0 5 SEP 2006 WD 03/079552 PCT/ S@&03/00030 1 METHOD AND APPARATUS FOR
FREQUENCY OFFSET ESTI MATI ON, AND SYSTEM UTI LI ZI NG SAME Fi el d_of Ehe
I nvention 5 The present invention relates to frequency of § 58P & i mation,
and nor &Q8¥AMTFYl arly to frequency of fset estimation in Hdwsqusesmance of
direct current offset. 10 Background of the Invention Wth the advent of
personal wirel ess communication devicesl, there is a need for small
portable units that have | ow power dissipation, and can be provided at

rel ativel y MEEHOBt ANDOAPPARATYSFORFREGEONEY OPFSERESTIMAMONSt in a
transceiver with direct conversion architecture gDCA). Different from
conventional heterodyne r e&NRNSTEMUTHIZGINGr SAME, DCA recovers base
band information directly fromthe carrier signal w thout passing through
an internedi ate frequency stage and imge signal rejection. This is
acconpl i shed by transl ating thejsRdbOtHe BANSR: Si gnal 20 directly to zero
frequency, and then enploying a | ow pass filter to suppress any high
frequelcy interference. The DCA receiver has several advantages over the
het erodyne reggiver, and.neet..the requirepents of mal | formfactor, |ow
pover di ssi patiSnPTEEY HYEEen T %\%\?e‘}", LeQUENSY R'artlagetimatian

convert ed fhgge &ﬁé,oo f i . set

vol t ages, ref e??gﬁgg?%sgﬂgﬁéec@t o rrfg%tt ers?i%lgﬁg%(flgg%% }ggérgegggg)ggitu@;c%e base
band si gn&urremidodaetur at e subsequent base band processing stages. In
addition, a DCA receiver also suffers 1/Q msnatch, a result of m smatches
bet ween anplitude of the | and Q signal during quadrature down conversion.
Therejgre al so concerns 30 z k16l ion, flicker noise and

l ocal oscillator |eakage th\gﬂggéggggff&ﬁgf gg%lﬁtg e performance of a DCA
receiver. 0 5 SEP 2006

With the advent of personal wireless 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

adversély affect the performance of a DCA receiver.



WO 03/ 079552 PCT/ S@&3/ 00030 2 O'thogonal frequency division nultiplexing
(OFDM is a bandwi dth efficient nodul ation technique that pg sppegfor

hi gh- speegg\sl@é8sS data transmssions. OFDMtransmits d n. - densely
packed orthogona’l sub-carriers that are spaced in freque%%@lsggg%{{agﬁ/ at the

reci procal of 5 synbol interval. A pri y advantage of OFDMis it is
utilized for transmssion at relatively |low conplexity in nultipath

channels. A dios yvant of CFDLI\é&}/stens is its sensitivity to frequency

offset. Fr equer@@og??ggﬁeﬂb}ﬁn&{ sion dautiiplexing (QFHM) issabpandwddtiat t he
tput of ERRNeHE MG, ah ' i ptar- ' 10
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or t hogonal f3neMIGHDNS. QRDIMI tranismmitDa &N dnCEBMsBIO V=& dRothARsRSH Ver
that has a mal | .form actor, has | ow power dissipation, is |lowcost and
is bandw JER EFFRGScHat BiGetRaced Fe IpGaenerexantlyt 4k the ggoiprogabbiset 15
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The. Do and T ResllindrPaloh, rithdfy ISR BEIQERMASCH iR aiflicn Bpe:
estinated bfdmanissibn datrelatiseBmiow emplELE! irﬁ%hf‘tﬁbéﬂ‘i‘ élﬁaﬁ%ab?%' y

C

per f or med guri the reception of the préanble of ea ata packet,
because i n9P gk M \syisbemsatsh itdasen piiviet toafrefjaehcypadféstt. 20

i ndepend | ElG 1 | e 100 is shoyn with a ti
[ Tne 1, whivauthe? SRt BRTchBiskl Bt Bt o signahanapiiids atsthaur i ng.
a first touepublef \GFDM derhbdaliddis! aRer bi00 HfiZoAlidele it Gaghl el s used

for DC offset _estimation; during the second time 1 nterval
second!®s BYerfdrneeo(isd) trempthenbter sulsedrtiers Dehofs sielstroyipgntas i on;

and durin Bi | ' rval t2 tot3 a third portion 115 is used for
frequency of é’?ﬁ%@ﬁ@ﬁ%‘%ﬁ“mre we assune that the receiver anplifier is

21 £ 10 o s oot DY SRRl I 0
en esti daeny fagingiachasf lawt podfercdissipatiorgsimitesr cost and is
bandwidth efficient. However, the DC offset and the frequency offset
15 must be addressed. 'I‘ypicé]ly, 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 independently.
With reference to FIG. 1 a preamble 100 is shown with a time line
't, where the preamble reception starts at t0, and ends at t3. Durihg 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 ﬁsed 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



that the DC offset estimation nmethod is based on the initial reception of O
.5 SEP 2006 WD 03/079552 PCT/ S&X3/00030 3 the first portigw?gEPl?@ of the
preanble&,%%/%{ldzthat the information fromthe first portion Eis

avaj | abl " I0e P8  the linited time available to process theTpeesuotioe 100,
toto tl interval for DC offset estimation, and t1 to t2 interval for DC
of fset 5 conpensation, one disadvantag® is that residual DC offset may
still be present when the frequency offset is later estinmated in the tine
interval etlgr '

ftaporiieregl@mtofythe peearsildurdo Dgn eaul t i accurat e
frequency ?Ierﬁ% g%ltsitrration. 65 ) Heﬁhdf't tﬁ’ﬁéeﬁnfoﬁlr% fo ' e
of the preanble 100 i &L I0pds@yailable.s used for DC offset estimation 10

.addition, since part o rece
and conpensat i Due tdehéVighitad! ia[y;-f ’ requency offset estimation, the
i nterval t%},t‘o §tss,ﬁﬂifs :égucg‘g.tﬁﬁ%nce,lagﬁ? E?ﬂ%@?e Gicpesamble H90: 19 o
met hod is thénseied lor RC doffsatgesthineltiors, Q@R Yt \ ion.is
per f or ngd, t he coonseque t i naccuracy of '[tgetof ?ezﬁ%erfgéf gﬁ@goﬁlset

esti mat] on® BSaHoTg g safivantageriseiits tare sidealpDEs effse meENEtiRmbseeks
to provi deppediri for .offset estimation and system
utilizing is?z'ara%é tghgﬁgﬁn%\i?ggﬁe@égin%Ft 1@ ARter extimatage s the sime entareat i oned
probl ens of< ttige tPr i ConsequeAL9OMien gb¥idu e he present
QueRdgoriticghidd) e AP Flsullf, DhAGCUrate ast

i nvention provides data , communi cation recerver-for

one data pASHBEDCYlfsst estimpation. I additor, datce paaksittheasecRptidh Gl Of

I nherent odff ggd nuni i receiver conprising: 25 an input
coupled to rece?ggé{iﬁ)égg@?’elag?wc?ﬂe&gg‘? ggpa% Ksed ford @ offsetastimatipnof f set
est i netlor sand rmpensatibea, itheUdvail pt; j fset estimators
conprising, at |east one of t hevggl %@gl P%@g It?)l'fefqgeetn%&s?ﬁﬁ%t[ gylmadion,
estimat i n&h&n}t&a%%l bnéo dP, inaeduced: Hartcd, nhénsthier afiba@vanfdgemethieast a

~method is the short time during which 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



30 received portion of the at |east one data packet while the at |east one
data packet is being received, and the at |east one of the p{grmbiggy of 0 5
SEP 2006 w{#Q3R3¢:979552 PCT/ SG3/ 00030 4 offset esti mator%gﬂ \6?9 ﬁ‘ﬂ out put
for providing an estimate of the at |east one of the vari &8’?0 er ent
of fsets; and at |east another one of the,plurality of offset estimators
coupled to the output of the at |east one of the plurality of offset 5

estimtors, t..l east another one of the plurality of offset estimators
for esti rrat?ﬁrvl%%a%tll@fg?rsa VHag aghouwputHer \providipgodniestimete obfthsedts from

the at | eadeasthené FThe8A R |l east one data packet while the
at | east one data packet iﬁeﬁfgghﬁé&%‘éﬁ@%‘g&% om the estimate of the

at |east one of the \drleatsy afioitidrenert opftheepRuradty 6161kt |Rfithadilyt her
10 one of thiﬂﬁ'ﬁﬁr?l [ of offset estimator se%avi ngyan out pute% orapr ovi di ng
e

an esti mat &° %t thee Q4P ph dheont loast lomey af | thiey phairalitye bérdffaitf set s.

| t h ' ' I d dat I cati
Focel ver 1 o aatorsy The R ALt aREHIL B b0 Pl daifn seenias
conpr i si ng:fon Bstmatipgat deast £eotier GEE€bLY halvalR bg @ﬁ%@@?@gg?’?@ s at

wher ei n thg*1 at |east one data packet has avari et
| east one &PF&dtleast therescived pestionsef the at ldast oheadwtaopatie whileithey of

i nh t { i ved . ti f th t | t dat
packet wni o ehet BpeA bETRAT bERR FEReibed okl frore e extimate ahdhehe at

| east one atfleast enki oMilee VAR HIFAHE gl estimte of
the at | east one of the vari et%/f of i nherigﬁioﬁ;sﬁ%%@q da&[e Elg%aas Stoﬂogﬂ%r
B

conpendBt oPNERIRG Plurality ehplfset ostimeters ieyihpearabutpeddor previdih
packet, angnC gero?tﬁg?attﬁm ut_of, the at | east one _offset estirra?or for
recei ving the es]ll nmate o0 ask apeter Qe obthe Karisty pfinkesensioffsetsr ent

of fsets, the atlheasiotheg @.@@ﬂé@asgﬁ@rp}ggengompﬁ%hn%rbgf%éaé Aea%?one of

t he vari eté of inherent offsets of the data packet using € estl e of
the at | eaSPTYRMCatN v Zecetveroffor receiving data packets, the data

communication receiver comprising:

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 cstimat@r 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
4 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;



I nherent offsets to produce at |east a portion of a partially conpensated
data packet, and wherein the at |east one conpensator has an_qutput 30 for

provi di ngwk)zbg %_I east the portion of the partially conpens&ﬁ otf difa
packet co f? ¥ ng to the at |east one data packet; 0 SPEESGEIYE30 WO

03/ 079552 PCT/ SX03/00030 5 a plurality of offset estimators coupled to the
out put of the at |east one corrpensator,5 the plurality of offset estimators
conprising: at least one of the plurality of offset estimators for
estimating the &tpludadityook offset lestimatarsycofipisihesaMe ofitsat offthemt he at
5 | east th?eaqs?rtion of the rtially conpensated data packet while the at

a
| east tge po(rj T E[Oﬁ’f? %Tm??élsﬁé b }lg}uealar}a'eﬂ%gffw Qﬁi@aﬁ?m(?@mpfi.sbqi:ng .
recei ved, an e atgte 0 ity O et estimators havin
an out put for provi d?ng%;énStes%?llér)raotfteleg pk’ﬁé@f&e%ﬁst&gﬁ? SF?’f%tq}'ﬁr Qfy of )

i nherent of$timtadingitble ¥ lenst east ofatind Weficgnef ﬁthéxtb“i‘ltp&f‘t’ée%iff'din%eo{a{ set
at least one of the plurality of

estimatg)rs C Iedtoth% ut put _of the.

of f set eslqaﬁg;{gf:s?mftﬁén & thepartidbi Rrempensadedtdatappaclatt whilefthef 4 et

estimators r ' ' . anot her one of, the variety of jnherent

of fsets frlcgar%fS@t%%S?t i ealtgt% ff%]eé g’%ﬁ‘f“ X GPMRFDSREH] éf‘F%/ Ragkstrisabeingiat a

packet whi taechied, ienditheaalvhst bacRTtheSluRhiiter BAGH BlihaiorPRAsALLd dat 2
| mate of the atal on

packet is . being received, and fromthe ‘esti eas of the
variety ofan i%%%ﬁ%rfprd?rf%dmg ancestimats of the atdeasheneawfethef vadietypbur al i ty

of offset ; I8 vi g an out put for providing an estimate of the at
| east anot her gﬁgﬁ%gt{]’ﬁ%&@ariety of inherent offsets. 20 In yet another

aspectiQhe present iawinidtoanptives 4% 8f TRENDflAlty Bf (il SIRRARALY ON
conprising the steps _of. a) determ ning at |east one data pac eP < Sej ng
recei ved; tURSH fatthy attnadt of theeat loast enefoft ttee ailukralist ofneffsiat a

packet to est e of.direct rrent Qffset; 25 c). estimating
f requency of ; sg} of qpﬁeggégl%%aaﬁo%ﬁ’é °a’£t%f°§é€cl?2¥m§§w n(:!)'I 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
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 oné 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 proauce a
compensated data packet;
30 ¢ providing the compensated data packet corresponding to the at

least one data packet.



the estimate of direct current offset; d) conpensating the at |east one
data packet using the estimate of direct current offset and the estimate
of frequency offset to produce a conpensated data packet; 03GERY006r ovi di ng
t he corrpeWé%l@@a%déta packet corresponding to the at | eastPCESE036M030 packet .
0 5 SEP 2006 WD 03/079552 PCT/ SGD3/00030 6 1In still another aspect the
present invention provides a nethod for6 frequency offset estimation
conprising the steps of: a) determ ning sanples of at |east one data packet

are being - recelnsdll anbjhateigsentthemidstAt infltilic prBYIRS a AR YSENY the

sanples of .the at |east one data packet; c) adding a predetermne
constant t JeaugBCyiaflset estimationgiamprising tiee steps ef:ori ng a predet erni ned

nunber of es £3. at , | east 0 dat acket; e) perform ng
conpl ex co‘trjll ugaﬁlggénﬁlglnrﬁ%‘r%%%@%‘?seﬂ?i ﬁggl%ﬁﬁibgﬁeoaapq neackeipegs Peing oduce
a result; foceiwdd;i ply the result of the conplex conjugation with the
sanples_ of the at |east one data packet to produce an output; 15 @)

det er mihe Phe adefcaguiningdiccaucpurent raffsest mpwés ashyg ahethgnpleRr eigier m ned
nunber to RiR ' h) determ ne argunment of the average and

di vide the are\éllﬁgrg’ﬂ%n%%\éeﬁ%gﬁﬁggative val ue of the predeterm ned nunmber to
By the samlof t harme & Predtteriiiied Fonsthrlt o dhe’ dhry: St "8RS i nea

by the sumof the constant an rect curre
in step (chower,produce a frequency offset estimate. In yet still another

aspect the,present.invention provides a
P d)p storing a predeter?mned number of the samples of the at least one

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



met hod for frequency offset estimation conprising the steps of: 25 a)
determ ni ng sanples of at |east one data packet are being | ; b)
o S E 1

det er m ni §@ ¢hg7eah current offset power using the sanples | east
one data packet: c) storing a predetermined nunber of the PS&AMH%480%39 the at

| east one 30 data packet; d) perform ng7 conpl ex conjugation on the
predeterm ned nunber of the sanples to produce a result; WO 03/079552 0 5

SEP 2906 Pe /SGOS#EI(J)OS 7 e) . nmultiply the result of the conpl ex

conj ugat i orffwi t ATPHEPYathe assuliok Hee gonplextcajugdtiva pitik ehe tsamppleduce an
output; f) dgfeherdyirg the output fromstep (e) by another

pr edet er m ned nunbersét gﬁﬁﬁ%a\?‘:‘:" e ngétat\?e?r éﬁfC%Sa‘bPL’EBHBi ne the direct current

of f set powd} fr cletetrapné thenvatvbra of Mk AR f S action;

h) determ ne grgunent of the resu?f.of subtrggtﬁgpgﬂ}%e s{eéngg%&?%ti‘&f

di vi de thepaYFaﬁ%éﬁPnﬁﬂ}l nambesder pravidelmeavdraghe predet er mi ned nunber to
ef Description of the Draw ngs

producega fo§equ of f stijmate. 10 Bri :

An enbodi m§?1t o?aﬁﬁbel?lgr glg%n(fir?qvgmf%‘?mt \‘Rﬁlrspt ROW e figsnesten (B) wilds ¢he bed,
by way of exergdefrom step ¢ epeaasthetibe drawings of which: i5 FIG 1
shows a tigﬁ-activity ditagramof a priof art offset estimation and

conpensat i % sySetmineargumcotofathieurestilpofisubteckio ASNABED (H%nd
enbodi ment d?sjidér}peo et eﬁbi gtglt i on _and coppensation systemin accordance
with the presén in&i‘ﬁ??‘a PyFedegataye ¥akigsohthe predetermiingd diwmbam of
the of f set teproduate anfréqdency BPRBE 2kt RYStemin FIG 2; _

10 : :

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 3B shows an alternate time-activity diagramof the offset estinmation

and conpensation systemin FIG 2; FIG 4 is a flowhart detailing the

- ‘operation gfp §fi@ehfset estimation 25 and conpensation systEnbihmis G 2;
FIG 5 shows a functional block diagram of another enbodi megt/sgésneasy of f set

estimati on and conpensati on systemin accordance with the present
invention; FIG 6A shows a tine-activity8diagramof the offset estimation
and 30 conpens%hiéog .sys'hte)m in FIG 5; FIG 6B shows an alternate
time-activity dffgr Zrisct flomehairt detailigstiHepg epsation systemin
FIG 5;. WO %ﬁ/d%?égz 0 5 SEP 2006 PCT scaosl%%ﬂp@ig giln%"?‘%ef §Stmeitione har t
detailing the oper TRIMBR stesrinsBiG.e5t i mati on  and conpensati on system

in FIG 5; FlGFRi.s8emw ure of a preanble of a data packet; FIG
9 is a nodel of_a commni%%?%{r{lﬁc%&‘éﬁ%gadﬁeﬁﬁ?@ﬁ ofa datsppakket's having t he

preanble in FI &I®B 9ris tr ansdel bed dorin i des a graph showing the
det er i orgt ilg%%ieg firequency offset esti m@gga&ﬁ%hcﬁmré‘gs?ﬁgwgcﬂbﬁm
power: FlIG Rétpying Rdteambleinddl:. 8 age aramdmatgi or art frequency
of fset esti mat grgqi 1@%0 ging;, 10 FIG 12 shows a functional bl ock

di agram of anot her pri‘or V?r{% %Tg'é%ﬁté vongsthe sketeriarationhienfreyeeagiyng i s
enpl oyed; mffset tStistmtes ‘althl'ﬁ‘l@;'é%g I?(b%(ﬂ%e&l: a(.ﬁ{'am of a first enbodihrent of
a frequency of @}3 estimator in accdrdance WHN he present invention;

FIG 14 is a f Hakshayes & fumetional bleekedlictagh dr of fset 15
estimator ioffskt & .&%tOFWV‘lS shows .a funct i%al bl rc}%yrgﬁgéﬁgﬁgg'fleﬁ%econd
enbodi rﬂr&nt of a tflrequenc Wt averagingimt or in accordance with the pr esent
[ t ten; BIG. 1 : .

' nventron, —an 2 shows a functional block diagram of another prior art

frequency 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;
o FIG. 14 is a flowchart detailing the operation of the frequency offset
15 estimator in FIG. 13; |
FIG. 15 shows a functional block diagrém of a second embodiment
of a frequency offset estimator in accordance with the present invention;

and

| | FIG. 16 is a ﬂowchaﬁ 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
and second embodiments of the present invention based on the
preamble of a larger number of data packets; and

25

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

30



FIG 16 is a flowhart detailing the operation of the frequency offset 20
estimator in FIG 15; FIGS. 17A-F provide graphs show ng t hgg per 008 nance of
the first wapsomsesond enbodi ments of the present invention based on the
preanbl e of a snaller number of data packets; FIGS. 18A-F H5IRAYE%S? aphs
show ng the performance of the first 25 and second enbodi nents of the
present invention based on the preanbl eJof a | ar ger nunber of data

packets; and FIGS. 19A-C provi de graphs conparing the performance of the
second enbodi ment of the pﬁ%é@HthlWémlbnmfttbed)mwmgsart frequency of fset
estimator. 30 0 5 SEP 2006 WD 03/079552 PCT/ SG3/ 00030 9 Detail
Description of the Drawings A direct current (DC) and frequency offset

‘esti mation and A cdimesrs atiroensy BeRPi e t ,Raying a
preanble. 5 The s%s.tem conpri sg]g?;] DC of fs ngts? [ %a%(r% %ﬁgﬁggg?eqﬁ’é‘ cy
of fset estiTHEBFIERBPNORETIEIR reanivesr datd parkety, astiote hesingat pse@hbRC and

frequen a_ pa t,.which are determ ned froma ortion
of '? he (g?/eglf‘r%f ?y%&h tclggnéjli%%‘? \F/)aeg.ﬁéﬁgff’?we eﬁ@g@gt&r @ﬂé_ ariseapracy sOffSpet
recei ved,  @astahtesmahhvperafd %ntdi?rreﬁﬁg”m frba & geﬁsg}/r%%ﬁ%s‘z r?gg(ﬁggg‘gﬁteor 10

receives tBe estimates of DC and frequenty offSers
remai ni ng pEFARSRACHIofsrtsdef 4hpadhta packetyduhicln 496 dBebrhRIEFOm g f Set

conpensat e cet . _The .concurrent operation of the DC and the
frequency g%‘#?@?‘ 8@%&%@5&%@%% 19t Hredted- A the westof sheipreantblprisduce
the 15 estreceived, ot dMeraRdivelearey he fr.eguency of f set
conpensat or di_scl osed advgg%tv%}iousl g%e?égée%g%e g%gecéeéY%?é%&Fp?‘ﬁ%atﬁé

of f set 1Pr ofif¢tECHEhe sstimates efdCuand frédeenst bifsdts id ot Rnfths the! O
produce t,h?eﬁ&tih{@é %o?ho%hgf ftfue:qélaetnac)}/)acket to produce a DC and frequency
offset compensated data packet.
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



of fset, thus providing an inproved estimte of the frequency offset. 20
Wth reference to FIG 2 one enbodi nent of a DC and freque@%)g( ﬁggset
estimati on and conpensati on system 200 conprises an input EP

recei vi ngv@aBA79%cket s 204 having a preanbl e 206. The i npBET/S023/60830 coupl ed
to a DC offset estimator 210, a frequency offset estimator 212, and a
conpensator 214, and as the preanble 20B0is received, it is 25 provided
concurrently to a DC offset estimator 210, a frequency offset estinator

212, end apRagmRsSakon Andi, BE HERK AR ARG

estimate of DC offset and Is ¢c to prov estimate
frequency @fl8set estimator 212 and the conpensator 214. The frequency

of fset esti mat;f\h§212 use e estimate 30 of DC offset and is coupled to
provi de an est it VYER PREJOBRYS; epneyrranteestimsdinm el tha DCard

conpensat o | esiyJint . r f.sets,
and is cou{)rl e tr{)(sg?fgﬁif)ut ,ﬁﬁe}]ﬁ;ﬁ%@&@es?@%z%ﬁ@% (f%% g%&%zﬁ;‘{h
PCT/ SGI8/ 0oefsderic: tpFbG. @5, thisopraddes the ®pporanaty Teflconsyessinaneat ed

dat a packet 2]b8§.r The system 200 perforns concurrent estimation of the DC
and frequels bt pe I"Wfierd‘ﬂﬁ@&ﬂ'@ﬁ%tl@nzoﬁ the preamgble 20G.efresinbie 5

f e e . oo !
5o be. perreshiesn Hfine $05 1B A6 (fiRs AFHBRPRBIC Y a@argBIEAEREN Mt cp: i on
tinme 305 i datd@ackee20drisnecaived) THe preaaitlt timeB0Y chithe di¥ideR3nket 204

is received. The preanble tine 305 can be divided into a first portion,
whi ch wi | | adirstaraitiony whicls witk beaefermed i toeass e6tinmation times3tOndndaat i on,

which w1 f t 0 nsation time 315. During the estinmation
i aith, | HConE e, ' Budn PP B BhteRted 1 s e SR iR oS3t o

212 oper at Puning theegdtimatitvh #1863 b, the DO! §tdst SAOntdr 38 aHE e duri ng
the conpensation tinme 315, the conpensator 214 operates as shown by bl ocks

330 and 33Feayensyffssdrestimatne 2 K¢ eipesdtepcennutretlys as showvnldwatpecket
204 for bohfheks 320 and 332. Then, during the compensation 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 compensafed
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



DC and frequency offsets, and can begin to provide the conpensated .data
packet 218 by the end of the preanble reception tine 305. Al5t$%Prdls vel y,

with refengmegobsFl G 3B, the DC and frequency offset esfi i an be
performed during the preanble reception tinme 20 305, andsl{W@ﬁ(g

frequency offset conpensation can be perforned later i.e. after the

preanbl e reception tinme 305, during a poest processing conpensation tine
320. O coursge this approach necessitates the use of a buffer to store the
recei ved d&SAIPatk&f doy DCaffsetuts dhaeftevenppl offsdtee priniator TESSThE

conpensat i d .25 dat cket. Wth reference nowto FIG 4,
t hgp oper at ?g%ég%léégf B{fgéFS‘?ﬂrgﬁg%gﬁ)@t ures sstimatetel AGi elfset1 6o when
recepti on @tirhatedaBo fagkeh n etermi nation
is positive, providing 4?5 tﬁ%%l;sg??i?v% a%%%?P%(?iﬂ%f é@ﬁéa%gfgpoﬁgg%&a%o4 to

t he DC of f $8tingate) olaths fregaencg@ifset. frequency of fset estimator 212, and
210 estimtes 420 DC of fset of

the congensato %14. The Dg Oéﬁ et estimator ( y

the data packfrsrth SN PERTAL alﬁfprtol‘fbd‘?ﬁ d3rpvithode: estimages of dhe D25 an 0
5 SEP 2006 offééx 0 | mat e, of e DC offset to

t he frequer?cy o%ﬁ?ﬁggﬁﬁ%%%geﬁd%ﬁ&q% 89881;91'5%:‘ e‘é“f‘?%ﬂ%f)ézlz
uses the egndritegusndyCoffstteto ttompehsars @ 463thé IRAHEPSILES 5Ot 1afret Ne

dat a packet 204, and produces an  estimate of the frequency offset. 5 The
conpensat ofomqséar}b?’gvﬁsdBSr%?% a6 the data packetds réneibal, ahfisthe and

t he frequessinsdd : S r. 214 us t.he and.freguency
of fsets to co‘rr%gensgﬁ)g %2% %ﬂglgggg%%acé&p%ite I—‘gf%,tgecg%%m%%%"s
per f or hed uatilhe dideampnakion 445riecriadedthanehé kom A theldata

continues to ﬁogaﬁasate 44‘%§t he data packet 204 10 until a determnation
445 is madBAERY dScpRlfdes aud the qampensatedpdateepacket 28 dmsbesre, and

': EgnC(r)reTﬁ Pﬁgéw?geg??%@]ﬁgp%iﬁZ%d@ hen VLIS %4<li:’gt'err-lr_1r1]gi1{)gp 919" {.I’?en 400

start of reception of another data packet. '
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



start of reception of another data packet.
enbodi nent of a DC and 15 frequency offset estimation and[]

syst em 500 oc@psisses an i nput 502 for receiving data paclf,é“;gg@ggggv
a

preanbl e 206. The input 502 is coupled to a DC of fset estinmator

DC of f set

estimate of DC offset froma portion o

recei ved,
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the DC of f SEdURSHyRisek estimmtor thi psesfthecestimate nd aesidudl D seffséthe
estimate o o) ngd .t ta_packet 204 to_produce a_portion of a DC
of f set co%ggr?g?itééiﬁgfr%gng? e"ls1 I(eon‘gﬁesﬁg\/\ﬁfﬁ%t& B @Eﬂk‘@?%oﬁﬁg‘ﬁ%é?om%

irh st P&rfgl{.é

set estinmm

07 has
et
510, a

frequency bFtidetal 3Gt andt beqaencyanlisetss enpbis atourplsd 4o A8 st UROSLEON Of
the DC of f : 1.CO ted preanble is,.receiveq, it _is provided

concurr:gnt ?6/3{1{:(151 agp(r?‘gzﬁgua? IS@rSFFE@P%éE‘gi Fesdiusi oD@ andubiearenes
bdmpemated dats PREREH1E. 514. The residual DC offset estimator
510 produces an estimate of residual DC offset and is coupled to pro

the estinmate tBhepaystenheS0 epedocmoisegeientiili DM offdel 2estigativh and

esti mat or

conpensat

of fset est PARPSASSHON,

coupl ed,
514. The
f requelty

or_514. The-V\?ﬁS/ 079552 5 SEP 2006 _PCT/SG03/ 00030 12 freq

gloyrd BYeongarrsnt, estimasiorpof giesidual DGhanids

tir ' ty e y fset, t.0o the .co t
c mr_p%“é“?e oPBeSS Wi Bl rEdtiey206 1 bdife Preafih Wi

esencs tandiG.s 64g ublisdptavides ahiepoippbithiniby b Thri<v bisst

Correspond&ng resi dual and freq(gency conpensat ed data packet 518.

system 500

fol | owed
when t he

OPRATOLLIQ B deLforpred diumg segantion o the preamble 206 iAm

et

vi de
uency
or

and

a
The

biyefoRBC Hhé %ﬁfﬁng[%deﬂh&{ tife S8 s e fithe GLEAHEMRICRM BRC! S

preantﬂ e 2 ecel ve
preamble of the data packet 204 is received. The preamble time 305 can

- . be divided into a first portion, which will be referred to as estimation

15 .

20

25

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. Durihg
the estimation time 605, only the DC offset estimator 505 operates as
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

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

30

preamble reception time 305.

Alternatively, with ‘reference to FIG. 6B, the DC estimation and
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




10 reference to FIG 6A, this provides the opportunity for further offset

conpensation to be perforned during reception of the prean‘ﬂl %E?%f{ﬁ As

bef ore, t‘gs ?/ree_lnble reception time 305 is the time during \R/nich he
preanbl e URE¥at a packet 204 is received. The preanbl PEVSENBHOSB0can be
divided into a first portion, which will be referred to as estimation 15
time 605, a second portion, which will I8 referred to as DC of f set
conpensation time 610, a third portion, which will be referred to as

concur r ent ladenpipsaaften théeepfddmbledrécdddsh Ntipgk t 808, | ! e
referred to as DC and freqﬁglr)\cy of f set coérupensaltion ti Frea\gilﬂ%& &ré?\gg{ t he
esti mat i onPI?PRESVOB, enpansatpmoftimet 3201 nks obeb@re,oftriat appasazh shown

b he bl ' h f ' ' 610 I h
B e D koA RN S B L BBt BT B Se ot Tashtd G | e
t he concuraadts, ﬂﬁethtgpgg?meﬂﬁaléogp obtdl&ind 8§ sgsl?l%slﬁc{)(\gm ﬁg% >§g%l_lt(,:lgrrat or

510 and the frequency o estimator 512 operatye, cks 635
and 64@. F‘M@P%k@uri ng the DC and 25 frequency of fset conpensation tine

620, the conp tor. 514 co n es the portion of the DC offset
conpensat ed pf‘@’iﬁhrﬁfer%&e né’g‘gg‘bz;ghn%»cﬁhﬁr%r@@%zogcﬁﬁﬁmw%éndﬁﬁ packet
518 by t hestarts PO5tR &1 j | 305 t Lvel ith

ref erence It1 0] Flta%tg SB:L%EREC }e’gl%é ?;11?)'0 gd#%gln%écgggﬁgo%@#%g%?%&f,acgﬁ§2pﬁne
concur r enthas starteto mathie Hetermitttionis pokiti foidielgf PIHRHedUr i Ng
the preanble reception ti 385 and. the resi?ﬁal fl:%r%ndlff%uenc eoffset
conpensat ir&geg;ﬁe ggrtb%’llf‘?fpﬁi?d ata paebeb 38 (pthe RS orsetrestimatay 50630 13
| at er jp. e.addit &1 ' ' 0 i Ng_a..post cessing
conpensat i%n, ti &%Oaffﬁgﬁt&e{%&?gﬁggﬁﬁrsgo?ﬁ?lg{alghgcngoggsegi Fngréattoﬁeg{)JZe of a
buf fer to determines 726can westintateaoPDCkeffsA0f, thealutaSpRaastuPo4 norarBky t he

Post D 0° AR EGIBSRTANBR 4’ B8] o ¥ Sk S5 "
is made that a predetermined estimation time 605 has elapsed, then the
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



starts 705 with determ ning 710 when reception of the data packet 204 has

started, and when the determ nation is positive, providi ng] 7@3@%
recei vedlﬁgro%]zp_?f t he data packet 204 to the DC of fset sﬁt 505 10
and the off 56t~ conpensat or 507. The DC of f set esti nmat oPCEEE3/MIBLr ni nes

720 an estimate of DC of fset of the data packet 204 fromthe received
portion of the data packet 204, and wheha deternination 725 is nade that
a predetermined estimation tinme 605 has el apsed, then the DC offset

esti mator $0¢ qeropedsatezBPoationsof ths dath pdrkdPQMs f Ag&iﬁ,%&ﬁﬁ%ﬁéa% of f set
conmpensatot_507. The, DC of fset conpensator 507 uses the ‘estiate of DC
of fset and'® REFfrzasd &s glﬁfjiaéﬁ RACkat2@tis. regaivied;, =20l the conypgpestate t he

recei ved pghly : t a upseqyent | roduce-a DC of f set
conpensat eglgjo%birge;lln{él gt ﬁg gg@%g%ekt& n&o@ ﬂ?‘? g‘fa{é %%‘flgﬁ‘tm%é‘t WAt 48 t hat
t he DC of f determnirpsticnatd 45 is irade ihdiaghe Part¥lepRSsiflpenBEbly & flft?tdata

y

conpensat ed Egrti §n of the data packet 204 is then " concurrent provi ded
745 to thePREKEHEAF iscasnplate, andithet eompensatatkdata paukec§y18Hzaebeen

esti mat or : d e nsat or 4.. The residual , DC of fset__esti mat or
2?0I esti ma? é%vlfi‘%g ’riégi Jﬁ‘%ngﬁﬁfs%??%ﬁ%#lﬁﬁer%%eﬁﬁeﬁgmnﬁig t7|1<981ﬂ|@>¢ t he

dat a packettaaﬁﬁfrébdpﬁéﬁ\df%ﬁ)tﬁé'x’;cﬁ'ﬂa%f'a%%é{rpte of the residual DC offset to
the frequency of fset estimator 512. he frequency offset estinmator 512

uses the esti mhhe isequancy effshiaestiatof 22 aml &40, nigi acéGRlLHRIEHASY
of f set of sated.porti.gn of the dafa packet 204, and, produces an
estimat e oﬁ’*ﬁeﬁégg?‘iﬁa%%u@?f it ney éﬂ&%ﬁﬁ&ﬁfgbﬁwdmai BG4 soceizer 765
wth tihe egithe@RBMOmddiiatibgsi dual DC of fset and the frequency of fset, and
t he conpensator 214 uses the residual DC and frequency offsets to further

conpensate 77048 ansihusativev@id,3p0T96661 PETHSH3EA0G3h the [dltowing
conpensat e(qogﬁ]&ljl_on of the data packet 204. Again, conpensation is
per f or med ‘as e ‘data packet 204 is received, and the conpensator 514

cont i‘ nues ﬂoié‘fﬁ@&‘i‘f@eﬁﬁ'ﬁer@%éiﬂg SABPDRASKHL cér%er‘é,m il a
- fa is actual frequency offset of OFDM sub-carriers;
15 £ is the relative frequenéy 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 |4lexp(jo) @
And, as a result of the DCA, the DC offset as:
S A [dexp(iB) | 3)



determ nation 445 is nmade that the further conpensation of the data 5
packet 204 is conplete, and the conpensated data packet 5185 pEbsitgen

provi ded V&fes3/0F58,0perati on 700 then returns to determni ng 710 the start
of reception of another data packet. The frequency. offset PEIBGRPE 212 and
512, in accordance wth the-present ini/gntion, wi || now be described based
on a DCA receiver 10 wth OFDM nodul attdn. As an illustrative aid, a nodel
is provided with the following notation: fc is inter-carrier spacing of
OFDM sub- car ri erldie asgumptien {iati actjrun iyvaridseconiplerDyaiulA aadr Das; 15

6 is th | fNQ”S: f i.e. the ratio of fato fc; Pis th
nuln;er gf r?g%%{é\gﬁ? iV(rarlsl’Juseé(olfl ?‘éﬁ}e&?q—l eﬁc? é“%ﬁ;‘gé‘éﬁf‘?{@}’s giﬁ‘?é“?‘ﬁ?élf‘%hl . ©
FIG 8 sh t -isWeld P

ote g, S S T S SOITHE A

used in a simulation wt e prea conpl’i with
t he | EEE 8@enstant.st andard. The preanbl e conprises M slots each having an

I nter-slot index,m_and intra-slofs each having _an _intra-slot index n.
The rmoddl will BEcREGFRRleasransmitisd vig 2 comamanisatonchanng] with a

conmuni cat i ) reanbl e can be defined as 25 mn) A
I x(m In)I g@&ﬁ%&% et'(%lfgmﬁileﬁgétg%grpgwgk channel gain as: | A D I,SAI expz(j(O) %2)

And, as a result of2sifthe D@ the DC offset as: S A 16l exp(j/3) (3) 05 SEP
2006 WD 03/ 0799’5;2( 1S 00030 15 The assunption that a tine invariant
conpl ex gain A and offfdet Sis valid, when the coherence tine is

relatively |arggy: ared, t he packet .l ength, _apnd when th in
controll e%/ at ?ﬁ/el%ﬁexgegggeé}cq fo Hgli(% 9 H#{€ Model Sgbof tﬂe communleca %n
- channel takes into account the various parameters of the

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(j€), direct current offset 915 represented by

1) =|51€xp(jﬂ), 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 o 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)+ S
=|Ax(m,n)exp[j(vk + a(m,n) + 6] + |Sexp(jB) (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.




constant. 5 The preanble is transmtted via a comruni cati on channel with a
frequency offset defined as follows: 2 gfa 27re y (Pfc) (P) Wth reference
to FIG 9 the nodel 900 of the communication channel taked 5 $iPollfccount

t he vari o0 p#7958t ers of the i o communication channel t hatr/sddoodso
transm ssion of data packets. These include frequency offset 905
represented by exp(jyk), conplex gain 93g represented by A= | Al exp(jO0),
direct current offset 915 represented by S = Ibl exp(jl), and noise 920

represented by Vlél-ﬂb’}gx ich affect the transmtted preanble 925
represented by x(mn a%\r?% %}ggfﬁstsg& FP‘;}S-15 recei ved preanble 930 represented
by z(mn). Furth@[g dpdlgding additive white Gaussian noise (AWE\) in the
comuni cation chahnel wth variance a2, the received preanble 930 is

defined as fol Mhew, theWabiaicy ONthk fk ?:), : = ;,m exp(]

yk) + S = | Axim n)l exp[J(yk + a(m n)eéiég}é f(ﬂl%F %&gkﬁ[‘)ﬁ&%?g e%"ﬁ% OR
ART W TH NesdellowssSET An article titled "Fr equency O fset Synchroni zation
and Channel Estimation for Based Transm ssion" by Song et al. in | EEE
Comuni.cat i Letige ol P4 . 3 March 2000, disclaoses frequency offset
esti matgon l?&%'é iﬁﬁrr}ﬁ A i A\ Wgé&fné\é) of 25 AWG(6) and
where there is no DC of f T AheMart) ciVe SNBches that when the signal to

noi se ratio (Ssz_ i s.high, the frequency offset estimator is not biased.
WD 031079552 018 %‘fbl%e@ estigraeszthe vasiarge ahthe estyma¢oriptiesrehnt hus.

E[t]-E=0 gaﬁareEﬂ%r"(MéEPSFﬂ—?é egﬁg)a{t%gquency of fset estimator can be shown

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

valgorithm, the Mrepeated 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

1.5 replacing M by 2 and N by MN/2 in equation (6), produéing the
following equation.

02(2,MN/2)z( P Jz 1 )

MNr ) MN SNR/2

Then assuming M is even we have:

o’@MN/12)_8(-1*)_ ; M=2

SOLN) M M=4
<1, M=6_8....

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



as follows: 1 125 E (E-E[E])2} N2W2 A a2(MN) (6) (M--1) N SNR For

unbi ased estimators, the variance of the estimator is the are
error (MSRo @fphke estimate. Another article titled "A Te?@%&@é
Ot hogonal Frequency Division Miltiplexing Frequency O f P | on"
Moose in |EEE 10 Transactions on Communications Vol. 42 No. 10 Cctober
1994, discloses a maxi mum |i kel i hood estifration al gorithm Using Mbose's
algorithm the Mrepeated slots each with a length of N points is divided
into two bigger sI ots, each BRIOBWYRA WII'PL DONOFRSE®RSsunption that Mis

even. The vari .fr %Y% of fset. estimate can then be obtained by i5
repl aci ng M by 9" CRCE %%?ustereyltorpabmmgmmdﬁsotlam ng
equat i on. i b 71 T, assu M. i we
hgve: a2 2 OM\@@% Wh;d( @111 lM\l'CII\I?INI\@\E&%- %%}n . _1_’r_o_r€i rom
the equat i d?f ﬁ!foﬁ@quwmyeoﬁsdtresmaaw, tfifingtines Tac@Bhﬁ'f thiRr 1910 Gﬁ&tb%&hef

performance._t Son he way of |ower variance for I n
addltlg% el?‘l dd8 Eﬁﬂ’&\f’%ﬁiﬂ? ?(? W®rgi nal for smaller values of M However
nei t her Moose no fpng ders requencg of fset estimator that takes
into account th f‘evsé&ﬁ %r B(x% a}v\o 03/ 079552 0 5 SEP 2006
PCT/ S&3/ 00030 17 PRIOR ART WTH DC OFFSE
— 3 2\12 A
=E{[e-E@)]* }+ E{[E(®) -]}
— A 2\12 | A 2
=E{[e- E@)*}+[E(@)-¢] ®)
| This relates the MSE to the variance and bias of the estimator.
When DC offset is present, the estimator is biased:

A P 2
Elg|-e=——— .
[£]- =~ —arg(1+15" expivy) )
10 Thus, with the variance given in Equation (6), and if proper
preamble is used, the MSE can be approximated as follows:
B [P B P 2 .
E|(e-8)’| =0 (M,N)+[§Earg(1+|5] exp( ,gvy))T (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 |5l2using 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.



Now using the frequency offset estimator above with DC of fset and equation

(20), which will be derived |ater, the nmean square error (I\/EF)S 2{{ t he
frequency offset estinmate, taking into account the DC of fse Bl s pe
det er m neWo@/0f#ist ows: E{[E - E]} = E{[E - E(E) + E(E) - I@GOE{)OOB(E -
E(E)] 2} + E{[E(E) _8]21 = E{[E _ E(E)] 2} + [E(E) - E] 2 (8 This
relates the MSE to the variance and biaggof the estimator. Wien DC of fset
is present, the estimator is biased: E[E] - E 2,7 argil + 1 12 exp(jNY))

I(C”g)eangll éol lhﬂgec}%t%é{%ﬁycan ggéagipr’gg‘{ﬁfﬁbe at| quﬁ( @@éfe%f?fg jp)r per.
62(M N) + 2ebtiaiagio skl W) 0m i D1; nj'hg,fg;rﬁu;yw@é ﬁlf+?9§ {Seai%i“he#l
with the Y F 2%+t

val i dated by conparing equat on (10) uenc

estinates ¢ ahikipld=0ivrs bidisére®@polat fygﬁlég) I\%ﬁ&?ﬁ%‘ ccf{xgidgeé%e %%n%qgs

Musing M= 4 at SNR = 20dB. Wth ‘refe

nor nal i zedor $he& egnivalsntofishstslot apiatrhin titge.aHshyéj cal expression. It can
al so be observed that the frequenc of fset estimate is sensitive to the
presence ofyy(6milzge= yeonDERAITRDN OF EQUATI ON (20 . Song' s frequency
of fset estimator assurred t he, conmuni cation channel to be noisy and
averages over a nunbei inn)ierm(t-ﬂvy)mlﬁﬁ\ﬁe the estimation. However, here

an expression for the ffset estimation is_first derived

assum g that the char}(ﬁé‘r‘g 5]?@1?2 #(@58))arexp(24K mot buPlagi ng is carried out.
0 5 SEP 2006 WO 03/ 072“% / SQ03/ 00039 18 th reference to FIG 11,
which illustrates a ¥ G@Pbgyre ﬂshér Hmator based on ryy (mm+ 1;n),

REERHERESHIN O e SRR
: where E(mn) A ye (Nm +n)+ a(m,n) +0-p. ' (12)
Note that £(m +1,n) + E(m,n) = 2E(m,n) + Ny, and using the identity
1+exp(j20) =2cos(B)exp(j6), the last term of equation (11) can be
written as follows:
|A6x(m,n)|exp( j&(m,n)){1+exp[- Jj(2&(m.n) + NY)]}
- =|A8x(m,n) s 2cos(£(m,n) + NyI2) e exp(-jNy12) (13)
10 Now substituting equation (13) in equation (11) and taking out the
factor exp(—jNy) the following equation is obtained.

. 2
ryy (m,m+1;n) = exp(~ ]N)/)”Ax(m,n)] + 15[2 exp(jNy)+
| ¢(m,n)exp(jNy/2)] (14)
‘where ¢(m,n) A 2|A8 x(m,n)cos(E(m,n)+ Ny/l2). (15)
Estimating the frequency offset using one point, when

6=0,§(m,n)=0, and the phase of r,y(mm+1n) is ~Ny, assuming

15 IN)/]<7I, 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:



or the equivalent of one slot apart in tine. Hence, ryy (mm+ |;n) =
y(mn)y* (m+ 1,n) = IAX(mn)l2 exp(-jNy) + 112 + 5 | A 8x(mn)|

{expu(mﬂ% + exp(j~(m+1,n))} _ (mn)12 exp(-jNy) + M 43 5EReHlim )|
exp(j 0Y0795Rxp[ j (~(m+ ,n) Fi(mn))]}, (11)  wher @CH(SGONPO0I
y(Nmtn) +a(m n) +0- 13. (12) Note that ~(m+ 1,n) + ~(mn) =2 (mn) + Ny,
and using the identity 1 + exp(j20) = 21(9)3(0) exp(j 0), the last term of
equation (11) can be witten as follows: TASx(mn)lexp(j~(mn)){1l + exp]|
j(2~(mn) + Ny)]} =1IATX(mn)1 2cQs(~(mn) + Ny/2). exp(-jNy/2) (13) 10 Now
substituting I)g, mmtdmé?uon (11) and taking out the factor

exp(-j Ny) the foII ng equatlon is obtained. ryy (m m+ 1;n) = exp(-

J Ny) HAX(m n) J2 + 1SI exp(J g( mpn) exp( Ny/2)] (1 ) wher e. O(mn) A
21 A8x(m n) I cos(ﬁ nﬁrﬂf J(l)g% EQIXp ¢(ﬂ7¢en)‘ Q/)]of f set using
one point, when = AQpn) =0, and the phase of ryy (mm+ 1;n) is -Ny,

‘assumng 15 | N 1 <7r

7 he freqyency of fset y under noi sel ess condltlons
can be obtained

d py divildj ng t phase b N. s So s f equency
of fset esti rraté'erTnﬁf?I (Iﬂg() Pl ng(ng/

or . Wen
DC offset is present, ( Cﬁ &y quency ofl mfnsﬁ mat e the becones: 0
5 SEP 2006 WD 03/079552° PCT/ SG03/ 00030 19 , 1 == Narg[ryy(m m+ [|;
n)] =Y - N ar glH&ast Hwo Rerm&6ik2 tﬁépéjg%ﬁ] i‘itta(x@ fabiy/
ar 1+ exp(j Ny) + 0(11' n) exp(j Nyl 2) (16)° ¢ Ohag¥ftebll id cotss ¥
errors in the frequency offset estlmatc Y. 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. y (Mm+1;n), the time average
of r (m,m +1;n)is defined as R (m,m+1;n). 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 —-Dterms are

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

Ry, (m,m+1n)= N(M 3 ,Eoz:r (m,m+1;n)
[Nz
1:, ZIAx(O n)l + Ié]z exp(jNy) +
eV
NG o) ":5__30 ZJ:) ¢(m.n)exp(jNy/2)
= exp(~jNY)[1+0]* exp(iNy) + ¥ (M, N.7)] (17)

where the undesirable term that is difficult to estimate, using equations
(12) and (15) is given as:



N1)J2 | AX(mn)l2 The last two terns in the argunent are undesirable and
cause errors in the frequency offset estimate y. Wile thmfg’EPﬁzgﬁﬁ
undesirable termcan be used for estimation if 1612i s knowd, second
undesi r abwe o3B7ésegmis difficult to determ ne in practicepcBaggsods t he
nodel with Song's frequency offset estimator, where here the conmunication
channel is assuned to be noisel ess, andQBOW with averaging to isolate the
undesirable term an alternate expression for the frequency offset
estimation is now derived. 10 WthMr_%‘\;grence to FIG 12, which illustrates
anot her frequechM Igf}{)sgt CXRUNIAZD (ﬁ@é’?l? averaging of ryy (mm+ |;n),
the time average of ryy (M(m £1 ;:%: f ned as Ry, (mm+ I;n). To
sinplify analysis, and for ‘the uBt5Put i on Xx(mn) = x(On) to be valid in
the summation, consi d_eZIAtﬁpr(jMy&)I“g&’r rded to the case when N(M - 1)
terms are 15 used for‘t‘h—‘m“ﬁg x?@(ﬂ‘ﬁé%(&m(%’mf} thus: 1 M2N-1
Ryy(m mtl ;n)=N(M 1) Z Zryy Elmir 'n) mABLA > JAX(On~ 2 + ] 2 exp(jNy) + =
exp(- jNy N n=o M2N—1d{(7)M)+13—p4Z n) exp(jNy/2) = exp(- |j ﬂ + 15j 2
exp(JNy) + 1" (MNy)] (17) 'where the undesirable termthat is di cult to
estimate, usi nYVegeamaized tHepoart dflihe recegve® pragamiile Winkd DO Uii0p

03/ 079552 PCT/ SA03/.00Q30 20 _exp(jNy/2) M2N-1 "F (M N, y) EE Qmn)
N(M -1) meBPfEEeIsedp absens @Sy B§- M 2N 1

N-1

1
~ 2JAx(0n)? =1 (19)
, n=0
5 The implications are that lA] is assumed to be known, and more

2
importantly, that the values |5] and YW(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}’ISﬂ assuming that
_ 2 .
arg[l +[0f exp(iNy + ¥ (M, N,p)| << Ny s,

N 1
. }'=—-N—arg[Ryy(m,m+l;n)].

=y ell+o exp(NN) + ¥(MND)  (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 I5] is known, and if W(M,N,y)<<1l, a more

simplified expression can be obtained for 7, the frequency offset

15 estimate.

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

determining the conditions that need to be satisfied for the assumption
20 to hold true when ¥ A 6—-fB+Ny/2¢ [0,27)varies for different data

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



- f3 + Ny/2). (18) W
N(M-1) E >Ix(0,n)l cos(y (Nm+ n) + a(0, n) +0 _ _
o226 the o 12T (10)" T N n0'S The i mpl i BasFbADare that
absent as i.e JIAX(0,n)l2 = i =
JAI is asmtlﬁo?ﬁ’zbe known, and nore inportantly, that tH’é?T‘lSﬂOQI@ﬁBG_Gé gnce
and T(M N y) are normalized to the received preanble power. In the ? % _
of DC offset, the frequency offsetltals'é:\%ﬂa'lt\le, \)/\/]m 22 :\; Ygll(i for I Ny v .
assumng that arg[l + 112 exp(j Ny+ . V)1 s, N
y=-Narg[ Ryypackeds sy¢h that thy-aseahgkibn sl 2Rk bl Nl vhided o Yiu £29)
As in equatign (16), the last two terms In the argunment ¢
b frequen@&f‘ﬁﬁ‘éeﬂl/,esﬂmﬂ:a}m ?Pmculilne; ﬂgfi%:ﬁlﬁg};g{k Sl n%?yfaflgg exprcgssi on
assumng 11 ] nown, .and.if ' y , . .
can be obt a?dr{i%‘%%}s,y(}ofl H19R b léma,lalnyis @m&dnvc;m.&v?tdnﬁa;ﬁggo WE(M
Nztﬁ) §<t lrﬁﬁhg?ﬁgrgt]té;]ﬁi cgﬁgi ??%}r:é?%fhn%] :*?3’35:}3?6 E)glssa@q’ gftihé?d patidife of
Wi ete . .
L gt ot e st p S ARSI, 1
i fferent data packets. met hod i
g;t a 05 sHPFeATOBObTToBEE RCThEEIRMAAR30 of ZRERPBOREL Ba SUERAEFhet NE
assunpti on é&ldﬁioind for small values of y but for different yf, since in
practice this s an unknown val ue. Three

For simplification, equation (18) is re-written as follows:

¥(M.N,y.¥) =248 ¥'(M,N,yy) (21)
- Where
iNv/2 N-1 M-2
¥'(M,N.7,0) A cxp(jNY/2) 2[x(0n)| Ycos(yNm+yn+ o(On)+y) (22)
(M - 1) N n=0 m=0
n-l1 -
10 Using the identity Zcos(kx +a)=cos ecg-sin(%x—)co{(n 21)x + a)
. k=0

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

N/ N
W'(M,N,y,w)=fx—fjgm—ll)cos %)su{(—]z?l)ldl) Y"'(N,y,v) (23)

~ Where |
PU(NY) A %}—Aillx(o,n)’cos(m +a(0,n) + y') (24)
n=0
¥ A y+N(M-2)/2¢ [0,27) (25)

A more useful expression of equation (24) for observing the

conditions when VY"(N,y,¥’)can be made small by some choice of

15 x(0,n)is given as follows:
. 1 N . . .
YN,y y)= ng{ Elx(O,n)l exp(jyn)exp Jjo0,n))exp(j I/J’)J
n=0

= 7\/1“ exp(j V/)ng(ﬂ,n)exp( j)/n)] (26)

Summarizing, the following equation results.



conditions, Condition A, Condition B, and Condition C, are deduced which
| ead to increasing support as to the validity of 5 'P(M N, y) << | when y
is small. In particular it will be shown that the preanbl €% §it 2080nf or ns
to the st swuwlewassaf | EEE 802. 11a satisfies the Condition ﬁ?ﬂ{(ﬁ]&’oom
sinplification, equation (18) is re-witten as foll ows: 3) =44
"P(MNvy,ji) (21) where "Y' (MN,vy,cp) exp(JNr/2) ZI x(0, n) ++ Ycos yNm+
yn+O,n+(M 1)N n=0 | m_Oy{))(Z%')l3 10 Using the identity
Zcos(kx + ajp §, 2 si H2) co n 21)x + a k=0 for the sunmation over

i ndex rn equa |on’ ?@2‘) becones, (MN,y,Vf) = exp(jNy/2) os 4yNsi (M
-1)yN i "(Ny, 11/) 23 MlZZ(\POM.NW)erell\I-lT(NyV\)AN

Z)x§0|n)|cos(y&+ Q+)A{&&a Ay YN S 2072 £+ t2n) (25) A nore
useful ex [ |o en
"(N,y, yrl)ocan beMnabe smal\l 2 E Pﬁ%@?@”%@nﬁépﬁ?ﬁ gi v

follows: 1 N1 "1" "(Ny, i) =1V 9 X ja(o, n)) exp(J
y/) n=0 1 4-1 =1V exp(j V) Y x(0O.n) exp(Jyriv) [ é) n=0 Summari zi ng, the
fol | ow ng AqiBdund d18d Statisticsl ﬁ&fﬁge‘bf Vi (@((92%52 PCT/ SG03/ 00030

For each preamble received, all the parameters and signal at a

_ given (m,n)can be considered to be fixed. However, when the next data

5 packet is received, we have a new set of parameters and signal. The

‘bound of W'"(N,,¥') will now be calculated for any given
v'e [0,27n) and ye [—ﬂ'/N,ﬂ/N). Then assuming ¥'to be a random
variable, the mean and variance of W''(N,y,¥’) is analyzed.

- Using equation (26) and that in general for any value of 0,
10 [Rlexp(j6)(a+ Jb)]H|cos(6)a — sin(B)b|a + Jblecos(6+ atan(b/a))| (28)
the bound of Y¥'"(N,y,¥) can be expressed as follows:

N-—-1
| ¥ (N w) s% %x(o,n)em(fm)

fmas] W) @)

Assuming that ¥’ is a random variable with uniform distribution,

‘with the probability density function (pdf) given as — for [0,27), the

15 mean of ‘P"(N,y,l//)ls |
E [ ¥'(v)]= P” "( dv/

= ——9‘{ 2.x(0,n) CXP(JW)f exp( ‘l/)d'l/}
(30)

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



22 "1 (MNy,yr) _ex 1V /2 Ni 2JAP(j Y) cos asi MN1 jexp(jVf)

ZX(O, n)exp(jyn) (27) M1 c(~~2) 2 Nn=0 A Bound and Statistical Analysis
of For each preanble received, all the paraneters and signdl5 S 406 gi ven
(mn)can BEOBYMEBered to be fixed. However, when the nextPai®Ga3O®3packet
I's received, we have a new set of paraneters and signal. The bound of
"P'"(Ny,ip') will now be cal culated for 281y given E [0,27r) and 'YE
[-ir/N,nIN). Then assunming to be a random variable, the nean and vari ance
of """(Ny,yr) is analyzed. Using equ t2i on (26) 5@ d that in general for any
value of 0, 10 I 9R[ exp(j Oyarh 'ﬁ(M)]Hcgﬁ(t?)‘H"(y/s)f Mya + j ~Hcos(9+ a
tan(b/a))l (28) the bound of 'P'(N,y,yr) can be Zkpressed as follows:
1ZN-1 | x(O n)exp(jyn) Nn=0O 4fax)" (N, ( _% Assum ng ,phat is a random
variable with uniformdistribution_ Wit ”Rﬁ r ob bibity density function
(pdf) given as 1 for [0,27r), the —fll\fz CPUTBN(N, y,y/)is, Ev,[ P
"(y)] = Nf o" "J "(Y). 1 dy/ 27r <1 1n#@1 = N 2~r x(On) exP(Jyn) f O
"exp(j y/)d yr n=0 =0 (30) The val{?ance can be obpai ned usi ng equation

28 foll : 0 5 SEP 2006 WO O 0030 23
(28) as follows BJZ ﬁ;’éﬁ?qﬂf{w’m (31)

Thus, the above relates the bound of ' ‘I"'I and the variance of

— e————

W"with respect to . Therefore, if maxv/l ¥"(N,7,¥)| can be made
close to 0, the assumption that Y(M,N,y,p) <<1 is valid. This is true

5 when M — o for any given § and i[/, but not necessarily true when
N — oo, 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 Y'"'(N,y, l//)l

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

5 1 N-1
max]| ¥ (N.7)|=—| Xx(0,n). (32)
N n=0
For W(M,N,y,y)<<1, the Condition A is defined as follows:
N-1 '
15 >, x(0,n) =0. - (33)
' ‘n=0 ) '

C. Condition B

Now assuming that N is even, an alternative expression for
equation (29) is:

. 1
max| ¥ V)=

Nﬁ‘éxp( J¥2n)[x(0,2n) + x(0,2n + Dexp(jt)]

n=0

N /2-1
Ex(O,?.n) exp(jy2n) + x(0,2n + 1) exp(jy(2n +1))
n=0

N

(34)




var[ T'(yr)Jd =1lo,, ) T (V,)12 dv/ 27r 1 N1 2 2N2 Zx(0' n)exp(jyn) n-0 2
maxi """ (N, yv')l (31) Thus, the above relates the bound of 171 and the
variance of- 'I'"with respect to y/. Therefore, if maxVi 05(9¢pyesd can be
made cl osWQ@/@9ssehe assunption that "1'(M N, vy, i/!) <<dem(;(,g)0¢,(g@ Thi s
Is true 5 when M--> co for any given S and ip/, but not necessarily true
when N --3 co. Typically, not many sloyg will be available for averaging,
so a preanble is designed such that it has a small bound. This can be done

b crutinizin o) lo, B. Condition A Wen yn
2 SFor n'L o SO EHOP B where i if s lesenaifictngyimptiomtban,
N -1. Thenttrard equati maxi kx(On r M

N, y, il/) <<1 tﬂe m%ﬂ?ﬁ‘g% Ais ér\ill n(ed aséhlél%o onN-(l is(%jg’ng =
0. (33) n= efoén)&m@ Zﬂldrd()gxm)asic%z;gftbmzmll? ewgqbl%a{g asj,ettertga |ng )
expr essi on = n
exB( i y2n) I:r' Gﬁ%#? i Ay 5 Whigh alsg satisfies the (IlﬁxzdlltlonA is deﬁned ‘
Eexp(j gn)ggqgug‘%mw 2n+1) exp(jy)] (34) N n=0 0 5 SEP 2006 WO 03/ 079552
PCTI S@&3/ 00030

x(0,2n)=~x(0,2n+1),n=0,---,N/2-1 (35)
If the Condition B is satisfied,

max| ‘P"(N,y,l//)[-———l(l exp( ]y))(, Zexp( Jr2n)x(0,2n) (36)

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,

max] ¥ (N1 = |x(0 o>|

T 1-exo(i2)

(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(04n)=-x(022n+1)),  n=0q-N/4-1
x(0,8n) =—x(04(2n+1)) n=0,--N/8-1

t= (38)
X0,(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], for N =4 the preamble

is x4 =[x,,~x,]; and in general, the preamble is xn = [XNn2—XNs2)-



24 Assuming that y << 1, where this is a less strict assunption than ,that
used in equation (32), x(0,2n) + x(0,2n + 1) exp(jy) = x(g], 2$'E)P mﬂg((o, 2n +
1), which is set to 0. Thus, the Condition B, which al so a@t sfies the
Condi ti on WO 03/&79888f i ned 5 as follows: x(0, 2n)=-x(0, 2n+1) ,paaGobldsd (35)
-1f the Condition Bis satisfied, N/2-1 maxl ""(NY,)I= 1" (1leXp(jy))
Zexp(jy2n)x(0,2n) (36) n=0 10 D. Condi bison C From equation (34) the
procedure can be repeated N = 1092 N, where Nis a positive integer, times
on equati oMTK38 ﬂ}ﬁg% 1.N XPressi on, 1l raxl W(NY,
V/)1= N 1x(0' 0))1 h(1- exs?})%ﬁs)ﬁ’%% gﬁi‘a%fgﬁ%&%& KR8 e Rhithen (37)
are obt ai ndrepynklehelecnemiy, tsay x(0,00nBbe referanse] i@ ACLngi tthegﬁeamlgh
col | ecti vel, i(?pBSm\fT as the Condition C, and defined as’ x(0,2n) =
-x(0,2n + ﬁ,x )81 L~ Liwlal, =1L 1t b-41)1, =11 610+ BU PrFar Sithulaeén NE@,0)is
x(0,8n) = -xg(%,4(2n + 11)) n=0O,_N18-1 . - (38) x(0, (N/2)n) _ -x(0, (N
/4)(2n + 1)°Ft 9 equal 1. Ttighould bgynoted that, 0) =- x( O, N12) To obtain the
preanbl e which foll owg_fhe Condition ¢ ,the 20 follow ng nethod is
proposeg: for N = 2, Rr 7 \\Whi l.Syn T £ ted as a row vector,
i's x2 = x(0,0)[1,-1], _01 ,\ﬁ@'&if?h pr _ie(%ixfe&Tk'}-XZ]; and in
general, the preanbl "% XN = [ XN12, - 81 2]

with the lowest order term given as,

N A : 1)72\N ’
()" 270" = e o1 )" =(irN12)"
‘Thus, assuming that ¥ <+/2/N, the lowest order term decreases at

arate of N' and makes Y'"(N,y,y) very close to O, regardless of the

10 value of y. The assumption y<~2/N appears to be less stringent than
that required for the Condition B, which assumes that y<<1.

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

WY(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 ¥ is

" 6. 1 L 152 .
given by, {y=v -—A—,-arg[l +16]” exp( JNy)] . (39)
An approximated form of equation (39) is derived as follows:

P=y- -i—(—afg[l +[8” cos(Ny) + 67 sin(Ny)]

=y ——argL+[a + o vy

20 | 2
'-"’Y"'—I—tan—l __..._I5' NZ
N 1+|9]
2
1 N -1
=y—— 18" vy :y(1+|5]2) , (40)

N 1+|<512



0 5 SEP 2006 WO 03/079552 PCT/ SG03/ 00030 25, Thus, the preanble is
properly defined by specifying one of the preanble el errentﬂ'SE;PayuUB((O,O).
For reference, for N =16, the preanble is x(0,0)
[1,-1,-1, Wwodyaress2-1,-21,1,1,---21,1,-1,-1,1] . For si mul at i Qi g;éo)qoy()bs set
to equal 1. It should be noted that, N-1( (( " = 11 jY2n -(Y2n 5
tl-exp(jnn)) Ni n=0 n=0 vm'th t he Iowe%ts order term given as,
.2Y-nNIln = (ir. 2(N-1)/2)N (jy NV2)N"Thus, assum ng that y<2/N t he
| onest or der tgp a.rate of N and makes (N y,vr) very

de reases at
close to 0, rega?%f g?@ﬂ’?ﬁ%’““@“@éllﬁéstﬁsﬁqﬂnedﬂh@tdy&’mmﬂ,)So<tm92t/N
appears to dwg S pt g red for, the Condition B, which
assunes t hat (Nﬁ 1§ Ali-lﬁe‘?tcgﬂ Nw)w e\%t h@? EI%OgdaBBPEOXW%t%@sﬁr’Fﬁt i on
that ' (MN, y) << 1, and can m 5@ ore be |gnored in equation (20) is

val i d. 15at§ﬁ$ﬂh§&’803t YENT REQYE Y E ﬁﬂz MATOR sed n the
assunption that '" (M N, y) canj e'qﬂgnoreg\lg gﬁl 0 20) (,Sé‘hc e sthpitified
so that the frequency of f set est mate is gi ven by, y - Njarg[1l + 112

exp(j Ny) (39) aBPr X| ted form of equation (39) |s derlved as follows:
-11

y =y- Nar 112(Y)J12(Y)1 O- y Narg[l+1 12
+ 1s12NY] =1y +J1 Srza 2 tRat, |they appreximatipriNys=exaat whef -
(40) NI+t 5

5 H =1, which results in the estimation being more accurate in the

. 2 . .
region when lﬂ “=1, and the simulation results bear this out.

In practice the frequency offset estimate 7 is estimated from the
phase R,,. Thus, the frequency offset estimate for this embodiment,

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

10 A -—arg(R, 1+6F) (a1)

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 I(S]Z 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 eamples, 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



MO 5 SEP 2006 WD 03/079552 PCT/ S&03/00030 26 |In the first approximtion
it is assuned that Ny is small, so that cos(Ny) =1 and sin(Ny) = Ny, and
in the second-approximation it is 2 assuned that N2 <<1 i (&.SEMNyBI§1+141 2,
such t hat WQ/&9SRan-1 ("I 2Ny 1~2Ny. Note that the approxip@idEBobde+ | ~2 1
+ I b~2 pp s exact when 5 112 =1, which results in the estinmation being
nore accurate in the region when |~? = and the sinmulation results bear
this out. In practice the frequency offset estimate Y i's estinmated fromthe

Tt b r orrtdhIE 1R Bl Bodac G GBlpus wareuseicddy v G m Nim)ohm) (1 +
1300 and | (3 RBBE oROHIRl’ SFAPPs 4ueStees nlAGS: fy ry bioh awest nor
packet 19107 Rae TRl BF AbRS) & ) AR et gSmamediits 1350 m )
[o°a DC.of foal oot | man o 1958 chor ol ke it £ 120, W nElu PRl Rutls] 2
The DC 6f f S thémulctermhadss thy acgamﬂdre}{gr(g@np_m;,go aset ﬁf"ﬁ%&ﬂ%‘%o and

produce an _estimate of DC offset power, that®'is reprédente

" Subsequent i1y bYanNadaarrozincesa resudiingddhoticnt. eHieé @thie bTaRs é%ﬁm‘éﬁtt he DC
of fset po of fset estimator nodul e 1320, a nenory

. 2. i he frequenc
modul e 133575 %rgéQéZﬁ 5h?)rrg8b‘?té%§i adetignkbandothe putputpifethe addeesent ed
by N, and 1389 NreaHdremalt$pl a Lex coppugat on
nmodul e 1340, that perforns %%??oﬁ%?g%%%%?lﬁégt %C“ﬂ%ﬁlefhggﬁp’zgnéaﬁb? es.
The resul t Mulipli¢re1360pthen providgsti4B0 ePHelRed OfRBE ebRfate ¥ to an
10 output 1365. The operation 1400 then returns to determining receipt of
another data packet, and repeats as described. .

SECOND EMBODIMENT OF A FREOQUENCY OFF SET ESTIMATOR
Again assuming‘that W(M,N,y) can be ignored, equation (17) can

15 be rewritten, as follows:

Ry, (m,m +L;n) = exp(-jNy) + |<5]2 (42)
This is estimated from R,, (m,m +1;n), thus where implementation

- all 2
OWwWS |5| to be removed from RZZ 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 — %grg(Ra - |612) L)

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



preanble z(mn) 1315, are then nultiplied 1430 together by a 0 5 SEP 2006
WO 03/ 079552 PCT/ SG03/00030 27 nmultiplier 1345 to produceh @%P%ﬂﬁﬁwt’
represented by rzz (mm+ 1;n). An averagi ng. nodul e 1350 ‘averages 1435 ru
(mm+ |; Wooxemwsz predeterm ned nunber of sanples, K anpc.ﬁ/gé%%\ﬁjoagi ng
nodul e 1350 provides an output represented by Ru (mm+ I;n). An argunent
divider 5 1355 then determ nes the argu t of Ru (mm+ 1;n), and divides
1440 it by - Nto produce a resulting quotient. The output of the argunent
di vi der 13 | resul t q ient, and the output of the adder 1330
are then n&?ﬁcggf‘s%%r{%&%rq%ﬁbﬁé? %%’%re%mq A0l andaprodiiee anestimate of i er
1360 then p[é vi&es 1450 a fﬁequency offset estinate y to an 10 out put 1365.
The oper at i 9t P4§6t RKeFethrhdsispaesentridibyy ﬁgcélimﬂleofreqmm:breoffdeta
packet, an r%%ts as &efcrgggg. SECOND EMBODI MENT OF A FREQUENCY OFFSET
ESTI MATOR 5P hY e h P(3 Memoyy carodiele i@ dstorgsal 680 (@l7)

15 be. i : 1: = - 2 _

Shls 1o oottt ihihod MaRiua B o Xabifilh "y afdsensf Bl WY b e (Vone
1512t o Be rsamoplss Brenthen fprosesdmf Byeacedmpldt :d&%gﬁgﬁ?&?ﬂ%gdpl& hggﬂfé,he
e 0 a’s

frequency gg;i?et Ior thi s enbodi nent, which wl erre
FOEIIl, is ofans JiGpnsommplex conjugatigiRan iV s4R)plebl ~ | Wth

reference to F - requency offset ,estimatqr _ 1500 and. its
oper ati on 1600@arr%§u%g#\% @-hé &8?%?%}3%111%@%0112@%@ he?40Q andl gheot a
data packetpréahfibkt Zanjm)puts 150%rkashehathfleinli 5 as a
preanbl e 1515, which is represented by sanpl égﬂg?mqn 390 :ﬁr%g%t il)?S%B S
coupl ed t o™ultipligreh5¢ Sotc predues ahroutputyvdpresetiz@ wnd, (m,m POGndf Aset
esti matgr 1525, both of _which receive the preanble 1515 The DC of f set
esti mat8r P¥sEaging module 1550 averages 1635 r,(mm+1n) over a

predetermined number of samples, K, and the averaging module 1550

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

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

averaging module 1550 and the output lé]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 ¥. 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
2
I(S] » to produce a series of graphs.
With reference to FIGS. 17A-F the graphs show resultant MSE for

both FOEI and FOEI across increasing DC offset power lé]z, for the



0 5 SEP 2006 WO 03/079552 PCT/ S®3/ 00030 28 processes the preanble to
determ ne 1610 and produce an estinmate of DC offset power, ﬁjsgg @;
represent ed )3/ J 5 2. 1In the frequency offset estimator Qj i 0, a
nmenory nodiPI3ABIR stores 1620 a predeterm ned nunber of PéESCEMObIS,.
represented by N, and the N 5 sanples are then processed by a conpl ex
conj ugation nodul e 1540, that perforns 20625 conpl ex conjugation on the N
sanpl es. The result fromthe conpl ex conjugation nodul e 1540 and the

preanbl e z(thite phdinbR Bohlfomd!lile. Riddrg&iltxjo%?’ﬂ k%%lﬁgh)g df?ﬁ’xh@ggl | er

1545 to produce an output, represente (mm+ |ng
modul e 1550Cam@@etsvomseamtammss b, e AM+2 CURE el (08 fFU4RSHcyO!

| th 1550 d t put ted
by R (m m 95 S 2030 MR TEeE audoivbs e sl Bf@?”m%‘sn Eﬁ%iiidﬁ) ©
f th B | t
Lot mator - YEDjEURe igheM 1o o MG TS P I8 SERTT B gt Riihes ¢ he
ar gunentS of FXGS. A&y 17 ¢ raaml t1%E $8B0dB t:01d L385kbe %?Wécﬂ%ﬁtﬂ@%ﬂ%‘?

argunment by . Na& groduce t he fre encxﬁoffset esti e The
di vi der modtigBal §e d&%ﬁ?&ﬁ&eé apdf Ydtuehere dﬁdS&RlsaﬁﬂdBate to an

tput 1565. 2 d_in the enbodi gent
ner ein,  advant sty S rLGEREe PGS R FUR b bpw railedtos
i nt f d_prod
of 1 set " ost i HSeor RO RSP Bl ekps o Racrkroma RS alspbpouer fﬁ]is,f:figf e
t | ot N.=16. t SNR and. C, MSE
Cal cul at o0 088 FREIREIE Gondleions 4 osendiBiomin. amdision ool set
power 10~2 Cdmdmonim;avheﬁadxﬁspﬁéaxﬁbwgmts\%fehﬁég%g g8l T (Fagbd "

t he graphs show resul tant MSE for across 1 ncreasing DC
of fset powdFequeney offsgt is £=0.1 for FIGS. 18A and 18B; is £=0.5 for FIGS.

18C and 18D; and is €=1 for FIGS. 18E and 18F. The SNR for the
graphs in FIGS. 184, 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 FOEIL. 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 poini:s 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

2
|5| » 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



2 0 5 SEP 2006 WD 03/079552 PCT/ S@G3/00030 29 three preanble conditions
i.e. Condition A, Condition B and Condition C, when two prﬁzggﬁgnuﬁlots are
used i.e. M=2. The relative frequency offset is E=0.1fo 17A and
17B; is EMO®/E9$8r .FIGS. 17C and 17D, and is E=1 for Fl¥gGysdodbo®pd 17F.
The SNR for the graphs in 5 FIGS. 17A, 17C and 17E is 20dB and can be
conpared with stronger signal conditiogg in FIGS. 17B, 17D and 17F, where
the SNR i s 40dB. Si m'IarIy, with reference to FIGS. 18A-F the graphs show

resultant ECEl CrQss,ingreasi of fset power

2, for the t ttr eepr eaIreTQF ?t‘i’la El 3’ %ﬁ‘&l"f‘ﬁbﬁaﬁ&% ?‘T’tb‘ﬁ‘a@lgnd 110

Condi ti on tﬂlawhpm\hdes ﬁli@aDtIl @ﬁ%b@tésﬁfx&ﬂés%dl ﬁlth'v‘é‘lcoﬂg?e %t%rr' }t
or

frequency offs“iflsE—Olfor FIGS. 18A and 18B; is E F
18C and 18BT0% Mr@u@p%@ffmt@uma@oananmmmﬁmam fystehe  gr aphs in

FI GS. 18A, 18 0 nd can be co red with _stronger sjgnal
conditions in ﬁl{%ﬁé&i@é gﬁ%&l@% W%W@8W4@°@4qu%é he| Gs.
17A-F asd k86nfatesbpﬂié|lm dITRATRO RS }fé@&

Condi tion B_and Condition C advant ag%ﬁ??%&s‘ﬁ%yogﬁd ecr easi ng @@E ®t o
both FOEI 8hdhed@Q offskt tdeproshue the ramtimasé @fithecequénty ik, thas FOEI

particul ar t..higher SNR val ues th reference to FIGS. 19A- 19C, the
gr aphs shovb/¥ gtngg%&ugpmy es%’i’tatﬁﬁf\/tv}’?eff“%‘i\i@aclfﬁfﬁﬁthe graphs as

ori gi nal FOE ARItREEDL 'o't'fse@%‘iﬁx%&ﬁf ShUNALTOEGESNY dGLifhad?

descri bed. Again using conputer sinulations W

poi nts i n @H@raﬁﬂ m@lle‘e;mltbt to\praduat SikagbewBf DT adid freqerhck. oftddlesi S
cal cul %5 g)l ott i 3 100 i.mul ati ons agai nst increasing DC of fset
power 1} rf"r? PRIZDE & rr|e€§“’ gatamagkst cangrgrelt gperadm of t he

present i naaaah%géfugy%qrdvb@%o@tﬁﬂ& %Sﬁ%ahymeob@' ofERt BUBRIATY Al

i nproved performance relative to the prror
the frequency offset estimator 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:



FCE, particularly in the increasing presence of DC offset. 30 This is
acconplished by a frequency offset estimtor that takes into account DC
offset in determning a frequency offset estinmate. The 0 5 SEP 2006 WO

03/ 079552 PCT/ S03/00030 30 frequengy offset estimator can then be used
with a DC offset estimator, that provides the DC of fset o fiPajlgf and with
a conpensator, to provide a frequency offset estimation and conpensati on
system The frequency of fset conpensator advantageously receives the 5
estimate of the DC of fset fromthe DOCagagi mator and uses the estimate of
the DC offset to produce the estimte of the frequency offset, thus
providing an inproved estimte of the frequency offset. As the DC of f set

estimat of andatfie édn%ﬁHﬁ@&tYon%Eﬁ%r fsﬁfécgﬁfﬁsrgat 1&@5& tdatacg %@g}ﬁwmgo

produce estinmates of DC and frequency o rom e of

r ecei vedatdedshopadite packet has T oarety oLimherepiesiitetsy theathvasinagedosion raddivns - nmor e
time for both.the DC offset estimator and the frequency offset estimtor
to produt®WH¥ %sti mates of DC and frequency offsets. Thus, the present

i nvention, asaf@pariRBRARG BeARIhAatTBIhOsE @islpacket; appar atus for frequency
of fset estimation, and systemutilizing same, which overcones or at |east

reduces the abolankiht pbéepesbhatars ofupleddo rih«: onpuy the plurality | ofbeffset

appreci a igh .onl'y particular enbodi ments of the invention
have beeénS? ea%c}?l%%l%hltlgggdet ail, various nodifications and 20 inprovenents

can be made by a pgrls@ oskbl ﬂl%q)llhr'ﬁhiyhﬁ GITset Wétinh@ots foﬂ@ﬁﬁfahh%ﬁt lfeEQTBnEhe
scope of the present invention. We claim 31 0 5 SEP 2 ains 1. A data

communi cat i onOkrtBe ¥Ry of Byhereat effsatniomtat leasist reevivedipartion af et le‘aﬁ@tﬂél n the

data packet while the at least one 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,

wherein the at least one of the plurality of offset estimators comprises a
direct current offset estimator, the 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 direct current
offset estimator for providing an estimate of the direct current offset of the at least
one data packet; and

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 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 offset;

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



at | east one data packet has a variety of inherent offsets, the data
conmuni cation receiver conprising: an input coupled to receive the at

| east one data packet; and a plurality of offset estinatorﬁ gggB@Fd to the
input, the plurality of offset estimahors conprising: at 8 He of the
plurality of offset estimators for estimating at |east one of the variety

of inherent offsets f}rlo?w at Ieag}ﬁ a recei \;@d g)ortion ﬁ_f t he ao% Iefast one
data packet WATTTRAIPhdNG{TelUspsy ofite! ehamatosiok EYPAIMEe? HEAVCE WEE, TaRd t he
at |east oneuRfattifiRr MleUbadildd/ pStioRTr IR atG8hd BRL QRS JaaNdtRehiRNhOUE Rust for
providing an estimate of the at | east one of the variety of inherent

of f sets, wher eigdatypacket isdwing reerdvest andneomp itherestimate affthodiret curettiohfisetor s

ot mator 1 or SbUEhSEH SRR o Eihe TRb ey SRS bRRn B ST e

recei ved port egiinddé of e fRquéRITIfsoNsf thdkideasPaik@ita phukke the at |east one
data packet is being received, and the direct current offset estimtor for

providing an estimate of the direct current offset of the at |east one

dat a packet; an e of Lur al.jt f ..estimtors
coupl ed £ 1 na ubabfiSleafR BN DAL orddiE; Rl ¥ cinf OBl fE
est | mat ocempéigtoat | east another one of the plurality of offset estimators

for estimating at |east another one_of the variety. of inherent offsets
fromthe at | Y46t} Hg cPRPENSAEY iperunlgshiodhe tpat for rqcsiyane et legsiione dakket

while th I ' j | ti mat
e adet, ' BaAflkd 98 e?ﬂ}éﬁx\l/tgﬁictg%t %e?st?ﬁﬁ’lﬁtﬁ@ﬁ@?%’lﬁ? o?%@fsétr&%ﬂg% fcﬁs | mat €

of the at | east one o er ent sets, and t east
anot her oaveivofg thhestphate af tlteyat ddasobiesatthe sariatpd Hinbetvat offigptsa and uoypled Hor

provi di ng an st.iimate of the at | east .anpth ne aof the_.variet. f
nher ent TS oF e Beedt eiodies oo aB B mival osRe sshmeled® firGrestviv B
of f set egdtintaé Of the a6 RIABY dndBRer dné bEMUSRARY YT rTifRkerR D OBLHAE c6RPE s8R FR
receive the estimate of the direct current offset of the at | east one data

packet f eempartseting theatt lenst pemef b fuseiety3sf iohge8ERT2G0E the datamatket, usinge
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| east the received portion o e atl e at

| east  opempaisatinehk at ldast MBitHRE oh€6Lihy eerie df ineRank Befsas bt tRtdtodpackdte
direct current offset of the at |east one data packet, and the frequency

of f set edsipgdtcoestimyite pf Bigi adileagt apother one of the variety of inherent offsets, and the

compensator for producing a compensated data packet; and
an output coupled to the compensator for providing the compensated data packet

corresponding to the at least one data packet.

3. A data communication receiver in accordance with claim 1 wherein the frequency
offset estimator comprises:

an 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 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 conjugated samples;



estimate of the frequency offset of the at | east one data packet. 2. A data
conmmuni cation receiver in accordance with claiml further conprising a
conpensator, wherein the conpensator is coupled to the input for receiving
the at least one data packet, couplegzto the output of the at |east one of
the plurality of offset estimtors for rece|V|ng t he edtifthtMliof the at

| east one of the v of inherent offs and cqupled to the output of
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variety of inherent offsets, and the conpensator for producing a

conpensa@réﬁldméa/eméﬁéamplaﬁhd an out put coupled to the conpensator for
providing the CQ&@%&% ?t(ﬁgldgratn?o Ckcﬁ{lple Off &3P R’Edtl—llg fegagegesa%}{l%s t one

data packet. a conmmunicati o ARG %u m 1

wher ei n drgeméntetividacir dekft@ingedt iaffRintint 60tHRIAvEREed sunplédér dividingetei vi ng
sanpl es of the at |east one data packet; a nenory nodul e coupled to the
i nput, tHEUREHIYheBEdsterned §‘EIBP“?rﬂ@anf°f@F%’é@ﬂ%?ﬁ%%ﬂefﬁunber of the sanpl es

of at |east :é}%éd?l'ef b&l\ﬂlegﬂggrle%{‘vﬁotfhe eQEmﬁ{g JreRSbir E“émgeﬁ{t%ffs&ao‘}*‘tﬁé at 18 @g the

nmenory nodul or pro east t st ore
conj ugatemendato gatlet.cthupldet foo addmei a/prddlammhmde:dnsamxbethe etsﬂnﬁatemfphex

conj ugat .on nodul e ernj ni n npl ex, c ation t he stored
sanpl es, raﬁﬁﬂc‘frf)‘?ntoﬁ% "gtﬁ%a{% ‘&9 fggfr%fgﬁwego 3850 5 SEP 2006 a
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di vider nodul e coupl ed to receive the averaged sanples, the
frequency offset of the at least one data packet.

4. A data communication receiver in accordance with claim 1 wherein the frequency
offset estimator comprises:

an 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 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 conjugated samples;

a multiplier coupled to the input and coupled to the complex conjugation module,
the multiplier for multiplying the samples of the at least one data packet and the complex

conjugated samples to produce multiplied samples;



argunent divider for determning the argunent of the averaged sanples, for
dividing the argunent by the predeterm ned nunber, and for providing the
guotient; an adder coupled to receive the estimate of the direct current
of fset of the at |least one data pack%h, the adder for adding a
predeterm ned constant to the estimaté of the direct curreng§ offf 38§, and
t he adder for producjng added direct current offset; another multiplier
coupl ed to tha" AUEresngrinotHe carplafdnrecsive dermpbialipd samples, the sy ereing

mul tipli r J [ : [ ; uot i ent
fo | prodiea R el ey Lt e P pfh by Shefl belhe b e hufilh LR Cat &
packet ; prodidang averagst] sempleked to the another multiplier for providing the
estimte of the requenc ffset of the at ast one data packet, 4. A
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the at | east one data packet; a nenory nodule coupled to the I nput, the
menory nodibe et feast one datarpgcket, qudabiesubtmattoe tripuodvemgaf subhrectedrestles of  at

| east an initial portion. of t at |.east one data  packet, and the nenory
nmodul e for pr %Q/?réglpl n{a_lvﬁdglé\g‘f)g‘?lﬁ§°§I?1,8$§)dre§%1?‘r%ﬂ?ssflbtéigc&ﬁﬁ‘ﬁ?‘&(%l"oéﬁﬁ'ﬁfaﬁr_lti on
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nodul e for determ ning conplex conjugation of the stored sanples, and for

provi di ngfeemap! ithe drgdspameed sumbrer pradyngl the pitineate ebibplfsduensy tofiiset afput  and
coupl ed o I ] tion nodule, the multiplier for multiplying
t he sanpﬁ%é&g%gfﬁg%gﬁﬁpgggtggﬁe dat a packet and the conplex conjugated
sanpl es to praduspunuddplgl icetie aamphes didderOnbdBER2006idiantha\eetiagieng modul e
coupled to receive jhe |tiplied sanples, the averagi ng nodul e for

aver agi n e#ﬁ@“ﬁ%@%ﬁ%?ﬁ@ﬁﬁ%%%E@%gn% taReRkskr predet ermi ned number, and for
provi di ng averaged sanples; a subtractor coupled to the averagi ng nodul e
and the direct current offset estimator for conbining the averaged sanpl es
and the &sti nat eatf domemdnicetbncracesrt 6dif seteivimfy tdae gtackeastthendatdat a
packet, and the subtractor for. producing a subtracted result; an argunent

di vi der %%P%‘C%tb%egﬂv‘?rcfopg’@é’in\gé the subtracted result, the argunent
di vider modul g fipht SeipRidioneaGvd Hect GHEBRL patkd NPhtibtih@gt Bk bis Wbt and

for dividing the argunent by the predeterm ned nuneger to produce the
est i mat epasket ke afviaggiyerd dyhesdrit oéfseterf
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, 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 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 for providing the at least the portion of the partially compensated data
packet corresponding to the at least one data packet,

wherein the at least one compensator comprises at least one direct current offset

compensator, the at least one direct current offset compensator for receiving the estimate



the at | east one data packet; and an output coupled to the argunent divider
nodul e for providing the estimate of the frequency offset of the at | east
one data packet. 5. A data communi cation receiver for receiving data
packets, the data communication receij¢éer conprising: an in@% ’5:? gl ed to
receive at | east one data packet, wherein the at |east one 5 @ cket has

a variet f i.nherent offsets; at. |least one offset estimator, for estimating
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is being received, and the at least one offset estimator having an out put
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of fsets; ,at | east one conpensator coupled to the input for receivi t he at
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the at |east ardugdity nd oisdteesfinpftorsnpeunded tofthe eqwpwif of fike @htleaspauieet

using th i of; 1 h e . of the variety of inherent offsets
to pr odug%lggé%dsﬁg}a?ile palu}ag)lc%? ?If%flgsegggtggag%rs tcfnélpfl?/m%‘orrpensat ed data packet, and

wherein the at | eastleasi®ne @fpienplatdity ohaffsaRstxdatpt fol @tistng Wk aglcakte at
| east the portion_ of the partially conpensated data packet corresponding

to the at | eaSte ohibeyatigtypddpisrentgibsets; from plee aftlegst thepashien ebihsatinlyr

conprises at L{.e r fse r e . lheast one
di rect curren'lt;&(?)I %%sg%%cgh%e%%lg%r&ﬁg% @gc%ﬁ E/elaﬁg?ﬁ?bzg{)]?n(gt g{%gg%la@?SEP
2006 of the dompotsatedidaaniackdtfisbtingtecehved adndltbast leastendaf thepduadabty, oft he at
| east one dire&t current ~ offset co nsat(;{i for conpen tin? t he direct
current of f sePHE PHBAIGEs Raving an,pipyAoL Pray, R%i‘nﬁ%t}‘ﬂ%ep e (53R Bt t he
direct currentheQhfis®lorhhddif offetbeast one data packet, and the at |east
one direct current Conpensator for producing at |least a portion of a
partially direct whereanthecigpshent etithdgtlerapyoketifsenesiinatatsidoppoisesodtf set

estimators coypled to the output aof the.at |east gne .conpensatar, the
plurality of }ojefg?tsaé’f)%hggfhlrﬁgt%rgntc ﬁﬁ}algosri’ fhy:at Leta% aélz?g}ergﬁgao R es%p@]toeﬂ ity of
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i nherent offsets fromthe at |east the Eortlon of the partially

conpensat ed da¥ectpaereat campeasaier date pasket while tho et ileast dte padiopaeh thel | y

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; and

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 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.



conpensat ed data packet is being received, and the at |east one of the
plurality of offset estimators having an output for providing an estinate
of the at |east one of the variety of inherent offsets, wherein the at

| east one of the plurality of offset timtors conprises 031 I t anot her
direct current estimator, the at |east another direct curr ttPe mat or

for estlmatln ég][trect current offset. fromthe at |east the portion of the
partial 1§ di Petta cOpPERicatppesrdvtrda arspulapecreh ahfm & fpﬁhera%mmérasgﬁ t he
portion gf,utdre mPé{s‘é{oﬁl |y direct current conpensated data packet is being
recei ved, and ? providing an estimate of direct current offset of the
partially di rwhtrenumeeanothemmmpmeseateﬂxsdmlmlqmmk% oupd Gt the eddeasaoot her one
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provi di n%%an estimate of the at |least another one of the variety of

i nher entthefvadely of idwrant sifspp thoamther mm@%@t@(fmm@mm the gklegs ong n
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conpens adfothe vehetyaffahhﬁemc«sﬁﬁgmeaﬂ (fbr é@ﬁpéreﬁtﬁlg\/thﬂgit fldwst aﬁoth&aste dfhige por ti on
of the parti rldiﬂgcfcorrp sated ata(g{gcket t he ,anot her conpensat or coupl ed

to the o(ftlsBto tS|°ééla% PmBaGEt tHee hessampiey! die Asasbanodagriongt or s
for receéﬁh@gaﬁé@foﬁﬁhém&fs%{s I §rodice erc% eﬁgatéd&t%gc'kglt ¥n@f 1 nherent

of fsets, and coupled to the olUtput of t ast anot one of the
plurality of af fosgiutestuphat mosthf:oanath@fewmpgnstam fst pmyﬁcﬁngft}mhﬁnd’rerl east

anot her one of he vari et i nher ent ets, the another conpensator
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the data packet using the estinate of the at | east one of the variety of
i nherent_offsets, and for conpensating the at |east another one of the
vari ety bf i nhalaémeonamiisisatiorofeceiver tatcsopkokewithgilaig § hdeesin ithmatdeat t he at

| east an(gjr;[eho%sep Aimator 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 providing an estimate of

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

8. A data communication receiver in accordance with claim 5 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 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 of the frequency offset of the partially direct current compensated data packet.



of the variety of inherent offsets, to produce a further conpensated data
packet; and an output coupled to the another conpensator for providing the
further conpensated data packet corresponding to the at | east one data
packet. 7. A data conmunication receiyer in accordance wi ty¥ §dpajopg 5 wherein
the at | east one offset estimator conprises at |east one direct current
of fset estimator, the at |east one direct current offset estimator for
estimating a direct current offset fromthe at |east the received portion
of the ay | eantypneodahidaack sceMat faldddRle I\&g%sélaﬂpg \Q@ién@l"i’@éﬁﬁ)tthérs bei ng
received, and the at |east one direct current offset estimator for
provi di ngpfalf’ﬁné@tpr peinprigel at tdast ahierdaerct cwrrangand &btﬁlmw offs¢tlvempendagastheone
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di rect cg}rgre g@%ﬁrﬁ % %a% pg’%b%‘gﬁf@%mﬁ gytdﬁ‘n SCLETTe8 %?mrt’ef?gatﬁcgflgl on of
t he part padkkey usingeht e@umla&nbf Mﬂm&m&nﬁlaﬂfﬂet mm%epamalliaehﬂagt b@@@itved
and the at |east one frﬁgua%gﬁ_é of fset estimator for providi estimate
f

of the ffUBRMAERE] Grfegde ¢ pgieataof phegiteqiepcy affpdmt tho ﬁ%\éﬂ@@ctdat a
packet. Jf:dhte hs2RA61.8 pAda g’g@,mll t ce with
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current catesporsbipetodie of lbstbnedatpeasdat.or, the at |east one direct current
and frequency of fset conpensator for receiving the estimate of the direct
current offset of the partially direct current conpensated data packet and

the estigmteaghe hgﬁ;yfdf%ﬂ@ﬁ%t&f&)ﬁﬁﬁlsﬁ% the partially direct current
conpensat ed dat a packet for conpensating the at |east the portion of the

partial |y di r@&cinpautor WIVMéwaowd@apackepadendmda@ packetdws ahlgas of t he

di t h tial t t t t
packet cbdrene By find an MoneRebeloinkey e FRu e R e BT AR i et
current Wp&’ﬁk@@ data packet, and for producing the further conpensated

dat a packet corresponding to the at |east one data packet. 10. A frequency
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packet ; 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 conjugated samples;

a multiplier coupled to the input and coupled to the complex conjugation module,
the multiplier for multiplying the samples of the at least one data packet and the complex
conjugated samples to produce multiplied samples;

an averaging module coupled to receive the multiplied samples, the averaging
modules for averaging the multiplied samples by another predetermined number, and for
providing averaged samples;

an input for receiving an estimate of the direct current offset; and

an output for providing an estimate of the frequency offset.



a nmenory nodul e coupled to the input, the nmenory nodule for storing a
predet erm ned nunber of the sanples of at least an initial portion of the
at | east one data packet, and the nenory nodule for providing at |east the

stored sanpl es; a conpl ex conjugation dul e coupl ed to regei stored
sanpl es, the conplex conjugation nDda?g for determ ning c?ﬁﬁﬁEQEMF

conjugation of the stored sanples, and for _providing conplex conjugated
sanpl es: 15 muftifsoreRey Qfgﬁb?sélﬂlaf‘& 1P ReCqdEGE Wé*ﬁ&laéw& HherFomEisE8hpl ex

conj ugation ntlél'ﬁxmer}th(ﬁvméktlhé)clldlgrcofuﬂfed%! tdcRlvg fig éxré‘?a%ﬁnpingﬁeéjfthghe at
| east one data packet and the conplex conjugated sanpl €s to produce

mul ti pl i agumantpdieier fon dateenaghgtheragiumhent o6 thel avdraped sengies; dot digidmg thepl i ed
sanpl es, the averagi ng nodules r averaging.the nultiplied sanmples by
anot her ﬁﬂ&ﬁl&%ﬁﬁﬁ%ag%%e‘ﬁlu%ﬂﬁ%e regfff’ ]ing?i HYReEr %’ré’éﬂ’ﬁa%; t?‘ﬁn i nput
for recejyitega;;an estimate of the direct current offset; and an output for
providing an estimte of the frequency offset. 38 0 5 SEP 2006 11. A
frequency of f &eaddss coymedio Iieneia@gmredama@ ofithdhdictcaicmra@ offset dfcthe golepsti si ng:

an argunent .di vider podul.e coupl.ed to receive .the averaged sanples, the

ar gunent °'di Q?O{%lé’é‘g‘?%ﬂhae"}%g%fo i%&lr{gh%péerdﬁ%ﬁ@medocfongﬁgt @‘Faeﬁﬁﬁ'ggea‘?@%s, f or
di vi di ngdikdee curdér@ et arththt bedargaairbdeinddded afredtrarphtedaker m ned nunber,
and for providing the quotient; an adder coupled to receive the estinate

of the directanofisraniltipheseounied theheaaddepand the prgugenk dpadscanodulpethadder
for addi . 1 t i f i urrent
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mul ti pl i prodeaupt edinae bhthe debdeencandfstihe the guemnbdnddata peoketiaddll e, the

another multiplier for | tiplying the added direct current offset and the
quotient to ‘E‘F&H’tﬁ% Ctoﬁg}jeéstf’i tlli‘ﬁtaé‘gglFr F‘Hﬁ“?lﬂeécfﬁétﬁ’é‘gl‘”@mgs%? egimpigeniathe| east

one dat afrp(f,ﬁh@}t off R dr Hee RULIRINE dapYRked, to the another mul tiplier for
providing the 'estinate of the frequency offset of the at | east one data

packet. 12. A frequency offset estimator in accordance with claim 10
further npri,sing: a subfractor .coupled to.the.averaging nodul e and the
direct ctfr en@sfjﬁeﬂggl?acty O%gsg'i ?Sﬁﬁl‘agqf 1 8?&)’5%7%? Wi‘thﬁiaat“ﬁel%a@glmgg@@p?é‘ﬁﬁl es and the
estimte of tHQuBirdi@6t cousle@nd @EfSetagif nididlcabnd @RS WiRRE 3t HAGKet . and
the subtractor for producing a subtracted result;

estimator for combining the averaged samples and the estimate of the direct current offset

of the at least one data packet, and 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 negative 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.

13. 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;
) estimating frequency offset of the at least one data packet using the estimate of

direct current offset;



an argument divider nodul e coupled to receive the subtracted result, the
argunent divider nodule for determ ning the argunent of the subtracted
result, and for dividing the argunment by the negative value of the
predeternlned nunber to produce the esiinmate of the frequency offset of
the at |east one data packet; and the output coupled to theﬂhgﬁhﬂﬁ&t

di vi der duIe for %rOV|dn£g the estimate of _ the frequency offset of the

at | east one SARRFISHEIE Cash ORSIIRGUPHOT HFing dhe ePHpRIASAIIIAL EWR si ng
the stepgmrf and & es@iﬁ{a?é@fﬂéc{ﬁgnﬁl offRRR pl% ed@aaéo?aﬁﬁgalf&f dets &?k@g received;

b) estimating direct current offset of e at st one d ta packet to
produce @n epovivane thef canpansated uiartaepaclwt temtspondinggbithatt hgsf omqdaacy

of fset of he at | east one data packet using the estimte of direct
current BFFE 39 0 5 SEP 2006 d) conpensating the at | east one data
packet using the estimate of direct current offset and an estimate of
frequency offset to produce a conpensated data packet; e) providing the
conpens ai/‘ed datracthed lkeaccoutanes poidslaign 13, ﬁutréeratormmasrtg jual éardamastemtb& et. 14.

hod h h f
by ancllsPSRERRNBFeab Bl UMt ol RiditFe FRERGRT IR Bl e packer

i's be| ng received. 15. A nethod in accordance with claim 13, further
.conpri si nﬁg perform ng step_(d) while the at |east one data packet |s be| ng
r ecei ved!>-16. AAn#BoH Y agqerdanes Midhelain, 18 h furthgr gomprising peHermeeghnn &

perform ﬁllé{h‘%%‘[fqutongfdﬁﬁé)aEﬁ?maﬁeldég?e%%g&ﬁ"e dat a packet has been recel ved.

I'n accordance wth prior to step (a) conprising the
steps of determ ning at |east another data packet corresponding to the at

| east on dat is bein recer ve imting direct current offset
of the atd gtmgrﬁa%( Hérlcca’acfaéwﬁ ifetlapy 1 Sr QH@@ECOQHB?H%IP@E@FPW&%QPO )di rect
current ﬁfefrgﬁ:,tatI@JQ%W}%h%ﬁ@ﬂH&gbgé}pm@&V&past anot her data packet using the
anot her estinmate of direc current offset to produce the at |east one data

packet. 18. A nethod for frequency offset estimation conprising the steps
of: a) ijt erw tﬁ&i n a@orggnc%fvvla} clalff‘rtlle ?g pcr){?)? tods%ctq? (a?%grgg}isigé %e s?l n%f received;
determining at least another data packet corresponding to the at least one data
packet is being received;
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.

18. 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;

c) 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;

€) performing complex conjugation on the predetermined number of the samples to

produce a result;



b) determning direct current offset power using the sanples of the at

| east one data packet; c¢) adding a predeterm ned constant to the direct
current offset power; d) storing a predeterm ned nunber of the sanples of
the at |east one data packet; e) perfgym ng conplex conj ugat %B on the

pr edet er mi ned nunber of the sarrpl es to produce a result P308eP 2006

f) multi Iythers ex _con ation Wt | es of the
at Ieast one gtiygﬁé%‘é’ﬁt o[fgﬁep %C%EH”%%P&}Y“}‘T&? SﬂfBP 3Sté\?8rage of
t he out pgita packer ®tReduck)anRytpaRot her predet erm ned nurrber to provi de an
average; h) determ ne argunent of the average and divide the argunent by

the nega2) ve Yeifimine ghe mnerage eddhe ovimsdremntienr (D dyparetherepredeternineiing
guot i ent; rggeqd)ém@ydet |npaIV¥ Qe resulting quotient by the sumof the constant
and the ‘i ect set power determned in step (c) to produce a

f requencly) of f geérneisd angatnent Jf%he Avdreidad dioidefilicesrueney 3fthe atgatist ivalti on
conprising the steps of: a) determ ning sanples of at |east one data
packet atlidheredgiermingd puabesy Paeduse airesuliNgUcent ek rent of f set power using

t he Sa”gii)es Ofhultfy &le ﬂeﬁﬁ?ﬁ%ﬂg&% f th@i%% tfthé;):or?‘sta% 5&9 H%cHF E"Eﬁﬁéﬂ? ned

nunber the sanples o one ta ac ormn
conpl ex cffsef pgatn deterovindgdha s;epeécbetqurasﬂu&ed fregoéaey o@fseﬁd@ﬁm&rrpl es to produce
~aresult; e) multiply the result of the conplex conjugation with the
sanples of the at | east one data packet to produce an output; f) determ ne

the averpge of rﬁ&ﬁ‘ocpfbtrl%‘éhuéﬂc?%‘fﬁ&t%@tlﬁl%or?é’or?}?%ﬁ‘gﬁe(he@{e def.erm ned number to

provi de an average; Q) nbi he the direct off et power from step
(b) withathe datemyeingsamplss efat l¢dsy onydatabsckatare bainghdcededer mi ne ar gurrent of

negat | vePlval LSIPIERE SRELF L IR ik Brne BT s ptonts Hat f et
esti mat epacket

c) 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;

e) multiply the result of the complex conjugation with the samples of the at least one

data packet to produce an output;

1) determine the average of the output from step (e) by another predetermined

number to provide an average;

2) combine the direct current offset power from step (b) with the avenge from step
(f) by subtraction;
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.



