; 91 ;<e3ewgwj j k<nvnhq6qTgs *159159* Receiver and Method for W.AN Burst type
Signals Field of the invention The present invention re ds and
devices for receiving signals in 5 a Wreless Local Are mw mr)el ess
LAN, or WAN), particularly in the case that the signals are, 59{ hogonal
Frequency Division Miltiplexed (OFDM signals. Description of e prior art
10 Recently, OFDM based wirel ess LAN standards | EEE 802 nd

HI PERLAN 2 [2] [ 3] have been devel oped. The | EEE 802. 11 w%wiﬂw
described in "Supplenment to | EEE Standard for Information

Tel econmuni cations and | nformati on Exchange between Systens Gooqo%jcal and
Metropolitan Area Networks - Specific Requirenents - Part 11: Wrel ess LAN
15 Medium Access Cont RetelviéhandeMetitd foCWLANR Biirst Stiealsf | cati ons:

H gh- Speed Physical Layer in the 5 GHZ band” | EEE Std 802.11a - 1999.
HYPERLAN 2 is described in Broadband Radi o Access Networ ks (BRAN),
"Broadband Radi o Access Networks (BRAN); HYPERLAN type 2; Physical (PHY)
Layer". ETSI TS 101 475 V. 1.1 (2000-04); and also in Broadband 20 Radio
Access Netwo :oadband Radi o Access Networ ks (BRAN); HYPERLAN
Type 2; Dat akﬁﬁ(@gﬁntlpg?ﬁ?ﬁfq Layer Part 1: Basic Data Transport
Functions", ETYSI TS 101 716-1 V.1.1 (2000-04). For an OFDW based wi rel ess
recei ver, th&hegresentripvertionerelates teinmethbds amd: deviicgmafor deteiwingosignAiein

(utommt ¢ g Rlest oL e AR NS Ao A PO e S

WAN i ncl ude chseautnny sighhls aré Tithpgonal Pf&qiﬁn'c?@wi%ldﬁpﬂultlpl&eg: &tDM)

denodul ation 1s very sensitive to frequency offset and ISl "(Intersynbdl
Interferenceﬁ@@@bﬁed by a nultipath channel environnment and whi ch can
result in serious timng errors, also if not corrected a phase shift is
accunul ated on each subcarrier, and this can bring about channel estimtion
5 errors. Figure 1 shows the structure of the OFDM PHY frane of |EEE
802.11a in which a preanble precedes all data synbols. This preanble is
essenti al toDescriptionpeicthet pdet artt i on, automatic gain control, synbol
timng, frequency estimation and channel estination. 10 The first part of

e o GRRRRl ot Sad SR, SR R T 14 Py
Transform i piPERRANZS [2] [3) iRle BBEA @U@Mﬁed TWIEEE@O?Y‘[@%&&%Q‘%@ is

generated by using only honzero subcarrier values for subcarrier nunbers

vvh| ch are a ﬁasmbmdelrbfsuppremré tar iEEBcSteadsesh $orr dfoumation rTegcanpkasNy—short

2 comveni ent Ty CRPRibatons A RTBANRIG. ERbAde heber Al T RERE pll '
detection. Shkistroflolitant AreasNetworky HBpedifie Reduimheats t PmtSﬂ ‘BMrelessdAN y nbol

timng and a oarsefre enc of est | tlon Wit ge unanbi guous
range. 28 ThMedigpt Agsash, &B’!ﬂé) avsm)e&awrtﬁﬁl\f)o%eep IGRYENTY

3%’{‘28' |So\rl1mgt hH?grﬂsbé&a%y%f.ca W_%Iyeann e B2 Bl IEEET StBB21MR Lefsgyls for
HYPERLAN/2 is described in Broadband Radio Access Networks (BRAN),
“Broadband Radio Access Networks (BRAN); HYPERLAN type 2; Physical
(PHY) Layer”. ETSI TS 101 475 V.1.1 (2000-04); and also in Broadband
20 Radio Access Networks (BRAN), “Broadband Radio Access Networks
(BRAN); HYPERLAN Type 2; Data link Control (DLC) Layer Part 1: Basic

Data Transport Functions”, ETYSI TS 101 716-1 V.1.1 (2000-04).

For an OFDM-based wireless receiver, the following issues are significant:
signal detection, AGC (automatic control gain), carrier recovery, symbol
25 timing, frequency timing, and channel estimation. Important functions of a
OFDM modem for WLAN include frequency and timing synchronization, since



synbols in this part of the preanble: First, it nmakes it possible to do a
preci se frequency estimation on the |Iong synbol. Second, the | ong synbols
can be used to obtain reference anplitudes and phases for doing coherent 25
denodul ation. At the end of the preanble, a special SIGNAL OFDM data synbol
at the lowest 6 Miitls rate is sent which contains information about the

| engt h, nodul ation type and coding rate of the rest of the packet. 3
Finally, a variable nunber of data synbold are transmitted typically at a
hi gher nodul ation | evel or rate. Each data synbol consists of a guard

i nterval of 800 ns and a data |IFFT interval of 3.2 us. H PERLAN 2 system
has five different kinds of PHY bursts [2]: 5 1 ) Broadcast burst; 2)

Downl i nk - bur HFDRY démbtakatibHis Ve $ehsitivel fo fﬁé@mg%ﬁséi ahbllsntqntwéﬁhbw th

| ong preanble; 5) Direct link burst (optional | ndependent |y of the

bur rs]t bt ype edoterisienae)ceasest byoa ipaght tahgnsel @nwr@amntelamd whighyaadad.
E t it
ach burs 'Srggﬁl?.ljhege}% en@n@peaé%rg SAES T R ol (§§C§eJ 0} ;S’P{%sdepen d@ 8. ¢ he

payl oad secti e con pr eanble Ant pay ATt T o

bust type. Threamulatellioneeait selicartiet, amelsthiy cdnu bahg fayotre chatw el e stifrgatipinown
in Fi gure 2: H%F({ 15 a Broadcast burst, (b) a Downlink burst, (c) an Uplink
burst with Spreanble, (d) an Uplink burst with |ong preanble, (e) a

Direct link burst. The long training synbol is the sane as for | EEE 802. 11

a, but the preeed NSHBRBUSRCEr@ituref ihéﬁmhsPHWerﬁedbff fF_fEE-‘rﬁ(}2 ﬁéjoiH”' i nk

transm ssi on sgarts wth 10 short synbols as in | EEE 802. 11 a, but the
first 5 synbavmclaraepma‘mhieeprecewes alldatarsymbalet €his preantilaris esfsenm:l to

downl i nk f Up| t s} t h mbol
e ne | worPe bael Ao SR Fhn ity bR B XS
preanbl es of ésﬁﬁﬁt|%ﬂ?an¥]1@1é}ﬂﬁ| EbfithRligdY 2 is determned by their respective

prot ocol s.

10  The first part of the preamble consists of 10 repetitions of a training symbol
with a duration of 800 ns, which is only a quarter of the FFT (Fast Fourier
Transform) interval of a normal data symbol. These short symbols are
generated by using only nonzero subcarrier values for subcarrier numbers
which are a multiple of 4. There are two reasons for using relatively short

15 symbols in this part of the preamble: Firstly, the short symbols provide a
convenient way of performing Automatic Gain Control (AGC) and packet
detection. Secondly, the short synﬁbol period makes it possible to do symbol
timing and a coarse frequency offset estimation with a large unambiguous
range.

20 The short training symbols are followed by two long training symbols with a
duration of that of a data symbol. There are two reasons for using long
symbols in this part of the preamble: First, it makes it possible to do a precise
frequency estimation on the long symbol. Second, the long symbols can be
used to obtain reference amplitudes and phases for doing coherent

25 demodaulation.

At the end of the preamble, a special SIGNAL OFDM data symbol at the
lowest 6 Mbit/s rate is sent which contains information about the length,

modulation type and coding rate of the rest of the packet.



4 However, at the PHY level, in principle the sane receiver architecture
‘may be used for | EEE802. 11a bursts and sonme H PERLAN bursts, in particular
t he non-downlink bursts. Signal detection, AGC and synchroni zation are not
necessary for downlink burst. As the format of broadcast burst of 5

H PERLAN/ 2 is al nost the sanme as that of | EEE802. 11a, the sane receiver
architectures or nethods can be used. Figure 3 shows the tine and frequency
structure of an OFDM packet having an | EEE 802. 11 preanbl e. The packet
starts with 10 short training synbols, using only twelve subcarriers,
followed by two long training synbols and data 10 synbols using the full
fifty two subcarriers and containing four known pilot subcarriers used for
estimating t lénalbf anariableoharmber dhdataessynsibals @re transmittedstypivally at achighérow

order nodul ation for example QPSK (hepce oply the twelve suhcarrier in
order o al & upduiation BIRTBF Fate: Soek Aaknwobel consstsict i Gurd HESVAI RS H0c ke
before the agiudld 4d¥ata E#"Pirﬁéﬁap@f(?ﬂ‘ifs‘?sswl | y decoded. 15 The preanbl e,

which is contained in the first sixteen mcroseconds of each packet
conprises the ten short synbols on twelve subcarriers and the two | ong
synbol s on alHIPERLANR®yster deasrfiverdiffeient hinds af PHhebustaldlt art of packet
detection, automatic gain control, synmbol timng, frequency estimation and

channel esti ngtd I .these training tasks are necessary in order to
20 succes fumﬁrggg‘é%}@ug%td decode the actual data bits. As is known a
cyclic prefix or guard interval (@) is added to each data synbol to nake

t he receiver 2j@ewvnlinkusirst,o nmul ti path propagation. In particular, it is
i ntended that the guard interval be |arge enough conpared with the spread

25 del ay of t hannel, such that al], significant received copies of the
dat a synbol éﬁ#ﬁ"\%{htﬁ%‘”ﬁhéh%ﬁﬁ%m lervals. 30 5 Summary of the

I nvention The present invention ains to provide an inproved or at |east

alternative &&r\[}mmqﬁ"g{w;t@mﬁ%gﬁ\m@'l ating to receiving signals,
[ [ AN.

especially OFDM'signals in a

5) Direct link burst (optional).

10 Independently of the burst type each burst consists of two sections: a
preamble and a payload. Each burst is started with a preamble section which
is followed by a payload section. The content of preamble and payload

section depends on the bust type.

There are five different types of burst format which are shown in Figure 2: (a)
15 a Broadcast burst, (b) a Downlink burst, (¢) an Uplink burst with short
preamble, (d) an Uplink burst with long preamble, (e) a Direct link burst.

The long training symbol is the same as for IEEE 802.11a, but the preceding
sequence of short symbols may be different. A downlink transmission starts
with 10 short symbols as in IEEE 802.11a, but the first 5 symbols are different

20 in order to detect the start of the downlink frame. Uplink packets may use 5 or
10 identical short symbols, with the last short symbol being inverted. The
difference between the preambies of IEEE 802.11a and HIPERLAN/2 is
determined by their respective protocols.



There are provided various aspects relating to a receiver for an OFDM bur st
type' signal, including: signal detection; automatic gain control; synbo
timng; 10 frequency offset tracking;, and frequency tracking. Apparatus and
nmet hods relating to each of these aspects may advantageously be conbi ned

wi th apparatus and net hods of the other aspects. Alternatively, each aspect
may be used with prior art other aspects of the receiver. 15 In one aspect
of the present invention, there is providéd a signal detection apparatus
for an OFDM receiver, having: means for determning the correlation of
correspondi ng sanpl es of two received preanble synbol sanples, one said
sanpl e del ayed a predeterm ned duration with respect to the other; signal
det ecti on beiHwvévelj stthecPMifdevéihin prindigledhe Ganiér@ea&tr@rcmtwturéﬁnay bequal

t th hol d; i he th hol d d t th f
e r eoet vod Useenpt I EEEpda bt and some HPERAN bussoi Bamisuan e
signal det eCtdoWHcWFﬁlWPEFH@” 8| Ik Vg)?t&'itmnn'ﬂgct %ﬁggf’&;ﬁﬂré’ﬁlk%rﬁ)fare n?t

correspondi ng sanples of two re preanbl e sy one sald sa
del ayed a pr ewteessaryndor cloverlinkn buirsth 23sr dhpefdrmat ofiebmtddeast sbtgsalof

det ecti on_bei t.ed V\/ne t he correl.ati I reater, than or equal to
a threshoPd; "ﬂ%ﬁ@‘rﬁ@ﬂé "’ll'Pi'Pé ths game %b@ﬁé&ggﬁﬂlghﬁ%l the SaMR FRFEIVAT t he
recei ved preaaﬁ@rhfecﬁf'r@?@r?netpod@c;ﬁ'b%dé%‘ﬂs t he signal power of sanples of

the received preanble synb over the nunber of short synbols required for
signal detection to set the threshold for the correlation nethod of

detecting a diigurel3 straws thastlmmendcfmmu structurerefvam @FLIM packet baving

Chrechurn FSRRCIERR BBy BRABRES T FAPRR S e MR hed N ARRRbE® 11
Preferably t mmgomyammf suﬁdaerrereombmswwmﬁgorraﬂmgesymmlsgaﬁdwea@ gnal
power of the synbol npl es, and neans for determning said threshold from

10 said épgnévnm%ﬂsﬁ\gdth%@"sf@héwopﬁmar@@ﬁe@mﬁ monbanw@grf@unﬂsy\omp
conpri se ”ea%%REQFne?&%BH'fBF 'egﬁmtaﬂﬁg QhéerFe‘? gﬁ&&‘%e“ﬂ?@'t%\ §ﬁBH'tFa|ﬁf ”a'

powers, wth 't edeter m ned durati on pre era one prea
Zynbol The csgmbmilsatusenadlfv\enméndnmdmmlm trgeéﬁambla/mmraheaeem;asm‘éor 15
etermnlngt epro uct .o aS Sa e an t.he con ateo

dol ayed sanpteSVB:sUGarTiarsh I ST 12 AW dhe decrier i syrbronise .'tﬁ&;awmhsn

wi ndow; and %ﬁlngoﬁaé@fuﬁwo@é 'the édi‘@alddétfaebi?é‘%anbé‘é %%Eeﬁ%:er ) Bepdysd. at

t he beginning and &nd of 'sard w ndow. he sanples are pre ably a first
and a ladb s praambslecwhmbl lat¢qmameddovthea'w$tngx@ehemgzroseﬁomhse qﬁrea@;hbl e

symbol . I n ap%%ﬁgtngorﬁaps AL 1R SRS Bos ST MVERE: siSiiersSaRd b 458 2"
long symbols on all fifty two subcarriers, is used to perform start of packet
detection, automatic gain control, symbol timing, frequency estimation and
channel estimation. All of these training tasks are necessary in order to

20 successfully receive and decode the actual data bits.

As is known a cyclic prefix or guard interval (Gl) is added to each data symbol
to make the receiver more robust to multipath propagation. In particular, it is
intended that the guard interval be large enough compared with the spread

25 delay of the channel such that all significant received copies of the data
symbol start within the guard intervals.

30



Gain Control apparatus for an OFDM receiver, having: neans for determ ning
't he average power of received preanble synbols in order to set an 25
appropriate AGC | evel; neans for determning a first AGC | evel based on the
average power of a first nunber of synbols and; neans for determ ning a 7
second ACC | evel based on the average power of a second nunber of
subsequent synbols. There is also provided a correspondi ng automati c gain
control method conprising: determning thé average power of received
preanbl e synbols in 5 order to set an appropriate AGC |l evel; determning a
first AGC | evel based on the average power of a first nunber of synbols
and; determ ning a second AGC | evel based on the average power of a second
nunber of subsequent synbols. 10 This allows synbol timng and frequency
offset estimation to start earlier and use nore short synbols thus

i ncreasi ng t hummawyetihe IByentiobwi ng themto rely on a coarse AGC. It al so
uses nore short synbols overall for (fine) AGC and thus increases its
accuracy for data recovery. Coarse AGC is sufficient for starting symnmbo
timng and frEwpresgnbirveatiosalmstd prviddan improved oratuéadtialterriative is | ow

I.e. QPSK, the fine AGC being inplenented before high |evel | ation such
as 64 QAMSwhanethadsang @m&ssrg%sms terrPP‘F'&E‘Q.S'QIE)Q%’ Q%%Claﬁ‘b{i@ﬂgkl’bﬁgaﬂsom
bot h coarse qB% fLpey frequency estimation to be done within the first

y conpa

preanbl e. 20 rison, prior art AGC neasures the signal power of the
first seven short synbols in the first preanble, this accunul ated total

bei to det ] th i at i | evel ., Ho

Dhi 00 295 ther a1f rEovited uanews BEpSs 1dbfiad B Rusfaiver gl OEPM Riiaing

f ff i i inla " t4i |,
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t hus | eaving only mbol's an ence |imting accurdcy. Thi
resul ts i19 t Heeduemeyfafisgtitracking;sandriietidendyaivacking.dApparatuseandmethndsnd
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apparatus and methods of the other aspects. Alternatively, each aspect may

be used with prior art other aspects of the receiver.

15  In one aspect of the present invention, there is provided a signal detection
apparatus for an OFDM receiver, having: means for determining the
correlation of corresponding samples of two received preamble symbol
samples, one said sample delayed a predetermined duration with respect to
the other; signal detection being indicated when the correlation is greater than

20 or equal to a threshold; wherein the threshold is dependent on the signal
power of the received preamble symbols.

There is also provided a corresponding signal detection method comprising
determining the correlation of corresponding samples of two received
preamble symbols, one said sample delayed a predetermined duration with

25 respect to the other; signal detection being indicated when the correlation is
greater than or equal to a threshold; wherein the threshold is dependent on
the signal power of the received preamble symbols.



short synbol after signal detection which is normally only two short

' synbol s, 8 synbol timng and frequency offset estimation can start much
earlier and thus their accuracy is inproved. A second stage of AGC runs in
parallel with these functions and resets the AGC at the end of the short
preanbl e burst for high accuracy data recovery using the second stage AGC.
5 Preferably said first AGC | evel determ nation is triggered by signa
detection and said second AGC | evel deter®ination may be triggered by
synbol timng acquisition. Preferably, the determ ning means conprises an
infinite inpul se response filter and the AGC | evel determ nation neans nay
utilise a |l ook-up table to 10 correlate said average power with an AGC

| evel . Pref ermpig dsed the sigsgiipbwsidieanmples piithel eceivell Preambldeymbeélisbver r st

nunber. Preferably an [IRfilter is designed to average the neasured power
for 2"d AGC ithe aua@ﬁrpésh@raﬁwbpwqqéqad?@Usnguakct&tectm tosef thethrgsheldect of
th t i ti | | | t f

e ey ort o GHFRIEARIa B BRI, 2 IR e Kol 9 Kulsniage =t ve o

cor r espondi ngmprsuirigaceiratywof deteetioe dspedially bpiridreasexy toferaate ohaoisel d

sanpl e del ayed a predeterm ned duration with respect to the other; 20 neans
for integPat ilhip Bharagse the thresholdyedynamicang deperdentionrignalifecepioths f or
determ ni ng %oBHﬁuﬁHSnCy tracking error fromthe sum of said integration.
There is also provided a correspondi ng synbol timng nethod conprising:
determ ning the correlation of corresponding sanples of two received pil ot

Cespect Ty REStarRY.F APoaraLs futier oRAsE a0y G0N ROCDP AR
\IMntngg\rNafllngn | %wgérrrﬂf%élgymbbr SAMBIEBY ahll FREAMDTR dErAihIPG S8 tiseBheld fedhd
10 said signal power and the signal power determining means may further
comprise means for accumulating the difference between said sample signal
powers, with the predetermined duration preferably being of one preamble

symbol.

The correlation determining means preferably comprises means for

15 determining the product of a said sample and the conjugate of a said delayed
sample, means for accumulating said product over an integration window; and
means for accumulating the difference between said product at the beginning
and end of said window.

20 The samples are preferably a first and a last sample in a correlation window
having a length of one preamble symbol.

In a second aspect of the present invention, there is provided an Automatic
Gain Control apparatus for an OF DM receiver, having: means for determining
the average power of received preamble symbols in order to set an
25 appropriate AGC level; means for determining a first AGC level based on the
average power of a first number of symbols and; means for determining a



By using an integration wi ndow TWwhich is | onger than one short synbol,
"for exanple nine short synbols, this results, graphically, in an inproved
measure of P(d) for estimating the synbol timng start tine. In order to
produce a clear peak as opposed to a plateau in P(d), sumof the duration
or length of the 5 integration wi ndow and that of the delay between
correspondi ng sanples in different synbols should be greater or equal to

t he nunber of synbols nmeasured -10 in | EEES802. This in turn provi des for
easier and nore accurate estimation of the synbol timng. 10 By conparison,
prior art synbol timng arrangenents use the netric P(d) having an

i ntegrati on wi ndow TWequal to one short preanble synbol (Td). However such
a metric doesesohdi AGIC: dé¢ve| tyaseids ehythehavesageobotien ofga secdngadumbetiusf ng,
graphically, a plat%§U\Mgérlnakes preci se detection difficult. 15

Pref erabl y t IFMPSBRYSRSYENRQI$t her conprises correl ation deternining means
and integration neans for synbols froma nunber of other pilot carriers;
sai d frequencphdréagKialp Eﬁré@iﬂeeehn%ﬁ@éﬁﬁr’fﬂiﬁ@datﬁtbﬁféﬁbh@aﬁh\/ Fontel | Mbfipdat | on
sum of said pilot carriers. In a fourth aspect of the present invention,
there is proviothprising.r etplenminingfthe atveragepowanof taced reamplé symbolsGrDMV
recei ver, _having:, neans for deterpin  first. fregpen ffs hayi ng
means 1 or Sdethe 18 TR AneORPafeA b eue dsterBlnibad Tist 26 1ol basedgn
recei ved preandlferaded powen il £Ard riumiér 8f SPMbEKMaN® ddétehaininy aaéddhd
apart; means for determ ning a second frequency offset having nmeans for

det er mi ni ng tAfeCclevelebagadran dhe Zvesage popen&f fyseeond aymberaicsubsequentd

pr eanbl e synQ%hﬂﬁﬁgples a second predeterm ned delay duration apart, said
second del ay "durati'on being different fromsaid first delay duration; and
means for conbining said first and second frequency offsets in order to

det erm ne saiﬂ}_fr uencryr@(f))I fset estimtion. 10 There is also provided a
cor r espor@i ng 1§ atRWH 8y iing,a7d, Beauensy pisel estimatiop dp staryearlier aad
frequency of f st Wall ; i i | es of
two received l%‘réerg% g?érgﬁggpbgg%?@s&géélﬁ%; gﬁélg?%%ta gfk?%@ﬁ% {g‘%nggd:gt ion
apart; det er melyiorgazoamseoAGC. lcajse usgs aidreathoblysyinhies everall fog (fifeg AGC

carpl s SecNYF GUEaTRH N BCOURSY ON AR Te ek CORBR AT e STt ay
duration bei igr efaffry &thbdIRAng Al fréduincy ikt Buihblio wrdhdnsonbi ni ng sai d

first and second frequency offSets in ordér to determne said frequency
of f set edbi maneduatiqmratg isiiow et ABSKathe fiee AGG beingsimplementaglibefore
estimation, hj | Sion._ conhi ' [ fal e f.sat
cati mat e pr o SLIEREF ot RSN OR b Al AR KRR ATk BifEr o
met hod, for eNgtarthat this algo allgWs bdktptdarserdre fing fréd@ericyodstinhetian fodse ar t
three short synbols and the 15 second preanble. By conparison, prior art
frequency of within ARe fitst PRRAMBWs utilise a first coarse measure using
the last three short synbols of the first preanble, and a second fine

nmeasure using the second preanble including two and a half I ong 20 training
synbol s. 20 t 1By esmpatisdm price acdcdGEemeasisresdhe signal powehpfthe first seven

short symbols in the first preamble, this accumulated total being averaged to
determine the appropriate gain level. However because this AGC uses the
first seven short preamble symbols, symbol timing and frequency offset
estimation cannot be started until the 8" short symbol, thus leaving only three

25 symbols and hence limiting accuracy. This also results in the fine frequency
estimation having to utilise the second preamble.

By using a two-stage AGC method in which a coarse AGC is determined one
short symbol after signal detection which is normally only two short symbols,



maxi mum preci sion a | arge nunber of synbols should be used; however, in
"order to avoid the 2~ anbiguity of the phase, a larger estimtion range
nmust be used and this requires a small nunber of synbols. Hence the
conprom se of three short synbols, necessarily resulting in a |l ess accurate
estimation of 25 frequency offset. Preferably the apparatus further
conprises neans for integrating each said, offset determ nati on over
respectively first and second predeterm ned integration wi ndows. The sum of
the delay and integration wi ndow durations 11 for the first and second
frequency offset determ ning neans may be equal and the receiver may
preferably receive 10 preanble synbols, the first delay tine being 1
preanbl e synisygmbaiitisaingand frequercy effsetestialatipntdamestadimgcheprlieaahd ¢hes/ nbol

durations. The first integration w ndow,kl ength be 7 5 preanb] e synbol
dur at | ons. and EPECUBER RITTIDYGH o1 SHFORR s PLAGIG sy BeEalie) A ke
symbol dur at ifgitiond HhdrREBISTthBAGE &I 3he AH F e ¥hER PREARBR KUrgNRr high
processi ng neans arranged to calculate the estimte according to the

equati on: ~f aceuracy-data recavesy usingthe secondistagetAGEspect of the present
invention, there is provided a synbol timng apparatus for an OFDM recei ver

havi ng: an r tek Menl h i | of
foo 1 acel od LAY g MR HaE Ry ELasEhAlianBn Ty fidheRRNRT I SRAER
duration wi t andesyidsbcdnd WGC déved deteradnatidro mayehe triggered blyhsymisodi timiny
correlation value. within a predeterm ned 15 integration w ndow, said

maxi mum val u@CAHBIOR: i ng the start of a synbol; wherein the integration

wi ndow duration is not equal to said delay duration. A nethod of synbol
timng in anpbMpioC e Hetdrinifing Cmap¥! Eliflpriddi aftink l#eqm}méesir '
determ ning the cor?'el ation rf)q' rrgre t han t\/\%”élé(}gra\ti ca‘q short pr eéé%nge
synbol s; det §itet andghe AGEylevel detemininationsegaos may utilise raulookeup dableltat i on

value within a determ ned i ntegration,wnhdow wherein the integration
i ndow d0f at BEIEE So Sidtase pRWERWHRAROE I E on Pr ef er abl v t o
integration wi ndow duration is greater than said delay duration and said

correl ation (eefrablp| the sBNd nuMbeTOTRY IS iIHarferitivan g8ideirst mimbet. he
product of a sanple of a said received preanble synbol and 25 the conjugate

of a correspondi ng sanpl e of said del ayed synbol; neans for accunul ating

sai d product guRla5Rih NRAREF Rld&yndd W UWerddd B Reashdd power for 2™

AGC in order to reduce the required buffer.
15

In a third aspect of the present invention, there is provided a frequency
tracking apparatus for an OFDM receiver having: means for determining the
correlation of corresponding samples of two received pilot carrier symbols,
one said sample delayed a predetermined duration with respect to the other;

20 means for integrating said correlation over an integration window and; means
for determining a frequency tracking error from the sum of said integration.

There is also provided a corresponding symbol timing method comprising:
determining the correlation of corresponding samples of two received pilot
carrier symbols, one said sample delayed a predetermined duration with
25 respect to the other; integrating said correlation over an integration window

and; determining a frequency tracking error from the sum of said integration.



12 accunul ating the difference between said product at the begi nning and
end'of said integration wi ndow. Preferably the apparatus receives a
predet er mi ned nunber of preanble 5 synbols and wherein the sum of the del ay
duration and said integration wi ndow duration are greater than or equal to
the duration of said preanble synbols and the nunber of synbols may be 10,
the delay duration may bet synbol duratiogn, and the integration w ndow may
be ni ne synbol durations. In other prefe?red alternatives, the nunber of
synbols may be 10, the delay 10 duration may be 1 synbol duration, and the
I ntegrati on wi ndow may be 7 synbol durations or the nunber of synbols may
be 10) the delay duration may be 4 synbol durations, and the integration
wi ndow may By Gsiayrandhtedrativn wirkdowl g whicke isviengemthaheore skortygginbol, faerppor t

various wireless LAN systens 15 incl udi t hogse ysing the conventional |EEE
802. 11a and SaPHHE MSSHREEREP!S, HB?F%?UW‘%@E@RS%?#%'”@” {MARrOKP (PRasSWB
Non-limtin | ' i ' | : t he
sake of exa(r?%clq:‘emgflkir;/g,as ﬁvh\ﬁtﬁbrtgégygﬁégﬁﬁé ﬁfééfrl#tﬁ) ?ng\nér?ge?fo;ﬂdggelgr? (\E/{ﬁlérch:

Fig. 1 showypedkead oppegedib aplaidav inHYd)r sure ofthe Haratioovar el Sdide 11a

bur ot 1 n5t nanigaeation-ingka i, A 5 437 telaiip el R Ranting selsR I
o ;55; ure. Ogdiﬁmgrgﬁ'?%%a%sg{gdﬁye Westér SHBGAAIOIRS nufiter of symbdi! ock
measured — 10 in IEEE802. This in turn provides for easier and more accurate

estimation of the symbol timing.

10 By comparison, prior art symbol timing arrangements use the metric P(d)
having an integration window T, equal to one short preamble symbol (Tg).
However such a metric does not indicate precisely the symbol timing, instead
producing, graphically, a plateau which makes precise detection difficult.

15  Preferably the apparatus further comprises correlation determining means
and integration means for symbols from a number of other pilot carriers; said
frequency tracking error being determined from the average integration sum

of said pilot carriers.

In a fourth aspect of the present invention, there is provided a frequency offset

20 estimation apparatus for an OFDM receiver, having: means for determining a
first frequency offset having means for determining the correlation of
corresponding samples of two received preamble symbol samples a first
predetermined delay duration apart, means for determining a second
frequency offset having means for determining the correlation of

25 corresponding samples of two received preamble symbol samples a second
predetermined delay duration apart, said second delay duration being
different from said first delay duration; and means for combining said first and
second frequency offsets in order to determine said frequency offset
estimation.



13 Fig. 5 shows preanble synbols in the tine domain; Fig. 6 is an

i npt enmentation bl ock di agram of the algorithmfor deriving P(d) in the
signal detection algorithmof the enbodinment; Fig. 7 is an inplenentation
bl ock diagram of the algorithmfor measuring 5 signal energy in the
enbodinment; Fig. 8 (a) and (b) illustrates the 2-stage AGC process used in
the enbodinent; Fig. 9 (a) - (c) illustrates the timng netric of the AWGN
channel of the enbodinent; 10 Fig. 10 i 11Qstrates three possi bl e DFT

wi ndows; Fig. 11 illustrates an operation nodel of synbol timng detection
used in the enbodinent; Fig. 12 shows a synbol timng detection algorithm
used in the enbodinent; Fig. 13 illustrates the effect of frequency

of fsets; 15 Thare i$dlss proviied la coreespamdiig ﬁeqaeméyebff@etdnbthddﬁcomr)rising:
synchroni sation al gorithmused in the enbodinent; Fig. 15 is a bl ock

di agram of J¢IREBIEMNG; Q¢ ﬁ@énﬁéﬁ%%ﬁ'@orpf&eéopw deterauring n theyecerrdlationert . Fig

16 di . . . ' s . - Fi
17 15 a bl oot sortig, Saibes B fd Poodind Eamblle piorieaniiies a HRL  ©
si mul ati on reredetesmiherf delay dunatidr aparkndstetminiig ageeond freqbhency effsétybyt he
enbodi nment ; r{d Fi g}g (ﬁ‘ shows azj rruiggti on resu({._ts of tﬂl;;% BI;RHBerfor mance of
the enbo rre%?frﬂ'_n BofeHe{atony afPRGSPRNANDaPATREH &'V nERARYED5
Det ai | ed DesgriehRidl@8y@bol §6m r&@ees&h@&%&mﬁgg%&w} BurhtidA Ware shii cal

o ic
architecture for an &DM packet based recelver. Such a recelver may be
used in a nogedondt delaynduration beingpdifferamte frem saidi fissic delay durgtions eandan

t 10, band- iJt 11 d I i se lifi 12.. The.] F
CEeeTon com B R reh 4R shtondTiefeh LoD HRH! it SaSting 3 o
| ow- noi se anﬁaédlfér@g offdeteétimatidrpcal RF oscillator 14 signal, the product of
which is fed to a band-pass filter 15, then to a variable 5 | ow noi se

anplifie® 16, the output of which is split into in-phase (real) and
uadrature (g j j ' ] ; rise a
further - xeY BB Hbpdtaliel brincHetiol izpuder Esthansy Hof BERIFRNTC! onal

;r om t he var¢mbﬂéige6wvi$mm@abrgup}1isifﬁeﬁueﬁ6y JalﬁsletvéﬁtinZatelpﬁwidwaibeﬂera_ si gn:itl7
roman internedi ate frequency,. | ocal osci]lator 24, e inpyt to mxer
bei g del aydEparee Hpayen S esimaation tanhasuios artigefios i el g fsponent
18. The out pdiht &forf%#iﬁbélsjiﬁstéﬁé o*ﬁw@@ﬁore@l‘mwr%?%hbﬂ Srisdls Bﬁﬁ%h%' I'ter 20

and 21 respeclively, en on to an anal og-to- Ital ‘converter 22 and 23
r espect itbel ysecond preambles of which are fed to a conpl ex conmbiner 26, in

this exanple an 1/Q LPF. The resulting signal r(n) is the base band O-DM
signal, which contains both the 15 preanble and data synbols of the

i ncom ng pacEgbemparison, prior art frequency offset estimation methods utilise a first
coarse measure using the last three short symbols of the first preamble, and a
second fine measure using the second preamble including two and a half long

20 training symbols. With respect to the coarse measurement, to achieve
maximum precision a large number of symbols should be used; however, in
order to avoid the 2n ambiguity of the phase, a larger estimation range must
be used and this requires a small number of symbols. Hence the compromise
of three short symbols, necessarily resulting in a less accurate estimation of

25 frequency offset.

Preferably the apparatus further comprises means for integrating each said
offset determination over respectively first and second predetermined
integration windows. The sum of the delay and integration window durations



A synchroni sation function 1 receives the base band OFDM signal and uses
"the preanble of the incom ng packet to performa nunber of sychronisation
functions. These include signal detection, autonmatic gain control,
frequency 20 offset estimation, and synmbol timng. The synchronisation
function 1 controls gain controller 30, frequency controller 31, a phase
shift conpensation function 40, and a wi ndow control function 41. The gain
controller 30 in turn controls the variablle | ow noise anplifier 16 and 25
is intended to conpensate for the bursty nature and varying signal |evel of
the incomng signals, with the aimof providing a reasonably uniform signa
| evel output from|ow noise anplifier 16. This inproves the accuracy of the
receiver, andot thePst Afdisatond'ReqGentyosifsed detdimining! R8anontliydd 8qual and
converters 22 and 23 which will be optim sed for a particul ar range of

si gnal | evel .thgoeceiver may frefajaklyreceivatiopreamide symolsithe dirstedalay tine

ocal osci 1 diha T P BReiE SRR EhraBhiehd' e SeRtbd a88k e, Belnelid
oscil | ator 1draambldieyimbiopdiraticHse MheafieRanteyfititn Aatidw Riith Zhay SodIre

base band signal r(m is Eassepl on to aiﬁfhase shift conpensation function
40 which s direa syabot dumationseangd, gaier secanst indegratinptwipdow lgngthy may
frequency tr j t';%ﬁ ) ase shift conpensation function 40 is
descri bed ina%élt@??grﬂgﬁoé. %di"-tgge%or%?put of the phase shift conpensation
function 40 is passed on to a Serial to Parallel digital signal converter
42 whi ch addiThenedrmbinirgromeans herefeeabdy i compriaés ssignal procpssingt seéansm
each synbol. The Serjal ;to Pgrallel function 4 onvert.s a predeterm ned
mnber” of | nFNGEAo g et he esmete agrordind B PESERPRG Lo i he combi ned
sanpl es of the base band signals fromthe ADC s 22 and 23 into a word
corresponding to an g:[}’qll génigol. When the FFT function is processed, a
predet erm ned nunbepfefln ng sanples are needed for input to the FFT

bl ock sinul taneously. TlenkyeBeternm ned nunber of sanples, which are
partially processed by the FFT 20 and partially renoved of the guard
interval, represent a received OFDM synbol . It is.inportanpt that the word
corr e_spor?&i nant%%ﬁhe"‘_‘s@@lﬁiﬂoé)’ﬁ%cﬂreﬁ@r' venfjon, Hbefq b“ngp%’ 8 W’_ﬁb?lnﬂmm@
incom ng bit fHypRusi Ro ST OFPIM 2fsdeivere haiHe! MRy §bv - détermmind'efrf or e
inportant to accurately determ ne the synbol timng, or start of synbol. 25
The | engt h ofcosegdatiany, rrgspandinghsamples\eiiwe taceived prieamiie sprbsiss anendow

symbol's. -1 n GeiGAThe "Faialed A e R AgIAR Wi leEnect §5 hechifvEy”
The tinm ng ofmééss ridbeimini@ the makiui eofretdtioreriud inthiry aimedérdthed
controlled by the control w ndow function 41, which in turnis controlled

by the_ 16 é?'ﬁ?@ﬁ?ﬁﬂﬂ %’B‘?QWI palc maximem yakie H@i%%ﬂ%o?hq _ﬁFﬁ"hg’fh%\ssYHM'
det er m ned. %ﬁ&d‘?ﬁ%ie@r&i&%ﬁ%ﬁ Qur%‘ﬁﬁﬁ'iélﬂowfuaﬂ‘f@"sﬁjg @lﬁwﬁkatﬁzld. ghtly
at the start o) ol a

in order to ensure of each copy a sy riving from
multiple paths is within the window. 5 The individual OFDM synbols are fed
fromthe SeriAmatbodaf symbiol fiming incan OF DM receéiyst isf alao iprovidednthieanethod
function 43 which. separ at{[s.t.he nbol Iéil yes on ea%ﬁ subcarr i eir Llsgl?or
52). These vAATRISNG FRIEITyning s SOpPELND 8F dAA€than rdgnticah $9Rt i on
44 whi ch renpreambie sPrdNe| deteémhingiy @l syhfbol QinYiag Usssers dACIhR! Afaxithum t he
four pilot subcarrierS. These val ues are used for

20 correlation value within a predetermined integration window; wherein the

integration window duration is not equal to the delay duration.

Preferably the integration window duration is greater than said delay duration
and said correlation determining means may comprise: means for
determining the product of a sample of a said received preamble symbol and
25 the conjugate of a corresponding sample of said delayed symbol; means for
accumulating said product over said integration window; and means for



t he channel estimation and frequency tracking function 2. The channel
"estimation and frequency tracking function conpares the incom ng preanble
and pilot values with stored preanble and pil ot values 45 15 to determ ne
the effect of the air interface channel, and to instruct the equalizer 46
to correct for this channel. This function 2 also nonitors the subcarrier
frequencies over tinme and controls the phase shift conpensation function 40
to conpensate for any drift over this tif@ 20 The channel equalization
function 46 corrects for the effects of the air interface channel between
the transmtter and the receiver antennas. After channel estimation and
equal i zation, the signal for each subcarrier is demapped into binary data
accordi ng t o gdaamimdtingatheifférénce detwéen saidgrbductat tA& bedinthFandendes are
t hen decoded. These functions are carried out by 25 demapper or denodul at or
47 and channé&Ridiindegrationwind@bect i vel y. Embodi nents of the invention

provi de i nproved net hods of: signal detection; automatic gain control;
frequency offset estinmation; synbol timng; and frequency tracking as
descri bed bel ow. 30 17 A receiver according to an enbodi ment of the
Ln?/enti oE emﬂreiefrahlqﬁbﬁ appardtus recelvesnal dp?edﬁénhinedmmhm( rofipeelambledet ai |

el ow. These perform packet sign ection, AGC (gutomatic gain
control) 5ff§§mﬁ%ﬂﬂéﬂ‘§?r@§hﬁﬁﬁp%ﬂﬁh§yﬁ%ﬂ dFTWH@W'#ﬂ@GQ@%’@F t racki ng

functions. 5 mhagg{agﬂgfﬁgfeﬁegvmﬁsn b?%hu&h%stﬁefdﬂl'?ﬁﬁdrp&sséi& 'P|réa°1ﬁble

over | appi ng prea in order to maximse their accuracy. At the
baseband, thesymbods and the namber abswuobelstrhay bedQ, the delay diirgticn maydefeasur es

t he incom ng signal wer fqr, the A racess. VWil st performng,.the AGC
function ¢ nevrTEuFRPny andites et RaTTasw e bs e StmRP [RTAENER ons
are al so per figiotstpréfirfed Sitetfbivise thdiummbensf 8§mbsrThay BEEIMthd Belayane

synbol s for each function. In other words these functions use overl appi ng

t rai ni ng 18y nistiratiommaydept symbokduragiotoand the mtegraiion mendays mayoke rat i ons

st seven SoMl MRS o dos BEES Pr Sy RERR, Gab HE R0 e BBlayiiRiafy' Aoc
The remnai ni ngnaybee symibél durafionis)andithd eitegeationtindowsady bers spabsle
frequency offset estinmation and synbol timng. Then the two | ong training

symbol s in tKBIRANEbl e are used for fine 20 frequency of fset estimation
and channel estimation.

The receiver may be arranged to support various wireless LAN systems
15 including those using the conventional IEEE 802.11a and HIPERLAN/2

protocols.
Brief Description of the Figures

20 Non-limiting embodiments of the invention will now be described, for the sake

of example only, with reference to the following figures in which:

Fig. 1 shows the format of a OFDM PHY frame of the known IEEE 802.11a
standard;

25 Fig. 2(a) - (e) shows PHY burst structures of five types of burst in the known
HIPERLANY/2 standard;
Fig. 3 shows the time domain structure of an OFDM packet having 52 sub-
carriers;
Fig. 4 is a block diagram of a WLAN OFDM receiver;



W now describe in detail the operations perfornmed by the units 1 and 2. 25
" 7. Signal Detection Since the radio environnent in which the wireless LANs
operate is usually adverse, the transmtted signal is distorted by

mul tipath fading) collapsed with 30 thermal noise, or interfered by other
signals. This distorted signal may cause 18 the receiver to nmake

i ncorrect decisions, declaring an acquisition while mssing the correct
position, or just mssing the detection. 1Bn both cases the packet will be
declared | ost by the receiver after a tinme-out period and the transmtter
has to retransmt the packet while other users have to wait. Such 5 packet
|l oss will not only decrease the overall systemthroughput but wll also

i ncrease t he Figahshows prearablersymbials of theatirketdoarain; hence, a | onger del ay
can be expected. Prior art units 1 detect a signal by neasuring the

correl ati on &79.6 @M igplementalien blocksiagras: ot e algptthne fordeMing §(@yiRbol s
as shown in K : I td ther at the receiver
except for a%%gl;gzjagﬁlé@?h%@%?gé% dtfﬁl@é gg{rbroﬁﬁeﬁrag??equency offset. If the
conj ugat e of Rig.s@nipl an fimpterhértation dilosk iedrans ofiithéi gigoxithnibyfot imeeasuring

correspondi ng,. sanple fromthe second (delay time Td = Tshort |ater), the
effect of 9th 'Qﬂ?éﬁﬁ@fgys'ﬁgh?&"w RBEI 1 ed and the products of each 15 of

these pairs g SHMaFSalll! (b)" MUBIARY MMeMLehde! AGE2BRod38S BsedOirf Npe
magni t ude of the s'un?waw Eg a large val ue. V\ﬁen th?s correlation value is
| arger than @mixdimentin t hreshold, the receiver is informed that a burst is

arriving. The.defection threshald is normally.set ient. 2 he
pr esent enbo(cﬁ'greét@gr_o\??)de@u?tﬁ%tpstthg %’HE}%V‘%E'C roéctgévémli“g%n@éﬁgl € is
measur ed. Thenwsydmedt: each received signal sanple is calculated and

integrated for a duration of Tw. |f the sanple interval is T, Tw=W, i.e. W
sanpl es 4Pe HiGcH:#ustratesdhrespaasible B Tew Sihi ch can be witten as 25

R(d ~lr(d = [ i ' mb
of saiipl s ubdd {1 TEBIPHRE, & dpelalirh rRdel B tpeh iy, SEARE Nsbd Pond e
i ndex corr esponsbdigent;

Fig. 12 shows a symbol timing detection algorithm used in the embodiment;

Fig. 13 illustrates the effect of frequency offsets;

15 Fig. 14 is a block diagram of a carrier and timing synchronisation algorithm
used in the embodiment;
Fig. 15 is a block diagram of a phase shift compensation algorithm used in the
embodiment;
Fig 16 is a diagram illustrating the pilot carriers in an OFDM symbol;

20 Fig 17 is a block diagram of a frequency tracking algorithm;
Fig. 18 shows simulation resuits B of the rms frequency tracking error
obtained by the embodiment; and
Fig. 19 shows simulation results of the BER performance of the embodiment
in an exponential decaying multipath Rayleigh channel

25

Detailed Description of the Preferred Embodiments

Figure 4 shows a typical architecture for an OFDM packet based receiver.
30 Such areceiver may be used in a mobile terminal for example. The RF



19 to the first sanple in a window of Wsanples, and mis the sanple index
‘of the window The R(d) can be obtained by the followng iterative
conputation. 5 R(d +1) = R(d) + r~d + w~z -I r(d~2 The inplenentation

di agram of measurenment of received signal energy is shown in Figure 6. 10
The received signal sanples are input to a buffer with size of Wsanpl es.
The buffer is initially set to be zero. The powers of the first and the

| ast sanple in the buffer are cal cul at ed.14The power difference is

accunul ated as tinme goes by. The output of this circuit is the neasured
energy of the received signal 15 sanples over a wi ndow | ength of one short
synbol. It can be seen that as the | eading edge of the window hits the

start of a Smﬂbn@enﬁjmw annarfiegivd @05a biahd-peiserfiter mepand adokagiss to
accunul ate. The out put R( I) S corrpared with a reference threshold which

shoul d sat i sfAMRIEr feni e RO AFRIISEEA Mttt WB@BlWP@B"q’Sﬂ"ﬁe | EEE or
H perlan st aﬁﬂ@cﬁrﬂg@?ﬁgfg ﬁ{ I%QI H%lsé%n@fﬂﬁ%? 435 aidedt ségﬂ’étgf’mt he

threshold is as the recelve S|gnas satl
m ni mum r eqUIm@mmecﬁrodha ofmcwdxifeﬂltgrwbambpass filRgrd) 5,théh t@amdbt&e

h hol d. R h | d, | h h i
tpoggisbloy §n07‘g‘§ﬂ1ﬁ g?'bfﬁat ng@fh‘!&-ﬁﬂgﬁvmﬂ? @épj‘lﬁ ?SHIS'BE"?% értﬁ@ r"g‘glnsal SO
lead to R(d I anpejg? ' I
dg?ect ?on(r)effgr eﬁ%@ét] Eg?ﬁ\ojr&gj Ln itgrape dﬁ%jéﬁ%rg}?g%gﬁﬁ%mﬁ?%? g??i ng
to Fi 7 I ohé rn w'wlmbdiv P 2 equen igree] fidtn t h
p?odhg?;eof tugh2| g::m Z) | e _pai P P'ég e %l' ) éc:yuzgg ~de+ m
D B e theNBHERR 10 BR e ABMIRRLAS and vEleh Also s Chives AsiGndidron AR o

training syrrbﬁﬂermed@t@fréhuéﬁw @Eaﬁ@éﬂﬂlaﬁér %Qh@lhﬁutttb%lﬂémbeﬁf dsthped
sanpl es between s Sy mbols in the preanble. Wis the nunber of rrplesfor t he

| engt h oft0t hyc¥0%an aaquamervwhm\usmm pbae@ delaying cefopoaertnts. i Bhe oHtPuss t he

e ey A FRelS 7, R et e 0B R b 2D A AT Bl - °
Preferably T\Widdohtoem arilaﬂodjt‘tb-ﬂld‘télicéﬁ\%rféimr&ﬂ% @éspieiﬁﬁelvafr@/mguts of

conplexity due to smaller buffer size conpared with the case of Tw>Tsnort.

Secondl y) " t hiwhighare fgd torR camplspsambingr Be, indbiseexamplerad YQA&RR.ohhef
frequency of figghitifgsighal HAR 8tk BYSLBANG CRHM signal, which contains both the

15  preamble and data symbols of the incoming packet.

A synchronisation function 1 receives the base band OFDM signal and uses
the preamble of the incoming packet to perform a number of sychronisation
functions. These include signal detection, automatic gain control, frequency

20 offset estimation, and symbol timing. The synchronisation function 1 controls
gain controller 30, frequency controller 31, a phase shift compensation
function 40, and a window control function 41.

The gain controller 30 in turn controls the variable low noise amplifier 16 and
25 is intended to compensate for the bursty nature and varying signal level of the
incoming signals, with the aim of providing a reasonably uniform signal level
output from low-noise amplifier 16. This improves the accuracy of the
receiver, and in particular the accuracy of the analog to digital converters 22
and 23 which will be optimised for a particular range of signal level.
30



Thirdly, there is fast acquisition due to small delay and integration
"duration. 15 For signal detection, the delay tine Td is set to be one short
synbol i.e. Td = Tgnort=16TH where T~ is chip interval of 50ns. If the
sanpling rate is equal to the chip rate, T~=T. Normally, oversanpling is
needed, and the integration wi ndow length TWis set to be Tsno~ . 20 P(d)
can be obtained by the iterative formul a:

P(d+1) =P(d) +r' (d+Wr (d+WD)-r' (d)r(d+D) AScorresponding i npl enent ati on
diagramis shown in Figure 7. The received 25 signal sanples rmare input
to the Bufferl which has a size of D sanples. The first sanple of Bufferl
is multiplied with the conjugate of the |ast sanple of Bufferl. The product

i's input to BHe @lequehty bohtesiier 3d9i contls d\refereh@siocahesdilidtbe2® forehef t he
first and the last sanple in the buffer2 is accunu]ated over tinme. The

Buf fer1 and BEFE¥ER aagghisrinttm qanteols all gthss leralopeiliaiass uthaureceiverni s 21
circult 1s tﬁﬁclﬂ&ib@'tﬁérréc%ar‘f‘écfﬁ@{\e% lémoégﬂéﬂo\‘ﬁﬂ mbﬁﬁ%@gg@?@f‘s that the

aut ocorrel ati on of “a sequence 0 ecel ved sanples wth Ime of Td=DT
and i nt egr at ifreyuencpiocah oséilldter?. i s cal cul ated. 5 Because P(d) is also
used for synmbol timng and frequency synchroni zation which wll be

di scussed® ater, the buffer 2 in Fi gure 7 can be shared by both signal

detection anciiyiadyl Bahd SighAl'r(fr) i badi orl KPR prid@eabirbbotnBeNaativh of F(d),

~P(d)~ is us 0 conpare wth detection t ol d depende R(d) to
det er mi ne whduhetion 4@ wihich isedsa contaolledsbydthessyinetironisatitimsfudetiecdiand a

threshol d is nportant for the.perfqrmance of .signal acguisitij.on., .The
enbodi ment  prtbeacy fackGeasiL. ThE Hise qikeamPenSaitl foeishn K gna
to generate tdeecHsd® i Herilbi®ehol d which is adjusted by experinent. If
~P(d) ~ doesn't exceed the threshold, the detection function will continue

to 15 call@ulate ~P(d)~ until it exceeds the threshold. Mst packets or

i | b j LI i Dl l: T = d '
S nal et THLApPorb RS i ForpbNEaRIP RGN0 pebloq By 3 oo
Through conp8erial $6 Patallel digital $ighalscdreentes awhitinatditibaally cbmoives the of

detecting a packet within t short synbols is higher using, the t hod of
the enbodi merduareaHeysy ﬁ'@"EEQQTHBOWWtérfFO&TﬂPaﬁ’étsMMg’P Th¢§e(ﬂ%l KPagehet hod

can be appl i Gfﬂlnétﬂz{n gggg%%g%g?ed&ém@ad Hﬂn@@ér'cﬁ@né&ﬁiﬁ@éﬁ@fel%‘ﬁst hese both

contain an inrtra respective tralning I'n"1 EEE802. 11
a, the 11§t [saaplEs} cofrespandipg ¢o thedcdmbined=ansples ©f tHe Basel band: pignaéd

training symqols., | [, | an he first, preanbl e structur epends on the
bur st Type. GO B ADKCREZATE %t Mie autSid GrepopdiraciormOR N SUSHEE o o
AGC (Aut omat ivgh&ERte FPTUAENoE proéds<das @ pregefermitidd hlrRBesbLtiRdbmirty
detected, the receiver is triggered to start AGC. AGC adjusts the gain of a

vari abl e gai rsames a_reenee@;ommm_ﬂdoéh@&ﬁﬁddaclesimtdanyovalwyrhg si gnal power
e Samn BB 368y ecE A e PRI tSbodcl ) T
20 and partially removed of the guard interval, represent a received OFDM
symbol. It is important that the word corresponding to the OFDM symbol starts
at the right sample bit in the incoming bit stream in order for accurate symbol
recovery. ltis therefore important to accurately determine the symbol timing,
or start of symbol.
25
The length of each symbol is known in advance and so an appropriate
window length is applied to the incoming base band signal to retrieve
individual symbols. In doing this the guard interval signal components are
removed. The timing of the window used to retrieve each separate symbol is

30 controlled by the control window function 41, which in turn is controlled by the



5 made of the AID resolution and the signal to noise ratio in the digital
“signal processor is nmaxi mzed. Conventionally the first 7 short synbols are
used for signal detection and AGC. The control gain is applied to both the
synbol s for synchronization and 10 the synbols carrying data. The preanbl es
nodul ated by QPSK require | ess accurate control gain than the data synbol s,
especi ally those nodul ated by 64QAM To neet the requirenent of all kinds

of symbols, conventional AGC needs a |ong'®eriod to achieve an accurate
control gain. 15 In the enbodi ment, AGC operation is divided into two
stages. At the first stage, coarse AGC i s done when the signal is detected.
The coarse control gain is used to adjust the subsequent short synbol s
until the Syr‘éynbhtdrrréat@na’odcmanmcértﬁéus?mbbl tiirigchas beendeterivingdt Thaed.
At the second stage, fine AGC is done followi ng synbol timng. The fine
control gai n Wiedowds ar@ngep deovedap the guakigtanval slisbtivin erdest®rasuied dat a
synbol s. The t f i I, Seind : 4N

Fi gures 8a anthggg'.% ﬁgﬂtcﬁgg F llm:cép 9?’! ggsé{%gmﬂgﬁﬁjn{s@&ﬂ%kgﬁ%géﬁﬁ}'@
measured firshewindowescri bed above with respect to Figure 6. AGC reuses
the energy 25 measurenent circuit which has TW= Tshor~. At the nonent when
a signal i°s detected, the first stage AGC is triggered. Preferably two
short synbol I i i iS4l i 1

oot 1y ini shuF o RARICEONyrhbiGs e Foc rofl B TSorRl 4 PRIAIP RERE 2 ®

| east one shaoa fast fouriEr tiansfarmeiunetiomAd widals separatesthensymbsdioaluesyovol t hen

averages the t 3Q synmbol 5 e g The an short synhol signal, _energy

R 15" used 98N SPSRUIRIAR A7 520 A Ree Vglen A GE3eR i © obeaRia sy

searching a |QekeRtractdrefuneson 44 Wehitl® réfives! tHilibreambi® 9aiR3 BNt Circuit
of received signal energy. The | ookup table is constructed according to the

f ol | owi nd Of orvaliies assaciatedwith the feydpilofisebearsers These\waugaiane usedifer t he

the mean’ val doeonannel vt PR SHEE AR R G AN BhE oy Bechuse AGC
function interacts at the IF and RF parts of the 10 receiver, the

t heoretical reference energﬁ Rrer cannot be cal cul ated only on baseband.
Normal |y it' sTheiphannel esimalige angdraausngy trackingrfunetianuednraresthe obt ai ned
control gain ;i E@SF j : i{fg}%@' : st age,
t he out put of'h‘?%ﬁé e’%gﬁrééggﬂ@?rgﬁ%{% g@t}}l I'S @%?H/béeré dtpgsgﬁapgﬂqs

(1 nfi nit 5 njoldederene dins ejfeét dftthe aittinteinfaice changgk aad tbynstiuph#ie 15
detection. The input d outpyt of the IR filter ar dat ed every Tshort
e o0ns. s | 1< agRASHS porethips s ghAsled N 1BFHRR ZSh Bictgers e <

i nput's and s jHcarmtttifuchbicstie? BthePind BEn#AIS the BhESERIA drhbehsatiohe
average short synbol energy over perhaps 7 short synbols. Wen correct
synbol ti m ndunetiare4@ta edmpehsatedonany ddft ovey this timet is triggered. The

output of the IITRfilter 20 will be used to search the control gain in the
same way as at the first stage. In the first step of AGC, one or preferably

two shor t2osy e ehdtindl BqualiZaition function 46 corrects for the effects of the air
interface channel between the transmitter and the receiver antennas. After
channel estimation and equalization, the signal for each subcarrier is
demapped into binary data according to the modulation type of the subcatrrier.
The data sequences are then decoded. These functions are carried out by
25 demapper or demodulator 47 and channel decoder 48 respectively.

Embodiments of the invention provide improved methods of: signal detection;
automatic gain control; frequency offset estimation; symbol timing; and
frequency tracking as described below.
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preanble is neasured to obtain an AGC gain and then the anplifier 16 before
the 'ADC (22,23) is adjusted. During the second step of AGC, the 25
foll owi ng short synbols are neasured to update the AGC gain to a nore
accurate value. If signal detection occurs after two short synbols, coarse
AGC after a further one short synbol, then fine AGC will utilise 7 short
synbol s as shown in figure 8a. This provides a nore accurate neasure than
prior art methods, whilst at the sane tihe allowing synmbol tining and 24
frequency offset estimation to start mnmuch earlier. The nunber of measured
short synbols in the second stage is variable and determ ned by synbol
timng. The variable gain anplifier 16 is then adjusted again to provide a

const ant gaiAré@éivéhacd@Hih?wbw érmbodintht f gvainvehtich efipigyd hevdlwo | ong 5
preanbl e and data s¥rrbol s tor one frame. .In this enbodi nent, a 2-step AGC

pr o_(:eslsI st r atudglions 1 angpd E’(Hicé‘?arﬁrﬂﬁﬁ?ripﬁd i getadl belownThese perfaim ﬂi%pbof AGC,
t t ] t
WL gai n” andPReeh slanaY BBeRot, ACKE (qubfiatki AT ROR B BN, Pl fed.

Two short syestirhation, eymhbol tinlingy and é@qaenthtracking Honctiomsy synbol s are
typically required for signal detection, which triggers the first stage of
AGC. Duri5ng the second step of AGC, typically the foll ow ng seven short
synbol s are : t et i . The
vari abi e gai TS e iant BicRldeel et iEeddlion IR oo RaEh G et Bl ot
gai n for thesyrobolen ogdertoonaximiss their acclicacyodd thie basebavat, ¢he hecedwsrond AGC

dj ust t i i by, th nbol . tim f ion (d 1b bel .
e cor  ect MSYHEBIEGES Mansfarte 45 SenPhatd HEER-S e BROTS PORa RANG ceven
Short syl fr HERGE prodeds. WHISEESRIIAPEAGS WRMon! ecpelarog and L he

vari able gain anplifier adjusted accordi n%% y. 20 ynbol Tinm ng
Ohg ar

S~chr oni #at i offsetiestigstiontandesysnbaltinting fun s alsp RedVMRthnThisds sy ol

starts. Atim Y i r [We) caLriers.
Thi's phace rBIEYEHDTLsBly Fipauaprifofis B TPl Breh laR dhe. “Ther e
is usually seifier worés triese flincticedy overilipping tramiifg &haTboks Bvaki ¢ prefix is
used to extend the synbol as is known. That 1s, if atimng error is snall
enough to keRi¢aMdechannel inpul se response within the cyclic prefix, the
orthogonal ity between subcarriers is maintained. In this case a synbol
timng delay can be viewed 30 as a phase shift introduced by the channel,
and t he tHhas€onwerticdnally tteeabbee op@iatiens ianatiede lopeatctimaalsiressepattey . |1 f a

ti hift is | th t | i fix, ISl (Lnter, Symbql
I In'[rgr fS elr encleﬁr%?“quqgéwm%&l ngrcéé%élggﬁéﬁétxsgvaﬁépértmﬂei\rrélpgéyn%glq @' which is
copi ed from gé&y *@%igtr@q’-ﬂbté&ioﬁ andRGL. Tife temMSihirRthRsd Shért tragisy ool .

Therefore, in order to reduce ISl and phase rotation, the estinmation 5
timng of thsymbalstarethemused faysoassalicguencywifsat estimatignand symbkalval and

preferably ar t f. . 0 i bl '
correlation ’P”‘@et%@% ﬁ%e%& @hé t%(wwi%gﬁ'é@isofnt}ggﬁgéﬁmbﬁeeg&el %@g%ﬁéﬁ?i C.
Fi gur e 9q( 2) fredacyastrset astinatien ahtiehanfbngstimatids val ue as a wi ndow sl i des
10 past two repeated training synbols for the AWGN channel for an OFDM
signal. The peak value of the timng netric determnes the start tine of
the recei vedyzgy I : ; M=YoTS) training
synbols (as Int edgg%ﬁﬁ%}[ %%%}é?lﬁ%gpé’rtsayéﬁéﬁgyfoﬁphgﬂth@ﬁj&'it%lt%cggp( d wll
produce a plateau as shown in figure 9(b). Such a plateau nakes precise 15
detection difficult. For a nmultipath channel, the timng netric reaches a
pl ateau which has a length equal to the I ength of the channel inpulse
responsepsso that there is no ISI within this plateau to distort the signal.
This plateau is caused by del ay

1. Signal Detection

Since the radio environment in which the wireless LANs operate is usually
adverse, the transmitted signal is distorted by multipath fading, collapsed with
30 thermal noise, or interfered by other signals. This distorted signal may cause



20 spread and adds to the above timng netric plateau. Although it is
'possible to detect the start of the frame by neasuring the edge of the

pl ateau, this plateau | eads to sonme uncertainty as to the synbol tim ng and
results in increased hardware conplexity. 25 In this OFDM synchroni zati on
techni que there are several paraneters of inportance. One paraneter is the
wi ndow | ength, TWEW, which represents the nunber of sanples pairs used in
the netric. The other is the delay bet weeld t wo repeat ed synbols, Td=DT

Here the equation of the timng netric is the sane as that of the detection
metrics: 30 26 wi P(d) _ ~(r" (d+ mMr(d+ m+ D)) mO In conventi onal
nmet hods, TWis considered to be equal to Td. In Figure 9 (b), the netric

curve w th Wike Receiterctddndke ircosieetwesisione, dedlarindanmeqisition whilsanpl es in
one synbol. It is observed that if Twis |ncreased i.e. the nunber of

sanpl es pr oc B8N theicqEieshresition, HY JpeidRissing thedetectian. i bothecarasithe wi 1 |
cqual To Td. TSRS Wi e et iilostb R e e aRiel atind Huf pERR pndihe t© be
preanble wit Hraresmmenhas ta mtnansgwlismstpdckeawulld\bmeiluse]’sihavsto whit. Such ng
metric is ad|I detect abl e Kk Th i me of nme is
ot ect ed wnerpadkebiogs il paf ol stidasiiBe qveral Siderachisionpyt bufwildS poak.
cor osponds 1 ChF iR A OR ENE of Backt oR(E; Refs AerBEr BE' . g
, but TW+ Tdewaxpeoled.ch is the nunber of processed sanples) therefore a
plateau is forned after the receiver received TW+ Td sanples and until al
the repeated synbols are received. In other words, a peak will result from
the sum of Tt agtanealon] ( messely ey dason urpeomig sarm oo
only wherOal |sngreq%§a&3@@sl€9rnw epgated saising-eymbols @si showrmindrigues 5 that asad of
the 10 short &9 have
A o A bl s
peak detecti asar q e gate m y g
detection are sho bn Figure 10 and g%ggaf 11, respectively. The algorithm
is as shown |’H“¢'PE€4 y the Gofresponcing samMplefrag thersecendi(delay 'Eafgbov-léhqrt e.
sequent i al |y B, % Bl O Enah RIThARRL be Cantbifart] fig APALEC of spon

t hr eshol d5valafdéhéede pairef sarapkeisrwill hiaze dppheximately the samecphaser Sosther ed
Wihin pori odnatiiscotiiE Ll Witesg @ectaiue. JViRE e ROBEIRIGR YO N Py
eégg;eds the ﬁa@’eg%a«ab%téutfowm{é&%loo@%é f%céimrssmfahﬁg% muti atﬂilgsf‘%}’v val ueth
~ ~ are stored again nex erio : i na stored value is e
peak val ue ofarrvipg) %hesﬂete@thméqu&@@ﬂ%ﬂorzmﬂydetthyrﬁmnmrm sturbed by

noi se and del ayed signals, the DFT window is set to the tf period earlier
than the detected timng in order to reduce the degradation as nentioned
above. TI?@ val[]hwprefﬁehhembbtﬂmmdlpiomdes that the emetgyt of heekgedxsngnmcjsbnimes
practice so that the .cul ate i m matrlc;cnexciee it

about 3 or 4 'ZA¥FSUE Spayer Qtleqqgh,r%@eypdeﬁlg mele s edlevlgte n the
CLycul't Cont lintayel 1PARLRfio St TR U diinple ihidRdds TETAyYie wio | ar oe!
val ue occurs |ng td nal detection takes shbrt synbol's, there is
no need to crmlgmeiwre pﬂmeaaedztd» balcthhsenéwymhi&BcdaMnﬂwabsn all 10
synbols are received as long as TW+ Td = 10L. Once the synbol timng has
been determ ned, the wi ndow control function 41 is infornmed in order that

t he second preanble4and data symbol s of the OFDM packet may be correctly
recei ved.25W nRGiy =< n|t‘(d)4-m|]s important for the 20 extraction of the received
sanples for | FFT (##mverse Fast Fourier Transforn) and discarding the guard
interval (@) based on the received correct synbol timng.

where W is window length, which represents the number of samples used to
compute the signal energy within the window, d is a time index corresponding



Figure 12 illustrates window control timng for a received data synbol .
Since 25 an OFDM synbol has a guard interval prefix that is a cyclic
extension of the original synmbol in a nultipath channel having del ay
signals, no degradation occurs if the DFT (discrete fourier transform

wi ndow is set sufficiently early. That is provided all the del ayed signals
start in the guard interval cyclic prefiﬁ% there will be no inter-synbol
interference in the DFT window. In exponéehtially 30 decayi ng Rayl ei gh

fadi ng channels, the error rate is degraded much nore 28 with late timng
than with early timng. Because of this property, precise timng

synchroni zation is not required for OFDM signals if the DFT w ndow is set
sl i ghtly eartoythedirsl samplatire atwiadowtaf\W sanpies,i artemf ie tiee sempiaiingeéxof synbol
timng error . Be bi gger W the better. Because as Wi ncreases, nore
sanpl es wi | 1thEViBABWessed and hi gher SNR of the netric can be obt ai ned.
However because at l|least first three short synbols are used for signal
detection and 1 St stage AGC, we can use WE7L to reduce the hardware

conpl exi ty. TFoevR(d) camke obtained by she nllowing: itetative commuatigmbol s and choose
WEOL. Alternatively we can use Tw = 6L and Td = 4L whi ch reduces hardware
cost but “provides an adequate peak for detection, although SNR is reduced.
In prior art he, n r sgopl that is used for synbol timng is only
about 15 2 o?e(%l'_'i)izﬂg‘ﬁk@@éf’jesilr? re samples will be processed and hi gher
SNR of the netric can be obtained. Therefore WEOL is better than Ws4L and
WE4L is better than WEL. Hi gher peak or plateau is better because it neans
hi gher pr eci Shemplentsaatidi diagfam of htegsemément ofrecéfved sﬁdmalfeine?by@ synbol s
are used for S|gnal det ecti on and 1 St AGC, the followng 7 synbols will be
processed fothown Bykigyre 6i ni ng. Wien D=L, W=7L-D, a peak can be achi eved.

If 10 syqfols are used, WE1OL-D=9L. The crltlcal factor is that the sum of
Wand D 1s equal to the nunmber of processed sanples in the timng netric.
Wien t he sunThe récaai‘@&n” sighalsarhples tandaMme&o prindfes with sizenpf ¥é sampiesal hean

Wand D s ars HuaIbaat 1 e Zeraobhe Bl atbe festati euadt sanbiBinng "
E\:E Ir 'mgt : s n' ' t‘h% I:fdfﬂalr'%\?e BhicaRfled THHpEREr HiffeterR@Y accmulted ¢Rtfive @5&§et
by The output of this circuit is the measured energy of the received signal
15 samples over a window length of one short symbol. It can be seen that as the
leading edge of the window hits the start of a symbol as shown in Figure 5,
the energy measured begins to accumulate. The output R(d) is compared with
a reference threshold which should satisfy the minimum receiving signal
power specified in the IEEE or Hiperlan standard and is adjusted by
20 experiment. In other words, the threshold is set so that as long as the
received signals satisfy the minimum requirement of the received signal

power, R(d) will exceed the threshold.

Once R(d) exceeds the threshold, it signals that there is possibly an incoming

25 signal. But high noise and interference can also lead to R(d) exceeding the
threshold. So R(d) is provided for the signal detection reference threshold in
Figure 7;ie |P(d)| > 1 R(d)

Referring to Figure 7, r(m) denotes the sampled received signal, the sum of

30 the products of the signal sample pairs is:



OFDM systens are very sensitive to carrier frequency offsets since they can
“only tolerate offsets which are a fraction of the spaci ng between the
subcarriers without a | arge degradation in system performnce. The W.AN
standards | EEE802. 11a and HI PERLAN 2 both specify a maxi num of fset per 5
user of 20 ppm Current OFDM based WLAN is assigned the frequency range
around 5.2GHz. So the frequency offset of 20ppm stands for

5. 2e9wW20e- 6=104kHz. Thi s neans that the rst case offset as seen by a
receiver can be up to 40 ppm as it experiences the sum of the frequency
offsets fromboth transmtter and receiver. Frequency offsets are caused
not 10 only by differences in oscillators in the transmtter and receiver
but al so by Doppl er shifts, or phase noise introduced by non-linear
channel s. There are two destructlve ef fects caused by a carrier frequency
offset in CF thgyy eduction of signal anplitu in the
out put of the |§2§2%%Et a%?ggng ch of the carriers (the sintc’functions
are shifted and no | onger sanpled at 15 the peak). The other is the
introduction of ICl fromthe other carriers which are now no | onger

Cecoived bur SefEris el ptES coshBdmbita N A SoReRL el SearEny ca

to each of heg wihdéWof cafplesan@®kCisRhe hamber 4f dekgssariplestbsteepd by the
carrier frequency offset. Because the preanble is so short the nultipath

channel can 8ymbelsdn e preamble. Waisahe awmberiaf samplepfarihe lengtbiof thes t he

channel 1o vepeHfh MNOGDIEUIRALT sides Binie e & M tacBhvel SebldliES", o,
t he frequencfortihé first tmimgreﬁmbbl nEtidadamiie lrftemu@lﬁﬂ‘IeQiéIS)etlméSTJ?-@T be

estimated using,the phas ift. |f the copnjugate of a sa fromthe
first synbolap rPﬁJh“EHPP eUthgﬁ%t'beWF@QMbFMF s drisferablyo 'thle Tsveond

(del oy tiqre Feilaisohh ock BRI SboChaldifneBRTLN /I © SRBRE puididdre

have a phase o roxi mat wher e ~ Is the
frequency of CMpare‘dqwntlpmeawof Twrc'&nonbeSemndimltlmd payt afthe andwarg ¢cdre

argunent of he sta use of the
ot gt t yPb feise by e funchah BF baGueniey et esineio ansyrites Smsa /'3,
Therefore, t?ﬁlrélyeﬂié?@%/faﬁﬁaéti éﬁnbﬁ@lu@tétsn%ﬁd’él and @B rAticPogiRBGYn er I or
estimate with an”accuracy of 10 better than Of / I'n oCher words, if IC

is guaranteed to be less than ~, then the frequency offset estimate is ef =

i the 11 Eaut RiyoRR AABCR A8 Beley AR T5e. Sot08 BBt P Bvinkl . S e

Ther ef or e t h&g,gH B Tuwavhere Tyinckiptintenail of 5and] I taisarhplty pate s efhisled

estinmate is to nla e_t esti t|on range whi ch can acconnpbdate possible
frequency ofﬁ*’@e? Fp-gﬁ 'Mf PRIt aBWY NG P%ﬁd?‘grﬁj@ @@d@ﬁ?@zﬁaw t he

spaced tine Md%ﬂ{ Qe,bpeen,g 54Y'18 ere-pgat ed sequences To obtain a |arger

estimation ran requency o the delay time between the
r epeat ed synbol shoul d be

20 P(d) can be obtained by the iterative formula:
P(d+1)=P(d)+r' (d+W)(d+W + D)~r*(d)(d + D)

A corresponding implementation diagram is shown in Figure 7. The received
25 signal samples ry are input to the Buffer1 which has a size of D samples. The
first sample of Buffer1 is multiplied with the conjugate of the last sample of
Buffer1. The product is input to Buffer2 which has a size of W samples. The
difference of the first and the last sample in the buffer2 is accumulated over
time. The Buffer1 and Buffer2 are initially set to be empty. The output of this



smaller. Td can be set to mujltiples of Tsho,~. However, a smaller Td wll
‘result in sone loss in the estimation precision. In 25 order to achieve a
nore accurate estimtion of frequency offset, Td should be larger. In
addition, in order to increase the SNR of the netric and hence enhance the
estimation precision, the integration window |length TWis nade as |arge as
possi bl e. Therefore, by adjusting Td we 1y get a desired estimation 31
range of frequency offset and by adjusti :% TWwe enhance the estimtion
preci sion of the frequency offset. In the enbodi nent, a two-stage frequency
of fset estimation nethod is 5 proposed to achieve both a | arge frequency

of fset estimation range and high precision. In each stage, differently
spaced sanpl eciseidtue teauto-eorvelatiorTdf thef reeeived saoplesdt meansdhat the)auloe used
to calculate the tj metric a = Dnrz, .10 whe snorr
15 is the nun%rre'%#%a PEQUERCS ﬂfgfeﬁét‘)ﬁdsﬁaé%e%%th&ﬂw F"T\"3‘s°fa'FFgENJr'i‘ﬁgrL of
sanples in Oriﬁte?ﬁﬁfén airdtish oM TWERTRE ChRIREd.Tsnort = ~Sno~T. At the first
stage) D, = , and thus, the largest estinmation range of frequency

of fset is ach| eved at the first stage. The estimation range is the range of

Ta 1o set % B IEhEo U hER TR TR Al Eedvend PR IR e et
can reach thewhigkiillte discudsedater,ithewiuffedg.in Figureltotdn by shate Wbbfhe first
preanbl e are used to do coarse frequency estimation. In the enbodi nent,

because AGC cHgn@dedestionsand §Y@Q5"@W§@tl%f®°§ﬁﬁ$t W@Mﬂeb’@'%éﬁ t he
estimation acls@;)al I e*l?s b@&f f&ﬁer i e%fthr%rea@éghor{ o 8?(6!8@%%8%?{%%%' on is

processed 25 p urrement
second pr earrtlb&ieiermmefwhéthenpﬁhmdes&eti sugna?lk deectst.i mat ed phase shift vvh| ch
|s smal ler than ~ is the reflection of total frequency offset, i.e. ~~ = ~~

= 2~~fD, T 27cQJZshorrT 5 For the mth stage) the phase Shlft caused by
frequency of f-&d qbction threshold is important for the performance of signal acquisition.

The embodiment proposes using the measured energy R(d) of the received
signal to generate the detection threshold which is adjusted by experiment.
If |P(d)| doesn’t exceed the threshold, the detection function will continue to
15  calculate |P(d)] until it exceeds the threshold. Most packets or signal bursts
will be detected within two short symbols. If |P(d)| doesn’t exceed the
threshold over the first preamble, the packet will be lost. Through computer
simulation, it has been shown that the probability of detecting a packet within
two short symbols is higher using the method of the embodiment than using
20 the prior art methods.

This detection method can be applied for both IEEE802 .11a and Hiperlan
protocols as these both contain an initial preamble of respective training
symbols. In IEEE802.11a, the 1 preamble of the received burst consists of

25 10 repeated training symbols. In Hiperlan, the first preamble structure
depends on the burst type, but each contains at least five repeated training
symbols.

2. AGC (Automatic Gain Control)
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Ym=Ym'~ 27L "' Z = 27L~fiYIJ'shor~T m~~ 10 where, mis the estinmated
phase shift at mth stage and z is a integer and can be calculated with
Zs~D m~I Y'm 27c 15 where RND[ X] represents round X to an integer. Finally,
the frequency offset can be estimated with _ ~m 27nnLs,,0"T ~m-~ 27L ' Z
271 YYlI LshorI T 20 This estimated frequency of fset has the sanme precision as
that at the mth stage and the sane estimation range as that at the first
st age. 33 In this enbodi nent as shown2fn Figure 14, a 2-stage estinmation
met hod is applied. Two branches of received signal flow are used to
estimate frequency of fset. For the two stage enbodi nent shown, the settings
are preferably Td Tsnor~ (coarse) and 4TSHORr, (fine) and Tw = 7TSnort

(coarse) an@rfb'é&hertra(rfsnﬂﬁéd Signas I@&!Jétemebythe\%ceamris iriggersbicdtarttAGGse
ot her settings, Td Tsnort and TW= 7TSnorc_are %f erred for coarse

frequency o @diusts the 9ain of avariable gaibamplifiardVii 1A ie aGcemmadsteot f set

estimation = are
preferred f(l;)'\?a Rﬁnggl?% %298\)(1? E g% aﬂfﬂ H%e‘@%g'g}q%ﬁve"t@-s@ ﬁgn%hton
accuracy campolver $e:uel Mtoelde bhsé-bahbe\macroimnersmz 281 hen ful usei ozincbhened

| ower. Further por t hen need to do fine freq encgsoffset in

the secopd AP f‘bﬁ Ppe"e&IQ'Uft'@alﬁ elwwlt%mmraﬁwmm igoalr se

branch of T ?‘ce-g%BPls ff\gﬁm:mé 7TSno~ is used with the first preanble using
7 short sy to obtaln coar se frequently offset estimate. The fine
branch of Td = 4Tshort and Tw = 4Tshort is used to obtain the fine 15

f f t finpt th b
equat | ons, °ép@vfen fignaBahe HstA¥ G RuohBR et toE SignabieRalioR ARG 1o ) hen
used for th%G@'Th@boﬁﬂr‘élf%@ﬁ '|§a;§r5lmrbbthQﬁé‘kYrﬂbo%]foﬁQ%&ﬂaﬁﬁaﬁ@rﬁrﬁﬁasat'0”
40 function as describ low.  An inplenentalion diagramis shown in

Figure 1@. #ue symbolscastyingdata (TbBtPf@afﬂilblﬁﬁ meddlated by Kirequireelesgnbol

circut as St eonfal Tl B e A T R FppBSa MsktmRaffen bY° =7
Frequency CeaQAM) Téessutdhe geduiremhért of i Kifds of ©imissl ScorlvenkiefalsRBCces are
mandatory at the transmtter and at the receiver. In other words, carrier

and cl ock fr”@&déﬁdpﬁg P&F'@dé‘éﬁéh'&b’é@"f?%@tﬁé’%ﬂr%gﬁmyst al. If the carrier
frequency offset is 34 conpensated through controlling this reference
oscillator, the clock is sinultaneously adjusted.

15 Inthe embodiment, AGC operation is divided into two stages. At the first

stage, coarse AGC is done when the signal is detected. The coarse control
gain is used to adjust the subsequent short symbols until the symbol timing
and coarse frequency offset estimate is obtained. At the second stage, fine
AGC is done following symbol timing. The fine control gain is used to adjust

20 the subsequent second preamble and data symbols.

The two-stage AGC method of the embodiment is illustrated in Figures 8a and
8b. At the first stage, the received signal energy is measured firstly as
described above with respect to Figure 6. AGC reuses the energy

25 measurement circuit which has Ty, = Tgnort. At the moment when a signal is
detected, the first stage AGC is triggered. Preferably two short symbols are
measured. At the time of signal acquisition which is mostly finished within two
short symbols, the receiver assumes that at least one short symbol is
received and measures one more short symbol then averages the two

30 symbols energy. The mean short symbol signal energy R(d) is used to



In the standard of | EEE802.11a and H PERLAN 2, it is required that the 5
"transmitted center frequency tol erance and the synbol clock frequency

tol erance shall be 20 ppm maxi rum The transmtter center frequency and

t he synbol clock frequency shall be derived fromthe sane reference
oscillator. That is, a single frequency source shall be used for both RF
generation and cl ocking the tinebase. 10 2,% frequency acquisition and
tracki ng procedure conprising all digital“baseband al gorithns is proposed
whi ch uses a nethod of loop timng. In the loop timng nethod, each nobile
transceiver first synchronizes itself to the base-station and then derives
its uplink transmtter timng reference fromthe 15 recovered downli nk

cl ock. Each mlﬁullaieﬁhaﬁﬁié'gam%@in isazbtahbdibygﬁeaichingrazlepkustabley
derived froma V(il‘n)gaﬁ)(e3 Controlllﬁﬂ st al @glll {:Pfr VCX 25 whic

provi des t he 3PRS the iffeut ¢ sr”é@@i%‘ PIrafieplyscelye sr'%nﬂr‘ﬁ"tef% D A
and al | radi oqHerlgekgs tablé FéFdor@ufuétéotéacorangquenéym@wlﬁgr&nh%ween the
receiver and transmtter synbol clock occur due to non-idealities 20 in the
renote transceivers VCXOs 25, possibly of the order of several
partsper-mllion ( . Frequency offsets can also occur as a result of a
non- 1| i neag cggrlrgl % Doppler shifts. After synbol timng is obtained (see
3 above), ¥t he' ugngy offset is 25 estinmated (see 4 above). Based on the
estimated frequency fset for the short training preanble (i.e. the first
branch), the Automatic Frequency Control (AFC) 31 controls VCXO 25 to
adjust the RF and |F oscillator freciuenc or clock timng gl4 and 24). 30
6. Phase shi MWheenGdntha AGE gainsGalsitheipiiat AGCraainand Rids the frferansguency
of fset esti ency
of faet, arc Fnef WRIHIE prafbrichaids as hisuntdias of ey arirnfiBURihd R0

of fset can bsymbiohehgrgye Becadse AG(Bfmtnﬂhahmterédtsnat theekElMttRFqnhrt&cbfrma a

h hi f ho lied. Th f
O Tect od0i miEFaNPh B8 HEOTSHCal (ofREATAB IS Ol et 6Bkl GAoALad SRy S oot |
T 1-mk2. 7CZ Badbihid Normai |F§éd@§?é83$)¢ex6&%8ﬁltérﬁﬂihﬁﬂi\ﬁér@q}é‘%@gp r@ffSEt I's

f~ which is obtained using’'the above equation. AFC 31 can adju
frequency to Tdnedﬁga@edcﬁon&obgalad? uB§d f@ admséthea\afaﬁnmgnmedwemy of f set

f~-f2) i th hi £t t Th
bl ook ti agr aiiofe sragt Seb: e BR Sl g prEPdE freRltemERCHEIR™ H8Rerhie 1c.
The phase shitd anamR (IﬁﬁlﬁlﬁéﬂIrhﬁul&éﬂé‘srpﬁﬁEéﬁFMepWhﬁmtlsQﬁggéféa'b?"s@l‘lﬁlCt' ons is
input and_divided by_the nunber of or one synbol. The

conj ugat é5of detgaliops Ebgmput@rldr@t@@w géltR %ﬂter@fawdmﬁd:ﬁvery Temtteyr at ed 20
le b .
f Sl T g PoPhs; As LR afl IEC ifdnvides & whidhtedH{RiaBe U g MR A" 71 5,

25ns. 7. Fr egodtsogutpubatithe @ndofAhé Isbugrprearmbleewulehmtli&eé\lérage shoaclymbodd
wi th good performance,

ere a frequency offset, left. Such
o o Doy et e e BShS 7 POl svtbalee WhBk coIBR SYMbRIHMBOS gral 5.
Transforned igatgttbd ank 'saaofd AGCE adRistneht'R triggered. The output of the IIR filter

20 will be used to search the control gain in the same way as at the first stage.

In the first step of AGC, one or preferably two short symbols of the first
preamble is measured to obtain an AGC gain and then the amplifier 16
before the ADC (22,23) is adjusted. During the second step of AGC, the

25 following short symbols are measured to update the AGC gain to a more
accurate value. If sighal detection occurs after two short symbols, coarse
AGC after a further one short symbol, then fine AGC will utilise 7 short
symbols as shown in figure 8a. This provides a more accurate measure than
prior art methods, whilst at the same time allowing symbol timing and



36 remai ni ng frequency offset causes a common phase shift on al
subcarriers. This phase shift can be accunulated as tinme goes by. In
addition, the channel in which the receiver is working is dynam c. Fadi ng
and Doppl er spread are varying. Therefore, the resulting phase rotation is
not static and is 5 unpredictable To provide better robustness to
fast-fadi ng channels and a phase reference to the phase rotation over al

t he subcarriers caused by small frequeng? and synbol timng offsets,
frequency tracking has to be applied. In the OFDM 10 synbol of 802.11 a,
there are 4 pilot carriers inserted into 48 data carriers. The pil ot
signals are first extracted fromthe received signal and nultiplied with a
known pi | ot .freguensy offsat ¢stimation iorsted e eadier.tThe pumber ofameaeusa,d t he

carrier fre C an._be,conpensated and t shi.ft i m ng
sanpl es can%@&%’ﬁ'ﬁ%ﬂﬁ N Hgs %Qpc?t?%g @f'a&i%gagaeﬁt?’m'%‘ﬁ

subcarri ers tinging"ehd Yafabe giin hhﬁallﬁé\ewmnfﬁd]@ﬁbd Tairfobt ;br@(hde'é‘ t he
met hod of frequéency offset estimation, the phase shi I s obtalned by

cal cul at i ng qonstantgein fer ithe faliowingimcoming stgrmglsesmlMdingwth&rtm lae@tical to

each oth equency tracking, the phase shift
IS obtai ﬁedﬁﬁggﬁb’% %ﬁq 9?%%%@?3&%"%@8 &ith a conj ugate pilot synbol
recei ved several synbol s time later. The 20 frequency tracking nmetric is
witten as F- ~ R p, n+Nd~~ n=0 p=0 where R (p,n) is the
signal on 'Bﬁhlﬁuqnahodd@f«‘nt@ﬂ thAéQ W&#@Eﬁgy 'ﬁl@dpﬁéedzﬁs shewBrin of del ay

nbol I t th
oaranet er s, RGP df e ffst SO AGC Bt AR Ro0R o K Bl Fher bars
dﬁt aI (I:E%rE ri erpreH_aﬁiblel anel mEasmeldlte(rjobt?namA@d: galnfamttbenﬁlye gmmllﬁengs Np( ﬁld i )s
t he and Hi pe ndar ds nts the duration
symbol s Bet %éﬁf%ttﬁe%wg\‘@%&?%a P%’@QSEE’HO F&&&?ﬁﬁ!@{?ahﬁuﬁﬁ as 37
above freqUQﬂE hbﬁﬁ%?ﬁ?s Aol Qe ¢ |09|3} Kéﬁﬂ@‘édbfb e?g:ng{ Q%tlébf}ﬂne JyiigRl ugate of

a synbol synmbo I's rec obt ai ned
product s ar driggeredhe ffiest stage ofsAGIGJe Dumigethe@fecond stemof AGCs yyp]oally thé Af ter
obt ai ni ng the,sum of the thetra

cal cul at ed 9"09“"P9§'8P(eﬂ shBrt Cbr?st f esmé’ﬁBH[ﬂ ‘%ﬁ%%é@é gﬂ'inf aest i mation

is pr OCESSE%MOCUM%N%IWM @anaﬂ@baﬁﬁé}'ﬁpllﬁé?el@l@ffﬁ@rﬁl%a}us%ﬁ agaipyd by
frequen1\5/ tracking will be updated every NWNd synbols. An inplenentation
f

di agram tmp\gdm ernstant gaipfar the fellayihe incoming ‘signats fairanelfeamenblote
per formance ypf <LBSPAPROSAflsthEAE HidgdreBHY the STRIEE Bindify function

(described below). When correct symbol timing is determined usually after
the remaining seven short symbols, AGC gain for the second AGC adjustment
is completed and the variable gain amplifier adjusted accordingly.

20
3. Symbol Timing Synchronization

The objective of symbol timing is to know when the symbol starts. A timing
error gives rise to a phase rotation of the subcarriers. This phase rotation is
25 largest on the edges of the frequency band. There is usually some tolerance
for symbol timing errors when a cyclic prefix is used to extend the symbol as
is known. That is, if a timing error is small enough to keep the channel
impulse response within the cyclic prefix, the orthogonality between
subcarriers is maintained. In this case a symbol timing delay can be viewed
30 as a phase shift introduced by the channel, and the phase rotations can be



the AWGN channel is shown. As can be seen) even at SNR=10dB, the nethod can
"achieve a precision of within 0.1 ppm In this enbodinent, Nwis chosen to
be 12 and Nd is 4. In order to achi eve higher accuracy frequency, Nd shoul d
be |l arger. However, in order to reduce hardware conplexity, it is 20 better
to choose a smaller Nd. Nd=4 has been found to be a good conpronm se. The

| arger NW the higher the SNR To increagﬁhthe frequency of updating the
phase shift conpensation, the sum of Nd NW can be reduced. So when
choosing Nw and Nd, there are sone tradeoffs in the inplenentation. 25 9.
Channel Estimation and Ecpualization For a WL.AN transcei ver working in an

I ndoor environnent I n which a nmultipath Rayl eigh channel is assuned w thout
LOS (line of estighted byrancisarine edtimatpralfa time Ishifbisdargen thanitheycytdiie prefix,i pat h

channel . ThenS) B el B8, P RIE ik BRI o
s(t) through (@lf hiaels &‘ﬁléd friBH?tHeel‘a‘ﬂ b@'@ th%’Qﬂ‘{bdMQ iksrieid Bdfefe fhe S r(t~ =

s(t) * h(t)+ n~t) Were n( énot €s convol ut1 onal
mul ti plicati aaymbdli Sh m@fme; mwordantdasedue:mISt and phase hetatioptheresfimadioni n as:

t1 (r)aﬁsf (?;HrrétN th'gmgfo éhgﬁ?agﬂanngrs%g\bé[ ?é?‘?@t foﬁ&'netbgt i 'ﬁé'ﬁ?@l‘ aBg ng si gnal

det ect i on, A%férés?%r%ftﬁ@&ta@@éﬂme@ymm a8ydskibi.ng detection, the
receiver will know the start of an OFDM Synb The received si gnal s wll

be transfornmed into the frequency domain using FFT and can be witten as 20
R T i ofyh 5 it 6FadhagHS P et PRANE M0 HOPLS 17 Rl

Figure 9 (a) shows an example of the timing metric value as a window slides

10 past two repeated training symbols for the AWGN channel for an OFDM

signal. The peak value of the timing metric determines the start time of the

received symbol. Note however that for more than two repeated training

symbols (as in the case of practical systems), the timing metric P(d) will

produce a plateau as shown in figure 9(b). Such a plateau makes precise

15  detection difficult.

For a multipath channel, the timing metric reaches a plateau which has a
length equal to the length of the channel impulse response so that there is no
IS! within this plateau to distort the signal. This plateau is caused by delay

20 spread and adds to the above timing metric plateau. Although it is possible to
detect the start of the frame by measuring the edge of the plateau, this
plateau leads to some uncertainty as to the symbol timing and results in
increased hardware complexity.

25 Inthis OFDM synchronization technique there are several parameters of
importance. One parameter is the window length, T,=WT, which represents
the number of samples pairs used in the metric. The other is the delay
between two repeated symbols, T¢=DT. Here the equation of the timing metric
is the same as that of the detection metrics:

30



and FFT inputs tinme domain signals of N,F~ sanples r = ~r~p~ r~l~ ..

r(NI F~-r ~~ 39 where IFFT is reverse fast fourier transform The |ong
trai ning synbols of the preanble can be used to obtain reference 5
anpl i tudes and phases for doing coherent denodulation. In the long training
synbol, the signals on each subcarrier are QPSK nodul ated and known to the
receiver. By dividing the received | ong tralnlng synbol s by the known
synbol s, reference anplitudes and phase@ are obtained for doing coherent
denodul ation. 10 He - RR store Wiere He is the estimted channel for
subcarriers and Rstore is the stored training synbol. By averaging the two
I dentical parts of the long training 15 synbol, coherent references can be
obtained with a mpise level that is 3 dB |lower than the | evel of the data
synbol s. TheXd)re sf@mmmeddeMaﬁdéf information is used for equalization
where a one-tap eqtializer is applied. After channel estimtion and
equal i zation, the signal for each subcarrier is demapped into binary data
according to the nodul ation type of the subcarrier 20 for exanple 16QAM or
64QAM . Thernn chavertionat aptlkeodss T,Ss @easﬂecbdam:lme egoal todl ¢ hreF :gmde sg(b ate

used. To conpat the deep fa ec s the, ov Si bandW| dth
(flat fadi ngﬁe metec gute With ng‘?mu%d P&’"éﬁ'ﬂef@ﬁa!ﬁﬁgﬁ

conj unct gon ulation. In the WLAN st andar ds, convol uti onal
codi ng |§ uss‘eggﬁﬂ]e§hrf%|§%95§gt es of'/Z, 3/, and 2/3. 25 In Fi gure 19, the

BER performance for 64QAM 16QAM and QDSK in a nmultipath Rayl ei gh channel

is shown. T ti nel is co ted agccor.di n an .
exponent i al IW§ %&ﬁ%thﬁﬁagﬂ 'ﬁl"lﬁr?"f‘%e L{ﬁ &ripf sp %proceﬁgeqvbs can
see that thf’mé?éééé’d rfﬁé?)%aRfvaMEarﬁH SNRSGfitH@haﬁﬁ: \ﬁmﬁﬁé}é‘éQ@%sts'h%WnOﬁ per f ect
channel estimation. The invention been described with reference to

preferred etbebighenpiateay. hE’IQf@ereATw dnesr@)hbamtp be enuakiatToReferingtoar e
Chet b 15, T SlELt i A AehE BBt B Bt ek BAGPp Rb
conbi nabl e. and W = 9L, Ty = L, the timing metric is a more readily detectable peak. The
start time of the frame is detected when this peak value of the metric is
detected. To achieve a peak, the sum of Ty, and T4 should be the number of
processed samples L which corresponds to the repeated symbols. For
15 example, in figure 9b, Ty = Tq4, but Ty + T4 <10L which is the number of
processed samples, therefore a plateau is formed after the receiver received
Tw + Tq samples and until all the repeated symbols are received. In other
words, a peak will result from the sum of Ty, and T4 being equal to or greater
than the number of samples processed. In figure 9¢c, Ty # Tgand Ty + Ty =
20 10L, a peak is achieved only when all repeated symbols are received; in this
example at the end of the 10 short preamble symbols. By using this method it
is possible to have a low sample rate eg L=1 which reduces hardware
complexity and cost.

25 The peak detection algorithm and the operation model of the symbol timing
detection are shown in Figure 10 and Figure 11, respectively. The algorithm is
as shown in Figure 7, but using the timing metric discussed above i.e.
Tw=9T4. The peak values of the timing metric |P(d)| are located sequentially
so as to limit memory requirements. When |P(d)| exceeds threshold value t;,



41 CLAIMS 1. A synbol tim ng apparatus for an OFDM receiver having: neans
"for determning the correlation of corresponding sanples of two 5 received
preanbl e synbol s, one said sanple del ayed a predeterm ned duration with
respect to the other; nmeans for determning the maxi num correl ation val ue
wWithin a predeterm ned integrati on wi ndow, said maxi nrum val ue indicating
the start of a synbol; 10 wherein the integration w ndow duration is not
equal to said delay duration. 2. An appar¥dtus according to claim1 wherein
said integration wi ndow duration is greater than said delay duration. 3. An
apparatus according to claiml1l or 2 wherein said correlation 15 determ ning
means conprises: neans for determ ning the product of a sanple of a said

recei ved preatnbltnmmgahdlth@ndlubhﬁ|p(d)] zg@istorell duringrperioOty ds Rocawligdte. Hf
sai d del ayed\lusjzlmrrg means for accunul ati ng said product over sajd

i ntegration dpespotexcaesthe SithﬁdaV@&ﬁrWF At pryiadle, terstered{iaingds ween
sai d product ¢ 5?%%1?&qlrﬁ'iﬂga @(]&&fedﬁ%g s&ﬂéﬁ%ﬂ}%\&ghlﬁfp@é@‘gtt&,sthg 4.

An appar at us acco 0 any~p I'ng claimwherein
receives a prtmuiagmmmthed\emuWBe |B(d)plaea3tﬁredsgabvlos nextipevied ti Thé fieasum of

t he delay duration and said integra w ndow duration are greater than or
equal to Phe egqutqaiq]e l?ftﬁgeﬂeé‘k P&!ﬁrﬁ#@?g nbols. 5 5. An apparatus according
to claim4 wherein the nunber of synbols is 10, the delay duration is 1

synbol duration, and the integration windowis 9 synbol durations. 6. An
appar at us acdiince the d@tectwi syrabalitieniog is disturbedibyrnaise spdidelayedssigmalst he

del ay duratl 0 t Nt e L.on ndow .i s 10
synbol duratlﬁﬁgﬁ:-‘lw"ﬁ{’b psfﬁ HFQES geﬁale[%h%n &"‘Wﬁﬂteﬁ}? %PWQt'Hé" Ehber
of synbol s i g0 }odudethedfdgridatitrias Aentidnédd apale! THe valuedst the iithebhsd t,
integration window is 6 synbol durations. 8 A nmethod of synbol timng in

an OFDM r8ceiiy 8et tOtbﬁeVthl inspragtigs se tha thelealsulated imingmeatde eanat i on of
more than t V\%)chgmt' acsal naré%ra‘boqft %36]:04 Short symbols are received after signal

detection. Then the circuit continuously updates the max value of timing
metric until no larger value occurs during td. If signal detection takes 3 short
symbols, there is no need to change T, . Because the peak is always

15 detected when all 10 symbols are received as long as Ty + Tq = 10L.

Once the symbol timing has been determined, the window control function 41
is informed in order that the second preamble and data symbols of the OFDM
packet may be correctly received. Window control is important for the

20 extraction of the received samples for IFFT (Inverse Fast Fourier Transform)
and discarding the guard interval (Gl) based on the received correct symbol
timing.

Figure 12 illustrates window control timing for a received data symbol. Since
25 an OFDM symbol has a guard interval prefix that is a cyclic extension of the

original symbol in a multipath channel having delay signals, no degradation

occurs if the DFT (discrete fourier transform) window is set sufficiently early.

That is provided all the delayed signals start in the guard interval cyclic prefix,

there will be no inter-symbol interference in the DFT window. In exponentially
30 decaying Rayleigh fading channels, the error rate is degraded much more



synbol s; determ ning the synbol tim ng based on the maxi num correl ation
val'ue within a predeterm ned integration w ndow, 20 wherein the integration
wi ndow duration is not equal to the delay duration.
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UV] ca] ca] Ca}éradugr@dlwéaioﬁ"@idtﬁ AGC ahedoldding vl $ambdik @all be processed for
20 symbol timing. When D=L, W=7L-D, a peak can be achieved. If 10 symbols
are used, W=10L-D=9L. The critical factor is that the sum of W and D is equal
to the number of processed samples in the timing metric. When the sum is
larger than the number of processed samples, a peak can also be achieved
but some buffer for W is wasted. However, when the sumof Wand D is
25 smaller than the number of processed samples, the timing metric is like figure

9b and a plateau wili occur.

4, Frequency Offset Estimation
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1098 () - F109&" 29" e_@%ﬁoefsz 10%é8 eass mqi(the worst case offset as seen by a
receiver can be up to 40 ppm, as it experiences the sum of the frequency

offsets from both transmitter and receiver. Frequency offsets are caused not

10  only by differences in oscillators in the transmitter and receiver but also by
Doppler shifts, or phase noise introduced by non-linear channels. There are
two destructive effects caused by a carrier frequency offset in OFDM systems.
One is the reduction of signal amplitude in the output of the filters matched to
each of the carriers (the sinc functions are shifted and no longer sampled at

15  the peak). The other is the introduction of ICI from the other carriers which are
now no longer orthogonal to the filter (see Figure 13).

The 1%t preamble of an IEEE802 received burst consists of 10 repeated
training symbols which are identical to each other at the receiver except for a

20 phase shift caused by the carrier frequency offset. Because the preamble is
so short the multipath channel can be considered time invariant. The
multipath channel has the same effect on the identical symbols. Normally the
effect of muitipath channel is worked out by channel estimation but this is not
necessary for the frequency offset estimation method. The frequency offset

25 can be estimated using the phase shift. If the conjugate of a sample from the
first symbol is multiplied by the corresponding sample from the second (delay
time Ty later), the effect of the channel should cancel, and the result will have
a phase of approximately

30 g=al A
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the frequency error must be smaller than Af /2. Therefore, the frequency

acquisition must ensure a rough frequency error estimate with an accuracy of

10  better than Af /2. In other words, if |¢| is guaranteed to be less than =, then the

frequency offset estimate is

>

s,

15  However, an unambiguous frequency offset estimate is not possible, if the
frequency offset to be estimated is not restricted in this range. Therefore the
only way to guarantee an unambiguous frequency offset estimate is to
enlarge the estimation range which can accommodate possibie frequency
offset. The frequency offset estimation range depends on the spaced time Tq

20 between two repeated sequences. To obtain a larger estimation range for
frequency offset, Tq, the delay time between the repeated symbol should be
smaller. Ty can be set to mujitiples of Tghort.

However, a smaller Ty will result in some loss in the estimation precision. In

25 order to achieve a more accurate estimation of frequency offset, T4 should be
larger. In addition, in order to increase the SNR of the metric and hence
enhance the estimation precision, the integration window length T, is made as
large as possible. Therefore, by adjusting T4 we may get a desired estimation
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15  is the number of samples at the m-th stage and L

short

is the number of

samples in one short symbol with a period of Tghor= Lsnot T. At the first stage,

D =1L

short ?

and thus, the largest estimation range of frequency offset is

achieved at the first stage. The estimation range is the range of estimated

n

¢

frequency offset. From the equation Af = we can see that when Ty is set

¥

20 to be Tshot, minimum value, the estimated frequency offset can reach the

maximum. In prior art methods, two short symbols of the first preamble are

used to do coarse frequency estimation. In the embodiment, because AGC

can be done early so that more short symbols can be used, the estimation

accuracy is increased. Furthermore, fine frequency estimation is processed

25 parallely, so there is no requirement for this during the second preamble as

with the prior art.
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For the m-th stage, the phase shift caused by frequency offset is

¢, = g@m +27-z
= 2nAfmL,,, T

= mg,

10 where, §, is the estimated phase shift at m-th stage and z is a integer and

can be calculated with

7 = RND m(gl —¢?m
- 27

15  where RND[X] represents round X to an integer. Finally, the frequency offset

can be estimated with

P
2amLg,, T
_ gz;m +27 -z

2amL, T

short

Af =

20 This estimated frequency offset has the same precision as that at the m-th
stage and the same estimation range as that at the first stage.



10 f 109 ()-ys!10%& ()- 109%& ()-109%& ()- 10" 10" 10"99 "10%W & ()-t
uUuuv/ wzwdEbC 10S#MLO%&' ()-s! 10%&' ()-9S
109 ()-s" 10%& ()- 10%& () - SL0%& () - zwwxUxxx/ ydEbC
10. f 10%& () -, : 10%& ()- Y+ 109& ()- )| "10%& () - &@LO%& () - $10%& () - /yHyyyyyyy,
z~ @10y 10% & ()-yL10% & ()- 10 10 10@ 109&' ()-6109%& ()-!f"
109%& ()-f;z|z~zzzz9| dB~_@ 10! D9" 10% " gz 9@0%& ()-y10% & () - 3
109 & ()-Y10% & ()-yz10% & ()- 9||}f~sz
10! p&83"10% " & ()-! p&Ont 109%JJ& () - ! f &Ont 10% & ()-1f&#" 109@@ () -
| X&#" 109R" 2" & ()- 9"10% & ()-!ouV7 10! 10%&' ()-f10%& ()-$Y
109& ()-!'109%& ()-TL109%& ()- 210"" 10"" 10""3odEuVv7
In this embodiment as shown in Figure 14, a 2-stage estimation method is

applied. Two branches of received signal flow are used to estimate frequency
offset. For the two stage embodiment shown, the settings are preferably Ty =
Tehot (coarse) and 4TsuorT, (fine) and Tw = 7Tsnort (cOarse) and 4Tshort (fine)
5 respectively. While it is possible to use other settings, Tq = Tshot and Tw =

7Tshort are preferred for coarse frequency offset estimation. This is because
the maximum frequency offset estimation range can be achieved. T4 =
4TshorT, and Tw = 4Tspor are preferred for fine frequency offset. This is
because the estimation accuracy can be satisfied while the hardware

10  complexity maintained lower. Furthermore, there is then no need to do fine
frequency offset in the second long preamble as required in prior art systems.
The coarse branch of Ty = Tenot and Tw = 7Tghort is used with the first
preamble using 7 short symbols to obtain a coarse frequently offset estimate.
The fine branch of Td = 4Tshort and Tw = 4Tshort is used to obtain the fine

15  frequency offset estimation. By applying the two estimates to the above
equations, the final estimated frequency offset is obtained. This is then used
for the initial automatic frequency control 31 and phase compensation 40
function as described below. An implementation diagram is shown in Figure
14,

20
The two-stage circuit can be used to calculate the symbol timing and
frequency offset as the first stage estimation shares the same circuit as

symbol timing as shown in figure 14.

25 B, AFC (Automatic Frequency Control)

According to wireless LAN protocols, linked sources are mandatory at the
transmitter and at the receiver. In other words, carrier and clock frequencies
are generated from the same crystal. If the carrier frequency offset is
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compensated through controlling this reference oscillator, the clock is

simultaneously adjusted.

In the standard of IEEE802.11a and HIPERLAN/2, it is required that the
5 transmitted center frequency tolerance and the symbol clock frequency

tolerance shall be = 20 ppm maximum. The transmitter center frequency and
the symbol clock frequency shall be derived from the same reference
oscillator. That is, a single frequency source shall be used for both RF
generation and clocking the timebase.

10
A frequency acquisition and tracking procedure comprising all digital
baseband algorithms is proposed which uses a method of loop timing. In the
loop timing method, each mobile transceiver first synchronizes itself to the
base-station and then derives its uplink transmitter timing reference from the

15  recovered downlink clock. Each mobile transceiver has a local timing
reference, usually derived from a Voltage Controlled Crystal Oscillator
(VCXO) 25 which provides the timing reference for the receiver A/D 22, 23
transmitter D/A and all radio frequency (RF) circuitry. Frequency offsets
between the receiver and transmitter symbol clock occur due to non-idealities

20 inthe remote transceivers VCXOs 25, possibly of the order of several parts-
per-million (ppm). Frequency offsets can also occur as a result of a non-linear
channel or Doppler shifts.

After symbol timing is obtained (see 3 above), the frequency offset is

25 estimated (see 4 above). Based on the estimated frequency offset for the
short training preamble (i.e. the first branch), the Automatic Frequency Control
(AFC) 31 controls VCXO 25 to adjust the RF and IF oscillator frequency or
clock timing (14 and 24).

30 6. Phase Shift Compensation
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achieve highly accurate estimated frequency offset, AFC 31 may not adjust
VCXO 25 so precisely that the frequency offset can be totally removed. To
5 obtain a fine frequency adjustment, a phase shift compensation method is
applied. The coarse and fine frequency offset estimation results are combined
by using equation

P
270mL 0, T

short

Af =

_ qim +27 -z
2mmLg,, T
10
For example, the estimated frequency offset is f; which is obtained using the
above equation. AFC 31can adjust the frequency to a degree of accuracy by
fo. The remaining frequency offset (fi-f2) is compensated by the function of
phase shift compensation.
15
The block diagram of phase shift compensation circuit 40 is shown in Figure
15. The phase shift estimated by the frequency offset estimation functions is
input and divided by the number of samples (L) for one symbol. The
conjugate of this product is the compensation phase which is integrated
20 sample by sample. T is sample interval. i.e. the inverse of sampling rate. If

sampling rate is double rate of FFT chip rate (20MHz), i.e. 40MHz, T is 25ns.

7. Frequency Tracking

25 Although carrier acquisition is achieved with good performance, there is
always a small frequency offset left. Such an error will cause phase rotation in
the subsequent incoming signals. Transformed into the frequency domain, the
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in which the receiver is working is dynamic. Fadlng and Doppler spread are
varying. Therefore, the resulting phase rotation is not static and is
5 unpredictable

To provide better robustness to fast-fading channels and a phase reference to
the phase rotation over all the subcarriers caused by small frequency and
symbol timing offsets, frequency tracking has to be applied. In the OFDM

10  symbol of 802.11a, there are 4 pilot carriers inserted into 48 data carriers. The
pilot signals are first extracted from the received signal and multiplied with a
known pilot. By calculating the phase shift on the pilot carriers, the carrier
frequency can be compensated and the phase shift for incoming samples can
be tracked. The basic idea of phase shift estimation on subcarriers is the

15 same as the frequency offset estimation. In the method of frequency offset
estimation, the phase shift is obtained by calculating the correlation of a pair
of samples which are identical to each other except for a phase shift. In
frequency tracking, the phase shift is obtained by multiplying a pilot symbol
with a conjugate pilot symbol received several symbols time later. The

20 frequency tracking metric is written as

Ny-1N,-1

3 S (R (p.n)- R(p,n+ N,))

n—O p=0

where R (p,n) is the signal on p-th pilot carrier of n-th OFDM symbol, Ng the
25 number of delay symbols, Ny the number of integration symbols. Figure 16
illustrates these parameters. The 4 shaded bars represent 4 pilot carriers and
the other bars data carriers. The pilot carriers are used in frequency tracking.
Ny=4 is the IEEE and Hiperlan WLAN standards. N4 represents the duration of
(Ng ) symbols between the two symbols processed. The product used in the
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symbol with a symbol that is received Nq symbols later. The obtained products
are integrated. Ny is the number of integration symbols.

5  After obtaining the sum of the products F, the tracked phase shift can be
calculated by

é;vrack = arg(F )

10 In this embodiment the phase shift estimation is processed every N,+Ny4
symbols. That means the compensation output by frequency tracking will be
updated every Ny+Ng symbols. An implementation diagram of this method is
shown in Figure 17.

15  In Figure 18, the performance of the proposed frequency tracking method in
the AWGN channel is shown. As can be seen, even at SNR=10dB, the
method can achieve a precision of within 0.1 ppm. In this embodiment, N, is
chosen to be 12 and Ny is 4. In order to achieve higher accuracy frequency,
Ng4 should be larger. However, in order to reduce hardware complexity, it is

20 Dbetter to choose a smaller Ng. Ng=4 has been found to be a good
compromise. The larger Ny, the higher the SNR. To increase the frequency of
updating the phase shift compensation, the sum of Ny and Ny, can be reduced.

So when choosing Ny, and Ny, there are some tradeoffs in the implementation.

25 9. Channel Estimation and Equalization

For a WLAN transceiver working in an indoor environment in which a
multipath Rayleigh channel is assumed without LOS (line of sight), transmitted
signals will be distorted by the multipath channel. Therefore to restore the

30 signals, the channel state information needs to be estimated.
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As is known, the transmitter transmits signals s(t) through a channel h(t). The
received signal can be written as

5 r(t)=s(t)*hlt)+nlr)
Where n(t) is AWGN, and * denotes convolutional multiplication.

This equation can be rewritten in the frequency domain as:
10

R=S-H+N

where S, H and N are FFT (fast fourier transform) transformations of s, h and
n.

15
After carrier recovery (including signal detection, AGC, frequency offset
estimations) and timing detection, the receiver will know the start of an OFDM
symbol. The received signals will be transformed into the frequency domain
using FFT and can be written as

20

R = FFT[7]

whereby FFT function 43outputs frequency domain signals on N. sub-carriers
25  R=[R0) R@M) - R(N,)]

and FFT inputs time domain signals of Nigrr samples

F=[r(0) r(l) r(NIFFT)]



10 10 10! X L6"109& ()-GK)5}~<rS1 !'SL!-Y 109%& ()- 9@ 10%
C & (J-Y'\ 9@ 10%#& () - YL& 10%r& () - m NL& 1098 () - mL" 10%& () - 5T#$Y%E) wj oP1
. 10% 0& ()-10% 0& ()- 10## 10## 10##!\ 91" 10%H#& ()-!X91"10% & ()-!
109& ()-wIXedEoP1 , 10%

10% 0& () - S3S10% J& ()-F, 10% 0& ()-  @0% o0& () -, @0% 0& ()-, sz

10% 0& () - BVdEOP1 5
10% z109% 0& () -, y#109% 0& ()-!!10% 0& () -,

0-Y

%10%0&' ()-@0% o0& ()-,s10% o0& ()-

XrdEOPL ,  10%@BS 10% 0&' ()- @B10% 0& ()-210%0& ()-@ @ 10% 0& ()- @& S

10% 0& ()-, +T 10% 0& ()-;<=>AbC , 10%@L0%@&&' ()-3s 10%@& ()- 10%@& ()- 10'o
10'0 10' 0 :10% o0& ()-, 810% 0& ()-1LUJELC , 10%

10%@8 () - 10%@&' () - Lf 10%@&' () - L10%@& () - L10%@& ()- 10%@& ()- YdEbC , 1099S2

10

15

20

25

where IFFT is reverse fast fourier transform.

The long training symbols of the preamble can be used to obtain reference
amplitudes and phases for doing coherent demodulation. In the long training
symbol, the signals on each subcarrier are QPSK modulated and known to
the receiver. By dividing the received long training symbols by the known
symbols, reference amplitudes and phases are obtained for doing coherent
demodulation.

R

H, =
R

store

Where He is the estimated channel for subcarriers and Rgtore is the stored
training symbol. By averaging the two identical parts of the long training
symbol, coherent references can be obtained with a noise level that is 3 dB
lower than the level of the data symbols. Then the estimated channel
information is used for equalization where a one-tap equalizer is applied.
After channel estimation and equalization, the signal for each subcarrier is
demapped into binary data according to the modulation type of the subcarrier
for example 16QAM or 64QAM.. Then the data sequence is decoded
according to the coding rate used. To combat the deep fading which affects
the overall signal bandwidth (flat fading), the best way is to use an efficient
channel code, in conjunction with a robust modulation. In the WLAN
standards, convolutional coding is used with coding rates of 12, %, and 2/3.

In Figure 19, the BER performance for 64QAM, 16QAM and QPSK in a
multipath Rayleigh channel is shown. The multipath channel is constructed
according to an exponentially decaying power profile model. From the figure,
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we can see that the performance of the proposed method approaches that of
perfect channel estimation.

The invention has been described with reference to preferred embodiments

5 thereof. Attentions and modifications which are obvious to those skilled in the
art are intended to be incorporated within the scope hereof. The various
aspects of the invention are freely combinable.
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1. A symbol timing apparatus for an OFDM receiver having:

means for determining the correlation of corresponding samples of two
5 received preamble symbols, one said sample delayed a predetermined

duration with respect to the other;

means for determining the maximum correlation value within a
predetermined integration window, said maximum value indicating the start of
a symbol;

10 wherein the integration window duration is not equal to said delay

duration.

2. An apparatus according to claim 1 wherein said integration window

duration is greater than said delay duration.

3. An apparatus according to claim 1 or 2 wherein said correlation

15 determining means comprises:

means for determining the product of a sample of a said received
preamble symbol and the conjugate of a corresponding sample of said
delayed symbol;

means for accumulating said product over said integration window;

20 and means for accumulating the difference between said product at the
beginning and end of said integration window.
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4, An apparatus according to any preceding claim wherein the apparatus

receives a predetermined number of preamble symbols and wherein the sum

of the delay duration and said integration window duration are greater than or
equal to the duration of said preamble symbols.

5. An apparatus according to claim 4 wherein the number of symbols is
10, the delay duration is 1 symbol duration, and the integration window is 9

symbol durations.

8. An apparatus according to claim 4 wherein the number of symbols is
10, the delay duration is 1 symbol duration, and the integration window is 7

symbol durations.

7. An apparatus according to claim 4 wherein the number of symbols is
10, the delay duration is 4 symbol duration, and the integration window is 6
symbol durations.

8. A method of symbol timing in an OFDM receiver, the method
comprising:

determining the correlation of more than two identical short preamble
symbols;

determining the symbol timing based on the maximum correlation value

within a predetermined integration window;

wherein the integration window duration is not equal to the delay
duration.




