1 Method for determning a residual frequency offset, comunication
system nethod for transmtting a nessage, transmtter, nmethod for
processi ng a nessage and receiver 5 Field of the invention The
invention relates to a nethod for determ ning a residual frequency
of fset, a conmunication system a nethod for transmtting a nessage,
a transm gl elod ar IRt SOCeFRl nikfly DA OSSR % MRARANS, YKk Ay eCei ver.
Background of the invention In a SISO (single 1nput” single output)
OFDM ( or t ¢yl caBién csperrny, dieflddrEem | i figing s tmegsages. a
conmmuni cajjon__systemw t.h one transmt_ antenna and one receiver
antenna rrem iR TR et PR AN () S B A GeEeiver
according to OFDM for data transm ssion, preanbles are sent before
the wuser data is sent for various reasons. First, short preanbles 20
are sent ¥heldied nghayhererini@mati on and frequency synchronisation

in particular for frequency offset estimation. Frequency offset
estimation i s necessary since in practical 25 data comunication, it
cannot beTlxpartedtidmtreetdocal a ascidddtor fdeagueniayirat 4 hesidual
receiver s identical _to that of the signal carrier generated at the
transm t terSIISY | SFFHTT Ghe YU+ Uity F55R ¢ &t it §ar
particul agtynahiSesnd fa ddesd@eelyaird Sorhit ¢ & atd Ve mSd oA 0 the
transmitter as 30 Doppler shitt is inevitably introduced to the
carrilér BFepRIYT P message and a receiver.

Background of the invention

In a SISC (single input single output) OFDM (orthogonal

15 frequency division multiplexing) system, i.e. a communication
system with one transmit antenna and one receiver antenna
which uses modulation of a plurality of subcarriers according
to OFDM for data transmission, preambles are sent before the
user data is sent for various reasons. First, short preambles

20 are sent for timing synchronisation and frequency
synchronisation, in particular for frequency offset

estimation.

Frequency offset estimation is necessary since in practical
25 data communication, it cannot be expécted that the local
oscillator frequency at the receiver is identical to that of
the signal carrier generated at the transmitter. This is for
one due to circuit limitation and it particularly arises if
the receiver is in relative motion to the transmitter as
30 - Doppler shift is inevitably introduced to the carrier

frequency.



A frequency offset nmay lead to inter-carrier interference (1C). For
a nmulticarrier system such as one that adopts OFDM a residual
frequency offset results in a significant performance degradation. 5
After the short preanbles, relatively fw long preanbles are sent in
a SI SO OFDM system (two in case of a systemaccording to the

| EEEB02. | A ar sd qnslad . o S Ty W LD & e sl oyed. for ; Ghamslence

estimation. Since only a singl'e channel iIs 10 established, few | ong
pr eanbl es(Hi®) endergha frorl theamesler exstdtam,i gnicH rcage dhad MAMDts
(Multiple ut | tipl t put) syst wher e l.urality af_.
transmit %Eh e’nn%gél%sflecpl‘hagle%rég I%A%nvce\?,o%rg 5 ﬁﬁsdﬁgcrgﬁﬁln@eﬁl@ﬁlﬁf&ﬁ&nt
pr eanbl espdSfd@eassardedtadditiein for all channel information to be
extracted since a plurality of physical channels are enpl oyed for
transmission. In fact, it can be shown that in case of a MM

system the nuner of, . sl %l%&wﬁggsegpolo?ﬁg%%%{%%%ofare

nunber of transmt 20 aritennas. Su an i nc

| ong pr easdglesiconpArFY GEDM a5 & SO sitstcemrhas dehe ft ensgguenc eddwatding
the time for . tr ] ssion of the | on re | es,, also called the

| ong 25 preanti e%ﬂa(ff‘oﬁaisstalrﬁﬁarrégsg@pec pdr éF 4T £78 SRSyt or
This gi veshdrsel tds @i @ s ubstan ially of alien OfcHhmdihase in the
data_synbol s succeedi né{t he | ong preanbles in the presence of a

resi dlal 5D | i prsanmhas @isargnoudife ficy tdhenfiadi t e

nunber of %&qlgattipcyrganbl es for frequency 30 offset estimation (FOE) in

. e .
a practical conmuni cation system

In case of a MIMO (Multiple Input Multiple Output) system
where a plurality of transmit antennas are used, however, a
15 higher number of long preambles is necessary in order for all
channel information to be extracted since a plurality of
physical channels are employed for transmission. In fact, it
can be shown that in case of a MIMO system, the number of
long preambles should be no less than the number of transmit

20 antennas.

Such an increase of thé number of long preambles compared to
a SISO system has the consequence that the time for
transmission of the long preambles, also called the long

25 preamble duration, is increased compared toc a SISO system.
This gives rise to a more substantial rotation of the phase
in the data symbols succeeding the long preambles in the
presence of a residual frequency offset which is involuntary
due tc the finite number of short preambles for frequency

30 offset estimation (FOE) in a practical communication system.



3 Due to the severity of the distortion, the data synmbols sent

first can typically not be adequately corrected and error bits and
error packets are caused. 5 In [2] an estimator for frequency
estimation is described. An object of 3he invention is to provide a
met hod for inproved residual frequency offset estimation in

communi CagiOn: SV EMevehl thne O/ IRCLy i 5 ARGV e HY BB sent
determ ning a residual frequency offset, a comunication’system a
met hod f ofirsty averm tning lal yesyade Bdeguatadshiaamected rans mintricer, a
met hod faqr..processin message and a receiver with the 15 features
accordi ngmt%s t%%é'enrd%prgr?c?ecﬁie C aairrres.calﬁuer?“rsfary of the invention A

nmet hod for determning a residual frequency offset between 20 a
transmitter and a receiver in a transm ssion of data via a _
comunRi cat’t o kihfdt ingtsovidde £ raiEEih of tiasddgd ile dassidimed-ed
fromthe transmtter to the receiver via the conmmunication channel.
The nmessage conprises at | east one short preanble, at |east one |ong
preanbl e Zandlupert dat afend ri2&nthieratid éas tprone deorg mErtdanblfer

conpri ses, resi dual_freguenc of fset determ nat.ion.nfarmation. The
os) dual PRIy S G 1o 5 MRt Hod Pased BF T b dual

f requencyc@figetcatdeserdgsrinon i nformation. 30 Further, a method for
transmtting a nessage by a transmitter is provided, wherein a
messafe is generated wherein the message conprises at |east one

short pregibl &5 &l 1182811 NG eq by a method for determining a residual

frequency offset, a communication system, a method for
transmitting a message by a transmitter, a transmitter, a
method for processing a message and a receiver with the

15 features according to the independent claims.

Summary of the invention

A method for determining a residual frequency offset between
20 a transmitter and a receiver in a transmission of data via a
communication channel is provided, wherein a message is
transmitted from the transmitter to the receiver via the
communication channel. The message comprises at least one
short preamble, at least one long preamble and user data and
25 the at least one long preamble comprises residual frequency
offset determination information. The residual frequency
offset is determined based on the residual frequency offset

determination informaticn.

30, Further, a method for transmitting a message by a transmitter
is provided, wherein a message is generated wherein the
message comprises at least one short preamble, at least one

long preamble and user data and the at least one long



| ong preanbl e and user data and the at | east one long 4 preanble
conprises residual frequency offset determnation information and
the nmessage is transmtted to a receiver via a conmunication
channel . The residual frequency offset 4 determ nation information
allows the receiver to determne a 5 residual frequency offset

bet ween e L Ans M dniri A ANS gUAC &I drd | '6% ftsre%” OSSR 0F odat a

via the communi cation channel. Further,” a nméthod for processing a
message bsn@m@teﬂmreramh thﬁo Wﬂ@eda/\/ltecra@smlé;t@eb@@g@ irecegrerveda

froma transmtter via iQn _ch which nes

conpri ses at- eas':%ﬁﬁgn f% pregﬁb 58 daa aéfegﬁgncgnﬁ%gggﬁnble
and user diedeminsterei rﬁ.rtﬂﬁﬁ:n&f[tﬂcﬂﬁﬂll@ﬁ% ltoRg rRiearRire teOorRie3@S ne a
resi dual frequen of fset determnation information. A-residual 15
f r equéncy- THIEE RIS Bhe firas MR d S REaneadiccer FAd ghe

Lransm ssion. fe,data M e LOMRNCAA OB chanel s copbenTLaedn

based on-the residual frequency offse ermnation information.
Furt her, chagomiuni cation system a transmitter and a receiver
according to the nethod for determ ning a residual frequency offset,
the method for transmtting a nessage and the nmethod for processing

a nmessageresEd bed ol R poddedn2e Sheshgdesss pti-er 19kt he

figures Figure 1 shows a communi cation system according to an
enbodP meMrridase Wharsitl én m@@amegurse reostiginsl & LoMafs mresisow thkeackia

accord'n%iﬂ%dﬁﬁnf%ﬁ%%%ﬂnaﬁ ﬂg 1t By :uﬂy%% Qg%e comprises at least one

short preamble, at least one long preamble and user data,
wherein the at least one long preamble comprises residual
frequency offset determinaticn information. A residual

15 frequency offset between the transmitter and the receiver in
a transmission of data via the communication channel is
determined based on the residual frequency offset

determination information.

20 Further, a communication system, a transmitter and a receiver
according to the method for determining a residual frequency
offset, the method for transmitting a message and the method

for processing a message described above are provided.

25 Short description of the figures

Figure 1 shows a communication system according to an

embodiment of the invention.

30 Figure 2 shows a transmission block according to an

embodiment of the invention.



5 Detailed description Illustratively, the |Iong preanbles are used
for residual offset estimation. In this way, even when a |ot of |ong
5 preanbles are transmtted, as it is the case in case of a M MO
(multiple input nultiple output) system§ since relatively many | ong
preanbl es are necessary for channel estimation, the residual

frequencypof { selq cadsbei pstdimated and conpensated without data |oss.
10 The i an%ml e applicable to comunication systens

according to WLAN || n, i .e. for wireless |ocal area networks, but
may al so I arge area nmuni cat | on st ens as
Tobi e ¢ ef SHRon R el o At R e G el

i nventi orb:emtgeeétrmaﬁm dependend wp}aidten hererbaditey S__dMy ch
are described in the context of the nmethod for deternmining a
resi doal BFRRfRIRS 9 s%*fa%'frf%ltf{ﬁdanaﬁ%g“d“usqsy Bhg iC@Sfeorlrt [fetse of a

communi camm e 14 hey ta@aﬁmttd}yg $fge. the

transmtter, e met hod fc} proce sing a nmessa nd the receiver.
I n one emtmlditrrsr&ly amaﬂseals:tnq)rre:@amlteqaraaamia:mm dex 2mnnel
frequency offset. determ nation i.nf rrratl on a freqbﬁ)ncy of fset is

det er mi net® bHSEH Yl tHE £ Gf%tbetncydé% § r?’fs&ﬁ?’&‘ttl

The data fah eopunsedarkheiodiesdAuali ddequency of fset 30
‘deternmination infornmati on and a residual frequency of fset

det e?®i nati on can be carried out based on the further

The invention is for example applicable to communication
systems according to WLAN 1lln, i.e. for wireless local area
networks, but may alsc be applicable to large area
communication systems such as mobile telephone communication

15 systems.

Embodiments of the invention emerge from the dependent
claims. The embcdiments which are described in the context of
the method for determining a residual frequency offset are

20 analogously wvalid for the communication system, the method
for transmitting a message, the transmitter, the method for

processing a message and the receiver.

In one embodiment, at least one short preamble comprises
25 frequency offset determination information and a freguency
offset is determined based on the frequency offset 7

determination information.

The data can comprise further residual frequency offset
30 determination information and a residﬁal frequency offset
determination can be carried out based on the further

residual frequency offset determination information.



resi dual frequency offset determ nation information. 6 In one
enbodi ment, the comuni cati on channel conprises at |east one data
subchannel and at |east one pilot subchannel. The at |east one |ong
preanbl e may further conprise channel % estimation information based
on which a channel estimation is perforned to determ ne the

transm ssj o, hagasd Sidetid CS i cddirGUEMRIC 00 Ghannel-jand the

frequency offset determnation information nay be transmtted via

t he | eastleaste Qid clatsuboiariginedndinchetc Haasel ocest ipddbitosubchannel.
information 10 may be transmitted via the at | east one data
subchannel. This nmeans that the pil ot subchannels are used in the

period afhd oy IWaare: tcaRs Presin®l o ehaly dsihle rS RRGIHA sSY kBahse 1
(i.e. pilot synbols), that allow the receiver to performa 15 .
resi ddal FFERAEHGD offfameddammiEsedl o "diehe@bsdiomast eséimasdageis
s transmdied i @ R 10 W aRsisanlennas. Thg 1Tegsa0e My
be received via a plurality of receive antennas. “The nessage i s
for exanpire tacamsmitdagd cac cdradineg tamdOEDRM £ rlenuene veifddienent , when

the residyal frequyency ,offset has been determ ned based on the

resi dual T3 SHILTE GF St 25 aCer RAtaticor RGN TRE of L 0a tPRageast
conpensatdn disl AardirRthar@dl f0fg athd eashnene «shgnalk ival ue rahieh ibs
received in the transmssion of the nessage based on the determ ned
resi dfal mat dfudTARBTiftded V3@ the atadslest aneone teosachanneilne
based on the frequency offset determnation information transmtted

so far, a
This means that the pilot subchannels are used in the period

of long preamble transmission to transmit special symbols
(i.e. pilot symbols), that allow the receiver to perform a

15 residual frequency offset estimation.

In one embodiment the message is transmitted via a plurality
of transmit antennas. The message may be received v;a a
plurality of receive antennas.

20

The message i1s for example transmitted according to OFDM.

In one embodiment, when the residual frequency offset has
been determined based on the residual frequency offset

25 determination information, a phase compensation is carried
out for at least one signal value which is received in the
transmission of the message based on the determined residual

frequency offset.

30 For example, at one moment in time based on the frequency
offset determination information transmitted so far, a
residual frequency offset determination may be carried out

and all signal values received in the following are corrected



residual frequency offset determ nation nay be carried out and all
signal values received in the followng are corrected 7 (i.e. phase
conpensat ed) based on the determ ned frequency offset. Wen
successively nore residual frequency offset determ nation
information is received in the course of tinme, the residual

frequencyofd Seln By DS AsiLlTiNehAGY B A IJIVNE e f%lr%Hu%@ltcy

estimate of the residual frequency offset. In the enbodl nent

descri bedobetow Wpetialcgidots: lenmedded d9iduzdt £ degngnuyeafifilses and
data are éieeégrrgllbnea 5 A rec Orsi ve 10 .estimat.ion, al gQCri t hm based on .t he
li near pro&arctioh method TH G2 s st bed ald A sipEnsatifon 1€
fornmul a tted eosidieract:Seqiditeefldftdetomdiptde he chamel Lstinmie and
the data ijs given. 15 Illustrative enbodi nents of the invention are

expl aPned BRI O® Wie HHefee e i th e fdrtdw g idnad. I resmmgcy
commruni cagf'pgleg,‘%stem 100 according to an enbodi nent of the

i nvention. 20 The comruni cati on system 100 conprises a transmtter
101 (only partly shown in fig.l) and a receiver 102. The transmtter

101 conprises a plurality of transm 5 antenngs .103,. wherei n each .
Lranem § e QHo LR T AP SO DEE] GO SRS GOk ATgeked in
data, presdid eon®tigrdattd e arkeMatly B-d IR ibeant enna 831 form
of aradio signal is supplied to the transnmt antenna 103 by a

respéft i s himEIt 1qn rideraset thas toamnst iwsy theadsingay) nasicl cig4n Redihed in
signal s [2] is described and a compensation formula that counteracts
the effect on both the channel estimate and the data is

given.

15  Illustrative embodiments of the invention are explained below

with reference to the drawings.

Fig.l shows a communication system 100 according to an
- embodiment of the invention.
20
The communication system 100 comprises a transmitter 101

(only partly shown in fig.1) and a receiver 102.

The transmitter 101 comprises a plurality of transmit

25 antennas 103, wherein each transmit antenna 103 is used for
signal transmission. Data (user data, preambles, etc.) to be
sent by a‘transmit antenna 103 in form of a radio signai is
supplied to the transmit antenna 103 by a respective IFFT
(inverse fast Fourier transform) unit 104. Radio signals

30 transmitted by the transmitter 101 are received by the

receiver 102 via a plurality of receiver antennas 105.



30 transmtted by the transmtter 101 are received by the receiver
102 via a plurality of receiver antennas 105. 8 Mdul ation of
subcarriers according to OFDM (orthogonal frequency division
multiplexing) is used for the transm ssion of signal values formthe
transmt antennas 103 to the receiver antennas 105. 5 As the | ocal

osci | I at qhiodun 4iesd %iéﬁcéﬁi%%&%iﬁ%@@ﬁﬂ%%t@ﬁ Alg at

exactly the sane frequency as the one in e transmtter I01 due to
rel ative fugdusnayr divigeirdreotilon dleHarcdwdrce vsiade fiorr itdés, ttre@msmission
di sparit ives 10 rise tao a frequency of.fset which rotates the

r ecgi vedy%lggsnlﬂ%al b‘glalaunesa(r)\fg ) ttﬁl%t ecgrr WG P ST S ‘}% r &0 e short
pr eanbl esrégei weNtarddrofad aapser data. This is illustrated in Fig. 2.
15 Fi g 2 shows a transm ssion bl ock 200 according to an enbodi nent
of the& invention. The transm ssion block 200 is sent fromthe left to

the 20 rightye i 851t heslhensns of dhe 1, Ssig@n L 0
farthest to t hee Jl ef%t are sent frlsrlst .t hgegc%gﬁis@nﬁsgg%or#ﬁ%o%lék%%oo
conpri sesyshmTtt grdanblase 20k tdtatexaartd ysaifte faarrst famdjsiniosh aar éhesed

for frequency, offset 25 estinmati (FOE). by FCE unit 106 of the
recei ver 02 df tdfe trr@djesﬁjit&r‘?roflﬁqh Uhdrt FeLOMHE BEE uni t

106 est i maRse Fddie I eqlentEwidess @i rdul thi:@ sl derotad R ity Hives
frequency offset conpensation unit 107 receives the frequéncy offset
10 'rise to a frequency offset which rotates the received signals

by an angle that grows with time.

Therefore, short preambles are sent prior to user data. This
is illustrated in Fig.Z.

15
Fig.2 shows a transmission block 200 according to an

embodiment of the invention.

The transmission block 200 is sent from the left to the
20 right, i.e. the elements of the transmission block 200

farthest to the left are sent first.

The transmission bldck 200 comprises short preambles 201 that
are sent first and which are used for frequency offset

25 estimation (FOE} by a FOE unit 106 of the receiver 102 after
reception of the short preambles. The FOE unit 106 estimates
the frequency offset, in Fig.l denoted by w. A frequency
offset compensation unit 107 receives the frequency offset

estimate y as input and compensates the frequency offset for

30 all further received signal values.

After frequency offset compensation, there remains a residual .

frequency offset, although usually a small gquantity, in the



estimate w as input and conpensates the frequency offset for 30 all

further received signal values. After frequency offset conpensation,
there remains a residual frequency offset, although usually a snall
gquantity, in the 9 formof inter-carriger interference that destroys
the orthogonality anong the frequency subchannels and could thus -

i f not coppepsat edhfor_c4LauUse trpat@fe%@{ceén k@é LHestr%yIS éctl%z 44, 58]

| EEE802. |1 a standard, frequency subchannel s I ces
(with r ef ergnegonal tte gomvertheort faqrankyt @Lﬁxt)harmeétsd@dxdcaioauddf ahus

pilot transmission in a SI.SO ( |ng_le| si.ngl e ,out ), system
with 64 fr e%erhc%/ %%I%Pceaﬂsraiteer% $@ eSLH?é:cFlt% %(%&%’ﬁ%}i "cati on
system 100 is a MMO (nultiple 10 | nput mul tiple output) systemw th
Nt transmit antennas 103 and N. receive antennas 105. The sane

fr equéncylrsu%aﬂﬁr@%w asld rpandaEREdoE s Gt Fdpah@nnels, afhdndices
f 8 n.thi
reduencys sbolianne) s ol he ddipes (8,22 44 R A Yasg n i)

enbodi ment for’ t ot synbols as |s escribed

t he fol | owtangledine: tedanSy gsilort M eolerd® iconpm sessIB)| (wrialdltey l@)fput
long preables 202 ich are sent er the short preanbles. _ 20 The
si gnal  val U&s SO oty Hrdanbh ds gfofﬁ%{e%ye FIRGAIRIEESD i e

f requency; sdibednngls ©fe th 8 10 GBS or &2t Ad 1% A @ Yrven %ltth_ le

signal values Af,t,n wherein Af,t,n denotes the signal val ue
i's tAfns R MUt eIt SHt ey anisT NartemEnit @tnttanm@sn 103

These signal 25 values are also referred to as the pilots enbedded in
t he Iondﬂﬁ%éﬁﬂﬂﬁﬁﬁlve antennas 105. The same frequency subchannels

as in the IEEE802.1la standard, i.e. the frequency
subchannels of the indices [8,22,44,58] are used in this
embodiment for the delivery of pilot symbols as is described

15 in the following.

The transmission block 200 comprises a plurality of long

preambles 202 which are sent after the short preambles.

20 The signal values of the long preambles 202 that are
transmitted in the frequéncy subchannels of the indices

[8,22,44,58] are given by the signal values Af ¢ wherein
Af £ n denotes the signal value which is transmitted in

" subchannel £ via transmit antenna t at time n. These signal
25 wvalues are alsco referred to as the pilots embedded in the

long preambles.

The receiver 102 receives via transmit antenna r and
subchannel £ at time n the discrete signal value {(in the

30 fregquency domain)



The receiver 102 receives via transmt antenna r and subchannel f at
time n . the discrete signal value (in the 30 frequency domain) 10 M
Lf, r, n=1 H ,r,tAf,t,n e 64ton + Vf,r,n (1) t=1 where Hf,r,t is

t he channel gain of the subchannel f agtablished between transmt
antenna t and receive antenna r, 5 cn denotes the residual frequency
of fset at the receiyer 102 (as expl ai ned above after performng
frequency off set sgimati on and fir egugAcy of fset conpensation based
on the shorfrprea sHp01F A& UnVeT  n i § Yhe nAWGN sanple. 10 The (1
time index nis ch such that n=1 corresponds to the first of the
| ong preanbl es 201 and n=NLP corresponds to the |ast of the |ong
preanbles 201. In the followi ng, the selection of the Af,t,n

correspongidie Ho ta fie di}y At n ick R auedhanklg s 1, N

corresponding to ' ‘t'hese Af,t,n according to equation (1) are used,

after beidrayiriogessesh e raspeetiveddehnitt 218 rdy idrer egitduak r,
frequency offset estinmation unit 109 to estinmate the residual
frequéncy®offEetew. the resédnabefsegnenenpiiyetnat the aAregehves 102

designed (.. beoJndependente Ofede:SYeh Adiah of ezl bedler= 1 2
Cee M,Eﬁenptaﬁe si1 gnal eN 25e Lf,r,n :J“I\Ift%f I—fﬁttre%utede%\% (;ftf%tef VE,r,n
(2) estimation and frequency offset compensation based on the

short preambles 201) and Vg y pn 1is the AWGN sample.

10 The time index n is chosen such that n=1 corresponds to the

first of the long preambles 201 and n=Npp corresponds to the

last of the long preambles 201.

In the following, the selection of the Af t pn corresponding
15 to f e [8, 22 44,58] is explained. The Lf,r,n corresponding to
these_Afﬁ;n according to eguation (1) are used, after being

processed by a respective FFT unit 108, by a residual
frequency offset estimation unit 109 to estimate the residual

frequency oifset ©.

20
Tt can be seen from (1} that if Af ¢ p is designed to be
independent of t sﬁch that Afﬁtﬂl = Af}t,vt =12..., N, then
.the signal
25 Lo _ Nzt“ He o |ef040n | YErn (2)
Af,n e Af n

will sketch a complex sinusoid in n for every f and r when

the noise samples at different times n are shaped to the same



Af, t=1 Af,n will sketch a conplex sinusoid in n for every f and r
when the noise sanples at different tinmes n are shaped to the sane
11 wvariance by setting Af tI = aX which inplies a fixed power in
each pilot synbol. Since f e [8, 22, 44158] and r E[I, 2, ... , N]
, there exist 4Nr 5 independent conplex sinusoids of differen
anplitudes NtIHf,r,t but equal frequency 64w To conformto the

pi | ot valWrsianty ERESEL YNy ldée;a; [#]9x aghichosebyias poSskbfiepovde in
assignment 10 A8 ,n = -A22,n = Ad4,n = AS8,n = 1 is used in this
enmbodi nergach pichadl issmpradf-i x-free | ong preanbl e design is used in
this enbodinent. In this case, the last 16 of the 64 sanples in
each |l ong preanble synbol in the tine donmain need to be 15

i ndependesitnd . Tz, uapbsesaridat Af1, 1, 7. Af NL.or £héEe [ Sx22¢ 44y 58] .
The above criteria can be sunmarized as C) transmt antenna
i ndepéndeintiedsn demad weengd rede pemabesati d sc @fpldeXf feirrutoiads ldt utke
receiver 1 20 C2) subchannel pilot value assignnment in consistence
with IE 2. Hka. st andarddn@d) fiden@icindepriadence to satisfy
requirenen'tT%r Cyclic- 25 prefix-free’long preanbl e design These
criteria can be fulfilled by appointing r 1, if f E {8,44,58} Af,t,n
S| -1, iff =22 (3) 30
To conform to the pilot values in IEEES802.1la {(see [1]) as
closely as possible, the assignment

10 Agn = ~-Apon = Aazn = Asgn =1 is used in this embodiment.

A cyclic-prefix-free long preamble design is used in this
embodiment. In this case, the last 16 of the 64 samples in
each long preamble symbol in the time domain need to be

15 independent of n. This implies that Afp = Af for

f =[8 22,44,58]. The above criteria can be summarized as

Cl) transmit antenna independence to produce independent
complex sinusoids at the receiver 102

20
C2) subchannel pilot value assignment in consistencerwith

IEEE802.11la standard

C3) time independence to satisfy requirement for cyclic-

25 prefix-free long pfeamble design

These criteria can be fulfilled by appointing

(3)

1, if £ € {8, 44, 58}
Etn T, iff = 22

30



12 For t =6 and NN =3, this is illustrated by table 1 for the
subchannels f e [8, 44, 58] and is illustrated by table 2 for the
subchannel f = 22. transmt antennaindex 111111 timel1ll1
11 index 4- 111111111111 *11111 111111 5
table 1 transmt antenna index -3 -1 -1 -1-1-1-1 timtel1111-1

-1 oindexpd - Llo-hd nl =15 -Tyids -3k -y raked B d’lta%le fo%g)ne of%

Wth (2), the robl em of rphase conpensation Is turned into

singl e t oneb@RdANBLLr £ esa, e, i58N, adi £8 1 Bl edesst&dlpy ithhe fimld of
signal processing with a variety of ready solutions |n t he
literaturele Tebthanwesl pr edidti on estimator (see [2]) works to a
reasonabl e accuracy at an affordable conputational conplexity and is
particularly appealing in 15 ternms of inplenmentation conpared with
Kay's estimator introduced in f2insMbhenaapphh&dit@et?2)>for a single
subchannel f and a single receive antenna r, the estimator

1

1 1 1 1 1 1
time 1 1 1 1 1 1
index 4 1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
5 table 1
transmit antenna index —
-1 -1 -1 -1 -1 -1
time -1 -1 -1 -1 -1 -1
index ¢ -1 -1 -1 -1 -1 -1
=1 -1 -1 -1 -1 -1
-1 -1 -1 -1 -1 -1
-1 -1 -1 -1 -1 -1

With (2), the problem of phase compensation is turned into

10 one of single tone parameter estimation, which is classical
in the field of signal processing with a variety of ready
sclutions in the literature. The linear prediction estimator
(see [2]) works to a reasonable accuracy at an affordabie
computational complexity and is particularly appealing in

15 terms of implementation compared with Kay's estimator
intreduced in [2]. When applied to (2) for a single
subchannel f and a single receive antenna r, the estimator

output reads



reads 13 1 LPL L 1 LPf,r,n f,r,n-1 1 w=LY, J =-LNE

64 n=2 Af,n Af,n 1 64 n=2 For Nt = 6 and Nr = 3 the
Lf,r,n received by the receiver 102 5 are illustrated in tables 3 to
5 (where time grows downwards in the tigbles). receive antenna 1
L8,1,1 L22,1,1 L44,1,1 L58,1,1 L8,1,2 L22,1,2 L44,1,2 L58,1,2

L8,1,3 L22,1,3 L44,1,3 L58,1,3 L8,1,4 L22,1,4 L44,1,4 L58,1,4

L8,1,5 L22,1,5 L44,1,5 L58 1 5 L18,1,6 L22,1,6 L44,1,6 L58,1,6 table

out put
LfrnLfrn-1 (4)

3 receive antenna 2,2,1 g4, 2, 1 L&%PZ 1 L8, 2,2 L22,2,2
L44, 2,2 L5832.21 L8; E,zcznz éfLm,dzl, L5812, {22 2,4 (4
L44.2, 4 L58. 2, 464 [B: Ag% 5Ag414+ L5&42 8f Er 571216

L44, 2,6 L58, 2,6 1011a%le 4 recelve antenna 3 nt§ 3,1 L22,3,1 L44 3,1

L58,3,1 L8,3,2 L22,3,2 L44,3,2 L58, 3,2

For Ny = 6 and Ny = 3 the Lg , n received by the receiver 102

5 are illustrated in tables 3 to 5 (where time grows downwards

in the tables).

receive antenna 1

Lg,1,1

I22,1,1

Lag,1,1

Lsg,1,1

Lg,1,2

122,1,2

Lgg,1,2

Lsg, 1,2

Lg,1,3

L22,1,3

Laa, 1,3

Lsg,1,3

Lg,1,4

L22,1,4

Laa,1,4

Lsg,1,42

Lg,1,5

L22,1,5

Laa,1,5

L5g8,1,5

Lg,1,6

Lo2,1,6

Lag,1,6

Lsg,1,6

table 3

receive antenna 2

Lg,2,1

Lg2,2,1

Lag,2,1

Lsg,2,1

Lg,2,2

Lp2,2,2

Lag,2,2

Lsg,2,2

Lg, 2,3

Lz2,2,3

Lag,2,3

Lsg, 2,3

Lg,2,4

L22,2,4

Ligg,2,4

Lsg, 2,4

Lg,2,5

L22,2,5

Lag,2,5

Lsg,2,5

Lg,2,6

L22,2,6

Lga,2,86

Lsg, 2,6

10

table 4

receive antenna 3

Lg, 3,1

Lz22,3,1

Lag, 3,1

Lsg,3,1

Lg,3,2

L22,3,2

Lag 3,2

Lsg, 3,2




14 L8,3,3 L22,3,3 L44,3,3 L58,3,3 18,3,4 L22,3,4 L44,3,4 L58,3,4
L8, 3,5 L22,3,5 L44,3,5 L58,3,5 L8,3,6 L22,3,6 L44,3,6 L58,3,6 table
5 On account of Af,t,n being independent of t and n by design (as
descri bed above), each colum in tables43 to 5 forns a 5 conpl ex
sinusoid of a different anplitude but equal frequency. Using the
recei ved | ong preanbl e i, & g 1 T he|resi dua
frequency of f set estin§#$6%%%%i 4 0& ﬁgémérgtgggrésgdual frequency

of fset estimates 6)LP,[n., (dep g am, t,h urrzent, tijne gi ven by the
tinme index n) 10 accordﬁﬁ&gﬁbq&gtgi4- é%’g’%aL %ﬁ%£4aLP,n-1 +
Lf,r,nLf, r,n-1, n = Z,ﬁ%r3f5 L22N%E5 t@hggg%,4%8§§l5r:1 ZaLP,n wLp n
64 (5) 15 which is an_extension of (j4). The |tine index n=2
corresponds to the sgdeng |@igpreatblie of sthegl ang preanbl es 202,
n=3 refers to the thilcd |1 ong preanblie of th | ong prieanbl es 202 and
so on. Note that the residual frequémdleofsfset estimate 20 wbp n is
dependent on tine (note the tine index n). Wien nore Lf,r,n becone
avai lable in the receiver 102 (corresponding to a growi ng tinme index

n) the resi d@lount of Af ¢, being independent of t and n by design

{as described above), each column in tables 3 to 5 forms a
5 complex sinusoid of a different amplitude but equal
frequency. Using the received long preambles, i.e. using the

Lf, r,ns the residual frequency offset estimation unit 109
generates residual frequency offset estimates @rp,p

(depending on the current time given by the time index n)

10 adcording to

arpl = O
3 *
aLP’n = aLP,n—l + Z Z Lf,r,l‘lLfrrrn_l’ n=2=23°-", N1,p
fel8,22,44,58] r=1
. Z£aLp,n
@ = — (5)
LP, n 64
15
which is an extension of (4). The time index n=2 corresponds

to the second long preamble of the long preambles 202, n=3
refers to the third long preamble of the long preambles 202
and so on. Note that the residual frequency offset estimate

20 @rp,n is dependent on time (note the time index n). When
more Lf r pn become available in the receiver 102

(corresponding to & growing time index n) the residual
frequency offset estimate will typically become betier. When
all long preambles 202 have been transmitted, the residual



frequency offset estinmate will typically become better. Wien all

| ong preanbl es 202 have been transmtted, the residual 15 FCE unit

109 will have generated the residual frequency offset estimte WLP
NLP. Finally, the transm ssion block 2Q® conprises a plurality of 5
data synbol s 203 which are transmtted by the transmtter 101 after

the 1ong geanhles 2031 1Fh§ 80l Malues ¢fe tReidaka $HEkaks <03

that are transmtted in the frequency subchannels of the indices 10
[ 8, 22, 44, B8] setr ee i vmatchyoot gy signal values Ff,t,n wherein rf,t,n
denotes the signal val ue whi CFTT is transmtted in subchannel f via
transmt antenna t at tinme n. These synbols are also referred to as

t he pilots, enbedd in the data s ol.s..,. 15 The pilots enbedded in
the Hat o SIS CHif 2 WAPRROHEE HorionOla SRR TP pr RUBSRLS s OF
the pEl ot wemggded § P ANeniloNe R el « thid egnthast hashittekheni
received signal values Df,r,n corresponding to the |I'f,t,n are given
by 20 Nt 2E-¥ Ghey kong mreamyliest 202 .j 80wn + Vf,r,n (6) t=I where
as above, f specifies the subchannel, t the transmt antenna, r the
receive antenna and n is the time index. 25 To distinguish from
Vf,r,n, &t ffigrerit wedhetd @f Whe datiss symbols 203 that are

transmitted in the frequency subchannels of the indices

10 [8,22,44,58] are given by the signal values rfﬁ;n wherein
I'f t,n denotes the signal value which is transmitted in

subchannel £ via transmit antenna t at time n. These symbols
are also referred to as the pilots embedded in the data
symbols.

15
The pilots embedded in the data symbols can be developed
following similar principles as the pilots embedded in the
long preambles. In contrast to (1), the received signal

values Df y, n corresponding to the I'f{ are given by
20

N¢

Df,r,n = Z Hf,r,trf,t,n
t=1

B0 | e (6)

where as above, f specifies the subchannel, t the transmit
antenna, r the receive antenna and n is the time index.

25 '
To distinguish from V¢ , p, a different notation Vg rp is
adopted for AWGN (additive white gaussian noise) samples.

Unlike the long preambles Af ¢ p which can be menipulated so

that no cyclic-prefix is required, the data signal wvalues

30 T'f¢,n assume no such freedom. In the case of OFDM



adopted for AWGN (additive white gaussian noise) sanples. Unlike the
| ong preanbles Af,t,n which can be mani pulated so that no
cyclic-prefix is required, the data signal values 30 Ff,t,n assune no
such freedom In the case of OFDM 16 (@& t hogonal frequency divi sion
mul tiplexing), that is used in this enbodiment, the presence of
cyclic pr Féf%&ﬁ%@aﬁ%q@e@éy R Ir0 1R A 1 9TD0L$ 2N 5 €NGLR- 57
Consequently, the frequency i'n (6) is 80w instead of "64win (1) and
criteri a B alrwEcdignand: | drige e ramsnicsalife cyHie piplretfd x seé st kash OFDM
chosen i ndependent _but dependent. an f .and n, or quantitatively
fkn, if 1 e?qaet%fm %}a% PO 1q 1316“91? iff = 22 (7) where kn e
{1,-1} is a function of n in conpliance with the pseudorandom
sequence for the SISO pilots specified in the |EEE802.11a standard
(see P1])Conssamiitdetq hihd o ey dg 1@ (A 899 | instgat «f fofo Nen=
6 and Nr/H it : . : LA le 6 d. L
illustrat (ela b%yndg g{ﬁlﬁ saglrg;c?ra]aeryg) ?uef)clﬁa(r?llr?gaﬁc}?‘%‘g%g%plpg i tacﬁg %1%{ gﬂt% eﬁlﬁgom
i ndex -> dde kihud dtloddn kinddpemelda2 kX k2 k2 ki2pk2denmdex K3akd k3 kb3

k3 k3 20ta|.eC .tra_Lnsm't antenna i ndex -> kl -kl -kl -kl -kl -kl
guantitatively

kn, L1ff € {8, 44,58)

10 r _ :
ttn { ~kp, Sff = 22 t

where ky € {1, -1} is a function of n in compliance with the
pseudorandom sequence for the SISC pilots specified in the
TEEEB802.11a standard (see [1]).

15
The definition according teo (7) is illustrated for Ny = 6 and

Ny = 3, for the subchannels f € [8,44,58] in table 6 and is

illustrated by table 7 for the subchannel £ = 22.

transmit antenna index —

k1 k1 k1 k1 k1 k1
time - ko ko ko ko ko ko
index k3 k3 k3 k3 k3 k3

20 table 6

trensmit antenna index —

—kq —k1 -kq k1 —-kq ~-kq



17

time -k2 -k2 -k2 -k2 -k2 -k2 index -k3 -k3 -k3 -k3 -k3 -k3 table

7 The pilots enbedded in the data synbols, i.e. the Df,t,n for f E
[8,22,44,58] are used simlarly as the pilots enbedded in 5 the | ong
preanbl es by the residual frequency offiset estimation unit 109 to
estimate the residual frequency offset. The counter part of (4) in

estimting; gach of theg,tone 10 frequeng mthq*c
00 L [DfFrnJ Dfrnldo3 1 - 1Tk

ANr sub annels i
nkn- 1Df . "R-1 80%2I'fn$

n-1 80 n=24&) |15 Eqkugtl on (8}) is ar r_i]yfd at b:k%ed on (%j and thes
property that knl e {1,-1} by design. By extending to nmulfiple
subchannels and fewiting in recursive. form (8) beconmes J- 5 Lalp
NLP aDATA O = alLP,NLpe 4 f 20 kO =1, Df,r,O = Lf,r,NLP, 18
aDATA,n = aDATA,n-1 3 + knkn 1 Df,r,nDf,r,n 1 n =1, 2, ...

table 7

The pilots embedded in the data symbols, i.e. the Df ¢ pn for

f e (8, 22,44,58] are used similarly as the pilots embedded in
5 the long preambles by the residual frequency offset
estimation unit 109 to estimate the residual frequency

offset.

The counter part of (4) in estimating each of the tone

10 frequency in the 4N, subchannels is

*
R 1 - (Df,x,n Df, rn-1 1
®=—L { T T = Z knkn—1Dg, r,an r,n-1 -
=2 f,n f,n-—-l n=>2

(8)

15 Eguation (8) is arrived at based on (7) and the property that
kn € {1, -1} by design. By extending to multiple subchannels

and rewriting in recursive form, (8) becomes

.b
J Z AaLP, Ni,p
aDATA,0 = aLPp, Ny,p© : ’

20



fe[8,22,44,58] r=1 ZaDATA, n (r)DATA, n =80 (9) 5 The accumul at ed
sum aLp NLP that is generated by the residual FOE unit 109 based on
the I ong preanbles according to (5) is wused as the first value in
aDATA, n for accuracy enhancenment. The l&ponential factor in the
first line of (9) is introduced 10 to account for the difference in
frequency agisi fr e bsence of cyclic prefix in the |ong
pregnbles 5§h®kg%catggh&gﬁlfg) and (6). In one enbodi nent, there may
be two signal field synbols and 15_n=1 corrEsponds o the first
signal field (SF) synbot kn¥s21t0 tPe secon®, SPgsypbplr,nnz3 1t o= e, -,
first data synbol and so on. Qg hb 7 GgandNr = 3 the Df,r,n
received by the receiver 102 are illustrated in tables 8 to 10
(where tine grows downwards 20 in the tables). nornalized receive
antenna 1 values k1D8,1,1 k1022,1,1 k1D44,1,1 k1D58,1,1 k2D8,1, 2
k2D22, 1,2 k2D44, 1,2 k2D58,1,2 k3D8,1,3 k3D22,1,3 k3D44, 1,3 k3D58, 1, 3
19 table 8 normalized receive antenna 2 values Kk1D8, 2,1 k1022,2,1
kiD44, 2,1 kiD58, 2, 1 42D8TR.2 k2D22, 2,2 k2D44, 2,2 k2058, 2, 2 k3D8,%9§
k3D22. 2, 3 K3PUA2 3" k3058, 2, 3’ table 9

5

The accumulated sum aLp, Ny p that is generated by the residual

FOE unit 109 based on the long preambles according to (5) is

used as the first value in apatp,n for accuracy enhancement.

The exponential factor in the first line of (9) is introduced

10 to account for the difference in frequency arising from the

absence of cyclic prefix in the long preambles as indicated

in (2) and (6).

In one embodiment, there may be two signal field symbols and

15 n=1 corresponds to the first signal field (SF) symbol, n=2 to

the second SF symbol, n=3 to the first data symbol and so on.

For Ny = 6 and Ny = 3 the Df y p received by the receiver 102

are illustrated in tables 8 to 10 (where time grows downwards

20 in the tables).

nermalized receive antenna 1 wvalues

kiDg 1,1

k1D22,1,1

k1Dgq,1,1

k1Ds8,1,1

koDg, 1,2

k2D22,1,2

koDaa,1,2

koDsg 1,2

k3Dg,1,3

k3D22 1,3

k3Dg4,1,3

k3Ds5g,1,3




nornmali zed recei ve antenna 3 val ues
k1D58, 3,1 k2D8, 3,2 k2D22, 3,2 k2D44, 3, 2 k2D58, 3, 2

k1D8, 3,1 k1D22, 3,1 k1D44, 3,1
k3D8, 3,

3 k3D22, 3,3

k3D44, 3,3 k3D58,3,3 5 table 10 Each of the columms in tables 8 to 10

can be regarded as a
the effect of a residual

frequency offset

singl e conpl ex silfusoid. 10 In the foll ow ng,
in the time domain on the

synbols in the frequency domain is iseussed. For ease of

presentati on,

N,

0 1. Upon perform
frequency donmain

FPYt (10)

ej (Wt~)} and F is

the sinusoid is to
di agonal

N+H +~) sin( NQ =

the noi sel ess case is considered, although the sane
argunent applies otherw se. Suppose a tinme sequence yn, n= 1, 2,

s multipl @Wmﬁmﬁ@ﬁﬁgﬁ“) where co
ng Iscrete Fourier transformon € product, the
ﬁﬂ@b%mﬁ%Wéwwwﬂﬂﬁ % %Qm y f =

where yt = ['YI" Y2 " YNI'T [P dlaqgé5 W+) (0) 2+~)
Hm,@WI]@DzﬁzrﬁﬂQﬂQmmzrr@t o5 gl f2 t2|’e ef fect of
be modellled in th freauen y dongin With a
matri x Q |§aDE0 2oy, F 1%81@23/,@ ,GUR3Dauhen sHNDbsep(aik+ j (c)
EPEF | = ¢ ] (1?, L Nm INsin O
table 9

10

15

noermalized receive antenna 3 wvalues

k1Dg, 3,1

kiD22 3,1

k1D44,3,1

k1D5g, 3,1

kpDg, 3,2

koD22 3,2

koDgyg,3,2

koDsg, 3,2

k3Dg 3,3

k3D22,3,3

k3Dag,3,3

kaDsg, 3, 3

table 10

Each of the columns in tables 8 to 10 can be regarded as a

single complex sinuscid.

In the following,

the effect of a residual frequency offset

in the time domain on the symbols in the frequency domain is

discussed. For ease of presentation,
considered,

Suppose a time sequence yp, n= 1,

the complex sinusoid e

S(con -+ )

where o []

N,

1.

the noiseless case is
although the same argument applies otherwise.

2, .y is multiplied with

Upon performing

discrete Fourier transform on the product, the frequency

domain signal can be written in matrix form as



15 The above approximation applies for the matrix F and any

ort hogonal transform having fixed. power in every elenent |like the
Hadamard nmatrix, and is exact at the diagonal entries. Based on such
an approximation, the tinme domai n nodel2 and 20 frequency donmain
nodel s are rel at ed as depicted in table 11. Tinme domain Freq domain
e0 m e(r) EOPyCPO discarded e col 6 21 ejwl7 jw80+17 e %10
LP1 ej w18 fycpl BT 32(0) Co FYLPl - ei 0)8 0 64 sin ( 22

ejwW 64(NLp-1)+17] jw 64(NLp 1)+80+17 e 2 e W64(NLp -1)+18" LPNLP
A YLP,NLp sin (32w) ejwW 64(NLp-1)+80] [64 sin(2 FYLP,NLP 2 ¢gj

W 64NLp+J‘]geleé }yv( 64%?“3;32) CPlyN]'.g/CpI di scar ded

P = diag{eﬂ0y+¢) ejm2+*m e eﬂmN*ﬂw} and F is the Fourier

5 transform matrix.

If the effect of the sinusoid is to be modelled in the

frequency domain with a diagonal matrix Q by

10 ve & QFy. (11)
then
E: mk+¢ : A Eii+¢ sin{ mN)
0 = ot & kl 1= —=2-I. (12)
Nsin(—)
2
15

The above approximation applies for the matrix F and any
orthogonal transform having fixed power in every element like
the Hadamard matrix, and is exact at the diagonal entries.
Based on such an approximation, the time domain models and

20 frequency domain models are related as depicted in table 11.

Time domain Freq domain
_.ejm =
' ejmz
CPO : [ Yepo discarded
_ej®16_




ej W 64NLp +32) ej W(64NLp+33) jw( 64N LP +96+33 2 Data ej WM 64NLp+34)
e 1~ YDTl sin (32w) F Y e WM64NLp+96) L64 sin( w) -DT1 2 g
0)[64NLp +8 O(n -1)+17] ej W6 4NLP + 8 O(n -1)+18] CP2 " yCP2

di scarded ej W 64NLp +8 0(n-1)+32] ej Wi64NLp+80( n-1)+33]

j M 64NLp+80(n-1) +96+33 e 2 Data ejw 64NLp+80(n-1)+34] 11 n YDIn

rsin (32w) F TefW 64N[p+80(D-T)F96] L64 sip (W) YOJR, £722 tapfe 11
Whi l e thHe NLP|l ong preadft share one single cypb+e—prefix of 16
sanpl es,| the gucceedi rg,d?é synbols own aj cycléc 5 %refix each. As
t he nodel rIr%qows, the died3®r8tle signals at [eceiver antenpa r in the
| ong prearnble |and t he [data P1 segnents ar I espectivel y| by
j 64w(n- 31 ) gin (32cy) e 128 w FYLP,n, n ¢ 1, 95%%120)} Eiﬂﬁ)
o) 080 64 sin (>)
- 2
- . . 80+17
o) 04Ny, p—1)-+17] jal6d(Nr,p—1)+ ]
. e
o o OI64(N1,p —1)+18] 5y
LP .
: =LE,Npp sin {32m) v
: =ILP,N
| JOlE4NLp~1)+80] 64 sin (%) LE
ej(D(64NLP+17)
ejO)(64NLP+18) '
CP1 : 1l Yepy discarded
ejC!)(64NLP+32)
T . , 96+33
o) (64N, p +33) Ja(64NT, p+ )
e
Data o] @(64N,p +34)
0y
1 : =DT1 5in(320) |
- =LDT1
_e]@(64NLP +96)_ 64 sin (%)
o] O[64Nr,p +80(n—1)+17]
oI Ol64NT,p +80(n—1)+18]
CP2 : [ Yopo discarded
ejOJ[64NLP+80(H—l)+32]
Mo 7 . 96433
cJ Ol64Ny.p +80(n~1)+33] JO(BANT, p +80(n—1)+ )
e
Data ej(D[64NLP+80(n—1)+34]
. u Yo
n : U sin (32m)
- o | T
oJ@[64NE,p +80(n —1)+96] 64 5in () n




64 sin(-) 10 and j8OM n+128NLp-31) 160 sin (32w) e Fy n = 1,2, 3,.
(14) 64 sin (-) DI, n, 2 15 As the received signal values are phase
rotated in both the tine and frequency donmins, the channel
identified based on the distorted | ong®reanbl es can deviate
considerably from the actual channel on account of the effect of
resi dual [ firequency offSet cCDO OVer a refatjvely fong estimation 20
interval | in a|MMO system In accordance with (13), the NLP |ong
preanbl es coll ected at subchannel f tabder@ceiver antenna r are
related to the channel gain Hf,r,t and the transmtted values Af,t,n
by 23 j64co(l1-231 e 1) O Lf, r, I 31 8 Lf,r,2 sin (32w) 64w 2- )
e 128 64ysiNe (We Ly £ Ay o BMN es Hhnark ldhe single cyclic prefix

of 16 samples, the succeeding data symbols own a cyclic

5 prefix each. As the model shows, the discrete signals at
receiver antenna r in the long preamble and the data symbol

segments are given respectively by

. 31
364®U1_128) sin (32w)

y
_""‘LPr ’
64 sin (923) &

10

and

. 128Npp—31
e38 OCO(H'I‘T) sin (32m)

Y
==DT,n,
64sin0%)

n=123-. (14)

15 As the received signal values are phase rotated in both the
time and frequency domains, the channel identified based on
the distorted long preambles can deviate considerably from
the actual channel on account of the effect of residual
frequency offset ® over a relatively long estimation

20 interval in a MIMO system. In accordance with (13), the N1, p

long preambles collected at subchannel f and receiver

antenna r are related to the channel gain Hg¢ ,  and the

transmitted values Af ¢ n by



0 e 128 Af,I,I Af,2,1 ... Af,Nt,I H,r, I Af,1,2 Af,2,2 ... Af,N,2
Hf,r,2 Af,1, NLP Af,2,NLP ... Af Nt,NLP Hf,r, Nt (15) sin (32w) In
matrix form Lf = w PAfhf r can be witten. The 64 sin(-) 5
conventional LS channel estimate with M3 consideration of residual
frequency offset is given by H-1 AHL hf r = (-f- f) -f-f sin (32w
(AHA )-1(AH PA )h (16 ) f -f -f F-f -f, £,64 sin(-) j64wWNLp+l- 31
sin (32w ) sin (32CNLp) 1hf,r ¢ 204@8-Ncp!sin (32w) 64 sin(-) 10
upon using t $ prip rty in (12) arfd assurhi g that A= constant x FO
(or instead|o Lt ourlier transflormany orthogonal 4yansformwth
equal power |i kfayery elleseni3dd)kl t he Hadamar dJ?4®Astorh) which is
reasonably vyalid for| ogtimal ong preanbl e désign. (14), the data
synbol s received at | 1 @u%tlhé?h | f and antenna r at tinme . n for a
M MO- OFDM sy&f.emiig4 | adopting, “fdr instance, a VBLAST (Verti cal 3
Bel | -Lab Layered Space-Tine) strjucture, is 36 40(Np, p ———)
0 e 128
[ Af,1,1 Af2 Af,Ng, 1 |T He g1
Af,1,2 Af,2,2 Af,Ng,2 He,r,2
[Af,1,Npp Af2,Npp A, Ng,Npp |[PEm N
(15)
In matrix form, Lg = -Eiﬁﬁﬁ%g-EAfoﬂ: can be written. The
64 sin (—)
2
5 conventional LS channel estimate with no consideration of
residual frequency offset is given by
- _ AHA ‘-1 ,H
he r = (AfAg) "AfLys
_ | s5in (32w} H -1, =
ol (ApAg) TAFPAc)he o (16)
64 sin (—)
2
. Nrp+1l 31
L JeAel g sinB20) |:sin(32coNLp):|h
& : he
64sin090 Ni,p sin (32m) r
10 upon using the property in (12) and assuming that A=
constant X E (or instead of the Fourier transform any
orthogonal transform with equal power in every element like
the Hadamard transform) which is reasonably valid for optimal
long preamble design. By (14), the data symbols received at
15 subchannel f and antenna r at time n for a MIMO-OFDM system




Yi,1,n Yf, 2, n [Yf,N,n +128NLp -31) 160 sin (32co) = e 64
sin(0) ) 2 H,1,1 H,1,2 ... H,1, N Xf,I,n H,2, 1 H,2,2 ...
H,2, Nt Xf,2,n Hf N 1 H N 2 ... Hf * t Xf Nt n
jcu[ 80(n+128NLp-31)-64(NLp+1_ 31) ] e20 2 128 sin (32coNLp) CNLP
sin (32w)] Hf, I, H,1,2 ... H 1,N Xf,1,n (17) Hf,2,1 H,2,2 ...
Hf , 2, Nt ﬁdé-’p’@l ng, 5 itfcd¥Wae 2 a VBIhifSTNr Mrt&foalﬂt Bréllaléﬁot @fa king
useof (16), inplyi g-l Xflanlle,l,Z Hf,l, Xf,2,n
Hf, 2, 1 HSBEce-Tingk stngcude Ntishj [nfNrl HF,Nr 2 ... HE Nr Nt (18)
2(NLp 1) yf,1,n 1sin(320\NLP) -j80c~[n+ 5 ] Yf 2, n e
Yf,1,n
Yr,on
Yf,Nr,n
. 128N7,p—-31
J80mn+-———EE 2=y b
= e 160 sSin (32(.:;)
64 sin(—
(2)
[ H H T
£1,1 £1,2 Rf,1,Ne X£,1,n
He2,1 Hez2 o Hf 2w Xf,2,n
(HE Ny, 1 HE N2 0 BE Ny, N | [X6Nen
jCO[8O(I‘l+128NLP_31)—64(NLP+1'-' 31 )]
e 160 2 128
sin (32wNr,p)
N1 p sin (32wm)
fe,,1 0 Be1,2 0 Beane | %e1n (17)
Ag,2,1 Beo,2 0 Heowne || X620
Feng,1 Beng,2 v AE g, wg |6 Nem

after making use of (16}, implying

- . . " -1
X£,1,n He1,1 Beg,20 0 HE4,ng
Xf,2,n | | 3,21 Hgz2 - HE 2N
X & TR eee O
£, Ng,n HE N, 1 HE NG, 2 HE, Ny, N | (18)
¥F,1,n
) 2N p—1) e
sin (32wNr,p) e_jBO(’)[n+ ] Y£,2,n

Nip sin (32m)
Yf, Ny, n



NLP sin (320)) Yf, Nr, n 25 Wile the anplitude attenuation
sin(32wNLp) is tinme NLP sin (32w) invariant and negligible due to a
smal |l w after frequency offset estimation and conpensati on based on
the short 5 preanbles, the phase rotatiZdn termis an increasing
function of tine and is thus indispensable. Therefore to provide the
anount of phase conpensation for the distortion in both the channel
estimate and the data synbols, the received signal values Yf,r,n are
repl aced f u f 1@l@6ﬁ%@hsétlo t 110 by
f@? T?ﬁi%ﬂﬁkiﬂﬁﬂﬁfﬁ%@éﬂgéffﬁn lﬂ%

2(NLP -1 e s2n (320
1, 2,3,, 64, and f ~ {8,22,44,58} After thls t he S|gnal values

corr ect ed.rivartins Ve ar@@ll.wl:slwpp:lueectd @ @mEaro oaftag fntgudrerence
suppressi o FIS), .unit, 111 ich serves also as a channe ual i zer
(and Tor AT GRRHGT oo GUERIS 0 ThEsets St o1 Phors

suppl Bed prcenbidasodere bha sehireh fedrorEE i he %qulﬂc&@a@,fm_&l;h%u%ﬁ:@on
20 Al though the above devel opnent is derived for the VBLA

confi gur &1 drimg tands iy Adiughtifervemed sty Llehowherat orige t§a@efOVlde the

conpensat raul I for B e-Tinme

comensan oA, Uikods fora GIPGLO.0MM S, Batfen
channel estimate and the data symbols, the received signal

values Yf p n are replaced by a residual frequency offset

10 compensation unit 110 by

. 2(Nr,p—1)
. "ﬂn+‘_J!i__qéaDATAﬂ1—l
Yf,r,n = Yf,r,n€ ’

n=12-,
£f=1223--,64, and £ = {8, 22, 44, 58}

(19)

After this, the signal values corrected in this way are

15 supplied to a zero forcing interference suppression {(ZFIS)
unit 111 which serves also as a channel equalizer (and for
data detection). The output of the ZFIS unit 111 is supplied
to a decoder 112 which performs the decoding of the data.

20 Although the above development is derived for the VBLAST
configuration, it is straightforward to show that the same
compensation formula in (19) holds for a GSTBC (Groupwise
Space-Time Block Code) system. It is also remarked that for
the case when the long preambles are loaded with cyclic

25 prefix, the same phase compensation can be readily applied to

arrive at the equations

Long preambles:



t he case when the |l ong preanbles are | oaded with cyclic 25 prefix,
t he sane phase conpensation can be readily applied to arrive at the
equations Long preanbles: 26 aLp 1 =0, 3 aLP,n = aLP,n-1 + E

Lf,r,nd4f ,r,n-1 n =2, 3, ,NLP fe[8,22644,58] r=1 5 wp n LaLP, n =
80 (20) Data synbols: aDATA O = aLP,NLP. 10 kO =1, Df r O = Lf r
NLP, aDATA f:aDﬁTA,n-l 3 15 + knkn-1 Df,r,nDf, r,n-1,
fE[8,22,44,58] r=1 n=12... LaDATA, n ODATA,n = 80 (21) Phase
conpensation: 20 (NLp -1) j[n+ ]JLaDATA, n-1 Yf,r,n = Yf,r,ne 2
, 3 .
aLpn = aLpn-1t 2. Lgrnlfr,n-10 = 23, Npp
£e(8,22,44,58] r=1
R Zarp,n
5 w = £ 20
LP,n 50 (20}
Data symbols:
aDATA,0 = aLP,Npp’
10
ko = 1,
Df,r,O = Lf,r,NLP!
@DATA,n = @DATA,n-1
3
15 o+ knkn_l Z Z Df’r’nD?,r,n‘-lf
felB8,22,44,58] r=1
n=12--,
X ZapaTa,
GpaTA,n = ——T (21)
80
Phase compensation:
20
. (Npp—1)
; y —iin+—LE = apnra, n -1
= e ’
f,r,n f,r,n (22)
n=12-,

£t =123 -,64, and £ # {8, 22, 44, 58}



(22) n=1,2,...) f =1, 2,3,,64,and f # {8,22,44,58} 27 that yield
i dentical performance using the pilot designs according to (3) and
(7) since the difference lies only in a less efficient use of |ong
preanbles in comunicating informatiornk75 In the enbodi nent

descri bed above, no channel estimation is required of the pilot

subchannetsat| pséeadi dehpiPal speoprhat-c afd Bfg eaeh pong: peamlL is
received in accordance with 10 Upon arrival of every OF

5).
symbol , aPRFACALRE BPJAEEPR %%be%irlf%dtfa% dohfemnae KWameansat ilgh @

on Yf1r1nlé§sC@ffi§geﬂQtuséOoni?ﬁ@ ﬁgeﬁmgﬂéQ ﬁ%giﬁ?ﬂ% Subseguent

processi ng such as channel equalization, etc. ation Tesults
show t hat i1nhermet hou. provi des al nost perfect conpensati on.
Sinplgfity in inmplenmentation is obvious as only a few inevitable
non- | i"near operations are required by design. 20 In case of a M MO

OFDM syst e the eashdleagr tdaé At Nged PISSFD) eno Siriale T | &ddi rand POV
synbol , eight of the subcarriers are in one enbodi nent dedicated to-
pi | ot si ghafldlredorebhe cohake $Hechomeent beierad.omrmhbusits axpaimsted
frequency of fset and phase noi se. These pjlot signals shall 25 be

put in sud 5‘?%%?@1134 19 _Ryeemble 1g recebied gt AP RN RN ot -
inthe long training preanble are not nodul ated over tinme but those

in the signal field and the OFDM dat a
10 Upon arrival of every OFDM symbol, apaTa,n is updated as

specified in (9). Phase compensation on Yf r n is carried out
to obtain ?fﬁym in (19) for subsequent processing such as

channel egualization, etc.

15 Simulation results show that the method provides almost
perfect compensation. Simplicity in implementation is obvious
as only a few inevitable non-linear operations are required

by design.

20 In case of a MIMO OFDM system, in each long training
preamble, signal field and OFDM symbcl, eight of the
subcarriers are in one embodiment dedicated to pilot signals
in order to make the coherent detection robust against
irequency offset and phase noise. These pilot signals shall

25 be put in subcarriers -48, -34, -20, -6, 6, 20, 34, and 48.
The pilots in the long training preamble are not modulated
over time but those in the signal field and the OFDM data
symbols shall be BPSK modulated by a pseudo binary sequence
to prevent the generation of spectral lines. The contribution

30 of the pilot subcarriers to each OFDM symbol is described in

in the following.



synbol s shall be BPSK nodul ated by a pseudo binary sequence to
prevent the generation of spectral lines. The contribution 30 of the
pil ot subcarriers to each OFDM synbol is described in in the
following. 28 The contribution of thedsi|lot subcarriers for the nth
OFDM synbol is produced by Fourier transform of sequence P_58,58 or
P_53, 53 ginerncded owuifigrstor defd rg tdie W@r@&o%tﬁe n™® OFDM
10,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0, 1,
0,0,0,0, &b 0, &%fbcﬁz&acﬂ-ﬂ%ﬂ%‘&)ﬂ@a Q’ransform of se uence
0,0,0,0,0,0,0,-1,0,0,0,0 then P53, 53 = { P_2
P- 26, 26) P58580§, 262$ ghObOOOOOOOOO P26261The
polarity 0_15?t & pﬁo Shbcar P Ers 7S ¢ontrol | ed by the sequence, Pn,
which is a cyclic extension of the 127 elenments 10 sequence and is
gi ven by Zmst, &fine thel seugnkel, 1,1,1,1, 1,1,1,1, Each sequence
el ement is used for one OFDM synbol. The first and second el enents,
g?Gfile D|P—2@|J|2td ply tie, CD,IO,Cﬂll osum,awm,ewsopcﬂ o he, @HU,S(U @121@ second
tive epents fromp2 on are

used CETb(g' '[5)%( @y@‘o@d@ OQ% m i d%cém%n@ the foll ow ng
publ i catl ohscabeochiedo, 1] 0, Paot01ds. WI rel ess LAN medi um access
control (MAC) and

then

P.s3,53 =1{ B2¢,26: 0, Bo2g,26}:
P—58,58 = { P—26,26f 0,0,0,0,0,0,0,0,0,0,0, P—26,26}-

The polarity of the pilot subcarriers i1s controlled by the

sequence, pp, which is a cyclic extension of the 127 elements

10 sequence and is gilven by

R, 126 = (1,1,1,1, -1,-1,-1,1, -1,-1,-1,-1, 1,1,-1,1,
1,1,1,1, 1,1,1,1, 1,1,1,1, 1,1,1,1,
1,1,-1,1, 1,-1,-1,1, 1,1,-1,1, -1,-1,-1,1,
-1,1,-1,1, 1,-1,-1,1, 1,1,1,1, -1,-1,1,1,
-1,-1,1,-1, 1,-1,1,1, -1,-1,-1,1,
1,-1,-1,-1, -1,1,-1,-1, 1,-1,1,1,
i,1,-1,1, -1,1,-1,1,-1,-1,~1,~1, -1i,1,-1,1,
1,-1,1,-1, 1,1,1,-1, -1,1,-1,1, ~-1,1,1,1,
-1,-1,-1,-1, -1,1,-1}

Bach sequence element is used for one OFDM symbol. The first

and second elements, pg and pj, multiply the pilot

subcarriers of the first and second SIGNAL symbol,

15 respectively, while the elements from ps; on are used for the

DATA symbols.



physi cal |ayer (PHY) specifications: Hi gh-speed physical 5 layer in
the 5 Giz band." | EEE std 802.11a-1999: Supplement to |IEEE

802. 11- 1999, Sept. 1996 [2] S. Kay, "Statistically/Conputationally
efficient frequency estimation", |CASSP 98, pp. 2292-2294, vol. 4,
1998 10 30 Cainms 1. Method for determ ning a residual frequency

of f set betmegil s alddansid,t tdfe and lawiereipes] idatd drisansd $3i-er :of
data via a 5 communi cation channel, wherein - a nessage is
transmitted fromthe transmtter to the receiver via the

conmuni cag o ghanne - mtél%s@%m%e%em 'a%,%%s%t éo%%%loﬂeﬁ%:h%hd

pr eanbl e, at | east one |long preanble and user data; 10 - the at

| east oneahmg:q:ilr eamre (RNr isesirfasiahiansf:r égudnopecof fp$1@fl5ical
deter tlon i.nf qr.mat - - _the residual u y .of f set

det er cf%asecP Qtr‘}j hée%hrzea il ﬁ%&%ﬁesrjféjy gJ ggta_&glggr mshlé’tpl(‘?ﬁlent

i nfor mat iton. TEEE BoMetihaod |ccagiing itgwacl aim 1, wherein the at |east
one short preanble conprises frequency offset determ nation
information and a frequency offset is determ ned based on the
frequency f fsety deter C:gﬁﬁg ording to
claim1l orﬂz Ssv\,her €int a%gaq&aﬂc}p/rl é%%f ur?’h resi %al%% requency
of f set de‘imqnena:cy @rs t dnefraromt, i m@m '®8r,egipdual2 9f2r—<2<219&ncwo(1f.f get 1998
det eipi nation is carried out based on the further residual frequency
offs determ nation informtion.



25 4. Method according to any one of the clains 1 to 3, wherein the
communi cati on channel conprises at |east one data subchannel and at
| east one pilot subchannel. 30 5. Method according to any one of the
clains 1 to 4, wherein the at |east oP® | ong preanble further
conprises channel estimation information based on which a channel
estimati @idisns performed to determne the transm ssion
characteristics of 31 the comuni cation channel and the residual
frequency offset determnation information is transmtted via the

| east one  pidiatosubechaneand ihe %q%lale%&{e@%%hgg iﬁgt%%%g%la,@meiaﬁ

transmtted via phe at | east one data subchannel .
accor di n@ ttoraampidgnie nfanche degienwel tio & twheseilssibhe ofeslsagevia a

trans 'thd %ia %mpk#{alghé_ f transmt antennas. 10 7. Met hod
accor di n§ TEHHS e of PSS ai"fE *F 1 6, wherein the nessage is
recei ved iz nie g¥ayfedliid \ refn siEGeicve faieRMas + radsnyRitBed tacepedi ng to

any one of the clains 1 to 7, wherein the nessage is transntted
accor di ng8EOEBMViES the (e igeddon whandedny one of the clains 1
to 8, wherei t idual. . fr n of

determ ned kgéggﬂn%ﬁﬁiE%H&EsﬁgﬁéﬁtfEgg%gn%%eofkégﬁ gg%s&%?%étﬁgnleast
i nf or mat icory lanoplrasantdrpenshtiser idatearri ed out for at | east one

sign b ZQ‘VEJue mﬁich is received in gg transm ssi on of. the nessage
based”on t Fédéter®ardd Fsi | P& oy OBPFdees residual frequency
offset determination information;
- the residual frequency offset is determined based on the

residual frequency offset determination information.

15 2. Method according to claim 1, wherein the at least one
short preamble comprises frequency offset determination
information and a freguency offset is determined based on the

frequency offset determination information.

20 3. Method according to claim 1 or 2, wherein the data
comprises further residual frequency offset determination
information and a residual frequency offset determination is
carried out based on the further residual frequency offset
determination information.

25
4. Method according to any one of the claims 1 to 3, wherein
the communication channel comprises at least one data

subchannel and at least one pilot subchannel.

30 5. Method according to any one of the claims 1 to 4, wherein
the at least one long preamble further comprises channel
estimation information based on which & channhel estimation is

performed to determine the transmission characteristics of



10. Communi cation systemconprising a transmtter and a receiver
wherein 25 - the transmtter is adapted to transmt a nessage from
the transmtter to the receiver via a conmunication channel wherein
t he message conprises at | east one shoril preanble, at |east one |ong
preanbl e and user data and the at |east one |ong preanble conprises
resi dual thequennhioffisiein Ithadetar ratien dafienmat iR qudhs begeierer
is adapted to determ ne a residual frequency offset between the
transm t tERCHTE e e ARt Athel 32X ransgidiessivom dheddeash #0ehe
conmmuni C%iﬂ:ﬂ: %ﬁeln_ Secaqld)q:het hﬁha{rg'%ld@tifn{a%q}b%n&%f%frfrﬁ%tion is
determ nation information. 11. Method for transmtting a nessage by
a transnttarsmisiwhkreia the ateslssgd: icrqgehdraatsedobzenrailn t he nessage
conpri.ses at |east one short preanble, at |east one | ong preanble
and uSer data and the at |east one |ong preanble conprises residual

f requencys ofdseiodei@ididiald arb idHPrdmt i tHe «1h&s ™SS, i Siherein
transmtted to a receiver via a conmunication channel wherein - the
resi dual FhrediRTR3SOFIfS dir aferEriaathtviicn 4 rfloyasdtiiton o faltrensttite

recei ver ta determne a residual frequency offset 15 between the
transmtter and the receiver in the transmssion of data via the
communi cation channel. 12. Transm tter conprising - a nessage

enerati unit adapted to generate a nessage
9 l% np. Methocfi ccoréinégto any one of the claims 1 to 6, wherein

the message is received via a plurality of receive antennas.

8. Method according to any one of the claims 1 to 7, wherein
the message is transmitted according to OFDM,

15
8. Method according to any one of the claims 1 to 8, wherein,
when the residual frequency offset has been determined based
on the residual frequency offset determination information, a
phase compensation is carried out for at least one signal

20 wvalue which is received in the transmission of the message

based on the determined residual frequency offset.

10. Communication system comprising a transmitter and a
receiver wherein

25 - the transmitter is adapted to transmit a message from the
transmitter to the receiver via a communication channel
wherein the message comprises at least one short preamble, at
least one long preamble and user data and the at least one
long preamble comprises residual freguency offset

30 determination information )
- the receiver is adapted to determine a residual frequency

offset between the transmitter and the receiver in the



20 wherein the nmessage conprises at | east one short preanble, at

| east one | ong preanbl e and user data and the at |east one |ong
preanbl e conprises residual frequency offset determ nation
information - a sending unit adapted t&2transmt the nessage to a 25
receiver via a comuni cation channel wherein - the residual

f r equencyt refrfseits deire ot RRtH0 R i frdfgTeio@iin i2llkaws thanhetebwekdt en
determ ne a residual frequency offset between the transmtter and
the receiV& G994 WE It FaRsMasoRTIFess GaeaMirating dafmiRREAP on
channel . 13. Method for processing a nessage by a receiver wherein 33
- a nessage is received froma transmtter via a conmrunication
channel whi.c Matgsshde rcdmpnissestaind eastescrge Shyort tpreantitesrat

| east _.one_l on reanbl e and user data, wherein the at |east one |ong
preangle“ggﬂﬁgi es residual 5 frequency of fset deternination

i nformati-on medJRR dualgdnaauercwifset thet weer ke chiarsktt gt and
the receiver in a transm ssion of data via the conmrunication
channel il®afdt aNf FEPBaPe@adW - rche atedicgsdl ocedoagcprepfbde and user

determ n a’t%ﬁ ddYf RLion. 10 1o ﬁ%%ﬁ éﬁ:rea% R !c%{m@%ée% ee8hrhhY
uni t adap ed to recelve a nessage fro transmt r via a
communi calieauechigndf swhi e tresdage 1 ctoipificsestdionl east one short
preampl e, at | east one,lon% 15 preanpl e and user data, wherein the at
| eas Oné-ﬁgﬁgnessage is transmitted to a receiver via a
communication channel
wherein
- the residual frequency offset determination information
allows the receiver to determine a residual frequency offset
15 Dbetween the transmitter and the receiver in the transmission

of data wvia the communication channel.

12. Transmitter comprising
- a message dgenerating unit adapted to generate a message

20 wherein the message comprises at least one short preamble, at
least one long preamble and user data and the at least one
long preamble comprises residual frequency cffset
determination information
- a sending unit adapted to transmit the message to a

25 receiver via a communication channel
wherein
- the residual frequency offset determination information
allows the receiver to determine a residual frequency offset
between the transmitter and the receiver in the transmission

30 of data via the communication channel.

13. Method for processing a message by a receiver wherein



preanbl e conpri ses residual frequency offset determ nation
information - a determning unit adapted to determ ne a residual
frequency offset between the transmtter and the receiver in 20 a
transm ssion of data based on the residiial frequency offset
determ nation infornmation.

10

15

20

— a message 1s received from a transmitter wvia a
communication channel which message comprises at least one
short preamble, at least one long preamble and user data,
wherein the at least one long preamble comprises residual
frequency offset determination information

- a residual frequency offset between the transmitter and the
receiver in a transmission of data via the communication
channel is detefmined based on the residual frequency offset

determination information.

14. Receiver comprising

- a receiving unit adapted to receive a message from a
transmitter via a communication channel which message
comprises at least one short preamble, at least one long
preamble and user data, wherein the at least one long
preamble comprises residual frequency offset determination
information

- a determining unit adapted to determine a residual
frequency offset between the transmitter and the receiver in
a transmission of data based on the residual frequency offset

determination information.



