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Sl gnals Field of the Invention 5 This invention relates to amﬂ

Orthogonal Frequency Division Miltiplexing (OFDM signals, mmmmn’mmr
use in cellular wireless comunicatiop systenms or wireless |ocalg

| oops (WLAN). In particular, it relates to receivers enploying nove

nmet hods for carrier frequency of fset over nultipath fading channels. It
further relates to N@ﬂ?@dd‘ﬂaraﬁ‘u@f&r%é‘de\ﬁ A adil Qs SYSt ens i ncl udi ng
the receivers. Background flfogonal  Frequency Di vi si on
Ml ti pl exing (CFDI\/) is a prom Si ng transm ssion 15 technol ogy for very

hi gh-spe | m|-1t| on transfer. is already used in digital television
br oadcas -é——(iﬁg@—m{lrel ess Iocal area networks (W.AN). OFDM has al so
been proposed for fourth generation (4G wreless comuni cation systens and

wreless asymetric transport node (wireless ATM. 20 A nodel of sone
corrpoﬁenthhISanvenummatasnma:tﬂmmeréen@dhogwlﬁﬁememydmsnon Fig.1. Fig. 1

an i nt cot U0 ERkle DrR00 R SLelab L bE Y s eRecl ) (o'be "

transmt tdefﬂnmﬁnic@ﬂ@ﬁ s{étemid dhRirélebs Ic¥al Bl lodps AVLAND. fn E@r“tlbalartlﬂ paral | el
converter generate M parallel signals Si(n),

n),
where t héekaé@s tebregeivers empioying pawejenathpds fien %@ersfrewnﬂyeqf@%ﬁver of t he

n-th sy Di screte
Four  of  dreieRSRS R uRBEE Rl (b Pelosh ¥R 0 2l ¢ 7
whi choadddnamapicktion Bysteims inthdingethel recéivetshen passed to a transm ssion
unit 9 (e.g. aradio transmssion unit in the case that the signal is to be
transmtted by radio). Fig. 1 (b) shows schematically how the transmtted
30 si gnalBe(dkﬂggﬁnJéﬂ%tm\?eﬁtoft of Fig. 1 (b)) is subject to a multipath
channel not se. The result is received by a receiver (not
shown in Fig. 1) as a serlal signal y(n). The receiver uses a serial
S anal *y (PR ey S s dfBiernd (GEDRYTR Byorommeing Haneryesiah b we
al so ef t I i nt

15 ql(;%lﬁmlgg f’ora«% Orme(pée%lhﬂﬁ (?%Hﬁlt%%%r heis a%'ébx Us@dan didifaP

di screte trans en perforns cha equal I sation
usi ng an tekq:ua;horsblroadoastsc(ﬁ)er.legartd)\Nlrelespﬂoaatarﬂ%netWoﬂED(\WLAhb ifFDMpat h

h I del | ed f adi ch i he f d
o rort ndso FRER eraasi Bt tayih oderaor PRAT BBk chgvauliedlFE o™ "
channel s,s@&5HETBAE Wiksd hs)iiMitrid andicPRIbHEqWirfessheTiannel (here cal |l ed

"channel paraneters”). The cyclic prefix can handle the cyclic convol ution
ef fect when the signal passes through a 15 frequency-selective nmulti-path

channg! + APBAEBPLIRE GRNERHERRE kiohROEIRCA AR e o for

respéctive rfer trequency o channel

par amet ershowrhie Rigrin i €ig.fi(@psteowy thef dtasstureesfrsh OFOM tragsmittsr. thput datence
between the Inverse Discrete 20 Fourier Transform (IDFT) in the transmtter
and the 3@ wbarerdis arintegemariable paxing a rﬁsPﬁ‘ét'Vreé(?é‘l’Q/B}f each sygbalthect i ve

val ues 1 4o GhhorihER S s i rglibn BPPROT(A0 1 SeRel @ EAalRorbpREHe oY

of fset v ricer frequenc
shi ft durtorggneraieadyf parailﬁmmlso&(a))d t$ue dj $fen enheresthieVasiablesk imthehe

transnitter a ever e carrier. frequenc set estimation provides
25 Gt er'@nEe | R0 SRS dhe N FIEarts Phibe b ST DRSS SERALS BISebaea: & can
be renoveg HLHEINE NGeFeTDRERIE FDurier transform (IDFT) 3. The output f(n) is

transmitted to a unit 7 which adds a cyclic prefix. The result is then passed to a

transmission unit 9 (e.g. a radio transmission unit in the case that the signal is to
be transmitted by radio). Fig. 1(b) shows schematically how the transmitted
30 signal (input from the left of Fig. 1(b)) is subject to a multipath channel, and to
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"The ‘channel estinmator is responsible for estinmating the channel paraneters
and providing the information to the equalizer. 30 W now i ntroduce a

mat hemati cal representation of the process in the receiver. 3 The
received signal y(n) EC"'z'" can be dgnoted as Y(n) = EWHs(n)e' ~cn-m ~+N,
~ +~(~) 5 where E = diagLl| e .. eo.~~~-mJE C-~L,~ is the carrier frequency
offset matrix and ~ is the carrier frequency offset. The term di ag~ ~ neans
a di agon t in the
cquar o bradEBidide: Y RuRS FeceivRll ) STplclfernBr gy fLFIGR) Bphserdl (T
Each of isignatlyément s, correspondl ng tothel th rowand mth colum, is ~ 2
m! % :bl given by a 15 H = diag~h(o0), ~ ~ ~ h(M-1)~is the flat-fading
channel paraneter matrix, s(n) is a data transmtted in block n (i.e. the n
th Serialy Heorepéfv%lrlu%s%m%‘f% bRkl cdtibrtef 19 rdm&I& any ydlle el e 20

Gaussi an nol se vector nction of the carrier Trequency offset

est i mat i monverttthe secaivext signal ynjEto dbparatie! sigraleli@it s., ¥eahn),be Mdibved.
Simlarly, the f nctl

e eff entiChie H30 eRp o bererse el Ihinenanbaits et AR B eq on®
recei ved gl gngl ?ourr%ﬁJt s@@rn‘?‘ [Bh"); aajndttﬁ?r‘? efBANE ché%ﬂﬁl@aﬁ? Q{éﬂﬁgl s (a

"traini ng sequence exanp

t rai ni ng segmeiiser.i s a serles of i denti cal CFDNIsynboIs In thls case, the
received signal in respect of each 4 synbol can be treated as a "sanple”
fromthe sanme distribution. [6] proposed a carrier frequency offset

estingti dg]uﬂg tétﬁ@ﬁrih&i@%adf d)P?M 1ﬁél t‘?pa(tﬁ"eﬁbnﬁ&% tféifhod'éﬁé@ s a cost

function s a sum over eac tralnln except the |ast)
of a fundtatdadmg ch'amnellsén rtfm;ﬁréthcsa—@mamfaﬂertthalDﬁTr aTlneneuj)re tbgrrbol and

(ii) the rec |ved Si aI r t he cutivel ext n nbol . In
ot her worggsall F‘Flrec%gauﬁ' P@HU?‘@ ‘ijﬁﬁg?a&"@l *g (?Vg% ps between
"near est fighghie8Wthe bﬁaﬁﬁ@ (A& c‘ib‘}legf“cﬁér%éi'fﬁ%rﬁéfgﬁé’*) SThé %ew grefRY, one

can estimte carrier frequency offset statistics, re Nis the
nunmber ofcaDRTade mcm}lﬂmﬂnyo ed effect when thexsignabpassesdbrasich a he technl que
consi der .t he reI etween the elenents of the OFDM

g;/(rjrbgf%t qﬁﬂﬂ?&‘ﬂ/ Ssieqlive 'T'W\) Haﬁrﬁeg present invention ains to provide new

and useful nethods for OFDM carrl er 15 frequency offset and channel

par anet er_estimati ons, and new and useful OFDM receivers.
The receiver conventionally includes two independent units for respectively

estimating the “carrier frequency offset” and the channel parameters. The carrier
frequency offset means the frequency difference between the Inverse Discrete

20  Fourier Transform (IDFT) in the transmitter and the Discrete Fourier Transform
(DFT) in the receiver. It has respective values for all M carriers, but all depend on
a single carrier frequency offset value ¢. The carrier frequency offset is caused
by the Doppler shift during signal transmission and the different oscillators in the
transmitter and receiver. The carrier frequency offset estimation provides

25 difference information which is input to the DFT so that the errors can be
removed during the DFT process.

The channel estimator is responsible for estimating the channel parameters and
providing the information to the equalizer.
30

We now introduce a mathematical representation of the process in the receiver.



"The 'present invention has two aspects united by the conmobn concept of
varying the cost function used to determne the carrier frequency offset so
as to make 20 statistically inproved use of the received synbols, and thus
to inprove the accuracy with which thescarrier frequency offset can be
estimated. In general terns, the present invention proposes in a first
aspect that the carrier frequency offset is estimted using a cost function
whi ch includes terms 2s generated fromthe received signal at a

(predeterm ned) set of pairs of sanples which are not just

near est - M eoleleeved gighé|kﬁn§¥@bwll§a§gg@@n§@d 49r exanple, the cost function
can include terns generated not only between the nearest nei ghbour synbols,
but al so between all pairs of synbols. 30 Thus, the invention nakes it
possi ble to obtain many nore_stati st¢jng;§w+t,vhan in conventional nethods from
the same nunber of obseYWAEEWHSENE!"és™ Thi*khn 5 (ihcrease

Si gnaé-t&‘-{rgqj se ratio (SNR) as conpared to prior art systens. Accordingly,
more 3ccUVAt'€ estimate of carrier frequency offset can be achieved. This
met hod i s suitable when the training sequence is a series of identical OFDM
synbols. The present inventiqgn is especially valuable for a burst packet
swi tch communi cati ons sgst#ug|seth--ag’'d" " NANY'SYstem KBrause the nunber of
training synbols available for estimation in this kind of communi cation
syst ens iisthe oamrigr feglencyUsifsat mateixiandis isctheaaptiersrexuency effsel The very
inportant to achigeve a good performance. Specifically, a first expression
of the fitegn cé@glleﬁme@ﬂsmagmajrmatﬁim haying aﬁa'ttmt,rlesd%e@ﬁnentsaﬁ tiweEDV
receiver, of estimating a carrier frequency offset value, the 5 nethod

i ncl J8i ngyectrdritie sguarg oeeietsiNgnisithe tendiachgyalicrrietx Wds shyHalr Tf or each of

a series of N ols;, deriving a cost function which is a su gver a set
of *pai 1 o TR EAFHCE Pl i SNt LofesBRading IS Ieniih S ancn S Bal | o
frequency .offset waluwe, and (ii) the received signals for that pair of
synbol s; Q!I‘é‘irbg}‘rieni ng t-he carrier frequency offset value as a stationary

poi nt of the cost function; wherein said pairs of synbols conprise pairs of
synbol s which are not 25 consecutive within said series. An alternative
expression of the first aspect of the invention is an OFDM recei ver
including: a first portion for receiving OFDM si.gnal s and generating
recordStructed 30 messages, thél Fidiea[h(@r tikdM b&lng arranged to enpl oy
carrier frequency offset

is the flat-fading channel parameter matrix, s(n)is a data transmitted in block »

(i.e. the nth Serial-to-Parallel converting), and §(») e C**' is an additive

20  Gaussian noise vector.

The function of the carrier frequency offset estimation is thus to estimate E, so
that its effects can be removed. Similarly, the function of the channel estimation
is to estimate H, so that its effects can be removed. The estimations are

25 performed based on received signals including a plurality of known training
OFDM symbols (a “training sequence”).

In some systems, for example WLAN systems, the training sequence is a series
of identical OFDM symbols. In this case, the received signal in respect of each



"val ues and one or nore channel paraneters; 6 a second portion for
estimating carrier frequency offset values and one or nore transm ssion
channel paraneters fromreceived OFDM signals, the second portion
including: a carrier frequency offset gstimation unit arranged to receive
the signals 5 and to estimate the carrier frequency offset, and a channel
paraneters estimation unit; the carrier frequency offset estinmation unit
bei ng arr, ' t i i R7: hNi ng
equance B R B e B R oA, oIt oPoted e e o
set of paiargerdfequentyofiskbestimatiart using @ mani-tineéameastragiane (SESfi ) a carrier

f ff.set | d (ji),.th eived si s, f t.hat . [ f
eotene s waie SO (LLL 4G Locs Yo S el (P pabypel o
poi nt of Si’ty"ﬂ%dﬁ,]@?x BPd 188f) of aTuMBRIEOI(j)RE YotV 6 s@hgﬁm%t%réiﬁiﬁ@“ se

pai rs of whi ch are 'not consecutive wthin said series. Ina second
aspect, tsyshahaedi(lipthepeopived signal fpertbe sbnsegutivetymaxt trainiegsymdel.nequency
of fset is_ gestimed b i) f.or .each val of k (i,e faor each of the M 20
ol enent s WPl TrtardymebingS Seleln Batty CoupifornEbrEitFedl JK(n) <o
derive a“heaRREhbiyPbbarslin e SSRIsIf tﬁdihi\)rA\ﬁ_s@mbds.llh tiie fway, dBietdadm carrier
frequency of fset using a cost function which is a sumover terns in which

t he el en@stignaje cayriesfirasuency pifsel byfe1 giatighes avheredyisithe nusabrrafi ve

rel ative | g f an

aver age OQEI?W%IQBKI%?E?%CQS%@P?%%ga%ewgﬁéﬂe&%é&g@ﬁ%gﬁpg of the N
synbabs) ocohshier tine telatiorshipy bétweenSped|émeatsl of tha GFDBItsyextpolessi on of the
second aspect of the invention is a nethod, for use in an OFDM receiver, of
estimating a carrier frequency offset value, the nethod including: 7
recei vi ”%lﬂﬂmg:wmegiﬂ%n%ﬂ n) conposed of N synbols |abelled by an integer
n=1, . . ., N, eacir synbor pbei ng conposed of Melenents |abelled by an

i nteger k=1,... M

The present invention aims to provide new and useful methods for OFDM carrier
15  frequency offset and channel parameter estimations, and new and useful OFDM

receivers.

The present invention has two aspects united by the common concept of varying
the cost function used to determine the carrier frequency offset so as to make

20 statistically improved use of the received symbols, and thus to improve the
accuracy with which the carrier frequency offset can be estimated.

In general terms, the present invention proposes in a first aspect that the carrier
frequency offset is estimated using a cost function which includes terms

25 generated from the received signal at a (predetermined) set of pairs of samples
which are not just nearest-neighbours in the symbols sequence. For example, the
cost function can include terms generated not only between the nearest

neighbour symbols, but also between all pairs of symbols.

30 Thus, the invention makes it possible to obtain many more statistics than in
conventional methods from the same number of observation samples. This can



"deriving Mrelative energies p(k) fromthe correspondi ng el enents yk(n) of
5 the N synbols; deriving a cost function froma function of (i) a carrier
frequency offset value, (ii) the synbols yk(n); and (ii) the relative
energies p(k); and o determning the cgrrier frequency offset value as a
stationary point of the cost function. An alternative expression of the
second aspect of the invention is an OFDM receiver including: ~ 5 a first

portion f; VARO[ R i abt 8 st ruct ed
rressages,Iﬁérﬁé%?pﬁtapg)oﬁtggglnrégg?ﬁgﬁgr%?g)r?fé@dc?rggwﬁpppoyﬂg r§ri er frequency
of f set valacesdingly, oze @ccumate estimatecdf gaarienkequencyoffset coan bpadhievedt or
estimating carrier frequency offset values and one or nore transm ssion

channel paraneters fromreceived OFDM signals, the second 20 portion

i ncl udi norhiginfethdd & sdifaMs! AREN thé bafling S64UBHCAS adbirlesafidé1aRAl DFDMCeI ve
the signals and to estinmate the carrier frequency offset, and a channel

par amét ersymdil$.mati on unit; the carrier frequency offset estimation unit
being arranged to estinmate the 2s carrier offset upon receiving a training
sequence of N synbols yk(n) labelled by an integer n=1,...,N, each synbol

bei ng conmmrse@seht iMéhmf?%t&de@mylv%mébYemdtﬁlﬁrgg?écﬂéﬂwitchl\/l by: deriving
Mrelative energies p(k) fromthe correspondi ng el enents yk(n) of the N
synbol s; COMMERICALIARS ayYert syaes a YMLANSYstem ubraausa the numbes ofarri er

energ os S Sy uaiatle I sy lioP TS Rttt remAOficelibn shpenfs®' v
st at ifgnarverpsiall. dIsihd ehechrpited saniplexeffibiently is very important to achieve a

good performance.

Specifically, a first expression of the first aspect of the invention is a method, for
use in an OFDM receiver, of estimating a carrier frequency offset value, the
15  method including:
receiving an OFDM signal including a received signal for each of a series
of N symbols;
deriving a cost function which is a sum, over a set of pairs of said symbols,
of a correlation function of
20 (i) a carrier frequency offset value, and
(ii) the received signals for that pair of symbols;
determining the carrier frequency offset value as a stationary point of the
cost function;
wherein said pairs of symbols comprise pairs of symbols which are not

25 consecutive within said series.

An alternative expression of the first aspect of the invention is an OFDM receiver
including:
a first portion for receiving OFDM signals and generating reconstructed
30 messages, the first portion being arranged to employ carrier frequency offset
values and one or more channel parameters;



"The first and second aspects of the invention may be used independently,
but nore preferably are used in conbination. Brief description of the
figures 10 An enbodi nent of the invention will now be described for the
sake of exanple only with reference togthe follow ng figures, in which:
Fig.1l, which is conposed of Figs. 1 (a) and 1 (b), is a graphical
representation of an OFDM comruni cati on system 15 Fig. 2 shows an OFDM
[ecel ver, whi ol Laudih RSO Mintltc/KarRbREler ) (it 0ueEiap che 41l Ch 15
conposed of Fi s a sc npari son o e

defi ni ti onoreftraremissioh dhamoel parameterspfmmrreeelt/edrﬂﬁm sigmils rthelsecond

enbodi nent ;.. and @Fl g. 4 is a conparison of the nmean-square error

per f or mamOgigincluding: o frequency offset estimation of the prior art method

and t he ermoc“d;ﬁé}%l nveﬁ ﬁﬂoﬁseét%rsﬂﬁ'ia%n% |ttd?§anggﬁqg' Vet Si Hﬁls

enbodi nent of Is 1llTustrated sc |ca y In . The
enbodbner@ndite estlmateltlv@calatmmeqdenoy offsat| amdt he signal s generat ed and
transmtted as described abov reference to Fig. 1. The receiver

i ncl udes a pord $ISINEHP ﬁmrﬁﬂteﬁiﬁ\,\fﬂaa"%wﬁt'cal to known systems. The portion

10 includes a the@tchmertffeqRhal bﬁ‘bepéﬁlm%ﬂcﬁfuﬁiﬂbélﬁg arn@?@édriﬁ elsfifmate/ fd C
prefix fromthe received 30 Signal y(n) and generating M parallel signals

y( n) =[ y~(©ayrier.offset uppmreggiving aﬂﬁ@lnqumnme of 0N syrabols iyt udes a di screte

conver ter 11 rilroye ppBbidRwbiEn TR s thrled 4 o mlid i Sl by

further igfal M@aﬁgmﬂm@ﬂgh ofqual i sation unit 15 which perforns equalisation
of each of the M equivalent flat-fading channels output fromthe DFT unit

13, to gener at(B 2eRrHGE faauensy offgatvplues agdr econst ruct ed form of the i nput
to the s tran urther includes a portion
) . zwsﬁwf%%c&fveﬁ nats fo-p?ﬁatgdg?%gl’e por £

20 which diff rom kno recelver i'on 20 includes a carrier

frequency of f sistersiningethe @arnien fredlieney dffsetvalne als estatiomanygointoftth@3. The
out put of th ﬁrrler frequency offset ~ o estimation unit 21 is
transmit 99§t ﬁlﬂc Ofo the DFT unit 13 and to the channel estimati on unit 23.

The qgt put of v&ﬁ@reﬁh?él&?aw@%tf's M&Hbﬁs@? aifs of §ANBAS ﬁ?&éﬁ% nown as

equal i sation unit training period IS assune
consecutive within said series.

In a second aspect, the invention proposes in general terms that the carrier
frequency offset is estimated by (i) for each value of k (i.e. for each of the M

20 elements of which the N symbols are composed) using the N values y«(n) to
derive a respective relative energy p(k), and (i) deriving the carrier frequency
offset using a cost function which is a sum over terms in which the elements yi(n)
of each symbol are weighted using the respective relative energy p(k). Each
relative energy p(k) may be defined as an average over the N symbols (or more

25 generally over some or all of the N symbols) of a function of y,(n).

Specifically, a first expression of the second aspect of the invention is a method,
for use in an OFDM receiver, of estimating a carrier frequency offset value, the
method including:



“training sequence which is a series of identical OFDM synbols. 15 The
carrier frequency offset estimation unit 21 operates by finding a
stationary point of a cost function. For certain cost functions this is a
maxi mum of the cost function, while for other cost functions the stationary
poi nt sought is a mninmum Gbviously, these two operations are equival ent
in the sense that finding the maxi num of a given function is equivalent to
finding the mngj } tdyphH ad ee forms
of the cost 1 dagey i SFEIMSRRal 7] LAEbbgE RN YRS ablied by L

functi on idtegér h1 st.,N,crachasynalosl theingrcamposed of Mssldmients labelled by an f r equency
offset estimatjon upjt 21 is formed as follows: nr N-~ Y~i + |)e "' ~~ ~+ v~
> Y~i)l”tf’gf’fk:3':w -1l ~2 (1) '=1r=l 10 In other words, as

expl ai ned abo‘b%r!vihg{ P rldtvB dridrgiB8 pl k) fFdmaBe® e6FreShoriding bl@fﬁ’éﬁt@'}?(m)tdﬂe cost
function f, (~) 1sthe sum over all ‘possible pairs of the sanples 5
(synbél s)the & symbelst el ati on function for a given pair given by: y(i + 1)e
~~"T 4y, > Y1) 2 7o~ (2) L Y(LE) ] The estimte for the carrier
frequency offs@{'vfrgﬁgﬂﬁtrfypgﬁf)%go%éi@'ga ozgrg mnf, (~) (3) Equation (1)
is a sum of Cxj) StatiepfregGendyéffisetalue,- - N - By contrast, as 2!(N - 2)!
di scussed above, the NLS estinmator in [6] can only obtain a sumof N1
statistics. 1Hii)rthessymbaleyefideands i|lustrated in Fig. 3. Fig. 3(a)
illustrates h j . ris . ynbols ("sanples") is used to
generate a co;m5 ﬁ%n%glt'c\{% %%r@ggﬁﬁ)o\%g the (N1 ) pairs of nearest

nei ghlpour s i n determialrigethe dAyriedinéquasicy offsebValue asra Station&ftpaintdfethe

enbodi ment generates the cost function as a sum of CN between all possible
conbi nat %85 fWCtiolo sanpl es. 20 Due to this difference, the proposed
estimator can snooth nuch stronger noise and obtain nore accurate carrier
frequency offset estimation. This is illustrated in Fig. 4, which shows the
mean squdkreakemative expressiomoef thé sebeng aspectaf therisveotiomfs a6PFM of t he
enbodi ment. This Ti ure was generated as a sinulation result using 25 N=9.
An i npr oVERBNET BICYARRhl y an order of magnitude can be seen. 11 Note that
t he thod in e ; iR bound)
V\henni'?’he Si gna% ﬁl}[s(t)ﬁﬁgtlfse Fﬁ%ﬂ%%‘?‘ge. Ho%\bg\tw{%%gnn%%%aﬂ%ﬁgg%gd (CRB)
in [6] i9nessagssathelfinst partienibeingarranged to emplantardentraquengy effsetnany nore
statistics, This is the reaso r_the better performance achieved by 5 the

f
enbodi rren\‘[a.lu%s. a%eaﬁ&r{%qr %@SgPar@mﬁ!?'ison The cost function f, (~) has

the advantage glsgcaribgsrioRqyeedtimating carfief IEROGRS) GHfset valueRarlanebr N(N- 1
)/ 2 ternms. However, it does not take into account_ the other concept

expl ai nednagvifansmissignaghasnnel paranecteescamm respived Qff DMhaignalsethei saeond. e,
20  portion including:
a carrier frequency offset estimation unit arranged to receive the signals
and to estimate the carrier frequency offset, and
a channel parameters estimation unit;
the carrier frequency offset estimation unit being arranged to estimate the
25 carrier offset upon receiving a training sequence of N symbols y«(n) labelled by
an integer n=1,...,N, each symbol being composed of M elements labelled by an
integer k=1,...M, by:
deriving M relative energies p(k) from the corresponding elements yx(n) of
the N symbols;
30 deriving a cost function from a function of
(i) a carrier frequency offset value,



"exploiting the differing relative energies p(k) of the elenents of the
synbols. Let the relative energy vector be defined as: 15 p(1l) P(2) 1
~Y(i). conj(Y(i)) _ N~~~ p(M or p(l) NP(2) - diag eig -1-~Y(i) ~Y(i)H N
,-,» P(M 20 where eig denotes eigen-degonposition, (~)H denotes the
conjugate transpose, and conj(.) denotes the conjugate. In this case, we

propose a second form of the cost function which is: 12 fz ~~ _ ~ ~~ -y(i
+ | )e-'~~c, utj és‘n?ﬁoﬁ -digz () ( 6 r=i ~=i 11Y(i)llz Function f2
(~) is a gene;(a)?/tihsed orn}llgfﬁ’f, (~) (to which it reduces in the case that

p(k) is 1 for (ithekelative eniergies p(hleandivant age of _/; (~) that it is a sum
of N(N-1) 5 tegrns,. but it additionall ta,'(l;eﬁ i nto atC{:ount the( rfgrl]ative
energi es of t t%TFBH@HttEeiCﬁ"é%{JFPO(ﬁ@BW RBoYalue ﬁstan§§'%ré%r¥p@'ﬁ 9 ‘?epl aced
by: ~~., costfumdtionf2 (=) (7) 0 3. Third formof the cost function Note that
t he second aspect of the invention (enploying the relative energies p(k))
is logically independent of the first aspect in the sense that the second

e boodis st P Bbe @Ry S80S oh HRInk Sridtr AP i ho bREnderiVyefhed as
fol I ows. rkenesprdearablyfarthsedas icombfnationen by: [~ el ~c, ~+ v~ ~ ... e~ntMN
own > > 1n this case the third formof the cost function can be defi ned

as: 20 Mf3 (~~ =1 ~ ANY(k)P(k) N k=~ Note that this function is not a sum
over pai rBSrie‘?fde§ ftﬁ@ch i Rod his sense is sinpler to inplenent. In this
case (3) Wp%‘g@@ni%y—‘%—‘
10
An embodiment of the invention will now be described for the sake of example
only with reference to the following figures, in which:
Fig.1, which is composed of Figs. 1(a) and 1(b), is a graphical
representation of an OFDM communication system;
15 Fig. 2 shows an OFDM receiver which is an embodiment of the present
invention;
Fig. 3, which is composed of Figs. 3(a) and 3(b), is a schematic
comparison of the definition of the cost function in a prior art method and in the
embodiment; and
20 Fig. 4 is a comparison of the mean-square error performance for carrier

frequency offset estimation of the prior art method and the embodiment.

Detailed description of the embodiments

25 The embodiment of the invention is illustrated schematically in Fig. 2. The
embodiment is a receiver adapted to receive the signals generated and
transmitted as described above with reference to Fig. 1. The receiver includes a
portion 10 which may be identical to known systems. The portion 10 includes a
serial to parallel converter 11 for removing the cyclic prefix from the received

30 signal y(n) and generating M parallel signals y(n)=[y:(n), ..., ym(n)]'. The portion
10 further includes a discrete Fourier transform (DFT) unit 13 which subjects the



" ~~, ‘= argnmax f3(~) (10) Both f2 and f3 take into account the relations
anong el enents of the OFDM synbols. By contrast, the NLS estinmator in [6]
did not. 5 After carrier frequency offset estimation, the channel
estimation can be achi eved using carrigr frequency information and the
trai ning sequence as follows: Hesr = diag~ MN WE esr ~yeo~r-ocm., +5
)~MtN~ ~. 1 s(n) 1 o In Egn. (4), ./ denotes that the elenents in the forner
matri X ar, (VA DA NG; gl i a r i X,
respecti @t@t@ﬁﬁ%gﬁ?ﬁe@{%ﬁgg%w gg’ﬁt&;osehﬁ?}%ﬁ%ﬁw Eﬂe‘gtp OE% rl;{eans t he
i nver se dfo fdrthal inctudgs 4 bleanmel equalisaticasuritethwhiehqye rfverchsadopuadisation ef at i on
to a single, 1 enbodi ment ., _nmany,. vari ati ons ar 0SSl wi t hi_n the scope
of the | AEhf ipe ML SRSk neFBlinG ehatnely suBLer8iBe DG it dani .

al t hough rét@ﬁr] Wﬁﬁs(rﬂfvﬂﬁiéh‘isoatr@&rfs%&}]ébefbnﬂ%fitﬁ'&i e "units”, the

i nventionn i s not ted to receivers In Ich these are separate physical
uni t s5 Rdtdnemitteregf higy1be portions of software, which runs on any nunber of
processors. 20 Moreover, although the cost functions of Egns. (1 ) and (6)
include ternms fromall of the CN possible pairs of sanples, the invention
i's not |iTHd @MbbainidntFurtesineludesarpdtieRbevhith diffes frofknaWwiR! | cat i ons,
only a proportion of these terns (e.g. up to a half, or up to a quarter)
may be i fefeivers. iThetpastierx gp drcludes g sariaidrasyiency gffeet Qﬁtl.maés)ﬂlrl@t/ghed t he

nunber of_ st atj.stl t j WelgIMA i ) (for
exanpl e, / %Ehémgﬁﬂsgﬁ{sﬁ%@!@ﬂaé?’; |®ﬁ?¢qtégﬁﬁ%%ﬁ ﬂﬁvegﬁgﬂuteﬂg?géfgé trlnatti on can
be 184 ashieatien. urite f Botransmitted doth tethelDFT enitaeandi thendransiebf
statistics up to Cv according to the estimtjon precision requjred.
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20 function multiplied by —1.

Three forms of the cost function are considered here:
1. First form of the cost function

25  Afirst form of cost function utilised by the carrier frequency offset estimation unit
21 is formed as follows:
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CEOM 1 o it Btier WeprBe s pRPlEe A e in gERtioh do Die.0rst AsBsit & e VepiteT et hod

i ncl udi ngy iy '%ﬁﬁ@% g j I r i ignal for each
of a ser?rées%(g%te%ﬂgy%gfl'@' eri v?@gegé%%g?éﬁgg}agrﬁ ﬁﬁ%é&?‘gﬁaﬁ sum over a
set of pPbymbels)Ssf AcsydBnbs furttiop 16104 HRleAtpangilemeyi on of (i) a carrier
frequency offset value, and 10 (ii) the received signals for that pair of
synbol s; determ ning the carwh [F)requemcy ?Nfset val ue as a stationary
poi nt of the cost function; w Feh said pXﬂ,b of synbol s ngPrise pairs of
synbol s which are not consecutive mi#&ﬂn said series. 15 2. met hod
according to claim1 in which the pé of synbol s conprise substantially
all possible pairs of the N synbols. 3. A nmethod according to claim1l in
whi ch the nunber of said pairs of 20 synbols is greater than N. 4. A nethod
according to claim1l in which the nunber of pairs of synbols is at | east
hal f - N_2!'(N-2)! 25 5. A nmethod according to a receding claimin which
the N CROMESYEs BRI cATiBEhPdwety aiv I agmraids ° N ae’ composed of M
el emggts, the nethod including deriving Mrelative energies p(k) fromthe
correspondi ng el enents yk(n) of the N synbols, and the cost function
including the relative energies p(k) as weighting val ues. 30

@, = argmin f,(¢4) (3)
¢
: : ) - N
Equation (1) is a sum of C; statistics, where C? = ) i(Nrf —2)'. By contrast, as

discussed above, the NLS estimator in [6] can only obtain a sum of N-1 statistics.
15  This difference is illustrated in Fig. 3. Fig. 3(a) illustrates how in [6] a series of N

symbols (“samples”) is used to generate a cost function as a sum over the (N-1)

pairs of nearest neighbours in the series. By contrast, as shown in Fig. 3(b), the

embodiment generates the cost function as a sum of C; between all possible

combinations of two samples.
20
Due to this difference, the proposed estimator can smooth much stronger noise
and obtain more accurate carrier frequency offset estimation. This is illustrated in
Fig. 4, which shows the mean square error performance of the prior art method of
[6] and of the embodiment. This figure was generated as a simulation result using
25 N=9. An improvement of roughly an order of magnitude can be seen.



"16 6. A nethod according to claim5 in which the cost function is given by:

Attt Lt Y+ )e-"t~cMHra > -Y(i)). * pz Y(t)Ilz where p(1 ) 2 ~" P( ) 1
~Y(i). conj(Y(i)) _ N~~p(M 50r p(l) 2 P() =diag eig 1 ~ Y(i) " Y(i)
HN, ~p(M 7. An OFDMreceiver including: 1 o a first portion for

recei ving OFDM si gnal s and generating reconstructed nessages, the first
portion being arranged to enploy carrier frequency offset values and one or

nore cha r requency
orf et valieRaHEThaNSY R IRRAPRedRS R BlmRts Wl M Critnery PaCeT Ve
OFDM si grRdsbolifd) wlesothd éngn@ICtbtnm raml@hsldarge Howsvier ities Cframqummy of f set
estimation unit arranghs 0 recejve the si gnal s_and to estimate the carrier

f r equencPWNE{ERB)AA ﬁﬁﬁﬂ@tedp\éﬂt%ﬁbﬂ Stalistigs.i Fheiegrpadiment empPIYSr r i er
{1 equenciy gt} Ao SRUISHEL! FHistaithe EAAH BF IRNGAR R EPHIBE Bchiabedbyear 1 o1

of f set upon Tecerving a tralning sequence eriving a cost
funct sontMIedrbocBmentwm over a set of pairs of said synbols, of a
correlation function of (i) a carrier frequency offset value, and (ii) the
received signals for that pair of synbols; 17 determning the carrier

frequencyy of f ssdcond BT cBsBlakiigmnary point of the cost function;

The cost function f|(¢) has the advantage discussed above that it is composed of

10 the sum of N(N-1)/2 terms. However, it does not take into account the other
concept explained above in relation to the second aspect of the invention, i.e.

exploiting the differing relative energies p(k) of the elements of the symbols.

Let the relative energy vector be defined as:

15

r()

p=| ¥ (52) - ;,ﬁlya).*conj(y(i» (4)
p(M) )

or

p(d)

p=| P —dzag(ezg( Zy(z) y0)" D (5)
p(}\l)

20 where eig denotes eigen-decomposition, ()” denotes the conjugate transpose,

and conj(.) denotes the conjugate.

In this case, we propose a second form of the cost function which is:



" wherein said pairs of synbols conprise pairs of synbols which are not
consecutive within said series. 5 8. A receiver according to claim7 in
which the first portion includes: a reception unit for receiving an OFDM
signal; a serial-to-parallel converterq,receiving the output of the
reception unit, a discrete Fourier transformunit receiving the output of
the serial-to 1 o parallel converter and of the carrier frequency offset
estimation unit; and an equalisation unit receiving the output of the

di screte Fouri er traT ﬁgl (@mﬂefﬁe chamﬁél*ﬂbraneters stimtion unit.
9. A receiver accori %b‘§g] aim7 or F km 8 in which the(gbirs of synbol s
15 conprise substantial | §' aff pOSS|bIéyHihrs of the N synbols. 10. A
receiver according to claim7 or claim8 in which the nunber of said pairs
of synbols is greater than N. 20 11. A receiver according to claim7 or
claim8 ipy Wﬂbﬁf}’ {peise gBREraMEed frirPoP, (ayg'i*é%ﬁlch% @Hub@@ﬁith@aéafse'théf'

21 (N-2)1 12. Aré celver according to any cl ai ns in which in

whi ch t hey(RY iORDr sausmaha shiaféy theadilangihedf i) Miaraes ansulm of N(NM pr e

conposed of M 2s elenents, a carrier frequency of fset estimation unit being
ar r anged ternsi dauit iteadditiriadly itakesainte agtainp {he refative energidsof the sleoneiitag

el enent s, t.he y t he ost function including the
rel ative %ﬁé%(ﬂ{D @B&rﬁqsﬁg%éﬁ &8 Cef:? ‘A receiver according to
claim12 in whlchthe cost function is given by: 18 N A -~ ~Y(i o+

l)e-"I~c;,~+, v~ > _Y(i))~* Pz m~_~ ~Y(i) where p(1) P~2) 1 .v =
N~Y(i1).*eonj (Y(i)) p(M or 5 P(j) 2~ P() =diag eig 1 ~Y(i)"'Y(i)HN, _

p(M 14. A nethod, for receiver, of estimati a carrier
frequency of fset val ue, t‘”ﬁe n%ﬁ’h chl udi ng: (7P

10 3. Third form of the cost function
Note that the second aspect of the invention (employing the relative energies
p(k)) is logically independent of the first aspect in the sense that the second
aspect of the invention can be used in the absence of the first aspect. This
possibility is used by a third form of the cost function defined as follows. Consider
15  the vector A given by:

A= [0’ ej'¢(M+N()’ ej¢(M+N‘ )(N-])] (8)

In this case the third form of the cost function can be defined as:
20

£(p)= ]‘VﬁA”y(k)p(k) (9)

Note that this function is not a sum over pairs of symbols, and in this sense is
simpler to implement. In this case (3) is replaced by



"1 o receiving an OFDM si gnal yk(n) conposed of N synbols |abelled by an

I nteger n=1, ..., N, each synbol bei ng conposed of Melenents |abelled by an
integer k=1,...M deriving Mrelative energies p(k) fromthe correspondi ng
el ements yk(n) of the N synbols; 15 defgving a cost function froma
function of (i) a carrier frequency offset value, (ii) the synbols yk(n);
and (ii) the relative energies p(k); and determ ning the carrier frequency
of fset value as a stationary point of the 20 cost function. 15. A nethod
according to claim14 in which the cost function is given by 19 n~ ,v-~

y(i + 1)e-""~cMeN~ > _ Y(i)).4% sargmfaR f(6#) _ ~ ~ ~IY(i)~~z (18} or .f3 ~~) =
N~ A Y(k)P(k) 5 where the vector A j)s given by ~~ ent,u+N~ > ... euc, u+,v,
oNo > > 10 and p is given by: p(1) Klp(Z) 1 ~y(i). *eonj(Y(i)) N, _,
p(M or p(1) 2 "' p() =diageig 1- ~y(i) ~Y(i) HN, , p(M 15 20 where
ei g denot es ei gen-deconposition, g.)H_denot es the conjugate IFJ spose, and
conj (.) RaiBizand ftakeitagpeceuntih: rﬂl@tl@pﬁmlemenﬁeigh&i(aﬁ first

portion f bV ' ; ating reconstructed
rressages,S?lmge&%ieggtz&ggﬁwﬁs%%g%éﬁg%@r{gi%] ng%ggipl oy carrier frequency
of fsebs val ues and one or nore channel paraneters;

After carrier frequency offset estimation, the channel estimation can be achieved

using carrier frequency information and the training sequence as follows:

’+;)(M+Nt)

H, =diag] | W',y sy ] (@)

10  In Eqn. (4), ./ denotes that the elements in the former matrix are divided by the

corresponding elements in the latter matrix, respectively. W* means the

conjugate transpose of W, and E;,l means the inverse of E.

Although the invention has been described above in relation to a single

15 embodiment, many variations are possible within the scope of the invention as
will be clear to a skilled reader. For example, although the text above refers to
the receiver having various “units”, the invention is not limited to receivers in
which these are separate physical units. Rather they may be portions of software,
which runs on any number of processors.

20

Moreover, although the cost functions of Eqns. (1) and (6) include terms from all
of the C; possible pairs of samples, the invention is not limited in this respect.

For example, in practical applications, only a proportion of these terms (e.g. up to

a half, or up to a quarter) may be included in the expression for the cost function.
25 Provided the number of statistics generated is significantly higher than (N-1) (for

example, N%/4 or at least 2N) a significant improvement in estimation can be



"20 a second portion for estimating carrier frequency offset values and one
or nore transm ssion channel paraneters fromreceived OFDM signals, the
second portion including: a carrier frequency offset estimation unit
arranged to receive the signals 5 and {0 estimate the carrier frequency

of fset, and a channel paraneters estimation unit; the carrier frequency

of fset estimation unit being arranged to estimate the carrier offset upon
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nbol ii) th | at d det th
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"where erg denotes eigen-deconposition, (~)" denotes the conjugate

transpose, and conj(.) denotes the conjugate. 10 18. An OFDM si gnal

comuni cati on systemincludi ng an ODFM signal transm ssion unit and a

receiver according to any of clainms 7 {0 13 or 16 to 17. 15
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7. An OFDM receiver including:

10 a first portion for receiving OFDM signals and generating reconstructed
messages, the first portion being arranged to employ carrier frequency offset
values and one or more channel parameters;

a second portion for estimating carrier frequency offset values and one or
more transmission channel parameters from received OFDM signals, the second

15  portion including:

a carrier frequency offset estimation unit arranged to receive the signals
and to estimate the carrier frequency offset, and

a channel parameters estimation unit;

the carrier frequency offset estimation unit being arranged to estimate the

20 carrier offset upon receiving a training sequence of N symbols by:

deriving a cost function which is a sum, over a set of pairs of said symbols,
of a correlation function of

(i) a carrier frequency offset value, and

(ii) the received signals for that pair of symboils;
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a serial-to-parallel converter receiving the output of the reception unit,
a discrete Fourier transform unit receiving the output of the serial-to-
10 parallel converter and of the carrier frequency offset estimation unit; and
an equalisation unit receiving the output of the discrete Fourier transform

unit and the channel parameters estimation unit.

9. A receiver according to claim 7 or claim 8 in which the pairs of symbols
15  comprise substantially all possible pairs of the N symbols.

10. A receiver according to claim 7 or claim 8 in which the number of said
pairs of symbols is greater than N.

20 11. A receiver according to claim 7 or claim 8 in which the number of pairs of

]
symbols is at least half M
AN -2t

12. A receiver according to any of claims 7 to 11 in which in which the N
OFDM signals yx(n) labelled by an integer n=1,..., N are composed of M

25 elements, a carrier frequency offset estimation unit being arranged to derive M
relative energies p(k) from the N corresponding elements y(n) of the N symbols,
and the cost function including the relative energies p(k) as weighting values.

13. A receiver according to claim 12 in which the cost function is given by:
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14. A method, for use in an OFDM receiver, of estimating a carrier frequency
offset value, the method including:

10 receiving an OFDM signal y«(n) composed of N symbols labelled by an
integer n=1,...,N, each symbol being composed of M elements labelled by an
integer k=1,...M;

deriving M relative energies p(k) from the corresponding elements yi(n) of
the N symbols;

15 deriving a cost function from a function of

(i) a carrier frequency offset value,

(ii) the symbols y«(n); and

(ii) the relative energies p(k); and

determining the carrier frequency offset value as a stationary point of the
20  cost function.

156. A method according to claim 14 in which the cost function is given by
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10 and p is given by:
r()

2
p=| 7Y | Zy(z)*com(y(z))

p(M)

or

p()
2 v
p= p(: )| diag[eig[ ]lv PR (OBI0N D
p(M)

15 where eig denotes eigen-decomposition, () denotes the conjugate transpose,

and conj(.) denotes the conjugate.

16.  An OFDM receiver including:
a first portion for receiving OFDM signals and for generating reconstructed
20 messages, the first portion being arranged to employ carrier frequency offset

values and one or more channel parameters;
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the carrier frequency offset estimation unit being arranged to estimate the
carrier offset upon receiving a training sequence of N symbols yk(n) labelled by
an integer n=1,...,N, each symbol being composed of M elements labelled by an
10  integer k=1,...M, by:
deriving M relative energies p(k) from the corresponding elements yi(n) of
the N symbols;
deriving a cost function from a function of
(i) a carrier frequency offset value,
15 (ii) the symbols y«(n); and
(ii) the relative energies p(k); and
determining the carrier frequency offset value as a stationary point of the
cost function.

20 17. An OFDM receiver according to claim 16 in which the cost function is
given by:
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where the vector A is given by
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or

p()
p= p(:z) = diag[eig( ;, iy(z‘) y(H)" j)
: pu
p(M)
where eig denotes eigen-decomposition, ()” denotes the conjugate transpose,

and conyj(.) denotes the conjugate.

10
18.  An OFDM signal communication system including an ODFM signal
transmission unit and a receiver according to any of claims 7 to 13 or 16 to 17.

15



