsets;
at least one offset estimator for estimating at least one of the
variety of inherent offsets from at least a received portion of the at least
one data packet while the at least one data packet is being received,
20 and the at least one offset estimator having an output for providing an
estimate of the at least one of the variety of inherent offsets;
at least one compensator coupled to the input for receiving the at
least one data packet, and coupled to the output of the at least one
offset estimator for receiving the estimate of the at least one of the
25 variety of inherent offsets, the at least one compensator for
compensating the at least one of the variety of inherent offsets of the
data packet using the estimate of the at least one of the variety of
inherent offsets to produce at least a portion of a partially compensated
data packet, and wherein the at least one compensator has an output
30 for providing the at least the portion of the partially compensated data

packet corresponding to the at least one data packet;



WO 03/ 079552 PCT/ S&3/00030 5 a plurality of offset estimtors coupled to
the output of the at |east one conpensator, the plurality of offset

esti mat orwo®enpsssi ng: at | east one of the plurality of offC¥SGog8stBMAL Or S

for estimating the at |east one of the variety of inherent offsets from

the at 5 least the portion of the partbally conpensated data packet while
the at least the portion of the partially conpensated data packet is being

recei ved, and t BepRirdlRgsof OMBeolestiiaRird’ BbirblecPlto Hes BlaeBBLI ST $ichaving

an output for providing an estinmate of the at” | east one of the variety of

i nherent olgasétosne eemmpemsator, shstplamalityeof offsetoéstimmatptsicatiprising: of f set
estimators coupled t he .out put of, the, at..] eas e of the plurality of
offset estimators, ?ﬁefeaﬁStlé’ Oa‘ﬁ('i}ﬁlﬁepll&ﬁ%h{ﬁ ‘?’Léﬁ&q}r SSHaRrHipEet
esti mat or Sesfifiatfdd tHBIAtGa8t onRaSH tHRNPARIEly B8PEnRErdiCoffed ey L pher ent
of fsets from thg$éat | east the portion of ‘t?yhe partrlefadlly corsrpenggpé%agata
packet hi least3hehportion efdhet partpally commpensdtedpdata phtketwinkntiat ed dat a
packet is ;being received, .and fromthe estinate qf .the at |east one of the
vari ety of legstn eerﬁor(ti’fof%é{fs{,]“earﬁj@rlt Yatompfaisalfg: fata Rrclet thbeirgral ity

of offset resivediliang thavatiadh ofe! ditthel PrurBlify ofioiBefRsEidhAtdRE qlaf\’zfin%he at
| east another one of the variety of inherent offsets. 20 In yet another

aspect t heaprastgnit foneravidinganwistgnate nfthoditf least oifesef thorpelesaLE ON
conpri si ng; t,.he ste f. a) determning at | east one data packet is being
recei ved, &heggpgt@gfsleﬁ% %‘?&ect current offset of the at | east one data

packetigo produce agt eSA$tTALStREr YrLof (B PFalfly BFloff<e EdtifinltbEt | Ng
frequency offset of the at | east one data packet usSing the estimate of

direct cureewplest figethe dyutmmpehstitd ay lehet ain¢ edstheonsluwrality pefc béfsetisi ng
A T L A O T
packet corfoesdxtitflhfigigl £ Ia®t @hother one of the variety of inherent offsets from
the at least the portion of the partially compensated data packet while
15 the at least the portion of the partially compensated data packet is
being received, and from the estimate of the at least one of the variety of
inherent offsets, and the at least another one of the plurality of offset
estimators having an output for providing an estimate of the at least
another one of the variety of inherent offsets.
20 In yet another aspect the present invention provides a method for
offset compensation comprising the steps of:
a) determining at least one data packet is being received;
b) estimating direct current offset of the at least one data packet to
produce an estimate of direct current offset;
25 ¢) estimating frequency offset of the at least one data packet using
the estimate of direct current offset;
d) compensating the at least one data packet using the estimate of
direct current offset and the estimate of frequency offset to produce a
compensated data packet;
30 e providing the compensated data packet corresponding to the at

least one data packet.



| east one data packet. WO 03/079552 PCT/ S@&3/00030 6 In still another
aspect the present invention provides a nethod for frequency offset

esti mat i owomenpsssi ng the steps of: a) determ ni ng sanpl epCofSGas/otodast one
data packet are being received; 5 b) determining direct current offset
power using the sanples of the at |easé one data packet; c) adding a
predeterm ned constant to the direct current offset power; d) storing a

predet erm ned niTREN Hofe a%?Hé't ehe PrebiSt Alvdrfiftil pﬁﬁﬁjﬁleéoa ﬂﬁe&?ﬁa%kﬂet , €)

perform ng conpl ex conjugation on the predeterm ned er o e ‘sanpl es
t o producefrggnesaytoffse} estimatoy comepriesg theostdgseofzonpl ex conjugation with
the sanples, of ,the at .| east ong dat.a cket to produce an output; . 15 g)
det er ni ne the aQEtIgFRNNg ﬁ@%ﬁfeﬁulo f"f‘gaeg’%por(‘?)d%a ARt Rehr argr 8§82 i ned
nunber to piceWedB an average; h) deternine argunment of the average and
divide the argunment by the negative value of the predeterm ned nunber to
producé a blesul detegmining idnct cume0 dffsetpawet wsime thessdmpley ofithé ent by
t he sum of tt%%ﬁgonst@ntt and the direct current offset power determned in
step (c) td Q8 22t PaGKehcy of fset estimate. In yet still another

aspect t hecjpr esgading e "ﬁﬂeﬂ'&t@frﬁi&%é’&sccﬁ'lst%tthﬂp- ther dﬁfe%qtl@{iﬁsérﬁf f)gfthF cast

estimation conprising the steps of: 25 a) determ ning sanples of
one data ppewer, are being received; b) determning direct current offset

power using the sanples of, the . at, | east one_data packet; c) storing a
predet er mi Yed n g 8fprteﬁ1§E%r£’i‘rﬁeélsmdfnsl?q{e°fgfthq %%@P?%Q} the at least one

10 data packet;
e) performing complex conjugation on the predetermined number of
the samples to produce a result;
f) multiply the result of the complex conjugation with the samples
of the at least one data packet to produce an output;

15 g determine the average of thé output from step (f) by another
predetermined number to provide an average;
h) determine argument of the average and divide the argument by
the negative value of the predetermined number to produce a resulting
quotient; and

20 i) multiply the resulting quotient by the sum of the constant and
the direct current offset power determined in step (c) to produce a
frequency offset estimate.

In yet still another aspect the present invention provides a

method for frequency offset estimation comprising the steps of:

25 a) determining samples of at least one data packet are being
received;
b) determining direct current offset power using the samples of the

at least one data packet;

c) storing a predetermined number of the samples of the at least one
30 data packet;

d) performing complex conjugation on the predetermined number of

the samples to produce a result;



30 data packet; d) perform ng conplex conjugation on the predeterm ned
nunber of the sanples to produce a result; WO 03/079552 PCT/ S&3/00030 7
e) nul ti pwg wslessesult of the conpl ex conjugation with thecymgobeasoof the
at | east one data packet to produce an output; f) determ ne the average of
the output fromstep (e) by another pr&determ ned nunber to provide an
average; 5 g) conbine the direct current offset power fromstep (b) with
the average fr NalsK 1 ] he
Fosul tof ehbt r SRR, e xR T IR il g FHEATRACH I HE Marfihlch
negati ve vaf theat least pnedetamrioked toprbducetan putput,e a frequency of f set

estimate. 30 Brigf Descritgltion of th aw ngs A{R_’genbodi nt. of. the present
i nvention Wl PBInG 18e gV eIABH &4 D OMPHY W(ﬁteBg&'}p]PJé,athhﬁ:r
reference k@e&é‘_@rﬂ{iﬁ%r}%nﬂfer‘%iﬁflividclén':é\@raée,shOWS a tinme-activity

an

diagramof "a prior art offset estinmation conpensation system FIG 2
shows aSfugtti osemhineckhelidigectncutraneoffsbogiovestt frafmastepo{)setitteshiemat i on

and conpensation stemi ccordance with the present invention, 20 FIG
3A shows aaP'Flfﬁageaﬁ%WisF%Pﬁ? g’é{rsé’mgﬁcilﬂ’é’ of fset estimation and conpensation

systemin R)G Qdetdinfine3Bralieitnt T thlel R0 61 &ﬁﬁ@r&f{fdﬂh@h?g@@«@%@ the

offset estimation and conpensation systemin FIG 2; Fl wchar t
detai | i ng dhddepbeaangument biyethef hegaties vahmt obthe predettrotinpdnsatiben

systemin ElG_2: Fl 5 shows functional bl ock di agram of anot her
enbodi ment t%ProéHcﬁﬁ%sﬂugng%@Fﬁﬁsgﬁlﬁt@orrpensat i on systemin accordance
with tig present invention,

Brief Description of the Drawings

An embodiment of the present invention will now be more fully

described, by way of example, with reference to the drawings of which:
15 FIG. 1 shows a time-activity diagram of a prior art offset estimation
and compensation system;

FIG. 2 shows a functional block diagram of one embodiment of an
offset estimation and compensation system in accordance with the
present invention,;

20 FIG. 3A shows a time-activity diagram of the offset estimation and
compensation system in FIG. 2;

FIG. 3B shows an alternate time-activity diagram of the offset
estimation and compensation system in FIG. 2;

FIG. 4 is a flowchart detailing the operation of the offset estimation

25 and compensation system in FIG. 2;

FIG. 5 shows a functional block diagram of another embodiment of
an offset estimation and compensation system in accordance with the
present invention;

FIG. 6A shows a time-activity diagram of the offset estimation and

30 compensation system in FIG. 5;
FIG. 6B shows an alternate time-activity diagram of the offset

estimation and compensation system in FIG. 5;



FIG 6A shows a tine-activity diagramof the offset estimation and 30
conpensation systemin FIG 5; FIG 6B shows an alternate tinme-activity
di agram owotide7e62 set estinmati on and conpensati on syst empiCm/S60800089 WO
03/ 079552 PCT/ SQ03/00030 8 FIG 7 is a flowhart detailing the operation
of the offset estimation and conpensatgon systemin FIG 5; FIG 8 shows
the structure of a preanble of a data packet; FIG 9 is a nodel of a

conmuni cati on nRel ' s 23V .1n FIG
8 are transm tﬂ%i Oglsémfggeg%&i egllh %Eﬁéﬁ%%wngqgﬁtghﬁgﬁfe%% Fléﬂ in
frequency aokf smhpeasatiehesystetrhin BiGe8si ng DC of fset power; FIG 11 shows
a functional b k _di.agram of a prior art frequency _offset estimator

i

wi t hout aver agfhg; 81 E%E?tg%%eé)ff%ﬁéﬁqr&mﬁ ohpgtatadpagketin of anot her
prior art fre nay ;Qf t ldmat : o] ' I - £1.G 13
shows a functig‘%gfc%llgcésﬁfoé%?aén{%f egm??rﬁggg%ﬁ%gdléﬁgﬁb%wﬁggrqﬁlgﬁ%y

of f set #st ipaekets haviagg the preembilé¢ hn Fi@€. @ msettanismvietdd;on; FIG 14 is a

fl owchart deta'ﬂ(i}n t he operation (p: i_‘ge,fre uency offset 15 estinator in
FIG 13; FIG s rgv 2 gD 5 &Rnaifgtfr Groratier dpdfreabsarient

of a frequeggeyt Lt -ithg.B | 33 r .Lh the present invention;
and FI G 1% 'S gééﬁ%\t}\gﬁilt et&gﬁd[%g%gq%gg?gwégh of the frequency offset
20 estimator iRIGI Glshowda@nndtichd block diagraaphed = peivmgrt freqnentyr mance
of the firs and .second .enbodi mrents of the present invention based on the

preanbl e oP}fée%ﬁﬁqu@ttoﬁL‘JY%E‘%‘PuBPV%F&%n&aCket s; FIGS. 18A-F provide graphs
ookt e DEFIGY IBIGGls i Shl R 5fed ST RS Aot
packet s; afitquency offset estimator when averaging is employed;

FIG. 13 shows a functional block diagram of a first embodiment of
a frequency offset estimator in accordance with the present invention,;

FIG. 14 is a flowchart detailing the operation of the frequency offset

15 estimator in FIG. 13; _

FIG. 15 shows a functional block diagram of a second embodiment
of a frequency offset estimator in accordance with the present invention;
and

FIG. 16 is a flowchart detailing the operation of the frequency offset

20 estimator in FIG. 15; |

FIGS. 17A-F provide graphs showing the performance of the first
and second embodiments of the present invention based on the
preamble of a smaller number of data packets;

FIGS. 18A-F provide graphs showing the performance of the first
25 and second embodiments of the present invention based on the
preamble of a larger number of data packets; and

FIGS. 19A-C provide graphs comparing the performance of the
second embodiment of the present invention to a prior art frequency
offset estimator.

30



FI GS. 19A-C provi de graphs conparing the performance of the second
enbodi nent of the present invention to a prior art frequency offset

est i mat orwo36/0WSsD3/ 079552 PCT/ SG03/ 00030 9 Det ail Descr iPprisan3/odo3e he
Drawi ngs A direct current (DC) and frequency offset estinmation and
conpensati on systemrecei ves data packetdss, each having a preanble. 5 The
system conprises a DC offset estimator and a frequency offset estimator

that operate concurrently pHatfl M‘f’irﬁ%'l {ﬁgrﬁfa“pgggnd frequency offsets
e |

of the data packet, which are determn roma portron of the preanble as
it is received. As the rest of the preanble is received, or alternatively

after the preanble. is received, o] nsator 10 receives the estinmates of
DC and frequeng‘i £SLy g“ﬁ?@%mﬁsgggs%fwe?%ﬁapﬁisﬁé poHimHoBf apde dat a
packet to Qbﬁ%@& i f rrpsg,? a . a The
concurrent operat?or%&gf@?ﬁeeﬁ{Dgg%ﬁgE%r?e&%réﬁﬁéﬁgy 0 ?‘ sfe]t('a qug%tr?pggeg%%%trles'

advant ageoddley sybteamscomprisésma DC wifshtcestitmtotSardt a fatguenty D§¥feetd
frequency of F.set uencg of f set _conpensat or di scl osed

. The f
advant ageo&8 ]?’afoercglﬂ%eé’feaﬁ%teeg PREFECTHRY (R PrRIYES Sstimnales ©hdPBcand
estimator gRdnusesy Jileteséi vRECdREa gilh;‘cle!%@ QhRSH arf Béflﬂﬁ'ﬁ&éd‘grct?ﬁgh”ﬁt e

of the frequency ‘offset, thus provi g an inproved estimate o

frequency pbrtien oRtha\preamdie menitdst ecelved. Ao tke eabodf thatpreineblBGsand
frequency _off.set estipati on and_conpensation. system 200 conprises an i nput
202 for rEEEEVF gOHﬁlgFE}B&%Y&B’s%E%P%IBQE s Fefciverhea CRRBPERBROT202 i s
coupl ego t Orécdre 9ithe RstiBFAieFB N C2AAd fi AR f ' 2,

and a conpensator 214, and as the preai:ﬁ)ciuré 2 GBff%(etge%rzc?&gﬁﬁéré@%tg}gé

provi ded coem@aineng IportionaoDthefdatet pasketrid grradifte a DCegnenfregqaichest
estimator 2 and a co tor 214. The DC of fset estimator 210 produces
an esti mat Qﬁgf“‘t B@%ﬁ%&g‘iﬁ%% P ied to provide the

The concurrent operation of the DC and the frequency offset
compensators advantageously allows more time to produce the

15 estimates of DC and frequency offsets.

The frequency offset compensator disclosed advantageously

receives the estimate of the DC offset from the DC estimator and uses

~ the estimate of the DC offset to produce the estimate of the frequency
offset, thus providing an improved estimate of the frequency offset.

20 With reference to FIG. 2 one embodiment of a DC and frequency
offset estimation and compensation system 200 comprises an input 202
for receiving data packets 204 having a preamble 206. The input 202 is
coupled to a DC offset estimator 210, a frequency offset estimator 212,
and a compensator 214, and as the preamble 206 is received, it is

25 provided concurrently to a DC offset estimator 210, a frequency offset
estimator 212, and a compensator 214. The DC offset estimator 210
produces an estimate of DC offset and is coupled to provide the
estimate to both the frequency offset estimator 212 and the
compensator 214. The frequency offset estimator 212 uses the estimate

30 of DC offset and is coupled to provide an estimate of frequency offset to
the compensator 214. The compensator 214 receives estimates of both

the DC and frequency offsets, and is coupled to an output 216, which



estimate to both the frequency offset estimator 212 and the conpensator
214. The frequency offset estimator 212 uses the estimte 30 of DC of fset
and i s cowplosa74562 provi de an estimate of frequency of f set PCa/SGOBIG0030
conpensator 214. The conpensator 214 receives estimtes of both the DC and
frequency offsets, and is coupled to anj@utput 216, which WD 03/ 079552

PCT/ S&3/ 00030 10 provides a corresponding DC and frequency conpensated

and Fr equbngy i SareT el BRE e FegfRReY (Hpe SRR e dhetet®s >

reference 2A&I G 3A, this provides the opportunity for conpensation to
al so be perforg;%([il3I during reception of the preanble 206. Preanbl.e reception
time 305 is th sEsteim AG0vPedRrMse cpneURtAN opBmptionco! Hae DEasrdt 204

IS receive Wﬁ? ' 3@1'5e I W [ fl pastion,
which wi || qHﬁeeqre !«E}?re ttg 1ét’és}{g(;jstl m@%ﬁ“ﬁ%e%?saﬁgﬂlag %(fcs?ﬁe‘z%ln'dg%lgbt I on,
whi ch wbl | rbferertertodiG.c3Astitisnpenddes the topporddhity fourdamgpéhsatshiteat i on

time 310, tt11e %‘]offfﬂet estimator 210 and the, frequency offset estimator
212 oper at &3@RamReEiImed dusmgresspting ob|thekpraambia 2882 Pregmbledur i ng

t he conpen Lo Linae 3 h e r r bl ocks
330 and 3333%%‘9@%)%%3#&%?%;5 ?E%Qﬁggeﬁgggp@%%ﬁggz Cﬁ%‘?‘%? %mgqégc ket
204 for bodataPacked J0%kin ecsived f Tht preantbleaimee3DNd dam be @ividiedt firo

conpensat ed _data packet 218 b){ the end of the preanble reception time 305.
Al t er nat i vé& HrstpeHIgny whagh avillbe relersed tonas petizpatiendimens 0, gndsat

esti matgon r | le.r ' 1] 5, and
the DO and FE2adchdficd; Wlcl Srillthe PEICRFETTR, & (ERRBenSAubl B T2, O
t he preanbDuringeytd estimatior3@tmed810ngha IPCsoffser osHaf tog ZDORaERS aheon
time 320. course Lhis agproach necessitates the use of a buffer_to
store the MESBIGASY adpel paHAtOP0A12 opsgats SOBSUEFRNYY aBpl ShawR Bpdhe

processi NgLQNRERSAY I91H t\’%ﬁ.h‘f‘h%hgr&&rin%lsth@tcaorﬂﬁghggltion time 315, the
compensator 214 operates as shown by blocks 330 and 335 to
15 compensate the received preamble 206 of the data packet 204 for both
DC and frequency offsets, and can begin to provide the compensated
data packet 218 by the end of the preamble reception time 305.
Alternatively, with reference to FIG. 3B, the DC and frequency
offset estimation can be performed during the preamble reception time
20 305, and the DC and frequency offset compensation can be performed
later i.e. after the preamble reception time 305, during a post
processing compensation time 320. Of course this approach
necessitates the use of a buffer to store the received data packet 204,
and subsequently apply the post processing compensation to the stored
25 data packet.
With reference now to FIG. 4, the operation 400 of the system 200
starts 405 with determining 410 when reception of the data packet 204
has started, and when the determination is positive, providing 415 the
received portion of the data packet 204 to the DC offset estimator 210,
30 the frequency offset estimator 212, and the compensator 214.
The DC offset estimator 210 estimates 420 DC offset of the data
packet 204 from a part of the preamble 206, and provides 425 an



Wth reference nowto FIG 4, the operation 400 of the system 200 starts
405 with determ ning 410 when reception of the data packet 204 has
started, wod3mhess2 t he determination is positive, providi n@CEE&0s/MH@30
received portion of the data packet 204 to the DC of fset estimator 210, 30
t he frequency offset estimator 212, and the conpensator 214. The DC of f set
estimator 210 estimates 420 DC offset of the data packet 204 froma part

ccti mat & of PR BB AAECPE: SRSt ety SR e pRoD 2 B 1

frequency fieigrin@stoffedtoestitzatige IthaiRs! ithet estimd¥e Jif D& dffsetesdi mat e
430 frequency offset of the data packet 204, and produces an estimte of

the frequefRymste<30 frequeneopfiseisaf the iedaipaghan2Qkdandprgdureshan
esti mat es . f frequency offset, and the conpensat or
ﬁéetuﬁ%?e a%g; C]:h% & eﬁé}ﬁgifggt.

214 uses t requenc Séts to conpensate 440 the data packet

204. Hege, coThensahpensatri®r4 ¢ medvidedt 485 dbith thackfimbsed 6Ly &z and
the conpensator 214 caontinues to conpensate 440 the data packet 204 10
until a dePdpek ABM Bif resiuencypeidset, and kae compansatarn2bf uses the HCpacket

204 i h k 2 h i ded
290, Tho_oBh fieafRc GHEARPENBhEsAelR 2301 e abla Beeri 2ol Hidge©
recepti on edmipeeisationlasappeokaicd Wkt thé efgiaepaekeo ikl fecebvalobhd the

enbodi mrent of a DC and _ 15 frequency offset estimation and conpensation
syst em 500CRBMASAISALET ohl 4 jGoRtinkey thpompenisate ftHhthepdatapa fing a

pr eanb aT, LOoe ' I Q.a ffset estingtgr 505 and a
beof 1, gl S RetbBRthadth 485 1 RE St Bhsdadion i dle dita
estimat e opackd RO#gsticdmplete, ed tthetophpéhisatededdtal padlét 258 iHas Been
received, and has 20 an output that is coupled to provide the estimate to

the DC of f BEAVidednpedsdher operatiom&OScthen setusasierdeteomisom ddésthae
ng]E lsrer?t ecg%éﬁsgégé%éﬁ%‘g[ﬁ.?|a§2’?h’g’?8§ﬁ%%,%5ﬁgt-204 to produce a portion of a DC

With reference to FIG. 5 another embodiment of a DC and

15 frequency offset estimation and compensation system 500 comprises an

input 502 for receiving data packets 204 having a preamble 206. The

input 502 is coupled to a DC offset estimator 505 and a DC offset

compensator 507. The DC offset estimator 505 produces an estimate of

DC offset from a portion of the preamble 206 as it is received, and has

20 an output that is coupled to provide the estimate to the DC offset

compensator 507. The DC offset compensator 507 uses the estimate of

DC offset and the data packet 204 to produce a portion of a DC offset
compensated preamble (not shown). |

The DC offset compensator 507 has an output which is coupled

25 to provide the portion of the DC offset compensated preamble

concurrently to a residual DC offset estimator 510, a frequency offset

estimator 512, and a compensator 514. As the portion of the DC offset

compensated preamble is received, it is provided concurrently to a

residual DC offset estimator 510, a frequency offset estimator 512, and

30 a compensator 514. The residual DC offset estimator 510 produces an

estimate of residual DC offset and is coupled to provide the estimate to

both the frequency offset estimator 512 and the compensator 514. The



The DC of fset conpensator 507 has an output which is coupled 25 to provide
the portion of the DC of fset conpensated preanble concurrently to a

resi dual WO ohfser estimator 510, a frequency offset estiPEASGO3/BH) and a
conpensator 514. As the portion of the DC of fset conpensated preanble is
received, it is provided concurrently tima residual DC offset estinmator
510, a frequency offset estimator 512, and 30 a conpensator 514. The

B f . . : e
o et and eauiely, St B Mnardh oL HEE Ind o b B el A DE A ¢ o
estimator &hd ddcdlipledonpensdivide 5dr. edtimate 08/ REQRBRCHYCHISPOI0PRA30 12

frequency offset estimator 512 uses the estinmate of residual DC of fset,
and i s coupPERensater \liddel s cempensatond 14 seerivey estimpatestof both the

Conpensat Sfesiihial 198 LREPRIRALAEY JediS° LntPTs RALHIRISY 8h, SOt 8365 i ch

resi dual requency o i s coupl outp
provi des awtdchesprowviideg r&sicdunéspendidgf regugiiay DIONRENS abasdwiéh 8y packet

518. The system 500 perfornmns se%glent ial DC offset estimtion and
conpensati%%nmqséﬁ%‘gdwamkﬁﬁ ® estimation of residual DC and

f ff ' ' i ved...W.th 10
ref orence 1o FIRE BTS00 BETIE REalBnbRI BG PRt Feniiatiod g,
conpensat i eondpen¥ativai ffolloReddbyi cendi@aenti estivhtidie of'ieaidhel BO.ars

before, the preanble reception time 305 is the tine during which the
preanbl e ofreanensat gfisetrewheou the pseamhla. 20he iprheimg seeeived3oWittan be

L e e T T

conpensat i comipensabibt, tabé perfbripeed Hmin%\/ﬂécﬁdpﬁ\bﬁ lof lbRe AN 206.95s
concurrent conpensation tinme 615, and a fourth portion, which will be

referred tbe&geo@arwreﬂmahewmiqrséim@o?%ﬁg icoime eairen® whoehi Hae t he
cot L s onabd L0 490 ke s SR Bt BOERBIY o205 G
DC of f set berdieftkal ditda/figfepeitesn awtibRWRlbbebtdéfelred to as estimation
15 time 605, a second portion, which will be referred to as DC offset
compensation time 610, a third portion, which will be referred to as
concurrent compensation time 615, and a fourth portion, which will be
referred to as DC and frequency offset compensation time 610. During
the estimation time 605, only the DC offset estimator 505 operates as
20 shown by the block 625, and during the DC offset compensation time
610 only the DC offset compensator 507 operates as shown by block
630. However, during the concurrent estimation time 615 both the
residual DC offset estimator 510 and the frequency offset estimator 512
operate, as shown by blocks 635 and 640. Finally, during the DC and
25 frequency offset compensation time 620, the compensator 514
compensates the portion of the DC offset compensated preamble, and
can begin to provide the compensated data packet 518 by the end of the
preamble reception time 305.
Alternatively, with reference to FIG. 6B, the DC estimation and
30 compensation, and the concurrent estimation of DC and frequency
offsets can be performed during the preamble reception time 305, and

the residual DC and frequency offset compensation can be performed



630. However, during the concurrent estimation tine 615 both the residual
DC of fset estimator 510 and the frequency offset estimator 512 operate, as
shown by Wbh®sk®58685 and 640. Finally, during the DC and 2®Cfrrsegsiendy of f set
conpensation tinme 620, the conpensator 514 conpensates the portion of the
DC of fset conpensated preanble, and capgbegin to provide the conpensated
data packet 518 by the end of the preanble reception tine 305.
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reference now to FIG 7, the operation 700 of the system

Egga syored 73@@??5@1@%?@%@&1@_%% PEEERITDT O of tae dasterpaed@t 204
ool vet portron Cor et ARt ERR P Shrd Ak rlod B BB PRI 204C 1

and t he DChabfstartech)gred seltext the@detéhmikktiohfisegpossive mprovidiRg 7 1deties m nes
720 an estimate of DC offset of the data packet 204 fromthe received
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conpensat odetdithintse7 T anf éstirhate P OC affeet 6D theidasa ifaeket U04abe the DC
of fset and the received portiqgn of the data packet 204 to conpensate the

recei ved pBYaaef OrHAR fathe fata PackehdOdupsshwhien ¢ dyfepmination X291 f set
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DC offset estimator 507 provides 730 an estimate of the DC offset to the
15 DC offset compensator 507. The DC offset compensator 507 uses the
estimate of DC offset and the received portion of the data packet 204 to
compensate the received portion of the data packet, and subsequently
produce a DC offset compensated portion of the data packet 204 after a
determination 740 that the DC offset compensation time 610 has
20 elapsed.

The DC offset compensated portion of the data packet 204 is then
concurrently provided 745 to the residual DC offset estimator 510, the
frequency offset estimator 512, and the compensator 514. The residual
DC offset estimator 210 estimates 750 residual DC offset of the

25 compensated portion of the data packet 204, and provides 755 an
estimate of the residual DC offset to the frequency offset estimator 512.
The frequency offset estimator 512 uses the estimate of the residual DC
offset to estimate 760 frequency offset of the compensated portion of the
data packet 204, and produces an estimate of the frequency offset.

30 The compensator 514 is provided 765 with the estimates of the
residual DC offset and the frequency offset, and the compensator 214

uses the residual DC and frequency offsets to further compensate 770



20 el apsed. The DC offset conpensated portion of the data packet 204 is
then concurrently provided 745 to the residual DC offset estinmator 510,
the freqgwernsyp7ssf set estimator 512, and the conpensat or BCA/SGOsreoosesi dual
DC of fset estimator 210 estimates 750 residual DC offset of the 25
conpensated portion of the data packet P94, and provides 755 an estinmate
of the residual DC offset to the frequency offset estimator 512. The

frequency %%tr? LR P Uéle?,] i - I esi > _of fset
to estimat ?%60 Eg%%encybgfﬁélelt 0 %ﬁgt% ngg@é%de}{d %g%r{’ocn%rg#%ﬁggoﬂata
packet 204is pediqost @sstian dashipadket @04 e recetyednandithe sompéndi®r
conpensator. 514 is ﬁrovi ded 765 with the esti man(igs of the residual DC

of fset and°tlfle FUINYESy 181 FoBIPERSAte He G dihferdateorpaaket 204 wndilr asi dual

DC and freqdedsHi t f offe 7 079
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conpensat i packes 2pdrisororaglats, ahd thet @oppeksateDdats paeket 528, hantbethe
conpensator 514 c i nues to co te 770 the dat acket 204 until a
det er ni nat PGﬂVlbﬁl ?gbn&gbe PRSfattlggeﬂ?f?ttﬁéP SHpBaSS 86&@?"‘9%& 0 dhe
packet 2045%&/[%{%{: fiont TURE qj dat a packet 518 has been

) e o

provi ded 7 ration then returns to determining 710 the start

of reception oThenfreheendst affpetc kstimatbe I 12 quah /1 Nf frs @lccosdamed avitR12 and
512, in accordance wi.th the present jnventign, wll now be described based
on a DCA r EeeiRresent dnyerHoprrillpaw Be idnscrikedipased @r @mDGA 18C61Ves nodel

i's proy{))fleq,imgp@ple heWopg notation: f~ is inter-carrier spacing of

OFDM sub-carri ers; I's actual frequency offset of OFDM sub-carriers; 15
6 is the rel at Aseahr éustiativaf fadd; a rmodehdsrprovidetl fdth otle follBwisgt he
nunber of sub-carriers used; and T=1 / (P f,) as the sanpling interval.

notation:

fois inter-carrier spacing of OFDM sub-carriers;

f, is actual frequency offset of OFDM sub-carriers;

15 € is the relative frequency offset i.e. the ratio of f, to f;
P is the number of sub-carriers used; and
T=1/(P f,) as the sampling interval.
FIG. 8 shows the structure of the preamble of data packets that
will be used in a simulation with the model, where the preamble
20 complies with the IEEE 802.11a standard. The preamble comprises M
slots each having an inter-slot index m, and N intra-slots each having
an intra-slot index n. The model will be used in a simulation, with P=64
and N=16 on a communication channel.
A transmitted preamble can be defined as
25 x(m,n) A |x(m,n)|exp(jo(m,n)) )
The complex channel gain as:
A A |Alexp(j6) @)
And, as a result of the DCA, the DC offset as:
& A [dlexp(jB) 3)



FIG 8 shows the structure of the preanble of data packets that w Il be
used in a simulation with the nodel, where the preanble 20 conplies with

t he | EEE W023M074582 st andard. The preanbl e conpri ses M sl ot Cascoshensdng an
inter-slot index m and N intra-slots each having an intra-slot index n.
The nodel will be used in a simulation,1sMth P=64 and N= 16 on a

communi cation channel. A transmtted preanble can be defined as 25 x(mn) A

I x(m n)lexp(ja(Fpp) 1]-,),@5; hgingliag@! : i ‘?}i—%&l (2)
And, as a resul?%%f A?%]e %}?tt&%%qg?%set as?’gﬁlcgn?@lexé%g}ﬂl %) )

03/ 079552 BffséSaISvalid3vherb tHheohssemgd tiome i atlasivelyniarnge ey camiparedpl ex
gain A and DC offset S is valjd, when the coherence tinme is relatively
large as cbirpae adckes lengthy andwheahthe gahgonketler jid thsi recsbisrisihedd at

t he recei V%n'étsaﬁ-ﬂe' d constant. 5 The preanble is transnmtted via a

conmmuni cat ron channel with a frequency offset defined as follows: 27fa
2its (#fc) (P) THEt preaghbleeicEahentitted Pial & onmekeini@Qfionf chdvenelowitlnacat i on
channel takes into account the various paraneters of the 10 conmmunication
channel t hbeaxensyoffses siehines a% fQMowst a packets. These include frequency
of fset 905 represent b p(jyk), conplex gain 910 represented by A=

I Al exp(j0), direct £ ffset 915 represented by S =1 bl exp(jf ),
and noi se 920 repréBfntedMy v(mn), which affect the transmtted preanble
925 represented by x(mn) and results in a 15 received preanbl e 930
represent ed by Withnjeferanaehéo FliGicButhegnodel POOy ef \whiet eormapusiicationi se

A in the co ni.cation_channel w th variance (TV) the recejv

ér\eﬁ?r\rl)ble o§Hann eftr[ar}%%s aén?(bl pgﬁg}lnt tthe various &va\x/')amegers of ‘ta’ge

10 communication channel that affect transmission of data packets. These

include frequency offset 905 represented by exp(jyk), complex gain 910
represented by A =|A|exp( j0), direct current offset 915 represented by

&=|8exp(jB), and noise 920 represented by v(m,n), which affect the

transmitted preamble 925 represented by x(m,n) and results in a
15 received preamble 930 represented by z(m,n). Further, including

additive white Gaussian noise (AWGN) in the communication channel

with variance 0'3 , the received preamble 930 is defined as follows:

z(m,n) = y(m,n)+ v(m,n) 4)
y(m,n) = Ax(m,n)exp(jyk)+ 46
= |Ax(m,n)|exp[j(¥k + a(m,n) + 6] +|8|exp(jiB) (5)
20 PRIOR ART WITH NO DC OFFSET

An article titled “Frequency Offset Synchronization and Channel
Estimation for OFDM Based Transmission” by Song et al. in IEEE
Communications Letters Vol. 4 No. 3 March 2000, discloses frequency
offset estimation for a communication channel in the presence of

25 AWGN, and where there is no DC offset. The article teaches that when
the signal to noise ratio (SNR) is high, the frequency offset estimator is

not biased.



z(mn) =y(mn) +v(mn) (4 y(mn) = Ax(mn)exp(jyk) + 8 =1 Ax(mn)|
exp[ ] (yk + almn) + 0] + ISl exp(jI3) (5 20 PRIOR ART WTH NO DC OFFSET
An articlwotostohesd2 " Frequency O fset Synchroni zati on and Cranyssos/o®soi mati on
for OFDM Based Transmi ssion” by Song et al. in |EEE Conmunications Letters
Vol. 4 No. 3 March 2000, discloses freguygncy offset estimation for a
communi cati on channel in the presence of 25 AWGN, and where there is no DC
of fset. The art the signal to noise ratio (SNR) is
hi gh, the frequgg’csg’%?%?g F?%%%?‘HS not biased. WD 03/ 079552

PCT/ SG03/ 00030 El[r@lllyﬁ()rray be expressed, thus. E[9]-e=0 Then, the

vari ance of the frequency offset estimator can be shown as follows: 2 1 s
E{ (E-E[E])2} NPheR, th63(d¥idficd 6] thé e erRRoffeét BoRhRaed @8 bEBHYwn the
vari ance of the estimtor is the nean square error (MSE) of the estimte.
Anot her ar 88dPBowBt | ed " A Techni que for Orthogonal Frequency D vi si on

wul tipl eX| ng Frequency fsetyLorrection" by Mose in | EEE 10 Transactions
on Co ?o_% AﬁI} 2 Ro. |10 Oct ober 199 dzﬁgl ?\{s}[es a maxi K%g)]e
Ilkel ‘? allg ?I Wisi)mglgw hm the peat ed
slots each V\nthalengtho ded into two bigger slots,
each of | engt hM\/ n,the assunpt, on that M even. The vyariance of
frequency of f sBPT ﬁlﬂﬁ?%eéﬁﬁ"?tﬁéﬁ’ E)l'é 33?3?11‘?8(9 el%Stﬂ%lﬁltg’éF%éhW%W and N
by MV 2 |nsqggpé é%r((mSprpg;@éggn;ahg foll owi ng equation. 62(2, M\N12) =
MNi z MN S1

Another article titled “A Technique for Orthogonal Frequency

Division Multiplexing Frequency Offset Correction” by Moose in IEEE

10 Transactions on Communications Vol. 42 No. 10 October 1994,
discloses a maximum likelihood estimation algorithm. Using Moose’s
algorithm, the M repeated slots each with a length of N points is divided

into two bigger slots, each of length MN/2, on the assumption that M is
even. The variance of frequency offset estimate can then be obtained by

15 replacing M by 2 and N by MN/2 in equation (6), producing the

following equation.

PY 1 ‘
02 (2,MN 12) = (7)
MNm ) MN SNR/2
Then assuming M is even we have:
M=2
o’@,MN/2)_8(M -1’ )
o = >1 M=4
(M,N) M
<l, M=68...

20 From the equation above, Moose’s frequency offset estimator

provides better performance than Song’s in the way of lower variance for
M =6, 8,..etc. In addition, the improvement is marginal for smaller
values of M. However, neither Moose nor Song considers a frequency
offset estimator that takes into account the presence of a DC offset.

25



NR12 (7) Then assuming Mis even we have: a'2 2,MN2 8 _12 1, M2

cr2(MN M3 > 1, M4 <1, M=6,8..... 20 From the equation above, Mdose's

f requencywofoBeetssesti mat or provi des better perfornance trem/SEosg0s0i n the
way of |ower variance for M=6, 8,..etc. In addition, the inprovenent is
margi nal for smaller values of M Howeygr, neither Mbose nor Song
considers a frequency offset estinmator that takes into account the
presence of a DC offset. 25 ,,O‘l NN030 17 PRIOR ART WTH
DC OFFSET Now usi ng the fredguency ot above with DC of fset and

equation (20), NMWG.fsmthetﬁieqi@ém\!ﬁ@fﬂsét%&tmﬁil%rr@ﬁﬁesﬁi@f DCoIREt aifge)  of
the frequency of fset esti mate taking into account the DC offset, can 5 be

g{et EE g ned eastation (), which vl bE{@E‘—l}[B(CE)IIE&@E)hE]IE}?an s[q%ﬁre ﬂ(rE){;I ][(EI}SF{)he -
- | S
to the var %%@é gﬁgu%g% %fs%% %3%5%%6 tf‘%f'l)lg lﬂﬁeﬁcféfl%? Fgﬁtﬁﬁ?’s N EAN the

estimater ibe détesrhed[dd followvs? N arg(1l + 1 12 exp(JINY)) (9) 10 Thus, with
t he vari ance given |n Equat i on (6) and i f roper preanbl e is used, t he

MSE can be appr a J_I 62(M N)+ 2 Narg(!l +l
2exp(j NY)) (10)% Bcu?; £ ée)E_ﬁ }s val i dated by conparing

equation (10) with the_Nz}‘l( of et ;gptimates obtained from
simulations 15 for differ { _ﬁ{é?ﬁfﬂ fﬁlﬁ] an M= 4 at SNR = 20dB.
Wth reference to FIG 10, the I\/SE S norrrallzzed to E and i s consistent
with the anal yti cal exp#E{#&erE }:-aﬁE@)se ehe observed that the(8yequency

This relates the MSE to the variance and bias of the estimator.

When DC offset is present, the estimator is biased:

A P 2 .
E|é|-e=———ar (1+ exp(jN' ) 9
[€] > 8|1 +10 expGNY) )
10 Thus, with the variance given in Equation (6), and if proper

preamble is used, the MSE can be approximated as follows:

A2 2 P 2 .
E[(g—g) ] ~g“(M,N) +[§”—N arg(l +16]” exp( ]Ny))jr (10)
The accuracy of the result is validated by comparing equation (10)
with the MSE of frequency offset estimates obtained from simulations

15 for different values of € and |5|2using M =4 at SNR=20dB. With

reference to FIG. 10, the MSE is normalized to € and is consistent with
the analytical expression. It can also be observed that the frequency

offset estimate is sensitive to the presence of DC offset.

20 DERIVATION OF EQUATION (20).

Song’s frequency offset estimator assumed the communication

channel to be noisy and averages over a number of terms to improve the
estimation. However, here an expression for the frequency offset
estimation is first derived assuming that the channel is noiseless and

25 no averaging is carried out.



offset estimate is sensitive to the presence of DC of fset. 20 DERI VATI ON OF
EQUATI ON (20). Song's frequency offset estimtor assunmed the conmunication
channel twols/ommssy and averages over a nunber of terns t®GTIRGIGN@®30 he
estimati on. However, here an expression for the frequency offset

estimation is first derived assuming thg the channel is noiseless and 25
no averaging is carried out. WO 03/079552 PCT/ SG&3/00030 18 Wth reference

(m e Ty Joic B, g %ql”e@‘iﬁsﬁfﬂé‘ésttae?ss{ R BeRARS, OL8Esn b
di screte pestitnatombased o irt S(n@@'i\H-ll%) ewNesanp! es mOFITnDelseEleﬁﬁ%HeQE of
one slot apart in tine. Henc®, ryy mm+| )yl (mny m +.

Ax(mn) |2 themuMplicatior? of dbsdrééx rme [0) m(m&)é &N éﬂﬂ n))}
bt Al trineoaln o)

=I Ax(mn)l2 ex JNy) + 112 + | (mn)l exp(j~(mn + exp[- ]

,n) + c(ey 9]e}1u1\(anlzylt Ofmeﬁesl()hap)lrtmrytmqwrﬁenm, +a(mn) + 0 - /3, (12)
Notethat ~(m R), = (mn) + Ny, and using the identity 1 +
exp(j 20) —ry2(’6’d§(*d ni})(mt*h]e" ) ast” term of equation (11) can be

itt foll | A8 m | 1 + 2~ +
\XS;((mez) ??2 gos?wfm rr x(m e?%@'ﬁk}y%g (13)ex% JN(()W glr,lnbg%l tul\lly)n]g}

Fol Towdng equat | oﬁqfit!faﬁfc@rﬁwiémk‘fé o) gl engflf O P e
b1 Ab{m ) | cos( ~(m nF PRS- géﬁb%ﬁ"?é‘t .N%ff% he' 1 equency of 156t usi ng
assuming 151 N 1 <7 RieaicEEF B G Rt s Gl O i one
can be where  &(m,;n) A yo(Nm+n)+a(m,n)+6-p. (12)
Note that E(m + 1,n) + E(m,n) = 2£(m,n)+ Ny, and using the identity
1+ exp(j20) =2cos(6)exp(jO), the last term of equation (11) can be
written as follows:
|A5x(m,n)|exp( J€(m,n)Y{1+exp[—j(2£(m,n) + NY)]}
= |A8 x(m,n)| ® 2cos(&(m,n) + Ny/2) e exp(~jNy/2) (13)
10 Now substituting equation (13) in equation (11) and taking out the
factor exp(—jNy) the following equation is obtained.

ryy (mom+ ) = exp(—iNY)[JAx(mm)| +[67 exp(jNy) +
¢(m.n)exp(jiNy/2)] (14)
where ¢(m,n) A 2|AS x(m,n)cos(E(m,n)+ Ny/i2). (15)
Estimating the frequency offset using one point, when
6=0,¢(m,n)=0, and the phase of 1y (mm+1n) is —Ny, assuming
15 |Nyi<7t, the frequency offset ¥ under noiseless conditions can be

obtained by dividing the phase by —N. This is Song’s frequency offset
estimator with the assumption that no averaging is performed.
When DC offset is present, §#0, the frequency offset estimate

then becomes:



obtai ned by dividing the phase by -N. This is Song's frequency offset
estimator with the assunption that no averaging is perfornmed. Wen DC

of fset iswproeseass2z 8 # 0, the frequency offset estinmate wPwheErnsGogewaes: WO
03/ 079552 PCT/SX03/00030 19 1y =- Narg[ryy (mm+ 1;n)] =y Narg[l

Ax(mn)l 2 + 112 exp(jNy) + Amn) exp(idy/2)] z =y- 1 ar 1+ A exp(jNy) +
O(mn) exp(jNy/2) (16) NIAx(mn)12 | 2 The last two terms in the argunent
are undesirabl e ang capse errors jn the frequency offset estimate y. Wile
the first undé’s*r—abierrgr (m;mainlbjused for estimation if 112 is known, the
second undesirabl &V 5 térmis drffrcult to determine in practice. Based on

the nodel with Song'p fr qu nc t estrmator wher here the

communi cati on cfdm airgﬁ éﬂnéFO I-Ieﬁém re)mthﬂWy/&)r]th aver agi ng
to isolate the undestrahle ter an alter nate expression for the frequency
of fset estimation is no derrve 10 Wth reference to FIG 12} which

Il lustrates anot her re ency ffset t0¢m ed on averagin ryy
(mm+ 1;n), thetr:& Eﬁ%‘ém %?@Hllé/dg Rglﬁ(mm+
l:n). To sinplify analy |s Adﬁ(ﬁl,n)or t he sub};‘bmm n x(mn) ={x(On) to be
valid in the summati on, consrderatron Is only accorded to the case when

N(M-1) terns Ste 14& vwedtdrans tihetiey eirgfinién ©vee ﬁﬁblé*sir@'blé Bnd cahise: 1
M2N-1 Ryy (mm+ |; =NM-1) ZYryy (m m+1;n NI1I- ZI1A(p,n)) 2
+ 112 exp( EROrs+in :th@xf;(eqqu:yhpﬁs@t ¢stime17. While the first undesirable

term can be used for estimation if |5| is known, the second undesirable

5 term is difficult to determine in practice.

Based on the model with Song’s frequency offset estimator, where
here the communication channel is assumed to be noiseless, and now
with averaging to isolate the undesirable term, an alternate expression
for the frequency offset estimation is now derived.

10 With reference to FIG. 12, which illustrates another frequency

offset estimator based on averaging of r, (m m+1;n), the time average

ryy(m,m+1;n)is defined as R, (m,m+1n). To simplify analysis, and

for the substitution x(m,n)=x(0,n) to be valid in the summation,
consideration is only accorded to the case when N(M -1)terms are

15 used for the averaging over equation (15), thus:
M-2N-1

R, (mm+1n)= N(M D ;0 5__‘, (m,m+1;n)
~ 2[Ax(0,n)| 2 +18 exp(jNY) +
=exp(jNy) " M=2N-1
NG EO E_%) ¢(m.n)exp(jNy/2)
= exp(~jNY)[1+ |5 exp(iNy) + ¥ (M, N.p)| (17)

where the undesirable term that is difficult to estimate, using equations

(12) and (15) is given as:



N(M-1) 1Y Qmn) exp(jNy/2) = exp(- jNy)[l + 1312 exp(jNy) + "I (M Ny)}
(17) where the undesirable termthat is difficult to estimate, using

equat i onswo(oy@ay9sand (15) is given as: WO 03/079552 PCT/ SGp8rsa03000320
exp(JjNN2) M2N1 (MNy) NNM1) >Qmn) nmO - 21A jexp(jNyl2) M2N1
N(M1) ZIx(0,n)lcos(y(Nmtn)+ m= n a(0,29 + 0 -,8 + Nyl2). (18) W

nornmal i zed the power of the received preanble when DC offset and noise is
absent as 1, i.e. 1 .1Ax( XB). /7 (WY NnNn=0 5 The inplications are that
Al is assurred‘{t(M,tye,yjng (mw,h) antly, that the values A 2 and
1IF(M N, y) are normalized t&(del)rigelyed preanbl e power. In the absence of

DC of fset, thefrequenc%{[féfff 3 te, which is valid for I. Nyl < 7r
assuming that arg[1l + I %&@Eﬁ% %’?ﬁ’"wo %(/,Lm( ‘i‘w)s y = - arg[Ryy
(mm- 1;n)] 10 =y- N arg[a-11p expl i ’+E§(( 0 .%20) As in
equation (16), the | ast ( termin he argunent cause errors jn the
frequency offset esti net®, i N?(éz)absence of noi se. Hovvever,ls)issum' ng
sl is known, dif T(MN, << 1, nore sinplified expression can be
obt ai ned for y,w‘? Pé’rmaeléﬁ?gn@e BPW%t‘% the Fgel @FC%Q%IBIW‘B%@IOf(WtN, y)
<< 1 Suppoahd Rb6iskli8 AsseARid pnithat "1° (M N, y) << 1 now follows, wth
determ ning the conditions that need to be satisfied for the assunption

1 N-1 5
— Y]Ax(0,m)* =1 (19)
N _

5 The implications are that |A| 1s assumed to be known, and more

importantly, that the values ]5[2 and Y(M,N,y) are normalized to the

received preamble power. In the absence of DC offset, the frequency
offset estimate, which is valid for IN}']S T assuming that
2 .
arg[l +)0|” exp(jNY + ¥ (M, N ,y)] << Ny is,
1

7= —~arg[Ryy (m,m+ l;n)]
10 N ,

- y—%arg[l +{0P exp(iNy) + ¥ (M,N )] (20)

As in equation (16), the last two terms in the argument cause

errors in the frequency offset estimate even in the absence of noise.

However, assuming |5| is known, and if W(M,N,y)<<1l, a more

simplified expression can be obtained for ¥, the frequency offset

15 estimate.

VALIDITY OF Y(M,N,y)<<1
Support for the assumption that Y(M,N,¥y) <<1 now follows, with

determining the conditions that need to be satisfied for the assumption

20 to hold true when ¥ A 8-+ Ny/2 € [0,27)varies for different data

packets. A method is proposed to design the preamble of the data



20 to hold true when yr AO - /3 + \Ny/2 E[0,27r)varies for different data
packets. A nethod is proposed to design the preanble of the data WD

03/ 079552WwB@3hBBE88/ 00030 21 packets such that the assunptcersGosonadi d for
smal| values of y but for different y/, since in practice this is an
unknown val ue. Three conditions, Condipion A Condition B, and Condition
C, are deduced which lead to increasing support as to the validity of 5 1

M N, j i Y 4 i Ll be shown that_the
breambl o ¢ Ko eant oot TSR asphibyion i§ Yl tor hall PERRICY BT o
Condi ti on AliffEeensi ppl sidcatinohraeyiert ithis (k8)ard Suh&n¥whA! %ugf. 9l e@us:
"P(MN,y,yi)=21ASI "1'"(MN vy, t1l) (21) where exp(jNyl2) N1 M2
"F (M N, Y, FenditipppN Gorfdition A,cCefyiioy B aahd Conditio22)C, areOdvdicadl 10
Usi ng the i“giﬁ{gﬂw Y osgkx .+ a) =.cosec -Si si acon 21)x + a_ .2) k=0 for
the sunmation over SFhdex®m? d)l?ﬁ'tslIBﬁ (39PPOat o, tay theN, validitex s Ny/ 2)
ose YN si (MW (M, Ny)XK [%h¥nY?)is( , ' il e j!
X(O n)l cog(yg%@(g), n)I+ y/)il(1§4s;%§£1|{l ?1@ aﬁlﬁu%tw;\l Enéﬁ\!i‘?‘?zd‘ét[%%zu V)
(25) A nor @reasthie thaproesdoumsao dipatdmdardd4of TOEE0®OR! Vi A1gatiBfies the
conditionswg\év;]féN,y, y/) can be made small by some choice of 15

[

x(0,n)is g 1lows: [Ix(0,n)lexp(jyn)exp ja(Qn))exp(jy/) n=0
For simplification, equation (18) is re-written as follows:
¥(M,N.7.w)=2JA8| ¥'(M,N.1,p) (21)
where

' exp(jNy/2) ) M2
¥'(M,N,y,9) A ﬁ) zlx(On)l Ecos(me +yn+a(0n)+y) (22)
n=0

m=0

n-1
10 Using the identity Zcos(kx +a)=cos eC%Sin(%Jco{(n _21)x + a)
k=0

for the summation over index m, equation (22) becomes,

W'(M,N,Y,W)=wcose{%)sir{@;—l)yﬁJ Y"'(N,vv) (23)

M -1
where |
N-—
Y'(Nyy) A —1:—,- Ellx(O,n)l cos(yn +a(0,n)+y’ ) (24)
n=0

Y A w+yN(M-2)/2€ [0,27) (25)

A more useful expression of equation (24) for observing the
conditions when Y'(N,y,¥')can be made small by some choice of

15 x(0,n)is given as follows:

)= Sls0nferptim)es el0)so(v)|

= 71[— exp(j !//)ng(O,n) exp( j)/n):' (26)

Summarizing, the following equation results.



=1 exp(j y/) E x(On) exp(jyn) (26) N n=0 Summrari zing, the follow ng
equation results. WO 03/079552 PCT/ S@3/00030 22 'I" (M N, vy, yi) _
T(MNywWposexssf2 NN1 2 1 AP Jycos ey Si MYN1 {erPPliSc0®06po
exp(jyn) (27) M-1 2 2 Nn=0 A Bound and Statistical Analysis of 'F"(N,
y, yr) For each preanble received, all 2zhe paraneters and signal at a
given (mn)can be considered to be fixed. However, when the next data 5
packet S rqx(p;,wep we have a new set of paraneters and signal. The bound
of "F"(Ny,yr) WI|| now be cal cul ated for any given y/E[0,2,r) and 'YE
[-irINir/N) ,lh_e_n_as&u.m_ag_)L__o__,aY andom variable, the mean and

varl ance of " lexp((iNV: ¥2) | i ng eqMat ion (26) and that in
gener a Adw;%a%uecme (Rl Sroitom 02 (oo -
+ jb||COS(0+ a b/a))l odnd of k" (N y,yr) L£an be expressed
as follows: N-I I (N y, yr)J <- 1 E x(®m)wexp(] yn) N n=0 0 maxl

(N, y,y/)I éﬁ%) Assumngthat yr is a randomvariable with uniform
di stributi oupd and, Statistiaal| Anglysis oft yI'f '(Acyiwn (pdf) given as 2 for
[0,2r), the l€ mean, of dyr =

4
1 INT 1 x(O f&&f&me?‘“ﬁy@&?ﬁ}ﬁ%d@ ‘hezﬂarﬁ“beter% . gmgq*ﬂfea&aai ance
can be obt givead(mgtRaneBE&0R1déd) tabe (BlddViBowever, when the next data

5 packet is received, we have a new set of parameters and signal. The
bound of WY"(N,y,¥') will now be calculated for any given
Yy e [0,27) and Y€ [-7/N,m/N). Then assuming ¥'to be a random
variable, the mean and variance of ¥"(N,y,¥’) is analyzed.
Using equation (26) and that in general for any value of 8,
10 I‘.K[exp( j6)(a+ jb)]Hcos(6)a —sin(B)b|=|a + jble|cos(6 + atan(b/a)) (28)
the bound of W¥'(N,y,¥’) can be expressed as follows:

| ¥"(Nyw)<s— EX(O n)exp(jm)

n=0
ém;"l (V) (29)

Assuming that ¥’ is a random variable with uniform distribution,
: . : . 1
with the probability density function (pdf) given as - for [0,27), the
/4

15 mean of ¥"(N.,y,y)is,

B [ ¥ ()= [ \P"(v/)-ﬁdv/
-1 Lg? o"“’ n)exp(jm) | ;”expm/)dv/]
-0 (30)

The variance can be obtained using equation (28) as follows:



WO 03/ 079552 PCT/ S&3/00030 23 di1// wvar[ S 2, ' .,()l227r N1 2 12 Z
x(On) exp(jyn) 2N n=o = 2 maxi Y "(Nvy, y/)i (31) Thus, the above

rel ates twoobowmssz of | h''1l and the variance of 'F'wth PEI[S€08/0G030 1/ / .
Therefore, if max,/1 "1"(N,y,y/)l can be nade close to 0, the assunption
that "P(MN,y,1/f) <<l is valid. This ig3true 5 when M-4 00 for any given
S and y/, but not necessarily true when N --> oo. Typically, not many

slots will be available for avera ing.,so a pr x{JairbIe i s designed such that
it has a small bound. Thivar[c¥" g}iﬁn Ib\{' E(q/)(’ J_mdwﬁg the function max,
/11" (Ny, VI . 10 B CondltlonA en nn < n 0, , N -1, then

i f "(Ny)Il =1 o 32 Nh 1) <<1, th
g)l’(lldl ti on(A |y?s def i njeél(asn%ol I(ovv)s = %QF‘@&%]Y% (%3% n=0 C. ©

Condition B Now assum ng that N |s n alternat| e expression for
equation (29) is: 1 N12-1 maxi ' T y, yr)yl = Tx(o 2n) exp(jy2n) +

It can be witten thatexp(jyn) =1,n , N - 1 Th@fromequation(29),
1 ]
-9

x(0,2n + 1) exp(jy(2n + 1)) n= 0 1= Iﬁa;ﬂ} \Iae»(p”,y@) [ x(0,2n) + ((39 2n + 1)

exp(jy)] (34)
Thus, the above relates the bound of I ‘I"'I and the variance of
Y'"with respect to Y. Therefore, if maxv/l Y'"'(N ,y,l//)l can be made
close to 0, the assumption that W(M,N,y,¥)<<1 is valid. This is true

5 when M — oo for any given & and i/, but not necessarily true when
N — eo. Typically, not many slots will be available for averaging, so a
preamble is designed such that it has a small bound. This can be done

by scrutinizing the function maxv/l YNy, W)

10 B. Condition A
When m<<l for n=0,.,N-1, then it can be written
thatexp(jyn) =1,n=0,...,N —1. Then from equation (29),

1 Nz-l
—| 2x(0,n).
n | 2¥0n)

For Y(M,N.,y,y)<<1, the Condition A is defined as follows:
N-1 '
15 2. x(0,n) =0. - (33)
n=0 '

max| ¥"(N,y) = (32)

C. Condition B
Now assuming that N is even, an alternative expression for
equation (29} is:

N /2-1

%x(o ,2n)exp(jy2n) + x(0,2n + 1) exp(jy(2n +1))

N/2-1

= %exp( jr2n)[x(0,2n) + x(0,2n + 1) exp(jiy)]

muz/ixl Y''(N,y, )[ = ﬁ

(34)




N n=0 WD 03/079552 PCT/ SG03/ 00030 24 Assuming that y << 1, where this is a
| ess strict assunption than that used in equation (32), x(0,2n) + x(0,2n
+ 1) exp(jwpo3/0%¢3822n) + x(0,2n + 1), which is set to 0. TPausGoshe3o
Condition B, which also satisfies the Condition A, is defined 5 as
follows: x(0,2n)=-x(0, 2n+1),n=0,,N12-19435) |If the Condition Bis
satisfied, 1 N12-1 i axl "F'(Nyvy,yr)l = - I(1-exp(jy))!l >exp(jy2n)x(0,2n)

36 0 10 Lt
Fopeat oa N = 1383 RIHE EEF RS EAGRERATIC R tess St MEIHBR R o0 (a6
to obtain thea tf ol | ow ngsex@r essi onj phaxi Fd&l,uﬁ,t yo)ld = 1 1x(8, @%jl H (1-

exp(jnn)) ( VI N n=o 15 The bounds of equation (37) are obtal ne
subj ecti ng¥ z@")ﬂ‘rmé’wﬁxﬁ(ﬁ@h &f0, 80M|x(8&fs+ Izhiwhich| i?ecﬁatvébya s

known as t |o eflndas 0, 2n+l1), , N[2-1
x(oran) = Tips, 308, Coftinion FowRicn 3% B3isii< e Cantiictl ais deitaeais. 1
(38) 40, 4NtAlswrs- x( 0, (N14)(2n+1)) n=0, N (NI 2)-1 x(0,0)= -x(0, N12) To
obtain the preanble which follows the Condition C, the 20 follow ng nethod
i s proposed: for N=2, thex(ﬂ@aﬁbﬂ-ex(O;@m&ﬂ?,lr&Or epieAdatled as a(BG\)/ vect or,
s x2 =x(0,0)[1,-1], for N= 4 the preanble is x4 = [x2,-X2]; and in
general, the pféhaiTendision\B-is[satisfiedsN 2] .

(36)

max| " (N.1.v/) = |1~ exp(i)

N /2-1
D exp( jy2n)x(0,2n)
n=0

10 D. Condition C
From equation (34) the procedure can be repeated N'=log, N,

where N'is a positive integer, times on equation (36) to obtain the

following expression,

m';txl Y (N,y, Y )I——Ix 00)[ (1 exp( jr2" )) (37)

15 The bounds of equation (37) are obtained by subjecting the
preamble to a set of conditions, which collectively is known as the

Condition C, and defined as:

x(0,2n) =—x(0,2n+1), n=0,--N/2-1
x(0,4n) = -x(0,2(2n+1)), n=0,--N/4-1
) x(O,8n)=—x(0,4(2n+1)), n=0,--N/8-1

=t (38)
x(0,(N/2)n)==x(0,(N/4)(2n+1)), n=0,--N/(N/2)-1
x(0,0)=-x(0,N /2)

To obtain the preamble which follows the Condition C, the

20 following method is proposed: for N=2, the preamble, which is

represented as a row vector, is x, =x(0,0)[1,-1], for N =4 the preamble

is x4 =[x,,~x,]; and in general, the preamble is xy = [Xy/2,—*N/2)-



WO 03/ 079552 PCT/ SG&3/00030 25 Thus, the preanble is properly defined by
speci fying one of the preanble elenents, say x(0,0). For reference, for N
= 16, thewprdamssz is x(0,0) [I,-1,-1,1,-1,1,1,-1,-1,1, PCTRG3/0M30 1, 1]

For simulation x(O Ois set to equal 1. It should be noted that,

tJI (1 _exp(jy2))=hiy2z_(y2n1)2/2+...) S®-0 wth the |owest order term
given as, (jy)N.21n oln =(jy92(N -i)i2 N=(jy N2)N Thus, assumng that y

< 2/' N, therTheyes r : & ' e

SNy, 1) ok tiP  ERea sty £EDIeRRED, Horifed b Shetliyll Y St phe

assunpt i onpyeamnblel edgpeats, say bf0)Bs Fat réfegante, tthanV =+ b} thequeanatblgor t he

Condi tion B, 5"2@ h ﬁssu s that )i << 1. Hence, in view of the analysis

above, thel$% r@tﬂ m bndd,— M LML NL Ly 1dk—1,- 1aHd Remsirhelation ex @:0)ignor ed

in equation (20) is. valid. 5 FI RST _EMBODI MENT OF A FREQUENCY OFFSET

ESTI MATOR BEkEjEaHA fe lbshomist bematadithat; (M N, y) can be ignored,

equation (20) can bepiinplified so thﬁ'f_l(l he frequency offset estimate Y is
| )

given by, y» =y- N Kﬂ'— g [ i 03) rooxi pat ed form of

equation (39) is der;'j‘nl\_éP a;e} | ows: ) ‘—lyg/z- !\pzr QJ;'o15 2 cos(Ny) + jJSI2
sin(Ny)] =y- Narg[1+112 +f1j2Ny] 20" =i ISI2 Ny =r--"Ntan 1+l~12 =y
_ 1 1~2 NY =Y with t2d low¢=tOyrdeNtetml@iven\3,03/ 079552 PCT/ S@3/ 00030 26 In
the first approximation it iNs assumned t hat %Iis small, so that cos(Ny) =1

and sin(M) = Ny, an?ﬁ',jw'%;éec:o(ﬁ,,afwam tion,i BvT3) )N,

Thus, assuming that y < \2IN , the lowest order term decreases at

a rate of N’ and makes ¥"(N.,y,y’) very .close to 0, regardless of the

10 value of . The assumption ¥ < N2/IN appears to be less stringent than
that required for the Condition B, which assumes that j/<< 1.

Hence, in view of the analysis above, the assumption that

Y(M,N,y) <<1, and can therefore be ignored in equation (20) is valid.

15 FIRST EMBODIMENT OF A FREQUENCY OFFSET ESTIMATOR
Based on the assumption that Y(M,N,y) can be ignored,

equation (20) can be simplified so that the frequency offset estimate 7 is
: o 1 2 .
given by, {=y- ~ arg[l +16]” exp( JN)/)] (39)
An approximated form of equation (39) is derived as follows:

y=y- %arg[l +|8f° cos(Ny) + 8l sin(Ny)]

~y— %arg[l + |5|2 + j|5|2Ny]

OV S |74
=y Nt 1+|5|2
~y—L o vy =y(1+|5|2)“. (40)

N 1+|<5]2



2 assuned that N2 << 1 i.e. Ny<< 1+1412, such that 1+Mtan-1 1 ~2 Ny = |
12 NY . Note that the approximation is exact when 1+112 1+11 2 51 ~2 =1,
whi ch r eswlotos/or9s52 he estimati on bei ng nore accurate in thecTrsegsoo3nhen |
X12 =1, and the sinulation results bear this out. In practice the frequency
offset estimate Y is estimated fromtheygphase R Thus, the frequency

of fset estimate for this enbodiment, which will be referred to as FCEl, is

defined as fol ; ?210-_N. 1+ ' .reference to FlIGS.
13 and 14 a frielg\tﬁ%ﬁcé&éféé%ﬁ&ég{#%ﬁ%ﬁs %%%%r%%}??gv%égaﬁrlﬁg ’ fﬂo%‘a}t arts
1402 with deseNp) i il Qin(MPRETEY, efPiRt i sac8al fappfd@nadidl @tisan |
I nput 1305 has started. The data packet 1310 has a preanble 1315, which is
represented by 15 sanples z( NyThe i nput 1305 is (‘20upl ed to a frequency
of fset estissatnredodutleat3? to< b I Nyfsel +e5if| et osuld25, bRER of
whi ch receive the preanble 1315, The DC of fset esti mat or 1325 processes
the preanble to determ ne 1410 and produce an estinmate of DC offset power,
that is repres :éﬂll y mwsequently, an adder 20 1330 adds 1415 a

e

predet er m pger e f t he fre set
esti mator nodu Q;ﬁglé : p+g@fﬁnr§gtrr(gdt{1}1|%§ Egg\ggf)gtgg)rdergag& Olg % e%(‘éfr?(%ﬁflned
anpl'es, repr

nunber of the esented by N, and the N sanples are then
processed WQ comaligé conj ugation nodule 1340, that perforns 1425 conpl ex
conj ugal i ol ot Lhwhichoresaity an. the, estianations peme Heoro mg@aRageripughei on
nodul e 1340 and the eanble z(mn) 1315, are then nmultiplied 1430

Y
toget her _byegiomtvieh (557, R6T/EERANRION Asund bbst teis dFS to produce an
output, represented by rzz (mm+ 1;n). An averaging. nodul e 1350 averages

1435 ru (m m +rd ;practicerthe fregedecyr offsedestimae Pfissestineted froanéhé he

aver agi ng nodul e _1350
phase R,,. Thus, the frequency offset estimate for this embodiment,

which will be referred to as FOEI], is defined as follows:

10 ylé——;?arg(zezz )(1+15%) (41)

With reference to FIGS. 13 and 14 a frequency offset estimator

1300 and its operation 1400 starts 1402 with determining 1405
whether receipt of a data packet 1310 at an input 1305 has started. The
data packet 1310 has a preamble 1315, which is represented by

15 samples z(m,n). The input 1305 is coupled to a frequency offset
estimator module 1320 and to a DC offset estimator 1325, both of
which receive the preamble 1315. The DC offset estimator 1325

processes the preamble to determine 1410 and produce an estimate of

DC offset power, that is represented by |5|2 Subsequently, an adder

20 1330 adds 1415 a predetermined constant to the DC offset power |5]2

In the frequency offset estimator module 1320, a memory module 1335
stores 1420 a predetermined number of the samples, represented by N,
and the N samples are then processed by a complex conjugation
module 1340, that performs 1425 complex conjugation on the N
25 samples. The result from the complex conjugation module 1340 and the

preamble z(m,n) 1315, are then multiplied 1430 together by a



provi des an output represented by Ru (mm+ 1;n). An argunent divider 5
1355 then determ nes the argunent of Ru (mm+ 1;n), and divides 1440 it
by -N to womdowressa resulting quotient. The output of the &CH®sGEs0003di vi der
1350 i.e. the resulting quotient, and the output of the adder 1330 are
then multiplied 1445 together by multipjyer 1360, and the nultiplier 1360
then provides 1450 a frequency offset estimate y to an 10 output 1365. The

O TR T R TR
021 SRR LI SECHILY 90 RS NEEShgSIIOL AL ek R

esti mat ed Rendi 43 e s o] i 2to
be r ermvedi)fE %@m mz%gﬁs?n%be?o?feé%ﬁé%a{iﬁn%ﬁ? ﬁgl%%gﬁ% ﬁ‘g‘%‘i‘?l\ﬁil éséquency
of f set f or préowislesrdrpdiutpat ,rephésented| by (mimr+ &ot)! an 2wnechOdividers
defined as follows: yllO-Narg(Ru-112) (43 Wth reference to FIGS. 15 and
16 a frequdldy Wiensdetarmuinestidre argotenhdf iR, (oper-alngnahdodivites 1440602

wi th determ ning 1605 25 whet her receipt of a data packet 1510 at an i nput
1505 has s!tagYe' V therodhcs pasraiting ouatients The apiput ofithe argument

of Fsct  eatiner PHR0 T, “4iR Beauiife Aiiflerls Bt IR BLBGS '8 SBMR"CY
whi ch receil880t Aee gheanbheltifiidd TH#S r%%@lfﬁeiebyeﬁﬁilﬂmiféﬁr 1386, WA 3hE79552

PCT/ S@3/ 00030, 28 processes the preanble to determ ne 1610 and_produce an
esti mat e ofmultiplisrt 5360 gbger pravides i1450pfeeqeney bifset estimateni toraguency

of fset, estipat dul,e 1520,..a ry. nodul e 1535 stores. 1620 a

ot edet 1 m REEPHERSER: dite ABcTiidh 4200 HeTh Setias ty ORLSTaRRIR SoRE 1Bt Shimp! e
are then ppAEsEedaklY pAcROTRIEX ré eI d08cribelyl € 1540, that performs
1625 conpl ex conjugation on the sanpl es.

SECOND EMBODIMENT OF A FREQUENCY OFFSET ESTIMATOR
Again assuming that W(M,N,y) can be ignored, equation (17) can

15 be rewritten, as follows:
. 2
R, (m,m+1;n) = exp(-jNy) +|| (42)
This is estimated from R,,(m,m +1;n), thus where implementation

allows |5|2to be removed from R, first before calculating the phase,

then the frequency offset for this embodiment, which will be referred to

20 as FOEII, is defined as follows:

FIIA - %arg(Ru -1o) (43)

With reference to FIGS. 15 and 16 a frequency offset estimator

1500 and its operation 1600 starts 1602 with determining 1605

25 whether receipt of a data packet 1510 at an input 1505 has started. The
data packet 1510 has a preamble 1515, which is represented by
samples z(m,n). The input 1505 is coupled to a frequency offset
estimator module 1520 and to a DC offset estimator 1525, both of
which receive the preamble 1515. The DC offset estimator 1525



The result fromthe conpl ex conjugation nodul e 1540 and the preanble
z(mn) 1515, are then nultiplied 1630 together by a nultiplier 1545 to
produce awoOmabmisy represented by ru (mm+ 1;n). An 10 aremrsgiosigooawdul e
1550 averages 1635 ru (mm+ |;n) over a predeterm ned nunber of sanples,
K, and the averagi ng nodul e 1550 proviZzi®es an out put represented by Rzz
(mm+ 1;n). A subtractor 1555 conbines the output Rzz(m m+ |;n) fromthe

[ t f . | 15
(555 Yang DROer Wb APCate 1 MEnIIETED ol Brodted S ESLHIRLY |
th | t . 1555 Ivideg 1645 t -N
o pr oduce DT RqnaNer dhpLas'BditesBiied o 8" IR FeufbRtE o tast o
1565 th ' f ' 1565.
20 The pr eBearty HIBAES 1520008 Blefloryimodld (PESsY stordy], (B4
advant ageopstdetermingd auhileeuefthie tfdmplesesepreseritedhby Ngkasditiieo N

account _an estimate of DC of fset, ﬂ%(r:l produces an jnproved freguency
of fset ®st PABRRICS 1AfiengheBnpIRESSSH MY & CORPlaKt srriMEakiaTh srodnlcyilsdlat e

(F:) g: (r:] Lfait gdﬂ%%tngggf’g{“t%ggg?gr%‘%@s@#ﬁ?ﬁ%%ﬁg&gfég% ﬁ@t 55 ng }ééé;igi gg &SEOL ;‘5 set

power |si2 toTheorkmdtafroat ithe odmgplephonjiEhbionehesdnule 15a0FaGd théA- F
t he graphs show result ant llng for baqoth FCElI,L and FCELI across increasing DC

of fset powBFeaswbler g{mRy 191 88¢ otfueysomputimigrd) 66690 togother doy preantl e

diti o oo diti q ey , .
oreanbl o <T@l {548 rodRh s pRplr ReRre8Picd B9 ot I Ae _ o 4
for FIGS. 4= = _ - - 1
Fos. e SkErgbbe Tholfys, 3570 SerskEs, FOSHI (rpR T bR TE 1
20dB and mﬁed&eﬁﬁﬁﬁé\d%ﬁdﬁ& St sANPREs, Kl Oad thendidrhfify bdihleS 5338, 17D
and 17F, ere the SNR is 40dB.

provides an output represented by R, (m,m+1;n).

A subtractor 1555 combines the output R, (m,m+1;n) from the

averaging module 1550 and the output Ié]zfrom the DC offset estimator

15 1525, and an argument divider module 1560 then determines the
argument of the result from the subtractor 1555, and divides 1645 the
argument by -N to produce the frequency offset estimate 7. The
argument divider module 1565 then provides 1650 the frequency offset
estimate § to an output 1565.

20 The present invention, as described in the embodiments herein,
advantageously provide a frequency offset estimator that takes into
account an estimate of DC offset, and produces an improved frequency
offset estimate.

Using computer simulations with the number of discrete points in

25 one preamble slot N =16, for different SNR and &, MSE is calculated

and plotted for 1000 simulations against increasing DC offset power

|5|2, to produce a series of graphs.

With reference to FIGS. 17A-F the graphs show resultant MSE for

both FOEI and FOEII across increasing DC offset power |5]2, for the



Simlarly, with reference to FIGS. 18A-F the graphs show resul tant MSE for
both FCEI and FCElI|l across increasing DC offset power Isle, for the three
pr eanbl e wondiotdsens i.e. Condition A, Condition B and 10PCorsdios/h@ao C, when
four preanble slots are used i.e. M=4. The relative frequency offset is E =
0.1 for FIGS. 18A and 18B; is E = 0.5 fg¢ FIGS. 18C and 18D, and is E =1
for FIGS. 18E and 18F. The SNR for the graphs in FIGS. 18A 18C and 18E is

and 187, e PROTRRIE Fohajtlon i GRhaR| LR, (SRR a0 CbiIIGOF. T O0
pr eanbl es Chaﬁheatnwd preambl€osidts iava wsec{:ﬁ)ﬂdll\tl#@n Tﬂieaﬁ@laﬁvemréqaen@fy
advant agepuajﬁ% resu 1r} decreasing MSE for 535 nd FOELl. The

decr ease i Siabt ds ‘%‘I‘ fPEaﬁ‘lﬁsf ol 7pcend 1By 1FCEF f(trl E&G§F I]y7cétafliﬁlgher
SNR val Ues 1780 YhaNs' BLEF 986 St FL 28 odQAIRCTHUENK 3RDInSNAURLOLs for @

prior art F referre e graphs as original

accor dasceFidiSh 1t7rg W@s&nd 1TEeist 204B and desr bebesim pagad nwithi sugong@f’rput er
si mul ati ons, wi nunber_of discrete points in one, preanble slot N =16

at "SNRe20 BT CopiigRE iy FECSSLY o Adaad B BawRsTa hepFRRUBA Q. 1000
si mul ati ons a9§ir§ﬁ£r1 n ﬁ?ﬁgf‘%&ggo%fﬁés PRYEIR tﬁ@ rgghgrmggg% :3{}{ es of

graphs for f the present I on as

aavant seoiEll P LBt HEmPHRIROE a?lf??éﬁﬁﬁé%%%&ié@ TSN A
This i
account DCay 1iEe: hrifefblel SONRAYR |85 CORIGRATA, CBRiBSRTR. i

03/ 07952 EChdHEOR/OCP03 en dOuf Ipeﬁaﬁmy Nbisate effddmbe OM=<@nThBarldgvéised
with a DC of fset estimator, éq prow des the DC offset estimate, and with

a conpensalf6AUensy ¢ffssti igeEx OrletpreRiGSorlBleanss dBRitisof =l unBEASat i on

cystem Thfets SMAERSD ohtact: FATRIBRAls UPILARCTNT eSS I, ©
graphs in FIGS. 18A, 18C and 18E is 20dB and can be compared with
stronger signal conditions in FIGS. 18B,18D and 18F, where the SNR is

15 40dB.

The FIGS.17A-F and 18A-F, show that preambles that satisfy the
Condition A, Condition B and Condition C advantageously result in
decreasing MSE for both FOEI and FOEII. The decrease is more
significant for FOEII than FOEI, particularly at higher SNR values.

20 With reference to FIGS. 19A-19C, the graphs show plots for a prior
art FOE, referred to in the graphs as original FOE, and FOEII in
accordance with the present invention, as described. Again using
computer simulations with the number of discrete points in one

preamble slot N =16 at SNR=20 dB for different € MSE is calculated

25 and plotted for 1000 simulations against increasing DC offset power

]5]2, to produce a series of graphs for M=2, 4 and 6.

The FOE of the present invention as described, advantageously
provides substantially improved performance relative to the prior art
FOE, particularly in the increasing presence of DC offset.

30 This is accomplished by a frequency offset estimator that takes

into account DC offset in determining a frequency offset estimate. The



of the DC offset to produce the estimate of the frequency offset, thus
providing an inproved estimte of the frequency offset. As the DC of f set
est i mat orwand/or4se2 f r equency of fset estinmator operate con®amrSens/heo3e o
produce estimtes of DC and frequency offsets 10 fromthe preanble of
recei ved data packets, the concurrent @geration advantageously allows nore
time for both the DC offset estinmator and the frequency offset estinmator

t d t
| nvent i on, "saosan AT sl (ERHE IR LA T e e R ancy

of f set est thiat iproyvides thes D offset zistignateeandwiwithh avesmpeesator,atol east
reduces the ahqv nti oned problens of the prior art, It wll -be

appr eci at eHr(f‘Hgff %y rFHHG&ﬁy&fthﬁFW%ﬂ?%ra@rﬁ%WO@f SY$t§B1i nvent i on
have been desciyRef

t
can be made by a peregglr? Io:[fsg\{?é\dlgﬁgng??b{/mﬁ;dﬁagggggﬁ %%Sls{u% lg[;%ren >

scope o8 tbetlmaetee)"ftthmmufftsat faimctiha DIC lfl&ﬁﬁtﬁ?%ﬁ?ﬁytﬁ@)&tﬁm&w 31
Cl ai s A data co ni catign receiver, for qgllgcel Vi ng at 6’? t one data

packet, Wneﬁ éhﬁ IPReotitey Ladirogicedthiea cpiEnie dathe fmu@wy SehhElamt 5
of f sets, % i &n input coupled to
receive th F Oﬁét a@é&g@ ‘E@bi’?ﬁ% i§| ur I|ty of offset estimators
coupled to theAsnth& ,DCheffgktiredtimptoofamd fthet f@uemdwros’fmwmmmgr at

| east one of the p Iuralltglyof offiet estimators_f 0 estlmatlr} at | east
one of theOREFAtESPRFUTTRREY IR PEPFYEE &stimates: of @ rP@HSP%d’ £8i on of

2 211 A ) AL OB O o 8
havi ng an advantadeausty (allai)irsngneare tisé lﬁtmt botlh thieeD&} offsetgbtiaretoofaridie
variety of ll'lg hf?cregunéng;fgf?set egtlmator to produce the estimates of DC and
frequency offsets.
Thus, the present invention, as described provides a method and
15 apparatus for frequency offset estimation, and system utilizing same,
which overcomes or at least reduces the abovementioned problems of
the prior art.
It will be appreciated that although only particular embodiments of
the invention have been described in detail, various modifications and
20 improvements can be made by a person skilled in the art without

departing from the scope of the present invention.

We claim:



15 at | east another one of the plurality of offset estimators coupled to
the output of the at |least one of the plurality of offset estimtors, the
at | east wooBherssone of the plurality of offset estinator ®CTSG03/e®Bo mat i ng
at | east another one of the variety of inherent offsets from the at |east
the received portion of the at |east ongidata packet while the 20 at | east
one data packet is being received and fromthe estimate of the at | east
one of the variety of inherent offsetgy,; the at | east another one of
the plurality of offset estimators having an output for providing an
estimate of the at |east another one of the variety of inherent offsets. 25

2. A data comruni cation receiver in accordance wth claim1 further

conpri si ng la corp&idammppcation Hecebiesctorarenciving @ipleast iane slatanput
for receivi e t.o, .t f. the
at | east o#é%g% IE]‘t é@r fﬁnﬁ?@t |aﬁ;1% gfd) 9&)’??622% %ijtalc?}(grglr{sd? o‘?ar?e e?glh%élfe%let
estimat & ofoffskes,ahel datat canendficaftidihecasivdratomptisimgrer ent of f sets, and

coupled to the output of the at |east another one of the pluraljty of
of f set esti mat 0@& g‘ﬁ?utr‘“é?}éﬁ’]\?ﬂﬁ@ lf‘?‘\"@lvee@tfi%eésép‘leh‘ga%ﬁp%g%‘ﬁ afkbt her one

of the variety Qf jiiia : 795 G o 32
conpensator for %cglrrpens@?ﬁ%ﬁ%?ﬁm%g@gy%@egf& ﬁ?ae Eﬁ?g’t y ogglgﬁnaggyent
of f set s of of béfsdttatinstbes comipigsinige estinate of the at | east one of the

vari ety of inherent offfﬂets, t he conﬂensat or_for coqggsensati ng the at | east
anot her one of the vati Kastoone Rl dhe lnselity #f aftsefatestypakers Fogsi ng

the estjmtgplafif ﬁtlehgﬁﬁheaﬁo{}t{@Q f’i@@%%ff ihAGr & 53%& of o%r?%rlggé a
of fsets, and the cdnpensator for proaum g a conpensa ed data packet; and
an out put cecgived partidie of ahipesnts ddamt dr¢ datawpableg whele tloopersastedndat a
packet corresgondi ng to, the at I,eaét one data packet. 10 3. A data

conmuni cat g rRAEF Peing eereiinde 2R the|ati lrst anrepbither Pauality ©fst one
o e 1 et Xl S0y T b S Bl a0l
least one of the variety of inherent offsets; and
15 at least another one of the plurality of offset estimators
coupled to the output of the at least one of the plurality of offset
estimators, the at least another one of the plurality of offset estimators
for estimating at least another one of the variety of inherent offsets from
the at least the received portion of the at least one data packet while the
20 at least one data packet is being received and from the estimate of the
at least one of the variety of inherent offsets, and the at least another

one of the plurality of offset estimators having an output for providing

an estimate of the at least another one of the variety of inherent offsets.

25 2. A data communication receiver in accordance with claim 1 further
comprising a compensator,

wherein the compensator is coupled to the input for receiving the

at least one data packet, coupled to the output of the at least one of the

plurality of offset estimators for receiving the estimate of the at least one

30 of the variety of inherent offsets, and coupled to the output of the at

least another one of the plurality of offset estimators for receiving the

estimate of the at least another one of the variety of inherent offsets, the



estimating a direct current offset fromthe at |east the received portion
15 of the at |east one data packet while the at | east one data packet is
bei ng recwowam7osand t he direct current offset estimator f@CTmGsHEAB30g an
estimate of the direct current offset of the at |east one data packet. 4. A
data communi cation receiver in accordarg with claim3 20 wherein the at

| east anot her one of the plurality of offset estimators conprises a
frequency ' | ' . di.rect
curront of OB arERETE: EpnfRiRaRthd fhe BRI rtPof Bie TRERH B i

of f set est offsets of tthe datagpeokyt ofsisgtthesdstimatoe of aheest lemiti dige af the

frequency offset fromthe at_l|east the received portion of the.at |east one
25 dat a paéfeé&e%mff nhqrent; offscts, thsecompensatREor CoIBPapsrERg; thel aind

fromthe egdd | f ta
packet, and tdr?gélﬁ?ﬁe%%ﬂeﬁﬁg ddcg setV %g{set&f ?&ft lglrl{efsrgbt g{fgszﬁrﬂ%i%tﬂaeﬁaég? iofgrr%q[lgei&of
t he freguensingfthsatstohatdof dhe latdstisbanotdatmonackethe Bribty éf itdierent

comuni cat i ecei i n accordance w tg claim3 wherein the frequency
of f set est Pfﬁg?{ﬁ’ ?§8§?P%S%tﬁﬁfi?r pEpduems aicognpensates data packet;| east
one data pgglet; WO 03/079552 PCT/ SG3/00030 33 a nmenory nodul e coupled to
the input, the nmenory nodule for storing a predeterm ned nunber of the
sanpl es of at | eastowtputidowaplechard ithre cfornipenatatbeassr opeovddingpahket ,
and the nenory nodul e for roviding at ] east the stored sanples; 5 a

conpl ex coﬁ?ﬂﬁ%S&ﬁeﬁﬁ‘@ﬁﬁéﬁ@%&?&C@a@% Be\e thsatlegst anedats) rackathe
conpl exg conj ugati on nodul e for determ ning conplex conjugation of the

stored sanples, and for providing conplex conjugated sanples; a multiplier
coupl ed to3t he Anglataandmomupiiedtiba treeeiverpirexacddrdzonjeugeithoplaipgdul e, t he

mul tiplier for multiplying the sapples of th t |east one data, packet and
t he cgrrpl eWhegrin ag éa.)fg PRRE Oiéggrﬁ% ty ﬁﬁPﬁF?ﬂ cYMadant 6SMRPIRSES/@r agi ng
modul e coughRdttQirReiotfsethestimhtbP! HEd SABR! GSrrent offset estimator for

estimating a direct current offset from the at least the received portion

15 of the at least one data packet while the at least one data packet is
being received, and the direct current offset estimator for providing an

estimate of the direct current offset of the at least one data packet.

4, A data communication receiver in accordance with claim 3
20 wherein the at least another one of the plurality of offset estimators
comprises a frequency offset estimator coupled to receive the estimate
of the direct current offset of the at least one data packet from the direct
current offset estimator, the frequency offset estimator for estimating a
frequency offset from the at least the received portion of the at least one
25 data packet while the at least one data packet is being received and
from the estimate of the direct current offset of the at least one data
packet, and the frequency offset estimator for providing an estimate of

the frequency offset of the at least one data packet.

30 5. A data communication receiver in accordance with claim 3
wherein the frequency offset estimator comprises:

an input for receiving samples of the at least one data packet;



t he averaging nodul e for averaging the nultiplied sanples by another 15
predeterm ned nunber, and for providing averaged sanpl es; an argunent

di vi der nwouwBe7es6upl ed to receive the averaged sanples, tPlaa/Sa@ogoonant

di vider for determning the argunent of the averaged sanples, for dividing
the argunment by the predeternmined nunmd, and for providing the quotient;
20 an adder coupled to receive the estimate of the direct current offset

of the at |eastaanentayampatletcoupledagdesie finpuddehéanamdiyasiedenaiped

constant to the estinmate of the direct current offset, and

t he adder for

produci ng HOIRE & pPEedetarmiaed pryaber ofthensamnles |h af| atarlT%ﬁaneijli]Eialt he
dd d - i i th t tipli
1 pi i RORHES BB ot 1608 one” BB et Mo e Bl BorBie Bhiuce

t he esti mapmvidirighat lesaqubecstordd sainpsles; t he at | east one data packet; and

an out put coupled to the another nultiplier for providing the estinate of
the freéquency oFfSUNPHEX 1qpaUNEatss medrle feuplsckde. rawive thejstared

o 190t oot ARpAFC HErcoBee SATRRa U TEPLER AREERAL eI R oY

recei vi ng camjpigetiofi tfietht Iseersdd osentsies, paaletfor apfeviiin
to the input,, the nory nmodul e for storing a predeterm ne
sanpl es ofCqHURBLRd samplesiial portion of the at |east one

plepupl ed
nunber of the

dat a packet,

and the nenory I : vi di I .t red | es; @
conpl ex conj uga%%lﬁgggf ecoglc}%ﬁeggttg%r gﬁc%ll'lﬁ%%}%é: §p§§gd% %&%pn(})oe? 1?’5e
conpl e camgnjogation mudidle, tloe nulektiplidrmiorgmadtiplyeng thenjatgpldsosr @ie hbe
stored sanpl es, and for p{(ovi di ng conpl ex conjugated sanples; 10 a

mul ti pl i er®@8tiPREARE PRSE
modul e, thefibiikf!dathpledt Mul tiplying the sanples of the at

chpad e complegraniugated saprles @oRTAdAES on

an averaging module coupled to receive the multiplied samples,

the averaging module for averaging the multiplied samples by another

15 predetermined number, and for providing averaged samples;

an argument divider module coupled to receive the averaged

samples, the argument divider for determining the argument of the

averaged samples, for dividing the argument by the predetermined

number, and for providing the quotient;

20 an adder coupled to receive the estimate of the direct current

offset of the at least one data packet, the adder for

adding a

predetermined constant to the estimate of the direct current offset, and

the adder for producing added direct current offset;

another multiplier coupled to the adder and the argument divider

25 module, the another multiplier for multiplying the added direct current

offset and the quotient to produce the estimate of the frequency offset of

the at least one data packet; and

an output coupled to the another multiplier for providing the

estimate of the frequency offset of the at least one data packet.

30

6. A data communication receiver in accordance with claim 3

wherein the frequency offset estimator comprises:



| east one data packet and the conpl ex conjugated sanples to produce

mul tiplied sanpl es; an averagi ng nodul e coupled to receive the nultiplied
sanpl es, wbIswhessaver agi ng nodul e for averagi ng the nul ti pCiresdgos/ampd es by
anot her predeterm ned nunber, and for providing averaged sanples; a
subtractor coupled to the averaging no@®4l e and the direct current offset
estimator for conbining the averaged sanples and the estinmate of the

di rect t ghfi i
irect curren &ﬁlﬁsht%r%@elgfngm waF&?é;at@@ﬁ&e&neaa?%Pé%grﬁmdule

subtractor for producing a subtracted resu an ar gunent

coupl ed to recetvaenmysuinduleteaipledstgl the ihpudy thierenenairyi medutedoke f or
determnin rgument of. the subtracted resul.t, d for dividing.the

ar gunent b%co#ﬂ'gg %p%éggféefmlﬁlgg RupRr: tog %ﬂﬁoaﬁwlﬁe&gﬁ ﬁ?ﬁ?tea&f igial
frequency péftieh of2fh@fat! fkastlor e @sita OpLelEdt, MR ARl mABrR e tfoFoup! ed
to the argunent divider nodule for providing the estimate of the frequency

of f set Sof Prwiding atlgassribeddorechasimles;7. A data communication recei ver

f I Vi dat ket the .30 dat ti ' i sing:
an i nput coupl et CYIPLER; SPIRERHOR MMEALIG SAMlsEh P, THRVE 11 RIOTEH | east

one data paakeledlashd dGrhipdy c@njhgaefo@mn_@aﬁfétfé'r d@e@ﬁ{iﬁ?ﬁg%m lex
PCT/ S&3/ 0003 35 at |l east one oOffset estimator for estinmatfing alp?east

one of theconjargationofofi ther sherast f semplesonant feaspravidiog \axmpdexi on of

the at |east.. on ata packet while the at |east one data packet is being
recei ved,a}'soanﬂbl%fiﬁ%éjg%n?@%t one offset estimator having an output for

provi dong an 5 esiilfiplier Govipledato theSinie a@ld ldd@ipled i & ¥he comipréent
of fsets; at |east one conpensator coupled to the input for receiving the at
| east one GMYHEpEIOKMOdAHE, totipraltiplient fos roultiplying thhsaanplesast tlomat

o oet SRS i BSELL ML, SELAEAS Bl iR babpen B peshuld”
conpensat ilﬁgllﬁbﬁe@tsalrﬁpﬁ;ts; one of the variety of inherent offsets of the
an averaging module coupled to receive the multiplied samples,
15 the averaging module for averaging the multiplied samples by another
predetermined number, and for providing averaged samples;

a subtractor coupled to the averaging module and the direct
current offset estimator for combining the averaged samples and the
estimate of the direct current offset of the at least one data packet, and

20 the subtractor for producing a subtracted result;

an argument divider module coupled to receive the subtracted
result, the argument divider module for determining the argument of
the subtracted result, and for dividing the argument by the
predetermined number to produce the estimate of the frequency offset

25 of the at least one data packet; and
an output coupled to the argument divider module for providing

the estimate of the frequency offset of the at least one data packet.

7. A data communication receiver for receiving data packets, the
30 data communication receiver comprising:
an input coupled to receive at least one data packet, wherein the

at least one data packet has a variety of inherent offsets;



data packet using the estimate of the at |east one of the variety of

I nherent offsets to produce at |east a portion of a partially conpensated
dat a packwbD,03angsnherein the at | east one conpensat or has pam/Ssoes/penso for
providing the at |east the portion of the partially conpensated data 15
packet corresponding to the at |east o data packet; a plurality of offset
estimators coupled to the output of the at |east one conpensator, the

plurality of of Asdtassionmbiiset aatithhatdm@or abtingatihgoae 104st BaepbpitAki ty of
of fset estimators_for estimating the at | east one _of the variety of

i nherent oV#EERsOf inheiard effsetsdromyat laass grrasived portine efahe at least
t | t | .0f_t.h ti |
compensat car S e BaERbt hUE % Plod She 'Dfia BREKED if brapE gREelncd ot

plurality ahdoftfesat lesdti omt offsch@stingatorrh@dhpuin fQitpRitofor Bhrdgidingeshi mat e
of the at | east on? f the variety of inherent offsets; and 25 at | east
anot her® on€SiHMate o ﬁ-?‘ﬁraéllieﬁt ghe s thetvagiaty pitiphsrenboffsets;t o t he out put of

the at | east on ' Is r t_ leas
anot her one of fgﬁgéa}osl&[}?}ﬂﬂc?{/r?ﬂoéf& %éft&sgghégﬁ %%?%%é%i‘gr‘g&%?%%ﬁ%éh%ﬁttl east
anot her onkast drie detni pagkef, amtiermrpledf fsehe duiput bhehatal BRedt dhe

portion of {he partially _conpensat ed data_packet while 30 the at |east the
portion of Offpet sstimaiqry fon eesivme dhacstimairee! the aeilerstr anei elsheand

fromthe egti; e ~¢f ; I n A o] ' fsets,
and the at§ felggi' ét)(got1 fg‘?r%g §?§%ﬁ§’ glh%: az%{l]telf\é%ft ?ﬂese%ow%%&%r
PCT/ SQIB/ 00@rdpen3atiasg thatatr kasa\drmegofinhe wariktyf of iphendrtti 6fséts eSthent e of

t he at Ieaat anot her one o the_varietgl of inherent offsets. 8. A data
conmmuni cat fatf r%‘éﬁe&evsmg dBeosdfamadewk khe ali dsast gpenet the variehi oés

anot her Com}f‘é}%ﬁft%lrffse‘e@‘i‘éﬁir%}dh%@ éﬂg%lgfé ;g%g%‘%{‘ﬁf“ﬁlgéa%tgal g nts%(gé(ll"e

out put of the "at least orie conpensa ano ensator
recei vi ng data packegashdtwhepeint thomaofleadteonarddmptitsatorphas atredudphia
packet, thge another conpensator coupled to the output of the at_ | east one
of the pl ul%| pqc&yug]rng the atqeast the portion of the partla?ly compensated data
15 packet corresponding to the at least one data packet;
a plurality of offset estimators coupled to the output of the at
least one compensator, the plurality of offset estimators comprising:
at least one of the plurality of offset estimators for
estimating the at least one of the variety of inherent offsets from the at
20 least the portion of the partially compensated data packet while the at
least the portion of the partially compensated data packet is being
received, and the at least one of the plurality of offset estimators having
an output for providing an estimate of the at least one of the variety of
inherent offsets; and |
25 at least another one of the plurality of offset estimators
coupled to the output of the at least one of the plurality of offset
estimators, the at least another one of the plurality of offset estimators
for estimating at least another one of the variety of inherent offsets from
the at least the portion of the partially compensated data packet while
30 the at least the portion of the partially compensated data packet is
being received, and from the estimate of the at least one of the variety of

inherent offsets, and the at least another one of the plurality of offset



10 offset estimators for receiving the estimate of the at |east one of the
variety of inherent offsets, and coupled to the output of the at | east
anot her owe osfo74she plurality of offset estinmators for rec@CTiSGH3HE80
estimate of the at |east another one of the variety of inherent offsets,
the another conpensator for conpensatidgdg the at | east one of the variety
of 15 inherent offsets of the data packet using the estimte of the at

| east one etimbi6ry Wovehy &i Jutpeitoldt Sidvising afndsfiffateosPaNS Al he at
| east anot her one of th% vari e?? of i}%er er?t'?g gffsséts %f t he dat alrégggket

usi ng t hearethorgne of thewaniety ehénhenentadfsesne of the variety of inherent
offsets, to produce a further conpensated data packet; and 20- an out put
coupl ed to the anot her conpensator for providing the further conpensated

data packes, corAeRansmimichfiondteckRR$lin @ tahAce RAtk &lain? 7 fudBEA
conmuni cation receiver in accordance with claim?7 25 wherein the at |east

one of BsetCABPIIgEs dMathepooserensatbeast one direct current of fset

timator, th | ' t t _offset timat f timati
i rect cur et PgTRRotng PORFRECORTEor fe. PRIE] o TisCruiral of Bido at

| east one faleaspaftecboipdralthe e ARSEerOPEMPRNBARGE b rededvibgl 1HE at

received, and the at |east one direct current offset estimator for 30
provi di ng laaseshe marsioss of pe giartiallyceampansatedd datafpadietathe eaasthene dat a

packet . 7 2 PCT/ /30030, 37 . A.data co | cat.i on..receiver
in accor\é\;%r?ggégmn?%'so& %ﬂ?égo%n&eef’}’}t?ﬂ%oé&? @ﬁgf’agtn‘énﬁ bﬁspa]f%?hbbﬁgri ses
at | east wifesall éSiinatovs fontreebivifl HRMBSHSMQR! of tHE &t 1dLaASénONST did ect
current offset conpensator for receiving the estimte of the direct

current ofvagigtyopf inhesent offsgts, and crupledatkahe oheput dfethst avreast r ect
current of c engar,or f.or npensating the direct current offset of
the at | eagsrggttl})er{e%g};et g)?pg.&é?ﬂﬁgﬁﬁﬁ ?ﬁg?%gtti ﬁ%‘ilgl%or§ htordirFEQVlla%r%%t
of f set of ddtBnate of €hstateSstdahetHROR of Al vhbietpbf ifBsfettIfdltsee
current conpensator for producing at |east a portion of a partial [y direct
current another compensator for compensating the at least one of the variety of
15 inherent offsets of the data packet using the estimate of the at least one
of the variety of inherent offsets, and for compensating the at least
another one of the variety of inherent offsets of the data packet using
the estimate of the at least another one of the variety of inherent offsets,
to produce a further compensated data packet; and
20 an output coupled to the another compensator for providing the
further compensated data packet corresponding to the at least one data

packet.

9. A data communication receiver in accordance with claim 7
25 wherein the at least one offset estimator comprises at least one direct
current offset estimator, the at least one direct current offset estimator
for estimating a direct current offset from the at least the received
portion of the at least one data packet while the at least one data packet
is being received, and the at least one direct current offset estimator for
30 providing an estimate of the direct current offset of the at least one data

packet.



10 conpensated data packet. 11. A data communi cation receiver in accordance
with claim1l0 wherein the at |east one of the plurality of offset

esti mat orwoasnpessses at | east anot her direct current estiPCaEiSGO3/0003e at

| east another direct 15 current estimator for estimating direct current
offset fromthe at least the portion &7the partially direct current
conpensated data packet while the at |east the portion of the partially

direct curidént Aodpeaseabatmuddtatidacteteiverbi ncdsreRingd waRdcldim 9
providing an estimate of direct current offset of the partially direct

current co%}?ﬁﬁl éb_edaﬁ depatloate. compensatodampoinesnat deash onecdineet in
of Cof ot - Surtehf oHIB Comtii @by, el £O%, BAE ABpSr PubienBrfielor.

of offset estinators nprises at’leas or,

the at | eastmpemsatoefpreraeivihbstie estirmea®s of thodnad darrthe offdbput tRE t he
at |least another 25 direct current estimator, the at |east one frequency

of fset bst Rhuledstiene datanpecksts thguaicleasts ome fdisact reurrenteaffset he

t] f ' ' t o t ed ket, while th
B | east 1 ReRbeREorloN cofliSaiia i 0 A EOPERRANCo SR P BRK A st e
packet is bmenmiptaqeaiketdusingnthd bstigiatbadtheodett equesioyo@édtset t1ashi mat or

for providjng an estimate 30 of the frequency offset of the partially
di rect curire@%F %ﬂ%éf‘%é’?@&eﬁa@@d theckeleashorosdiress s2pent scowotedor 38

13. A dat ag4;0 i i iyer, | rdance W | aiym 1 wherein the
anot her conperisat 3’?&?@2‘2&}1{ g%gls\gt 4 aslfl?%geggi %e&\grg%ﬁ}énfhre ﬁdcﬂrﬁaﬂtncy
of f set1conpempensated Hatapackast one direct current and frequency of fset
conpensator for receiving the estinmate of the direct 5 current offset of

the partially direct current conpensated data packet and the estimte of

the frequepgy OAfg§sia Fgorhprﬁgﬂgc{a{tﬁ(% ! %’ec%.'\yeq'cﬁn Céfééoeﬁ(ﬁanquerwgigfﬁag% Sﬁ%?r ect

packet, for conpensating t eas e portion
current cowheneiat tht aalenspaniecof tiss piurdiity ef offset estighatiors cdipdsesdt r ent

offset of eg%tpgrrléh?érl )éilqégte%%rggrrxtr %ggcin%ggg)re,nf}?é ee?t least another direct
15 current estimator for estimating direct current offset from the at least
the portion of the partially direct current compensated data packet
while the at least the portion of the partially direct current compensated
data packet is being received, and for providing an estimate of direct
current offset of the partially direct current compensated data packet.
20
12. A data communication receiver in accordance with claim 11
wherein the at least another one of the plurality of offset estimators
comprises at least one frequency offset estimator, the at least one
frequency offset estimator coupled to the output of the at least another
25 direct current estimator, the at least one frequency offset estimator for
estimating frequency offset from the at least the portion of the partially
direct current compensated data packet while the at least the portion of
the partially direct current compensated data packet is being received,
and the at least one frequency offset estimator for providing an estimate
30 of the frequency offset of the partially direct current compensated data

packet.



10 data packet and the estimate of the frequency offset of the partially
direct current conpensated data packet, and for producing the further
conpensatwo odargspacket corresponding to the at | east oneprdaissopaaet. 14.
A frequency offset estimator conprising: 15 an input for receiving at |east
one data packet, wherein the data pack¥ has at |east a direct current

of fset and a frequency offset: an input for receiving an estinmate of the

direct curidént af Haeh,; caminuaicatibAuteddivePrinvadtotd@ficeSkitaiceaich ihe
frequency offsef. 20 15. A frequency offset estimator in accordance with

claim 14 YOeSFIL Hhganatber sompeRsatos compriges atgrast gnedisect ciient one

dat ket e e ] , e;.nenory_nodul e,f or
Gtori g’ a ErdaRRBYy IR oSARNSAE haPal My ohD SRRD R 5 O
portion of frehqeeaicyl effsét eoenpler satoackoet receivinigh th&ressbinta t® & el direct

providing at | east_the stored sanples; a conplex conjugation nodul e coupl ed
to recel veCHHEN: offeet Ogéhﬁl%ﬁtlafqgé 1565 AU TEBhjCOFape A tedddata faacket

determ nin . J ' fQr __providi ng
compl ox 30 GorUESPaFRE O Ml drofibel BF hEBy R Mirdch b ahy
coupl ed t ocoimpensapéd dataopiciget, ifon contpdresatine thul 4t Raisethkoporritd ol yi ng
t he sanpleg of the at WO 03/079552 PCT/ SG03/00030 39 |east one data packet
and the coﬁiﬂ paridally sHErt CWaRBl comRrenRated datapackesl naiagsthepsetimase

aver agi ng ; p. ﬁé‘ﬁqi L, phl h eragi ng
nodul e forgggg% giéllc(%% %ﬁ%e&%lél p iéétgtﬁsé;?’pa?}e{éhgy&%ngﬁ gggpér?%?%%’g?lggﬁ ed
number10 andatarpauketi aindgley estigeatesafmhesfreqeatygusfEsét 8f theepar@sily e
coupled to,receive the averaged  sanples, the argunent_ divider for

det er ni ni ngiTERE CHFERereMBenSRéed Lpdn ackedanprieor Prrduringdhegiumrber
ar gunent bé’%ﬁﬁ‘fengﬁﬂéa %ﬂ}’i@a YRlcUEt brrdsBEnRiEseS thl 198 SUBRE datAPh AR

provi di ng the quotient;

14. A frequency offset estimator comprising:
15 an input for receiving at least one data packet, wherein the data
packet has at least a direct current offset and a frequency offset:
an input for receiving an estimate of the direct current 6ffset; and

an output for providing an estimate of the frequency offset.

20 15. A frequency offset estimator in accordance with claim 14
comprising:

the input for receiving samples of the at least one data packet;

a memory module coupled to the input, the memory module for
storing a predetermined number of the samples of at least an initial

25 portion of the at least one data packet, and the memory module for
providing at least the stored samples;

a complex conjugation module coupled to receive the stored
samples, the complex conjugation module for determining complex
conjugation of the stored samples, and for providing complex

30 conjugated samples;
a multiplier coupled to the input and coupled to the complex

conjugation module, the multiplier for multiplying the samples of the at



10 an adder coupled to receive the estimate of the direct current offset
of the at | east one data packet, the adder for adding a predeterm ned
const ant wo oslogsesti nmate of the direct current offset, an@CTiSee3/ewder for
produci ng added direct current offset; another multiplier coupled to the
adder and the argunent divider 15 nodd#%, the another nultiplier for

mul tiplying the added direct current offset and the quotient to produce

the esti nmaleastforichdata packeeam! thetcovhplekheomiugated tsaonpledrta ppegligt; and
the output cqupled to the another nmultiplier for providing the estimte of

t he frequeﬂ’é’}m@ﬂ*ﬁge?aféplqshe at |east one data packet. 20 16. A frequency
of fset esti mat ofy | A ALEHAANCEN LBLEIA] W MceFAMAId ShOKOKOE Japuf.f or
e aft St “one da et,amam)l?ym) B

recei ving sanpl es of ea t'a pac (,soupl ed

to the inptite aveeagingomydume fbe averagizfy siomnliplidd edetsledi ednvtrber of

t he sargpl es cg?éat | east an_initial portion of the at |east one data
packet ° anBredficripined nwsabee and fonpaeyiding aderagsdssampdesit or ed sanpl es; a
conpl ex conjugatio cel the s t he
conpl ex conj ug%#oﬁr%&%ﬁ @g}riaggﬁgio%]'ﬂgngd% lr?f)jl g?( It%?c%nﬁ%ﬁeg%tk’?g%g%(? t he

stored sangdmplesnthé argumendidigidanidedeteaniniggt elde serpiment WP B8é 079552
PCT/ S&3/ 00030 40 a nult ig)l I er .coupled to the input. and coupled to the
conpl ex CRYGTAgsH sampler) or divading thelargument hy thenggaiivensabimpfes of
the at |leggst . | sanpl es to produce
mul tiplied saﬁp{%Heég;gﬁ??%%&gl\%ggﬂg%ﬁ%g‘ou?g&égi&pg DAt HERER TP b 10 P! ol i ed

sanpl e®, the aamraddegconpled toorecsies atiengstiheateuds ithki éestrpireenby
anot her pr@det ecgm' Bgd nupber, and for providing averaged sanples; a
subt r act oroiseihidd the affeleasr i fasapackstd thhe arddsst for adding a

predetermined constant to the estimate of the direct current offset, and
the adder for producing added direct current offset;
another multiplier coupled to the adder and the argument divider
15 module, the another multiplier for multiplying the added direct current
offset and the quotient to produce the estimate of the frequency offset of
the at least one data packet; and
the output coupled to the another multiplier for providing the
estimate of the frequency offset of the at least one data packet.
20
16. A frequency offset estimator in accordance with claim 14
comprising:
the input for receiving samples of the at least one data packet;
a memory module coupled to the input, the memory module for
25 storing a predetermined number of the samples of at least an initial
portion of the at least one data packet, and the memory module for
providing at least the stored samples;
a complex conjugation module coupled to receive the stored
samples, the complex conjugation module for determining complex
30 conjugation of the stored samples, and for providing complex

conjugated samples;



current offset estimator for conbining the averaged sanples and the 10
estimate of the direct current offset of the at |east one data packet, and
t he subt rwoten79sez produci ng a subtracted result; an ar guPemISGHBNIder
nodul e coupled to receive the subtracted result, the argunent divider
modul e for determning the argunent of 4®@he subtracted result, and for
dividing the argunent by the negative 15 value of the predeterm ned nunber

to produce the eshmuhkigli& cbpled rrequesanpeitl 588 eduphal ab H188%hH xdata
packet; and the output coupled to the argunent divider nodul e for providing

t he esti nmafenHAgtHen mpaduihdheomytiplier fehmultiplying thmsamnlas widketat 20
17. A th f t t,d | Si t f. -
dot er i i niatPnE GRE pEGEREATA e GRTRG RREAIRISEARIES to hrucs

di rect cur neunltipliddeanmmgiles;he at | east one data packet to produce an

estimate of direct current offset; c) estimating frequency offset of the at
| east ohe data PEcREEraginggmosle poupied gt eccsivelitheanudtipliedt samples,; d)

conpensat i t . e Si .1he.estimte,of direct
current of s%tz;@ﬁgég{g g@%clh?rr%t fé)qg%&%rrgggﬁ%}clg %ﬁ?%é{iegosaﬁpg’gﬁfcgy gnothet
conpensat egpred¢terpaakeinusbep| avddon provirlifg HrersgdEdafdilespacket

corresponding to the at 30 |east one data packet. W) 03/079552
PCT/ S303/ 00030 24 8ubgractopeeeisnlach tacks euscaging meduienarrd the diegct

o : ‘ i Ly ahi |
Che at 1 casPPRACEHSEY LA oot 1LV A Aed SERMIES dq Hnt! | ©
accor denceestitiatel of theldiretticubsgentcoffyst of e apisdsaranddasa gacke), #hil e the

at | east one data pack?t i's (&ei,ng received. 21. A method in accordance
with clainf t?,sqachrfer QORPPIYTIE a subtERGiEAgesuly (d) after the at |east

O, o8 packet AR AT ACARINER modlli Coup1d RoFeddive WY SABERAL"

claim17, prior to's
result, the argument divider module for determining the argument of

the subtracted result, and for dividing the argument by the negative

15 value of the predetermined number to produce the estimate of the
frequency offset of the at least one data packet; and

the output coupled to the argument divider module for providing

the estimate of the frequency offset of the at least one data packet.

20 17. A method for offset compensation comprising the steps of:
a) determining at least one data packet is being received;
b) estimating direct current offset of the at least one data packet to
produce an estimate of direct current offset;
C) estimating frequency offset of the at least one data packet using
25 the estimate of direct current offset;
d) compensating the at least one data packet using the estimate of
direct current offset and an estimate of frequency offset to produce a
compensated data packet;
e) providing the compensated data packet corresponding to the at

30 least one data packet.



conprising the steps of: determ ning at | east another data packet
corresponding to the at |east one data packet is being received; 15

esti mat i ngodidneess2 current of fset of the at | east anot her ar®sGoandosd to
produce another estinmate of direct current offset; and conpensating the at

| east anot her data packet using the andilher estimate of direct current

of fset to produce the at | east one data packet. 20 23. A nethod for
frequency T8fscA afithod liaNacooRlAfEaOwIIE SRERS 17 Il %6%9;5'11 Qg ganpl es
of at |east one data packet are being received; b) determinin dlre t
current ofp@é@rxpmstm {r)] alttb(@aﬁnbsisnoﬂalhyrmmcatrrbadytwhde thatat Jeasket; 25
c) adding a or 8~Eeter ed.constant tp the direct current offset power; d)
storing a(fﬂ’ 8 %lpr?lc I%Bﬁ% THEY sanples of the at | east one data
packet; e) perform ng conpl ex conjugation on the predeterm ned nunber of

30 the sagi?ples to produce a result; fl multiply the result of the conpl ex
conj ug&t i okP-wi th mﬁéhQQIrrpnegCC@lfdaMQe avitheadairond 7dafur thark eontpripimgluce an
out put; o) 03 ernm ne th average of the
out put 11 VAT Fuy TSR P5C B dst e B0 et it b bsreiavash
average; h) determ ne argunent of the average and divide the argunent by

t he negative val ue of the predeterm ned nunber to produce a resulting 5
quotient; Zhd ih mﬂthpél ynt aecomtance rrgltd]Lmlannt 16y fumtherncomptsimgpnst ant

d th et t d t
?Pequengy oefr?& curr %‘%g\ﬁfeﬁg er "gtr% P?&ﬁ%eﬁg?/%&)?flsrgfz rﬁ’ u(r:rgtt ?on

conpriipi ng the steps of. a) det er m ni ng sarrpl es of at |east one data

packet are_ being )
2 A method in accordance with claim 17, prior to step (a)

comprising the steps of:
determining at least another data packet corresponding to the at
least one data packet is being received;
15 estimating direct current offset of the at least another data packet
to produce another estimate of direct current offset; and
compensating the at least another data packet using the another

estimate of direct current offset to produce the at least one data packet.

20 23. A method for frequency offset estimation comprising the steps of:

a) determining samples of at least one data packet are being
received;
b) determining direct current offset power using the samples of the

at least one data packet;

25 ¢©) adding a predetermined constant to the direct current offset
power;

d) storing a predetermined number of the samples of the at least one

data packet; '

e) performing complex conjugation on the predetermined number of
30 the samples to produce a result;

f) multiply the result of the complex conjugation with the samples

of the at least one data packet to produce an output;
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estimate. the negative value of the predetermined number to produce a resulting

5 quotient; and
1) multiply the resulting quotient by the sum of the constant and
the direct current offset power determined in step (¢) to produce a

frequency offset estimate.

10 24. A method for frequency offset estimation comprising the steps of:

a) determining samples of at least one data packet are being
received;
b) determining direct current offset power using the samples of the

at least one data packet;
15 ¢ storing a predetermined number of the samples of the at least one
data packet; '
d) performing complex conjugation on the predetermined number of
the samples to produce a result;
€) multiply the result of the complex conjugation with the samples
20 of the at least one data packet to produce an output;
f) determine the average of the output from step (e) by another
predetermined number to provide an average;
g) combine the direct current offset power from step (b) with the
average from step (f) by subtraction;
25 h) determine argument of the result of subtraction from step (g) and
divide the argument by the negative value of the predetermined number

to produce a frequency offset estimate.



