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Si grial s Freld of the invention The pr vention rel ods an
degl ces for rdceiving signal s | n 8 f\/\ml]-e d@z Local em Im ,WW @r rel ess
LAN, or WLAN), particularly %?a@g Tg I%eSI gnal s are
Frequency Division Miltipl exed ( he pri or
art 10 Recentl'y OFDM based wirel ess LAN standards IEEE
H PERLAN/ 2 [2] [3] have been devel oped. The | EEE 802. 11 w MI@
described in "Supplenment to | EEE Standard for Information -

Tel ecommuni cations and I nformation Exchange between Systems"@obocal and
Metropolitan Area Networks - Specific Requirements - Part 11: Wreless LAN
15 Medium Access COMR@&er(réMdMé'th@WfﬂrQﬂLAWB@ﬁ‘sf@?@% §fications:

H gh- Speed Physical Layer in the 5 GHZ band" |EEE St'd 8 a - 1999.

HYPERLAN 2 is described in Broadband Radi o Access Net wor 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 Radi o

Access Net wgt F éﬁ@gé\?nve dband Radi o Access Networks (BRAN); HYPERLAN
Type 2; Data lin trol C) Layer Part 1: Basic Data Transport
Functrons ETYSI TS 101 716-1 V. 1.1 (2000-04). For an OFDW based wirel ess
recei ver, t HEnef ptasemt rrtyenheueelabe&tosn@rthddscam devitegfot retafiing isighal S\

25 t ng, frequency
tim g R IR VR TR M S g LG
WLAN i ncl UdQ:afséQﬁu?ﬂféYsrgﬁQIstar@@ﬂhé@’&?é?rﬁ@hﬁéﬁéfﬁwrébﬁ‘i\ﬁulgplexed (OFDM)

signals.

Description of the prior art

10 Recently, OFDM-based .wireless LAN standards IEEE 802.11a [1] and

HIPERLAN/2 [2] [3] have been developed. The |EEE 802.11a standard is

“described in “Supplement to |IEEE Standard for Information Technology —

Telecommunications and Information Exchange between Systems — local and

Metropolitan Area Networks — Specific Requirements — Part 11: Wireless LAN

15 Medium Access Control (MAC) and Physical Layer (PHY) Specifications:

High-Speed Physieal Layer in the 5 GHZ band” IEEE Std 802.11a — 1999.

- HYPERLAN/2 is described in.Broadband Radio A_ccess 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 Aecess Networks

(BRAN) HYPERLAN Type 2; Data link Control (DLC) Layer Part 1: Basrc
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

QFDM modem for WLAN include frequency and timing synchronization, since
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OFDM denpdul ation is very sensitive to frequency offset and ISl

Tl nt'ersynbol Interference) caused by a nmultipath channel environnment and
which 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
estimation 5 errors. Figure 1 shows the structure of the OFDM PHY frame of
| EEE 802. 11a in which a preanble precedes all data synbols. This preanble
is essential to perform packet detectior? automatic gain control, symbo
timng, frequency estimation and channel estimation. 10 The first part. of
the preanbl e consists of 10 repetitions of a training synbol wth a
duration of 800 ns, which is only a quarter of the FFT (Fast Fourier
Transform | OF@N alentddativn iRalerf @basisivee freqliBREE oF56Y And m%térsyn?%ol
generated by using only nonzero subcarrier values for subcarrier nunbers
whi ch are a ligrfergneebicaysed ey @ multipaip charrelsendronmentyand| whichektgnshor t

I ' f i | e Fi: I har t nbo provi de
‘2 convent entuly Ty PERrIoR i PRABIT Bis”dL Mot Lontreied( Rumria Shik e

det ecti on. Sacmumiliipted e eabhrsubsymies) amd thie taretrirsy hbowosEndlet esBmafosy Mool
timng and a coarse frequency offset estimation with a |arge unanbi guous
range. 2??- The"Q®fort training synbols are followed by two |ong training
synbol's with a duration of that of a.data synbol. There are two reasons

for using | omgureririves e SiHuEwREIdr 1RE OPENPPRAHAme G TIEEE Bbo T7ECY, | !
possible to do a precise frequency estimation on the l'ong Synbol. "Second,
the | ong synibich @ predysbleupratedesait data sphbolsndhisupptarmbldes essbmiabhses f or

' ' | ati.on. d of th | e, eci al :
oy AL o HEorPE pRERR HeBeliah. aitarkalfc; SRR Bputrels ik dimihonfiedenant ai ns
i nf or mati on ediimdtidn@nd eRgridel estimation. -

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 felatively 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 syn.wboll 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 6f that of a data symbol. There are two reasons for using long
symbols in this part of the preamble_ﬁ First, it makes it poséible 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 démpdulation.

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.



- nodul ation type and coding rate of the rest of the packet. 3 Finally, a
" ari‘abl e nunber of data synbols are transmitted typically at a higher
nodul ation | evel or rate. Each data synbol consists of a guard interval 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) Downlink
burst; 3) Uplink burst with short preanble; 4) Uplink burst with | ong
preanble; 5) Direct |ink burst (optional%. 10 I ndependently of the burst
type each burst consists of two sections: a preanble and a payl oad. Each
burst is started wwth a preanble section which is followed by a payl oad
section. The content of preanble and payl oad section depends on the bust
type. Ther e Binally, & eadablé ewenbertof piata eymbursSéreftﬁénEﬁﬁittbbit?ﬂiicél'lﬁaﬁé'ﬁ@heirn '
Figure 2: (a%'_@ 1F a Sro dcast rst, (b) a Downljnk burst, (c) an glink
burst with shodblationdayelior rajesEach darisymbal consists of a augreiniamval of 808) a
Direct link i [y nbol is the sanme as for |EEE
802. 114, but@Eéagr%—éggérﬁggn%ég%%?gzg " short synbols may be different. A
downlink transm ssion starts wth 10 short synbols as in | EEE 802. 11 a, but
the first 5 HIMDRLANA eystent kasfive differentddinis of BHYdbasts [Rhe start of the
downlink franme. Uplink packets may use 5 or 10 identical short synbols,
~with thedas r . being inverted. The difference between the

pr eanbl esé ofhl %%%dgﬁg%ﬁg{'and H PERLAN' 2 is determined by their respective
protocols. 4 However, at the PHY level, in principle the sane receiver
ar chi t ect ur e2)nbgwhkink burst; '

3) Uplink burst with short preamble;
4) Uplink burst with long preamble;
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, (c) 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 diffe-rent
20 in ordér to detect the start of the downlink frame. Uplink packets may use 5 or
10 identical short symbols, with the last short symbol _béing inverted. The
difference between the preambles of IEEE 802.11a and HIPERLAN/2 is
determined by their respective protocols. |



used for | EEE802. 11a bursts and some HI PERLAN bursts, in particular the
fon-‘downl i-nk bursts. Signal detection, AGC and synchronization are not
necessary for downlink burst. As the format of broadcast burst of 5

H PERLAN 2 is al nbst the sane as that of | EEE802. 11a, the same receiver
architectures or nethods can be used. Figure 3 shows the tinme and frequency
structure of an OFDM packet having an |EEE 802.11 preanble. The packet
starts with 10 short training symbols, using only twelve subcarriers,
fol l owed by two long training synbols and data 10 symbols using the ful
fifty two subcarriers and containing four known pilot subcarriers used for
estimating the reference phase. The ten short training synbols use a |ow
order nodul atibwevenrat e R 16YBEHN Phieipte (Y SambaecéNet HREhREBERE M&f B | N

der to allow the r |ver to synchronise itself with the incomng:
g;cﬁgt , Obef 09%94 ERJ 'ﬁ%qz'?d%@ z’uﬁgtﬁsa%ﬁoﬁ@ SHREREAN buistscitopriticulas tf[ﬁe
reanbl e, | ' trjraed | eqLi Si e ' of, each-
Bac ket conm (gﬁelg b?’kqgﬁ? etﬁjrgﬁbr tﬁ%@%bg%fgrcgén,t v("fé:% gegg%nbsﬁégﬁfoﬁ%q%q dfa'f‘?"lgﬂ Wo
| ong synbol snegesshaty ffof t downlinks ubuarst.r i eAs, thes fosadt t of frohdtasts bardt of

acket et Walal omati c in contraol,.s | m ng, frequency.

gst i mat | g’n g'ﬁt?é)‘g'réﬂﬁels %@E?ﬁ’r&ﬁ?@ﬁm%ﬁﬁ thﬁf P%@g‘%@ﬁg%ﬂﬂan&q same rgceiver
necessary i narehfédtufed ordRefHbdsasi be Li¥ed ecei ve and decode the actual data
bits. As is known a cyclic prefix or guard interval (G) is added to each

data synbol _to make the receiver nore robust to nultipath propagat i‘on. In
particul ar, figuies3 shewsniledtimaand freqeeneydsiructares af abeOFBMypaecketUgiving

' M : all sigpifi t
Ceceived copbiier ARt gferigeT TS pdfe AN it HE Yok beine,Suibek. 56 s

Summary of tusing omigntwedve subcarriers, followed by two long training symbols and data

1

10 symbols using the full fifty two subcarriers and containing four known pilot
subcarriers used for estimating the reference phase. The ten short training
symbols use a. Iow'orde_r modulation for example QPSK (hence only the
twelve subcarriers) in order to allow the receiver to synchronise itself with the
incoming packet, before the actual data bits can be successfully decoded.

15 The preamble, which is contained in the first sixteen microseconds of each
packet comprises the ten short symbols on twelve subcarriers and the two
long symbols on all fifty two subcarriers, is used to perform start of packet
detecﬁon, 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



The present invention ains to provide an inproved or at |least alternative 5
" et Hods "and apparatus relating to receiving signals, especially OFDM
signals in a WLAAN. There are provided various aspects relating to a
receiver for an OFDM burst type signal, including: signal detection;
automatic gain control; synbol timng; 10 frequency offset tracking; and
frequency tracking. Apparatus and nethods relating to each of these aspects
may advant ageously be conbined with appaatus and met 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 provided a signal detection apparatus for an OFDM recei ver, having:
means for determning the correlation of correspondi ng sanples of two

- recei ved preanbl e synbol sanples, one said sanple del ayed a predeterm ned
“duration mﬁt%uﬂy§6969 f the Inyantiamer - 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 preanble

synbol s. TheTbeipsesdr inyemtiondsosdo poovids pondipraved onat ledet gledrhativeret hod

conpri si determni t he correl atjon of ,correspondi ng sanples of two
recei vedrggprmg A BBParatys el %tﬁ?%tosrz%?ﬁlvé‘gjé'%?&eéP?ﬁ'@UiéQEIDM signals

duration witjy 2pyre9pect 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 preanble

recei ved preanble

synbol s. Alses t. i ovver sanpl es of e
synbol s over:m%%e fﬁLﬂ{Bé'BeSf agﬂﬂf‘la Q?ﬂtﬁdﬁ[eat'f‘g -arqg&efvgf? Ui hF DM beEsti on t o
set the thr ers/belsabna‘l Oihcmmgcgrgr@ll aétéwoﬁ%lhl%éifc qiﬁﬁ ®6hird s?n@PGMEng Thi s
has t he advant age of n*gﬁOW ng accuracy detection espécla '
i ncr ease@ t ofirequency offsetasking; and frequency tracklng Apparatus and methods
relating to each of these aspects may advantageously be combined with _
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 preemble 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 defection '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.



5 This is because the threshold is dynam c and dependent on signal

" Feception conditions. Preferably the apparatus further conprises neans for
determ ning the signal power of the synbol sanples, and neans for

determ ning said threshold from 10 said signal power. and the signal power
determ ning neans may further conprise neans for accumul ating the

di fference between said sanple signal powers, with the predeterm ned
duration preferably being of one preanbl & synbol. The correlation

determ ni ng neans preferably conprises neans for 15 determ ning the _
product of a said sanple and the conjugate of a said delayed sanple, neans
for accunul ati ng said product over an integration w ndow, and neans for
accumul at i ngThiseusdisfthe rsigre poaiewet samplat of thdyeteitbd phearhBR symbds osgf end
of said wi ndow. 20 The sanples are preferably a first and a l'ast sanple in
a correl at i of&RWBBR! Omrmﬁyrﬁbwér{gﬂ%"@i fesrignal sietestiondpmet the thieshaldcond
aspect .of th s AR, - OV t i I n

Cont r ol appafoé'? ':igéﬁgrélagﬁ“%%ﬁagggj?\séecﬁl,nb%aaglpﬁé!' q‘rﬁ'gsaﬁ 3%8%%5% ﬁng t he
b oo 6 A L e P avel Passd on th
appropriate 1 evel ; an r determining a firs .evel based on the
a\egrage Srtbwe S!S eF?‘l‘%‘Efw ISg i afsldenandest pp signal seesptiong a 7
second ACC | gyfditidigsed on the average power of a second nunber of
subsequent synbols. There is al so provided a correspondi ng automati c gain

control nmethod conprising: determ ning the average power of received
| evel ; determning a

preanbl e sy leS, .| 5 order.to.sget an appropriate A )

first AGC g@gﬁf&@é’@’e@eoﬂp?%%&fﬁvjé Cﬁ&’@%e& mgaps rfg'ic;gﬁt?l%‘é‘}'"%ﬁh%ﬁﬁf@'s
and; det er m powgr 6f thecsytbol samples, and means for determining said threshold from

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 accumuléting 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 correlatio'n window
. having a length of one preamble symbol.

In a second aspect of the presént invention, there is provided an Automatic
Gain Control apparatus for an OFDM 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



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 wuse nore short synbols thus increasing their accuracy by
allowing themto rely on a coarse AGC. It also uses nore short synbols
overall for (fine) AGC and thus increases its accuracy for data recovery.
Coarse AGC is sufficient for starting synbol timing and frequency of fset
estimation when the 15 nodulation rate i s’ lowi.e. QPSK, the fine AGC bei ng
i npl enented before high Ievel nodulation such as 64 QAM where accurate AGC
Is nore critical. Note that this also allows both coarse and fine
frequency estinmation to be done within the first preanble. 20 By

conpari son, pecand HEGCASTembased esn tthe sveyage powsr offa tseeohdr Aimbey &
short synbols jn the f| r preamble, this accumulated total being averaged
to deterni nBURSRAUEH SP!S’[e gain level . However because this AGC uses the
first seven short preanbl e synbols, synbol tim ng and frequency of f set

estimation C'(FH@:@ |§eal§BachﬁﬁHéH“d 'cotrhé% Shli rtorﬁ¥ alnt EH o PYdtRdqOn! ¥
oS

three 25 synbols and hence Iimting ac urac hi's a resu Sin e fine
f requency egcpmpasmgn determining the aVerzagetpmverem‘cradelpedembamble‘agymbolsgna

- nmbol
after of ghal VBB R B bR HPLIP e ASTIRYS) Griemirs SbHAGHnuPLDSt8d & nbol

“timing and fnh@qwére Ye dveart oratfirsRhimbef ¥ syhiidis Emah d%?érhhﬁhga{%eEBH&
their accuraCé¢S nproved. A second stage of AGC runs in

these functf '%’l‘ﬂj bagedton thecayemagetpawier eha Sﬁcondd'llﬂhbelt opsebsdruenbur st
for high a ¥ data recovery using the second stage AGC. 5 Preferably
said first %ﬁﬁével determ nation is triggered by signal detection and
sai d second AGC | evel determi nation may be triggered by synbol timng

10°  This allows symbol timing and frequency offset estimation to start earlier and
use more short symbols thus increasing their accuracy by allowing them to |
rely on a coarse AGC. It also uses more short symbols overall for (fine) AGC
and thus increases its accuracy for data recovery. Coarse AGC is sufficient
for starting symbol timing and frequency offset estimation when the

15 modulation rate is low i.e. QPSK, the fine AGC being implemented before
high level modulation such as 64 QAM where accurate AGC is more critical.
Note that this also allows both coarse and fine frequ'ency estimation to be
done Within the first preamble.

200 By comp'arison, prior art AGC measures the signal power of the first seven
short symbols in the first preamble, this accumulated fotal being averaged to
determine the éppropriate 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,



acquisition. Preferably, the determ ning neans conprises an infinite

" i'npul se response filter and the AGC | evel deternination nmeans may utilise
a |l ook-up table to 10 correlate said average power with an ACC | evel.
Preferably, the second nunber of synbols is larger than said first nunber.
Preferably an IR filter is designed to average the nmeasured power for 2nd
AGC in order to reduce the required buffer. 15 In a third aspect of the
present invention, there is provided a fraequency tracki ng apparatus for an
OFDM r ecei ver having: neans for determining the correlation of
correspondi ng sanples of two received pilot carrier synbols, one said
sanpl e del ayed a predeterm ned duration with respect to the other; 20 neans
- for integr at symbebiiningoand:fraguemcyosfiset mstimatiog roahi start whunstovadisdandgans  f or
determ ni ng f.requency. t.rackin rror fromth m of said jntegration.
There is al s&‘ebrr% u&%@ylé 'Wf?\&‘goﬁéﬁﬁangﬁ%ﬂﬂ °fte/i\ YNgdh W@éﬁ'l%%‘?‘i@e%:
determ ni ng feti b I | HeEY ' pi | ot
~carrier synbol Sf@@i?ﬂ?iﬁ%&?éﬁ%ﬁﬁgfﬁ%%ﬁ%%& edet erfﬁ{ér?erﬁﬁl urlgglp@p‘#t h 25

respect to taecwapydata racoyent using the secand stageiABCover an integrati on
wi ndow and; determ ning a frequency tracking error fromthe sumof said

I nt egration. | i rat | I ndow.TW.whi ch .is | onger, than one
short synbol ?Pﬁfgr@bl%)%g%fu%?ﬁ(ﬁéqgﬁ%rc*quﬁ%gﬁg? '3 xg'%@?fsgm §'9”6€§ﬁ‘rﬁcgaﬂl Y,
in an inprovadd saRissecondoOAGE bvel aetepsinativhi mey thectrijgehed by'wﬁiﬁﬂﬁ%
time. In order to.produce a clear peak as opposed to a platéau in P(Q),
sum of the dBfHIPHANor 1ength of the 5 integration window and that of the
del ay between correspondi ng sanples in different synbols should be greater

or equal to P*ﬁeﬂb’i@eﬂhgoaet%}‘m mEERS YoRtbrisedVah qnﬁrﬁ%ﬁﬂgulsgh}%pioﬂséum

provi des for easier and nore accurate
filter and the AGC level determination means may utilise a look-up table to

10 - correlate said average power with an AGC level.

Preferably, the second number of symbols is larger than said first number.

Preferably an IIR filter is designed to average the measured 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 prdvided a corresponding' symbol timing method comprising:

| detérmining the correlation of corresponding samples of two received pilot
carrier symbols, one said sample delayed a predetermined duration with
25 reS'pect to the other; integrating said correlation over an integration window

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



estimation of the symbol timng. 10 By conparison, prior art symbol timng
" arrdngenents use the nmetric P(d) having an int egration wi ndow T, N equal to
one short preanble synbol (Td). However such a netric does not indicate
precisely the synbol timng, instead producing, graphically, a plateau

whi ch nmakes precise detection difficult. 15 Preferably the apparatus
further conprises correl ation determ ni n% nmeans and integration nmeans for
symbol s froma nunber of other pilot carMers; said frequency tracking
error being determned fromthe 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 OFDMreceiver, . having:
means for deBypusingi awintegratios wifideg Tenelichfi§ frigeh#varnanaenos syaibol, for
determ ning the corr.el ahi an of  correspondi ng s,ani)l es of two received .
preanbl e synPEMRIEHINGS adﬁymlsvﬁh@déﬁﬂﬁngﬁé@@@' Yayn éDﬂé@Pf@fﬁ?@ﬁﬁ?@fﬁga&s}e
f-or determ nifs Se5q ; WS : g e nin
correl ati onn%f?@(Z fcor r@gapt{)ﬁrthf'%g sa%ﬁé@ﬁg%t%\ghr%'egglg@e%tp%%%eeé gl?ﬁﬁol _
sanpl es a sepeaidas ppposacitona pialeae iral (djysami afithapiairatiorsar ldnggroftedel ay

[ bei. di. f f t f i.d first delay duration; and neans for
23;;’;‘} 'n?ﬂé‘ sdntparaticn Wing W@é@%a‘#fg%%b@%&')p%WPéBtcé’”ieﬁ'PBPG'@ﬂ SERIES éF i ne

sai d frequendifferint 8§inboRSSHATRA berqreé@r of RELSI ﬂosthélrﬁf?ntpél‘)df!sﬁ/ﬁ‘fbcﬁs .
correspondi ng frequenc fset method conprising: determining a first

of
frequency offigasuneg -dég & HEERESQR .t Hhis droturaipsovides édr easieraspmode agcwrate! es

of two recei . samples a first predeterm ned del ay
duration apa%ﬁ&%@‘%%i%%%%%d frequency offset by 5 determ ning the

correlation of correspondi ng sanples of two received preanble synbol

| es a second predeterm ned del ay duration apart, said _
sanp 10 By comparison, prior art symbolytlmlng arrangements use the metric P(d)

having an integration window Ty, 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 determin'ing é second
frequency offset having means for determining the correlation of .
25 * corresponding samples of two received preamble symbol sarhples 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.



second delay duration being different fromsaid first delay duration; and

" conbining said first and second frequency offsets in order to determne
said frequency offset estimation. 10 By using two parallel branches for
frequency estimation, high precision conbined wth unanbiguous frequency

- offset estimate provides a better coarse frequency estimation than the
prior art method, for exanple using eight short synbols instead of the
prior art three short synbols and the 1503econd_preanble: By conpari son,
prior art frequency offset estimation nmethods utilise a first coarse
measure using the last three short synbols of the first preanble, and a
second fine neasure using the second preanble including two and a half |ong

20 training E'pietmIssaIsttrbvideEmcbrrégpdiditﬁn?(m;f neR BFEE Mdthod tcdnistidigy e
maxi mum precision.a |arge nunber of symbols should be used; however, 1n
order to avoij@tet”ﬁ'@""?graa%fﬁtgﬁ'iqqyeBPYtﬁﬁs%tha@’e,d%e[fﬁ'ﬂg@r thet |Q¢ﬂ’6i|ait®r?r afge
must be use i Sy T LLES y . t

Compr om 6. 57 PRARI LS o a6 Rebe NI PlecMig Bifibdr shRR, o frst
accur at e est pregieterminéd d2tayf duration apad{ tietermiring faesedong frétfueticpasfiaet by

further c rises.neang for integratjng each said offset determnation
over res g{)g?%l”}“rf'ri‘sﬂisﬁ‘earﬁ?”éeg%ﬁﬂ ?fr ég’érteépﬂﬂ B sPMRles aff chO\MfﬁG@\ngdThe
sum of the d hEgt | ] ' r LSt
second frequgllr??;n%fa%get dg?gwﬁ?#fﬁgggé%}ﬁgﬁgﬁ%ﬁgrlljcriéthﬁhébé@'csé{}ger _
may pref er absgcansc dielay dorgtiosaibeing sijffdrenht franhesdid r firlst cisllay dura’ﬂ'&onrglbendg m% I
reanbl e synpol, duration.apd the secqnd del ay fine. bei 4 reanbl e synbo
Sur ations. ?%%rhpwgq Sl %faFaPPoﬁ?cﬁpﬁgfﬁme@ﬁét#%'fbeff%éoméga%ms s8/dbol
dur ations anfleg@értyssfset@stimagenat i on wi ndow | ength may
10

By using two parallel branches for frequency estimation, high precision

combined with unambiguous frequency offset estimate provides a better

coarse frequency estimation than the prior art method, for example using -
eight short symbols instead of the prior art three short symbols and the
15 second preamble.

By comparison, prior art frequency offset estimation methods utilise a first
coarse measure using the Iést three short symbols of the first preamble, and a
~ second fine meésufe using the second preamble including two and a half long
20 tfaining symbols. With respect to the coarse measurement, to achieve
~ maximum precision a large number of symbols should be used; however, in
' ofder to avoid the 2n ambiguity of the phase, a larger estimétion rahge 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 integfating each said
offset determination over respectively first and second predetermined

integration windows. The sum of the delay and integration window durations



be 4 preanbl e synbol durations. The conbining neans preferably conprises

" sigrdal processing neans arranged to calcul ate the estimte according to
the equation: 0.+2,rz O = 2=Lsho"T 10 In a fifth aspect of the present
invention, there is provided a synbol timng apparatus for an OFDM
recei ver having: nmeans for determning the correlation of corresponding
sampl es of two received preanble synmbols, one said sanple delayed a
predeterm ned duration with respect to tHé other; means for deternmnning
the maxinum correlation value within a predeternmned 15 integration w ndow,
sai d maxi mum val ue indicating the start of a synbol-, wherein the
integration window duration is not equal to said delay duration. A nethod
of synbol ti farthefifstaihdIdIIntersjuepicy iotfsat éﬁeﬂhﬂﬁhg%aﬁshﬁag%@gfal aHd
conprising: determ ning the correlation of nore than two identic shor t
preanbl e synHif Esceiuar dnay arefgratie regaits M Otrireamiplen apratiolsn then rstratelaytima0

correl ation ygl.ue Wt hi er.m | ration ow;.. wherein the
i nt egration \I/Smgir? ow 8hégarﬂP%ne&§%§j)té%E§'ﬁ %'Eé ﬁﬂg a%‘f%{’ﬁM i thpe rF’F'Bgef'abl y
the integrat preambledsymblolr duiationss Thediret intégratisAl Windehalerdth dhaphe and
said correl ati on o‘eterm’ ni ng neans may conprise: nmeans for “determning the

product ol aP&amble mbeldyratiors andetpidsesapd dntagreion windes lengthcoayugat e

of a corresp i AP | ayed symbol ; means for accunulating
said pr oductgg\(}eé}ggal d %ﬁngélrg@:agﬁﬂg\n ndow, and nmeans for 12 accunul ating

the difference between said product at the beginning and end of said
i nt egrati on Whedeambmiag emerns tpreferpblyr atomspriseseisigrsala ppoesisirgy nineads

nunber of ‘pr €,.5 | 3 and. wherein the sumof the delay duration and
sai d integr a%ﬁgﬁ&ed to casIXUB?e ﬁwe eglrr%]te accorélng to_ e equation:

¢'5\m+2n'-z
2momL, T

short

Af =

10 In a fifth aspect of the present invention, there is provided a symbol timing
apparatus for an OFDM receiver having: means for determining the
correlation of corresponding samples of two received preamblé symbols, one
said sample delayed a predetermined duration with respect to the other;
means for determining the maximum correlation value within a predetermined

15  integration window, said maximum value indicating the start of a symbol;

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

- A method of symbol timing in an OFDM receiver is also provided, the method
comprising: determining the correlation of more than two identical short
preamble symbols; determining the symbol timing based on the maximum
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 sarhple 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



w ndow duration are greater than or equal to the duration of said preanble
- syntol s and the nunber of synbols nmaybe 10, the del ay duration nay bet
synbol duration, and the integration wi ndow may be nine synbol durations.
In other preferred alternatives, the nunber of synmbols may be 10, the del ay
10 duration may be 1 synbol duration, and the integration w ndow may be 7
synbol durations or the nunber of synbols may be 10, the delay duration

may be 4 synbol durations, and the integfdtion wi ndow may be 6 symbo
durations. The receiver nmay be arranged to support various wreless LAN
systens 15 including those using the conventional |EEE 802.11a and

H PERLAN/ 2 protocols. Brief Description of the Figures 20 Non-limting

enbodi ment s atcurhelating ¢né tifferendd betowepesaie peddune Gt tH@beénhﬁm@aé?ﬁi efd of
exanpl e only, th reference to the follow ng figures in which: Fig.

shows the fo??l'glt'”t@ﬂr ABPBIPWY frane of the known | EEE 802. 1la standard;
25 Fig. 2(a) - (e) shows PHY burst structures of five types of burst in the
known Hi PERLAN/Z standard; Fig. 3 shows. the tine domain structure of an
OFDM packet having 52 sub- carriers; Fig. 4 is a block diagramof a W.AN
OFDM r ecei vePrefemblyrthe. am)ar_rat:ussrepeiaemal predgetdminsed nutnber of preathatiei n; Fig. 6

Is an i engntation ck.djagram e orj.thm for deriving P(d) I n
“the i gnd - aDlBECEAMAWEREIT IR e et dlerton Ang Said feetation
| npl-enment at | @ihdoWOgliratioA Hré Gréitet tHanba 4 l?érlﬁé)Huﬁ‘ﬁaﬁLHf S8R praanitfg 2!
energy in the enbodi nent
_ symbols and the number of symbols may'be 10, the delay duration may be1
symbol duration, and the integration window may be nine symbol durations.
In other preferred alternatives, the number of symbols may be 10, the delay
10 duration may be 1 symbol duration, and the integration window may be 7
symbol durations or the number of symbols may be 10, the delay duration
may be 4 symbol durations, and the integration window may be 6 symbol

durations.

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 éxample 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
HIPERLAN/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;



Fig. 8 (a) and (b) illustrates the 2-stage AGC process used in the

" enbddinent; Fig. 9 (a) - (c) illustrates the tining netric of the AWGN
channel of the enbodinment; 10 Fig. 10 illustrates three possible DFT
wi ndows; Fig. 11 illustrates an operation nodel of symbol timing detection
used in the enbodinment; Fig. 12 shows a synbol timng detection algorithm
used in the enbodinent; Fig. 13 illustrates the effect of frequency

offsets; .15 Fig. 14 is a block diagram é8 a carrier and timng

synchroni sation algorithm used in the enbodinment; Fig. 15 is a block

di agram of a phase shift conpensation algorithmused in the enbodinent;
Fig 16 is a diagramillustrating the pilot carriers in an OFDM synbol; 20

Fig 17 i s a Bigo&kshtivegpramile 8ymbetiiartby timeidbimagn;al gori thm Fig. 18 shows
simulation rgsults B of the rns frequency tracking error obtained by the
‘enbodi nent ; E'rgd Brs gn implementatianahlpel digramsef the algorithen MrdqwrrfgoP(fﬁlnneSof
t he enbodi ne ik Lal | iypat h Rayl ei gh channel 2
Det ai | ed Des{g‘trei %91?%@&5?&%&1@% Q?ggﬁéén@ggménéts Figure.4 shows a typical
ar chi t ect ur eFigor7 ds abFibhpleantatidrablatkr diagirarer of tRE algerthm fecaicssuringy be

used in g nobile term ma# for eéangl e. The RF 14 section conprises an
antenna 10, SI9BaleNesg¥dn the ebodmentny a | ow-noise anplifier 12. The IF

ont norsc a0 SIEL 9 MCAOSIN O Rp, RS T e o

embodiment; '
Fig. 9 (a) - (c) illustrates the timing metric of the AWGN channel of the
embodiment;

10  Fig. 10 illustrates three possible DFT windows;
Fig. 11 illustrates an operation model of symbol timing detection used in the
embodiment; | _
Fig. 12 shows a symbol timing detection algorithm used in the embodiment:
Fig. 13 illustrates the effect of frequency offsets;

_1'5 Fig. 14 is a block diagrarh 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 results 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 a receiver may be used in a mobile terminal for example. The RF



signal, the product of which is fed to a band-pass filter 15 then to a

" vari'able 5 lownoise anplifier 16, the output of which is split into
in-phase (real) and quadrature (imaginary) circuit branches. These
branches each conprise a further mxer 17 or 19 which receives the
internediate frequency signal from the variable | ow noise anplifier 16 and
whi ch al so receives a signal froman internediate frequency |oca
oscillator 24, the input to mxer 17 bei iy del ayed 10 by 90 or a quarter
phase usi ng phase del ayi ng conponent 18. The outputs of mxers 17 and 19
are each fed to a lowpass filter 20 and 21 respectively, then on to an
anal og-to-digital converter 22 and 23 respectively, the outputs. of which

~are fed to asediopl eomprises arean@Hinai 10, @bandpaseligeram™ ldrid 4 Bw-nbie
resulting si nal. r(? ' %e base band OFDM si gnal , whi ch_cont ai ns both the
15 preanbl e amAlieR tﬁ% segfion ﬁ‘é’“PHé@ﬁ'@ﬁ'Q'XSé&ﬁé’Yh'C'A"ﬁ#mmsdhesat i on

function 1 ri%gtsmtrg@ségwg%ﬁmﬁomw g s 1;?%{ LRRa ﬁﬁ&sﬁ M of the

i ncom ng pack rma nunber of sychroni sa ion

i ncl ude si gnsignalethecpiodiuct afwbichtis fedyto a baodtpass, filter dGutHetiytoZdvafidisiet

d nbol ' 'Th hropi.satj.on function 1 controls
SthlnrrgE)Int ollgg’rné‘ Y @Géﬂggf Pﬁwfg\wﬁ@ I'S apﬂbtna@emsqhas@ é@ﬁﬁ)éﬂgatlon

function 40, @éﬂiaﬁlré" il'r\‘i’éq%&l‘}ﬁ%fr@ult biche nﬁ%se%ﬁn&ﬁé%@&%&ﬂht 30 in

turn controlsthe vari abl e I'ow nol se arrplfler hded to
conpensat e fforthenmixarrtt gr hambhich easeives:therintesingdizite freqaénay sighal fromconi ng

I rovi di uni form si | evel
output 1 rom NewaaPleoR:pRe Aot g Toiare FRER cfed Roeiven sfiae) from ehe
receiver, argtarmepité ifiduancy seaessinaey 2af tHeiapan® m&etrwddéihé dklayed
converters 22 _and 23 which will be optlmsed for a particul ar” range of

signal | 1®velby 89° ama appder phassHeipg dheseslalaying coopeneot $8.a Thefautputse | ocal
oscillator 25 hiXerd ## and 19 are each fed to a low-pass filter 20 and 21 respectively,

then on to an analog-to-digital converter 22 and 23 respectively, the outputs of

which are fed to a complex combiner 26, in this example an I/Q LPF. The

resulting signal r(m) is the base band OFDM 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 preamblé of the incoming packet to perform a ndmber of sychronisation
functions. These include signal detection, automatic gair.control, fre'quency
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 panic'ular~the accuracy of the analdg to digital converters 22
and 23 which will be optimised for a particular range of signal level.
30.



receiver, and this in turn controls all other local oscillators in the
"recéiver, including the radio frequency |local oscillator 14 and the .
internediate frequency local oscillator 24. 5 The base band signal r(m is
passed on to a phase shift conpensation function 40 which is also
controll ed by the synchronisation function 1 and a frequency tracking
function 2. The phase shift conpensation function 40 is described in .
detail below. 10 The output of the phase1§hift conpensation function 40 is
passed on to a Serial to Parallel digital signal converter 42 which
additionally rempves the guard interval signal conponents from each
symbol. The Serial to Parallel function 42 converts a predeterm ned nunber
of incom ng thifrequdridya:o]j&o(lelaﬁ‘ﬁbeﬁtrolscar Ié&fémgéizld%)@ﬂ?cﬂlbﬁ)r(zydf@rﬂ@ sanpl es
of the base band si fromthe ADC s an into a wor

cor r espondi n‘i?CFB’eéng@ﬁiﬁ gty contrglgall ather local ‘P%ﬁi‘&ﬁtPﬁdnltbe peeriveised, a

predet erm ne to the FFT
bl ock si mul t@ﬁ@glw{heqiad‘dqﬁgﬁﬁ%yelram ne ﬁﬁén@e‘{r]sﬁ rrﬁem ich are
partially prfoe@lwmwbyaltds@lllﬁt‘drzzt) and partially rem)ved of the guard
i nterval ,. represent a received OFDM synbol. It is inportant that the word

correspor?dl ng to the OFDM synbol starts at the right sanple bit in the

i nconi ng bi tTisé basaband @ighal rinfY is PecEEd R BYHTHRAse RRQMHDenshtiohs therefore
i nportant to accurately det er(fnrn‘arleq)t%%e sy %I m ng, or F?5/ tart of synbol.

25 The | engtiunetior4@whighrsoalse cortroled bM ﬂa%iemmmmoanatlermﬂmctlapm apd aat e
Tdivi dual st acRig fiptldh 2" THE G %Zv”mﬂaaqsr*sgi‘gagﬁﬁ’ceiwe%@?s are
descrlbed in detail below.
10 |
The output of the phase shift compensation function 40 is passed on to a
‘Serial to Parallel digital signal converter 42 which additionally removes the
guard interval signal components from each symbol. The Serial to Parallel
function 42 converts a predetermined number of incoming digital bits
15 (samples) corresponding to the combined samples of the base band signals
from the ADC’s 22 and 23 into a word corresponding to an OFDM symbol.
When the FFT function is processed, a predetermined number of incoming
samples are needed for input to the FFT block simuitaneously. The |
predetermined number of samples, which are partially processed by the FFT
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 syrnbol
recevery. Itis therefore important to accurateiy determine the symbol timing,
or start of symbol.
25 |
The Iength 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



renoved. The timng of the window used to retrieve each separate synbol is
30 controlled by the control w ndow function 41, which in turn is
controlled by the 16 synchronisation function 1 once the synbol tim ng has
been determ ned. The w ndow is arranged to overlap the guard interval
slightly in order to ensure that the start of each copy of a synbol
arriving fromnultiple paths is within the window. 5 The individual OFDM
synbols are fed fromthe Serial to Paral '€l function 42 to a fast fourier
transform function 43 which separates the synbol values on each subcarrier
(12 or 52). These values are passed on to a preanble and pilot extraction
function 44 which renoves the preanble val ues and the 10 val ues associ at ed

wi th the fousymihrohisatibe fundtienst ofée e s\ahbeirmng Hestsbdrhdetetfmesharie!
estimation ang%; rethfJency tracking function 2. The channel estimation and
frequency tr %GOV I aRaRgehta-ovaY etguard intental sliohtheiaraster tonensure ot

values with I ﬁfngg @6}% ' S . e .ne.the effect |
of the air i F]I‘Eégrﬂ?%(s:fe%{rfg annéef\ ) n@d% §§7rlnlé§ #ﬁ@{n ﬁ%r%gaﬁgf)%zé:&hg‘ég N)thtpor rect
for this chatheeWwindbw.s function 2 also nonitors the subcarrier frequencies

over time_and controls the phase shift conpensation function 40 to
corrpensat% for any drift over this tine. 20 The channel equali zation :

function 46 FRERARUAPOFDM PRI Sreted 'ty Md sehill & pAGA(HIARAS 4954 Ween

the transmtter and the recei ver antennas. annel  ésti na
equal i zat i on@ fastdogrigisangform fundtiontBwhichesepasateddhaspatbol valaebionar y dat a
according to t“tllﬁ m)dul.at{ﬁg té/@e f the subcarrier., The data sequences are
then decoded®@Fh&¥RCaiRLt 1052 e rYaldesate Byssed ontrp pesampler@ithdul at or
47 and channgilotds@@gen AthatibhRRENhICA! rémovESRE piEdthBlefallidEahd st | on
provi de i nproved nethods of: signal detection; :

10 values associated with the four pilot subcarriers. These values are used for

- the channel estimation and frequency tracking function 2.

The channel estimation and frequency tracking function compares the
incoming preamble and pilot values with stored preamble and pilot values 45
15 to determine the effect of the air interface channel, and to instruct the
equalizer 46 to correct for this channel. This function 2 also monitors the-
subcarrier frequencies over time and controls the phase shift compensation

function 40 to compensate for any drift over this time.

20 The channel equalization function 46 corrects for the effects 6f the air
interface channel between the transmittér 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 subcarrier.l
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.

30 -



automatic gain control; frequency offset estimation; synbol timng; and

" frequency tracking as described below. 30 17 A receiver according to an
enbodi ment of the invention enploys novel functions 1 and 2 which are
described in detail below These performthe packet signal detection, AGC
(automatic gain control) offset frequency estimation, synmbol timng and
frequency tracking functions. 5 The enbodi ment provi des that these
functions utilise overlapping preanble &ynbols in order to maximise their
accuracy. At the baseband, the receiver firstly detects the start of the
signal and neasures the incom ng signal power for the AGC process. Wil st
performng the AGC function, the frequency 10 offset estimati on and synbol

timng functAceseiaecacdmdingetofaer erabodiiert of she Anengve éniplopshogelat | east
sone of the sane synbols for each function. In other words these functions
use over | applUrgtiensil @eR ‘é’@'n‘%@’@ desciiped indetaiihelow Ehesgperdeimothe | y t he

above operat} i i synbol s.
For exanpl e L;)‘Til)éek%ft iglb(sﬁtaqjggf\;eecﬂaﬁ’h%r @t(%%ﬁgﬁ}ér% @r&%gﬁf's%@ﬁogfseﬁ@g@ﬁ%}{oc& si gnal
det ecti on anestinggionT lsymbehtiminggnd freqaeabptrackingifonctiprsymbol s are then used

for coarse frequency offset estimation and synbol tinming. Then the two
| ong trai*hing synbols in the preanble are used for fine 20 frequency

oper ati ons. o o Fldes At g Ry oS U R AP d £ ER kles nce
the radio erﬁMmbﬂH&ﬂhDrJei tamaximigectheirrasicasacyl Alithe pasettand, sheisecdiver
' firstly detects the start of the signal and measures the ihcoming signal power
for the AGC process. Whilst performing the AGC function, the frequency
10  offset estimation and symbol timing functions are also performed. This is
achieved by using at least some of the same symbols for each function. In
other words these functions use overlapping training symbols in the

. preamble.

15 Conventionally the above operations are done one at a time using separate
preamble symbols. For example the first seven short training symbols are .
used for signal detection and AGC. The remaining three short training
symbols are then used for coarse frequency offset estimation and symbol |
timing. Then the two long training symbols in the preamble are used for fine

20 frequency offset estimation and channel estimation.

We now describe in détail the operations performed by the units 1and 2.

25 _
1. Signal Detection

Since the radio environment in which the wireless LANs operate is usually
adverse, the transmitted signal is distorted by rﬁultipath fading, collapsed with

30 thermal noise, or interfered by other signals. This distorted signal may cause



adverse, the transmtted signal is distorted by nultipath fading, coll apsed
"with 30 thernmal noise, or interfered by other signals. This distorted
signal may cause 18 the receiver to nmake incorrect decisions, declaring an
acquisition while mssing the correct position, or just mssing the
detection. In 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 p&%ket |l oss will not only decrease

t he overall systemthroughput but will also increase the nean transm ssion
time of packet and, hence, a longer delay can be expected. Prior art units
1 detect a signal by neasuring the correlation of inconmng 10 signals.

Consi der t wotheefeeaived ta mekeiincprsgotitelcisicrs, declatingrarFagyuisition Wiile ar e

i dentical to_each @_{?Eer at thc?. recej v?r ,excegrs for a phase shift caused by
the carrier "Y$SRAEIGSPrERGtPOSItions of st missing dhe dstecliondmhathcasas thee i r st
synbol is i Mbi K } £ rom.t he: (del ay
e Td = T e e e e A e R B RS e and
t he product stramsraifien has tofetransseit tee pachet vehilepdther usérs Havedo aymit. Suchmt el y

t he sane pha t he. nitude of the sumwl] be a |ar val ue. Wen
this cor r52| aﬁg%ﬁ??\%ﬁsu‘@'"i W%P&ré%qe?ﬁ% eao\ﬁ%rghéwt@m ﬁﬂpﬁgmﬂg’,mt"‘ﬂ afsdcei ver
i s informed ihbrdase themeéan Frandmissidrme GiPadR ' r | |1y
set by experinment. 20 Thae prare]sents errbogi m;bnt %fre%@qg{eésﬁc?hgt%%ég deeﬁlqe){]géﬁgf
recei ved si PREXB#BAes is neasured. The power of each received signal

sanple is calculated and integrated for a duration of Tw. If the sanple
interval is T, Tw=W, i.e. W sanples are processed to cal cul ate the energy

whi ch can bePrion art eniteid detéct2bsiBad) byFhieadtiring thé-Gorrelation of incoming

10 signals. Consider two repeated training symbols as shown in Figure 5 that are
identical to each other at the receiver except for a phase shift caused by the
carrier frequency offset. If the conjugate of a sample from the first symbol is
multiplied by the corresponding sample from the second (delay time Tq = Tsnort
'Iater), the effect of the channel should be cancelled and the products of each

15 of these pairs of samples will have approximately the same phase. So the
magnitude of the sum will be a large value. When this correlation value is
larger than a detection threshold, the receiver is informed that a burst is-
arriving. The detection threshold is normally set by experiment.

20  The present embodiment provides that the energy of received signal samples
is_ measured. The power of each received signal sample is calculated and
integrated for a duration of Tw. If the sample interval is T, Tw=WT, i.e. W

samples are processed to calculate the energy which can be written as
o ow-l 5
25  R(d)=)|r(d+m)
. m=0

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 |



where Wis wi ndow | ength, which represents the nunber of sanples used to

" conmpute the signal energy within the window, d is a tine index
corresponding 19 to the first sanple in a wi ndow of Wsanples, and mis
the sanple index of the window The R(d) can be obtained by the follow ng
iterative conmputation. 5 R(d + 1) = R(d)+Ir(d + W -Ir(d)Z The

i npl enment ati on di agram of neasurenent of received signal energy is shown
in Figure 6. 10 The received signal sarrpl1gs are input to a buffer with size
of Wsanples. The buffer is initially set to be zero. The powers of the
first and the last sanple in the buffer are cal cul ated. The power
difference is accunul ated as time goes by. The output of this circuit is
t he neasur edtetherfygt samplecinraewiFidondobWosarhples, aadph &sthevaampievindehowf | engt h
of one short seyrrb%l. It can be seen that as the |eading edge of the w ndow
hits the stam win Q“Eynb'ol as shown in Figure 5  the energy neasured
begins to accunul ate. The output R(d) is conpared with a reference

t hreshol d which should satisfy the m ninumreceiving signal power

speci fi ed i nTha&(dEsan be dhtaioed by the dolttwidg dtedative ecatppstaéidnby 20
experinerd. In. other words, the threshold is set so that as long as the
received signals satisfy the mninmumrequirenent of the received signal

power, R(d) wLl .ex t e g. Once R(d) exceeds the threshold, it
si gnal s that Wt(ﬁéLrlg_iCIgg '51.’25(?& 5ﬂ£@’hcom ng 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) | > R(8he implementation diagram of measurement of received signal energy is

shown in Figure 6.
10.

- The received signal samples are input to a buffer with size of W samples. The
buffer is initially set to be zero. The powers of the first and the last sample in
the buffer are calculated. The power difference is accumulated as time goes
by. The output of this circuit is the measured energy of the received signal

15. samples over a window .Iength 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)| > p 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:



Referring to Figure 7, r(m denotes the sanpled received signal, the sum of
"~ 30 the products of the signal sanple pairs is: 20 wa P(d) =

E(r' (d+mr(d+mtD)) (1) where d is a tinme index corresponding to the first
sanpled training synbol in 5 a wi ndow of sanples and D is the nunber of
del ay sanpl es between synbols in the preanble. Wis the nunber of sanples
for the length of the <correlation window. This wi ndow slides along in tine
as the receiver searches for the first ?Paining synbol. T is a sanple
interval, so the delay tinme Td=DT and the length of the integrati on w ndow
Tw =WI. Preferably Tw=Td=Tshort. 10 This has the advantage of |ess hardware
conplexity due to snmaller buffer size conpared with the case of Tw>Tshort.
Secondly, this part of the hardware can be reused by the function of

frequency offset egstimation and synbol timng. Thirdly, there is fast

acqui sition L I ng\y ntegration duration. 15 For,.signal
t %de%?‘?hﬁ%a Y2B) e L

det ecti on, IS set/ to be one short synbol i.e
Tshort=16To where To is chip interval of 50ns. If the sanpling rate is
equal to the chip rate, To=T. Nornmally, oversanpling is needed, and the

I nt ti L nd , ' 0 he Tshort . 20 P(d) can be.

obt ainod by VR aFRE Regk cofie3BhniiRa s s B amide sigiting b i

+D) - r* (d)5 ( da wWiiddw o sarpEEHAD ik e ATRIBeRIOf ABIY HREIBL | Beti/agwn in Figure
7. The received 25 signal sanples rmare input to the Bufferl which has a

si ze of D sahfinkals inrthe praandhles\ihisithe sumheriaf samplesifartthg lengih of the t he
conj ugat e of ; -nqﬁm)l 0f pr.oduct ..is input to Buffer?2
whi ch has a %(%rgbgaﬂ(l) W sanﬁl@s‘gwogkw %ﬁ#ése?lgﬂgé'%'ﬁ'et ﬂ%”}q ;escvagﬁ&eg &Sast
sanpl e in t Her the first frairingasgmbol. ar Eda gdfiple interval, so the delay time T¢=DT
and the length of the integration window T,, =WT. Preferably Tw=T4¢=Tshon.
10  This has the advantage of less hardware complexity due to smaller buffer size

compared with the case of T,>Tshot. Secondly, this part of the hérdware can
be reused by the function of frequency offset estimation and symbol timing.

Thirdly, there is fast acquisition due to small delay and integration duration.

15 For signal detection, the delay time Tyi$ set to be one short symbol i.e. Tg=
Tshot=16T, where T, is chip interval of 50ns. If the sampling rate is equal to
the chip rate, Tc=T. Normally, oversampling is needed, and the integration
window length T, is set to be Tsnor - |

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 rm are input to the Buffer1 which has é size of D samples. The
first sample of Buffer1 is multiplied with the conjugate of the last sample of
Buffer1. The p_roduct is input to Buffer2 which has a size of W samples. The
difference of the first and the last samp.le in the buffer2 is accumulated over
time. The Buffer1 and Buffer2 are initially set to be empty. The output of this



time. The Bufferl and Buffer2 are initially set to be enpty. The out put of
"this 21 circuit is the auto-correlation of the received sanples. It nmeans
that the auto- correlation of a sequence of received sanples with del ay
time of Td=DT and integration duration of Tw=WI' is calculated. 5 Because
P(d) is also used for synbol timng and frequency synchroni zation which
w Il be discussed |later, the buffer 2 in Flgure 7 can be shared by both
signal detection and synchronlzatlon funétions. Then the absol ute val ue of
P(d), JP(d)l is used to conpare with a detection threshold dependent on
R(d) to determ ne whether the desired signal is detected. 10 The detection
threshold is inportant for the performance of signal acquisition. The
enbodi ment pﬁtb@bt@sthaauwcohelahteamrﬂwren&wegysﬁhdbesoft rhéansg &mmheedutosl gnal

h h dj erl ment .
Py D docantPTERIREaT PRERRES RDrEEoVaEoREplas R SR IS AT RAFDTHH | nue
to 15 cal culmégratibh dutativt of TWEWEXRaRfsuIAfag t hr eshol d. 'VbSt packets or
signal bursts W ll be detected within two short synbols. If IP(d)l doesn't

exceed the threshold over the first preanble, the packet will be Iost.

Th h n shown that the pr babJI of
dot ecting o Hecruse bIHE e yadd s By e T B e iregepcishoieatied hoo of
the enbodi mewhidhhaill besdisouss2d lafes, wrelmrﬁeatrznnrragb@ﬁcamessr%é& g'tﬂﬂh met hod
can be applied for both |.EEE802 .11 a and H perlan protocols as these

bot h cont ai nSI9A3} ¢tectign BF@éMB@'@!OBfZﬁﬂ@@ ferations. Then thergbselytenealse of n
E802. 11 r opsi st.s
ropoated tra Pk s SPEARTLomBare in'FiRietisy ife %b%%pgngfepﬁe? R
depends on tﬂmed&iarmhetwlpﬂhebtlte desitedcsighaliisgletdctég¢ast five repeated
traini ng10 synbol S.
The detection threshold is important for the performance of signal acquisition.

The embodiment proposes using the measured energy R(d) of the received
| signél to generate the detection threshold which is adjusted by experiment.

If |F’(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 bé applied for both IEEE802 .11a and Hiperlan
protocols as these both contain an initial preamble of respective training 7
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)
30




2. ACC (Automatic Gain Control) 30 22 Once the transmtted signal is

" detected, the receiver is triggered to start AGC. AGC adj usts the gain of
a variable gain anplifier (VG) 16 to acconmodate widely varying signal
power levels and to naintain a signal with constant power |level into the
base-band A/ D converters 22, 23. Then full use can be 5 nmade of the A/D
resolution and the signal to noise ratio_in the digital signal processor

i s maxi mi zed. Conventionally the first 723hort synbols are used for signal
detection and AGC. The control gain is applied to both the synbols for
synchroni zation and 10 the synbols carrying data. The preanbl es nodul at ed
by QPSK require | ess accurate control gain than the data synbols,

especi al | y tOngse thetrahsinitteddyignariQMstected neetret&iver EQHQ%;@I@I% QirtAdcki nds
of synbol s, nventi onal AGC needs a |ong period to achieve an accurate
control gainf .&E%aquHStSH@eegmef awariableaain genplifies (VG4A) dBtp degommadatao

stages. At t N : ; . i ne .\whe e signal, i |
det gct’ ed. Th@ﬁgya{g%@mcgzénlgﬁgll p&’g%r{lés?@%ﬁsde% rﬂ%ﬂg%%s g%%ew'ghg%%ﬂagﬁt short
synbol s unt i powaelesghintd thel tﬁa'smgl]?amA/[Dggh?@ﬂ%ﬁs@?%?’h@ﬁffﬁwhs@n%br'Bté_t els
bt ai ned._ At _the second stage, fine ACC is done follow ng synbo I m ng.
‘CI)'hea:‘ i ne 5con’inf“‘g? qzih‘?] f r%%‘ng"?rbaaéjﬂﬂ%ﬁ'gnﬂbtq PRISE iiglic th faptdigital $ignabr eanbl e

and data sy g;gm%&g e AGC nethod of the enbodiment is illustrated
in Figures 8a g%as&gﬁ_rﬁ t the first stage, the received signal energy is

measured firstly as described above with respect to Figure 6. AGC reuses
t he energy oort, At the nonent

neasurenent gircui,t which has T, N,= Th .
when a si gnar®i¥en @gﬁﬂﬁﬂ&ﬁmﬁ ﬁeshpf‘tr%gngqlagée Hegd if‘_%r ?'Q'Pﬂd@r‘%ﬁpﬁ%q erably
two short symBQ. ThercontidRaaiis@pphéd t'BotH e YmisdIgFeH syReArinizdticandi ch i's
nostly finished within two o
10 the symbols carrying data. The preambles modulated by QPSK require less
accurate control gain than the data symbols, especially those modulated by
64QAM. To meet the requirement of all kinds of symbols, conventional AGC

needs a long period to achieve an accurate control gain.

15 In the 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 doné 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 ahd

~ 8b. Atthe 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 = Tshot- 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 th'e.two

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



short synbols, the receiver assunes that at |east one short synbol is

" recéived and neasures one nore short synbol then averages the two 30
symbol s energy. The nean short synbol signal energy R(d) is used to 23
cal cul ate the AGC gain. AGC gain is obtained by searching a | ookup table
according to the output of the measurenent circuit of received signal
energy. The | ookup table is constructed gccording to the following
formula. f Rre 5 G=G R(d \Were G i €the AGC gain, G is the initia
AGC gain and Reef is the reference energy which is proportional to the
mean val ue of the transmtted one short synbol energy. Because AGC
function interacts at the IF and RF parts of the 10 receiver, the
theoretical ¢ateatnithe AGErgainRASITC gainris obtained by searehingal lyokup tabés eband.

[ d t b t d hardwar e n The obt ai ned
gg:ltmra ol yg:';ut ngqforﬁllééégqrae ﬁﬂﬁﬁgt‘)f hmfgrq\?@’%\nﬁ%ngm%ugtc&r?cgg@d g!g@akﬁﬁ%ﬁgd st age,
the output ofhé okepaask .gr%eﬁgtrr@&satacebfdwg to the g?gﬁﬁ{)ﬁﬂnubo an IR .

(Infinite I npul se Response) Filter which IS trigg y signal 15
detection. The input and out put of the IR filter are updated every Tshort
= 800ns. As is k an IR filter provides a weighted average of its

I nput s ag f;o t 3 Raut put at the end of the short preanble will be the

aver age or 9 T energy over perhaps 7 short synbols. Wen correct
synbol timng is cted, the second AGC adjustnent is triggered. The
output of the IR filter 20 will be used to search the control gain in the
sane way as at the first stage. In the first step of AGC, one or

preferably t\Where G s the Mk gain, Q’Héthﬁ initial AGC giain and Reerisatherreferencebt ai n
an AGC gai n gidgl Rifict 3% rd3FBHidhaPfo the mean value of the transmitted one short

symbol energy. Because AGC function interacts at the IF and RF parts of the
10 receiver, the theoretical reference energy Rt cannot be calculated only on
baseband. Normally it's adjusted by experiment and hardware debugging.
The obtained control gain is ﬁsed to adjust the VGA 16 immediately.
At the second stage, the output of the energy measurement circuit is delivered
toanlR (Infinite Impulse Response)'FiIter which is triggered by signal
15 detection. The input and output of the IIR filter are updated every Tshort =
800ns. As is known an IIR filter provides a weighted average of its inputs and
' so its output at the end of the short preamble will be the average short symbol
- energy over perhaps 7 short symbols. When correct symbol timing is
d_'etec'ted, the second AGC adjustment is triggered. The output of thé IR 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, oné 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 stbols are measured to update the AGC gain to a more
-accurate value. If signal detection occurs after two short symbols, coarse
AGC after a further one short symbol, then fine AGC will utilise 7 short
symbols as shown ih figure 8a. This provides a more accurate measure than

prior art methods, whilst at the same time allowing symbol timing and



before the ADC (22,23) is adjusted. During the second step of AGC, the 25
" following 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 AGCwill utilise 7 short
symbol s as shown in figure 8a. This provides a nore accurate neasure than
prior art nethods, whilst at the sane ti all owi ng synbol timng and 24
frequency offset estimation to start nuch’earlier. The number of neasured
short synbols in the second stage is variable and deternined by synbol
timng. The variable gain anplifier 16 is then adjusted again to provide a
constant gain for the follow ng incomng signals_including the two long 5
preanbl e andreruencyaifset estimationto stashmuch eariers Thainodiberraf meastred ep AGC

i in  Fi _ he fi f
AGe, typ cal T aURLREIEYES 3% SRS varin 'SP detpinioedi by 2ER0S o o
obtai n an AGgnigai TharnvariabrRigdiReiniiier 16as tHéh é@jggéfﬁ@aih!ﬂ@p%é 32,23) is

. adjusted. Two short synbols are typically used I's is how many synbol s

are typi cal | sPnséaftigain fardhe dolipving drgaseing @ignalgindiuding ithgydva lange i r st

st age of A | f , typically the follow ng seven
short Sy%ﬁre%lé&ggél@:%(tg%@?@ﬂﬁlg?gfgng% gain to a nore accurate
val ue. The variable gain anplifier 16 is then adjusted again to 15 provide

or, the foll t he

Second Aa- e Sinbdlss 60d A Woahiied adepdaeraoun i ©
(e b, gl sty Aok e o) SRR nkaig 1. 1L
i s conpl et edpreathblenare/meiasied tyadbtaingn AGG gamdands thath thecamplifieg|1p. 20 3.
Synbol 'I1'i0m' %fc??ént%g%)ﬂbz(%,iz%r)] is adjusted. Two short symbols are typically used as
‘this is how many symbols are typically requ'ired for signal detection, which
triggers the first stage of AGC. During the second step of AGC, typically the
following seven short symbols are measured to update the AGC gaintoa
more accurate value. The variable gain amplifier 16 is then adjusted again to
15  provide a constant gain for the following incoming signals for one frame. Note
the second AGC adjustment is triggered by the symbol timing 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 _t'he channel
impulse' response within the cyclic prefix, the orthogdnality between
subcarriers is maintained. In this case a symbol timing delay can be viewed

30 as aphase shift introduced by the channel, and the phase rotations can be



The objective of synbol timng is to know when the symbol starts. A timng
" 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 tol erance for synbol timng errors when a cyclic prefix is
used to extend the synbol as is known. That is, if atimng error is small
enough to keep the channel inpulse respgpnse within the cyclic prefix, the
orthogonal ity between subcarriers is mafAtai ned. In this case a synbol
timng delay can be viewed 30 as a phase shift introduced by the channel,
and the phase rotations can be 25 estimated by a channel estimator. If a
time shift is larger than the cyclic prefix, 1Sl (Inter Synbol :
Interfer encegast‘&maled(mcanhahnel@%iﬂmaystlbammeaslgﬂas thrgert thavahe cy€g prefilkj ch is

bef he symbol .
Ther efor e, 1 F1aier SyBEpLifkrese iy q@@gaﬂ%@%@%@ eica Uil 5
timng of tNE3R!hich® chpRIIOH the RSPRLR it WrhbbllidiNEoRbedr g val and

preferably as near to the start of the symbol” as possi e au
correl ati on s¥mbel éberefnremm pider kg d@duce k8| sodiptedeastation, the‘restgnatarml C.

Figure 9 eoftet| tri,c val ue as wi ndow sl i des
10 past  tho WRIELEUES FATAT G Simbelironbl b mifinise Seatiafvdansh crow
signal . The m@éfrab@lé@n@érfohﬁetsltéﬁ BOtHEP4ThBoI S6gHisgs Lhe start time of
the received synbol. Note however that Tor nore than two repeated training

synbols (as in the case of practical systens), the tlmng metric P(d) wi ||

d I ' a kes C|se 15
Get ot on ai 115 2biEorEIaEh bR dbleBbR ricitt el S Bedh B thBiite Fidies a
pl at eau whi cighess94a) skows hnexariplé of tHeetimpigombtrf vdlbe a%f@\ﬂﬁﬁiow SMidsse
response, so that there | SI within this él ateau to distort the

I .
signal . hi <P iﬁtéﬂeéﬁp?@eéé{r}’g@agﬁym'wrzmﬁw dtchanned fersan @R above
timng netriggpharRepeakVallRdothkltinifgRReficldteinfines 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 chann'el, the timing metric reaches a plateau which has a
length equal to the length of the channel impulse response so that there is no
ISI 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  In this OFDM synchronization technique there are several parameters of
importance. One parameter is the window length, T,=WT, which répresents
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



detect the start of the frame by measuring the edge of the plateau, this

pl ateau |l eads to sone uncertainty as to the synbol timng and results in
increased hardware conplexity. 25 In this OFDM synchroni zation technique
there are several parameters of inportance. One paraneter is the w ndow

| engt h, TWEWI, which represents the nunber of sanples pairs used in the
nmetric. The other is the delay between two repeated synbols, Td=DT. Here
the equation of the timing netric is th&same as that of the detection
metrics: 30 26 W1 P(d) = E +mr(d +mtD)) M=0 In conventional nethods, TW
I's considered to be equal to Td. In Figure 9 (b), the netric curve with W
= D = Land 4L is shown where L is the nunber of 5 sanples in one synbol

It is observed thatt!if TWjis incre i.e. the nunber of sanples
processed isP(ﬂheﬁ}a{ e(d’f'tl)’fzd DSiI ue and SNR of the nmetric will increase
as shown by the hrgher plateau. Therefore, TWdoesn't have to be equal to
Td. Referring to 10 Figure 9 (c), it can be seen that for a preanble with

ten short training synbols and W= 9L, Td = L, the timng netric is a nore

readi |y det ebt atmentioakl metheodss Taris cbnsraem‘d ﬁome éqoaleoiTy. HeFigated (pien this
peak val ue o{ the metric i | eve a peak, the sum of TW and

d
Td shoul d be'h&e Hﬁﬁrﬁlé’?’e&'ﬁ" wjeigctég%n%g é °‘I‘_’n\)0fh9fﬁ Leisrthe swahes afo t he

repeat ed synBampleshififontosyigapl e, in figure 9b, TW= Td , but TW+ Td <1 QL
whi ch is the nunber of p}?ﬁcessed sanples, therefore a plateau is forned
after the receiver received TW+ Td sarrpl es and until all the r epeat ed

symbol's are [§¢Eh¥§Ted'that’t $<% increased. i.e. the number of samples processed is

increased, the peak value and SNR of the metric will increase as shown by
the higher plateau. Therefore, T, doesn’t have to be equal to T4. Referring to

10 Figure 9 (c), it can be seen that for a preamble with ten short training symbols
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, = Tq, but T,, + 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 symbbls are received. In other.
words, a peak will result from the sum of Ty, and Tq4 being equal to or greater -
than the nu'rhber of samples processed. In figure 9¢, Ty # Tgand Ty, + Ty =

20 10L, a peak is achieved only when all repeated symbols afe 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 m.etric_: 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 tj,



- words, a peak will result fromthe sumof TWand Td being equal to or

~ greater than the nunber of sanples processed. In figure 9c, TW# Td and TW
+ Td = 20 10L, a peak is achieved only when all repeated synbols are
received; in this exanple at the end of the 10 short preanble symbols. By
using this nethod it 1is possible to have a |ow sanple rate eg L=1 which
reduces hardware conplexity and cost. 25 The peak detection algorithm and
the operation nodel of the symbol tining2/detection are shown in Figure 10
and Figure 11, respectively. The algorithmis as shown in Figure 7, but
using the timng metric discussed above i.e. Tw=9Td. The peak yalues of
t he timng metric IP(d)l are located sequentially so as to limt nenory

requi r ement stheWralmgId?(difhle e of [P ()] r eshstoeed alitieg bBriod {; ad Beahii¥atg end
t he val ue of P([q)‘?@ are stored during period td as a candidate. If 1P(d)l
does not exckEdd)l Sé\%ﬁé@e%mﬁeswq Yﬂluﬁé/\"ﬂbﬂlPﬁdOdttchéh%Stﬂf@dtlmlmIﬁg i s

set to the syé{ttglthé g| tu'n %ﬁé&?ﬁ%ﬁs fH%estﬁecH u¥g\g n}g"gw{i'g& e%le(r)flod

td, this timng an tenew aIu aresore
td. The fi naﬂlmmgsamn‘tht e walues|P () grecdtoneal agpain fordiéxd )derio8itnCEhe firgal

det ect ed s di st ur bed oi se and del ayed signals, the DFT
wi ndow i se? (-“6}\/#889§ '1%?‘? V@H?qugg(dﬁhan the detected timng in order

to reduce the degradation as nmentioned above. The value of the threshold th
10 is set to _be very snmall in practice so that the calculated timng netric

can exceed Pincashe datecied aywbol timing is ChS‘turbedslyyrboise amdedelaxa@d sigdalsf t er

' h | f
Cloing ot g T Wi i< el 68 s S hah 8 ctcated Buniin e | on
takes 3 shorto regued tesdedradatioh asifemiftitd sbsanse vhle oBﬁ&atH?é‘sﬁJl?t peak is

al ways 15 detected when all 10 synbols are received as long as T, N T 1d =
10L.  Ond@ t HE S§}ibe venhsmall Hh@faﬁééﬂ s@dbat thereaiculated tmngametmmam

function 41 exceed it as long as about 3 or 4 short symbols are received after signal
detéction. Then the circuit continuously updates the max value of timing
metric until no larger value occurs during td. If signal detectibn takes 3 short
symbols, there is no need to change Ty . Because the peak is always
15  detected when éll 10 symbols are received as Iong as Tw+ Tg=10L.

‘Once the symbol timihg has been détermined, 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_(GI) based on the received correct symbol

~ timing.

Figure 12 illustrates window control timing for a received data syrhbol. 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
occ'ur_s 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



Is. informed in order that the second preanble and data synbols of the OFDM
" packet nay be correctly received. Wndow control is inportant for the 20
extraction of the received sanples for | FFT (Inverse Fast Fourier
Transforn) and discarding the guard interval (G) based on the received
correct synbol timng. Figure 12 illustrates w ndow control timng for a
recei ved data synbol. Since 25 an OFDM synbol has a guard interval prefix
that is a cyclic extension of the original synbol in a multipath channel
havi ng del ay signals, no degradation occurs if the DFT (discrete fourier
transforn) window is set sufficiently early. That is provided all the
del ayed signals start in the guard interval cyclic prefix, there will be
no inter-synyih 'atﬁttm'ﬂﬁﬁmé/'tgrﬁ&flyé"mpg- Reaause of thispispestyt prddise thaing
decayi ng Rayl.gj adi ng. | . . | raded nuch nore 28
with late ti%r?gp?'{ﬁg%d\/}mp'tsﬁ*}ggéﬁvﬁﬂ %ﬁ%‘%@%&ﬂ%ﬁ%@t[ﬂﬁ “ﬂ? %"éﬁ §e precise
timng syncélightlyzariydo elimimate thenter-sgmbol infdrfdveatgvalised by spmpeFT wi ndow
is set slight]y early to elimnate the inter-synbol interference caused by
symbol  ti rriti’fﬂ"'ér?r&?r: 5 The bigger W the better. Because as Wi ncreases,
nmore sanpl es will be processed and higher SNR of the netric can be
obt ai ned. However because at least first three short synbols are used for
si gnal det ecthehigged VI Shedtetipe. Béalisevas Waimcressedtmore sampkes ilt e har dwar e
conpl exity. However can I use the first three synbols and choose
WL, Al tor IEEERTER AR biaher SR of the et Ganhe Dhigingl anpuekbesRUSS: dviar o
cost but  proxiigas fst HRASKGE symBRlS el ustel BF Sihay dé!efch%%'ﬁdsﬂ“%tbge?educed-
In prior art, the nunber of sanhples that is uséd tor synbol timng is only
“about 15 2 AECwe gan vee MiéT Hatrersdusertee hangware sarhplekity. flowesare easah
hi gher %IHR Cglso use the first three symbols and choose W=9L. Alternatively we can use
Tw = 6L and Tq = 4L which reduces hardware cost but provides an adequate

peak for detection, although SNR is reduced.

In prior art, the number of samples that is used for symbol timing is only about

15 2 or 3L. As Wincreases, more samples will be processed and higher SNR of
the metric can be obtained. Therefore W=9L is better than W=4L and W=4L is
better than W=L. Higher peak or plateau is better because it means higher
precision in searching for the peak value. When the first 3 symbols are used
for signal detection and 1% AGC, the following 7 symbois will 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 Wand D is equai
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 achievéd |
but some buffer for W is wasted. However, when the sum of Wand D is

25  smaller than the number of processed samples, the timing metric is like figure
9b and a plateau will occur.

4 Frequency Offset Estimation




the netric can be obtained. Therefore WEOL is better than WE4L and WEAL IS
better than WEL. Hi gher peak or plateau is better because it nmeans hi gher
precision in searching for the peak value. Wen the first 3 synbols are
used for signal detection and 1st AGC, the following 7 symbols will be
processed for 20 symbol timng. Wen D=L, W-7L-D, a peak can be achieved.
If 10 synmbols are used, W1OL-D=9L. The_critical factor is that the sum of
Wand Dis equal to the nunber of procegged sanples in the timng netric.
When the sumis |arger than the nunber of processed sanples, a peak can

al so be achieved but some buffer for Wis wasted. However, when the sum of
Wand Dis 25 smaller than the number of processed sanples, the timng
netric is |iQREDNV gustemsOarearaty sepbitive 4o cairldr flreguency 4ffsEtsesinenthey@drs et

Estimation 29 DM.syst e re very sensitjve to carrier frequency offsets
si nce they C%rHy%l:ﬁ[évep?pgg\elﬁlcgfqrggfgam% tﬁ?épé‘cﬂgahﬁqﬂ@ﬁ”dhet he igam ng
bet ween t he g Ha¢ WAtHouMat | | S r mance.
The WLAN st%ndar'géélgl\@—mggﬁglgflgf%n Elélg’%ﬂﬁﬁ%g@ﬁ%r@c@%%g@n@%wm

of fset per S5stapdardsflEEE802m 1acamd MPEHEHN/BMdsWaﬁNama?mggﬂeﬁséﬂmrd' f
frequency -r €.aroun 2 . the f ncy offset, o ppm stands for
5. 229*20_ . 602020 sﬁ%@%ﬂ% Q'ﬁ;'}"'??ﬁ&d;m Sassign the fed by a
recei ver carrahgeuolind $2GHE) S8hd treQURE) @Wé‘é%f@bﬁpﬁ\u&?ﬁastf&e frequency
offsets fromboth transnmtter _and receiver. Frequency offsets are caused

not 10 only b¢edid0ecba4d]z. nThisaneans that thexworst aasarnfiset aeseandyracei ver

[ h ' i_ntr.od d -1 i near
channer o, riePaREE Ean Bl & 0 hofl 33 % el BroBl AL 48 orihe HEHERSY T e quency
of f set in ORdffdetyfribrnisoth tRTenittet Hed resivdr Preqiferty WiRktoam é4usdd ddt t he

f the filters matched to each of the carriers (the sinc functions
g?;pg}]i ﬁped %bﬁ@?ﬁg{ﬁ@g@s n-egailldorstin the transmitter and recegver 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* preamble of an IEEE802 recéived 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 multipath 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 fhe corresponding sample from the second (delay
time T4 later), the effect of the channel should cancel, and the result will have

a phase of approximately

30 ¢ =nT,Af



15 the peak). The other is the introduction of ICl fromthe other carriers
whi ch are now no longer orthogonal to the filter (see Figure 13). The 1st
preanbl e of an | EEE802 recei ved burst consists of 10 repeated training
synbol s which are identical to each other at the receiver except for a 20
phase shift caused by the carrier frequency offset. Because the preanble is
so short the nmultipath channel can be cog&idered time invariant. The
mul ti path channel has the sanme effect on“the identical synbols. Normally
the effect of nultipath channel is worked out by channel estimation but
this is not necessary for the frequency offset estimation nethod. The
frequency offset 25. can be estinmated using the phase shift. If the
conjugate of a sanple fromthe first synbol is multiplied by the

The channel AnatT A § she Babefier BT ThlR e snifEan be itateay® ' o' ©
appr oxi mat el ya1éllafing tHe dffimeift ofWiigy.e O is the frequency offset. The phase
shift can be estimated by calculating the argunent of P(d). 5 q =

arg(P(d)) .at the start of synbol tim ng point. Because of the 271

anbi guity of .the ase, the frequency error nust be smaller than Af /2.
Ther ef or &, tﬁ?ﬁg&;}dﬁncy acqui sition nust ensure a rough frequency error
estimate with an accuracy of 10 better than Af /2. In other words, if ICl
is guaranteed to be less than it, then the frequency offset estimate is

ef= T d 15 Hawheetart 8NsyHBORrAIMGYoift BRHENSY oPiHeSBH afiblid '
possible, -if the .frequyémucy offgtlgoto be estinated ias n%wtgstﬁl@?%g in
thi s range. tiadragueney emor 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

Af = ;r%
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 uhambiguous frequency offset estimate is to
‘enlarge the estimati_on range which can accommodate possible frequency
| offset. The frequency offset estimation range depends on the spaced time Ty
20  between two repeated sequences. To obtain a larger estimation range for
' 'frequen'cy offset, Ty, the delay time between the repeated symbol should be
smaller. T4 can be set to mujltiples of Tshor. |

However, a smaller T4 will result in some loss in the estimation precision. In
25 order to achieve a more accurate estimation of frequency offset, Ty 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. Thérefore, by adjusting Ty we may get a desired estimation



only way to guarantee an unanbi guous frequency offset estimate is to

enl arge the estinmati on range whi ch can acconmobdat e possi bl e frequency
"offset. The frequency offset estimation range depends on the spaced tinme Td
20 between two repeated sequences. To obtain a |larger estimtion range for
frequency offset, Td, the delay tinme between the repeated synbol should be
smal ler. Td can be set to nujltiples of Tshort. However, a smaller Td will
result in sone loss in the estimation pré&ision. In 25 order to achieve a
nore accurate estimation 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 wi ndow length TWis nade as  |arge as
possi bl e. Thw“ganfefreq);emgljaﬁ‘set and by adjusting Teweaertahicedhe estimatibhon 31
range of fre uenc%/ {h?nft andr}ch? usting TWwe enhance the estination
preci si on of PIaSI¢N @ §A s n t he enbodi ment, 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 i therrebedime(it.ca two-stage freki;tiérmyeoffse‘testimﬁoaen@thddfé ne) are
used to | cyl ate the tim tr|c

msho.r 1o | BloPrEel i athieyE hotf plleGeequancarived eatpokinn rnafand high he
nunber of Spﬁ&isﬁ?@nllﬁ cRA ﬁé@@lﬁé’@hﬂ%s%é& §a|ﬁh%fé 9é’q&fnc£§ga AWithShO T. At
the first sta = Lshor, , | argest estimation range of
frequency of@'%@feﬂtéor eratse vad fne) ere used to celtca@ée thehtiming inedric and Péd)ge i s
the range of estinmated frequency offset. Fromthe equation O =T , we can
see that when Td is set :

T,=D,T
10.
where
Dm = mLshart

15 is the number of samples at the m-th stage and L _ is the number of |

short

samples in one short symbol with a period of Tsnot= Lshot T. At the first stage,
D =1,,,,and thus, the largest estimation range of frequency offset is

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

A~

frequency offset. From the equation Af = —‘;— wé can see that when Ty is set
d .

20 to be Tshort, minimum value, the estimated frequency offset can reach the
maximum. In prior art methods, two shdrt symbols of the first preamble are
used to do coarse frequency estimation. In- the embodiment, because AGC
ca_h be done early so that more short symbols can be used, the estimation
accuracy is increased. Furthermore, fine frequency estimation is proceslsed

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

~ with the prior art. |



d 20 to be Thoort, mninmumvalue, the estimted frequency offset can reach
"the maximum |In prior art methods, two short synbols of the first preanble
.are wused to do coarse frequency estinmation. In the enbodi nent, because AGC
can be done early so that nore short synbols can be used, the estimation
accuracy is increased. Furthernore, fine frequency estimation is processed
25 parallely, so there is no requirenent for this during the second
preanble as wth the prior art. 32 The3@st i mat ed phase shift which is

smal ler than it is the reflection of total frequency offset, i.e. A =01 =
2,r4fD, T = 27r4fLsho"T 5 For the mth stage, the phase shift caused by
frequency offset is Y mOm29rz = 2| Af nLshor, T = MO 10 where, ~mis the

estimated phiike estirfatediphasé bhifttvalgieh &smallesthani Misetie refddtionceftole
calculated with zRND MA -om 2;r 15 where RND[ X] represents round X to an
i nteger. Fi ndeayenaynffsetdefiency of fset can be estimated with Af = Y'm
22trnLshor, T Omt27r-z 27rnLsho"T

#, =6 =2aADT = 220fL, T
For the m-th stage, the phase shift caused by frequency offset is

b, =0, +272
= 27ZAfA}anhort T

= me,

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

can be calculated with

z= RND __mqgl ~¢s |
a 2z

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

&
27mL,, T

short
: {;;m +27-z
2momL, T

short

Af =

20  This estimated frequency offset has the same precision aé that at the m-tﬁ

stage and the same estimation range as that at the first stage.



20 This estimated frequency offset has the same precision as that at the
"mth stage and the sane estimation range as that at the first stage. 33
In this enbodi ment as shown in Figure 14, a 2-stage estimation nethod is
applied. Two branches of received signal flow are used to estinate
frequency offset. For the two stage enbodi ment shown, the settings are
preferably Td = Tshort (coarse) and 4TSHORT, (fine) and Tw = 7TShort
(coarse) and 4TShort (fine) 5 respective?’?& Wiile it is possible to use
other settings, Td = Tshort and Tw = 7TShort are preferred for coarse
frequency offset estimation. This is because the maximum frequency offset
estimation range can be achieved. Td = 4TSHORT, and Tw = 4TShort are
preferred foln thimembpdimentas sifdverein Fighres 14 sa 2bstage estitation shéthed ii©n

be. | sfied il e the hardware 10 conpl exity nmaintained
DR iy LT S LU S I T M SR A
the second |@ﬂf§btPF6ﬁ4ﬁ‘é'tﬁ/03§a§§@;HTﬁcﬁﬁ¥nbﬁt SRR, tﬁé?se?t%ﬁié%erg Sb&elar_se

branch of Td = Tshort and Tw = Short 1s used with't P ednbl e
usi ng 7 shor Tshay feearsel and BT aiorra(finepasd Tiw eqientk| (coafde) @indetiyxatfine) The

[ h of .= 4T . Tw = 4Tsh ' d tain e fine 15
{1 ne oranch Radlumi TR 0 FoTuhR TR et SelRSe, 1o-2E eupnd B e
equations, t1R,fi apd Ffeﬁénremf@cbdarrgémeagén@i bffgdt %ﬁin%ifo%‘d s is'BéGadse then

used for the initial automatic frequency control 31 and phase conpensation
40 functi onthgdnadawum fregupeey affsetrestimationsiangeican ki aghieved.sTeshown in

fimng and § reqUEang T g, o blee ey PG A et et it Raisd (e same
circuit as Issodusk the estigation sicowracyrcahi lgsisstiskied Wilethe idrd(vArs omat i ¢
Fr eqt.Jenc1)6. Cocrgrrrlglleg(ity 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 = 7Tghon 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 5. 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



According to wireless LAN protocols, |inked sources are mandatory at the
transmtter and at the receiver. In other words, carrier and cl ock
frequencies are generated fromthe same crystal. If the carrier frequency
offset is 34 conpensated through controlling this reference oscillator,
the clock is simultaneously adjusted. In the standard of |EEE802.11a and
H PERLAN/ 2, it is required that the 5 tggnsnitted center frequency

tol erance and the synbol clock frequency™ tol erance shall be 20 ppm

maxi num The transmtter center frequency and the synbol clock frequency
shal |l be derived fromthe sanme reference oscillator. That is, a single
frequency source shall be used for both RF generation and cl ocking the

ti nebase. 10c@MpeBsateddhroughurantiolling thisrefereore wgcidatarethereodoispr i si ng al |
di gi tal basﬁhﬁﬂ%n@hﬂﬁ&i&m&eéﬂs proposed whi ch 'uses a nmethod of | oop
e Fm r’\g 1

timng. Int oop met hod, each nobile transceiver first

synchroni zes itself to the base-station and then derives its uplink

transmtter {i mgcg reference fromthe 15 recovered downlink clock. Each
a

mobi | et r anstEiNGetaneard pf|IERBOZ; Tiaand HEPEREAN?, iaw@nugredéhat\tbth rom a
(ot or ance fof SRS, ey 0B5anee IEIng PufBhf ol fehpBieLar, " "

frequency. (tigraoce shall bg.+ Z0 ppoemaxinafiis&he trdesinitencdrnter freg@énsr arand
transmtter i)érrbol cl ?ck occur due to non-idealities 20 in the renpote
transcei ver sthoymbd glogkfraquancy shaflibe derived fsemdhe same pferesnceper - il 1 i on

CPomer o SR 6, SRRy B S LR RIS ).
t he frequencgengratien and ckickigg thedtirmdbése=e 4 above). Based on the estimated
f requency, of fset for the
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 frequen-cy 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




short training preanble (i.e. the first branch), the Automatic Frequency
Control (AFC) 31 controls VCXO 25 to adjust the RF and IF oscillator
frequency or clock timng (14 and 24). 30 6. Phase Shift Conpensation 35
Al though the present two-stage frequency offset estimation method can
achi eve highly accurate estimted frequency offset, AFC 31 may not adj ust
VCXO 25 so precisely that the frequency offset can be totally remved. To 5
obtain a fine frequency adjustnent, a ph§§e shift conpensation nethod is
applied. The coarse and fine frequency offset estimation result§ are
combi ned by using equation A~ 29Z7YZLshorl T 0. +2yr.z 2misho"T 10 For
exanpl e, the estimted frequency offset is f, which is obtained using the
above equation. AFC 3lcan adjust the frequency to a degree of accuracy by

i\0j ff f,-f2) i : it ed by the function

of  phase. shAPORHELEERHH o SEaRUTaA STy ciagt SRVDRIPM T PRD -

. el . =ae . it e
conpensat i onaghiegs Ihngmpab&;rétpw.matf u'ﬂf%t{@enc}%ffs@ﬂ%lﬁ(?%jﬁgﬁg infgli SQ@EE

by the frequency offset estimation ons’i's i'np _ y the
nunber of sa 2p1sp preciselyetha theofrequerey aftset cgatbe totallyhemaoveddTot is the

| [ | S i l.e b le. T S |
Cotrvar S oS AR ieulehoy AliReRt & oha Thift colpnameaton amathd Fioub! e
rate of FFT gpplied dhe dodPddiand fineSreqtitMeEl offSet Estimation rebultE 278 ¢BfbIned

Trackin o
J by using equation

P
2mmL, T

short

Af =

B ¢;m +27 -z
2mmL,, 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
fa. The femaining frequency offset (fi-f2) is compensated by the function of
- phase shift cdmpensation.
15
The bloék diagram of phase shift compensation circuit 40 is shown in Figure
15. The phase shift estimated by the frequency offset estimation functions is
input'ahd 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



25 Al though 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 incom ng signals. Transformed into the
frequency domain, the 36 remaining frequency offset causes a common phase
shift on all subcarriers. This phase shift can be accumul ated as tinme goes
by. I'n addition, the channel in which the receiver is working is dynamc.
Fadi ng and Doppler spread are varying. PReref ore, 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 synbol timng offsets,

f requency tr egrhaininghbisquendyeoftgabichases aronimolipbiké @hifyomall sobcd®Rrdl a,

' L I, [ ted into 48 data carriers, The pil ot
Si'gnal o are ThisginasBsiE Fap b dnmuruetiscas Vo assior. Inaddiiant el shanal  h a

known pilot.j ltee r@édiiér i bidic. : 1 dd he
carri eP f reﬂﬂ%@ tggﬁé%%vgaﬁpmgor{gigggg @ﬂﬁ@%?&’ﬁ‘é‘% m"t‘ﬁﬁ) r!géczgrré ng
sanpl es can Vawing. dheseforelibe besylting phasefotatiars & st Statieand iat i on on

subcarriefs |s. same as the frequency offset estimation. In the
nmet hod ogfrggﬁ%ﬁ@g@ﬁset. estimation, the phase shift is obtained by

calculating the correlation of a pair of sanples which are identical to
each other except for a phase shift. In frequency tracking, the phase
shift is obt &P PERViS beifet rehuptnessdofastdiad nnelé and a plaseuefarence tot

synbol recei : I ' | r. The frequency tracking
netric is Wrﬁ% ,?%Iia%ggro?%&oiyé@?fﬂ&bé gﬁP &?‘?%r%fﬁd%eigmma%?%}_ SICY Afer e R
(p.n) is theswhboldiming gffsebs, fidquieneptrackingtastotte 5N Wil oFti t he
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

Np-1N,-1

F=y Z(R'(p,n)-R(p,n+Nd))

n=0 p=0

where R (p,n) is the signal on p-th pilot carrier of n-th OFDM symbol, Nq 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.
Np=4 is the IEEE and Hiperlan WLAN standards. Nq represents the duration of
(N4 ) symbols between the two symbols processed. The product used in the



25 nunber of delay synbols, N, N the nunber of integration synbols. Figure
16 ‘illustrates these paraneters. The 4 shaded bars represent 4 pil ot
carriers and the other bars data carriers. The pilot carriers are used in
frequency tracking. Np=4 is the | EEE and Hi perlan WLAN st andards. Nd
represents the duration of (Nd synbols between the two synbol s processed.
The product used in the 37 above freque3?y tracki ng equation is obtained
by multiplying a conjugate of a synbol th a synbol that is received Nd
synbol s | ater. The obtained products are integrated. NWis the nunber of
integration synbols. 5 After obtaining the sumof the products F, the
tracked phase shift can be .calculated by Yraek = arg(F) 10 In this
enbodi ment t AkoyshHeaUENGY tracking sauation issolpainedyemuliplying BeekjLgatg wbal .

every win SIBST B AR R SR Lo Rlve d R IRoLs FF¥iT Theatined roddan i n
“Figure 17. 1lard intdgratede Ni,Bis theenurebésnargeatiin $yibeikoposed frequency
tracking nmethod in 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 .
enbodi ment , ] i 8.4 er l.o.achieve higher
accuracy reéﬁ%%é?/t? Wﬁ@%%‘ﬁ?gﬁ gégpgérﬁg%ecrwﬂ—@vevev#@qoéﬁ% ed%'?'ﬁtcgnrbéaduce

har dwar e congdleulated byt is 20 better to choose a snaller Nd. Nd=4 has been
found to be a good conprom se. The larger NW the higher the SNR To

i ncrease the frequency of updating the phase shift conpensation, the sum
of Nd and NW:can be duced. So when choosing NWand Nd, there are sone
tradeoffs in¢ftahe=f’r lenmentation. 25 9. Channel Estimation and Equali zation

For a WLAN transceiver working in an indoor environnent in which a

10 In this embodiment the phase shift estimation is processed every N,+Ng
symbols. That means the compensation output by frequency tracking will be
updated every N,+Ng4 symbols. An implementation diagram of this method is
shown in Figure 17.

_15' n 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 embodimenf, Nw is
chosen to be 12 and Ny is 4. In order to achieve higher accuracy frequency,
Ng should be larger. However, in order to reduce hardware complexity, it is

20  better to choose a smaller Ng. Ng=4 has been found to be a good

~compromise. The larger Ny, the higher thé SNR. To increase the frequency of
updating the phase shift compensation, the sum of Ng.and N,, can be reduced.

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

25 9. - Channel Estimétion 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.



mul ti path Rayl ei gh channel is assunmed w thout LOS (line of sight),
transmitted signals will be distorted by the nultipath channel. Therefore
to restore the 30 signals, the channel state information needs to be
estimated. 38 As is known, the transmtter transmts signals s(t) through
a channel 'h(t). The received signal can be witten as 5 r(t) = s(t) *
h(t)+ n(t) Where n(t) is AWG\, and * deng es convol utional multiplication.
This equation can be rewitten in the fr éuency_donain as: 10 R =SH+N where
S, Hand N are FFT (fast fourier transform transformations of s, h and n.
.15 After carrier recovery (including signal detection, AGC, frequency
offset estimations) and tim ng detection, the receiver will know the start
of an OFDM synbol. The received signals will be transformed into the

f d I i EET be.witt 20 R = FFT[F by FFT
Funct on a3o0epuesFhosdl Tt Mg RuR sianair s REtEcieh a chahs! hids The2”
[R(0) R(1) reddived si?nﬁl ddnlbe Apittes dsi e domai n signals of NI FFT sanples r

= [r(0) r(1) ... r(NITFFT )] 39 where IFFT is reverse fast fourier
transform The long training synbols of the preanble can be used to obtain

FeTerence ()= s)xh)+n()
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 ahd can be written as |

20

R =FFT[F]

Whereby FFT function 43outputs frequency domain signals on N, sub-carriers
25 R=[RO) RQ) -~ R(N.)]

a_nd FFT inputs time domain signals of N.F;r samples

F=[r0) 1) - (N,



.5 anplitudes and phases for doing coherent denodulation. In the |ong
training synbol, the signals on each subcarrier are QPSK nodul ated and
known to the receiver. By dividing the received |ong training synbols by
the known synbols, reference anplitudes and phases are obtai ned for doing
coherent denodulation. 10 He = R Rslore Were H is the estinmated channel
for subcarriers and Rstore is the stored training synbol. By averaging the
two identical parts of the long training 35 synbol, coherent references can
be obtained with a noise level that is 3 dB |ower than the | evel of the
data synbols. Then the estimated channel information is used for
equal i zation where a one-tap equalizer is applied. After channel
estimati on and equalization, the signal for each subcarrier is demapped

i nto bi nar ' type of the subcarrier 20 for
exanpl e 16y \&ﬁ m%l%o%ﬁtgna%ﬂ@yﬁgeggggaﬁ@nce I s decoded according to
the coding rate used. To conbat the deep fadi ng which affects the overall

si gnal band (flat, fadi ng) the best way is to use an efficient
chgnnel cod\Mrh‘? KLHRINING: $YSROQIS o the Pfﬁﬁﬁﬁtﬂlerﬁ?@m&aw;%to phtaimesfernge

tandardsy c t and
515755 o “Rp e 3R pERERTS doing REReRe AR o 1R T onkirefg 1"
mul ti pat h Ragymbgjhtrrehsagnalb dreeadtosubcaFtier ameI(DPISMf rlmlodbmgdf:a\ndé(neﬁrlh?tﬁr uct ed
according to,an exp tia eca ower profile npde rom the
froure, 90 e TESAVEE BN Al Heratebranes tafnite svimbaose ineriame
approac hes td\3hb &5, reference amplitudes and phases are obtained for doing coherent

demodulation.
10

Where H. is the estimated channel for subcarriers and Rgiqre is the stored
training eymbol. By averaging the two identical parts of the long training
15 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
20 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
- sténdards, convolutional coding is used with coding rates of %, %, and 2/3.
25
In Figure 19, the BER performance for 64QAM, 16QAM and QPSK ina
multipath Rayleigh channel is shown. The mUItipath channel is constructed

according to an exponentially decaying poWer profile model. From the figure,



perfect channel estimation. The invention has been described with reference

" to preferred enbodi nents 5 thereof. Attentions and nodifications which are

obvious to those skilled in the art are intended to be incorporated within
t he scope hereof. The various aspects of the invention are freely

conmbi nable. 41 CLAIM5 1. A synbol timng apparatus for an OFDM receiver
havi ng: nmeans for determ ning the correl Qél on of correspondi ng sanpl es of
two 5 received preanble synbols, one sai'd sanpl e del ayed a predet erm ned
duration with respect to the other; nmeans for determ ning the maxi num
correlation value within a predeterm ned integration w ndow, said maxi num
value indicating the start of a synbol; 10 wherein the integration w ndow
duration is wetcangses thad theaperfarmhance aofithetproposet metheahappraiaches titatradi ng t o
claim1 wheregij Wd integration window duration is greater than said

del ay durati §ﬁae§?°hmn3L%§FH?{'ﬁn'accor ding to claiml or 2 wherein said
correlation 15. determ ning neans conprises: neans for determ ning the
product of a_sanple of a said received preanble synbol and the conjugate
of a correspbhginveniianhas heensdeseribed|witheteferamselto prefervediembedioents at i ng

i d o P ) N 50 : Lot i
he 1 & entBYESS, IRidholbSHCAhRAR AN bR BRI B 1h85e Sk TET L e "
integration aitademtedded to be incorporated within the scope hereof. The various

aspects of the invention are freely combinable.



4. An apparatus according to any precedi ng claimwherein the apparatus
recei ves a predeternm ned nunber of preanble synbols and wherein the sum of
the delay duration and said integration wi ndow duration are greater than or
equal to the duration of said preanble synbols. 5 5. An apparatus according
to claim4 wherein the nunber of synbols is 10, the delay durationis 1
synbol duration, and the integration windowis 9 synbol durations. 6. An
apparatus according to claim4 wherein t 44 nunber of synbols is 10, the
delay duration is 1 synmbol duration, and the integration windowis 7 10
synbol durations. 7. An apparatus according to claim4 wherein the nunber
of synbols is 10, the delay duration is 4 synbol duration, and the
integration windowis 6 synbol durations. 8 A method of synbol timng in
an- OFDM r eceGLAIMS he nethod 15 conprising: determining the correlation of
nore than two identical short preanble synbols; determ ning the synbol
timng based on the nmaxi mumcorrelation value wthin a predeterm ned

i ntegration wi ndow, 20 wherein the integration wi ndow duration is not equal
to the delay duration

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 comprisés:

- 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 accumulatihg 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.

6. 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 tirﬁing based on the maximum correlation value

within a predetermined integration windbw;

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



