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| APPARATUS AND METHOD FOR DETERMINING SIGNAL AND/OR
SYMBOL TIMING IN A WIRELESS COMMUNICATION SIGNAL The
invention relates to determining signal timing in a wireless
communications 5 signal. The invention also relates to determining
symbol timing in a wireless MIMO (Multiﬂ)le input, Multiple output)
wireless communlcatlons S%nal The |nvent|on has articular, but not

excluﬁv é!&%hs&w/ OR

Multlplewwm@emmrﬂ@wﬂmm&pmst@wmmemmh BRENAL
transmitted over a wireless communications link typically consist of a

preamble portion and a data payload portion. A wireless receiver device
gonégmedtt@rfeeeh@eae/d:{eef@dm:ﬂ‘g§@f}glnrﬁa§ﬁh&am@@élemﬁmf y 'dnﬁeaﬁons
eterming signal (frame/pac iming, to facilitate rocessln of the dat
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eI withste thput;laﬁue@r@amqém)ckﬁb(c@mreamemdtwhers@d@tarhe
mbol in he dat d of that frame/ acket comme rin
RS G R B DOV HCHA o b AR TR i
Sﬂ@ﬁmdguhﬁtéﬁr&qsefmysmh@@ﬂ Matiopi e i) leygrshen the edges of the

frequency band. Wireless communications devices usually offer some
tolerance for symbol timing errors by introducing a cyclic prefix to extend

the syoibokadis eyenemle,, m@déwwsyeﬂeme tthadimitted exrer shovddele
small enou the a@ nneI |m eres o W|th.|n the

L A R S A LB T TE e ERUAToAD & imgayioad
450etior. is‘\aﬂaajesshenéhecwdwqmmnfmme&mmeneaemdeec@euhe signal

wil oot o QEDM sYslems a guard el (6, Cope M Ne 03 (o iitate
part o epsymrBo mserted eoreEh Syt asa@ycﬁ pﬂa X9

Thrersfesgrodierdatagolydeals| and phase rotation, the estimated timing
of the start of the symbol should be within the guard interval and
preferably as near to the start of the symbol as

A principal objective of frame and symbol timing is to determine when the

desired frame/packet commences and when a data symbol in the data payload
of that frame/packet commences. Any error in timing in this detection process
will give rise to a phase rotation of the signal (sub)carriers. This phase rotation
is largest on the edges of the frequency band. Wireless communications
devices usually offer some tolerance for symbol timing errors by introducing a
cyclic prefix to extend the symbol. For example, in OFDM systems, the timing
error should be small enough to keep the channel impulse response within the
cyclic prefix so that orthogonality between subcarriers is maintained. If a timing
error is a larger than the cyclic prefix, Inter Symbol Interference (ISI) will occur.
In OFDM systems a guard interval (Gl), copied from the last part of the symbol,
is inserted before the symbol as a cyclic prefix. Therefore, in order to reduce
ISl and phase rotation, the estimated timing of the start of the symbol should be
within the guard interval and preferably as near to the start of the symbol as

possible.
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so possible. 2 Figure 1A illustrates wireless signal components 10, 12
transmitted respectively by antennas 14, 16. Signal component 10
comprises preamble 16. Signal component 12 comprises preamble 18,
shifted by a cyclic shift interval with respect to preamble 16 of signal
component 10. The cyclic shift may be a %hift 5 of the same or similar
ignals bein Aﬁ transmitted through different spatial streams respectively by

t%wf?a%ﬁ UEsraiRpivirRiosRickn & praveanammidhtichtiebeatittechigrpectively
'%%ﬁ&ﬂ?&sﬂﬁs % C'&%HE? H@KS@H@%’[’FI@\GQH?An%'@é‘ﬁlrégmﬂ%n?@tségnal

12 appear to be multipath signals. io Typically, timing estimation for a

WIRRRNSBh AR SUBRIEYRS PP ebiPiatiRgShEtatidnapeielis shifidasamvakwith
Pregrakie s enEenifand HEiGHRCERASHRIRN Yie qﬁé%?&lefs%#ﬁrrﬁﬁ@%% a shift

The preamble sequences can be considered synchronisation signals that

P tﬁ‘r‘%%?éﬂ%é& RileRiereiphsing transmitseiredeaditigrom spatial

cmégmgmggp@éwaw%fﬁ&%%a«ﬂh 8/ghystandguietis ?@vr@me
preamble called L-STF (Legacy Short Training Field) in IE E 802.11

Ipgatiopp é??ﬁiamﬁam@a raignal- sHele efimehimsdesthainstividual
smemmmneﬁm 62 8pRddmsBadatipism drfines the L-LTF

(Legacy Long Training Field) in the preamble, comprising long training
symbols following the L-STF symbols. 20 In a multipath environment,

StgpitypicairpingrablRrearoplaspn iESIERANSRYIA! REMBFG LYY SBMBISENg the
sQ tha ar %{bpeak etected %m%nal cross-correlation is. smaller than

Kl S pahiesarsIRRER AT fiateringRorelation via

terossiittedfeighad siaversaheplipie brile (R St secivessas iRk AN
25i ntgrfer.en e pattern th%t obscures the results of the correlation

FULORRRI IR B LS BRSSP CRRAERRERT SR HBRSTISSion.
rFoltipat HEIRY cordideratdmesidisdmantitise Bteoriated /dacand praks

ata recFiVﬁ{ rather

example, the preamble called L-STF (Legacy Short Training Field) in IEEE
802.11n consists of ten identical predetermined short training symbols used for
synchronisation. The IEEE 802.11n standard also defines the L-LTF (Legacy
Long Training Field) in the preamble, comprising long training symbols following

the L-STF symbols.

In a multipath environment, such typical preamble correlation is spread over
several output samples so that any peak detected by signal cross-correlation is
smaller than would be detected in a non-multipath environment. In general, the
transmitted signal traverses multiple paths to the receiver resulting in an
interference pattern that obscures the results of the correlation process. The
correlation process for the multipath environment exhibits a multipath delay
profile and results in multiple attenuated decaying peaks at a receiver rather
than one strong peak. A single, constant threshold value — as discussed above
— used to distinguish correlation peaks from noise is inadequate to achieve
desired performance levels. A constant threshold value optimised for Additional
White Gaussian Noise (AWGN) increases the occurrence of missed events

since the threshold must be set at a relatively high level that is greater than the
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than one strong peak. A single, constant threshold value - as discussed
above - used to distinguish correlation peaks from noise is inadequate to
achieve 3o desired performance levels. A constant threshold value
optimised for Additional White Gaussian Noise (AWGN) increases the
occurrence of missed events since the tAreshold must be set at a

relatively high level that is greater than the 3 result of the plural, more
desHilREHEorteralioRn¥eeris I al AcL RARICHRRIRYGRIEHD A SiHtiRath

terashaichesed f0EsRINBIAHPEHBIBGISBLRILEIS NMRAKAT ArEiBtoHRE Sveaker

but also jncreases the occurrence of timing errors. 5 Figure 1 B illustrates
tRB"ERIRHEH: RRAKErBEE RISR dMAIBRSERNRS S8 ERR S ghAIMEBs BB AEhtS
10, 12 with the predetermined preamble sequence returns two, individual
cross-caorrelation peaks 20, 22, spaced in time alolré% the time axis 24.

THEWHRif Bdlvakatartlrosencsreitmd s inske e ey pbtp rraPRATVE signal
yshipoRdnteyat LAitA s Pisasistencd MIVEREISdfRHBESEIMS two,

e,nvironm?nt intensifies multipath interference. In a MIMO-OFDM system

JRCHf B ABEEAIAN Rl S2qREACEY MTE-RRNEIBjERe axis 24.

MaksiRiei R RnRelsn thaddiinnderreyaliersbifla kaeosiopals sieas pyrnas lipe the
antennas. are transmitted through 15 multiple channels and summed up at
tﬁgcrll?cgi'\}gr"&ﬁ@’rﬁlras, which make the multipath interference even

worse. Multipath interferences eventually obscure the frame and symbol

timing. Referring agai lgure. 1, the preamble 18 of signal component

15 R WNOL R SV o B SRR ShHATHE by FIBBAREh
makepdtie inertdvedsignala MIMQIORONiftsfeiins priblrgirRpBSIPEE 802.11n,
antennas 14, 16 appear to be multipath signals, In addition to cyclic shift,
REBEIRTE SRS AR VA ALY SFAUTRE B o mprition to
daficadhitbnselsighain et dydmsitipreshtipnalbe e eirerimientas ugh
Tnﬁ‘ﬂﬁﬂSree&%:th”e !svgj#c? ganmt%nenaa urg% the receiver antennas, which make the
multipath interference even worse. Multipath interferences eventually obscure

the frame and symbol timing.

Referring again to Figure 1, the preamble 18 of signal component 12 is
cyclically shifted forward a few samples within one symbol which makes the
received signals through the different spatial streams of antennas 14, 16 appear
to be multipath signals. In addition to cyclic shift, the signal sent by multiple
antennas are transmitted through multiple channels (or sub-channels) and
summed up at the receiver antennas. That is, each, individual antenna may

detect a signal stream of a sub-channel it is not supposed to.

Furthermore, in WLAN standards, the symbols of the OFDM preamble have
relatively poor (high) cross-correlation properties, thereby increasing the
chances of timing estimation errors. Normally the correlation peak of a L-STF
preamble symbol is used to determine the symbol timing and the last correlation
peak is used to decide the frame timing. Because of poor cross-correlation

properties between L-STF and the following preamble, L-LTF, it is difficult to
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25 detect a signal stream of a sub-channel it is not supposed to.
Furthermore, in WLAN standards, the symbols of the OFDM preamble
have relatively poor (high) cross-correlation properties, thereby increasing
the chances of timing estimation errors. Normally the correlation peak of
a L-STF 30 preamble symbol is used to determine the symbol timing and
the last correlation peak is used to decide the frame timing. Because of

poRNgBih BRI GRIeHeRiBS MenldRR L-8TF anabeé IO

RiearobigdAtLifFvifiéh Hiielibin thidistingldel Hie insdearatatiornesksat
the L-STF symbol. In a MIMO environment in which multipath

IRRSFRIALINRES ST RARIREEC dhgh e {aBs AN MBS AVERIR8 e pasitnRISsEd.

the frame and symbol timing is easily missed. 5 Therefore, a summary of
problems which can lead to decreased performance in the

SYHRIGHON R i SHPBEBRS O TRg B Ba MINENRRN S ATV e Ty 78 P o6 Tormance in
eressyeRebAieMipropestebetnagmhtheumbldrissd aslidfopeamble

training symbols can make it difficult to determine fr acket timing. (r)

RO AT R RBPTORYREIY HE A G AT 86 L1 P proamble
requiiesry syeyslie haift todke inlddtlugrdditherminime srdtiabréeaming.

signal components, . thereby causing multiple correlation peaks O ,
T B R F B TRt SO HARHET R o Adguires 2
whenRdticemmiésdoba irtiatbdsterteteaceultpldepaibbirramisigaal components,
challenges to time synchronisation. Conventional methods using

coﬂ’b%ggﬁf ﬁﬁaﬁmég@)&%ﬁﬁ%ﬂ‘?&%& e able to overcome these
proMvis, dharelzy taadiogrieatsigrificadmumiser tbafasinglpactket aeld

syrréer](\)/ll tiwing rror. anqr, hence, loss &f eqﬁr}e ézglﬁkets from the

traremitEg" E; oS o TR e O EREES E‘t‘ﬁe@ﬁ!f’dependent

claims. Some optional features of the invention are defined in the
dﬁ%%%dgrnotb?lear'nrgsbring challenges to time synchronisation. Conventional
methods using correlation and threshold detection may not be able to overcome
these problems, thereby leading to a significant number of frame/packet and
symbol timing errors and, hence, loss of entire packets from the transmitted
signals.

The invention is defined in the independent claims. Some optional features of

the invention are defined in the dependent claims.

A first apparatus and method for signal and symbol timing determination in a
wireless communications signal distinguishes different preamble symbols and
frame/packet timing by comparing an auto-correlation of a signal and an energy
characteristic of the signal which acts as a threshold. In some apparatuses, the
energy characteristic is derived from the power or the energy of the signal. This
first apparatus and method may provide more reliable performance in signal

timing acquisition.
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A first apparatus and method for signal and symbol timing determination in

a 25 wireless communications signal distinguishes different preamble
symbols and frame/packet timing by comparing an auto-correlation of a
signal and an energy characteristic of the signal which acts as a

threshold. In some apparatuses, the energy characteristic is derived from

the power or the energy of the signal. This first apparatus and method
MeSasiFVGROPRIRHS| @mbrﬁ@maiﬁrm@mmé@etbwﬁrﬁﬁigrawaﬁé%ﬁf symbol

AiffRENE ARAATRILS @Mm@ﬁh&ﬂimrmm%l\fﬁﬁmeﬁ@%@%{ea 8hd method

symbol timing in a wireless communications MIMO signal. The apparatus
R PIRSIH ShBRBIFRS AR BIRPSECHIRIAIORS eorfBRfSAY B RAtions signal with

CORBUHCANAPSISITPR] 1ith cRkauwpralnBAlisThe fB R 9SS SAFEIFHOD dd the

performed at a first time and the 5 second cross correlation is performed

ASLLBESHATHRO URIRIAN EhPRFEO R dhifh @ ISP RiEnshirbifieshirarr e first

anpareius apdiensiifothiBeraetaemipes @itGeraRNALaIBaISON elaii?mines a
from the first and second_cross correlations. Such an apparatus and

BB Atk Rt RIRLRTR BIThEE iRt 8t RRePnAl <CBRv&RiERIligns. Such
ingesishirdiFenenidiMey signat aampanaitisde oing ®lsyaliiosMitMRerval

spatial streams. Some apparatuses utilise a correlation combiner to

gres o ssABEAR AteRdMIMiA s e herrapanarts thetierhbgirl
thnig giedeachiirdetesianie appe AU 0WEEN® R HERSIBEthHMer to

way of example only, and with 15 reference to the accompanying .
PR Pigareh % SVEhh BB TR PRIFRF e SHRbol timing
shifirinteadiliriiectasiamble of respective components of a wireless data

signal transmitted over different spatial streams; Figure 2 is a block

diagram illustrating an apparatus for estimating signal and 20 symbol

tinhiagnvetiton velesswidie sigrailsempyneatssifdignipld oniguenad isitn

O SR B e R B ARG B WG Whiz mation of signal

Figure 1 is a schematic diagram illustrating the cyclic shift interval in the
preamble of respective components of a wireless data signal transmitted over
different spatial streams;

Figure 2 is a block diagram illustrating an apparatus for estimating signal and
symbol timing in the wireless data signal components of Figure 1;

Figure 3 is a block diagram illustrating a process flow for the estimation of signal
and symbol timing in the apparatus of Figure 2;

Figure 4 is a signal waveform diagram representing two symbols in a wireless
data signal, and timing relations between the symbol; and

Figure 5 is a signal waveform diagram representing signals derived by the
apparatus of Figure 2 and the manner in which signal and symbol timing can be

derived from the signal.

With reference to Figure 2 an apparatus for signal and symbol timing will now
be described. The apparatus of Figure 2 comprises a receiver apparatus 30 for
receiving MIMO signals, optionally MIMO-OFDM signals although apparatuses
for signal timing are not restricted to MIMO or MIMO-OFDM signals. In the
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and symbol timing in the apparatus of Figure 2; Figure 4 is a signal
waveform diagram representing two symbols in a wireless data signal,

and timing relations between the symbol; and 25 Figure 5 is a signal
waveform diagram representing signals derived by the apparatus of

Figure 2 and the manner in which signal @nd symbol timing can be

derived from the signal. With reference to Figure 2 an apparatus for signal
HrRERID6f fiainep il the R Ppsiséuge3Rrib s@nfinEragjarafis o rigiie Qver n

REPSRELIRSRINEr ARRBFAILS MR deiagoepdng MBAQ signaisvioeHasally
MIMO-OFDM signals altho(g%] apparatuses for signal timing are not

rERPREEH BYMMNOPSIM I GLORTAP S SIEINR! IO e° ESeiMpAef Fitevich are
e taRPAsaBEC ROy COMLRd 10 SARIBYINCACHRYIRAI TR BLSANS 36n. The

and comprises antennas 32a,..., 32n each of which is respectively
EREEIEE 51908 S RISRIELY GRA PR R BT BACONVeN IR RRGR are 36N are fed

LHBIVRARARIING T CONRERES (OrRRRIROUE IO iRk PRANSHIBRO FBR 38 HHH packet
The s respective signals output by analogue-to-digital converters 36a,...,

Frierior MadRdtgascakes iBrRemRMRRM A Aan et epaing Pingapore
nregsie ABpAaskipackiel ZIZ0H00I9 G Kb rdesgiadiBrence in its entirety.

commonly-assigned co-pending Singapore Patent Application No.
e

2087160645 HHEBHER 8y By fefdrereimationmealy/e AddiR iRty CFO
Oudlipigtech e doeQEQ estiaakendardiiersharifed 10 ChOJatrmevpacket

S A e R SR o oot o
ot irBygo! cliﬂni@gdfm@su@ﬂ%iﬁ w%ﬁdw?wmmmn@hmadldﬁ ifnput.
46 as an input. .Also input to window cgontrol module 46, is t utput(s) o
R R e kR Ao e ek s
fesbidufeagtt Faléeo dfp Uransionma ¢hFdontrolivie 4deg aaispat theastitPotirier
FFT.mod IS ied to demodulator 50 which.i n outputs . .
B Lo A Aot Aok A I oA s

syupptietindngemodivia@? £ which in turn outputs decoded bitstream 52.

Operation of packet detection module 40 and symbol timing module 42 is
described in greater detail with reference to Figure 3. Initially, received MIMO
signal components from the multiple input antennas 32a,..., 32n are sampled at
over-sampling rate by apparatus 30 and saved into a buffer in the packet
detection module. At step 62, apparatus 30 calculates the signal energy R. The
energy of the signal samples is measured and accumulated over a window
duration of Ty. If the sample interval is T, Ty=WT; i.e. W samples in the
window are processed to calculate the signal energy R(d) of the received

signals, determined by:

At w-1

Rd)=2. 2,

a=1 m=0

ra(d+m)|2 (1)

where W is window length, representing the number of samples used to

compute the signal energy within the window, d is a time index corresponding to
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described in greater detail with reference to Figure 3. Initially, received
MIMO 20 signal components from the multiple input antennas 32a,..., 32n
are sampled at over-sampling rate by apparatus 30 and saved into a
buffer in the packet detection module. At step 62, apparatus 30 calculates
the signal energy R. The energy of the signal samples is measured and
accumulated over a window duration of Tw. If the sample interval is T,

Theirst semplesihipryinday 245 Wikdsuptas, grobessempdecineama the window,
Sj f?il’?é‘@(@%a'?@?e‘?%)m ecsl S9Nt SIRENIREELY NG Medlis the number

R(d)=~~jr"(d+nt 2 (1) "a=I m=0 30 where W is window length, representing

tRé FigRHENsirarilesrRreding oipaetNgiyRRrenetg) withisiige signal
VARERYY: id B UiMAdRASIc UERRONSIRY 40 da ihe st FAMRISIRHAE over a first

window of W samples, m the sam[)le index of the window, ra is the signal
eHisligg dfindaimnisieddi inbWY sem@lefiain a and Att is the number of signal
chains corresponding to the antennas 32a.... 32n. Thus, the signal energy
is accumulated for each spatial stream of the MIMO signal over a first 5

sﬁﬁmﬁ%ﬁ%mb%ﬁ(@fW%Q%BT@W&%%BM%@W&?%&M”W iterative
im%@@@ﬁ@q:by the following simplified iterative computation: R(d + 1) =

R(d) +f r(d +w~2 -jr(d~2 (2) 10 Where r(d+W) is the received signal

sample, r(d) is buffere@(gamiple Atihdelx(d,+anfl Wiiitegration window @)
length. At step 64, apparatus 30 determines whether or not the calculated

signal 15 energy R satisfies a threshold criterion. In one example, the

tk}(ﬁu%‘?e%!?’(&ﬂ%/{}%‘%ﬁg?gc‘e'%%f DeRarshRtbiR ) e eASHARd SRRkt index o,

energy is greafer t
and W is integration window length.

At step 64, apparatus 30 determines whether or not the calculated signal
energy R satisfies a threshold criterion. In one example, the threshold criterion
which must be satisfied is that the calculated signal energy is greater than a
predetermined minimum threshold amount. In parallel with the calculation of
signal energy at steps 62 and 64, apparatus 30 also performs an auto-
correlation of the received signal. The auto-correlation of the received signal

samples ris calculated as follows:

At W—1

AC@)=3"Y (" (d +m)r,(d +m+ D)) (3)

a=l m=0

where D is the number of delay samples in the delay of the auto-correlation and
Wis the number of samples over the length of the correlation window. The
auto-correlation is accumulated for each spatial stream of the MIMO signal over
a second sliding window length. The window slides along in time as the

receiver apparatus 30 searches for the L-STF symbols of the preamble.
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predetermined minimum threshold amount. In parallel with the calculation

of signal energy at steps 62 and 64, apparatus 30 also performs an auto-
correlation of the received signal. The auto-correlation of the received

signal 20 samples r is calculated as follows: Aat W-1( AC(d)_ (c*(d+m)r,
(d+m+D)) (3) a=I m=0 where D is the nufber of delay samples in the

delay of the auto-correlation and 25 W is the number of samples over the
lehigenLoBthie pmetitiod thingosarThie awdliostratatidn Sigecaihuléted fienote T
e ial st f ign a idi '

pk R AR R S A R
stdRgreseor wirdoys Phv sy Mbo|shop tadgiaramitisd. Guratien «b Tesyanbots sifding
the: [ InFi f 10te m
e e Fao e SR R

m@mﬂwtmmmwim@aﬁmm seeoabicsticyry bwinelogih, i.e.,
legistii ds-set mecm@aﬂeﬂ Wtﬁh@ﬂw@ﬁaﬂ ems%ﬁeeg%?ﬁa %@gﬁ%@@%on

detection, the delaytime Td is set to orie short symbol lengt
aleneil; ihfe f@@io% window length Tw is also set to one short symbol
length; i.e. 800ns. If apparatus 30 determines that the calculated signal

energy R satisfies the io threshold criterion in step 64 of Figure 3, a

sthRgaERitesT pldlajnsmienss taltaemalepirie thoigsrbang ey Bcketisfies the
dgiRCION MAHEIRHAGH '&é;be(‘}ﬂr%?@? G?@@@%égﬁnﬁ#g%(?%ri@ Wil #a% Rbya

UR defines an energy characteristic of the signal. another e%mp

theWielgy Eediteustio Rarkmisteinction produde diu dndhenereatntiateample

S A e BSOS 0 sona.

abbsoltier erenibleldha kresod yhehavhateois titaksotedietiakibly & guadiost 3f 1 and
the calculated signal power which can be calculated as an alternative to the
signal energy as described above.) At step 68, apparatus 30 calculates an
absolute magnitude value of the auto-correlation defined by Equation 3.
Apparatus 30 then utilises a comparator (not shown) to compare the absolute
value of the auto-correlation with the energy characteristic #-R and determines
the signal timing in dependence of the comparison. In the example of Figure 3,
signal timing is detected when the absolute value of the auto-correlation
exceeds the calculated value of the energy characteristic. That is, it indicates
that a desired signal is received and a desired frame has started. (This is
discussed further below with reference to Figure 5.) Detection of the signal

timing (packet/frame timing) by apparatus 30 is depicted at step 70.

Therefore, it will be seen that apparatus 30 determines the signal timing by
performing an auto-correlation of the signal, determining whether an energy
characteristic of the signal satisfies a threshold criterion and, upon this
determination, compares the auto-correlation with the energy characteristic.

The signal timing is determined from the comparison.
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Apparatus 30 then utilises a comparator (not shown) to compare the
absolute value of the auto-correlation with the energy characteristic pR
and determines the signal timing in dependence of the comparison. In the
example of Figure 3, 20 signal timing is detected when the absolute value
of the auto-correlation exceeds the calcdlated value of the energy
characteristic. That is, it indicates that a desired signal is received and a

desifeeniianrimRovertbie erAR e dspigsanarnardeRiPanatdramein a

iRl Brb REteeng Qidhssianakiiming @ackey KaRIR ABNE) Mdh-MIMO
apparatus 30 is depicted at step 70. 25 Therefore, it will be seen that

aDf54PERSs 30 determines the signal timing by performing an
auto-correlation of the signal, determining whether an energy
characteristic of the signal satisfies a threshold criterion and, uPon this

deferfinlaititiebmprareiorie diRrERviemAcTHliRIFHaRaTsIgyelative to the
ShataRigHElEs3 e SR RINGdS Slstethiied, THoRRAREISEHPHISAR Shale

As mentioned above, this exampledepicts an apparatus for signal timin

NalURiMORpHatPBIINGE WrldpselerlethiITsirialg RsaiBeine In the
;ﬁgﬁ'&l'.“/\@/véyémﬁe? tHaesRGtTACtRivL I selfiario PRy ideBnsist of a

icient margin relative to the instantaneous noise level in the signals.
TRsiiedsianab sastePRRThE 3RdIBOIRAUY IBIe PRIENGR FRMEENANI: then r=s +

selesind-iomiignsn effests etarise ighal signpbrbie teasidey: the

signals received at apparatus 30 to consist of a desired signal component
s and noise or interference component n, then r=s + 10 n.
Auto-copngelatinp gfithergceived signal components leads to: AC = ACs +
ACn, where ACs is the auto-correlation of the desired signal s, and ACn is
the auto- 15 correlation of the noise component. Generally, | ACs 1, is

NUHETAATRS il AGE-Eolneia@dnindRiReigediied @ignal s, and ACn is the auto-

correlation of the noise component.

Generally, |ACs], is much larger than |ACn|. Indeed, in a noise-free or
relatively noise-free signal environment, |ACs]| is normally close to the signal
energy characteristic R. The absolute value of the auto-correlation of the noise
component |ACn| can possibly cause false detection of the signal timing. In
the condition where |AC| >R, p is selected to make p*R> |ACn|. When the
received signal does not contain the desired signal, |AC|=|ACn]| <u*R. When

the received signal contains a desired signal, |AC|=|ACs|+|ACn]| > R.

For simplicity, the absolute value of the auto-correlation, [AC/ can be replaced
with [real(AC)[ + [imag(AC)|.

Normally, packet/frame detection by apparatus 30 can be finished within three
short symbols; i.e. within 2.4us. If the absolute value of the auto-correlation
does not exceed the threshold over the first preamble, the packet is considered

to be lost.
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relatively noise-free signal environment, | ACs | is normally close to the
signal energy characteristic R. The absolute value of the auto-correlation
of the noise 20 component | ACn | can possibly cause false detection of
the signal timing. In the condition where | AC | >p*R, p. is selected to
make "R> ACn 1. When the received sigfial does not contain the desired
signal, | AC I = ACn | <p'R. When the received signal contains a desired
signal, JAC | =1 ACs | + JACn | >p’R. 25 For simplicity, the absolute

- i i eal( + .
A R el S R S s R o wiretess
fgighald Witkin detestishart bionk@i§; that wikhiatz distef theabxdineeavdinre

- laty 0) t fi
SR S DA NS Gl o s

confgimeu e ddberwipessyartsiatinting ireaammiGigiel sssnpigand os stored L-
detectional HIocks 8iihigt the absolute value of the auto- correlation

exceeds the energy characteristic, apparatus 30 calculates at step 5 70 of

Figure 3 the cross-correlation of received signal samples and the stored L-

STF preamble as follows: At, W1, XC(d) = X X (r,," (d + m)s(m)) (4) a=l

m=0 10 where s(m) reStesBrtthp tQ?édth)F(;ng)}eamble. Normally, the (4)
peak of the cross-correlation witl inélicate the start of a symbol. However,

in MIMO systems, and in particular MIMO-OFDM systems, matters

become more complicated because the cyclic shift is introduced to a
PHE&RRLREM S QR UFdRErPiIaRH STrEEMR PSR to prevent

unintentional beamforming which results in multiple cross-correlation

peaks. In order to reduce the multipath effect caused by cyclic shift, the

MNxmalvsdhbgideakirblesrasise@yelation will indicate the start of a symbol.

However, in MIMO systems, and in particular MIMO-OFDM systems, matters
become more complicated because the cyclic shift is introduced to a preamble
symbol of each spatial stream in order to prevent unintentional beamforming
which results in multiple cross-correlation peaks. In order to reduce the
multipath effect caused by cyclic shift, the cross-correlation can be combined as
follows:

XCC(d)=XC(d)+ XC(d-c) (5)

where XC(d) is a first cross correlation for the communications signal with the
known symbol stored in the apparatus 30 and XC(d - ¢) is a second correlation
for the communications signal performed at a second time, the second time
being shifted from the first time by the shift interval. Thus, the cross correlation
is a combined cross correlation. In the example of Equation 5, the combined
cross correlation is obtained from a summation of the first and second cross

correlations.
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follows: 20 XCC(d) = XC(d) + XC(d - c) (5) where XC(d) is a first cross
correlation for the communications signal with the known symbol stored in

the apparatus 30 and XC(d - c¢) is a second correlation for the
communications signal performed at a second time, the second time 25

being shifted from the first time by the shift interval. Thus, the cross

correlation is a combined cross correlation. In the example of Equation 5,
tl@ommm@m@msmeuﬁmmsmbmmmoan additiomatibtwof pleafissthereby

r re t Lnln the c ss-correlation
;%%/Lﬁdﬁ 41(?9 (ér% Z@%é A%‘ two pea fﬂere y resu?tlng |Reaals(|ﬁ/8fue &l }(he correct
Thisithelrtifoireg rrerd alistinde shesktbidyseakthermontber pyaksatitnengigmal. By

Sl I SR R BRI o

tuthmgmﬂgSTrE Sirhimyisbats venbe msieethiads, it can be seen that the
apparatus 30 is configured to determine a combined cross-correlation
from the first and second cross-correlations and determine symbol timing
fronvshé cembimegendbaidbeciatanatisiSE isrceofigyseddatdetaurdrana

IS BHIAEd H?SEB%}Q%TH%@“FF&W{ 8'¥w%‘%4n§’9§’68%c%§§'@8m9t ?H and

determlnlng symb timing In a WII’ ess communication signa

stigtarmivengyfinboatitine amdigp sicohipedanasesapriatigindiis is an
(RreERAIR) BYRe!SH KIBNYgN AR éﬁ&%}w Oﬁ\%ﬁﬁﬁw Ewg%e&altus

component being shifted by a shift inte vaI with respect to a known syhibol
oanxgrméim&@rg%ﬂe&mﬁmwmmmu@g@maw@{mmw&mumm@n@ahon

flé%ﬁé@%ﬁecgrgﬁatmmgthﬁs?mm{wQﬁ;ﬁgr@dr\ﬂxﬁ%h@wﬁmﬁ% known

stored In the apparatus; perform at a second time, a second cross

cthrieasmblebsyrabelsmaknnvditere aimie WarmReliotoihn sseemsl siaal
sesRIpbHEM Being shiftsd H{/%H?ﬁ T Aiaen thes BHE tBieN@bwn symbol of

determine a combined cross-correlation
the first signal component, is configured to perform, at a first time, a first cross

correlation of the communications signal with a known symbol stored in the
apparatus; perform, at a second time, a second cross correlation of the
communications signal with the known symbol, the second time being shifted
from the first time by the shift interval; determine a combined cross-correlation
from the first and second cross-correlation; and determine symbol timing from a

combined cross-correlation.

The performance of Equation 5 is implemented by apparatus 30 in block 73 of

Figure 3.

Once the peak timing is detected, apparatus 30 monitors the peak of the
combined cross-correlation in a third sliding window in block 75a. The third
sliding window may be set to correspond with a duration of the known L-STF

symbol stored in the apparatus.

Apparatus 30 is also configured to detect the end of the L-STF preamble. From
this, the start of the L-LTF preamble can be detected. In wireless LAN
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20 from the first and second cross-correlation; and determine symbol
timing from a combined cross-correlation. The performance of Equation 5
is implemented by apparatus 30 in block 73 of Figure 3. 25 Once the
peak timing is detected, apparatus 30 monitors the peak of the combined
cross-correlation in a third sliding windovi2in block 75a. The third sliding
window may be set to correspond with a duration of the known L-STF
syiabaddh steréd 3T herap pardtt préfrpieasatnb A imatsa colfiyetpghtmr (high)
de e .of the L-STF preamble. From thjs, the start of the L-L.T.
S e AT R S s R e Lot
Lptgarrireaniblesymdmisanealeta retdtibelyvpo diiffignt syosssEomeladicrly,

i e a fal termination of the L-S reamble. . .
RGN AT ek R g AT i R
leviectitpilarasr dppesedaovhicio psesttiaatitinpbf dwipsiin boleivehics © AN

imi h i i igh )y i wgrel N. .
SRS TR AN AN ot o
disiseieh. /A pachiuspparariesusmké thise ob titiopeaocrekgiconpetaimty in

[ e -ST S
B B e S R G
coawitit ofode s dorldtnd peariviipirend detectitmganidiusd evhes-

; ] ) o . - ki
SRR e MR ARSI oo
metarblaerstidinginiede wignaimiler Frakdn gesTRinendlo torsdinghe
aRpALRitSH HspRiakeadiinadalss &QEWYB'@HBIBW?% HP8sd BRnal and
problem may be further exacerbated in a is MIMO environment.

the non L-STF preamble stored in the apparatus. This may lead to a false

determination of peak timing. The problem may be further exacerbated in a

MIMO environment.

In order to overcome this, apparatus 30 extends the algorithms already
discussed in Figure 3 in order to determine the end of the L-STF preamble
based on a second cross-over between the absolute value of the auto-
correlation of the received signals [AC/ with the energy characteristic 1£.R. In
block 72 of Figure 3, a determination is made that the absolute value of the
auto-correlation calculated in step 66 falls below the threshold of the energy
characteristic #.R. As such, this is the converse operation from the detection of
the signal timing whether the packet/frame is detected in steps 68, 70 of Figure
3. That is, the end of the L-STF preamble symbol is detected when the
absolute value of the auto-correlation becomes smaller rather than greater than
the energy characteristic 1. R. This cross-over enables the peak searching
module 75b of symbol timing module 42 in Figure 2 to output a signal asserting
the L-STF preamble to the window control function block 46 of Figure 2.
Determination of the end of the L-STF symbol timing is indicated as step 74 of

Figure 3.
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In order to overcome this, apparatus 30 extends the algorithms already
discussed in Figure 3 in order to determine the end of the L-STF preamble
based on a second cross-over between the absolute value of the auto 20
correlation of the received signals /AC/ with the energy characteristic U. R.
In block 72 of Figure 3, a determinationti¥ made that the absolute value of
the auto-correlation calculated in step 66 falls below the threshold of the
energy characteristic ,u.R. As such, this is the converse operation from

t atection igpal timing whether.the packet/frame is detected in
A e R P EMG e B e
Hppohissidtetiddaitiatettie aigrelutmdaymbbtiEangoscomeldimmussed. As

e rga reat the ene haracteristic u. R.
?%f%o@s-o et%eéhiﬂgéétmﬁeaﬁ%gaaféagﬁ?\ﬁ%g r%o%d[l%g}%%%) ‘'symbol timing
rttoelelesdgyicifEgure AttooutR A2 (sigict esseztingtthan 2SS ubcesualale talue); an
the window_control function block 46 of Figure 2. 30 Determipatign.of the
S R R e A R SRR s anc
Tan@ibgohoe va by ofdtte terdinead weefaonstHttbe S§nalsudetdeih Byeps 71

;glﬁdaﬂ)pgjg’%@?ogp facilitate the signal and symbol timing is now

scusse Shown in Figure 5, three signals are derived and illustrated:
5 the energy characteristic ,u.R 92 (which represents an absolute scalar

f@?ﬁf&@?ﬁ%gé%&%%‘éeﬁ%e aut i%%ﬁﬁ'&‘éi F‘o?‘#i@?}% tedh 0 2R 88e
of Figute 3; and an absolute Valie & combined Cross conelation 96
ciallagha sehyivatiems fo8 theHigiré Bsao Blesr (i eharsdstefistigd2 &) or so of

R D PR R AT BT RAE o sigpogegonas.
me@éw@ﬁab@@hﬁﬁﬁlplm%plawhﬂsmnﬁrgamhﬁraowﬁaﬁm&daqged over
e L s R DU SRR AD S5
gretease from about 60 samples up to about 150 samples when it also
increases to a plateau. At point 98 of Figure 5, the absolute value of the auto-
correlation crosses over (i.e. becomes greater than) the energy characteristic
92. At this point, the signal timing of the packet/frame is asserted and the
packet is detected. This clearly illustrates the signal processing algorithm
defined in steps 62, 64, 66 68 and 70 of Figure 3. Figure 5 also illustrates at
point 100 the instant where the value of the auto-correlation 94 falls below the
magnitude of the energy characteristic 92. At this point, and as illustrated in
step 72, 75b and 74 of Figure 3, the end of the L-STF preamble symbol and the
beginning of the L-LTF preamble symbol is indicated. Thus, when the L-STF
preamble is complete, the auto-correlation value decreases very quickly so that
a distinction between the L-STF and L-LTF preamble symbols may be made
within several samples of the wireless communication signal as sampled by our

analogue-to-digital converters 36a,...,36n.

Because the combined cross-correlation 96 peak occurs for each L-STF short
symbol, this enables the apparatus to detect fine symbol timing. The

determination that the absolute value of the auto-correlation has fallen below
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15 increase from about 60 samples up to about 150 samples when it also
increases to a plateau. At point 98 of Figure 5, the absolute value of the
auto- correlation crosses over (i.e. becomes greater than) the energy
characteristic 92. At this point, the signal timing of the packet/frame is
asserted and the packet is detected. Thigtclearly illustrates the signal
processing algorithm 20 defined in steps 62, 64, 66 68 and 70 of Figure 3.
Figarenergychinrsteitastit ipaitapl 0D tidigstand ishesede daligerointheocarse

-correlatio H I [ - istic
o S e e B e R SRS e
elagtoshbe LrB8mRg ryanbloletisying ovilive taigbediwitin drafmaimings.
preamble symbol is indicated. Thus, when the L-STF 25 preamble is
complete, the auto-correlation value decreases very quickly so that a

distiteton trntieral thendST EeiitbL rnTautectinlE iguribh8is xiragiseam&ifeOM

V@Wbé?Y&@a%@*ﬁBlﬁﬁge?W%%ﬁﬁ?ﬁ? IgaUeN g lr%sﬁzf’dwggess and

by our analogue-to-digital converters 36a,...,36n. 30 BecaUse t

cd_iﬁkﬁlﬁédlf@@@%if’éﬁm@h(Qﬁ)ﬂé%ﬂ@é_‘c@m@qﬁﬁé’a%mbSMH@rhaé&}ﬁﬂabﬁeﬂ
thistenabies the PRELUR SvAe B NG, syRpakiiRiNg: i ecessary for an

determination that the absolute value of'the auto-correlation has fallen
b@BW&l@n@I@@l@w;ﬁar_aa%@émsﬁ_EE ToRiFgisre i @serasd interval and
detRIMNeRORISEH BRSNS AN IRAIGHR BRARIRH BTSN

symbol preamble. The last short’training symbol timing will be aligned

witH s otipvegseimisatasbhvepimdn ina @V ashiné ldulbatsre, in order
R ERIGEHRASITENRYERNr sumbil Br thast EQHEIESIGIAISIPIER ?e:(zﬁw-@ving the

module 48 of Figure 2 to process and discard the guard interval (Gl) .
bﬁ%@fﬁdﬂ@ﬁf%&%ﬁbﬂ'WEQSHWWB%@OMJW& seypyal samples as is
wallhkBanghgXxact symbol timing is not necessary for an OFDM signal as

long as a start of an FFT window is within a guard interval and to after the
multipath channel delay. Inter-Symbol Interference (1S1) may be reduced

Oft QU BEIHPPIRIGERY IREIAHBE thEUATHABIBREH. JRRiBhere bin WEYRSf example
only and modifications in detail may be made without departing from the spirit
and scope of the invention. Features of one aspect of the invention may be

presented in combination with features of another aspect of the invention.
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to avoid removing a part or sample of the desired signal when removing
the guard interval, symbol timing is normally moved forward several
samples as is conventional. 15 It will be appreciated that the invention
has been described by way of example only and modifications in detail
may be made without departing from thel§pirit and scope of the invention.
Features of one aspect of the invention may be presented in combination
witlafeatures of another aspect of the invention. 20 MCSLLP 15 Claims

1. Apparatus for determining signal timing in a wireless communications
signal, the apparatus being configured to: 5 determine an auto-correlation

of the sijrap@étsriaindalgiahidnaisignetdgyringriaceersrtasithorsigualications
safi L&ﬁ%ﬁé%%%k%&%ﬁg%eﬂﬂ H%ﬁtgaid determination, compare the
auto-correlation with the effergy c%aracteristic; and determine the signal
timing fré@tetieldempaiser;arasadionieé thireligsallo communications

signal isa MIMAIRIRRS COMEMNEALRIRRIGRI AN the JORAIARfRes
further configured to determine symbol timing in the signal, the signal

havRR I AlRrstand Sigea eaif setemrnaiaprismgraieihesbasrelation
kWY EHReLTherassand signial component being shifted by a shift

interval with respect to a known symbol of the first signal component, and
whereinthlETH Epihie 810836 L ied ibeerBRAlaPR. EETRIE, tasirdreless
CEQRSrRAHTBIRINS & (i CRIAMANEIIARS S0 BBIYHNAJAIONE $1YRRCAN the

stored in the apparatus; perform, at a second time, a second cross
cOPRALEHS &% fgher configured to determine symbol timing in the signal, the

MCSLLP

signal having first and second signal components comprising known symbols, a
known symbol of the second signal component being shifted by a shift interval
with respect to a known symbol of the first signal component, and wherein the
apparatus is configured to:

perform, at a first time, a first cross correlation of the communications
signal with a known symbol stored in the apparatus;

perform, at a second time, a second cross correlation of the
communications signal with the known symbol, the second time being shifted
from the first time by the shift interval,

determine a combined cross correlation from the first and second cross
correlations; and

determine symbol timing from the combined cross correlation.

2. Apparatus according to claim 1, wherein the apparatus is configured to
determine the signal timing when the comparison returns that an absolute value

of the auto-correlation is greater than a value of the energy characteristic.

3. Apparatus according to claim 1 or claim 2, wherein the energy
characteristic is a scaled value of calculated signal energy or calculated signal
power, a scale factor for the scaled value being a pre-determined value

selected to mitigate effects of noise in the signal.
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communications signal with the known symbol, the second time being

shifted 20 from the first time by the shift interval; determine a combined

cross correlation from the first and second cross correlations; and MCSLLP
determine symbol timing from the combined cross correlation. 25 2.

Apparatus according to claim 1, whereinithe apparatus is configured to
determine the signal timing when the comparison returns that an absolute

value of the auto-correlation is greater than a value of the energy

characteyisti ) I according to claim 1 or claim 2,.wherein the
e%’ergy Z\@éﬁgarﬁjc?égr?s%?? &llsJIlﬁ s&éa%g& Al %ﬁwgaﬁ:ﬁlmfe\g%éﬁg terﬁa e\r/\(f:ig/eoerSS
cafeulatetsitinak powel e sdald factefes sheostaledivalim bsiggal and the

pre- rmij se to_mitigate effects of naise in the si
e B e s TSR o
witigtdess commumications signall iswe Vi MG wirdiegsiiodanwieitations
signal and the energy characteristic is accumulated for each spatial
stream of the MIMO 5 wireless communications signal over a first sliding

vﬁndqw@i@ﬁfﬁtgswmé_ing gtmm@m@ng preicadivigeskimiheivérelass
RS HRIRRS R BRI ALODS A BN ANMMO I GIRESRMEDIYNSALRAShe auto-
signal and the auto-"correlation is accumulated for each spatial stream o

tFe WRAIRIO Rigraf evaiaie s teopadlianyy dinderengthedINdPasians! over a
agEosRINg ifgis NN Risia predetermined duration of the second

sliding window length is setto correspond with a duration of a symbol of
the signal. 15 7. Apparatus according to any preceding claim, wherein the

apparatiny i iita ey ed dnfntschar R iRdawnanaPaliatls of the
signal from the , .
second sliding window length is set to correspond with a duration of a symbol of

the signal.

7. Apparatus according to any preceding claim, wherein the apparatus is
further configured to detect an end of a known symbol in the signal from the

comparison.

8. Apparatus according to claim 7, wherein the apparatus is configured to
detect the end of a known symbol in the signal when the absolute value of the

auto-correlation falls below the value of the energy characteristic.

9. Apparatus for determining symbol timing in a wireless MIMO
communications signal having first and second signal components comprising
known symbols, a known symbol of the second signal component being shifted
by a shift interval with respect to a known symbol of the first signal component,
the apparatus being configured to:

perform, at a first time, a first cross correlation of the communications

signal with a known symbol stored in the apparatus;
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comparison. 20 8. Apparatus according to claim 7, wherein the apparatus

is configured to detect the end of a known symbol in the signal when the

absolute value of the auto-correlation falls below the value of the energy MCSLLP
characteristic. 9. Apparatus for determining symbol timing in a wireless

MIMO 25 communications signal having Ifirst and second signal

components comprising known symbols, a known symbol of the second

signal coampamend beisgcsmitter dyassuttridtervat withreésjimciaiotheknown

symbol of.the. first si I c onent, the apparatus bein nfigured to:, .
YRR S0 SRR ERbL IS RRAIhE eI Bef e
sigmal thitHies khimerbsyimbshstorddrirathe apparatus; MCSLLP perform, at

a secong time,.a sec rrelati the ot i
with theiﬁgtvﬁﬁﬁﬁsn%b%%ﬁ@c%%égd%e gﬁg%sﬁﬁﬁﬁ%#?ﬁ%%ﬂééﬁﬁed Cross
byotiielstiif#itendal; determine a combined cross correlation from the first

and Sec&(?%ﬁ?ﬂﬁé %ﬁ%&?mﬂ%wﬁq %@é%%%ﬁgg?g&%f@me%m fhe

combined cross corfelation, 10.”Apparatus accor claim 1 or cl?a'im 9
, Wherein the apparatus is configured to determine the combined cross

cofrelatiop frog & sasrai o imine drgi andseqand & apparatus is

correlations. 11. Apparatus according to any of claims 1, 9 an ,

vAsEYigh e ippaieiinetberrukioas swesmpiealadienins) nsiwg etion of
aRefkPHhg SorphinefHoss egiriaton, and to monitor the peak in a

third sliding window. 15 12. Apparatus according to claim 11, wherein a
predetermined duration of the third sliding window is set to correspond

wWith a duriian ekt deiamy RYIRLEIERA Mg ARPAEUHerein the apparatus
is configured to determine the symbol timing from a peak of the combined cross

correlation, and to monitor the peak in a third sliding window.

12.  Apparatus according to claim 11, wherein a predetermined duration of
the third sliding window is set to correspond with a duration of the known

symbol stored in the apparatus.

13. A method for determining signal timing in a wireless communications
signal, the method comprising:

determining an auto-correlation of the signal;

determining whether an energy characteristic of the signal satisfies a
threshold criterion and, upon said determination, comparing the auto-correlation
with the energy characteristic; and

determining the signal timing from the comparison, wherein the wireless
communications signal is a MIMO wireless communications signal and the
method further comprises determining symbol timing in the signal, the signal
having first and second signal components comprising known symbols, a known
symbol of the second signal component being shifted by a shift interval with
respect to a known symbol of the first signal component, and the method

comprising:
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20 13. A method for determining signal timing in a wireless

communications signal, the method comprising: determining an MCSLLP
auto-correlation of the signal; determining whether an energy

characteristic of the signal satisfies a threshold criterion and, upon said
determination, comparing the auto-correlation 25 with the energy

characteristic; and determining the signal timing from the comparison,
whereirﬁé\ﬁomirﬁi@%t@mmum@ttﬁ)ﬂﬁssi@m:aisifcarl‘élh'l@rv\/dﬂeﬂﬁéfcommunications

ti I thod furth det
R A R Sy h oA Ry el it socond Sgnal

componmlﬁmnmgrlam secyml $ynehalssecknavenc3e symbleltiaiiiu the

second si na hn‘ted b a Shlf nterval w ect to
kn%%W‘éQm o?o? tﬁp fiPst S|gn5% co%)%‘n% t, %%Id %ﬁg%dd?%gjg%g%ahaﬂed
MO8 Lt fisgheifoerhint)eashifinstdémel; a first cross correlation of the
commuglé;%t ﬁlriécgé]r%)wmn%g SOLLS orrecfatsmr?d m He ?Ps?arad'lsécond Cross

performing, at a s Ime., & second cross correi%ltlon 5f the
cmnmlawl@aaoasctlgnal with the known symbol, the second time being

shifted sJtomaAISs e e A el dRiey A cambiee

Cross corre atlon rst a second cross” correlations; an
determining symbol timing from the combined cross correlation. 10 14.

The method aLaRIMAE2, dikerain ine mRthod Fama SP‘??F%%Q'B' Rning the

signal timing when the comparison returns that an a e value ot the
aﬁjﬁﬁ%@ﬁéwlmgﬂgﬂ&mﬁmlmmwmwé@tm@bénatat@ﬁs&@fﬂse auto-

Themsthediohrlaim 13 95 ¢lai WH%MQ? gtgng{i@cterlstlc is

15 a scaled va ue of calculate |gnal energy ated signal power,
the

15, The method of claim 13 or claim 14, wherein the energy characteristic is
a scaled value of calculated signal energy or calculated signal power, the
method comprising applying a pre-determined scale factor for the scaled value

selected to mitigate effects of noise in the signal.

16.  The method of any of claims 13 to 15, wherein the wireless
communications signal is a MIMO wireless communications signal and the
method comprises accumulating the energy characteristic for each spatial
stream of the MIMO wireless communications signal over a first sliding window

length.

17.  The method of any of claims 13 to 16, wherein the wireless
communications signal is a MIMO wireless communications signal and the
method comprises accumulating the auto-correlation for each spatial stream of

the MIMO signal over a second sliding window length.

18.  The method of claim 17, the method comprising setting a predetermined
duration of the second sliding window length to correspond with a duration of a

symbol of the signal.
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method comprising applying a pre-determined scale factor for the scaled

value selected to mitigate effects of noise in the signal. 16. The method of

any of claims 13 to 15, wherein the wireless 20 communications signal isMCSLLP
a MIMO wireless communications signal and the method comprises
accumulating the energy characteristic foy each spatial stream of the

MIMO wireless communications signal over a first sliding window length.

25 17. The method of any of claims 13 to 16, wherein the wireless

Tohod LoniEe SELAMEHTG The Sa S IR B 0P 44 SpEral Preng

siretaating threditMD signahoverralse ¢onldesbiting Viiodoth detg i S0 b8.

The method of claim 17, the method comprising setting a predetermined
duration of the second sliding window length to correspond with a duration
at@ symbelméthed;ighabiMGSL\hzﬁe@nlmeTmmemmrésrgscdeﬂairhsg the

1310 48, the Mebod her compriing S REng. A 0001 8 KO o

sym |n 8 SI RA! trom the &6 arlson & methad of claim
wioerelat thre ﬁmlmmxdcwrtrhmrmlsxeleﬂeﬂ:tmgrtbeg;endarbatkneﬂm symbol in
the signal when the absolute value of the auto- correlation falls below the

value of the energy characteristic. 21. A method for determining symbol
tinding immmmw@nmmumoaﬁm@imwmmsfwmd
S [

o P e oA S Pbisng
réspRat &y kaowa bymmsmmlb@H@éttmgﬁ@ceadqp@m@hpommﬁ@fﬁdwmg shifted
0 féﬁhﬂ%P&UngﬂQr@%gfﬁ;ﬁH%&AfH %}@F\‘Fﬁﬁ J@‘? f H@ﬁ’ component,
Cco it mbol store

munications Is signa a known sy In the apparatus;
the method comprising:

performing, at a first time, a first cross correlation of the communications
signal with a known symbol stored in the apparatus;

performing, at a second time, a second cross correlation of the
communications signal with the known symbol, the second time being shifted
from the first time by the shift interval,

determining a combined cross correlation from the first and second cross
correlations; and

determining symbol timing from the combined cross correlation.

22.  The method of claim 13 or claim 21, the method comprising determining
the combined cross correlation from a summation of the first and second cross

correlations.

23.  The method of any of claims 1, 21 and 22 , the method comprising
determining the symbol timing from a peak of the combined cross correlation,

and monitoring the peak in a third sliding window.



performing, at a second time, a second cross correlation of the

communications signal with the known symbol, the second time being

shifted from the first time by the shift interval; determining a combined MCSLLP

cross correlation from the first and second cross 20 correlations; and

determining symbol timing from the comtined cross correlation. 22. The

method of claim 13 or claim 21, the method comprising determining the

Crocs. 25 cormciAtong, 25 The meihertof amyof iaimé 1 21 anc 25 _th

Cros correlations, 23. The method of any of claims 1, 21 an the .
H5iFe SR Vb NI o304 ek i @ duration

conbinesberassyaasesistiad anthenapparin@ishe peak in a third sliding

window. 30 4CSLLP 20 24. The method of claim 23, the method further

comprising setting a predetermined duration of the third sliding window to

correspond with a duration of the known symbol stored in the apparatus.



