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Background of the Invention

Orthogonal Frequency Division Multiplexing (OFDM) is a promising transmission

15 technology for very high-speed information transfer. It is already used in digital
television broadcasts (DTVB) and wireless local area networks (WLAN). OFDM
has also been proposed for fourth generation (4G) wireless communication

systéms and wireless asymmetric transport mode (wireless ATM).

20 A model of some components of a known OF DM communication system is
shown in Fig.1. Fig. 1(a) shows the structure of an OFDM transmitter. Input data
S(n) (where n is an integer variable having a respective valué for each symbol) to
be transmitted is input (from the left of Fig. 1(a)) to a serial to parallel converter 1
to generate M parallel signals Sy(n), ..., Su(n). These signals are passed to an

25  M-point Inverse Discrete Fourier 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
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).



"signal (input fromthe left of Fig. 1(b)) is subject to a nultipath
channel, and to 30 added noise. The result is received by a receiver (not
shown in Fig. 1) as a serial signal y(n). 2 The receiver uses a serial
parallel converter to renmove any cyclic prefix and convert the received
signal y(n) to Mparallel signals yi(n), ..., yMn), which we also refer
to here as y(n). It then subjects the result to an Mpoint discrete 5
Fourier transform (DFT), and then perforns channel equalisation using an
equal i ser. According to the principle of OFDM the nultipath channel can be
nmodel | ed hesrelkiver ase$ ada'emigl pbmﬂabd:m\.iemteir e rémevgiang vy dinpiefixalnder the DFT.
Theref ore t 10 e zer qméa ﬁ t he equi val ent channel s, assum ng
rahel

that it CQH?S ﬂﬂ‘?]ée %'99? rH@NalE Wel b calyméy. Whitkwe
par anet gfigy Qefer-rtfé%é}é‘%is' %’?{)ﬁfthén sﬁ?f%cﬁafﬂgl r@s&l??oeﬁﬁ Gy |rﬁWc9éfét lon effect

when the signal passes requency-se rrult pat h channel .

15 The rFemelev&énsfmeG(IIﬂFIDnahdi yhémpéeiess tmna@qngm&:@h WS anfor
respecti vel estimating the "carrier frequency offset” and the channel

par amet &2lS8¥e carrier frequency of fset nmeans the frequency difference

between the Inverse Discrete Fourier Transform (IDFT) in the transmtter

and the Discrete Fourier Transform (DFT) in the receiver. It has

r espect iAm:or/cﬁhgum;tﬁe)priMipIer(QfFlDNErthe multipath Ichdapelnchrobe Afbdelledzgl M carri er
e carri frequenc caused by the

frequen set vaI T ffs
Dopgl er %ﬁ?ﬁ‘{'”%P?ﬂ@eéﬂf@m #?Wé‘?&% 8 h%QOFdef@qzr@iqredgg, |lators in
the 4gtr na&g, I mation
pr O\JPde?a'%gP%éfrgaence éllﬁgg?ér;gpfg%%t%ﬁhpgﬁl %}éﬁ{iﬁﬁg%ﬁm Eﬁ@hsg%t hat t he
errors ¢apperdes ofthe ehannel |(h@etdadied)l‘—‘trh¢nnﬁi@awme&rs") The cyclic prefix

can handle the cyclic convolution effect when the signal passes through a

frequency-selective multi-path channel.

15 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
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

20 asingle 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
difference information which is input to the DFT so that the errors 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(n)e C *' can be denoted as



" The channel. estimator is responsi ble for estimating the channel paraneters
and providing the information to the equalizer. W now introduce a

mat hemati cal representation of the process in the receiver. 30 The
received signal y(n) E C M' can be dgnoted as 3 y(n) =
EVWHs(n)ejncn-1) (MEN, ) + k(n) (1) where 5 E = diag[l,ejm...,ej(Mi)4 JE
Cam' (2) is the carrier frequency offset matrix and O is the carrier
frequency offset. The termdiag[ ] neans a diagonal matrix having as its
entries the elenents of the vector in the square bracket. N, is the length

of cyclic prefix. Wisy(tnge:g\nﬁ'g(n triNobagh) of i tgqel enents,
corresponding to the 1 th row and mth colum, is -j2ml/M 1o given by e H
= di ag[ Wlere , h(M- 1)] 15 is the flat-fading channel paraneter matrix,
s(n) is a data transmtted in block n (i.e. the nth Serial-to-Parallel
converting), and 9(n) E C' is an additive Gaussian noise vector. 20 The

functa.i on of the carri eézfc{gczﬁr,%my. gt(bsgule%s\nxhnnti on ('?zsmt hus to estinmte E,

so that its effects can endve Simlarly, the ction of the channel

esti mat ij@fhe &érrib?fréghéﬁal st Qi '}s‘—th%féa?ﬁérsfréﬁibr%@ucgﬁ%wﬁ% The

estimations are performed based on received signals’in g a plurality
of knowneirh i [NPme@hBM GidgbRAIMARIX HaViddhOEs TREHANRR dleméhts of the

vector in the square bracket. N, is the length of cyclic prefix. W is the IDFT

matrix. Each of its elements, corresponding to the /th row and m th column, is

~j2mmli M

10 givenby e

H = diag[h(0),--, h(M -1)]

15

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

(i.e. the nth Serial-to-Parallel converting), and §(n) e 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 syrhbols. 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)



" In some systens, for exanple WLAN 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 "sanple” fromthe same
distribution. [6] proposed a carrier,frequency offset estimation using a
non-linear |east-square (NLS) 4 technique, based on a cost function which
Is a sumover each of the training synbols (except the last) of a functlgn
of (|) [ e receive
oi gnal {oeIRES KRea PR st Rl uridtplsd B, e eabn e bbidd G T re
cost f umymbmis (excgphthedtst) dﬁaa‘adcmm ofem)atheoeséwed shypialvesrthat t"ralaﬁtrgest

nei ghbour n t es. of trai synbols, |n this way, one can

est i mat $YARY ?QPQ% @&d@ﬁ%'y%ﬁfgg@é ?%ﬁﬂ?@?n%?%{{tiv@ly pext t(ﬁr‘u’é’F‘é s\mMboltlRe nunber
of  OFDthéORérdsY HOESst Y88eidhas g@ﬁ%rété@'b’&%@& 8n ﬁ%rn\él'r}@g Be!;\ﬁe?ﬁvent ion 10
The present invention aims to provide new and use h

carr ber ‘nearegtivaighboifs3 én thenserigseofitedinipgrsymiiads. lodhisveay, ome, caand new and

Unat t neotpre BRef Hietuehty e @B AP oleBb e kel RR nebbStomet s on whi ch

I ncl ude@ﬁnmlogeggm@bﬁgé@miuli@trarrmgai ved signal at a (predeterm’ ned) set
of pairs of sanples which are not just nearest-neighbours in the synbols

sequence. For exanple, the cost function can include terns generated not
only betsqﬁ.ﬁ i ghbour synbols, but 20 al so between all pairs
of synbots. Hlla?r\;]uéfmt%ﬁés?éﬂ/dlﬁtlon makes it possible to obtain many nore
stattostics than in conventional nmethods fromthe same nunber of
observatjion sa J{ This can increase signal-to-noise ratio (SNR) as

conpar e r}eoorﬁ,sp mg@@tl%rygw 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



"~ 25 Accordingly, nore accurate estimate of carrier frequency offset can be
achieved. This nethod is suitable when the training sequence is a series
of identical OFDM synbols. 30 The present invention is especially valuable
f:or a burst packet switch comunicati.ons system such as a WLAN system
because the nunber of 5 training synbols available for estimation in this
ki nd of comruni cation systens is very small. Using the limted sanples

ef ficientdiyink ' ' Qe f ' :
Speci f1 ik Sykftole aVRRINE Rir oSBT iR kP BT MBS ystnp s 1
an OFDMvergseialiersing theslimited samplescefficietly fis eeryanmportaht &eacheleia, the

met hod i ncludipng: receiving an OFDM signal including a received signal for
each of ggogepe;rggma&cel\] synbol s; deriving a cost function which is a sum
over a set of pairs of said synbols, 10 of a correlation function of (i) a
carrier frequency offset value, and (ii) the received signals for that pair
of synbd@pscifitallyr afirsteyptdssiaraof therinverdipmas @meftHoske forvadelia athOEDM ni mi ses

Synbol < RRPUR: & BSHBRNG G RAtE: Foulemot el Ypliee Bie etiomnacitgiat i ve
expressi on ofret&Ring e OFDM sighatih Wiy baeebied sighdl vsH &bh F 4 s&mds portion

for receiving OFDM si gnal s and generating reconstructed 20 nessages, the
first p&ftN symbelshg arranged to enploy carrier frequency offset values and

P oenau” o HRANNE o BALAIRERSD s B W UInPEILY £8ef & it drRid BimBIE! ' ©
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 genera'ting 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



" more transnission channel paranmeters fromrecei ved OFDM si gnal s, t he second
portion including: 25 a carrier frequency offset estimation unit arranged

to receive the signals

channel

unit being arranged to estimate the

and to estimate the carrier frequency offset, and a

paranmeters estimation unit; the carrier frequency offset estimation

carrier offset upon receiving a

training sequence of N synbols by; 30 deriving a cost function which is a

sum over
(i) a carrier requenc

s(s nggphéau%{! f@ﬁ&t%iﬂ%‘)' a5 of a correl at i on f_unct ion of 6

val ue (ii) the received signals for

that pair of (B)/tmbcrleselvddtseg“nalmfmghamlcaf$yrﬁbolfs;r equency of fset val ue which
m ni mses the (iost ction; b5 V\herelcqrﬁssal d pairs of symbols conpr

pairs of synti
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descri ptf,Q&tig¥: the figures 10 An enbodi ment of the invention will
described for the sake of exanple

now be
only with reference to the foll ow ng

figubes, in \Mﬁheﬂam $3id pajrswifiisymbiots campusegains oFsymbols(whichrade hob) , is a
gr aphi cal resenﬁat ion of an OFDM communi cation system Fig. 2 shows an
OFDM reccém\%?u Wiihinsald, seli®hdi ment of the present 15 invention: Fig. 3,

which is conposed of Figs. 3(a) and 3(b), is a schematic conparison of the
definition of the cost function in a prior art nethod and in the
enbodi md3rief desaription of the figures
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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;

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

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

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
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

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



""Fig. 4 is a conparison of the nmean-square error performance for carrier 20
frequency offset estimation of the prior art nethod and the enbodi nent.
Det ai | ed description of the enbodi nents The enbodi nent of the invention is
il lustrated schematically in Fig. 2. Jhe 25 enbodinent is a receiver
adapted to receive the signals generated and transmtted as described
above with reference to Fig. 1. The receiver includes a portion 10 which
may be i ! : £ Q30 ] . igl to
par al | e|1%m%ﬂ"€§‘m1ég?§ﬁaﬁ%3gﬁgs%ﬁg‘ L@@{CH) g}?]f)%}e'?lé@&w%gn&fﬂ'es aﬁgéeo?ved

si gnal ach afrtide deequiabient fld-fadire) tlednraigoalpsit from) teyDEFMunit. 13, toyM n) ] T.
The portion 30 10 fur%g&r) i ncl udes a di SCE&{&IFOUH er transform (DFT) unit
13 whi c/9S0&HEANOYRY (WRIED 6% @ FRePNSvEE maf the IRPtNP B8 nt di screte
Fouri er tltafn%ﬁﬁft&ré‘PFi-grh‘F. portion 7 10 further includes a channel
equalisation unit 15 which perfornms equalisation of each of the M

equi ¥al ent flat-fading channels output fromthe DFT unit 13, to generate

an outp S(n ich.s a.recagnstructed. formof. .the_input to the

transm tﬁh@ré@?’oé‘\mﬁ”&n}%fﬁ%‘?r‘r’ﬁg'“g%ﬁoﬁ At _zbd’f’tﬂ'ﬁﬁ_rd'f}erfﬁlfr Hggn‘éwﬁo_rti on 20 whi ch
di ffers réegivetsNTHE porEsie DY ¢icluddd g cafridr fRiyudipcl ffsBestimatigh Ghien1f requency

of fset estimation unit 21 and a channel estinmation unit 23. The out put of

t he car rAngra chagpal esiimatipsanit 2% tTheseutput efithe catrierfrequansyiafiseti both to t he

DFT uni - [ ON. UMY . ylN t put of the
channel teeséﬁ}art#gﬁ iqjorFrlltO‘ZJtnF%gt r%?‘ﬁ'@g{’ rbég%ﬁqsﬁeggptr%'ttu@e&%%g%mes@fq unit 15. In
t r ai10i n@stiatatiod, urst(28. The astputetthechagnknestimation tnieRBiigganeniRdce which is
a series of identical OFDM synbols. The cost function utilised by the

carri er the egualirafiosfinilelS.datiaiing periodi s(is assumed ta betknowscae of t he

i ion.is f l - S
I nvent| ?rnalrlnr%g sgaﬂeerqcéa\slvhgc% |s%wssenes 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:

20
In other words, the cost function f(g) is the sum, over all possible pairs of the
samples (symbols), of a correlation function for a given pair given by:
—JP(N+N, 2
Hy(i+1)e JIBN+N,) —y()
(2)
lyal
25

The estimate for the carrier frequency offset is generated as



C-.j/QMN) z 1*011, 20 In other words, the cost function f(O) is the sum
over all possible pairs of the sanples (synbols), of a correlation
function for a given pair,given by: y(i | )e-.ag(N+N) z Ily(1)11Z (2) 25
The estimate for the carrier frequeng% offset is generated as 8 arg mn f
(0) (3) O Equation (1) is a sum of statistics, where CN =i By
contrast, as 2!(N-2)! discussed above, the NLS estimator in [6] can only
obtain a sumof N1 statistics. 5 This difference is illustrated in Fig. 3.
Fig. 3(a) illustrates howin [6] a series of N synbols ("sanples”) is used
to generate a cost functiow,asammsinf Gher the (N-1) pairg3pf nearest
nei ghbours in the series. By contrgst, as shown in Fig. 3(b), the
enbodi ment generates the cost function as a sum of CN between all possible
conbi nati ons of two sanples. 10 Due to this difference, the proposed
estimator can snmooth nuch stronger noise and obtain nore accurate carrier

frequen ; st LAt ioA2 kS LS. bkl ustratedVin Fi ch shows
t he nea?%%‘%rﬁgﬁé%r%rw@e?f?ég?’ rr%%ljclzsglcgfwb%}ee gﬁiﬁg!(wizﬁét%ggorg?aéW%f and of
the enmbodinent. This figure was generated as a simulation result using 15

N=9. An disgussed@abave otherNg ieistiimatoron J@) cast omiyghbitain deswarof N1 séatistics.
5 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.

10
Due to this ldifference, 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 p'erformance lower bound (Cramer-
~ Rao bound) when the signal to noise ratio is large. 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

1 o M+ P
ye /(IO gy ] (4)

est

H., = diag| ﬁw“e



~Note that the nethod in [6] approaches the perfornmance | ower bound (Craner-
Rao bound) when the signal to noise ratio is |arge. However the Craner-Rao
bound (CRB) in [6] is associated with N-1 statistics. The enbodi nent

enpl oys 20 many nore statistics. Thisgis the reason for the better
performance achi eved by the enbodinment. After carrier frequency offset
estimation, the channel estinmation can be achieved using carrier frequency

' nf or ey @arﬁr@@) t P@eﬁét%%qs1§&h?%?éﬁ@ﬁﬁwﬂl§hé forg¥ina @ die: &\5@9& plndl & Ve

the el erﬁbﬁe%pbﬁdhb@érﬂéﬁ&rlnrtﬁéﬂatt(er&ﬁ@trldl rés@edtnlzuythﬁ* fdahgtRendi ng
elenents in the latter matrix, respectlvel y. W neans the conjugate

transpo&,‘énﬁ.fc?a‘(& traRgp&se oﬂwi%th'e 'rﬂéﬁﬁ§ﬁ1é3fnv5rsee§ﬁE5 Note that, although
in the enbodi ment the cost functfon of Eqn. (1) includes terns fromall of

the CN, possible pa| rs of sanples, the invention is not limted in this
respect For  exa | n practi cal applications, only roportion of these
Lorng (NS thgt @Hﬁaummtheonfmha%dlfr@natrema%tefwctmofb%qn Fa instisiesn "t he
expr ESSI os function r of statis lCS
gener at egnnés?rg mg%lh\% I’f’yp(lstf bIF &igis O?r?QH‘P?‘R?- rllﬁe QV&”%QQA%{JP{-}F Nat | east
2N) a siygai t | fact one
can er>2(|ﬂ|§Ir§é oogg%%ﬁﬁgehg{ ?Har&“?:gs%dﬁé %s%ﬂg' ?@r@i&?{@@gﬁ ésrgl’lg to the
est i mat itermp(egi 8p war’rﬁmfuor ad to dquartsodmagdesincfudieddn ithey expriesbioneflse i t
possi bl ?h(te %ogts qung‘fEl ﬁrovnd%%rt[né%rurrﬁtge% L#stat}(:,tlcs generated is significantly

10 higher than (N-1) (for example, N or at least 2N) a significant improvement in

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, althbugh 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.



of fset and channel paranmeters better than by conventional nethods by a
special cost function. This is achieived without a great increase in
conplexity. Thus, the enbodinents can inprove the receiving performnce of
the OFDM receiver in 20 DNB, WLAN ang, wirel ess ATM Al though the invention
has been descri bed above in relation to a single enbodinent, many
variations are possible within the scope of the invention as wll be clear

to a Sk'li%f@ﬂar{c%éder For exanpl e, although the text above refers to 25 the

recei various "units", the invention is not limted to receivers
i N whi cfhet disslesarececardpinedtie tid jdliovdig refetehceRas Ineorpdratedimgrelreinpty ti ons of
sof t war e, %Qich ?Fé_ns on any nunber of processors. 10 References The
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tetters, vol..8, no.3, March 2001. 11 dainms 1. A nethod, for use in an
OFDM recei ver, of estimating a carrier frequency offset value, the nethod
i ncluding: 5 receiving an OFDM signal including a received signal for each
of a serd|gfns Of N synbols; deriving a cost function which is a sum over a
set of parrs of said synbols, of a correlation function of (i) a carrier
frequency offset value, and 10 (ii) the received signals for that pair of

synbol s;, determ ni ng .the carrier_frequenc ffset value which nminimses the
cost functi &me\rﬂh‘%‘g@hu%lrﬁa%&ﬁ@d&%‘Vﬁé(ﬁ@sﬁ'@ﬁﬂPg SLHHEF FegenSynbol s

whi ch arg#isBOValue OfheShltHoWENMUbMg? said series. 15 2. A nethod according to
claim1 in which the pairs of s>9nbol s conprise substantially all possible
pai r§ of the recayimgasOFBM gigrel nstlding arrdceiyed sigriahfoneachrofiehserdes he

nunber qf i d irs of 20 synbols is greater than N. 4. A nethod
accordi ﬁ)ér\fgyrgpgf?m 1 in which the nunber of pairs of synbols is at |east

hal f N 2! (Ndiving 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. |
15
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
!
at least half —N—
: 2(N =-2)!
25 5. 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.



25 5. A nethod according to any preceding claimin which for a given one of
said pairs, said correlation function depends on the normalised nagnitude
of a sumover the channels of the received signals, of the difference
between (i) that channel of the first, synbol of the pair multiplied by a
conpl ex val ue dependent upon the carrier frequency offset, and (ii) that
channel of the second synbol of 30 the pair. 12 6. A nethod according to
claim5 in which the received signals are generated froma transmtted
signal including a cyclic prefix of Nc, and said correlation function can
be written, fmmahmrahccarﬂirfgywnﬂélm ﬂmwmmrsthbhecéivedmgmﬁs afe game¢rafedsy nbol S
and anot her nbol aces | a he serie + 1)e J/~(N+N) _
(1) 2 2frorwqet |ft§d %@Eﬁ]@é'ﬂ%ﬁﬁé’t‘: ic prefiy ¢fy¥a a171d Eﬂé@?flfﬂ}la}'ﬁﬁel ver
i ncl udi '?Gnctﬁ)nféérﬁbe Wfttre'nofbrfao;aaﬁ ﬁF?yﬁﬁbBl@ i Wl%ﬂ%ﬂ?'ﬁ oﬁg%fggl?xer ating
reconstructed 1o nessages I rst portion belng arranged to enpl oy
carrber anﬂmlsaandaobﬂmtsymlmlquﬂamuﬂlamTenMe gories,ad@sannel paraneters; a
second portion for estinmating carrier frequency of fset val ues and one or
nor e traﬂr}gmg Si/8H ’éhaggg’L par arre]E ers fromreceived OFDM signal s, the secgnd
portion cI udi ng: arr s estimation unit arrange
to receive the“ﬂ hal s andvriegééé{?%gﬁgﬁ%% Jﬁ%ﬁl er frequency offset, and a
channel paranete estimation unit; the carrier frequency offset esti mation
unit being arranged to estimate the «carrier offset upon receiving a

traini n97 sequence of N synbol s by;
. 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

(i) 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:



"~ 20 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
value, and (ii) the received signals for that pair of synbols; determning
the carrier frequency offset value whjch mninises the cost 25 function;
wherein said pairs of synbols conprise pairs of synbols which are not
consecutive within said series. 8 A receiver according to claim7 in which

the first porat}e&gp{i&qwq;?@;eﬁe@ivi éﬁ%ﬂﬂﬁl{/loé??r’rﬁ]jt for receiving an OFDM

signal; a serial-to-para converter recervihg the output of the
recepti on unia serial-tdipscalit eofreentereeceivangstheroutputi ¢f the ceception urie out put  of
the serial-to- .gaifgl IFeI .cogver er ar.}d of. the carrier fﬁeguenc of f set
estimation urf #iSCigie FOULRM KaTsiPBAitgRCaiNINg the QUtRytRf the eBa'r%’Ot of the

di scr et randlicBhvérénaiPbffMheWrtiePfeq ldiy R ektiRalisAehi an@Sti mation
unit. 9.EpA recei ver according tcl) clgci]m 77or clail rlngllaﬁ'Ej ic?l t he pairs of

synbél s conm@n equalisbomnnitaecsivinplthe ostpuslof thendissredé FougeNtrapsfooins. 10 10.
A receiver, accordi to claim7 or,.claim@8 in which the nunber of said
pairs of" é\%ﬁ? c%l‘%%&egg?@m%pﬁ%eﬁ!m ONUiteceiver according to claim7 or
claim8 in which the nunber of pairs of 15 synbols is at least half N

21 (N-2)! 12. A receiver according_to any of clains 7 to 11 in which for a
gi ven orfe of A Rpeivesacesrding teiclan epraglaion Sfinmtichihedegienalssymbelse

nor mal | e STREJdsisntRiily Al possible pairs of the N symbols.
10
10.  Areceiver 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

N!
AN -2

156 symbols is at least half
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 muitiplied by a complex value dependent
upon the carrier frequency offset, and (ii) that channel of the second symbol of

the pair.

13.  Avreceiver 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 serieé, as

—JIB(N+N,) 2

Hy(i + e

~y(@)

, Where j is a complex number

vl



- sumover the channels of the received signals, of the difference between
(i) that 20 channel of the first synbol of the pair nultiplied by a conpl ex
val ue dependent upon the carrier frequency offset, and (ii) that channel
of the second synbol of the pair. 13,, A receiver according to claim12 in
whi ch the received signals are 25 generated froma transmtted signal
including a cyclic prefix of Nc, and said correlation function can be
witten, for a pair of synbols which is the i -th one of said synbols and
.anot her synmbol 1 places later in the series, as y(i+l)2 fI'(N+N~) -1(1) 2
y(i)2 , MherAn OFDM sigprgdlcemnnmmumibatiorildystdrh. inélad gl SIUFMIsigrasimuni cat i on
system i ncl udigg an. ODFM si gnal transm ssion ulni_t and a3 recei ver according
aims 7/ to 13.

to any dransmyssign #injt angsa receiver according to any of ¢



