¥ no'é3eQ2N| :6TF7@,, , Methods and Apparatus for Receiving_OFDM Si gnal s
Field O The Invention 5 This invention relates to a receiver for

Ort hogonal Frequency Division Miltiplexing (OFDM signal s) ”ﬂ u for
use in cellular wireless communication systenms or wreless ’Wl mmgmmgmoom
(WAN). In particular, it relates to receivers enploying novel

carrier frequency offset over nulti pat h fading channel s. It furt rel ates

to those net hods, ; HQ!S“Q t he recel vers.
Background of the orr Mul t| pl exi ng

(OFDM is a prom sing transm ssion 15 technol ogy for very h| eed
ﬁwm,mmosed

i nformat i on tf;snifer |s already used in digital televi s'ﬂl m
(DTVB) t area networks (W.AN). OFDM has al
for fourth generation (4G) Wi rel ess conmmuni cati on systens and weembess

asymmetric transport node (wireless ATM. 20 A nodel of sonme conponents of
a kndwn THNEmionnelates twna sgeetiveenfos OsthogonalrFrEggency Biv@sion (a) shows the

structur f  an ansmtter, In ut data.S n i's an integer
var | abl SPGB SRS b as ahe ER 247 rabyl PEehsS: « anemit ted ) s
i nput (fé&ﬁhmh%akléﬁtsygfen@ 6r wﬁeﬁa@k)loéé?a?eéﬁf fal(wwmyawbbﬁlcumnnerter 1to
generate M parallel Signals S~(n) hese signals are passed to

an 25 Mretatas to raasivass Bpleyng np&akm@thqudascérrn@r (m@uwcseoffsret@vmt put f(n)

passed +DulbBh e tadnels T hEeEPEReS BXboS rRifieds 2008 Uit in the case
t hat1d hecgmeiumicatianisysieend manrimg tredrekigiversli o). Fig. 1 (b) shows
schematically how the transmtted signal (input fromthe left of Fig. 1

(b)) is subject to a nmultipath channel, and to 3o added noise. The result
IS recei gg&@ﬂuﬁdﬁf’ﬁ% m%nﬁgi)t shown in Fig. 1) as a serial signal y(n).

2 The r arall el converter to renove any cyclic prefix
and convert the received S|gnal y(n) to Mparallel signals y~(n), ...,
yMn), SO refe tQ h t. t hen sub ects the result to
20 M pot GrthRedenldieaue R Pivison KuuReKTo (DERM) is b RRaABara SR anne
equajg Sﬁ?c@ﬂ gg@&@érywkpé mfmwt%éf r g ﬂf%aw & mfd@FéePM the

mul ti pa can be nodelled as Mf adi ng channels in
fr equenctplei(man breddaasty @Wﬁandmﬁwrlecalmee@ewmrxer(WLaﬁcN)quEDMe t he

i val ent | t it k t f. the ch |
o o o OIS uroBR e H el B behbral OBAE) e rhiriticitiohe * eyl i ¢
convol uté;ﬁmecmtsfa%twmg@s bEPmPidIA@traR8sse tndde QHEless ATRUency- sel ecti ve

mul ti - pat hannel . 15 The  recei ver conventl onal Iy includes two i ndependent
units for respectively estimati ng the "carrier frequency offset” and the

changel I ) i.er uency

di ff%tfengghgagmcgesﬁn}%gapﬁ%ér@tg scr gﬁ{‘éfg}& raﬁgﬁooi gy‘s(t%ﬁ'ﬁg in the
transni t skkowrairdFight. [Elgct(et)shasItlnestriictalrsbbamC(F[lWI)transnmtter rhepmtldata | t
has respg?tl ve val yes for all ciar riers, but

? I depgnd oqu B Bln gle
carrier cﬂﬁ’ ﬁE‘i/”d‘FPEé’t‘teQST Variable hiying4 Ff?s&ec Y%Mﬁ'é’ﬁ Qr ee¢ BYMPR &Qused by
the DOpprrtra‘ﬁQhﬁﬂedjléﬁgBGt Gﬁ‘o%‘fﬂe Ifeft%?fF”@a ’Io%ﬁé’erfd"?o g!af'%n?l EMvergsiql | ators
inthe transmtter and receiver. The carri r frequenc set estimation
provi destalgéneratenbeparafi@raignaleS (tj ch Swn). Mihesetsigndie ap-passed toaan t he

Fespbhsi BHobIERT Riscioig FaHeE HaRRER D AP R T Doa P B o0 Bi ng the
i nf or mat {raAshAted® £ANRl7IWIRER 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
signal (input from the left of Fig. 1(b)) is subject to a multipath channel, and to
30 added noise. The result is received by a receiver (not shown in Fig. 1) as a serial

signal y(n).



"'V now i ntroduce a mathenati cal representation of the process in the
receiver. 30 The received signal y(n) E C"'x'" can be denoted as 3 Y(n) =

EWHs(n)e ~~c-ucMtN~> + ~(n) ( where 5 E = diagLl,erm...~euM ~ JE C MM (
is the carrier frequency offset matrix and ~ is the carrier frequency
offset. The termdiag~ ~ neans a diagonal matrix having as its entries the

el ements of the vector in the square bracket. N~ is the length of cyclic
prefix. Wis the IDFT matri x. Each of its elenments, corresponding to the
I[th rowand mth colum, is loiven b a JZ~r',IM. 9 Y H = diag~h(0), ~ ~ ~
,  h(M - IThe fddceiviertusesfd sdridl pdrallgl chaverar tp acraoes any gt prefix(@nd i s a data
transmtted in block n (j.e he n th Serial-to-Parallel convyerting), and
~(n) E ceanvertthe saceived gi%‘éltzﬁﬁé%%ﬂarﬁjﬁéﬁgwétyo("i 20 YPid), W WBn of t he
carrier Sty 108 | HAUR iﬂ?ﬁ)‘c— : hat its
effects %gﬁ%P%n@@%&&@mﬂ tgraf]ys)ﬁgﬁczstunctslhgr@%b e(ﬁéth%é%‘?\'%et estimation
I's t@g esgoudraransfcitn (ET), aha teén Fé?férrﬁ@ﬁhémél%@‘éﬁ%tioﬁ@siﬁ ahmations are
per forned based on received signals including a plurality of known training
OFDM syr@stladised "trai ni ng sequence"). 25 In sone systens, for exanpl e W.AN
systens, the training sequence is a series of identical OFDM synbols. In
this case, the received signal in respect of each synbol can be treated as
a "sanpl Récdrdivign tblire peineipté st OFDM,ithe milfipathrahaasebcan bamniodslletrasoMency

of fset estimation using a ngn-linear |east-squar NLS) 4 techni que,
based onf?aé'fga@g GhaneelsdA t%ir@ﬁ“?@"ﬁ"@ﬁ\%"b@@?%&c@:&f Lfﬁﬁgefppeaﬁ i ng synbol s
(excapt ddiealt8 2Rt AbntdnantiB®, Bes@hictnat ARAbWaGhe! hat
traiﬁ’iongéi%n%oﬂ:%?lga??lil eut'?lhe cfje%égiér\]/eg)asni gnél ?Lg'lrn tthe ’(t:gnsecut f“?/el y next

t r ai ni ngpropettigs. ofithe chaenehpetsscaltelde’cbasnelfparamietersi)s Thewyclia préfisased on

| ati hi t " t i gh " h j f_traini
AR S e R e O
st ati stifpequertyseldttive mifki-patAPanaél, OFDM bl ock synbols used for the

training. Summary of the invention 10 The present invention ains to provide
new and useful nethods for OFDM carrier frequency offset and channel

Corms + TS Bl ionfRul T8 H8: NES itier pHENLEFE 7 Somshubl, “or roct 1
esti mat egstirnativg thec'eatridr frefuenoy offseth andthe dhanherparagenesatié darrder t he
received signal at a (predeterm ned) set of Eal rs of sanples which are not

j ust neafreayency; offasd maansithe feasensy difesercrpeweandhednygrsedisengte cost
function o t I ; nei ghbour
synbol <. T gutier 1ahHfeim FOOT) AARE RS, aRTie DREMGERAE) TERSEIm 1° 0
makes it (OBsinihe réaeivdt Hitasmesyectiveersnied fos talldd calréers| utcdidependooral

nmet hods fromthe sa?*e nunber _of o servglhie n sanipl es. Thi an i ncrease

si gn#d - t B-SHle gaErgr ifreaueRey offsety Ped NELHHELICG N  caused
Accor di ngl i . rjefafbr i i be

achi eved;gy }I/l'h% @h@&eﬁ%ﬁfﬂt{@g Lﬂe ﬁéh&g}a\?ﬂ%ﬁsgﬁé n;aatlh%ioﬁgéjrgggéséﬁlcl:getgfssmgﬁgeri es of
i dent i catraf¥rbitles wmdakeeivéo The carrizs dreiguenge offsetrestisnatipeamiogideg val uabl e for

a bur st cket switch co ni cati ons such as a W.AN ste because
t he nunba%efﬁnce information which ?sainput to tﬁé%lgpso that the efrors can be. "

removed during the DFT process.

25
The channel estimator is responsible for estimating the channel parameters and
providing the information to the equalizer.
We now introduce a mathematical representation of the process in the receiver.
30

The received signal y(#)e C **' can be denoted as



"5 training synbols available for estimation in this kind of comunication
systens is very small. Using the limted sanples efficiently is very

i nportant to achieve a good performance. 5 Specifically, a first expression
of the invention is a nmethod, for use,in an OFDM receiver, of estimating a
carrier frequency offset value, the nethod including: receiving an OFDM
signal including a received signal for each of a series of N synbols;
deriving a cost function which is a sum over a set of pairs of said
synbols, of a correlation function of (i) a carrier frequency offset val ue,
and (ii) the received ﬂ'[,,gl:_LaEwHS vhaxvpairgqf synbqhg; determning the
carrier frequency offset val ue™WHich mnimses the cost function; ~5
wher ei n wlaeré pairs of synbols conprise pairs of symbols which are not
consecutive within said series. An alternative expression of the invention
is an OFDM receiver including: a first portion for receiving OFDM signal s
and generating reconstguct. c{o%w nmessagn dae first rtion being arranged
to e%pl oy carrier freq%e‘n‘%%g1 fset’®val u E%nd one OI‘(E?{DI’G channel

par amet &g $he BaffRef ARAUBALY bﬁé‘etfrﬁétr&:‘%ﬂd%fé 3 &ifid ﬁéﬂ%@c@é&ﬁ\@% set val ues

and one or nore transm Ssion chann raneters fro si gnal s,

the secagemhgLs| rfheia'h@éléli!aQGhalzrﬁaﬁixC}?év'irilg?é,s its @AURRCtheWIEmBhtsCSitheRt | on uni t

arranged to recelve the signals and to eéstinate the carrier frequency

of f set, \aforineheBgearedeaeRet eV Sisethbilemgth @ cydlid prefiReviciaithe ¢DFTT equency
of fset estimation unit being arranged to estimate the carrier offset upon

recei vi ngatiixt Eachiofigtselgremts cvireSpexdinglts thy /th row and m th column, is

. = J2mdIM
10 givenby e ’

H = diag[h(0),--,h(M —1)]

15

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

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

Gaussian noise vector.

20  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
performed based on received signals including a plurality of known training
OFDM symbols (a “training sequence”).

25
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
symbol can be treated as a “sample” from the same distribution. [6] proposed a

carrier frequency offset estimation using a non-linear least-square (NLS)



" so aeriving a cost function which is a sum over a set of pairs of said
synbol s, of a correlation function of 6 (i) a carrier frequency offset
value, and (ii) the received signals for that pair of synbols; determning
the carrier frequency offset value whjch mnimses the cost function; 5
wherein said pairs of synbols conprise pairs of synbols which are not
consecutive within said series. Brief descriation of the figures 10 An
enbodi v [ il L . he. [ f exanpl e
onl'y wi RRC AP 5ol G pic8) Hincioll WhlictFis 3 VR e ot W By, 17D
conposedynibdis (sxcept () last)df b fihgtion of @) theapbeicad sighail &aahattrainimgof an OFDM
communi cation system Fig. sho apn OFDM recejver which is an enbodi nent
of the MM@"QE(") ‘fﬁ\%ﬁfigk‘!ﬁa Slgfb’*ﬁ%,tnﬁﬁPEﬁe‘Fl&'V@ n@@ggwlwpgpyg‘&olgpa) and
3(b), | HRePRBRIBINE cSATBREIS dehetiigd BRkkaidn gedwbehUnction in a
pri or a??ﬁ%etﬁgggandcﬁﬁ t he en%é%%ﬁéﬁt; a%SBFid%ﬁﬂgﬁghggconpgﬁﬁson of the
mean-6s qu'aearest neighbeufssimiive serfies ofctrainingrsypabdis. douikisoyay foneetarest i mat i on of

the prior_ ,art nethod and the odi.pent ... Detail ed descriiption of the
ol AR ETSRESBIRIReEReY OSEhaY Ny artisBre crere i Pabrbeiotns | cal 1y i n
Fig. 2. Gpgwgmgmgmmgsé@f@tﬁ@g@irm?. adapted to receive the signals
generated and tranSmtted as descri bed above with reference to Fig. 1. The

receiver includes a portion 10 which nmay be identical to known systens. The

portion l.hel 8 tr'é | to parallel converter 11 for renoving the
cyclic I ved signal y(n) and generating M parallel
sigmpls y(n)=[y~(n), ..., yMn)]T. The portion 30 10 further includes a

di screte_Fourier transform (DFT) unit 13 whic sub{' ects thE .
The present invention aims to provide new and useful methods for OFDM carrier

frequency offset and channel parameter estimations, and new and useful OFDM

receivers.

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

20 also between all pairs of symbols.

Thus, the invention makes it possible to obtain many more statistics than in
conventional methods from the same number of observation samples. This can
increase signal-to-noise ratio (SNR) as compared to prior art systems.

25  Accordingly, more accurate estimate of carrier frequency offset can be achieved.

This method is suitable when the training sequence is a series of identical OFDM

symbols.

30 The present invention is especially valuable for a burst packet switch

communications system such as a WLAN system, because the number of



" output of the converter 11 to an Mpoint discrete Fourier transform The
portion 7 10 further includes a channel equalisation unit 15 which
performnms equalisation of each of the M equival ent flat-fading channels
output fromthe DFT unit 13, to genergte an output S(n) which is a
reconstructed formof the input to the transmtter of Fig. 1. 5 The
enbodi nent further includes a portion 20 which differs from known

e T 0P BB 33 S SN AR SR

frequencjerptidit Usdihg el limiedisainplds efﬂciehamsWéwempbﬁhht tooadHievea T unit 13
and to the channel 10 estimation unit 23. The output of the channel

est i mat iGAPARRHOTDMNCE. { ransnitted to the equalisation unit 15. In training

period, s(n) is assuned to be known as training sequence which is a series

of identical OFDM synbols. The cost function utilised by the carrier

f req@enc&peﬁiﬁwy, a firstrexpreasiamoft the linvéntioinns -aEfnetimdsm)'pBedﬁ armm@FDMention is

f d fo L o, Y~MENo - | Y I ~ ~ (1) |=l
21V reseen Estiialipp acarting reddenoy otset yal ine methodnehings e ol
possi bl e pai rr%c@'fwﬁd‘@n @?‘D]M%?gr(a?)’riﬁmhﬁéa @Eei@eé Zg’r@l?ér'éﬁthféfr@ééﬁ& for a
given pair given by: Y(I +l)e ~' ~or+ v~> ~~y(t)l~ (2) 25 The

est i mat eoffNosymbelscarri er frequency of fset i s gener ated as 8 ~e,r = arg
mn () (B)deSrlvlenOg %%ost function which is a sum, over a set of pairs of said symbols,
10 of a correlation function of
(i) a carrier frequency offset value, and
(ii) the received signals for that pair of symbols;
determining the carrier frequency offset value which minimises the cost
function;
15 wherein said pairs of symbols comprise pairs of symbols which are not
consecutive within said series.

An alternative expression of the invention is an OFDM receiver including:
a first portion for receiving OFDM signals and generating reconstructed
20 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
portion including:

25 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
carrier offset upon receiving a training sequence of N symbols by;

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



20 25 i Equation (1) is a sumof CN statistics, where CN = N By contrast,
as di scussed above, the NLS estimator in [6] can only obtain a sumof N1
statistics. This difference is illustrated in Fig. 3. Fig. 3(a) illustrates
how in [6] a series of N synbols ("sagples") is used to generate a cost
function as a sumover the (N1 ) pairs of nearest neighbours in the
series. By contrast, as shown in Fig. 3(b), the enbodi nent generates the

cost functio S al_| .possi bl e conbi nati ons of two
sanpl es. rk{)ga ‘f’%népﬂ)eﬁpgﬁg gﬁée\,ﬁ%@epragsosed estimator can snmooth nuch
stronger nOI igﬁ) thedreebival sighll€ faahatl pdicofeymbels; f requency of f set
estimation. This is illustrated in Fig. 4, whi ch shows the nmean square

error perf or rAgieeniping the qwn@'rfr%mtenwm@et walupeyhigh migimise thenersdi ment .

Th| s fi Q"fiﬁ s generated as a sinmulation result using N=9. An inprovenent
roughly an'order of magnitude can be seen. Note that the nmethod in [6]
apprcsaches theh@errfgmdmws df eyatbaomaip(iss paies Bhsymbolsdyhicharne hbe si gnal to

noise ratio is_ |ar ver the Cramer-Rao bound (CRB) in [6] is

associ at%‘sﬁF’FWQ\Wﬁh@t%ﬁ' $E1'®%. The enbodi ment enpl oys many nore
statistics. This is the reason for the better performance achi eved by the
enbodi nent. After carrier frequency offset estimation, the channel

est i mat | Briefcteschiptiar bf thedfiiures ng carrier frequency information and the
training sequence as follows: H-,r = diag~ W WEc.,r

~yeo~" - ~xm-. " +~>c, ~r+, v~>,/s(n) 9 In Egn. (4), .! denotes that the

el engnt sph @nitﬂﬂuﬁ@hﬂ@ff thgﬁﬁﬁéﬁtloﬂr\ﬁill‘i‘iow %@e@d’nﬂé@ﬁo‘?%é 88RO Bflexempleeent s i n
t he Iatter matrix, respectively. W neans the conjugate transpose of W and
E ~5, n@amwthrf@ferﬁoee@thﬁfoliowmgl\fwée% Hawhielrt hough in the enbodi ment the

cost functio f CN possible pairs
of sanpl es, nF|§ I’ nve t| on r’lnég%cf e%§ haolxbg 4fggp Il“SalFor exanple, in
practi caﬂepmnt@t&mom:aﬂmm o@rmham@aﬁmmsystém, hese terns (e.g. up to a

hal f, or up to a_quarter) be included . in the expression for the cost
QBOM

functi on Pr oViBdé $hows &l secaiyetwhich ds ag emhogdiragnt of theguesentant | y 10

hi ghgr t @?nt@ﬁl ) (for exanple, N or at |least 2N) a significant

i mprovenent 1n'estimtion can be achieved. In fact, one can flexibly choose
t he nunbers oFlgsﬁath:huss:omcpdsed(dﬂFagm(&(al)argj Bﬂ))tisea scltematic on preci si on

required. 15 Enbo t i nven make it SSI 0 .estimte the
Carr er GorERRERRN OUPRLangion Qiian et aripb T BrBE R EreRg Al vent | onal
net hods ypadimésti ahg cost function. This is achiei ved W|thout a great
increase in conplexity. Thus, the embodi nents can inprove the receiving

per f ormance ofigt Ads arDMpasisenasithe mezn-SNEIre\RIAN penormance ércaniel Al t hough

rany? s T fehed BT BRURRGA Cr s BHCh 4 bt o Mo bR, 25701 [ be

clear to a skilled reader. For exanple al t hough the text above refers to
25 the receiyver haV|ng varlous "units", the invention is not limted to
recei ver Betalleddesk af the.ergbodiment phy3|cal units. Rather they may be
portions of softmare whi ch runs on any nunber of processors. 10
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Edf ors, Mggaup(nﬁandgéner@ttngw ,parefd¥idaza pel)=B5r) mat, W(ln)tp’ymelmﬂam Val ue

Deconposi tion | EEE Transacti ons on Conmuni cati ons, vol. 46, July

199830 1519 fyrtherdncludes adliseats Beunantransforas (Dl ewait AP g\mh Bubigis thenrs. Del ay

output of the converter 11 to an M-point discrete Fourier transform. The portion




" Estimation." |EEE Transactions on Signal Processing, vol.46, no.S8,

Aug. 1998. [6] Jian Li, @Quoqging Liu and CGeorgios B. G annakis, "Carrier
Frequency O fset Estimation for OFDM Based WLANs." | EEE Signal Processing
Letters, vol..8, no.3, March 2001. 11 Clains 1. A nmethod, for use in an
OFDM recei ver, of estimating a carrier frequency offset value, the nethod
including: 5 receiving an OFDM signal including a received signal for each

et or pie ey MAERS Shaftfé ey 8l B )4 Wior Rt HoR s e Rpbti ke e, °
f r equencaachidfiré M abualedtflatfading ¢hdritels eapuy @Onsi@BFS Unitr13, ket pair of
synbol s; determning the carrier frequency offset value which mnimses the

cost f urg@nesate athewtpuh Sy whighiis g resonsjiustadsformeiithedpdite dheyf synbol s
whi ch ar. ; utive within said series. 15 2. A nethod according to
claiml tﬁﬁ%f*%@f’ﬁé t|¢1)'ai rs of synmbols conprise substantially all possible
pairs of the N synbols. 3. A nethod according to claim1 in which the

nb i i f. 20, nbol s i ter t . 4, A t hod di
Lo ol ai nihe SmeaRert Henatnebtese pafipd ZwEbhsifas forknpdiey nai f N
21 (N-2) red@ivers. AnegsdHaen QQQQtEIddé’QatdérﬁéMrét{m igMdetbstiratich whith for a

given one of said pairs, said correlation tunction depends on the

nor mal i sdl awhanneidkstiorationsunit 2% ekhe ogtpohahthel carver fréquansy«iffsetl si gnal s, of
t he differenge bet. n (i) that channgl t h ir nbal of ,the pair
it pl 1 Sron GUher B s8R SHIR I e 5T A3 iU Bhadietney it cet
and {g i )edtinfdtion\@iin23. THe bl uS BEMRHANMRPESFhatiéh LAIE 2Bas fransmitked to

the equalisation unit 15. In training period, s(r)is assumed to be known as

training sequence which is a series of identical OFDM symbols.

The cost function utilised by the carrier frequency offset estimation unit 21 within

15  the scope of the invention is formed as follows:
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20
In other words, the cost function f(¢) is the sum, over all possible pairs of the
samples (symbols), of a correlation function for a given pair given by:
— HNEN 2
lva+ne "™ —y()
(2)
o
25

The estimate for the carrier frequency offset is generated as



6. A nethod according to claim5 in which the received signals are
generated froma transmtted signal including a cyclic prefix of N~, and
said correlation function can be witten, for a pair of synbols which is
the i -th one of said s synbols and agot her synbol | places later in the
series, as _!I(NtN~) 2 y(i + 1 )e - y(i) where j is a conplex nunber.
[Ty(i)l'l 7. An OFDM receiver including: a first portion for receiving OFDM
signals and generating reconstructed 1o nessages, the first portion being
arranged to enploy carrier frequency offset values and one or nore channel
paraneters; a second portigp, fargmemtf @ting carrier frequdBry of fset val ues
and one or nore transm ssion changpl paraneters fromrecei ved OFDM si gnal s,
t he second portion including: 15 carrier frequency offset estimation unit
arranged to receive the signals and to estimate the carrier frequency

of fset, and a channel paraneters estimation uniF&|the carrier frequency

of f set ' I Qn. uni I ng : e tinat® t he | offset upon
recei vi %&"g@ﬁ‘a@ms’n@ ségﬁﬁeﬁéeﬁéﬁﬁﬁgs\;&ﬂ%gﬁ ?’b‘y 21(Ro- gt i% ﬁéhtgésctbé% function
which is a sum over a set of pairs of said synbols, of a correlation
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A receiver according to claim7 in which the first portion includes: 13
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.
10
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
15  N=9. An improvement of roughly an order of magnitude can be seen.

Note that the method in [6] approaches the performance lower bound (Cramer-
Rao bound) when the signal to noise ratio is [arge. However the Cramer-Rao
bound (CRB) in [6] is associated with N-1 statistics. The embodiment employs

20 many more statistics. This is the reason for the better performance achieved by
the embodiment.

After carrier frequency offset estimation, the channel estimation can be achieved
using carrier frequency information and the training sequence as follows:
25

(M+N)

Hau =diag[ ﬁW”E:lye’(”"m‘“m ./§(n) l (4)



" areception unit for receiving an OFDM signal ; a serial-to-parallel
converter receiving the output of the reception unit, a discrete Fourier
transformunit receiving the output of the serial-to parallel converter and
of the carrier frequency offset estingtion unit; and 5 an equalisation unit
receiving the output of the discrete Fourier transformunit and the channel
paraneters estimation unit. 9. A receiver according to claim7 or claim8
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estimation can be achieved.
In fact, one can flexibly choose the numbers of statistics up to C? according to
the estimation precision required.
15

Embodiments of the invention make it possible to estimate the carrier frequency

offset and channel parameters better than by conventional methods by a special

cost function. This is achieived without a great increase in complexity. Thus, the

embodiments can improve the receiving performance of the OFDM receiver in
20 DTVB, WLAN and wireless ATM.

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

25 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.
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1. A method, for usé in an OFDM receiver, of ‘estimating ‘a carrier frequency
offset value, the method including:
5 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
(i) a carrier frequency offset value, and
10 (ii) the received signals for that pair of symbols;
determining the carrier frequency offset value which minimises the cost
function;
wherein said pairs of symbols comprise pairs of symbols which are not
consecutive within said series.
16
2. A method according to claim 1 in which the pairs of symbols comprise

substantially all possible pairs of the N symbols.

3. A method according to claim 1 in which the number of said pairs of
20 symbols is greater than N.

4, A method according to claim 1 in which the number of pairs of symbols is
1
at least half ——N'—.
21(N =2)!
25 b A method according to any preceding claim in which for a given one of

said pairs, said correlation function depends on the normalised magnitude of a

sum over the channels of the received signals, of the difference between (i) that

channel of the first symbol of the pair multiplied by a complex value dependent

upon the carrier frequency offset, and (ii) that channel of the second symbol of
30 the pair.
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7. An OFDM receiver including:

a first portion for receiving OFDM signals and generating reconstructed
10 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
portion including:

15 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
carrier offset upon receiving a training sequence of N symbols by;

20 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 symbols;

determining the carrier frequency offset value which minimises the cost

25 function;

wherein said pairs of symbols comprise pairs of symbols which are not

consecutive within said series.

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

10

10. A receiver according to claim 7 or claim 8 in which the number of said

pairs of symbols is greater than N.

11.  Areceiver according to claim 7 or claim 8 in which the number of pairs of

15  symbols is at least half 5'(%2—)'
12.  Areceiver according to any of claims 7 to 11 in which for a given one of
said pairs, said correlation function depends on the normalised magnitude of a
sum over the channels of the received signals, of the difference between (i) that

20 channel of the first symbol of the pair multiplied by a complex value dependent
upon the carrier frequency offset, and (ii) that channel of the second symbol of
the pair.

13.  Areceiver according to claim 12 in which the received signals are

25 generated from a transmitted signal including a cyclic prefix of N, and said
correlation function can be written, for a pair of symbols which is the i-th one of
said symbols and another symbol / places later in the series, as

—HI(N+N,)

“y(i +D)e

, Where j is a complex number

Iy’
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