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Field of the Invention 5 This invention relates to a receiver for

Ort hogonal Frequency Division Miltiplexing (OFDM signal s e for
use in cellular wireless commnication systens or wreles |||| @m’m‘mm | oops
(WAN). In particular, it relates to regeivers enploying nove| t hods for
carrier frequency offset and channel paraneter estimations over rrul tipath
fadi ng channels. it rIates 10 t(hthose (= and to

conmuni cati on syst en®s =ik at Realving L LM f the Invention
Ot hogonal Frequency Division NUI tiplexing (OFDM is a prom si

n S
transm ssion technology for very high-speed information twﬂmmmmmﬂf
al ready usEi¢ld of thieglnvantiorel evi si on broadcasts (DTVB) and I
area networks (W.AN). OFDM has al so been proposed for fourth eg®mee*ation
(4G9 wirel ess communication systens and wireless asymmetric transport node
(wirel ess ARMinv@itioh r'@léiéé t@ﬁ rééé’ﬁeﬁfémﬂﬂiyoﬁaDFréhd@ﬂ@WDl\%@ﬂ communi cat i on
systemis shown in Fi ( shows the structure of an OFDM

transmi t t eMullijiexing d@g&)l\@(wnalah@u@ as ppe feor use ageallulzavieghess havi ng a

of Bro. 1 P lorcBtemyeR Hiteir Beaa 8 TS BHAR) RGcdRE R, " ' o
paral | el srgarlstoJetaivers. emploiﬁhvbrﬁoveTh@I@o@s m&bmarfﬁaqmmw@ﬁset amd M poi nt
I nver se D|screte Fouri er transformfgIDFT . . The outp l{(\ S transmtted

to a unit $hapnelpasaastes esfimationpcuer multinadh F%‘EGQP“?@”%‘He firtherdglates
trans Si t t hat the
Si gnalml(?s %tlﬁébﬁ%ﬁéﬁf%g@t%@%?ﬁ%ﬁ@sééléiﬂ? WI dhh%sﬁ eﬂn%t?l ‘cally how

the 30 transmtted signal (input fromthe left of Fig. 1 (b)) is subject to

a mul tipat cPanneI, nd to added noi se. The result is received by a

recei ver (E@&@MM% a serial signal y(n). 2 The receiver
uses a serial parallel converter to renove any cycllc prefix and convert
the received signal _y(n) to Mparallel signals yMn), which we

al so ref er Qrthagenel Eeeqyu@n)ty DNISlonrMultlal@wmc(th':[Dﬁv/!léls @spmmlsmg an M poi nt

usi no 3 ofaaemisol BRIt hiohef BB he e Raf R o Rl R 2™ "

channel capsbé inaidstal t%([b\&ﬁobeééticafseéi(DTD\/Bhaﬁtﬂl&)@Iess lbba dreg metmeksdomai n
after the DET. Therefore the 10 equalizer can equalize the equival ent

channel s, é%M)ngOEIHM hag al@ﬁ(ﬁﬁ@”tW@p@%f@ﬁoﬂmgﬁﬂ@@é@ndﬂ@W@"Qi@ﬁﬁ val ent
channel s (Repfy % f%f%%@eéndgﬁfré‘l §%§ thOEraf¥ bt ﬁnc&fee Witelggh handl e
ion € rough a

the cyclic convolu Ct  when ?gna passes t

frequency- #diMctive nulti-path channel. 15 The receiver conventionally

i ncl udes two |ndependent units for respectively estimating the "carrier
frequeﬁey of fset" and the channel paraneters. The carrier frequency offset

means the fA(%H@P&b/scﬁhéE@@@%n%ﬂ@ﬁﬁbWﬁ@#ﬂM%&ﬁm%%ﬁéﬁ% Y@M [ser

Transform (I DFT) 1in the t mtter and the D screte Fourief Transform
(DFT) in tisbowadaifi@d. Fig. Aéa) shesysdbeisirictuiewdanf@QFDM transmoiieri kpst  but

data S(n) (where n is an integer variable having a respective value for each

‘.-....

symbol) to be transmitted is input (from the left of Fig. 1(a)) to a serial to parallel
25 converter 1 to generate M parallel signals S4(n), ..., Su(n). These signals are
passed to an 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
30 transmitted signal (input from the left of Fig. 1(b)) is subject to a multipath
channel, and to added noise. The result is received by a receiver (not shown in

Fig. 1) as a serial signal y(n).



+20 all depend on a single carrier frequency offset value ~ . The carrier
frequency offset is caused by the Doppler shift during signal transm ssion
and the different oscillators in the transmtter and receiver. The carrier
frequency offset estinmation provides difference information which is input
to the DFT so that the errors can be regoved during the DFT process. 25 The
channel estimator is responsible 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 " x'_ YR8 rbGeifeiaicih srial phriid ooty ENERE sRove sy eyt et akd) (1)

where 5 E = di | rxns is the carrier
frequency €M thmnepewedr&ngnalw@)ttﬁdw@@ralleéslgmua@qxuéwcy ¥ m(EbtWhighave er m
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Each ofgit [efelpre m,

gi ven b?/ 1509*@(’1&&2‘90%@893?? h@ﬁ&é@ﬂf&@%jhaﬁhef%ﬁ@? |8?1h mgfjénrg channel
par anet er ggualiser. s(n) is a data transnmitted in block n (|.e. the n th
Serial-to-Parallel converting), and ~(n) a C'''x'" is an additive Gaussian
noi se vector. 20 The function of the carrier frequency offset estinmation is

thus to espicBBidindo the pritriplé o OFIMCihe mempa@h éﬁw@anﬁe%bééﬂléﬂ aé he
function of the channel estimation is to estimate H, so that its effects

can be r errM/ﬂait -fapingcetanneds it thadregeiegcydomain piter tHesPFT[ djnerefioee tha ri er

freque .
par oty s Soufres san SRRl fs. fd VRS Hhark B ARIRUBL M DAL e o,
frequency ebfrphix angliidenis thevega@usleat shanrails bisersmamed befae! det ect i ng t he
I nformati on data. Summary of the invention 30 )

parameters”). 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

20 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 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



' 4 The present invention ainms to provide new and useful nethods for
estimati ng OFDM carrier frequency offset and channel paraneters, and new
and useful OFDMreceivers. 5 In general terns, the present invention
proposes that carrier frequency offset estimation and channel estimation
are perfornmed in tandem so that the twg estinmations are joint-optimsed
with respect to the data. Al of the carrier frequency offset and channel
paranmeters are variables of a maximum|ikelihood cost function. If we
consider themtogether and carry out joint estimates for 10 carrier

frequency Se Mmgt annekny.p ters, #yhe solution of the cost function
w il be thgf({l))ptlénal—n | ution. ?Eag?her Wgr)ds, we can achi eve an opti mal
esti mati onwhere carrier frequency offset and channel paraneters. The
performance is better than the conventional technique of estimating carrier
frequency offset and using that to estimate the channel parameters. 15
Furtherpore, to redyce ahggsithpic conplexity, we propose an iterative
optim sati ?n‘g'if’lg n® whreh inLﬁ &des repea&édl y carrying out a sequence of

o channe G STB QP eRTERUAY ofd 5 WRE Vel bR TR ™
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of fset is §§@é‘ret19ra€§éti. ")‘P}i@th@ﬂ‘erfdlﬁ%‘?%&clﬁ%r@ﬂﬁt\ﬂi§-th@YDFT'inSatﬁ?.t BAh oftn
optimal solution to both carrier” frequency offset and channel paraneter can

be achi eveds efsméits, esirespindiny etheortarvweand ok th icefumendy gdfdrsigy  and
channel paraneters are better than if they are estimated 25 i ndependently.
Howevelg thé’@8ffplexity of the iterative method in each iteration is |ow
(since there is one-di nmensional searching in each iteration), so the
algorithmconplexity is nuch |ower than that of nulti-di nmensional searching
in maxi mum | i kel i hood optim sation problens. A simlar result can be found
in [5]. 30 Specifically, a first expression of the invention is a nethod,
for use in gan ecejmer ,yjof estimating carrier frequency offset val ues
and one orfzofgﬁawgbtraﬁzﬁig i on channel paraneters fromrecei ved OFDM
signals, the nmethod including: using the received signals to estinate a
carrier _frequency of fset val ue and/or channel paraneters; and 5 at | east
once p&Pformng the sequence of steps: (i) using the received signals and

par amot or 41 QR R RRD R e EEAERCHA e 3Tl ¥ e SbET PubeR v S0
Cecond ewpleeangr Sy GRAAI SR PE BT g FONER Y R R BRalifRG o7 e

portion foigdesinvhéige GEEWrsi gnal s and generating reconstructed nessages,
the first portion being arranged to enploy carrier frequency offset val ues
and one or nore channel paraneters; 15 a second portion for estimating

carri e, r aqusf¥isH bEe LiLPRe ) st 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.

In known systems (e.g. [1], [2], [3], [4]) the carrier frequency offset is estimated
25  without knowledge of the channel parameters, and used to estimate the channel
parameters. The carrier frequency offset and channel parameters must be

known before detecting the information data.

Summary of the invention

30



'nmoré transm ssion channel paraneters fromreceived OFDM signal s, the second
portion including: a carrier frequency offset estimation unit arranged to
receive the signals and to estimate the carrier frequency offset, and 20 a
channel paraneters estimation unit arranged to receive the signals and an
output of the carrier frequency offset gstinmation unit, to estimte the
channel paraneters, and to transmt its output to the carrier frequency

of fset est tlon n|t 25 I.n either. express PEO nvent he
sttt ondPRwyeRRt JatensPRa s do SIOGHE FBRCA T Boe it iodsior dalingtiad
plurality efromeumidlrddiedy It aNaBRASndIDarhmBtdls "end REWIHLUefylT e

nmet hod is suitable when the training sequence is a series of pseudo-random
OFDM synbolFDM3eceiversat i ve optimi sation techni ques are known to be subj ect
to convergence problens, in which for exanple they converge to a | ocal

m ni rum of a cost function, rather than to an absolute m nimum For that

reason,s5the Qé@é@htermsﬁthéﬁﬁe%bhpmvéﬁﬁdwgrdvo%é@lﬂ@éﬂdérilékcfretﬁi%h cjdsfseg random
perturbatlons to one of the estinmates obtained preferabl¥ the estinate of

t he carri eestimatiorapyd chensekgstimatipnsarei paifarmedHatandrmpse thatieitwet i mat e
actual l'y | aafl5i0,80rd JBRH ‘b??n gé’o‘%wt[w%géé&rio% SatzAlltdish %é{rp?ccas' on that

the cost functron 1s calc iter |ve schene t he

perturbed @sfusnt\eoffsat drel ¢hagthel panrdmetersaéretmlamlm@wrﬂw«ﬂna&t liketiheod Thi s
perturbation feature makes it possible to speed up the algorith for

exanpl e by CESHBENRN 1 oA SRS THOREUIr ARRATROtBINE 634MAtaRdPr on. 10
Note LHgt atile4hubiey biY ﬁ&&wdﬁ%lﬁé%rﬁéﬁ%‘?g tROQBRIoR JHTAELAL: ! o P

indicating t st offsef estifmtion IS orne ore the first
channel esfumﬁjbhmill biertheexpttimah selutiodi rinmntrar wardaa\ye@aoauhfaeMeeen optipal f or m
the first ch i i

ﬁ e g \pn bef o e:[the ! rhst carrier offmstlrratl_on,
and to confPHTEUPHECT ?aeF'ﬁE %%uef'}c&ﬁ Sﬁééa fahpgpe %ag{eé $: ver, this
option is @eﬁonﬁaﬁ@é [sesbtfdrian the é&wembhgletb}zsrmuaaé df'é@tlﬁw'ahﬁé cahsgnel
estimation would be too far fromthe true value, so tht the total algorithm

may find ifrequeneyaffsetranccusing thas te estimglte tha chanfnekpatasmeter® cost functi on
in fi nH%e steps. 20 Brief Description of the Figures An enbodi nent of the
invention will now be described for the sake of exanple only with reference

to the fol IFemthegmbiegus esdudenalgbiitimic complexityhivetproposeanateestived Figs. 1 (a)
and 1 (b), i s a graphical 25 representation of an OFDM comuni catl on
system Fi griimisHigRschgngmhichdbeiudes repsatedly casyingpea regiense effwopr esent

o veme o < D) Bsifaly MECHTEPIRLEAS) AR (7 iy SRLURIARICS
Det ai | ed Depmcameters.rincéadh@eﬁl(mdde na&sttestimated channel parameters are used to
20 improve the carrier frequency offset estimation. In each step (ii), the last

estimated value for the carrier frequency offset is used to estimate the channel
parameters. By this method, an optimal solution to both carrier frequency offset
and channel parameter can be achieved, so the estimation performances for
frequency offset and channel parameters are better than if they are estimated
25 independently. However, the complexity of the iterative method in each
iteration is low (since there is one-dimensional searching in each iteration), so
the algorithm complexity is much lower than that of multi-dimensional searching
in maximum likelihood optimisation problems. A similar result can be found in
(5]
30
Specifically, a first expression of the invention is a method, for use in an OFDM

receiver, of estimating carrier frequency offset values and one or more



* The' enbodi nent of the invention is illustrated schematically in Fig. 2. The
enbodi nent is a receiver adapted to receive the signals generated and
transmtted as descri bed above with reference to Fig. 1. The receiver

i ncludes a portion 10 which may be identical to known systens. The portion
10 includes a 5 serial to parallel converter 11 for renoving the cyclic
prefix fromthe received signal y(n) and generating M paral I eI si gnal S
y(n)=[y~(n N ] T, The portion 10 furt ncl ude ete

Fouri er tréﬁ@?@ﬁﬂ‘%%rlﬁp? hﬂ%@ﬁﬁ@’@f’sélﬁhy ﬂgf‘ﬁ@t onverter
11 to an MmRfidmg:di screte Fourier transform The portion 10 further

i ncl udes a channel equal isation unit 15 which perforns equalisation 10 of
each of the M eysingdhenecdived sigaalsrg estimaieascastieniieqyensy affset Bameuni t 13,

to generate ich is a reconstructed formof the input to
ofr fipRid o el g,

the transnf odr ment further includes a portion 20

which dgffers fppraknonee éérfomﬁg\tﬁéSe dévecepor dtepsr 20 i ncl udes a carrier
frequency offset estimation unit 21 ang a channel estinmation unrt 23. The

out put of the célHsian the secrivrd sighplseaandrreviausiyopstimated zariier frequaneyt t ed
both to th d to the ch |
ot i onOlipeval ta sty 4R dhehfe rbnieisPaRy BOK (D L8 e on

estimation unrt channel estimation unit 23
is transmitted bl)tdsrrtg)ﬂtehecemedlsrgnaté and lpmé\troﬂ,ﬁy astimated tlearitt®lcarri er
frequency offset, es t| o ni t Thi s structure thus pernmts a
conbi ned i PAFHPEIGHS e&@fr"?ﬂfeé]é‘engﬁé’xfgﬂ ¥ll'fy, the al gorithm
perforyggd by the unrts 21, 23 is as follows, based on an assunption that
the tral ning sequence is series of pseudo-random synbols. 25 1. Use the
recei ved siAgseiondtexpgesseompbthennventiarails assOF i eectﬁiveraincludmgt requency

ffset wthout f ] t | d, th
"hi ¢ al "est 1 ma 8 R RGIHPR &8 FRETEHOF DI Sorabcend Goud B nd eIt "
par anet er s mess8gés, tHéerrréttt&;mm@b@rr@%@éﬁ detpforerfplo }/ ﬁéﬁ?étﬁls megicHEeters to

inprove the estimate of the carrier frequency of e the estimate
of the car VRblesfangRieymMere shanmel paiametarsi nprove the 5 estimte of the

chartn_ei gpar amet usfe;coﬁd p%?ﬁ&?tor%%ﬂﬁ%{rﬁg%ﬂr%f@&dnne dIRS dHeePPh bgaﬂh%gt%Eo

optim zation so on to carrier t” an pararre €T s

nmor e speci imaralttansmissios ichpanelfparametdrg dron heceived @F DM Isignats, (thet e that t he
nunberi ng of steps does nhot correspond to that gr ven above): 1. Set initial
val ues: Eeseccpnﬁgortlonpn UAINg: = H- "~~" - (~ ry = O respectively, where | is

a unit matrix. IZ{Qi‘aﬁ"F??—:{reirrequef"r’?cyzoffse‘f'leé,‘ﬁi{rrtatror"r‘uhrt Brranged Yo réceilé the dignalsl®
and to estimate the carrier frequency offset, and
20 a channel parameters estimation unit arranged to receive the signals and
an output of the carrier frequency offset estimation unit, to estimate the channel
parameters, and to transmit its output to the carrier frequency offset estimation

unit.

25 In either expression of the invention, the estimations may be performed based
on received signals including a plurality of known training OFDM symbols (a
“training sequence”). The method is suitable when the training sequence is a

series of pseudo-random OFDM symbols..

30 lterative optimisation techniques are known to be subject to convergence
problems, in which for example they converge to a local minimum of a cost

function, rather than to an absolute minimum. For that reason, the present



-1 (-nm(Mtn~~ ) z 2. Use the cost function f = ~ zye - Wts, s(n) , and

estimate the values of: - /(~~-y~(~r+N~ ) | Y exl = arg minllzye - We"
s(n)l, , and 20 - I (i~~)~ (MN~) ~"~ =arg min zye - WH'y s(n) If mn
zye 1 ("-1)m(n~+.~~) - WHu s(n) z > mi n zye | ("-~)mhf+N~) _ WH'~, s(n)
z, - 4 25 then set Ee" = E(~,ry, ), or glse set Ee" = E(~~,, ). 9 3. Let
E'y E(~~ , +S) Wnere Sis asmll random nunber (perturbation). 4. Set
He" enot es

That the. et eethog miStesrbinnaides 29dind rendard s b aton G rsai s o

el ements i gsfmbied dtﬂé'h@ﬂ H%fér‘a’biy HRSPRIM AL Yhe Z%rrl@?%g éhf_\( 6f?§1ét)lgah§
transpose of W and ~ neans the inverse of = diag~ ~ WE

'y, T oye aeelnnghefebeb*@mnerwrbed estimgte agtoatly le@és'taaﬂlmpm\le cesieat step 2

one. eoti malISHEBR SR MR8 ocbavign b sapLuhRoR e SaPPRed ki ng
peri od,5 s( hgrative ashoney. If so bibekgErtunbéd astimnate @aﬂrb@ILsedlﬁpI%roefcﬁrth@I y s(n)
is a series of pseudo-random synbol a schematic view of the

conver gencénp‘Pfﬁur\hﬁﬂ&ﬂ'ﬂ'@tesTWﬁIpieétilf@at@ns'%ﬁ@rﬁ neakesdt pessiblere speed 2ent al
di |
Irection) Hf?lkjﬁﬁﬁ#rﬁ Fof @%@?E@%%anm?rbn% 'ﬁ%ﬂ%\/\PI’&%EI ﬁﬂﬁ'ﬁ@‘ﬁl%ln‘:ﬁb dbst

M di nensi onal ) “space satron is act occurri ng.
The val ue @afindtibe. cost function for each point is illustrated for sinmplicity
as a line 30 whose height at each of a nunber of horizontal positions
corresponds to the value of the cost function. The cost function shown in

Fig. 310  Note that although the invention was explained above in general terms
indicating that the first offset estimation is performed before the first channel
estimation, in certain embodiments, it may acceptable, to perform the first
channel estimation before the first carrier offset estimation, and to continue the
iteration from these first two steps. However, this option is not preferred since it

15 s likely that the first channel estimation would be too far from the true value, so
tht the total algorithm may find it difficult to converge to a global minimum of the

cost function in finite steps.

20  Brief Description of the Figures

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
25 representation of an OFDM communication system;
Fig. 2 shows an OFDM receiver which is an embodiment of the present
invention; and
Fig. 3 is a schematic representation of the convergence process of the
embodiment to the global minimum of a cost function.
30

Detailed Description of the Embodiment




- has' a single local mninumand a single global mninmum 25 The points
marked 1, 2 and 3 nmark the values of the cost function after each of the
first three iterations of the present nmethod for this particul ar cost
function. Point 3 is near the |ocal mninmmof the cost function. In
iteration 3, however, it is found (at the end of step 2) that the perturbed
cost function derived fromthe perturbed val ues Etry, Hry (shomn in Fig. 3

in the horizont 0Si n _mar k ' ual | s to a | ower
val v tor T8 SoadtPent ofBe Rrem oo il Syated eerta e Hia fahe | Bt 1o
gener at ed Ba#RAIABNEs Yreckivey abiBpfelaoneséivé e sbﬂé%tg&ib?atda%ﬁﬁs 4 and 5
are generated respectively. Point 5 is near the glo m ni mum of the cost

]1: uncti (ﬁn I trangmitiesk 3s descrtbes; @PCBIG Wit efarense tﬁ(ﬁ)@theThﬂ weeiveningluggsas out
B
a1 gor | hm PoRerCLhWEITAY 55l e FhaKE e, AR R A BURRLESS Aoee and

channel 5 pagen@tieparalldhesavértsid 1 mraémodinlgetﬁé leyclits Qﬁéf’&(cfrdiﬁltl%itedel“\fboﬂzw
symbol s. Therefore, a better receiving performance can 10 achi eved by

adopt i ng t BENgt H(ﬂzl@é’é ganaieting & payallelRiaom(=GHED), r- edéM(U)dr Thenpetipftar v,

t he new ne \Y Y/ f, ei ver

o ove, v ARG el BB &l iRt FRGTen B (OETRRNE 18 whiBf shI @8, 12

above i n r elfut of tHeocenvarrtegl1d td:&'anquminmm:reterﬁoynmahrarﬁfonnsTm pogiawsi bl e
e of t e i nyenti

within the n as r to skllle reader. For
exanpl e, alDABIGH TR 3Bs a4 SRR CA R ISAHOD SR BB AT ST ISR oT
uni 0.t BeoRE BN P! T g RaNAER A MG BT BSERIRKe

separate physical units e portions of software,

runs on angeneratbexanafutpmto%(@ém@ lsmrmetreateds‘orrh@fmstﬂp@tm’ehecont ai ned in
t he followtn% "ﬁiﬁ es IS |ncorporated herein in its entirety by

ref erence: rf"f d U uk Tureli, "A H gh-Efficiency Carrier
Estimator for OFDM 25 Cormuni cations.” | EEE Comuni cations Letter, vol. 2,
no. 4, Aprll 1998. [2] Uuk Tureli, Hui Liu and Mchael D. Zoltowski, "OFDM
Blind CarriTée ambediment fyrthariipeludespRottion Pemhiah diffest froBHe KN

Comrun|1§at 'ré’%ﬁ er\§0'%hé1%0:t@1 ?% fr{%ﬁﬂes@ggme%%]eaﬁgﬁéébﬁ%gt é_sl??ry ron‘] nl?%fji nd

Georgi oS B hnaki's I ng 1 nput oharity for
Channel | dentid clmtnecbestlmaﬁﬁwhﬁ)@s}t &hre.cutp Uttt tHe samie fieguenoy ofsgnal

Process ”g’esﬁr?q%uélﬁ un1t0213|s t%%smltted %oth to the DFT unit 13 (as in prior art systems)
and to the channel estimation unit 23. Similarly, the output of the channel
estimation unit 23 is transmitted both to the equalisation unit 15 and to the

20 carrier frequency offset estimation unit 21. This novel structure thus permits a

combined iteration of the two estimates.

Specifically, the algorithm performed by the units 21, 23 is as follows, based on

an assumption that the training sequence is series of pseudo-random symbols.
25

1. Use the received signals to generate an initial estimate of carrier

frequency offset without channel information.

2. Use the received signals and the initial estimate of carrier frequency
30 offset to estimate channel parameters.



"11 [4] Ove Edfors, Magnus Sandell, et al, "OFDM Channel Estinmation by
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Processing,Lettgrs,,vol..8 no,.3 .Mich 2001, 2 aips. 1. A nethod, for
use i n an Brom Peedn Bpercipd Bt AR ok e G prlacielt il T Ces and
one or nore tragstimat efthebanis frafieneRiofset.f rom recei ved 5 OFDM si gnal s,
the nmethod including: using the received signhals to estinmate an carrier
frequency of fset val ue and/or channel paraneters; and at | east once

per form ng,t he i Aok i I } i nd
pr evi ousl y4'esti Fr%tg gfj@%gpr?i{aéérBf@%qcuag'h%&ﬁﬁ%u'%}c&@seggcfﬁx‘é&% 6%@@%{1 g t he
channel 5 par anet estimatenof theichansehgarahetescei ved signal s and previ ously
estimated channel paranmeters to estinate the carrier frequency offset
value. 2. A nmethod according to claim1 in which said sequence of steps is
15 performed K ® I J L : i i - i t hod
accor di ngntgb cl Ele ?t %@Bgli?ﬁna %sﬁl ﬁm\?ﬁﬁéﬁgt wg%!:d;)?atrl ?B?lhihradglgﬁesr@w@ftgget

val ues are esti natred offgehamd ohanmel pararasters.uncti on. 20 4. A net hod
according to claim3 in which said sequence of steps includes adding a
random perturbation to an previous estinmate and determ ni ng whet her the
perturbed esbhmmére drdrallp, tAB stepy OMAE NGdRnParel RLfNeRE (hotecthhPthe and in
this case using the perturbed estimate in place of the original estimate in
a subsequentmberingefisteps deesnotcarmspond de Hatdiven abovdly preceding claimin
whi ch the received signal is based on a pseudo-randompilot signal. 6. A
nmet hod according to any preceding claimin which the sequence of 30 steps

is performad fosepafitlalValidsPIBIN2LH Y =0H, N €HECH,| Loy L =) édbctivelgol s in the
recei ved nessage.

. . . ] — 19 —j(M-1)¢
where | is a unit matrix. Moreover, let z = diag[l,e " ,---,e ]
15
. = J(n=Dp(M+N,) 2 .
2. Use the cost function f = |zye -WH_, s(n)| , and estimate the
values of:
2
. = j(n=-Dg(M+N,)
B, = argr;un» zye -WH,_ s(n)j ,and
20
2
. = J(n=D)P(M+N,)
by = argrylnHZye ~WH,,,s(n)
2 2
. = )(n-1)¢(M+N,) . ~ j(n-1)¢(M+N,)
if m/n”zye -WH,, s(n) >m; nj|lzye -WH, s()| ,
¢

25 thensetE, =E(¢,,), orelseset E,, =E(4,,).



'13 7. An OFDM receiver including: a first portion for receiving OFDM
signal s and generating reconstructed nessages, the first portion being
arranged to enploy carrier frequency offset values and one or nore channel
paranmeters; 5 a second portion for estimating carrier frequency offset

val ues and one or nore transm ssion chagnel paranmeters fromreceived OFDM
signals, the second portion including: a carrier frequency offset
estimtion,unit arr ng%%:to recej ve the si | s and to eskﬁﬁ te the carrier
frequency of f set-€tdne =1 ¢a/tﬁb%%¢repéﬂ%ﬁﬁ%ErWMFmﬁr r}?“rg?tr’%’ﬁged to
receive the signals and an output of the carrier frequency offset
estimation unit, to estimate the channel paraneters, and to transmt its
output to the carrier frequency offset estipmtion unjt. 15 8. A receiver
accordi ng #o cI§Eh+E"#nﬁmﬁi VVWémfyengbﬁ?g?dn/Eﬁ@ILdﬁuﬂea/d@mﬁpsﬁmﬂ uni t
for receiving an OFDM signal; a serial-to-parallel converter receiving the

out put of tHeeeleRfRRS iPtheUBirher Math6areeditided Wy e dor@Rp bRy Wkiheh&CiAl Vi Ng
the output of the serial-to parallel convertér and of the carrier frequency

of f set ®st thealatten matiix,;respect®elyarWé quaeassatheoconjugate terspose gf Whaaralit put  of
the discrete Fourier transformunit and the channel paraneters estimation
unit. 9. AFEeceiears thedovatsag@fE claim7 or claim8 in which the carrier
frequency offset estimation unit is arranged to estinmate carrier frequency
of fset values by 25 mnimsing a cost function. 10. A receiver according to
claim9 in which the second portion is arranged to generate a perturbed

estimate vgl ue et #iding.d L]awml:by{t’ﬂ'r”ﬁ”af”i}( )

i t.9s@)p} evi ous estimate and
det er mi ni ng whet her "t he per tMir bed”esti mate val ue leads 30 to an i nproved
val ue of the cost function, and in this case to performa subsequent
estimate using the perturbed estimate value in place of the original

10 6. Set n=n+1. Repeat step 2 to step 5 K times for optimal E,, and H,,,.

There is one iteration, i.e. one estimation of both E and H, for each value

of n.

In the training period, s(n)is assumed to be known training symbaols.

15  Preferably, s(n)is a series of pseudo-random symbols.

Fig. 3 is a schematic view of the convergence, in which for simplicity a single
direction (the horizontal direction) is used to represent the multi-dimensional
(specifically M-dimensional) space in which the optimisation is actually

20  occurring. The value of the cost function for each point is illustrated for simplicity
as a line 30 whose height at each of a number of horizontal positions
corresponds to the value of the cost function. The cost function shown in Fig. 3

has a single local minimum and a single global minimum.

25 The points marked 1, 2 and 3 mark the values of the cost function after each of
the first three iterations of the present method for this particular cost function.
Point 3 is near the local minimum of the cost function. In iteration 3, however, it
is found (at the end of step 2) that the perturbed cost function derived from the
perturbed values E;y, Hyy (shown in Fig. 3 in the horizontal position marked “trial



- estimate. 14 11. An OFDM signal communication systemincluding an OFDM
signal transm ssion unit and a receiver according to any of clains 7 to 10.
A2 AY, CAT.AQAGE A AT LAY AGE A TLAY-.A Y. A@I . Ay59PBt ] =$6u 4 : = ?
| wql gb\ W caV] ca] ca] ca] caV] ca] ca] ca] ca] caV] ca] ca] caV] ca] ca] ca] ca] ca] ca] ca]ca
] ca] ca] ca] c”a] ca] ca] ca] cTa] c*a] c*al ca 40 C

7: $?A ej prt TWw{ vpke ZU] ca\/] cal] caV] ca] cal ca] caV] ca] caV] ca] ca] caV] cal] ca] ca

ontoual a8 A1 iR o B e SRR BB RN TR OBl TRy B8 caug ca
?{/? ﬂ cgU]c ﬁ%aﬁt?]ei@é éﬁELSF Rl gendraRbadsed] sial] ¢ #, ¢ n HelheXbtwo iterations,

%' )))} xsnPaintg &@p@«’aﬁ@g%@qréqucr@]seaywlwﬂwaq % if] Reqrdhp @ighairviainedn @] cal ca
ol ol ol Gl 5k AR STH AT HORIAGHS T ot St oA

4T4{ A5B5J 5pupkbm\ thk Vo e Insiaine@hae ltis@ hioblat adigiedum] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] caV] ca] caV] ca] ca] ca] ca] ca] cMa] ca! J5N5\ 555555566" 6( 63646: 676C
6D6L6%d606x6266666666~xsrrgb\ Wzupkf a\ V] V] caU] ca] caV] cal] ca] caU] ca] caV] ca] ca

U] ob] ob] oLy aaty Sad RS ofies SERn, ans can obiain g8Re FoUmALORS OACFTSY 77777
8(BT8X8Z8t &wft8888flsstandSzhamink] par\éhme;ters These results are directly used to
ot s Ol s T e dhstant

; GK=YF==3cRieVEd by @8hxiRgitke. Hﬁ&b@@tﬁﬂtﬁék@ﬂﬂh@%ﬁ@]\ﬁ%ﬁé] feabfeloaU ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca) ca] ca] caV] ca] cal] ca] ca U] ca! @@ AhBkBvBB+CC
DZ DDDDFFF FSUIBBEEY HiteHed metkogKcarirptaye] tihe ceeeaiying) o(fraﬂ]a@a?@émga] ca] ca] ca]

N A I K6LL
LML R BEEREHBRRET B R PSR RIRE,) CT) CB] Ca e cal ca ca cal ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca

I SQTLLLLMAMMWN. l\gNNI\L]OOOD gPPPKQ QQR: RRRSKSSSS} xsni d_Z] c] ] ca] ca] ca] ca] ca] ca]
ca] ca] ca] cﬁ]'tbé]iﬁ thajnveptian bas bsppslesalieed abpyajnrgldtignig 2 8Nl ca] ca] ca] cal

or0m () TITE TR V3t el Bbsatord R i B (1 4

0% () - —6udE+@ &IrdO Ssskil PR ader. F sk @Xah{ple, @lthoUyh A ¢gxt abbedefers B
10%& () - 1?]?/&&}ta(<:)e_ivér h;avi<ng 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
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at least once performing the sequence of steps:
(i) using the received signals and previously estimated carrier frequency
10  offset value to estimate the channel parameters; and
(ii) using the received signals and previously estimated channel

parameters to estimate the carrier frequency offset value.

2. A method according to claim 1 in which said sequence of steps is

15 performed K times, where K is an integer greater than 1.

3. A method according to claim 1 or claim 2 in which the carrier frequency
offset values are estimated by minimising a cost function.

20 4. A method according to claim 3 in which said sequence of steps includes
adding a random perturbation to an previous estimate and determining whether
the perturbed estimate leads to an improved value of the cost function, and in
this case using the perturbed estimate in place of the original estimate in a
subsequent estimation.

25
5. A method according to any preceding claim in which the received signal
is based on a pseudo-random pilot signal.

6. A method according to any preceding claim in which the sequence of
30 steps is performed for each of a plurality of respective training symbols in the
received message.
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a second portion for estimating carrier frequency offset values and one or
more transmission channel parameters from received OFDM signals, the
second portion including:
a carrier frequency offset estimation unit arranged to receive the signals
and to estimate the carrier frequency offset, and
10 a channel parameters estimation unit arranged to receive the signals and
an output of the carrier frequency offset estimation unit, to estimate the channel
parameters, and to transmit its output to the carrier frequency offset estimation
unit.

15 8. A receiver according to claim 7 in which the first portion includes:
a reception unit for receiving an OFDM signal;
a serial-to-parallel converter receiving the output of the reception unit,
a discrete Fourier transform unit receiving the output of the serial-to-
parallel converter and of the carrier frequency offset estimation unit; and
20 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 carrier frequency
offset estimation unit is arranged to estimate carrier frequency offset values by
25 minimising a cost function.

10.  Areceiver according to claim 9 in which the second portion is arranged
to generate a perturbed estimate value by adding a random perturbation to a
previous estimate and determining whether the perturbed estimate value leads

30 to animproved value of the cost function, and in this case to perform a
subsequent estimate using the perturbed estimate value in place of the original
estimate.
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