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Met hod and system for determ ning a frequency offset
Field of the invention The invention relates to a
woredohothsamd system for determ ning a frequencyPClf/§6E05/000273
Background of the invention.In practical data
communi cation, the local ostCillator frequency at a
receiver is typically not identical to that of the
Methpgnapdcsysier fehedatemmining: pafsAaueRFY PREsets for
one due to circuit limtation and it arises when the
receiver is in relative notion to the transmtter as
FieDdppEethshifitensiomnevi tably introduced to the carrier
frequency. A frequency offset nay lead to
inter-carrier interference (1Cl). For a nulticarrier
TheSYBVEAt i SHChe B8t 08t bhat nadaptisanAt Bogesal rhr-eddeBe¥ining
division multiplexing (OFDM , a residual frequency
a fepfiyencyestifsetin a significant perfornmance
degradation. There hence exists the need for carrier
frequency offset estimation so that this effect can be
Backgmpengabedchor infenuber of transm ssion formats, for
exanpl e, the I EEE802. 11a standard, anobng others for
signal transm ssion over selective channels require

In bPabtPLL Ot aSYALOLSmiA1 LR ion, the local oscillator

frequency at a receiver is typically not identical to that of

the signal carrier generated at a transmitter. This is for
one due to circuit limitation and it arises when the receiver
is in relative motion to the transmitter as Doppler shift is

inevitably introduced to the carrier freqguency.

A frequency offset may lead to inter-carrier interference
(ICI). For a multicarrier system, such as one that adopts
orthogonal frequency division multiplexing (OFDM), a residual
frequency offset results in a significant performance
degradation. There hence exists the need for carrier
frequency offset estimation so that this effect can be

compensated for.

A number of transmission formats, for example, the
IEEE802.1la standard, among others for signal transmission
over selective channels require that pilot symbols in the
form of short preambles be delivered ahead of the data
samples to allow the carrier frequency offset to be estimated
by the receiver. Various approaches have been propounded for
the purpose. Although the maximum likelihood estimation (MLE)
solution has been formulated in [1], [2], [3], it involves an

optimization search that is usually too computationally
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form of short preanbles be delivered ahead of the data
sanples to allow the carrier frequency offset to be
W@2i06/aised by the receiver. Various approachesPeiEy&2005/000273
been propounded for the purpose. Although the nmaxi mum
l'i kel i hood estimation (M.EY solution has been
formulated in [1], [2], [3], it involves an
dema@Blingl Zall prageaceh thplementstidony Daber designs that

~ conput ational | ydemandi ng for practical inplenentat.ion.
maintehar thesCaamerniaonhPiidi ACRBE BLEHerTRAG Sp bt W(lé%s)

erf t W C ! alisON@le GORHTRHLN
LoweR® LAAIRAT Bt gg%?y}gg‘é’fégeﬂ 37 [3D) . n this (see

[2],r €¢and, Thehd sd reoerdst cihrat ad haldER sdeweltoped AHER [ 2]

serves .a s _an attractive candi date. Con$¢¥aéthe case

devedppedp 18 jlfdnSiecdrSs RGr fRp PEETHICES Y e SER 5% synbol s
i nlength, denoted a s +kLT = xt " 0 <t < LT} , T
being the bit interval and 0 < k. < P3 - 1 a n integer,

Consdcersdmte prassr thag Phe idaraisedeshant »reamb fokéach of
For the | EEE802.11a specification, for instance, P_3

L symbolsnd n dxmathnt slenotsns fiss siork iy dughr 1 He Hafntfbr Tb
the P 3 short preanbles becone z - = a - + v-(-

beingherthe bid0 igttervhl nd O sx4da PHG- 1 an integer, are sent

prior to the data stream in a data packet. For the
IEEE802.1la specification, for instance, Pg=10 and L=1l6.

After transmission through the channel, the Pg short

preambles become zy = at + Vi, where

[e @]
at = |__ ht—axade

o0 .
] o Dt +LkTs)—(a+LkTs)Xo+LkT, 3¢

= 2t +LkT,

is peribdic for LT, < t £ 2LT,, with the assumption that the
maximum delay spread of the channel is less than the duration

of one short preamble LTp and hi is the channel gain and ¥t

. . iy 2
is additive white gaussian noise (AWGN) of variance o~ . The
difference in the frequency of the local receiver oscillator

from that of the carrier is reflected in the received short

preambles y¢ = aﬁjABt as an offset of AB, where

—2w-0.5 < AB £ 2r-0.5. Since the first short preamble is
corrupted by intersymbol interference and has to be disposed
of, and some of the remaining ones are reserved for other
purposes such as timing synchronization, it is supposed that

only P < Pg received short preambles are available for



=J O h (t+LkTs)-( a+LkTs) x a+LkT b d a i s periodic
for L T]3 <t <2LTj , with the assunption that the
woreoosiuissedel ay spread o f the channel | s | essPeTisaG2005@00273
duration o f one short preanble L TD and h i s the
channel gain and v-j- 2 i s3additive white gaussian
noise (AWGN) o f variance s . The difference in the
frefuegeencyfeet é¢beihachbnr eTieévesfosei sdmpDIngr om sbat
of the carrier i s reflected i n the received short
t= (@fbhﬂble%hq PLd¥s¢rete wabuewn vffewt loe feXbreswhéren-
2p -0.5 < Db <2p 0.5 Since the first short preanble
matyiyg %%?Wu%@ed by intersynbol interference and has t o
b e disposed of, and sone o f the remai ning ones are
reserved for other pur poses such a s timng
5 quggmoplgatlon i t i s supposed that only P < P 3
—recefved-sﬁort preanbl es are avail abl e forfrequency
of fset estimation. Then after sanpling y at t=(n+l)TjD
, the PL discrete values yn can be expressed in matrix
whe¥@rmas Y = baH + V, where yo | YL-|

Y0 Y1 o YL-1
v 0 YF YLfl :' yz%—l
| Y(P-1) Y(P-1L+1 - YPL-1
10
S
IO
b 0 .
_?jm@~1[
® O LAB
15 2H [ao agei AP --~aL_1ejAﬁ<L—l)}
Vo V1 vt V-1
v v eV —
v 0 L L:+1 ) 21; 1
Vie-1)L V(P-1L+1 ** VPL-1

with vy = ﬁnejABn (n= 0, 1, ..., PL-1) sharing the same
20 statistical properties with Vn, and can therefore be

equivalently regarded as AWGN. The carrier frequency offset



YL YL+l Y2L-1 Y ,Y(P-1) Y(P-1)L+ YPL-1_wb wD

LDb HDao a eJDb ... aL _ i j Db(L-1) oVl L-1 L L+1
wo2@k0168%  7(P-1)L (P-1)L+1 PL ! wth v = pObsGm05/000273
vinTle (n=0, 1, ..., PL-1) sharing the sane

statistical properties withtvn , and can therefore be
equi valently regarded as AWEN. The carrier frequency
estpldtsieerest FomY | pRoR ROE)1 Hriobh enedecedwt o eduzedof othdat

of the estimtion of w, rat her , given Y . One
eSt%%ﬁFﬁ%Pf%ﬁ @Stpﬁﬁfﬁﬁaeﬁbqﬁvt?Fﬁ%?f rma maxi num
i kelihood estimation (MLE) . It involves |ocating the

peak of the periodogram of a one-di nensi ona
One cwtleddtfon ¢sinbiatoingofAf he sr eceipeed csanpl esxtiuaugh a
.. coarse search and subsequently .

5 likelihood estimation (MLE). It involves locating the peak of
the periodogram of a one-dimensional correlation function of
the received samples through a coarse search and subsequently
a fine search. The Cramer-Rao bound (CRB), which marks the
lowest achievable variance of an unbiased estimate, can be

10 achieved above a certain thresholding signal-to-noise ratio

(SNR) .

Since every element in V is an independently Gaussian
distributed variable, the maximum likelihood estimate of ®

15 minimizes the cost function

Jg = tracdyHy)

H

and is attained when §H is estimated as & =(bef1QH1 and

20
91 = trace {Y"bip"ppfy}

trachHXXHQ)
P
P-1 .
co + 2% Z cke_jwk)
= k=1
P

is maximized, with

P-1
25 cx 0 Y [YYH] k
1=k i,i-k,

0,14..,p—~1
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a fine search. The Craner-Rao bound (CRB) , which

mar ks the | owest achi evabl e variance of an unbi ased
wesis/aiss can be achi eved above a certain threchsGzios0273

signal -to-noise ratio (SNR) Since every elenment in V

I's an i ndependently Gaussi an distri but ed vari abl e, the

maxi mum | i kel i hood estimate of w m nimzes the cost

function J = trace(VHV) H1 Hand i s attained when a

belﬂ?acegggggggbgg gﬁS EOE%geggégn awoy% %é |reQ§1ved

sampamsn1zedylmﬂﬁh ck D[rYY i H k = e P- 1
i=k i,i-k,being a neasure of the correlatlon annng t he
recelved sanples to yield The denotation YYH , i

,] =0, 1, Pyl represents the (i,j)- th elenent of

~ the matri nd SRwk ) the real conponent of the
'hf%@él%?égR |%¢ argufrent. An alternative approach
to

The denotation [XXH]_., i1,3=0,1,..,P-1 represents the (i,j)-
1,7

th element of the matrix XXH and R(.) the real component of
the associated complex argument. An alternative approach to
the above formulation can be found in [2]. Apart from the
Fast Fourier transform (FFT) as adopted in [2], the above
equation for ® can be solved for using the Gauss-Newton

method through the iteration equation

pP-1

and an initial estimate &y, with R(.) and 3(.) to denote the

real and imaginary components of respective complex values.
The key thus lies with the search for a robust initial

estimate.

A problem of determining the maximum likelihood estimation
solution is that the optimization of the nonlinear
periodogram function is highly computationally costly. A
realization using the Fast Fourier transform (FFT) with zero
padding is usually adopted (see [1]1, [2]). An accurate

estimate entails heavy padding and thus intense computation.
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t he above formul ation can be found in [2] . Apart from
the Fast Fourier transform (FFT) as adopted in [2],

W b@eabsse equation for can be solved for usiPOI/sGE05/000273
Gauss- Newt on net hod through the iteration equation 1
k3(ck ek= 1 and an initial %stimte , with ( .) and
(.) to denote the real and inmagi nary conponents of _

A quaspecitiive conpluest vdl tds. cHre lesyi thhimd keenidatrahked in
search for a robust initial estimate. A problem of
[2] -det er ni ni ng the maxi mum |ikelihood estimation sol ution
is that the optim zation of the nonlinear periodogram
function is highly conputationally costly. A . .
Ano'rteat i&latdmmmiwftmqﬁaﬁoqioﬁ}ﬁ%%eqqﬁér%%%?% (FFpnation
: i th zero paddi ' |1y, ( i Jphases
1S %’16 a%% A eesceitgltnlqg%aatrz (g%@i'l s eavy%d%t?%}{lg% JCE}?h%sp
of tHH efSe Lot Bdl0n ok (iantti et ik Eoeomrteiofed hpamples
conpl exity has, been detailed i 2] ._Another prior .
are gkingaehni eRIP IR TR AUEHA 17 58t BT matidr 1S the ¢
' 0 , @?%}q b NGf £ St £ t he] phasks CRB
the%?%a%%%@c%?égﬁiforn unc%yon of thse recgi ]ved
can Seephielsa Bned | andardly Dkbi ned to minimze the nmean
square error in

However, the thresholding signal-to-noise ratio (SNR) rises
substantially when the frequency offset value approaches the

boundary of its range, that is, when Afp — 2rx0.5.

In [4] a frequency estimator for a single complex sinusoid in

complex white Gaussian noise is described.

An object of the invention is to provide an improved method
for frequency offset estimation compared to prior art

methods.
The object is achieved by the method for determining a
frequency offset and the system for determining a frequency

offset with the features according to the independent claims.

Summary of the invention

A method for determining a frequency offset from a plurality
of signal values is provided, wherein a plurality of first
correlation coefficients are determined from the signal
values, wherein each first correlation coefficient is
determined by determining the correlation between at least

two of the signal values and a plurality of second
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the estimation of carrier frequency offset (see [2] ).
The CRB can be attained at high SNRs. However, the
wa booeshsbali ng si gnal -to-noise rati o (SNR) ri seBCT/SG2005/000273
substantially when the frequency of fset val ue
appr oaches the boundary of Vts range, that is, when Db
- 2px 0.5 . In [4] a frequency estimator for a
corsehgteononpkéxisianssi dsi detopplpydWiicbe Gadspilamrality of
. _noise is.described, _An, object of the inventionis to
flfBEOSPaaeéﬂt%ﬂBr89@Efﬁ€%ﬁ6 St o¥heFeglieREFRoFrsend
cor@@lbﬂﬁbhoaoéﬁﬁﬂéiggtt95p&é@érﬁiﬁeaeﬁyogéteIHEnQHHeEBe
is achieved by the method for deternining a freqdency
corgefabionnbettiecsyatehehst ﬁeoeoﬁihhﬁgférﬁtequemeyition
Lth.the features according to the i ndependent
coe LS Eenty b P LRPHEER SERBRERRY FerRReForn
coeflet et ehbbngsalineguepcyonbiset hha@mBpepkueghbhyyObrfset is
signal values is provided, wherein a plurality of
determspedoppelati BR2edePfi ERentsnare dembinphédntrom t he
si gnal values, wherein each first correlation
coefficient is determ ned by determ ning the
Furtberel at spat et wwendateteasingwn dHfetthensiygodfswal ues

. rality of secondcorrel ation coefficients is
acc%%?%ﬁ%fﬁgdgﬁ%o%??%%gp?ﬁfaﬁ?{ﬁr%$nf??s§ tbPABPAEY oRf ISt
des€pebédichiosis, anbepebhigagh second

Short description of the figures

Figure 1 shows a communication system according to an

embodiment of the invention.

Figure 2 shows a frequency offset estimation unit according

to an embodiment of the invention.

Detailed description

Illustratively, a double correlation is carried out, the
double correlation coefficients are processed by a linear
filter and the phase of the output of the linear filter is

used as an estimate for the frequency offset.

Simulations show that with the invention, performance almost

as superior as that of the MLE (maximum likelihood estimator)
can be achieved and that less sensitivity to variation in the
actual amount of frequency offset when compared with the AHE

(ad hoc estimator) can be achieved. The invention can be

realized with a complexity éomparable to that of the AHE.



10

15

20

25

30

correlation coefficient is determ ned by determ ning
the correlation between at |east two of the first
w@eooselasé on coefficients. The plurality of seRCI8G2005/000273
correlation coefficients is linearly conbined and the
frequency offset is determted as the phase of the
i near conbination. Further, a system for determ ning
a frequency offset according to the nethod for
determ ning a frequency offset described above are
The piRNARePD SHorfo e @He FPR¥Leel ¢ | fyureampinifat jon

s, & SO CALIOR U3 CTBagol i Ngy e

=Y enbo |C?rcent 0 t‘f]ogv?L%!\}]ef}% o’nfﬂ |98£r€é’2 S Zg\]vvsaﬂa n, 1.e. for

wirdyespeimye ofdrset restviarids orbuninanccbsaig dpgplicable to
enmbodi ment_of the invention. Detail ed description

LT | AUt ATV o ROUBIE [T T Ut ot iWORRI G | e RRONS
comrute Eotide STlAt iTor GORFdAC] BNt SaRr £ Procassed kY @sed

l'inear filter and the phase of the output of the
for |defeamininerths irganeasar Esiehate § oronmhe feaimncy

se i ti how.that with-the invention,.

sysikn pieqrtifd i At Ak enlotd "R g Sl om
mult{imdaésmtg)l i kel i hood estinmator) can be achi eved and

that |less sensitivity to variation in the
Embodiments of the invention emerge from the dependent
claims. The embodiments which are described in the context of
the method for determining a frequency offset are analogously

valid for the system for determining a frequency offset.

A second correlation coefficient is for example determined as
the product of a first correlation coefficient and the

complex conjugate of another first correlation coefficient.

The second correlation coefficients can be linearly combined
by that each second correlation coefficient is multiplied by
an integer, the results of these multiplications are summed
and the sum is divided by a constant. The integer
multiplication with double correlation terms can be

efficiently implemented.

In one embodiment, the determination of the first correlation
coefficients corresponds to arranging the signal values in a
matrix, generating the auto-correlation matrix of the matrix
and determining the first correlation coefficients as sums of

elements along the diagonals of the auto-correlation matrix.
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actual anmount of frequency offset when conpared with
the AHE (ad hoc estinmator) can be achi eved. The

WO pove1dses can be realized with a conpl exity cPOpaGzios/e00273
to that of the AHE. The invention is for exanple
applicable to communicatiof systens according to W.AN
Hn, WLAN Ilg, WANHnNh , i.e. for wireless |local area

In ohet WRpK8imbBHE, MaNecaksgnbe aphliesabbertepbadgécarea
conmuni cati on systens_such as nobil e tel ephone
pluredifiinPéashentspseaiBieThe i nvention can for exanple
be used for determ ning the frequency offset in a
communi cati on system according to OFDM (orthogona
11 1lubteguérney edbobsinentsubfi phexingpnt iERbedi agfeghgelow

. _invention ener%E fromthe dependent clainms. The
withe FEEGIRENEs tRhi-CR SFE8Y4BEEribed in the context of the

net hod for determ ning a frequency offset are

anal ogously valid for the systemfor determning a
Fig.flr sfpoeiscy @pﬁ@@mm@@@oﬁa%m 08t PETOLSEM &%/ i s

far exa det.er mi as the product of a first
embo@&?ﬁ@ﬁagﬁg%hgoéPWEéEE%P'and the conpl ex conjugate of

anot her first correlation coefficient. The second

correlation coefficients can be Iineag%¥ coqﬁ%ned
7S R

The (eRMUEHET? I9E0 5y SEEFY 0%t CORPEGETS & 5 pﬁtqylec?nd

o <UL T LS L Y et e

i nt eger
The transmitter 101 is supplied with a data stream 103
provided by some data source (not shown) . The data stream 103
is fed into a packet generator 104 of the transmitter 101.
The transmitter 101 further comprises a preamble generator
105 which generates preambles and supplies them to the packet

generator 104.

The packet generator 104 forms data packets 106 from the data
contained in the data stream 103 and puts preambles at the

beginning of each data packet 106. In this embodiment, Pg
identical short preambles, each of L symbols in length,
denoted as Xg4kLT, = Xt 0 <1< LTy, Tp being the bit
interval and 0 £ k £ By —1 an integer, are prepended to each

data packet 106. For the IEEE802.lla specification, for

instance, Pg=10 and L=16.

For example, according to the IEEE802.11a specification, each

data packet 106 is prepended by Ps=10 identical short

preambles, each of L=16 symbols in length.
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mul tiplication wth double correlation terns can be
efficiently inplenented. In one enbodi nent, the
waledoeonisp@t i on of the first correlation coeffiRPCESGH05/000273
corresponds to arranging the signal values in a
matrix, generating the autol@orrelation matrix of the
matrix and determning the first correlation
Thecdetéi prekessat0suase ofub Bhedt soakosgniihegdiagonab3 which

f e auto-correl atj mairi x. I n one enbodi nent, the
Sengfg#g? sﬁﬁﬁega%%?{%sL@Qdu?bn% Pl bFaPFEytofnEfBRe 108. The
sen@ifgmbhes. 16! %éffafmyes&ﬁ@ogéﬁﬁn&§ Rbatbec i oy enELon

are expl ained below with reference to the draw ngs .

exappge| OsRwéont eonmaml cBre@reryst dhvisboncoel tingerbnan of
[ t iovention. The co ni cation system
2t 108 Connr ga= hoE R 1 2roabt e dTHCrsEaR Ve dusonne 106
to FéedtthasdatsepadRdts S166PpPThedowhbhiinacsdel én sty eramnlfo
provi ded by sone, data, source (not shown) . The data

may e eanil4¥s K%H¥E%P¥%t%P%P%dE% tigbnepatbrtloavetenhe
el gl TU TSSOl UEA DL AL o
plusapptyesft hemiing t et pavket1Q@ner at or 104. The packet
generator 104 forns data packets 106 fromthe data
The data packets 106 sent by the transmitter 101 are received
by the receiver 102 via a receiving antenna 109 and are
supplied to a preamble extraction unit 110. The preamble
extraction unit 110 forwards preamble values (explained in
detail below) contained in the data packet 106 to a frequency
offset estimation (FOE) unit 111 and forwards the actual data
contained in the data packets 106 and corresponding to the
data stream 103 to a data processing unit 112 which performs

data processing, for example decodes the data and supplies

the data to some data sink (not shown).

The FOE unit 111 determines a frequency offset estimation
AB . The frequency offset estimation AP may for example be

used by the data processing unit 112 to correct errors
resulting from inter carrier interference caused by the

frequency offset or to perform a phase compensation.

After transmission through the channel, the P4 short

preambles of a data packet 106 become Z+ = at + Vi, where
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contained in the data stream 103 and puts preanbl es at

t he begi nning of each data packet 106. In this
wepivodiasent , P3 i dentical short preanbl es, eacPCD$GL2005/000273

synbols in length, denoted as Xc+kLT = x t ' 0 <t <

LT] , T being the bit intetdal and 0 < k < P3 - 1 an

i nteger, are prepended to each data packet 106. For

t he obEEE802. 11a specification, for instance, P3=I0O and
atL=l | 6_DtFex*ed@npl e, according to the | EEES02. 11a
S eC| |cat|on each data packet 106 is prepended by

g, nﬁhes each of L=l 6 synbols (1)

Eﬂ”%gt+?%%%anaqﬁgﬂ%acﬁgss 106 are supplied to a
agqqmng unit 107 which sends the data packets 106
using a transmt antenna 108. The sending unit 107
perfornB some sort of nodulation, for exanple OFDM

(ort hggonal frequenc¥ iﬁ SIO i pl exi

C

[t .
s DPgReniond tarliber By RS 0 Bl e

max1§@§kéﬁﬁsen%&%h%ﬁp%&aﬁﬁ%cﬁﬁg%P£ﬁﬁ1SHT%§§NHH§H‘%Hé‘Hﬁratlon

l'e input multiple
of ol RUOKtS ySieaimb 1AC aapdiangl Y+ tilse tdet a-hpalest 97206 afayhe
be sent using a plurality of sending antennas 108. The
radidatchapacketetiG@rsdie Bpniad ratemng el 81@1?%@

recei ved by th recelver 102 v recel
recgﬂﬁ;ngh@ngfgngh§6¥3 % o'ta ?e%%@felgitVac G%$¥Q§
110. The preanbl e >
noise (AWGN) of variance ¢“ which influences the data

transmission between the transmitter 101 and the receiver
102. The difference in the frequency of the oscillator of the
receiver 102 from that of the carrier used for the

transmission of the data packets 106 is reflected in the

received short preambles y¢ = ztejABt as an offset of AB,

where —2m-0.5 < AR < 21-0.5.

Since the first short preamble is corrupted by intersymbol
interference it is disposed of by the preamble extraction
unit 110, and some of the remaining ones are reserved for
other purposes such as timing synchronization, it is supposed

that only P < Pg received short preambles are available for
frequency offset estimation. The PL discrete values yp

contained in these P received preambles are forwarded by the
preamble extraction unit 110 to the frequency offset

estimation unit 111.

The PL discrete values yp can be expressed in matrix form as

Y - pa" + ¥, (2)
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extraction unit 110 forwards preanbl e val ues
(expl ained in detail below contained in the data

Wpawko168306 to a frequency offset estinmation (IROESGUNH/H00273

111 and forwards the actual data contained in the data
packets 106 and correspondildg to the data stream 103
to a data processing unit 112 which perforns data
processi ng, for exanple decodes the data and supplies
the data to sone data sink (not shown) . The FOE unit

wherkll determ nes a frequency offset estimation Db . The

Y

frequency offset estimation Db may for exanple be used

by the data processing unit 112 to correct errors
regul$jng froqinter. cagriefl interference caused by

the frequency offset or to performa phase

qﬂ efisat i ofL+Af t er "t r d¥smi gsi on through the channel, (3)
t P3 short preanbl-es ot al|data packet 106 becone z -

= +t > whereat = J ht-ajada = J_ %LKkTs)-(

a+UREY RaMRTIE L a1 YPE—4t+LkTb is periodic for LT]

<t < 2LT] , with the assunption that the maxi num

del ay spread of the channel is less than the duration

of Dnelshoqt preanble LTj3 and h is the channel gain
of |t he,
Jj®
bOo| . (4)
_ejCO(P—l)-
o 0 LAB (35)
at o [ao alejAB-v-aL_lejABarqj] (6)
V0 V1 o VL-1
s v _ :
vo| ¢ Yhrlo AL (7)
vp-1L VE-1LL+1 0 VPL-1
with vp ='€nejABn, n= 0, 1, ..., PL-1 sharing the same

statistical properties with ¥,, and can therefore be

equivalently regarded as AWGN. As mentioned above, the FOE

unit 111 estimates AP.

In the following, the functionality of the FOE unit 111 is

exp

lained with reference to fig. 2.
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radi o channel between the sending antenna 108 and the
recei ving antenna 109 and v is additive white gaussian
woeis®16880NGN) of variance s which influences tPEr/862085000273
transm ssion between the transmtter 101 and the
receiver 102. The difference3in the frequency of the
oscillator of the receiver 102 fromthat of the
Fig C2r shéws usetdré@leddie dF NS SSt DRaof o hgn dat 2opagkedsaing
106 is reflected in the received short preanbles y =
to ah emodimentfebtthy imyentdrre -2p -0.5 < Db < 2p 0
.5 . Since the first short preanble is corrupted by
i ntersynbol interference it is disposed of by the
As gxphbnbhed exboact | Ore uhidqukl(;y anfif seoneeof ihdeion (FOE)
. remining pnes are reserved for other purposes such as
unit 720

oFSTRERT Ot 2at 1R, Gt 95 SEppd sl ihat VonFgraiaed in

P ej ort _boreanhl e re avai l abl e, f or
the [0 eSO (o PL AR LD UG Y Ffioda e Yalues
yn montied neci tven hias endt fiecaiomd s epadhssr &r €gh OF Wek degl) )

by the preanble extraction unit 110 t o the frequency

of fset estimation unit 111. The PL discrete val ues yn

can- be expressed in matrix ftormas Y =b aH + V ,
(2)wh&de YO YY1YL-I" YL-1
LI
| Y(P-1) Y(P-LL+1 ° YPL-1

In the absence of noise, Y = _I.LH__H and the correlation term

[_X_XH] - will be equal to (gHg)ejmk suggesting that ejmk
i,i—-

can be estimated from a linear combination of [@_(_H] with
i,i—k
different values of i. In turn, ® can be estimated from a
separate linear combination of the products of the estimates
jolk+1) (ejcok)* )

for e and

Given [IXH} . k’ i= k, k+1, .., P-1, it can be shown that the
i,i~ .

minimum variance unbiased estimator (see [4]) of ejmk at a

high signal-to-noise ratio (SNR) is cx /[P —k) (QHQ) ], where

P-1
cx U Z [YYH:I k

i=k i,i=k,

01..,p-1 (8)

Il



YL YL+1 Y2L-1 Y D (3) [Y(P-1) Y(P-1)L+! YPL-1J Jwb D

(4) wGLDb (5 HaOaeDb ... (6) vOV1L-I VL
wWa 2616836 V D (7) LV (P-1)L (P-1)L+1 PL-1J wi tPCV8G2605/000273
nen, n=0, 1, ..., PL-1 sharing the sane

statistical properties with®vn , and can therefore b e
equivalent Iy regarded a s AWGN. A s nentioned above,

, the F it 111 timat j j ok

im0 1y SRt FORBI Py B T e FOE unt P 15T CEm e pr ot Req i th

afte%egsgf¥ﬁ§.t?n££8%%%in | Bhe 298H0YE Bckteudensy ebkmed,
Stimatl on a

e unit cording to an enbodi nent of the
defihBMention. As expl ained above, the frequency offset

estimation (FCE) unit 200 receives as input PL

di screte val ues yn contained in

5 de O ckeich = (@72%ed® + ny (9)

it can be shown that the noise component ni in dx has an

autocorrelation of

Rl O E(nyn)

= 2afaPe? (P -k - 1) (P — m — 1) [P — max (k, m)]

10 HP — k) (P — m)[P — max(k + L, m + 1]
HP -k —1) (P — m)[max (P —k —m — 1, 0]
HP -k (P-m-1[P—k—m-10}

at high SNRs. By expressing (9) in matrix form,

d=@"%P - e® +n (10)
15
where the kth element, k= 0,1, .., P-2 of the column vector p
is [p]k 0@®-%k (P-k—-1), the minimum variance unbiased
estimator (see [4]) of A D ejm, which minimizes the cost
function
20
H_2 ol -1 H.2 . o
[g——(_a_a)p e ] R [g_—(a a)E e ] (11)

is



the short preanbles of a data block. A s nentioned,
the values yn may be witten in matrix form as
W@ ewapaises equation (3) ) YOI YL-1 L YL+1 Y2L-HBCTSGR005/000273
Y(P-1) Y(P-1)L+! " ypL-1. In the absence of noise, Y
= ba and the correlation té@m|IXH 1 i1 1 e equal to

(a Ha )e w k suggesting that e wk L Ji,i-k can be
estimted fromail,inear conbination of GYH wth L
i(#qd'd_ifféent sznp 54 ugs_ of i . In turn, wcan be estinated12)

om g,Bgpar afflgflpnear conbination of the products of

the estimates for—e k+1 and (e wk )* . Gven AQH i=
k , k+1, ..., P-1I, it can be shown that the m nimum
vari ance unbi ased estimtor (see [4]) of ejwk at a

The Hingausingnaloft gnisires tr #0 i 6apSkRED; beceptipptediay (g H
a) ], whereinplying that ¢ is an optimal |inear
estimator for e-' after scaling. Introducing the
doubl e orrlel at if)@lg_jg md , defined as

dope = : =| = Zp™R™t 13
5 dopc = £|— 5 Tr-1 | = “PR D (13)
(@a” pR P
since @Ha?“ﬁk—lm is real.
An attempt to obtain
10
g=R1p (14)

as required by (13) is made by assuming that the elements in
g can be described by a polynomial. Numerical results support

15 the supposition and reveal that the polynomial is linear,

i.e., RI1I tllw p1F = p where £t =[0 1 2 - P—-ET and Mg, B

are coefficients to be determined. Expanding the equation and

comparing terms leads to

1
o Ml
K1 2(_H_) o2 P(4P —1)
implying that, after some algebraic manipulations,

[B"ll]k = [g], = no +mk
1 6(2k + 1) (16)

3 2
z(gﬂg) o2 P(4P —1)
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dk Dck +ick = (aHa)2ew+ nk (9 it can be shown
that the noise conponent n in d has an autocorrel ation
WoRos/0R8aHa )3 s2 { (P - k - 1) (P - m- 1) [ PPET/8G2005/000273
(k, m] +(P - k) (P-m [P - max (k + 1, m+ )] +(P
- k-1 (P-m [mx (P-¥- m- 1, O] +P- k) (P
-m- 1) [P- k- m- 1, g]} at high SNRs. By
expressing (9) in matrix form d = (a Ha )2 p ~w + n
erethe kt.h e].epent k= I A 2. of the
Back P RAL Gett ot g1 [poD T k) Ttk By e
ﬁn_nlrmm variance unb| ased estimator (see [4]) of | De
, {%E@ |m=z(@s t)eBcost —f UneVikor Pdl-..2FP ej @] HIR
“1['d0 11|sPd(DC—(12T1(aHa)2

£o1 Pols Pe e gff)qu%pdcry s)| In{(}{e;‘%est w can then be

estrm aa) (pRp) is real
Q>0Dc=é(gTQ)

P—2
= £ (2 + 1)}k

k=0

Accordingly, the frequency offset estimator 200 estimates AP

according to

)
£y (2 + 1)
_Bopc k=0
Ap === L

The signal values yp are therefore fed to a first correlation

unit 201 which determines the

P-1
cx O Z[YYH:l k =01,..,B~1.

i=k i, i-k,

The cy are fed to a second correlation unit 202 which

determines the

*
dg = Ck+1Ck

The dy are fed to a linear filter 203 which calculates



An attenpt to obtain g = E 1P (14; as required by (13)
is made by assuming that the elenments in g_ can be
waele®eidsee by a pol ynom al . Nunerical results BCppG2005/000273
t he supposition and reveal that the polynomal is
linear, i.e., RI t ] [mml7]T =p wheret =[012P
- 2]Tand m, m are coefficients to be determ ned.
p Expandi ng the equation and conparing terns |eads to
Zn‘?gyh_n E{hat, after some al gebraic mani pulations [
|15 §1 7% "mo+mi k (aHaf 2Back substitution with (10 )
k=hd (16) verify that q k,mVim=( - ) (P- k- 1)
Vk =01, ... ,P- 2. It follows from (13 ) and (16)
that DC = () P-2 [H) Z (2k + 1)d k k=0 Accordingly,
The ttesifliteqierdy sofcedeulasdiomaticr 20 ldad kgt & IHRse
deté¥%¥¥aIfg%té%f%'%h%cgzﬁétéﬁHyﬁes the phase of this result

5 and divides it by L, i.e., determines

P—2
£ (2k + 1)y
AR = —k=0

L

which is the output of the frequency offset estimation unit

10 200.

Tn contrast to the ad hoc estimator (AHE) reported in [2],
given by

M—1 (Pt 1WP—k)—M(P—
15 IS 5 3(9 k—-1)(P—k)-M(P M)Ldk (18)
k=0 M(4M2—6PM+3P2—1)

with M=P/2, whiéh allocates weights to the phase of the
double correlation terms, the proposed strategy filters the
double correlation terms before the phase is taken. From (17)
20 and (18), it is obvious that the ODC (optimal double
correlation) filter as used in this embodiment is of a
similar order of complexity to that of the AHE (ad hoc
estimator), which has been shown in [2] to be substantially
lower than that of the MLE realized using FFT (Fast Fourier
25 transformation). Further, the ODC filter adopts weights of

integer values. Therefore a simple hardware implementation is

possible.
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Db = 30DC k=0 The signal values yn are therefore fed
to a first correlation unit 201 which determ nes the k
wQ 2@bfo1dese< 0,1,... ,P - 1 . i=k i,i-k, The c |Prar/eGioes000273
to a second correlation unit 202 which determ nes the
* d k = ck+l ck The d are fé8 to a linear filter 203
whi ch calculatesP-2 (2k + 1)l 1 . k=0 The result o f
Thet abgveallenl watooni seskppto editbmazphase dereantaaihobhe
unit which determ nes the phase o f this result and
estilheties of b ¥ &P, i adthodghethinastPndtd 6RKetth)6 ks to
. _Db,= k=0 whjch is _the output of the frequency offset
mingBi Eomtih Hhi P 206 T ConaEinGo i DRF AR@ance of the
profstedat PTed AHE) S€RQIEQG{ N 2Lt relating these two

criterion.

Consider the complex guantity y = Aeje. Taking the

differential of y gives Ay = ejeAA-ijejeAe and

. . ES . .
a2 = (ejeAA + 3ned eAe) (eJBAA + jAeJeAe)

(19)
= (AB)? + A% (A0)2
where L)* stands for conjugate operation. By writing
1
A = bﬁ\d/é, AN becomes
. v (Aw)+(A\v*)w
- 2A (20)
Substituting (20) into (19) and rearranging yields
2 2
2 o]+ [(awy*
2 _ |1 _ vl 2 [‘" v M
(A0)" = | = — - ||Aay)” - ! . (21)
a2 oat al 4A

Applying the result in (21) to the estimation of A by (12)

calls for the substitutions y = A = eyb,A =1, and 0 = o to

produce



given by wth MP/2, which allocates weights to the

phase o f the double correlation terns, the proposed
waeahesyo filters the doubl e correl ati on ter nsPGESG2085/000273

the phase is taken. From (17) and (18), it is obvious

that the ODC (opti mal doubt@ correl ation) filter as

used in this enbodinent i s of a simlar order of

conpl exity to thatr of fhe AHE}) d (hog, psti mats 7)
whi ch, h 2shdwn i n(4%ppe bt SebEdhora bl | y |
(oo hadaRgS A ot i Sur i er (22)

transformat?on) . Further, the oBC filter adopt s
wei ghts o f integer values. Therefore a sinple
hardwar e i npl enentation i s possible. The above
Now debstatibnngeék8)t dnhpnil?2e LeRelsv&Pi ance in the

estimation of | D e w, although the ultimte
objective is to mnimze that in w. In the follow ng,
the performance of the proposed filter, is s i ed by

: afiTst rel §t ingie@hese two .c;Ei Bor Bon. _Cdnsi dek t he (23)

& qUantity y —HA)é . pFakilpg tngﬁ‘feﬂ'@ti al of

—_ e _ | —

I'ex
y gives Dy = 1 £)jA e DQ and e gDA + j Ae
gDg) /e qDA + jAe g DQ (19) where (.) stands for
conj ugate operation. By witing

as E(QQH) = R and with g given in (16), and therefore,

1

(2] (")

B (lMODclz) =

10

15 It can be shown that

[t sfome]- ST
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DA becones y* (Dy) + IDy* ) y DA ="-- (20 2A
Substituting (20) into (19) and rearrangi ng yields
WO DwpA168ppl yi ng the result in (21) to the estiPE/BELIHH00273
| by (12) calls for the su%i}titutions y =1 =e w,A =
I , and g = w to producesu ituting (10 ) into (12 )
leads t o DI ODC (23; / tt \ (nnJ = R and with given
Suba'(tirtu(tﬁ@g , (2nd amider(@5dr dptd Bife mxperyatiqn )of &Zgé))r and
. (2 can shown that Substituting (24) and (25) into
uSquwgC%expreecStugtq;l on of (22) , and using the)result( P22 1

gt p= gk (-k) (p-k-1i)--"-(26) k=0 2 (aH a
) s2 4P 1 yield the nmean squared error MSE( wODC ) = E
Dwoog) 2 ! - = CRB (w) (21 . p (p2 _[ﬁ

g'p= Y ax(P-K)(-k-1) = — (26)

k=0 Z(QHQ) o2 4P — 1
yield the mean squared error
2 9
MSE (wopc) = E[(AmODC) ] = — = CRB (o) (27)

2 é9(92—1)

which is the Cramer-Rao bound (CRB) for the estimation of ®
(see [2]), indicating that the proposed double correlation
filter achieves optimal performance at high SNRs. The
corresponding MSE in the frequency offset AB = ®/L as

related in (3) i1s therefore

6
2

MSE (ABopc) = S = CRB (AB) (28)

SNR-P(P —l)-L

where SNR=(§HQ»“L62) quantifies the signal-to-noise ratio in

short preambles.

Simulations show that the mean squared error (MSE) of the
carrier frequency offset estimate at a high signal-to-noise
ratio equals to the Cramer-Rao bound (CRB) for the estimation
of AB. This indicates optimal performance at high SNRs. The
Almost as good a performance as with MLE (maximum likelihood
estimation) can be achieved and an improvement in robustness

to variation in the actual carrier frequency offset value



P- 1) which is the Cramer-Rao bound (CRB) for the
estimation of w (see [2] ) indicating that the
WEe@poOsss doubl e correlation filter achi eves optT/8&2005/000273
performance at high SNRs. The corresponding MSE in the
frequency offset Db = w/ L as related in (3) is

f : 0pC ) = A = B (Db 2 SNR. P | PZ -
Ove% h‘?{(?fg{vﬁelr'\%%q%an Ai%f%}'esTTter}eF()sErCRdf%t t%q(ﬁwof%]es? AP Hed ;as
ODC shioktte ipir eaneb| e sl ovSi qamatt zanisorsd Ve dliet e £ ey BSHbarable to
th sq%f\:]@}d %r(ﬁror (MpE) of the carrier frequency offset
At et A al &t W Sisgitaima ol Se1¥e i o dgien shan héen
shovt aferrRaa i )i t L Nt | i
I ndi ca[t{ig op%l@gg%lgaqn%nlegqaﬁﬁ :}ﬁﬁ Agﬁl%skpgtﬂ%gf Atr %s E
5  realdyeghotiagdifilor mance as with MLE (naxi mum | i kel i hood
estimation) can be achieved and an inprovenent in
robustness to variation in the actual carrier
The faaqusiaay cefalseti nealngaeveis d e AHipd r{O\H o T ;
FCE unit 200 (%gl SO deno:ygd as (I)g%fﬂl ﬁrgrt?\ghdgg'dlas I%%wn th
Tablc?oril’put ational conplexity conparable to that of the AHE
(ad hoc estimator) , which in turn has been shown in
[2] to be significantly lower that that of the ME

realized using FMGltiplication Addition
¥ ;! LP(P+1)/2 (L-1)P(P+1) /2
Ck 0 P(p-1)/2
dy P-1 0

10 Table 1

The computational intensity for subsequent operations,

compared to the ad-hoc estimator according to prior art is

illustrated in Table 2

15
Ad-hoc estimator |Optimal double
correlator
Phase P/2 1
computation
Multiplications | P/2 (floating P-1 (simple
point mult) integer mult)
Additions P/2-1 p-2

Table 2

Further, using the invention, e.g. the embodiment described
above, a relaxation of specification in local receiver
20 oscillator frequency offset can be achieved. For example, the

current specification»for TEEE802.11a is 20ppm (parts per



10

15

The conputationaly intensity of the FCE unit 200 is

shown in Table 1 . Table 1 The conputational intensity
wo eedUssSequent operations, conpared to the adP¢ingG2005/000273

estimator according to prlo% art is illustrated in

Table 2 Table 2 Further %g the invention, e.g. the

nmbodi pent. descri bed above, a relaxation of

mil b%%}f+%a??%nt¥?P?Wk§ﬁe¥e%%@v%?eo§%$$¥%@br Phbguentyr a
sys©@dhset &aPrPer agil ey 802 £ ?@@é C1égeofu§é§£tand 20MHz

speci fication for IEE ppm (
respretivelvn)tianslates ansm tivaex il dii]@lta&befm’@quency
off¥@%05f for a systemof carrier and sanpling

equenci es of 5GHz and 20MHz respectively, transl ates

to a maxi numdi gital frequency offset of 5x10 w = 20 x

10 b x x 2 = 0.01Hz 20 x 10 Db = wL = 0.16Hz Wth the

above eanglnqpk;“ﬁhe tolerance can reach as high as

015 0 ¥ Bpiz, e derpfisOtAzed t hrough sinulation
at SNR=QdB, mﬁpehlﬁqU|valently eases the oscillator
accuracy from 20ppmto

AB = oL = 0.16Hz
With the above embodiment, the tolerance can reach as high as

to 0.45Hz, as can be demonstrated through simulation at

SNR=0dB, which equivalently eases the oscillator accuracy

from 20ppm to
20 x0.45/0.16 = 56ppm

by more than 2.5 times.



= 56ppm by nore than 2.5 tines.In

20 x 0.45/ 0.16 =
this docunent, the follow ng publications are cited
G annaki s, "EF/8GH05/000273

W@ 24o6d1685d.i , G . Liu, and G . .
frequency of f set estlnatlo?gfor OFDM Based W.ANs™
pp. 80-82, vol. 8,

IEEE Signal Processi ng Let
Morel li and U . Mengali

, Mar. 2001 [2] M.
In th@ﬁr@P@Pm?FEquEH§y e4{ PHARF ORUPSH CRLARST §85FPoRS tEHEr

sel ective channel s", | EEE Transacti ons on
pp 1580-1589, vol . 48, no. 9 , Sept.

Conmuni cat i ons, .
(1] 2000if[ 3F.JLiukerndnd@.TBS. Gmgnnékeshod@gmadebaiedquency
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"StatlstlcalIy/CbnputatlonaIIy ef ficient frequency
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21 BcbBFEHET a0 VecHGaOReL aerarm ving & T rogtency hation

99
for @EEﬁemléémﬂha bbé&abeuycﬁivslghahnéaBUesleEemeansacalons
of first correlatlon coefficients are

pluralit
on CG@{“EPH‘F{% 4orPonPPhe 1sPGRAPSYal YOS, Wier &°n dackiSpitrsr 000

correlation coefficient is determ ned by determ ning
| east two of the signal

10
the correl ati on bet ween at _
[3] val bes; andaTpBur dbi t Y Petisdogmdnchaseidaciagrier frequency
cgeffLC|egts i% .
offsét estimation Tor orthogonal frequency division
IEEE Global Telecommunications

multiplexing applications”,
. 5, 2001

Conference, GLOBECOM '0l1, pp. 3070-3074, vol

15
[4] S. Kay, "Statistically/Computationally efficient
pPp. 2292-229%4, wvol.4,

frequency estimation”,

ICASSP'98, 1998
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determned fromthe plurality of first correlation

coefficients, wherein each second correlation
weowbhiagsent is determ ned by determ ning the PCT/SG2005/000273

correl ation between at |easty two of the first

correlation coefficients; - the plurality of second

clai%%rrelation coefficients is linearly conbined; - the
guency offset is determ ned as the phase of the

I i near conbination. 2 . Method according to claiml

wherein a second .cqrrel ation coefficient is determ ned .
1. M&%%e%ﬁﬂfoalﬁ IELNATE Ps i TEHYRICH 00T SETe it éntP atfplity

of dikR@a00RRhe%sCoRhkgatig of another first correlation
coefficient 3. Method according to claim1 or 2 ,

- a sHeweilatyvhefsddonsd correllatiion cosfffidiemts @

|.inear)| conbi_ned .b hat .each second correl at.i o
detazpllRtl ¥ 2R ERC S han T 1508 SHEORS U Nl 1

correfl atthese caulfiti pli ieet i1@N Sledlce nS W thya Rk Hdienistifd She
di_vided by a constant 4 . Method according to any one
corrgrlatiencaititeer 86 3easkhéme @ K& ed&tiend hata loe of

- a PlackRl 607 LRLALHOR 0RN L aleNtD FIIAsRANdS 4 O
rrangi ng the signal values in a matrix, generating

deterimg nawt droor takapilamradetoy o foff itdse matrriedation

ddet rninhn the first correlatio qeffici%ﬂys,as X
coefljfdepfs, wherein each second correlation coefficient is
determined by determining the correlation between at least
two of the first correlation coefficients;
- the plurality of second correlation coefficients is
linearly combined;
- the frequency offset is determined as the phase of the

linear combination.

2. Method according to claim 1, wherein a second correlation
coefficient is determined as the product of a first
correlation coefficient and the complex conjugate of another

first correlation coefficient

3. Method according to claim 1 or 2, wherein the second

correlation coefficients are linearly combined by that each
second correlation coefficient is multiplied by an integer,
the results of these multiplications are summed and the sum

is divided by a constant

4. Method according to any one of the claims 1 to 3, wherein
the determination of the first correlation coefficients
corresponds to arranging the signal values in a matrix,

generating the auto-correlation matrix of the matrix and
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el enents al ong the diagonals of the auto-correlation
matrix. 5 . Method according to any one of the clains
W@2406/0%6856 wher ei n t he signal val ues correspondP@DSG2005/000273
plurality of short preanbleg . 6 . Systemfor
determining a frequency offset froma plurality of
' v €%, e risi - first
decedhdiThay PhA Sure b EAESMbe R R st Gy oF
elemknrst atongekati adagoakfiscbéntief Bamothersegaak ovahdes,ix.
wherein each first correlation coefficient is
determ ned by determ ning the correl ati on between at
5. Me@ash hweoehihBetrsl angl oMal UeSthe 215642Nd ¢or Bel ahl9Rin
unit, adapted to determne a plurality of second
the sdgnallavhdnesoebtiresgand trom pharplatal ofy sbbrfi r st
Eéelation coefficients, wherein each second
Frération coefficient is deternined by determ ni ng
the correlation between at |east two of the first
correlation coefficients; - a conbiner, adapted to .
6. Syskemr F9rcerbrrBiniadprufaPAuNEY 9&E6RH EsPmepabilogality
> i Gl ; d I [on unit adapted to
of Sgggégn?%ga%%é Fpgqg %ggmo Fgéghgghphe phase of the
- a [fimear coombilpatibanunit, adapted to determine a plurality

o
prea@%

of first correlation coefficients from the signal values,
wherein each first correlation coefficient is determined by
determining the correlation between at least two of the
signal values;

- a second correlation unit, adapted to determine a plurality
of second correlation coefficients from the plurality of
first correlation coefficients, wherein each second
correlation coefficient is determined by determining the
correlation between at least two of the first correlation
coefficients;

- a combiner, adapted to linearly combine the plurality of
second correlation coefficients;

- a phase determination unit adapted to determine the

frequency offset as the phase of the linear combination.



