TEEErrrrrr el *159159*  METHOD ANDY OR SYSTEM FOR FREQUENCY
SYNCHRONI SATTON FTELD 5 The present invention relates to a nmethod and/ or
system for fr hroni sati on, particularly though not exclusively
to carrier framnmm‘nm““ummﬁt estimation for a comuni cation systemt hat
uses orthogonal fglgg#ency division nultiplexing. 10 BACKGROUND There are
many forms of nodulation used in comunilcati on systens. For exanple in

cellular and w L \(} Si on
il 1 piexi ng (MBARORANBRIBRYSTEIPEOH EREQUEEREY stichIORisata e
15 the frequency spectrum OFDMis a type of frequency division nodul ation
where the fEggfygncies are chosen so that the nodul ated data streams are
ort hogonal to each other. An OFDM signal is conposed of nultiple
sub-carriers and narrow band 20 signals, eg: 64QAM Because of this an

OFDM system requires nore accurate  carrier frequen estimati on and
conpensati on thajﬁ SiMGPNRVPIGN relaiasule 2 4rethe s?fé‘f/éhsyﬁ*ﬁﬂﬁ‘?rhﬁewqqyer
Frequency @in%@lfrorﬁi%n,'éa_r%@laﬂ?(%ﬁ@f&h Q{Jt%&ldw/eﬁf%/‘o‘é)‘ﬁéreﬂbaﬁéﬁéy gRsste. 25
A prior art method to estimate the O used in wiTtel ess nodens uses a
traini ng prestiratiors for a4 gpmnuni¢atinuaystgmstpat Hses iosthogonaldrenusneyrdivision
estimation. tﬁmdards such as IEEE802.1 1 a/g/n and H PERLAN 2 specify a
short traini 'p%)g'a]%ence in which a short synmbol (L-STF) is repeated 10
times and a long training sequence in which a long synbol (L-LTF) is
repeated twice. The 30 corresponding estimation of the CFOis also carried
out in two BAGKGRAUYND y a coarse CFO estimation is obtained using the
short training sequence.

There are many forms of modulation used in communication systems.

For example in cellular and wireless .computer networks, Orthogonal Frequency

Division Multiplexing (ODFM) has become popular for its ability to efficiently use

15 the frequency spectrum. OFDM is a type of frequency division modulation

where the frequencies are chosen so that the modulated data streams are
orthogonal to each other.

An OFDM signal is composed of multiple sub-carriers and narrow band

20 signals, eg: 64QAM. Because of this an OFDM system requires more accurate

carrier frequency estimation and compensation. than single carrier

communication system. Thus the Carrier Frequency Offset (CFO) is one factor
affecting OFDM system performance. |

25 A prior art method to estimate the CFO used in wireless modems uses a
training preamble for initial frequency synchronisation and channel estimation.
Standards such as IEEE802.11a/g/n and HIPERLAN/2 specify a short training
sequence in which a short symbol (L-STF) is repeated 10 times and a long
training sequence in which a long symbol (L-LTF) is repeated twice. The

30 corresponding estimation of the CFO is also carried out in two steps. Firstly, a
coarse CFO estimation is obtained using the short training sequence.
Secondly, a fine CFO estimation is obtained using the long training sequence.

However this requires a large buffer and two correlators. Moreover the
-
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Secondly, a fine CFO estimation is obtained using the long training
sequence. However this requires a |large buffer and two correl ators.
Moreover the TLLELILLETETETETTITTTT *@00002* 2 subsequent step of channel
estimation occurs during the long training sequence, and therefore relies
on the less accurate coarsely estimted CFO For exanple in US Patent
7,068,593 an ODFM system is proposed 52which includes separate processes
and separat e hardware for coarse and f.in CEQ estimtio SUMVARY . .10 In
General 1 orSHESSAERL e s ofhEmna Eslirfian PGedR dTBne’ the Ty TR i s
used to estddiiepckhan&tiferefdie raliBP6m teledbideaurite Icoardedf btifbted ORFE. i S
filtered over the period of the plurality of short training synbols. The
filtered autocorrelation result is used to estimate the CFO This may have
the advantage t t.] [ ' r u equ less
har dwar e 15 and/'lzq)di}I g%@\ﬁ?t'h@%uﬁggéﬁeifpéégag?ngﬁ @Wn&%’?s&)%mt% Eégrfrcr)gsreg
accur at &. lwhighfinclaties pepafdte Eypesss and sbpaate hapdwaredfed cvarsd hnd fivk
estimating the Carrier Frequency Ofset (CFO in a conmunications signal
conpri si ng: CFPRstMMINY an aut ocorrel ation on the comunications signal, 20
detecting the beginning of a plurality of short training synbols based on
at least the autocorrelation, filtering the autocorrelation signal after

t he begi nniSYMMARYe. plurality of short training synbols, and estinmating

the CFO based on at least the filtered autocorrelation signal. 25 BRI EF
DESCRI PTI ON OF THE DRAW NGS
10 In general terms, it is proposed that a plurality of short training symbols is

used to estimate the CFO. The autocorrelation of the received signal is filtered
over the period of the plurality of short training symbols. The filtered
autocorrelation result is used to estimate the CFO. This may have the

advantage that CFO estimation is faster, more accurate, require less hardware

15 and/or allows the subsequent channel estimation to be more accurate.

In a first specific expression there is provided a method of estimating the
Carrier Frequency Offset (CFO) in a communications signal comprising:

performing an autocorrelation on the communications signal,

20 .detecting the beginning of a plurality of short training symbols based on

at least the autocorrelation, |

filtering the autocorrelation signal after the beginning of the plurality of
short training symbols, and

estimating the CFO based on at least the filtered autocorrelation signal.

25
BRIEF DESCRIPTION OF THE DRAWINGS
One or more exemplary embodiments will now be described, with
reference to the following figures, in which:
30 Figure 1 is a block diagram of an OFDM system according to an

exemplary embodiment.



One of nore exenplary enbodiments will now be described, with reference to
the following figures, in which: 30 Figure 1 is a block diagramof an OFDM
system according to an exenplary enbodinment. 3 Figure 2 is a flow diagram
of a nmethod of denodul ati on using the system in Figure 1. Figure 3 is a
fl ow di agram of the frequency synchronisation in Figure 2. Figure 4is a
graph of signal correlation and signal é€nergy using the 5 nethod in Figure

ising-the met hod T ERJE AT o diatiin o SRy oAbt S R s
10 A frequeincligasnehroni sation apparatus for an OFDM comuni cation system

according to an exenplary enbodinent is shown in Figure 1. In _particular a
recei ver system igore Ads adlow diagirmofihe fieaHency synchregisatiomin FigbariPe 102,

an anal ogue/ di gi .t )ei , achr.ani sat.i ul.e. 106, a
Fast Fourier  Tranebs o K Bragkfcbigh odhlifllTahl SBhal Bndry BEG
equal i sat i omethostlineFigafe 2and a denodul ator 112. Some nodul es nay be

[ [ i gi tal Si | P DS s k in th t. A
P hon 3001 5 sAERHHD ARG SRS T akbn ot b TRt Alon 26
by the syst ' ' i n OFDM signal is received at the RF

recei vi ng ﬁ%‘ﬁé?ﬂe k1]’({)b2tﬁd)(??)¢ Fi xgarrgfe using the | EEE 802. 11 g protocol

(receiving 202). The |EEE 802.11g protocol signal includes a training

i grtal si RET A EPHERGEPTIIN GF sXefP ARy EBRpENTS . £7ai b N

preanbl g i s sinmultaneously used to

A frequency synchronisation apparatus for an OFDM communication

- system according to an exemplary embodiment is shoWn in Figure 1. In
particular a receiver system 100 includes a radio frequency (RF) receiving
module 102, an analogue/digital converter (ADC) 104, a synchronisation

15 module 106, a Fast Fourier Transform (FFT) module 108, a channel estimation
and equalisation module 110, and a demodulator 112. Some modules may be

implemented in a Digital Signal Processor (DSP) as is known in the art.

A method 200 is shown in Figure 2, for demodulating the signal received

20 by the system 100 in Figure 1. An OFDM signal is received.at the RF receiving

module 102, for example using the IEEE 802.11g protocol (receiving 202). The

IEEE 802.11g protocol signal includes a training preamble to allow

synchronisation. The ODFM signal is converted to a digital signal by the ADC

104 (digital conversion 204). The training preamble is simultaneously used to

25  synchronise the digital signal in frequency (frequency synchronisation 206) and

in time (timing synchronising 208) by the synchronisation module 106. The

synchronised signal is converted to the frequency domain by the FFT module

108 (frequency conversion 210). Each channel in the frequency domain signal

is estimated and each estimated channel equalised (channel estimation and

30 equalisation 212). The estimated and equalised channels are then
demodulated (demodulation 214).



75 syhchronise the digital signal in frequency (frequency synchronisation
206) and in time (timng synchronising 208) by the synchronisation nodul e
106. The synchronised signal is converted to the frequency domain by the
FFT nodul e 108 (frequency conversion 210). Each channel in the frequency
domain signal is estimted and each estimated channel equalised (channel
estimati on and 30 equalisation 212). Thé estinmated and equal i sed channel s

are then denodulajed (denodul ati 14). 4 Referring to Figure, 3, the.

f requency sy_rlchr%ﬁfe‘{ﬂ't1 oﬁo p%\l‘JqurSn%gf %Q?/n_f:rﬁﬂﬂﬁ'i'@f n@y%'gori’@a@?{gmﬂoplr?hm&:
detai | . ThegyhtGHAQEINE iSERGW if ASraYddtail. Tiad istaitadeoes eighal eabegy it i on
206A) and scal ed according to a predeterm ned scaling factor (scallng

206B). The ealguated:(rneygy icalatdatisar 306Aband isealeshaterrding 1o @ dredeternineser

felurt 1e cRBRIRERY (eall B Asem,  THr siand) et L e A B MR O
a. signal igetdet whbEbr dnysigndlieprevenn ghresmold2066).conpared to the

autocorrelation result to detect the start of the short training synbols
(L-STF detection 206E). The L-STF starts when the nmagnitude of the

aut ocorrel ati on i a the Niat e pgnal
energy and ends Srﬁﬁliﬁr{%ﬂﬁ%éﬁi %Lﬁtrggla@?fé[tlhg Igétﬁgc?gr?%?%@%#\l?&gzﬁﬁ% ﬁgﬁ?gss
t han t he magighau@etadortdiaticrb2@8@).ed si gnal energy. If the L-STF is
detected, the autocorrelation result from the start to the end of the

L-STF is filtered (filtering 206F). The filtered autocorrelation result is
used to,gstimat elfté‘.esiﬁﬂii?ts%, 8Bidcte nthbhgcabenﬁgnénpeaé y %Sbbﬁwag@@ 306/ -

The estinmated phase s S usedd’t o conpensate for the CFO hase
conpensat i oaut2okElatiod Reokitei defegDtharatarbef ithg Isborntraining syabpls gSiire
received si ggt%lc:ﬁor‘?l t206E). The L-STF starts when the magnitude of the autocorrelation
result is greater than the magnitude of the scaled signal energy and ends when
the magnitude of the autocorrelation result is less than the magnitude of the
15 scaled signal energy. If the L-STF is detected, the autocorrelation result from
the start to the end of the L-STF is filtered (filtering 206F). The filtered
autocorrelation result is used to estimate the phése shift in the signal (phase
estimation 206G). The estimated phase shift is used to compensate for the CFO
(phase compensation 206H).
20 |
Receiving 202 may be implemented by sampling the received signals at

an over-sampling rate, and saved into a buffer.

Energy calculation 206A may be implemented by measuring the energy

25 or power of received signals and summing the measured energy over the
duration of T,. If the sample interval is T, T,=WT, i.e. W samples are processed

to calculate the energy. The energy R(d) can be calculated according to

Equation (1):

ra(d+m12 (1)

30 R(d) = f:
m=0



an over-sanpling rate, and saved into a buffer. Energy cal cul ati on 206A nay
be i nplenmented by neasuring the energy 25 or power of received signals and
summi ng the neasured energy over the duration of T, If the sanple interval
is T, T,,=WI, i.e. Wsanples are processed to calculate the energy. The
energy R(d) can be cal cul ated according to Equation (1): 30

R(d) Ilra(d+ml2 (1) M0 5 |In EquationX1) Wis wi ndow | ength, which

represents the nupber.of,, sanpl es ,us to.conmpute th i gna ner it hin
e v ndov MIEASEENTIHE W o i J13ER  WNSTE PRS2 inp L b BE Sitprlds
w ndow of Wsedmbesompate thé hﬁgﬁalrrbherF?(y RWifin thet Whdewidawis a tifeDriritesx t 0
sinplify the processing requirenments R(d) can be estimated using equation
(2): R(d + @9rresprdiing-tq the firshgample i @ windowof Wramplesnand ostherggmple
I mpl enent ed, Eovi dj he cal cul ated signal energy Rto one input of a
mul tipli er,magfg&f%é gr)ﬁrf}g)l‘%l led by a constant scale factor value, a. #is
selecteds to provide a sufficient margin relative to the instantaneous
noi se level. The multiplier asserts an energy threshold signal at  its
out put. 15 Aut oclt PEIeAtiPHMPIBNeaprasessing) '%%—‘f?ﬂ‘t?"lﬁ?/ 3@9 ng‘atiq getimatediut o-
correlati O”UQE?E?%%%H ﬁ?%)sji gnal sanples according to Equation (3): w1

+ r +

AC(d) _ E (r m+ D)) (3)
R(d +1) = R(d) +|r(d + w)’ =|r(d)’ )
10 Scaling 206B may be implemented by providing the calculated signal

energy R to one input of a multiplier, R being multiplied by a constant scale
factor value, u. u is selected to provide a sufficient margin relative to the
instantaneous noise level. The multiplier asserts an energy threshold signal at

its output.
15

Autocorrelation 206D may be implemented by calculating the auto-

correlation of received signal samples according to Equation (3):

AC(d) = E(r'(a’ +m)r(d +m+ D)) (3)
m=0
20
In Equation (3) D is the number of delay samples and W is the number of
samples for the length of the correlation window. The window moves along in
time as the receiver searches for the Legacy Short Training Field (L-STF). If Tis
denoted as a sample interval, then delay time T4 =.DT and the length of the
25  integration window T, = WT. For signal detection, the delay time Tyis normally
set to be one or two short symbols, and the integration window length T, is set

to be one short symbol.

L-STF detection 206E may be implemented by comparing the absolute

30 value of the calculated auto-correlation, |AC|, with the absolute value of the



MO 20 In Equation (3) Dis the nunber of delay sanples and Wis the nunber
of sanples for the length of the correlati on window. The w ndow noves
along in tine as the receiver searches for the Legacy Short Training Field
(L-STF). If Tis denoted as a sanple interval, then delay tinme Td = DT and
the length of the 25 integration window T, = WI. For signal detection, the
delay tinme Tdis normally set to be onefor two short synbols, and the

i ntegration w ndow | en is, set t one short symbol . L-STF |

ot et on_ DRRROHd)asHorh i Bhi delras e dagaF; It ofdi! oSG thespranessBor

t he cal cul a,téaq,- racel &4 88, \ 3 u €in0
energy thres hollr%H‘l}%?‘aggfqrcgoﬁéfethcr? Bﬁ%d L%@QER%CZEﬁgw%%(As@Lp?? % bo?vﬁem
processi ng FigacgidrehentAC| 3A Ricthis belicates doedtart 402 lofahe LASTF and when

i mg(AC)I. As shown in  Figure 4 when IACI > J,u-RJ this indicates the
start 402 ofAGleluAighis indicalpethe endA04 ohthe-SHi-s i ndicates the end 404 of
the L-STF. 5 As shown in Figure 4, after the preanble is detected, the | AC
becones " stable and forns a plateau 400. Wthin this plateau, AC has al npst

the same phase Asdhawpl intEidare/d| afteethecpicahible iddetevied; theJATS deebnidse
iterative roloert& of mult iﬁ&l@e I dentical synmbol correlation. I'n Equation
3, when twoSt28'e AR (PR ashiatRAl 480 Within thig pplatsapl ACehgs afmosbihe:Fameq

wi th each Oeﬁs;ﬁ eHElean"?;ﬁﬁljdé/"iJJ&J@?)&:@PS'f{)[’ﬁh&hﬁoigleabgﬁéeh%iéﬁlWewﬁ‘é R ©

i dentical s s are Trecelved, durl i's period t as al nost the
sane | evel . propertyook engfiplec identisab rsgnisiol t doardlatidror by Eduatipnng, GR@n two

estimation performnce. 15 Filtering 206F nmay be inpl enented by using a Low
pass i It orp0ii DETocls dra Jecpied Renarlglely Rbd Casiaibter with aach aifer.cbe
Response (Hlad)| @l bl eBUkCto the plateau level. When more identical symbols are
received, during this period the |AC| has almost the same level. The noise effect
is one of the factors affecting CFO estimation performance.

LS Filtering 206F may be implemented by using a Low Pass Filter (LPF) to
average the AC over the L-STF. A Finite Impulse Response (FIR) or Infinite
Impulse Response (iIR) LPF, can be used. For example, a first order IIR filter
can be used. The output of the first order IIR filter can be expressed according
to Equation (4):

20
iirac(n)=(1-B)%iirac(n-1)+ B*AC(n) (4)
In Equation (4) B is the tap coefficient.
25 Phase estimation 206G may be implemented by estimating the phase

shift in received signal samples. If the conjugate of a signal sample from the
-~ first symbol is multiplied by the corresponding sample from the second identical
symbol (delay time T4 later), the effect of the channel should cancel. The
channel affects the transmitted signal in amplitude and phase according to the

30  channel factor in Equation (5):

Rx=Tx*Achannel*exp(j*phasechannel) (5)



I'mpul Se Response (IIR) LPF, can be used. For exanple, a first order IIR
filter can be used. The output of the first order IIRfilter can be
expressed according to Equation (4): 20 iirAc(n)=(1-R *iirAc(n-1)+ R*AC(n)
(4) In Equation (4) Ris the tap coefficient. 25 Phase estimation 206G may
be inplenmented by estimating the phase shift in received signal sanples.

If the conjugate of a signal sanple fromthe first synmbol is nmultiplied by
t he correspondi ng sanple fromthe second identical synbol (delay tine Td

| ater), the effect of the channel should cancel. The channel affects the

transm tt edinsEgition 5, RIR! theudeeigad T A8 A Hangrriited b@naBO\chamgme
factor in Equation &5’): Rx=Tx* Achanne *exp(j phasechannel ) (5

Equati on 5, amplitude fagor anst wbassigaals the  phase Hactorandhet ed ogrr@lﬁlon

At ocorrel sppatioBoBid HBMAVE 1R  BiENRICSERERNES' . bhEsE  B¥fimplithcls, ™
estimatipn déten’famw@crd@rcﬂmg td@ﬂfa@bﬁ%)o Equation (6): 0 = 2)zTd4f (6) In

Equation (6) Af is the frequency offset. The phase shift can be estinated
by to calculating the arctangent of the auto-correlation result from

Equation (3) accor(ﬁi_rk%&l& Equation (7): = arg(AC(d )) (7) 15 Phas%
conpensati on 206H inclUdes conpensating the incomng data signals Jsi ng

t he phase shift. The phase-corrected signal is then output to the FFT
nodul e 110. Because of the 2it anbiguity of the phase, the estimted phase

| CI shoul d ImeEfeatiori (B)\n4f is. thé feeduengy efiset.OTHe phass shifatan beyedtineated dy
10 calculating the arctangent of the auto-correlation result from Equation (3)

according to Equation (7):

¢ =arg(AC(d)) -

15 Phase compensation 206H includes compensating the incoming data
signals using the phase shift. The phase-corrected signal is then output to the

FFT module 110. Because of the 2r ambiguity of the phase, the estimated

phase lq?l should be less than n. The frequency offset estimate may then be

calculated according to Equation (8):
20

Af = ¢ (8)

In order to ensure an unambiguous frequency offset estimate, the CFO
estimation may be limited to a range of smaller than 1/2T, which should cover

25  the maximum frequency offset.

In WLAN standards IEEE802.11a/g/n, the transmitter and receiver centre
frequency tolerance shall be +20 ppm maximum. This means that the worst
case offset as seen by a receiver can be up to +40 ppm, as it experiences the

30 sum of the frequency offsets from both transmitter and receiver. Consider a



cal cul ated according to Equation (8): 20 O = 2 (8) d In order to ensure
an unanbi guous frequency offset estimate, the CFO estinmation may be
limted to a range of smaller than 1/2Td whi ch should cover 25 the nmaxi num
frequency offset. In W.AN standards | EEE802. 11 a/g/n, the transmtter and
receiver centre frequency tolerance shall be 20 ppm maxi rum This neans
that the worst case offset as seen by & receiver can be up to 40 ppm as

it experie e ne off ets both t ter
ond' boel vesaieieaianch B 5 260, dhEHrERiRhey, St oculigiPe’ haor 5 ZaETAS:

of fset coul gdm0aKpiZ 0The 2BBOAGIM&tioH fdride cdhdeChSjustdd ngtohangrn@nn@ F&n be
adj ust ed by changl ng Td. For exanple, by settin Td to be two short

synbol s, i .examplgpdy sRHiNgaYunigrbectve rﬁilOéUSW@@ ne§: dibsetthe smaximum
1/ (2*1. 6*10 n
fr((aquency es %h@%ﬁoiﬁéﬁgﬁaglé ér}g(r?r% yi%qS?? "%Egﬁ'ﬂ:[% %m teItﬂéeere ore a

208KHz fx eqstandardomeetmeans hhe%équmto@destimaum rhﬁg@lnblfﬁorgo $I@L5KHth© be
Td i s one short

one short s |l e the CFO est t|on ran

synbol , | 15'182 55[;' ntheﬁ%f%%ﬁ %9@*% r%qlrge@qysof%e(tze@ beiestiregtedodiis,. 10
One or nor t sty
at | east oﬁfeﬁﬁ%ad‘?é‘ To t%e Q%%h%&terb%ﬁ%ffg@%eﬁ’*ﬁ%@% S range! It
applied to Tdans;mmehelé sytmtbdiel E€F0.81, thew tBERegtimatiorl 0aiR)e is Hé(ZCH.G*my be
reduced to { es%gn 600Hz whil e conventional nethods nay be about 3kHz 15
resi dual £ hi gh SNR (e.g. 30dB), the CFO can be reduced to |ess

10
One or more embodiments may have any of the following advantages.
Firstly at least one embodiment may have better CFO accuracy. The lIR filter is
applied to remove noise in the CFO. At low SNR (e.g. 10dB), the CFO may be
reduced to less than 600Hz while conventional methods may be about 3kHz
15 residual CFO. And at high SNR (e.g. 30dB), the CFO can be reduced to less
than 50Hz while conventional methods may be about 1kHz residual CFO. This
is shown in Figure 5 where a prior art estimate 500 of the CFO is higher than
that estimated 502 using an embodiment described above.

20 Secondly at least one embodiment may be faster at estimating the CFO.
In Figure 5 a prior art coarse CFO estimation and fine CFO estimation takes
time . An embodiment described above takes a shorter time #. For example
this may allow the frequency synchronisation process to be completed using
only the short training sequence, or it may even be only a portion of the short

25 training sequence. This has the added advantage of making the subsequent

channel estimation, which relies on the CFO, more accurate.

Thirdly at least one embodiment may require less hardware. As
conventional methods require a coarse estimation and a fine estimation to do

30 frequency synchronisation, a large buffer and two correlators are required. An
embodiment described above uses only the short training sequence, so the

buffer requirement is lower and only one correlator is required.



tthan 50Hz while conventional nethods may be about 1 kHz residual CFQO This
is showmn in Figure 5 where a prior art estimate 500 of the CFO is higher
than that estimted 502 using an enbodi nent descri bed above. 20 Secondly
at | east one enbodi nent may be faster at estimating the CFO In Figure 5 a
prior art coarse CFO estimation and fine CFO estimation takes tinme tp. An
enbodi nent descri bed above takes a shortder tine t;. For exanple this may
al l ow the frequency synchroni sation process to be conpleted using only the
short training sequence, or it may even be only a portion of the short 25

training sema@pceariationg dfathe bboad@@nﬁdéaémbgémﬁéntg'ed?bnﬂoéshﬂeswmﬁmm
channel estimation, which relies on the nore accurate. Thirdly at

| east one eHERRA ﬂlef@HQWff‘EQ]ﬁlﬁﬁﬁsl%%W"haﬁd?\l%ﬁrféo anskilled meagarn oner exanpleds
require a cgar t e
synchroni sa é@mﬁﬁ{dgﬁﬂﬁg‘n&’}p? gﬁhdgnﬂdé p\%oﬁ@bpggwﬁpé%agém@%ﬁér@g‘g %ﬁXal
enbodi ment wemrrehadeaﬁlﬁ&sysmonhhyon.he short training sequence, so the
buffer requirenent is |ower and only one correlator is required. 9 Many
vari ations of the above exanple enbodi nents are possible within the scope
of the followng clainms, as will be clear to a skilled reader. For exanple
t he communi cations may not be OFDM but may be a comruni cations signal 5
whi ch requires CFO synchronisation. 10 CLAIMS 1. A nethod of estimating
the Carrier Frequency Ofset (CFO in a conmunications signal conprising:
5 perform ng an autocorrelation on the conmunications signal, detecting the
beginning of a plurality of short training synbols based on at |east the
aut ocorrel ation,



filtering the autocorrelation signal after the beginning of the plurality
of short training synbols, and 10 estimating the CFO based on at |east the
filtered autocorrelation signal. 2. The nethod in claim1 further
conprising detecting the end of the plurality of short training synbols
based on at | east the autocorrelation and wherein the autocorrelation
signal is filtered between the begi nning%nd the end 15 of the plurality of
short trainbg @ﬁybols. 3. The method in claim2 further conprising

det er mi ni ng %B aneter indicative of the signal energy and if the
paraneter is over a threshold detecting the beginning of the plurality of
short training synbols based on at |east the 20 autocorrelation and the
parameter. 4 ThA methed ph estmating Wher CariemEreausnay (ffsat (GEO) mra ity

of short t &hmd?ﬁca?%’ﬁggghélﬁ;oﬂﬁ}rﬁsﬂ _d based on when the nagnitude of the

autocorrelation 1s grea an'a predeterm ned proportion of the signal
energy 26 and t hpedomning danhautptorralatiby onfthelt@nimunizationg signahol s i s

det ect ed based on when the magnitude of the autocorrelation is |less than a
pr edet er mi ned pr %@Fﬁlmﬁh%ﬁegt %Pgﬁaqﬂll@{'&x ssa/.sh@ri raRnGsYRRPIS baseR1aRed i n

any of the preastihatfibédrdambygrein filtering 30 the autocorrelation
signal conprises passing the autocorrel ation signal through a first order,

or greater, |nfifitering theubstocRestaiiopesighaRafteothdrheginring ef tiie piralitylof 6.
The net hod %i'f ai ned in cgsai md5 wherein the | ow pass filter has a
transfer fuledtgR"NIg SHEPA =f29R) *i i rAC(n-1) + R'AC(n) 5 7. The nethod as
claimedid n any ogstiri&tiny feeGFT0b&dct OB aMiRisetHY filRSEH YuddHirdIafon signal.

autocorrel ation conprises: WI
2. The method in claim 1 further comprising detecting the end of the
plurality of short training symbols based on at least the autocorrelation and
wherein the autocorrelation signal is filtered between the beginning and the end

15  of the plurality of short training symbols.

3. The method in claim 2 further comprising determining a parameter

indicative of the signal energy and if the parameter is over a threshold detecting

the beginning of the plurality of short training symbols based on at least the
20 autocorrelation and the parameter. |

4. The method in claim 3 wherein the beginning of the plurality of short
training symbols is detected based on when the magnitude of the
autocorrelation is greater than a predetermined proportion of the signal energy

25 and the end of the plurality of short training symbols is detected based on when
the magnitude of the autocorrelation is less than a predetermined proportion of
the signal energy.

5. The method as claimed in any of the preceding claims wherein filtering
30 the autocorrelation signal comprises passing the autocorrelation signal fhrough

a first order, or greater, Infinite Impulse Response (lIR) Low Pass Filter (LPF).



AC(d) =1 (r (d+mr(d+mD)) M-0 8. The nethod as clained in claim7?
wherein estimating the CFO 1o conprises: df= arg(AC(d))/2rrTd 9. The

nmet hod as clainmed in any of the preceding clains the comunications signal
is an Orthogonal Frequency Division Miultiplexed 15 (OFDM signal. 10. A
met hod of synchroni sing an Orthogonal Frequency Division Miltiplexed
(OFDM si gnal corrpri sing: receiving the IODFM si gnal , 20 converting the
recei ved CDFMSl digitjse nal ,_ estimating the Carrier
Frequency CPfset 6 M@P&'ﬁ@?‘g 'Fﬁa15hlﬁ’ ergin té‘ﬁylo&f Pasg filletag Ay
clainms, co b kiHtibRe digitised signal based on at |east the estinated
CFQ, perfgir?%ﬁﬁg aln%a'st Fourier Transform (FFT) on the conpensated signal,

25 and denodul at ling(n)s¢1BFiiracmb)+ B*AC(n)

5 7. The method as claimed in any of the preceding claims wherein

performing the autocorrelation comprises:

AC(d) = E (r (d+m)r(d+m+D))

m=0

8. The method as claimed in claim 7 wherein estimating the CFO
10 comprises:
Af= arg(AC(d))/2mTy4

9. The method as claimed in any of the preceding claims the
communications signal is an Orthogonal Frequency Division Multiplexed
15 (OFDM) signal.

10. A method of synchronising an Orthogonal Frequency Division
Multiplexed (OFDM) signal comprising:
receiving the ODFM signal,
20 converting the received ODFM signal to a digitised signal,
estimating the Carrier Frequency Offset (CFO) according to the method
in any of the preceding claims,
compensating the digitised signal based on at least the estimated CFO,
performing a Fast Fourier Transform (FFT) on the compensated signal,
25 and
demodulating the FFT signal.



