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Recel vee and Met hod for\ WLAN Bur st type Signals Field of the invention The
"pTesént invention relates to methods and devices for rec s in
5 a Wreless Local Area Network (w reless LAN, or V\LAN)EIMM mmm\!@ﬂﬁ‘y in
the case that the signals Ere Ot hogonal Frequency Divi exed

~(OFDM)  signal's. Descriptiop of the prior art 10 R
wirel ess LAN standards | EEE 802.11la [1] and H PERLAN/ mel m been
IH
S -

devel oped. The | EEE 802. 11a standard i s descrl bed in | EEE
Standard for Information Technol ogy - Tel econmuni cations an mat i on
Exchange between Systens - |ocal and Metropolitan Area Net worK Specific
Requirements - Part 11: Wreless LAN 15 Medi um Access Control (MAC) and
Physi cal Layer (PHY) R¥umivér and iMethod fidr WLANEBdrsthtypecSignadyer in the 5
GHZ band". | EEE Std 802. 11a - 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 al so in Broadband 20 Radi o Access Networks (BRAN),  "Broadband Radio
Access Net WFikkl of i ¥Wventl9RERLAN Type 2; Data link Control (DLC) Layer
Part 1. Basic Data Transport Functions", ETYSI TS 101 716-1 V.1.1 -
(2000-04). For an OFDM based wirel ess recel ver, the following issues are

si gni fi cant :The piegeat inyentien irelatesstaomethndsnand devisas for rapeiving signals i Er

recoveryg n _

| mpor tant. 1 heeless Lbbd? Ak NeRRUR i, FAN WA Baeflp Tl B g

synchr oni zatcase,that theesignals are Orthogonal Frequency Division Multiplexed (OFDM)
signals.

Description of the prior art

10 Recently, OFDM-based wiréless LAN standards IEEE 802.11a [1] and
HIPERLAN/2 [2] [3] have been developed. The IEEE 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 Physical Layer in the 5 GHZ band” IEEE Std 802 11a — 1999.
HYPERLAN/2 is described in Broadband Radio Access Networks (BRAN),
“Broadband Radio Access Networks (BRAN); HYPERLAN type 2; Physical
(PHY) Layer”. ETSI TS 101 475 V.1.1 (2000-04); and also in Broadband

20 Radio Access Networks (BRAN), “Broadband Radio Access Networks
(BRAN); HYPERLAN Type 2; Data link Control (DLC) Layer Part 1: Basic

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

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

OFDM modem for WLAN include frequency and timing synchronization, since



OFDM denodul ation is very sensitive to frequency offset and ISl
‘(tntérsynbol Interference) caused by a multipath channel environnent 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 frane of
| EEE 802.11 a in which a preanble precedes all data symbols. This preanble
is essential to perform packet detectio®d, automatic gain control, symbol
timng, frequency estimation and channel estimation. 10 The fi _rst part of
the preanble 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 i @F@Mdbnm‘dudatmrum/eryjael;nsmvertmfreqliféw?ﬁémrdngsmmtérs%%l
enerated b ly non 0 Su ar er. val ues for subcarrier nunbers
\g/]\,hl ch are aylﬁtlﬁrhrgpﬁe%of%aﬂsec}rﬁy a/tb charneh enviionmrenigand | whichegn sho(r:I t
15 synbol s i | f p, I Fi; y h ovi de
2 convent eneuny Torenoud ity %ﬁ?‘%?‘?% it eortelded Aopnatl SR
det ecti on. Sastimiigtedt éreesotlvsubeamieo| ambthis dandring abommnbbbeﬁﬁnﬂﬁbrsyﬁbm
timng and a G rse frequency offset estimation with a | arge unanbi guous

range. 2 Th%r%rﬁort training synbols are followed by two | ong training
synbols with a duration of that of a data synbol. There are two reasons

for using | dFiguresyrdmdvss the shistuRaoF 196 GF@NPPFW%%e Ef 'iEEE n(joz TRECH | L

possible to do a precise frequency estimation on the |ong Second,
the | ong sy PB Q:QFPQJENG Rresgdes afbdatansyrabelsefbis arqambladesesmdltlphtmes
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information &slumatlmrmd charirte] 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 relatively short

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

range.

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

- 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,
modulatipn type and coding rate of the rest of the packet.



nodul ati on type and coding rate of the rest of the packet. 3 Finally, a
‘vari abl e nunber of data synbols are transnitted 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 (optlonal% 10 I ndependently of the burst
type each burst consists of two sections: a preanble and a payl oad. Each
burst is started wth a preanble section which is followed by a payl oad
section. The content of preanble and payl oad section depends on the bust
type. There Binallyagaralléanentertof pata symibotssaref toaimshitted itgpicallyeatséd d¥ghern

Figure 2: rogdcas t b wnl j nk burst, (c) an Uplink
burst with s%l?FP?a"BPS |%fafed%l%i1 fﬂﬁ% %{Wahﬂ?o sigts af mﬁ@"ﬂ;ﬂﬂaﬁ@ﬂ ef808) a
Direct |ink Reapl-a dat8 IFPTAnfeh@li RS gynbol is the same as for | EEE

802. 1. 1a, but the preceding sequence of short synbols. may be different. A
downl i nk transnmission starts wth 10 short synbols as in | EEE 802. 11a, but
the first. 5 HifbBLANA? sysient hasfive differentddnds of BHYdvwrsts [Rie start of the
downlink franme. Uplink packets may use 5 or 10 identical short synbols,

with thed . being inverted. The difference between the
pr eanbl es ofﬁ) %Egd%gty a{’and H PERLAN 2 is deternmined by their respective

protocols. 4 However, at the PHY level, in principle the sane receiver
ar chi t ect ur e2)niagwblink 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
séquence of short symbols may be different. A downlink transmission starts
with 10 short symbols as in IEEE 802.11a, but the first 5 symbols are different

20 in order to detect the start of the downlink frame. Uplink packets may use 5 or
10 identical short symbols, with the last short symbol beihg 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 sone H PERLAN bursts, in particul ar the
‘mon-downl i nk bursts. Signal detection, AGC and synchroni zation are not
necessary for downlink burst. As the format of broadcast burst of 5

H PERLAN/ 2 is al nost the sane as that of | EEE802.11la, the sane receiver
architectures or nethods can be used. Figure 3 shows the tine and frequency
structure of an OFDM packet having an |EEE 802.11 preanbl e. The packet
starts with 10 short training synbols, ing only twel ve subcarriers,

fol lowed 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 aHowevenratdhe ¥ leYeEKn (phiecipde the yambaectivet architebtuae may B¢ i n

packet . bet o#ed for [EREBIZ e buiecandrone HIBERLAN biistsicinopeasuies thee
preambl e, thér'ildbﬁ/rﬂiﬁl@t&lrﬁﬁgritﬁgﬁgled fercﬁbnsiR@?Geéhd“siyrnEﬁF&M%nog{fgﬁ?m

packet conprises the ten s ynbol's on twelve subcarriers and
| ong synbol sneeessary ffort downtinks ubuarst.r i efs, thes fosmdt t of drpadcasts bargt of

acket t egth©B, L C in_contro S | m,ng,, freqguency,

gst i matioh a hﬁgghémﬁsngé?qﬂgﬁpﬁm%aﬁ t&i'?t PKE@Q’@%%%@% g3 gcgiver
necessary i na@hietturés oRMetibdsesdii bé ¥eecei ve and decode the actual data
bits. As is known a cyclic prefix or guard interval (G) is added to each

data synbol _to nmake the receiver nore robust to nultipath propagation. In
parti cﬁl ar, Figure 3 shawsthegtimeaand freayeney sirueture of abeBFM@a@E@u@amng

oo vopiutPEF MRS reaiEey 106 et B 18"y el PRI °30
- Summary of tbsing ongntwelve subcarriers, followed by two long training symbols and data
10 symbols using the full fifty two subcarriers and containing four known pilot
subcarriers used for estimating the reference phase. The ten short training
symbolé use a low order 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 thé first sixteen microseconds of each
packet comprises the ten short symbols on twelve subcarriers and the two
long symbols on all fity two subcarriers, is used to perform start of packet
detection, automatic gain control, symbol timing, frequency estimation and
channel estimation. All of these training tasks are necessary in order to
20 successfullly 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
met 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 apparatus and net hods of the other
aspects. Alternatively, each aspect nay 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

received pre one said sanpl e del ayed a predeterm ned
duration w t%%@ﬁ&??me I'ﬁﬂég}tﬁﬁer signal detection being indicated when
the correlation is greater than 20 or equal to a threshold; wherein the"

t hreshol d i s_dependent on the S|gnal power of the recei ved preanbl e
symbol s. ThelBeiPsesgridnysntip 0@6‘PY'€§ @erimpigved ghal legst @tﬁrnahveret hod

Facei ved Dpr HEREE 9““?1%BP%%%é4'§5@%*°°"écglv""#'9§5'§3@gb%ﬁa'ﬁé‘@fw S

duration w tim28VtANpect to the other; signal detection bei ng indi cat ed
when the correlation is greater than or equal to a threshold; wherein the
threshold is dependent on the signal power of the received preanble

synbol's. 6 TFhéfe alegrobidedSiasinak a@@égg atmgfIB'aer% ;veP?@rér?o%'oé\gt %tea”b' e

synbol s over the nunber of shor olsr U|re or signal ionto
set the thr ets/pels!gna‘lolncwmg: sigreil detenﬂoneammmmic ghefh eontrolg sgmbioptiming; Thi s

h: h det | |

: ﬁzr Eaage {' é&@e{&cg oﬁseﬁ Eljng, ahd ?rlerq%%ch {racl?rnsc bggra uS gr(r:d ?net%ogg
relating to each of these aspects may advantageously be combined with
apparatus and methods of the other aspects. Alternatively, each aspect may

be used wrth prior art other aspects of the receiver.

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

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

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

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



5 This is because the threshold is dynam c and dependent on signal
‘reception 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 preanblé3 synbol . The correl ation

determ ning neans preferably conprises neans for 15 determ ning the
product of a said sanple and the conjugate of a said delayed sanple, neans
for accunulating said product over an integration w ndow, and nmeans for

“accunul at i ng Thiseustisf thersigrad poatenet saswiles of thdueteiatd phearhblei symibgs oved end

f said wndgw 20 Th | ferably g first and a |ast e
2 corr el at| oM GPVTARE SIS RDPETGRHTeS ORI RieRIrap AsRhe ?hfeéaé@conh”

aspect of theyrRh&TBREbIdtiBKGAEIHER; oftdé%é&.dgsa BigR4l. 4965 Afs 18 840 dts%e

Control apparatus for an OFDM receiver, “havi-ng.: neans ni ng t he
aver age pommmvmmmofe@tecmmgqmmany by mcdeasedatoteranea oPhoise.

f ACC | based th
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~second ACC | gyipditibmsed on the average power of a second nunber of
subsequent synbols. There is al so provided a correspondi ng automati c gain
control nethod conprising: determ ning the average power of received

preanbl e sy | ropriate AGC | evel et er m ni ng
o eant @ o PalRr, noBR At BB BB B o BBl 65 SmRS: -
and; det er nm powgr ef thecsymbol 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 cdrfelation determining means preferably corhprises 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 accumulatingi the difference between said product at the beginning
and end of said wihdow.

20 - The samples are preferably a first and a last sample in a correlation w:ndow
having a length of one preamble symbol

~ In a second aspect of the present invention, there is provided an Automatic
Gain Control apparatus for an 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
synbdls. 10 This allows synbol timng and frequency offset estinmation 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 ACC is sufficient for starting synbol timng and frequency offset
estimati on when the 15 nodulation rate is' lowi.e. QPSK, the fine AGC being
i mpl enent ed before high |evel nodul ati on such as 64 QAM where accurate AGC
Is nore critical. Note that this also allows both coarse and fine
frequency estimation to be done within the first preanble. 20 By

~ conpari son, pecand H#GCABUehbasedesn tthe avarage power offa tdeeohdr stimper &F
short synbols in the,first preanble, this accunulated total being averaged
to determ né”??@%.ﬁ)ﬂ’ﬂi‘i’P&e gain |l evel . However because this AGC uses the -
.first seven short preanble synbols, synbol timng and frequency offset

estimati on cyRERE ealba tq | ; Ol mint eavimgionly
three 25 synbol s _e{_nda hgﬂgi&ﬁ%ﬁ"‘t% n%dr??éﬁ?‘gg@cﬂqﬁ?@xg?s%a'%gﬁﬁ?é' ﬁétpﬁ% fine
frequency esempisingh datermining the averagetpmvercafardeived ambambleByymbolsgn a

t wo- st age. A ' Lch. e AGC Js determ ne ort, synbol
o St 208 A8 1 P iele 4036 36 Ttmiing BT RE RGP et 0id 30
timng and ftirodesrageaddweat o atirsRhUMBbes BT syidls Avan d%i’ér}ﬂiﬁihga?%ebBHé
their accuracy is inproved. A second stage of AGC runs in parallel wth
these f unctﬁéﬁ‘s leyel basedian theoayesaget pawer eha sscondenwnber op sebseduenbur st
for high ac P\B% data recovery using the second stage AGC. 5 Preferably

said first A evel determination is triggered by signal detection and
sai d second ACC | evel determ nation may be triggered by synmbol 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 offsef 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 frequency estimation to be
done within the first preamble.

20 By comparison, prior art AGC measures the signal power of the first seven
short symbols in the first preamble, this accumulated total being averaged to
~ determine the appro-priate gain level. However because this AGC uses the
first s'even short preamble symbols, symbol 'timing and frequency offset
estimation cannot be started until the 8" short symbol, thus leaving ohly 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
‘impul’se response filter and the AGC | evel determ nation neans may utilise
a look-up table to 10 correlate said average power with an AGC | 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 2"d
AGC in order to reduce the required buffey. 15 In a third aspect of the
present invention, there is provided a frequency tracking 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 $ymgbeHimingandirequencymftset @stimatiencanistart wiuchosartiedandréauss  f or

determ ni ng freguency. t.rackin rror fromt m of .sai d jntegration.
There is al s@'eﬂr%‘&u ‘r}y‘&_"@&?m"@ég éﬁﬁﬁngﬁ%&ﬂ &te/?‘éfbrf&”ﬁé@ RSEF”IEEWHBit PHY:
det er m ni ng fumetieNs bR 2be18 tid ACT hEEROSRH BUtHPSRIrEBredimp e Ur a8t MR@ Pi | ot.
carrier synbols, one said sanple delayed a predeterm ned duration wth 25

respect to taecusaeedats recoyernytusing the seeand stageiAGCover an integration
wi ndow and; determ ning a frequency tracking error fromthe sumof said

I nt egratigon. ' i ti ' T | IS t han one
Shor t ayribol ©HeRbhL SaREEF At TEYA detemiinaiaH s IS8 s eioRBr BhielEr,
in an.inprovand seissendoAGE( vel deteadinativhi may ectriggehs by isyhited! Sihdng
“time. In order to.produce a clear peak as opposed to a plateau in P(d),
sum of the d%‘f"ﬁ‘l'?'ﬁ&n-or l ength of the 5 integration wi ndow and that of the
del ay between correspondi ng sanples in different synbols should be greater

or equal to pRierdbli theCdetthiRMd mEERS CoRfbrisedVan MnfififeRAPulséNiedpbRsé Ur N
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 I-arger than said first number.

Prefer'a'bly an IR filter is designed to'a'verage the measured power for 2™
AGC in order to reduce the required buffer.
16 '

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 predetermihed duration with respect to the other;

20 means for integrating said correlation over an integration window and; means

for determining a freqUency tracking error from the sum of said integration.

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

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



estimation of the synbol timing. 10 By conparison, prior art symbol timng
‘arrarigenents use the metric P(d) having an integration w ndow TWequal 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 correlation determni ngq nmeans and integration nmeans for
symbol s froma nunber of other pilot carriers; said frequency tracking
error being determned fromthe average integration sum of said pil ot
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 deByrusing ag integfationtwihdeguknehichfis dmtgendivamgnewshos syabol, for

d I Ni h el ati f di ampl es of, two received
O Bl e Pl s RS, e ame S St reans
for determ nbﬂggg f6PESHHatidd BRUGHR b{oIQTnﬂiﬁglEstM‘ﬁh@lﬁrB@debgt% rod(fies Tk the

correl ation of correspondi ng 'sanpl es of two receiV _ e synbol
sanpl es a sePedk aspppgeed toramatedulim (dusani ofthesturatios ar kngtitoftthedel ay

i i i fer. f id . fi | ay dur ation:,. and f
conbi i ng salteqrareh i shBThECotngdsTiy bEwRen ritsnaRHisd THNBEsdR mi ne
- sai d frequendiffepdritsyimbats bhomltibergrehter offejual tethal r’ﬁﬁg?ﬁfﬁ%@]g st

correspondi ng frequency offset method conprising: e

frequency of %‘?@ﬁ“fﬁﬂ 'dé%éf‘ hERERG2¢ Raisd® tyral pievigdas dor e%%efr%@bmﬂ!ﬁaglcgml es
~of two recei : ly les a first predeterm ned del ay
duration apa‘rgtgﬁngféﬁrgmh%i g a élgiﬁ d frequency offset by 5 determ ning the

correl ation of corresponding sanples of two received preanble synbol
- sanples ‘fb seg)c() rc]:%lanra?ggh,e ;r)llllci)rnaﬁar(t:i s?r%lbgytigynrga;rirgr?geargglgtts’usséatlhg metric P(d)
having an integration window T,, equal to one short preamble symbol (Ty).
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'dff'set having means for determining the correlation of
corresponding samples of two received preamble symbol samples a first
predetermined delay duration apart; means for determining a second
frequency offset having means for determining the correlation of
25 corresponding samples of two received preamble symbol samples a second
predétermined delay duration apart, said éecbnd 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 del ay. duration being different fromsaid first delay duration; and
‘conbi‘ni ng sai'd first and second frequency offsets in order to determ ne
said frequency offset estimation. 10 By using two parallel branches for
frequency estimation, high precision conbined with unanbi guous frequency
of fset estimate provides a better coarse frequency estimation than the
prior art nethod, for exanple using elggb short synbols instead of the
prior art three short synbols and the second preanble. By conparison,
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 Iong
20 training a'ihﬁfﬁ)l%alswnrnwdedma@orreepomd;ngdmnnpaﬂseénmthod toonmrmm/e

| hould b
oo oy oatehifinG 260Gl ey P RESS b Wefefing'BE; eI £i0e
must  be USGdoﬁédeﬁdlﬁ%rﬁﬂh&blégsofat\ﬁdir&‘ebe%ﬂbﬁfea%blé%’ﬁﬁbél shiRiples N first
s

conprom se of three ort s necessarily resulting in a | ess
accur at e est Pradateimiped degiay ¢@@U@n@paﬂf ﬂgt&rmlmngmmnﬂ ﬂwg:wm@uby

over 1 echocleBEMTRG e Xorlafid, bt NonBRERRARGG salniEE of T WeRBMEE" The
sum of the dpf@mlale(tymticﬂ@a&tplwavsdadﬂw piaﬂ@tblrmnfedldelaf/@uréthﬁ\ hpast saigd

second frequenc ffset determ ning neans be equal and the receiver
may prefer abF?cgl"Iéigé{e\i%’ forafiomn dsing diffgrsnt | er’T\esalﬁrﬁlist diﬁ'@)y durﬁﬁon bandg 1

Gur ati ons. ” TR PG %’E@%ﬁ%ﬁﬁﬂﬁﬂé’vﬁ@%ﬁ*@ Brdpt S JeRAFR Sy o
dur ati ons anftegaéncyseffsat@stimadignat i on wi ndow | engt h 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 last three short symbols of the first preamble, and a

second fine measure using the second preamble including two and a half long
20 training sym_bbls. With respect to the coarse measurement, to achieve

maximum preciéion a large number of symbols should be used; however, in

- order to avoid the 27 ambiguity of the phase, a larger estimation range must

be used and this requires a small number of symbols. Hence the compromise

of three short symbols, necessarily resultlng in a less accurate estimation of
25 frequency offset. '

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



be 4 preanbl e synbol durations. The conbining nmeans preferably conprises
'si gndl processing neans arranged to calculate the estinate according to
the equation: YmA + 2,r z 2=Lsho"T 10 In a fifth aspect of the
present invention, there is provided a symbol timng apparatus for an OFDM
recei ver having: nmeans for determning the correlation of corresponding
sanmpl es of two received preanble synmbols, one said sanple del ayed a
predeterm ned duration with respect to t e ot her; neans for determ ning

t he maxi mum correl ation value within a predeterm ned 15 integration w ndow,
sai d maxi mum val ue indicating the start of a synbol; wherein the

I ntegrati on wi ndow duration is not equal to said delay duration. A nethod
of synbol ti fartbe ifirstandGepinddagjueacy icffset detepminingl evtanishreayreehegial and

i si ng: Lning th | ation, qf than two identical short
or el ¢ Sy il EoRHE B RfcfBiAbhe G AR mgle,aBo i ey FSkeIan Ao

correl ation € 1WintdH ) | at.4 | 4 rgin
the int egratbiéigg \;mvvr?gé(;av{/ﬁ t()j%r g??@%‘ ?idﬂﬁg?qe%iuaﬁatéog%ﬁhdgu a§> (Jllﬁé]a?? %Yﬁ& ¥

Pref erably tpeeamblegsynbelndwiatidosy dlhatfirshintegratieatwindowalength dnalelbay7

duration o ang_said_c i det erm ni,ng _neans, may,. CONpri se: ns for
det er ni nithg gW}?’bﬂSoﬁ(}@ﬁ%?&Hgﬁgﬁﬁgdoﬁa'g %&PH&'@@@W%@F WMI'@@@@BV and
25 the conj upauepreanils symBePAMEtiBAs Sanpl e of said del ayed synbol; neans
for . accunul ating said product over said integration w ndow, and neans for
12 accunul ating the difference between said product at the begi nning and
end of sai dTh@t SGMRINIBE WReANSw. Prefesablyaompnsesasignalt psocassing, creans
predeterm n?erQHﬁ%ﬂo Bﬁcﬂl%fé"fmzj ?stirﬁat%yég&(&'r&in&?gtl’@gﬁﬁétﬂ)nt. he sumof the
salrd Integration

del ay duration a

¢3m+27r-z
2aomL, 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 preamble symbols, one
said sample delayed a predetermined duration with respect to the other;
means for detefmini_ng the maximum correlation value within a predetermined

15 integration wihdow, 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 c_:or'relatio.n value within a predetermined integration window; and wherein the

integration window duration is not equal to the delay duration.

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

accumulating said product over said integration window; and means for



w ndow duration are greater than or equal to the duration of said preanble

'synbdl s and the nunber of synbols may be 10, the delay duration may bet
synbol duration, and the integration wi ndow may be ni ne 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 int egﬂ%tion wi ndow may be 6 symbol
durations. The receiver nmay be arranged to support various wreless LAN
systens 15 including those using the conventional |EEE 802. 1l a and

H PERLAN/ 2 protocols. Brief Description of the Figures 20 Non-limting
enmbodi ment s afcurhelating éme differende betoeehesaid produat dt tHeobedihringadtrl end of
exanpl e only the followng figures in which: Fig. 1

W.th reference to
shows t he fo$ﬂm'n69ra§'°@jﬂWPWY frame of the known | EEE 802.11a standard;

25 Fig. 2(a) - (e) shows PHY burst structures of five types of burst in the

known HI PERLAN 2 standard; Fig. 3 shows the tinme domain structure of an
OFDM.packet having 52 sub- carriers; Fig. 4 is a block diagramof a WAN
OFDM r ecei vePrefemblythe appasatussepeivesia rredetasalined number of preagabiei n; Fi g.

Is an i e L - di aqr | gorithm for. deriving P(d) in
o T s A A AR i Sl AR B SRl
i mpl enent at i windowogdiiratibagire gredtet thanadrasyudl fortHeoduratiah Wf sB™ preafil@al
energy in the enbodi nent; )

symbols and the number of symbols may be 10, the delay duration may be1

symbol duration, and the integrat_ion window may be nine symbol durations.

 In other preferred aiternatives, 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 r_ecéiver may be arranged to support various wireless LAN syétems
15 including those using the conventional IEEE 802.11a and HIPERLAN/2

protocols.
Brief Description of the Figures

'20 Non-limiting embodiments of the invention will now be described, for the sake
of example only, with reference to the following figures in which:

~ Fig. 1 shows the format of a OFDM PHY frame of the known IEEE 802.11a -
standard; | ' |
25 Fig. 2(a) - (e) shoWs PHY burst structures of five types of burst in the known
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; -

6



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

‘embodiment; Fig. 9 (a) - (c) illustrates the timng netric of the AWGN
channel of the enbodinment; 10 Fig. 10 illustrates three possible DFT
wi ndows; Fig. 11 illustrates an operation nodel of synbol timng detection

used in the enbodinent; Fig. 12 shows a synbol timng detection algorithm
used in the enbodinent; Fig. 13 illust rs&es the effect of frequency
offsets; 15 Fig. 14 is a block diagramof“a carrier and tim ng

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

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 is a Eigo5lsl‘@ivsl£§pr&amﬁle aymbetyliarthg timadklinlagn al gori thm Fig. 18 shows

i mul at i l.t.s B of 't f.requ r i n talne by the
crbod ment;  GRAGHEGH RpIRERRN I Agared it HacHth eresinar e o
t he enbodi nﬂ%sn?ﬁbl%t@&mg&ﬁh eﬁwrmﬂomédtpat h Rayl ei gh channel 25

Det ai | ed Description of referred odiments Figure 4 shows a typical
ar chi t ect ur eFiGor7 & au:mlpmﬁxmudeMKr diagrarer of t180 alghrithmaforeoeiasaringmy be

antenna 2o, Sob Rk ETing LpBIENT, 2T ow noi s anplifier 12, The | F
section conpFigses ga)matel (b MOsteateBUklé Phistsgd hRGO r'ﬁr%b@sg E’feoﬁliﬁn%ef rom
| ow noi se ang%bga%enlg with a local RF oscillator
Fig. 9 (a) — (c) illustrates the timing metric of the AWGN channel of the
erhbodiment;
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;
15  Fig. 14 is a block diagram of a carrier and timing synchronisation algorithm'
used in the embodiment;
Fig. 15 is a block diagram of a phase shift compensation algorithm used in the
embodiment;
Fig 16 is a diagram illustrating the pilot carriers in an OFDM symbol;
20 Fig 17 is a block diagram of a frequency tracking algorithm;
Fig. 18 shows simulation results B of the rms frequency tracking error
“obtained by the embodiment; and _ ' '
Fig. 19 shows simulation results of thé 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
‘varidble 5 I ownoise 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

I nternedi ate frequency signal from the variable | ownoise anplifier 16 and
whi ch al so receives a signal froman internediate frequency | ocal '
oscillator 24, the input to m xer 17 bei f 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 asedion eomprises areantzdnai 10, tahbhandpaspfikerai , lang 4. Riw-ndise

i ng si gnal. s the base band OFDM signal . which contains both th
15 pr eanti cAARINGTS Lindoseca pRBPIAED MNGC e kAch RUGRIGRIR at i on
function 1 rpesiiRe RFGgRATROMIOR- e bmpliier 120ih 45R2al RPsRISRIL Of the

i'ncom ng packet to performa number of sychronisation function ese
i ncl ude si gnsignalkethapiasiuct eliwbichtis fedyto a baodtpasis filter 4§uthemto20varidiet

' ' : im Th hr.onpi.sat i f. ti 1 controls
gai - contt o PR S8 Honulnel 1B neroife BY FS0R R S ShisiBloaitiace lecatbaRdac i on
function 40, q@ataturei( &9Neirelit bramehiesn méseﬂﬂﬁn&?s%ﬁf‘édrﬁbﬁé‘é 230 In

turn controls the variable | ow noise anplifier 16 and 25. is Intended to
conpensat e fFrtherRBixel b4 9r hamhieh megivestheintesngdiate frequency sighal fromconi ng

signals, w td the: ai i Mol r ( I | f signal .l evel
outpat from owePldlolfs R eribiflr iFRAORER Aot MoelieR £ SRR, o e
recei ver, anidtermediateifeguancy fecahostillatoy 24f tl'tgi?panl@l mmetmcble;mg delayed f
converters 22 d 23 ich will be optimsed for a particular range o
si gnal | el PY g@‘pg@a qﬂ‘\égef PQ%H%‘?%’&%P&J@'”@?OW%I 18.a Therutpitse | ocal
oscillator 25 rhixerd P 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 1/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 preamble of the incoming packet to perform a number of sychronisation
functions. These include signal detection, automatic gain control, frequency
20  offset estimation, and symbol timing. The synchronisation function 1 controls
gain controller 30, frequency controller 31, a phase shift compensation

~ function 40, and a window control function 41.

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



receiver, and this in turn controls all other local oscillators in the
‘recei'ver, including the radio frequency |ocal oscillator 14 and the .
intermedi ate 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 out put of the phase1§hift conpensation function 40 is
passed on to a Serial to Parallel digital signal converter 42 which
additionally renoves the guard interval signal conponents from each
synbol. The Serial to Parallel function 42 converts a predeterm ned nunber
of incomi ng dhei fraQuerhcyscdrﬁrc(lleaﬁploesn)rotsoa refepenogi logaltascilla¢orc2Bifuriteel sanpl es

f the b band mth 22 and 23 into -a wor
gOI’I’ESpOﬁZIGH a‘?% é‘jfln @ﬁﬁwﬁé@hﬁmcon '?W@rﬁﬁf"?f’ﬁﬁﬂ@tpb?\"ﬁ@eﬂﬁﬁ%'é‘%ed a

predeterm neﬂwdl\kﬂ]ﬁ?'thé’?adlé‘%ﬁhéﬂcy %WB@&II&BPW%‘?@Q% u?cPrr’nQBi'é gtO the FFT

bl ock sinmultaneousTy. The predeterm ned nunber of sanples I ch are
partial ly pr&equsecy logat ogcilkiar 24 and partially renoved of the guard
interval ,.represent a received OFDM synbol. It is |rrportant that the word
correspon%| ng to the OFDM synbol starts at the right sanple bit in the

i nconi ng bi t TheNeRRE Bandosigesl r{f) isisassedtch ﬁ)yéfPﬁbse SRFCIhYenddtions therefore
i mportant to accuratelg determ ne the sy i mng or start of synbol.
.

25 The | engt fUnstior 40wRightis plsoscantiwlad |hy taaxsan@@roalmtl@o fanctigspt epdiaat e
PR E e e A PR T T RS
' 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 incbming 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 simultaneously. The
predetermined number of samples, which are partially processed by the FFT
20 and partially-removed of the guard inteNaI, represent a received OFDM
- symbol. It is important that the word corresponding to the OFDM symbol starts
- at the right sample bit in the incoming bit stream in order for accurate symbol
recovery. It is therefore important to accurately determine the symbol timing,
or start of symbol.
25
The length of each symbol is known in advance and so an appropriate
window length is applied to the incoming base band signal to retrieve
individual symbolé. 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 wi ndow used to retrieve each separate synbol is
‘30 controlled by the control w ndow function 41, which in turnis
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 '8 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
with the fousyqﬁﬁrmisatiducﬁmctiemsl ondecthe syahbd $inding has edehatetetnhifed hatheel
estinmation an&l}g{ uen tracking function, 2. The channel estimation and
frequency tr¥ QetS’rFoc‘B’r?ﬂ%PéEetgﬁérd interya ﬂ@"ﬁ'yé%ﬁfﬂ’%’ taiRNspre ot

values with %@E@st@ﬁ%@cﬁ C?Jbgnog'd %&imyﬁlﬁﬁﬁnéffhonjr%ﬁlﬁ?lg‘;ﬁ |tIInHe ef fect

of the air interface channe I nstruct e equall correct
for this chatiesVindow s functlon 2 also nonitors the subcarrler frequenm.es
over ti m95 and controls the phase shift conpensation function 40 to
~conpensate for any drift over this time. 20 The channel equalization

function 46 TR irRfiigudlcOF DRes@hbsIstare 3éd ot fHe SehélttS rﬁa&ﬁﬁel?bﬁ&lbﬂ 4P veen
the transmtter and the receiver antennas. After channel estinmation and

equal i zat i ond fasidourigjrieansferm &moeﬂ@whlph@epasatea«tﬂmpmuol valeebponary dat a

according to rm.g;'l | e f bcar The data sequences are
then decoded® #ﬁ hnc¢1|9o%r{s ﬁ' % élge% %?‘ F%FSEQ od"etr?a?) 8?3”86' dul at or
47 and chanrmlottéau'adﬁxﬁn ﬂﬁhctleﬁﬁﬂ%hl\tﬁ|rdmovE§h®pf&hﬁ§leQ/faldé§eand1t{'@t I on
provi de | rrproved nmet hods gf detection;

values assocnated W|th the our 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 préamble 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 equalizaﬁon function 46 corrects for the effects of the air
interface channel between the transmitter and the receiver antennas. After
channel estimation and equélization, the signal for each subcarrier is
demappéd into binéry data according to the modulation type of the subcarrier.
| 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 estimétion; 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, synbol timng and
frequency tracking functions. 5 The enbog' ment provides that these
functions utilise overlapping preanble J{/rrbol s in order to naximse 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
perform ng the AGC function, the frequency 10 offset estimation and synbol
ti m ng functAdaseiveractasdingdofaorembiodiment of the mventoremplyysisove at | east

sone of the ol s. for each, function. t her, words .t hese functions
use overl appﬁﬁgﬁ?'ﬁﬁ%r\qu E’?ﬂﬁ%‘o?f? qescfiRed %Fg%@m{gh%%ﬁ?ﬁ%ﬁm ly the
above oper at padket dighall@eRchBR, AGE (AutBhati gin & symbol s.
For exanpl e ﬂch_e fi rg?t seven short t(rl(J;li ni ng %a;%gﬁgégpgseﬁgg@f%ﬁ si gnal

det ect i on an@stinmationtis¥mbehtiminggnd frequepby trackingifunctipnssynbol s are then

used for goarse frequency offset estimation and synbol timng. Then the
two long training synbols in the preanble are used for fine 20 frequency

of f set esti nbhé embaaimehiepraeldesthanhese fundidon8UNIISE BYEHASHING pi8ARble t he
operations perfornmed by the units 1 and 2. 25 1. Signal Detection Since

“the radi o ert¥meRlEdmerder tosmarimisethginagcasacy. Atthebasehand, theisesiver
firstly detects the start of the signal and measures the incoming signal power
for the AGC process. Whilst pérforming 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

| symbol_s 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 detail the operatibns performed by the units 1 and 2.

25

1. Signal Detection

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

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



adverse, the transmtted signal is distorted by nultipath fading, coll apsed
'with*® 30 thermal 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 transnii%er has to retransmt the packet
whil e other users have to wait. Such 5 patket loss will not only decrease
the overall systemthroughput but will also increase the mean 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 incomng 10 signals.

Consi der t wothedigeaiverita makeiinepresatideicisiens, seolaningrarFacauisition widle ar e

i dentical to_eac ther. at the. receiver .except fo ase .shift caused by
the carri er"‘f%i’&@}%ﬁ%' qacrtg&s&lopf °EWé?%?ﬁ'ﬂ%;ﬁﬂ%d%{“ﬁﬁg'@%ﬁﬁﬁéﬁ%f’??e first
synbol is nphdkepMilbBe Riecldied fout byIRE REEdIge SaEY LtimebitififioganRghe( del ay.

time Td = TshoFt later), the efféect of the channel should be cancelled and

t he product stramsrailen has tefetranssait the packst whilepither users haaedo ayait. Suichat el y

t he sanme ph . ' e ' | ar al.ue., When
this cor rﬁgl Zﬁ?:f%kr(]e%\'f/’oasfs %Illin@%ﬂgﬁ%%cﬁegé%wéaomg%%ﬁ? ﬁﬁsﬁg'ﬁ%@g’”\fﬁﬂ aisé’cei ver
is informed inbrdase themséan Bangrhissiormiiime DipadRéeaid, Henctl 836t detayreanmal |y
set by experjnent. The present enbodi nent provides that the ener gy of

2
recei ved si glPi%PxB%‘ﬁﬁges i s measured. The power of each received signal
sanple is calculated and integrated for a duration of Tw. If the sanple’
interval is T, Tw=WI, i.e. W sanples are processed to cal cul'ate the energy
whi ch can bePuor art anited detedt(al3ighhl lfylmebBurihg tiee Yoirslatibnddmdoemiggh, whi ch

B N G T R e A L
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 = Tshont

later), 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 embbdiment 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, ie. W

samples are processed to calculate the energy which can be written as

w-1

25 Rd)=3|r(d+m)f

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



19 to the first sanple in a wi ndow of Wsanples, and mis the sanpl e index
‘'of the window.. The R(d) can be obtained by the followng iterative
conputation. 5 R(d+1)=R(d)+Ir(d+w)Z -1r(d)Z The inplenentation di agram of
measur enent of received signal energy is shown in Figure 6. 10 The

recei ved signal sanples are input to a buffer with size of Wsanples. The
buffer isinitially set to be zero. The 58wers of the first and the | ast
sanple in the buffer are cal cul ated. The"power difference is accumul ated
as tinme goes by. The output of this circuit is the neasured energy of the
recei ved signal 15 sanples over a wi ndow | ength of one short synmbol. It can
be seen that as the |eading edge of the window hits the start of a synbol
as shown in @ therfesbsamplednenwingpwneidlsandplesgand nt is thecamplatimdexTole out put
R(d) is conp re\g{.\gibvh a reference threshold which should satisfy the

m ni mum r ece E;’ 'gnal power specified in the I EEE or Hi perlan standard
‘and is adjusted by 20 experinment. In other words, the threshold is set so
that as long_as the received signals satisfy the mninmumrequirenent of

t he recei vedThe gd) capbeembtaired byithe followiog derativet coresttatidn. Once R( d)
exceeds the threshold, it signals that there is possibly an incomng 25
signal. But high noise and interference can also |lead to R(d) exceeding the

threshol d. S%(53q3=2§g§£];¥‘igge‘a(fﬁ;@ he signal detection reference threshold

in Figure 7; ferring to Figure 7, r(m denotes the
sanpl ed received signal, the sumof 30 the products of the signal sanple
. pairs is: . ) : _
The 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 oufput 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 sta.rt 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 éxceed 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 éum of
30 the products of the signal sample pairs is: |



20 w1 P(d) _ E(r" (d+ mMr(d+ m+ D)) (1) MO where dis a tine index
‘correésponding to the first sanpled training synbol in 5 a w ndow of
sanples and D is the nunber of delay sanples between synbols in the
preanble. Wis the nunber of sanples for the length of the <correlation

wi ndow. This wi ndow slides along in tinme as the receiver searches for the
first training synbol. T is a sanple int%/\;l/_al, so the delay tinme Td=DT and
the length of the integration wi ndow TWSW. Preferably TWTd=Tshort. 10
This has the advantage of |ess hardware conplexity due to smaller buffer
size conpared with the case of TWsTshort. Secondly, this part of the
hardware can be reused by the function of frequency offset estimtion and
synbol timng. Thirdly, there is fast acquisition due to small delay and
integration duratjgn. 15 For signal detection, the delay tinme Td is set to

be one short pgynt __g,j' £+ M m iSHPr t =16TC where T,, is chip ipyerval of
50ns. If thePga)prg 1 g(ra{ng 's+’gJua?) to the chip rate, Tc=T. Ngltr)nally,

oversanpling is needed, and the integration w ndow length TWis set to be
Tshort . 20 P(d) can be obtained by the iterative fornmula: P(d +1) =

S known i 1 Whéfs 418 4 thd indlxichffedbbnding 6 e AR SL RIS HSBESREHR S The
Buf fer| hi céwirdow of sampids dhds Brip ties nufriber of dekly ssmples wétwehf erl i s

multiplied with the conjugate of the |ast sanple of Bufferl. The product
is input to W?@Pf‘ﬁ)ﬁ éﬁ‘?%ﬁﬁeavvs'ﬁiﬁeé‘#m%?wlew theyjeriath efthe of t he

Buffer| and gy any” aanelciu, This Winds sRics ARG &5 e Beelver spafthes™
for the first training symbol. T is a sample interval, so the delay time T4=DT
~and the length of the integration window T, =WT. Preferably Tw=Tg=Tshor.
10  This has the advantage of less hardware complexity due to smaller buffer sizé
compared with the case of Ty>Tsnor. Secondly, this part of the hardware 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 Tqis set to be one short symbol i.e. Tq=
Tshon=16T; where T is chip interval of 50ns. If the sampling rate is equal to
the chip rate, Te=T. Normally, oversampling is needed, and the integration

window length T, is set to be Tshort .

20 P(d) can be obtained by the iterative formula:

Pd+1)=Pd)+r'(d+W)r(d+W +D)-r'(d)(d + D)

A corresponding im'plem'entation diag'ram is shown in Figure 7. The received
25 signal samples rn are input to the Buffer1 which has a size of D samples. The

first sample of Buffer1 is multiplied with the conjugate of the last sample of

Buffer1. The product is input to Buffér2 which has a size of W samples. The

difference of the first and the last sample in the buffer2 is accumulated over

time. The Buffer1 and Buffer2 are initially set to be empty. The output of this



21 circuit is the auto-correlation of the received sanples. It neans that
‘the duto- correlation of a sequence of received sanples with delay tine of
Td=DT and integration duration of Tw=WI is calculated. 5 Because P(d) is
al so used for synbol timng and frequency synchronization which will be
di scussed later, the buffer 2 in Figure 7 can be shared by both signal
detecti on and synchroni zation functions. ,Jhen the absol ute value of P(d),
IP(d)l is used to conpare with a det ecti 6h threshol d 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 proposes using the nmeasured energy R(d) of the received signal
to generate tineuitisttbe autmcorrelatinolaf the redeivesd mmpl%eﬂ nsarexibat theeauto- | f

| P(d)l doesn hethresh t he det ct| n tion conlnue
to 15 cal curavEfiskar b el enés B renaitsaRbRS Wikl tme 8t Thsbidd

si gnal bur st mtegvation derstirest BA=WTt Bidalduiteghort synbols. 1f | P(d)] doesn' t
exceed the threshold over the first preanble, the packet will be |ost.

Through conputer sinulation, it has been shown that the probability of

he onbod meBBEFTEe Pl Bisd t%ﬂﬁms&. BETBRRy Ao BeB08hey SheidrbAaligh o of
can be appl lwﬂlomnnlbmdhsbwqaterl&@ wuffertd ipefigare 7r@aﬁtb©C$Ha$e@$)ytHw$e bot h
contain an injti pr eanbl respective training

| EEE802. 11a, _S'SHQFQ%@ b8 ﬁ&nmfoﬂﬁétlpaé\éwmswh@'ﬂ 4 ABsalie VAlueSf10
repeat ed {raply)ibe %qu?%éd td BofpBR Wit a bdection ﬁfrggréﬁagq@\?%nﬁbh%ﬁ%&

depends on t al ns at eate
trai ning syhbdétermihe MheAmeodemrad sighal iSaeteciéd.
10
The detection threshold is important for the performance of signal acquisition.

The embodiment proposes using the measured energy R(d) of the received
signal to generate the detection threshold which is adjusted by experiment.
If |P(d)| doesn’t exceed the threshold, the detection function will continue to

15 calculate |P(d)] until it exceeds the threshold. Most packets or signal bursts
will be detected within two short symbols. If |P(d)| doesn't exceed the
threshold over the first preamble, the packet will be lost. Through computer
simulation, it has been shown that the probability of detecting a packet within
two short symbols is higher using the method of the embodiment than using

20 - the prior art methods. |

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

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

2. AGC (Automatic Gain Control)
30 |



30 22 Once the transmtted signal is detected, the receiver is triggered
‘to st'art AGC. AGC adjusts the gain of a variable gain anplifier (VGA) 16
to accormpdate w dely varying signal power levels and to.nmaintain a signa
wi th constant power |evel into the base-band A/D converters 22, 23. Then
full use can be 5 made of the A/D resolution and the signal to noise ratio
in the digital signal processor is naxig%zed. Conventionally the first 7
short synbols are used for signal detectTon and AGC. The control gain is
applied to both the synbols for synchronization and 10 the synbols
carrying data. The -preanbl es nodul ated by QPSK require | ess accurate
control gain_than the data synbols, especially those nodul ated by 64QAM
To neet the @@g@th%trammﬁtedamgnad.nsldgtemeWheme@euveraa\taggeredao staBCAG{2eds a

operati on | S aCrLa o ra Phfete Ua antng /oAl fa g SoliRRdRy <

done when thﬁld%lygmbllrigss@lﬁlémivﬁi levels aﬁﬁ&b%@alﬁfmﬁ é@lgna]?%\lnfh d:@néﬂéﬁd to
adj ust the subseqluent short synbols until %caath' mn coar se

frequency ofPawer levelinie thejbasgHhanchad cmvw@rs bea@dPuse pan bace i s
foll deyan
?ggesugsesg\lljme'ﬁg gecondAk? (%%ﬁjtéo-l;g%?ia a 3@83%’%0'Qg%d ?‘mﬁagﬁ%{fﬁ S%ﬁjmet hod

of the enbodproeassords nidmmtzedt ed in Figures 8a and 8b. At the first stage,

the received signal energy is neasured firstly as described above with
respect to Figure 6. AGC reuses the energy 25 neasurenent ci rcwt whi ch has

s tri gger e Oy lenERyHIE (ST ShoR YAy arSusERIG G ettt 7 290 A
si gnal acquiAGEL. a'hemntrnl gainrs epplied imbethethievaynitials farsynshamizatipmiarids, t he

_ recei Vel ?s StHrer%%rﬁb%?st céartrymg dsatta fhe Sre%rnt]blg oOAulziatad 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
galn is used to adjust the subsequent short symbols until the symbol timing
and coarse frequency offset estimate is obtained. At the second stage, fine
AGC is done following symbol timing. The fine control gain is used to adjust

20 the subsequent second preamble and data symbols.

The two-stage AGC method of the embodiment is illustrated in Figures 8a and
8b. At the first stage, the received signal energy is measured firstly as
described above with respect to Figure 6. AGC reuses the energy
25 measurement circuit which has Ty, = 'I_'sw. 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 assufnes that at least one short symbol is
received and measures one more short symbol then averages the two

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



recei ved and neasures one nore short synbol then averages the two 30
'synbdl s energy. The nean short synbol signal energy R(d) is used to 23
calcul 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 |l ookup table is constructed according to the follow ng
formula. 5 GG Rd ~~ Were Gis the AGCgain, G is the initial AGC
gain and Rref is the reference energy whPch is proportional to the nean
value of the transmtted one short synbol energy. Because AGC function
Interacts at the IF and RF parts of the 10 receiver, the theoretical
reference energy Reef cannot be calculated only on baseband. Normally it's
adj ust ed by exlpelaterthet AGRdgaiar AGED gaindb witaingd by Bearciingareokuotabli®l gai n

is used to adjust.the VGA 16 i diately. At the _second stage,  the out put
of the .energ?/é%g@gngﬁléﬁpugmﬂ@u%e F‘?%HF@W%?%‘HFCUEthéﬁC?'Y Eianel RPeWYt npul se

Response) Fi ThelooMabaBblesis icohsaéted &%omiﬁg%tﬁéfoﬂswﬁgo%ﬂguléhe I nput and

output of the IR filter are updated every Tshort = As is known an

IR filter provides a weighted average of its inputs and so its output at

the end of the sh reanble will be the average short synbol energy over

perhaps 7 sh?frlps Mpl s. Wien correct synbol tinming is detected, the second -
t7 s

AGC adj ust me gered. The output of the IIRfilter 20 will be used
il

to search the contr gain in the sane way as at the first stage. 1In the
first step of AGC, one or preferably two short synmbols of the first
preanble is neasured to obtain an AGC gain and then the anplifier 16
before the. Ybere &isthe AGC afinGids thehitis AGE 9airand Rsistheoefereacet he 25

oL Lot 09, oy M ofTeN el M VB b e B SO oo

symbol energy. Because AGC function interacts at the IF and RF parts of the

10  receiver, the theoretical reference energy R cannot be calculated only on
baseband. Normally it's a-djusted by experiment and hardware debugging.

. The obtained control gain is used to adjust the VGA 16 immediately.

At the second stage, the output of the energy measurement circuit is delivered

_ to an IIR (Infinite Impulse Response) Filter which is triggered by signal

15  detection. The input and output of the IIR filter are updated every Tghont =
800ns. As is known an IIR filter provides a weighted average of its inputé and
so its output at the end of the short preamble will be the average short symbol
energy over perhaps 7 short éymbbls. When correct symbol timing is
detected, the second AGC adjustment is triggered. The output of the IIR filter

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

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

25 following short symbols are measured to update the AGC gain to a more
accurate value. If 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 in figure 8a. This provides a more accurate measure thén

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



AGC after a further one short synbol, then fine AGC will utilise 7 short
'symbdl s as shown in figure 8a. This provides a nore accurate neasure than
prior art nmethods, whilst at the same tine allow ng synbol timng and 24
frequency offset estimation to start mnmuch earlier. The nunber of measured
short synbols in the second stage is variable and determnned by synbol
timng. The variable gain anplifier 16 is then adjusted again to provide a
constant gain for the follow ng i ncom ngz‘éi ghals including the two long 5
preambl e and data synbols for one frame. In this enbodinent, a 2-step AGC
process strategy is adopted as shown in Figure 8. In the first step of
AGC, typically two short symbols of the first preanble are neasured to
obt ai n an Adtegquéncyoftset estimation daorptarf meich Eairligr. Thé onenbidreof A¥aduizéd23) i s

. h 106 / |
are typi cal 1 SMOLGUNPEY Ihghe sPetnd SRsRde vPORDBACLREteTINSSRSTEOr T 57 |
stage of ACGimipy The ValiRbRegaRhribiier 6 iéffen buiisted ddaih iE préihé g ng seven
short synbols are neasured To update the AGC gain to m)rpe accurate

val ue. The veonsiantegajaifor thefolidwing indmingtdigmala dichsdieg tkegbimidng 15 provi de

a constarg gain far e fol |l ow incomi ng signals for one frame. Note the
second AG aﬁﬁeagq%ﬁﬁwgid?t? PY@gQ&gf(?rﬂye{PWéﬁ§ynbol timng function

(described bel ow). When correct synbol timng is determ ned usually after

t he remai ning seven short synbols, AGC gain for the second AGC adj ust nent

i s conpl et edNhif eMBodimening 2-gap AGEPIrosess stealpay issadentedagishgwn in20 3.
Yool 01T eGB! A, EPRCRE! SR 0B sFU Pl s e 0, 70
t he subcarrigreambléase pleasaradtcadbtam as AGD ghitl 46$ thenthehempifegsieof t he
fr equenc% b%‘edfbreT&%rEDiCS(Z%,SZ%G)”ié >z;dj%c:zzgaﬁd.t'?\llv(ca)rsarl1r<]3$tesymbols are typically used as
o this is how many symbols are typically required 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 gain to a
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
o thé second AGC adjustment is triggered by the symbol timing function
(described below). When correct symbol tirhing 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. Svmbol Timing Svhchronization

* 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 usua"y some tolerance
' .for symbol timing errors when a cyclic prefix is used to extend the symbol as |
is known. That is, if a timing error is small enough to keep the channel
impulse response within the cyclic prefix, the orthogonality between
subcarriers is maintained. In this case a symbol timing delay can be viewed

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



for synbol timng errors when a cyclic prefix is used to extend the synbol
‘as i's known. That is, if atimng error is snmall enough to keep the
channel inpul se response within the cyclic prefix, the orthogonality
between subcarriers is maintained. 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 estimted by a changgl estimator. If atime shift is

| arger than the cyclic prefix, ISl (Int Synbol Interference) will occur.
In OFDM systens, a guard interval (d), which is copied fromthe |ast part
of a synbol, is inserted before the synbol. Therefore, in order to reduce

| SI and phase rotation, the estimtion 5 timng of the start of the synbol
shoul d be wi estimatesdyaghanneltestimatondtia timesshift idblaygersthasdhe cyclicherefikart of

th nbol i B) The orrel atian tection metric P(d) is
al gosﬁseg agﬁlﬁgﬁ%} %Y@S"h@?‘?’f%fgﬂc |‘ﬁWr°§%gr'?Q)8§sR@ﬁ§ysgﬂ“§x3ﬁH? lﬂ‘e_tﬁL
timng metriGNavhichas cepiedritmmwiise 1adepartlsl PaFhboIMR ihsE¥eed BEfdrée dhéi NY
synbol s for the AWGN channel for'an DM si gral . The peak val ue of the
timng metritymBelklRerRiare; iowes te reduge (§l anderhasgdetation, theesimatien e

of "ot act 1 a) 110919 S sHEBF I ABATHEA b8 WiNAPINC SR ifteld] s cau as
shown in fi gpreferably)as Reahtocthplstdre afitheadenbolracpsssiblés detection difficult.

For a multipath channel, the timng metric. reaches a plateau which has a
| ength equal to the length of the channel inpul se response so that there is

no 1Sl wththe bt cotralhfien of He@cﬁBﬁrrﬁetFiE‘P(raé Bao udBy %s%?ttiﬁ*ﬂHg k?%tﬁé.used.
by delay 20 spread and adds to the above timng nmetric plateau.”Al'though it
i s possi bl e Figurel@i(arshawsaptexampié of the timmgembtrioveslse asrmwintovweslgiesof t he

oot et 1 Bt BBl Y G AR RS AYIEN B sy ¢ 1
signal. The peak value of the timing metric determines the start time of the
received symbol. Note however that for more than two repeated training
symbols (as in the case of practical systems), the timing metric P(d) will
broduce a plateau as shown in figure 9(b). Such a plateau makes precise

15  detection difficult.

For a multipath channel, the timing metric reaches a plateau which has a
length equal to the length of the channel impulse response so that there is no-
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 meésuring 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 represents
the number of Samples pairs used in the metric. The other is the delay |
betwéeh two repéatéd symbols, T¢=DT. Here the equation of the timing metric
is the same as that of the detection metrics:

30



25 In this OFDM synchroni zati on techni que there are several paraneters of

‘i npor'tance. One parameter is the w ndow | ength, TWW, 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 timng netric
is the same as that of the detection netrics: 30 26 w1

P(d)=I(r' (d+mr(d+mtD)) M=0 In conventignal methods, TH, is considered to
be equal to Td. In Figure 9 (b), the me€Pic curve with W=D =1L and 4L is

shown where L is the nunber of 5 sanples in one synbol. It is observed
that if TWis increased, i.e. the nunber of sanples processed is
_increased, the peak value and SNR of the netric will increase as shown by

t he hi gher pl gt eals 'I:[(]gref 0{65, TWdoesn't have to be equal to Td. Referring
to 10 Figure E&(’l APt hat for a preanble with ten short
training synbols "&¥hd W= 9L, Td = L, the tinming nmetric is a nore readily
detectabl e peak. The start tinme of the frame is detected when this peak
value of the netric is detected. To achieve a peak, the sumof TWand Td
shoul d be t htn ernveational methedssTeds eensidereditota equal do Tesipdrigare: ® (e

eat ed s\ I 0 le, _in figure 9b, TW= Td ., but TW+.Td <1 OL
\r/\moch i's t%mﬁﬁgﬁ %lfr&égﬁ%?g@égjd_éa‘?ﬁﬁ gt'j,-'s ?rlluc@'?"éf"&l}/eée I3t BLIBEE of or ned
after the resamnmpks in@peisydtbolTW + Td sanples and until all the repeated

synbols are received. In other - words, a peak will result fromthe sum of
TWand Td being equal to or greater than the nunber of sanples processed.

lalnl f irggregt 23!1%53; ?T%%ﬁgg }I‘Zé}ﬁfeiﬂsagg%aﬁﬁagﬁ%sﬂe n@mB&RSs .éngFegi per\éggssoeréiI ¥ when

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 Ts. Referring to

10  Figure 9 (c), it can be seen that for a preamble with ten short training symbols
and W= 9L, Tq =L, the timing mefric is a more readily detectable peak. The
_start time of the framé is detected when this peak value of the metric is
detected. To _achieve a peak, the sum of T,, and T4 should be the number of
prbceséed samples L which corresponds to the repeated symbols. For

15 example, in figure 9b, T,, = 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 symbols are received. In other
words, a peak will result from the sum of T, and Ty being equal to or greater
than the number of samples processed. In figure 9¢, Ty = Tgand Ty + Ty =

20 10L, a peak is achieved only when all repeated symbols are received:; in this
example at the end of the 10 short preamble symbols. By using this method it
is possible to have a low sample rate eg L=1 which reduces hardware

complexity and cost.

25 The peak detection algorithm and the operation model of the symbol timing
detection are shown in Figure 10 and Figure 11, respectively. The algorithm is
as shown in Figure 7, but using the timing métric discussed above i.e..
Tw=9Tq4. The peak values of the timing metric |P(d)| are located sequentially

so as to limit memory requirements. When |P(d)] exceeds threshold value t,



exanple at the end of the 10 short preanble synbols. By using this nethod
‘it i's possible to have a | ow sanple rate eg L=1 which reduces hardware
conpl exity and cost. 25 The peak detection algorithmand the operation
nodel of the synmbol tinmng detection are shown in Figure 10 and Figure 11,
respectively. The algorithmis as shown in Figure 7, but using the tinmng
netric discussed above i.e. TW9Td. The peak val ues of the timng netric
JP(d)!l are located sequentially so as t67 1 mt menory requirements. Wen

| P(d) 1 exceeds threshold value th, 27 the timng and the value of 1P(d)]I
are stored during period td as a candidate. If [1P(d)l does not exceed the
stored value within period td, the stored timng is set to the synbol
timng; if Pthetimingeanibthehalge of tFt(dMaaL&ast@'remdurim@perjdd toas altasdidaterilhg and

f d td. The fi.nal
o og " ur oMb’ sl @x3eed Bt 80Fed vt vifiih oBRY b stokad SNBSS 11 i ng
i s di StUrbeds@Moﬁﬁé%?nthﬁﬁ{%Wﬁd(td)'e&Bééés thetéleréﬁal%fe\}guce t"_lét?(‘tfettrﬂsthe tf

period earlier than the detec imng in order tor gradati on
as ment i onedtimifg/and theenew valueolP (d} eanetstetstsbagnin orlext pesiot ty. o Heefinadr y

ong as abootOryaelnie b BB UMMLceiyod after signal - det ection.

- Then the circuit continuously updates the max value of timng netric until
no | arger value occurs during td. |If signal detection takes 3 short

synbol s, thePEcedhadefrcied symbrblimingrisiisturhaciby RolsEanskdglayed signals 15.
detected wh =3
. the synbol 1?1:?‘ %@I#T@g %eenl‘;?jtett%etﬁﬁqtﬁfeglo\&e erﬂé\; n ﬁavh‘%?ng%%?d ;{ﬂH%q h)hrdé??q
i nforned. i ntomedeceltrhmdegﬂadasemasdnemmdd @bwwle@t\mI@dﬁbMeSth@éfsﬁdWR,OzzDg/l
packet- be correctly received. W ndo ntr Is inportant for the
ext ract {W of s[eﬁio S@é’@%(/ Eé(hﬁf%‘é'cf"épt g e(Qﬁ%??é’ tiraing metiicican
Transform exceed it as long as about 3 or 4 short symbols are received after signal
detection. Then the circuit continuously updates the max value of timing
- metric until no larger value occurs during td. If signal detection takes 3 short
symbols, there is no need to change Ty, . Because the peak is always

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

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

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

timing.

Figure 12 illustrates window control timing for a recelved data symbol. Since
25 an OFDM symbol has a guard interval prefix that is a cyclic extension of the
original symbol in a multipath channel having delay signals, no degradation
- occurs if the DFT (discrete fourier transform) window is set sufficiently early.
That is provided all the delayed signals start in the guard interval cyclic prefix,
there will be no inter-symbol interference in the DFT window. In exponentially

30 decaying Rayleigh fading channels, the error rate is degraded much more



and di scarding the guard interval (G) based on the received correct synbol
‘timng. Figure 12 illustrates wi ndow control timng for a received data
synbol. Since 25 an OFDM synbol has a guard interval prefix that is a
cyclic extension of the original synbol in a nultipath channel having

del ay signals, no degradation occurs if the DFT (discrete fourier
~transform window is set sufficiently early. That is provided all the

del ayed signals start in the guard i nt er 98l cyclic prefix, there will be
no inter-synbol interference in the DFT window. In exponentially 30

decayi ng Rayl ei gh fading channels, the error rate is degraded nuch nore 28
"wWith late timng than with early timng. Because of this property, precise
timng syncwitblatediniog than with eaelytimiad. Beca@@dM thigp@pertyf piduiseirhing ndow
is set slightl earlﬁ/ to elim ngqtde ttbe Lnter-synpol interference caused by
synbol ti m%’%‘(?'ﬁ?? o Botseqyerd far QeMysignals if thedfut windows el eases,

nore sanpl essllﬂh‘tl& e%ilg éﬁgegﬁﬁrza:t@ﬁhé‘mehg%tﬁblt iﬁ%&éﬂ&@?a@%ﬁow sfRboPe

obt ai ned. Howeve east fI ree shor s’are used for
si gnal det eciming emar. 1st stage AGC, we can use WE7L to reduce the hardware

conpl exi ty. However, we can 10 al so use the first three synbols and choose
- WEOL. Al ternatively we can use TW= 6L and Td = 4L whi ch reduces hardware

costbut  pr OTRelBmgeRVAlRGURIE: BERSEOls UPHRRARA, nid ISHI SR po T educed

r.
In prior art, the. nunber of sanples that is used for sy timng is only
about 15 2 RPcgssedaandhhigher SiNR of theometricacan be ohitainedeHpweveskechused

hi gher SNR o : ' tal L Jherefore WEIL | etter than
We4L and W:AALt I?égq"ggeftbé#ec?ﬁ%ﬂ S@@ESWS%%%@&E'QSFPW%% apé ﬁe?tﬁg? because
.3 t Teans hi gh6C, wfwi as@kVTL femdusenbe hardware dsalexd). Yowdiahweltarf | 1 st
synbol s are use - '
Y 10 aeiso use the first three symbols and choose W=9L. Alternatively we can use
Tw = 6L and T4 = 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 W increases, 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 symbols will be processed for
20 symbol timing. When D=L, W=7L-D, a peak can be achieved. If 10 symlbols
are u$ed, W=10L-D=9L. The critical factor is that the sum of W and D is equal
to the number of processed samples in the timing metric. When the sum is
larger than the numbér of processed samples, a peak can also be achieved
but some buffer for W is wasted. However, when the sum of W and 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




for signal .detection and 1st AGC, the follow ng 7 synbol s will be processed
‘for 20 synbol timng. Wien D=L, WE7L-D, a peak can be achieved. If 10
symbols are used, W1 OL-D=9L. The critical factor is that the sumof W
and Dis equal to the nunber of processed sanples in the timng netric.
When the sumis |arger than the nunber of processed sanples, a peak can

al so be achieved but sonme buffer for W'b wast ed. However, when the sum of
Wand Dis 25 snaller than the nunber of %rocessed sanples, the timng
metric is like figure 9b and a plateau will occur. 4. Frequency O fset
Estimation 29 OFDM systems are very sensitive to carrier frequency offsets
since they can only tolerate offsets which are a fraction of the spacing
-bet ween t he OE0NM systesrssangi ety sensitive tg eadiey fredaenoy offeetsysitasnihegrdaor nance.

d EEESD2. 1. d. HLPERLAN 2 bot h i f maxi mm
-CI)-P fe s\é\tLAgerSggﬂ¥gélggqté?§§ﬁ%rﬁv%€haﬁr€%frﬁw 4 @&pﬁ%ﬂﬂ ﬁ%‘?’éég?{ﬁged ;(Ihe
frequency raitaraéreuithdut 3Ghge %qrbtaﬁtiéﬁ fos\em rfcrRiankE. FRERNLANANDS for

5.2e9*20e- 6=104kHz. Thi s neans t e worst case offset as seen by a
recei ver carstpadaigistiBEER802phla and HIPERLAN/2 botlespedity 3 maxihurheffsetegnency

ff f ] ' F enc fsets are caused
ot 10°or y WP ARG ot SDIRERSHEINLAN RSN B gt oo ver
but al so by raBgerreund BiZGHz. $6 tihregquéeedysEffdaliof 20HpRAstANdS faY- | | near

channel s. There are two destructive effects caused by a carrier frequency
of fset in. u%@@%&%ﬁi?“'@?e Thisimeansthat theworst casgefisehapseendw a n t he

out put of t ' e : Lers inc _functions
re shi Tted Soqveh el pEUFAER bbm. S3ileRerehbet Bd Gk e etiBhey.
I ntroduct i oroftsets £bnt botin ttarsnuittaeand secdivers Fréyuehcqroffsetioarecased dwit

The 1St preanbl e of an | EEE802

orthogonal to . the filter (see Fiqure 13). _ {
recej 8 eg%bur%qu E:M&f%rggc%é mlq,sqllbgg@tl@(w% transmitter and receiver but also by
Doppler shifts, or phase noise introduced by non-linear channels. There are

two destructive effects caused by a carrier frequency offset in OFDM systems.

One is the reduction of signal amplitude in the output of the filters matched to
each of the carriers_ (the sinc functions are shifted and no longer sampled at

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

The 1% preamble of an IEEE802 received burst consists of 10 repeated

training symbols which are identical to each other at the receiver except for a

20 phase shift caused by the carrier frequency offset. Because the preamble is
. so short the multipath channel can be considered time invariant. The _
multipath channel has the same effect on the identical symbols. Normally the
- effect of 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 the corresponding sample from the second (delay
time Ty later), the effect of the channel should cancel, and the result will have

a phase of approximately

30 g=nl,Af



trai ning synbols which are identical to each other at the receiver except

for a 20 phase shift caused by the carrier frequency of fset. Because the

preanble is so short the multipath channel can be considered tine
invariant. The nultipath channel has the sanme effect on the identical
synbols. Normally the effect of multipath channel is worked out by channel
estimation but this is not necessary for, the frequency offset estimation
nmet hod. The frequency offset 25 can be eSPi nat ed using the phase shift. If
the conjugate of a sanple fromthe first synbol is nultiplied by the
correspondi ng sanple fromthe second (delay tinme Td later), the effect of
t he channel should cancel, and the result will have a phase of

-approxi mately 30 0 = TTdof 30 where Af is the frequency of fset. The phase

shift can be st cal cul_at t he ar of P arg(P(d)) at
the start of * ﬁ% ﬁgﬁq@uﬁé‘ﬂpfﬁﬁtm gﬂg% @ea‘?ﬁiirﬁ%?gi’ Yof "t he
phase, the Eéﬁg%ﬁﬁ%éﬁu@jmm& smal |l er than Af /2. Therefore, the
frequency acquisit t ensure rough frequency error estimate with an
accuracy of 10 better than Af /2. In other words, if 10l is guaranteed to
be less than t, then the frequency offset estimate is 2rTd 15 However, an
unanbi guous ﬁﬁr%ﬁf&éﬁ’[ 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 unanbi guous frequency offset estimate is to enlarge

th t t Th
[ equency. of fome S et e bR, a2 AmaSUAPE et | con

two r epeat edtlmefqe@mm:y erfiar mosthensmallar han Aﬁ/izl Thérefore! tHeofed@ncy

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
o b
4 = 7T,

15 However, an unambiguous frequency offset estimate is not possible, if the
- frequency offset to be estimated is not restricted in this range. Therefore the
only way to guarantee an unambiguous frequency offset estimate is to
enlarge the estimation range which can accommodate 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
frequency offset, Tq, the delay time between the repeated symbol should be

smaller. T4 can be set to mujitiples of Tshon.

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, T4 should be
larger. In addition, in order to increase the SNR of the metric and hence
enhance the estimation precision, the integration window length T, is méde as

large as possible. Therefore, by adjusting T4 we may get a desired estimation



frequency offset, Td, the delay tine between the repeated synbol should be
‘'smal I'er. Td can be set to mujltiples of TshO. However, a smaller Td wll
result in some loss in the estimation precision. 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 w pdow length TWis nade as |arge as
possi bl e. Therefore, by adjusting Td we y get a desired estimation 31
range of frequency offset and by adjusting T, N we enhance the estinmation
preci sion of the frequency offset. In the enbodi nent, a two-stage frequency
of fset estimation nethod is 5 proposed to achieve both a |arge frequency
of f set est i ntangerofifeaquenspdffsetand py ediusting. T we @mblanse sz estinafien ent | y
spaced sanpl e _se uengﬁﬁfﬁée with Tdt different for coarse and fine) are
used to cal cBie R qﬁwtqﬂg ‘and P(d). Td = Dml 10 where D. =
Mshorl 15 is the nunber of sanples at the mth stage and LShoN is the

nunber of sanples in one short synbol with a period of Tsoort= LshortT. At
the first st@g@e ermpodimenta two-stage: freguenayeoffset getimatien methodis r ange of

the range of PREPSkA fe AEHEFETRLT R AR tad nch siBresUfafcs R ST e
that when Tdpiegisien. Ihiehdh etdaffé-‘r@nﬂﬁbpééed samplaiseqirinees (lhwitle Ty mat ed
frequency offset can reach t maxi mum prior art methods, two short

synbol s of t#Eergntder ‘iﬁaéﬁ%ﬂé f@leéareg,%gd t%caléul@é%lmaﬂmmgqm@tr@a@ﬁ(%u on.
In the enmbodi nent, bec.ause AGC

T,=D,T
10
where
Dm = mLshorl

i$ the number of

short

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

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

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

A

¢

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

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

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

~ with the prior art.



can be done early so that nore short synbols can .be used, the estimation
‘accuracy is increased. Furthernore, fine frequency estinmation is processed
25 parallely, so there is no requirenent for this during the second
preanble as wth the prior art. 32 The estimted phase shift which is
smal ler than it is the reflection of total frequency offset, i.e. 01 = ~j
= 2r4fD, T = 2zAfLsha., T 5 For the mth i%age, t he phase shift caused by
frequency offset is Y mY m+21lrz = 27c nLsho"T MO, 10 where, On is the
estimated phase shift at mth stage and z is a integer and can be '
calculated with zRND 41 -Om 2nc 15 where RND[ X] represents round X to an
integer. Finally, the frequency offset can be estinmated with Om O
2irnLsho" T The'estimatedphase sbiftnihich (s Smaliertanmaisatie frefientiomoof tofal set  has

t he sane pre i sion as %gat at the mth stage and the same estinmation range
as that at t 3 WeNQY OffSelde®- 33 In this enmbodiment as shown in Figure. 14,
a 2-stage estimation nethod is :

¢1 = ¢1 2”AfD lT 2”Afl‘shorl

For the m-th stage, the phase shift caused by frequency offset is

b, =6 +2r-z
—27rAme
;m¢,

shorl

10  where, ;5,,, is the estimated phase shift at m-th stage and z is a integer and

can be calculated with

2= RND{—”W;‘ s ]
27

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

can be estimated with

Af=—fn
2mmL, T
¢ +27-z
27sz T

short

20  This estimated frequency offset has the same precision as that at the m-th

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



applied. Two branches of received signal flow are used to estinate
‘frequency offset. For the tw stage enbodi nent shown, the settings are
preferably Td = Tshort (coarse) and 4TSHORT, (fine) and Tw = 7Tshort
(coarse) and 4Tshort (fine) 5 respectively. Wiile it is possible to use
ot her settings, Td = Tshort and Tw = 7TShort are preferred for coarse

- frequency offset estimation. This is because the nmaxi mum frequency offset
estimation range can be achieved. Td = AYSHORT, and Tw = 4Tshort are
preferred for fine frequency offset. This is because the estimation
accuracy can be satisfied while the hardware 10 conplexity maintained

| ower. Furthernore, there is then no need to do fine frequency offset in
-the second | lorthisperebotineerd asrshpwin indFigarepl4,0s 2asthge gstimation mMdthod @ar se

branch of Td_Tshor d short js used with the first preanble usi ng -
7 short synbPR! etdotréﬁ‘ﬁ’trl%l’iaﬁm‘ée%Bg@Q“ﬁdeﬂg'éﬂt Qw 8t 43rd tosestiraate. frequencyi ne

branch of Tdofised TEGOMHE tﬂr@dsta_&é enbe%i"}ﬁéht éﬁo\hﬁ GHe SRt H B rgférél}gllgel'gb— ve

frequency offset estinmation. By applying the two estinate
equations, theordf i mrse)s@mdwﬂﬂ'a(brafr,r(&qaéaogi Tof #ggtsnohs(cobtw) med.4 Tohirs(fine) t hen

d f t t enc ntr o hase npensation
457" unct, renbE, IR SRR IRE ARRLndh, o7 ot 5
Fi 14. ¢ 0
i ng and ?32%82&%5@3??2%??33?“ *f?ﬁ???@ﬁ?ﬁﬁ%?ﬁﬁ%h E“n*ﬁi%aéiia%%ﬁe sare

circuit as tGpraximumireguarcyaiiset eshlmattmrr@nga capesachie®d. Autonmat i ¢
mandat ory ate et E B Boald BEGHE KR AR ateel TBGE " Carr rer
and cl ock frespaeiseites estimatigraetaiaey dandse satisfiedWhily thetirdwhfe t he carrier
f requenc;(/) Ofgosn%lel(l?y r?;éalntamed 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 Ta = Tshot and TW = 7Tshort i 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



conpensat ed through controlling this reference oscillator, the clock is

'si mul't aneously adjusted. In the standard of |EEE802.11a and H PERLAN 2, it
is required that the 5 transmtted center frequency tol erance and the
synbol clock frequency tolerance shall be 20 ppm nmaxi mum The transmtter
center frequency and the synbol clock frequency shall be derived fromthe
sane reference oscillator. That is, a sbﬂgle frequency source shall be.
used for both RF generation and clocking the tinebase. 10 A frequency
acqui sition and tracking procedure conprising all digital baseband
algorithns i-s proposed which uses a nethod of loop timng. In the |[|oop
timng nethod, each nobile transceiver first synchronizes itself to the
‘base- st at i oncampenpaieddbrqughscanteolling thiskrefergnsaioscillatari thergjoelkeiser ence from

the 15 recovgirng'ﬂpg\%gggiy%&&%tggk. Each nobil e transcei ver has a | ocal ti rri.ng

ref erence, uSu rrve m a Vol tage Controlled Crystal GOscillator
(VCXO 25 which provides the timng reference for the receiver AID 22, 23

transmtter- D) A and all, radi o frequenc Hﬁ)%RF circuitry. Frequency offsets
bet ween the Fethe stapdardPflEERSIR:L a&@/ E % ibiscieauued thas the

non-i dealg ti r ' | f the
ordelr of %ebgrﬁgﬁqg{gﬂ%é}ﬁ%gr‘?é@‘ﬁﬁ@Jﬁ@%@%ﬁﬁé}%’%ﬁﬁgéﬁg?ﬁgﬁggH%%%Pal SO occur
as a result tflemnoeshhll bear 20 ppanmeaiximumDThpltemssiiitét centéf frequenydybaid ti mi ng

I s obtained. (see 3 above), the frequency offset is 25 estimted (see 4
above). BaseHesybRl chagk fﬁ%ﬂl@i‘Wr%@@c‘gef@ﬁdsfé@mftbﬁ seme refeencet r ai ni ng

Dentror o Ul T s AfiRldlthop O e R R (00D
timng (14 agenérfion2ddalodRirg thedimébasanpensati on
10
A frequency acquisition and tracking procedure comprising all digital
baseband algorithms is proposed which uses a method of loop timing. In the
loop timing method, each mobile transceiver first synchronizes itself to the
base-s_tation 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 symbbl clock occur due to non-idealities
20" in the remote transceivers VCXOs 25, possibly of the order of several parts-
per-million (ppm). Frequency offsets can also occur as a result of a non-linear
channel or Doppler shifts. |

After symbol timing is obtained (see 3 above), the frequency offset is
25  estimated (see 4 above). Based on the estimated frequency offset for the
short training preamble (i.e. the first branch), the Automatic Frequency Control
-(AFC) 31 controls VCXO 25 to adjust the RF and IF oscillator frequency or
clock timing (14 and 24).

30 6.  Phase Shift Compensation



35 Although 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 renmoved. To 5
obtain a fine frequency adjustment, a phase shift conpensation method is
applied. The coarse and fine frequency offset estimation results are

conbi ned - by using equation Ym O 27ansg§"T Om +21r.z 2mLshor! T 10 For
exanple, the estimted frequency offset 'S f, which is. obtained using the
above equation. AFC 3lcan adjust the frequency to a degree of accuracy by
f2. The remaining frequency offset (f,-f2) is conpensated by the function
of phase shift conpensation. 15 The bl ock di agram of phase shift
-conpensation circuit 40 is shown in Figure 15. The phase shift estinated

by the frei : i ' f i | ,hput and divided by the
nﬁrrbere o; eggﬁ‘gﬁ%‘é@i {@eérgsgéfntg?%éﬁgglf%@%ﬂ)%&fﬁ?haﬂrﬁamn mﬂ%o%_?%@luct is the
conpensat i onagiiese highly hcératenéstimateddretfueneydffeeR ARG OR Ray hot &djedf! e
interval. i.e._the_ inverse of sanpling rate. If sanpling rate is double
rate of FFT ‘JFFP&S? 2atse Rregisely)that the frequancy offset cas e totally remeyednte

et f o marcso, CoR'S S FREfUEHEY aBRRMNBHE A A5 CPHEenthlivh et iy or ror
wi || cause pappled dhatdoanse and fihe fragueagyoffsel estimatich &isanglase codmditsddr med

i in, the
into the fre ulejgirr:1 e%%%%on

= i
_ ;5,,, +27 -z
2amL,,. 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
f2. The remaining frequenéy offset (fi-f2) is compensated by the function of
phase shift compensation. '
15
The block diagram of phase shift compensation circuit 40 is shown in Figure
15, The phase shift estimated by the frequency offset estimation functions is -
input and divided by the number of samples (L) for one symbol. The
conjugate of this product is the compensation phase which is integrated
20 sample by sample. T is sample interval. i.e. the inverse of sampling rate. If

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

7. Frequency Tracking

25  Although carrier acquisition is achieved with good performance, there is
always a small frequency offset left. Such an error will cause phase rotation in
the subsequent incoming signals. Transformed into the frequency domain, the



36 remaining frequency offset causes a common phase shift on all
‘subcarriers. This phase shift can be accunul ated as tinme goes by. In
addition, the channel in which the receiver is working is dynam c. Fading
and Doppl er spread are varying. Therefore, the resulting phase rotation is
not static and is 5 unpredictable To provide better robustness to
fast-fadi ng channels and a phase referen to ‘the phase rotation over all
t he subcarriers caused by small frequencg‘ and synbol timng offsets,
frequency tracking has to be applied. In the OFDM 10 synbol of 802.11a,
‘there are 4 pilot carriers inserted into 48 data carriers. The pilot
signals are first extracted fromthe received signal and nultipl |_ed wth a
known pi | ot . rédpaipingfliequenny offset pauses aitommon phaee shifbon allisubearsiers.he

i . d d h h hift. f
carpl 65 can' 116 BB oaf S ARAE iated 5 hR ST 11 additpRunecsiagine
subcarriers jrswhitt the ré@éWeﬁ?s wdRin r|§@|‘}ﬁ8ﬁﬁ(c Cﬁd‘oﬁ‘ﬁd aﬁ&thHE:tlé read aFé“e

met hod of frequencyl_ fset estimation, the phase shift obt al ned
cal cul ati ng vawingrihereforetheresuliag phass retation issnettstatic andz i§ dent i caI

each oth e phase shift. In frequency tracking, the phase
shift i se%bt Qﬁﬁ'%gi %gsl Bul t | plying a pilot synbol wth a conjugate pil ot

synbol received several synbol s ti rre | ater. The 20 frequency tracking
metric is witten as. N ' F= Z Z(Riip,n).R(p,n+tNd~ n=0 p=0
where R (p, nTO.Pgowﬁe b§h§héﬂbl{§ﬁ1§§5ttﬁ f9$trf@dlrt9a¢harmels)an¢.amha@|emfeggenmto Nd

}:Pgur 551gunbﬁ lﬁﬁ rat es ese lazlrtgéngugpgrrl%#pggsé’ibggﬁar Sd%@ﬁ?@?@ﬁi S4
~ pilot carri esygnholdlmmgeoftstelterfrdameacyl&bakmgrhamsbe apied. InthecOFDMr s are
US_Ed in M qufr%gl éfrBaOCZMI Pag ‘there are 4 pilot carriers inserted into 48 data carriers. The
pilot signals are first extracted from the received signal and multiplied witha -
known pilot. By calculating the phase shift on the pilot carriers, the carrier
frequency can be compensated and the phase shift for incoming samples can
be tracked. The basic idea of phase shift estimation on subcarriers is the
15  same as the frequency offset estimation. In the method of frequency offset
estimation, the phase shift is obtained by calculating the correlation of a pair
of samples which are identical to each other except .for a phase shift. In
frequency tracking, the phase shift is obtained by multiplying a pilot symbol
- with a conjugate pilot symbol received several symbols time later. The

20 frequency tracking metric is written as

Ny -1 N,-1

F=Y Y(r(p,n)-R(p,n+N,))

" 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, N,, 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
(Ng ) symbols between the two symbols processed. The product used in the



Np=4 is the | EEE and Hi perlan WLAN standards. Nd represents the duration of
‘(Nd) 'synbol s between the two synbols processed. The product used in the 37
above frequency tracking equation is obtained by multiplying a conjugate of
a synbol with a synbol that is received Nd synbols |ater. The obtai ned
products are integrated.. NWis the nunber of integration synbols. 5 After
obt ai ning the sum of the products F, thes.z‘racked phase shift can be
calculated by o,rack = arg(F) 10 In this“enbodi nent the phase shift
estimation is processed every NWFNd synbols. That neans the conpensation
out put by frequency tracking will be updated every NWNd synbols. An

I npl ementation diagramof this nmethod is shown in Figure 17. 15 In Figure
.18, the per f apoRehitrequgnayHeagking egeatian isqbdaiogd thyaouitiplying:a leodjlgate phe AWGN

channel is s n _be seen, even SNR=10dB, t t.hod can achieve
a precision %lt@iﬁﬁg%.yﬁbﬁﬁqa I'%r?%'\éecgﬁﬁt%m%d]?t%/\?ﬁg 0%@?18% qucgmg% 12
and Nd is 4. afdenintygietedt N, aithevRiniberhsfintegeatiorcsymbsiguency, Nd shoul d be
larger. However, in order to reduce hardware conplexity, it is 20 better to

choose a snmaller Nd. Nd=4 has been found to be a good conprom se. The

| ar ger t | : ' X ' ; ting the
phase shift %ﬁ%ﬁ%@gﬁq%ﬂ% %oég% Bw?iﬁu&%\eﬁ%‘gﬁ%%@ﬁ%ﬁﬁ%&% 0 when
choosi ng NW ealdulbted byhere are sone tradeoffs in the inplenentation. 25 9.
Channel Estimation and Equalization For a WLAN transcei ver working in an

I ndoor environnment. in which a nultipath Rayleigh channel is assuned

W t hout LGS (line o%ii ght), transmtted signals wll be distorted by the
mul ti path ch8maef 28 refore to restore the 30 signals, the channel state
i nformati on needs to be estinated. ' :

10 In this embodiment the phase shift estimation is processed every Ny+Ngy
symb.ols. That means the compensation output by frequency tracking will be
‘updated every Ny+Ngy symbols. An implementation diagram of this method is

shown in Figure 17.

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

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

'cOmpromise. The Iarger Nw, the higher the 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 Ny, there are some tradeoffs in the implementation.

25 9. Channel Estimation and Equalization

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

30 signals, the channel state information needs to be estimated.



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 AWGN, and " denotes convolutional nultiplication. This
equation can be rewitten 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 getection, AGC, frequency offset
-estimations) and timng detection, the rg eiver will know the start of an-:
OFDM synbol. The received signals will be transforned into the frequency
domain using FFT and can be witten as 20 R = FFT[r] whereby FFT function
43out puts frequency domain signals on Nc sub-carriers 25 R =[R(0) R(1)
-R(N. )] and FFT inputs tine domain signals of NIFFT sanples r =[r(O r(l)

. NI FFT . EET.is.. f f i ' f T
trai i ng syniors KaPE e arsule BaRSmLE Slana S Shradd's cPepheit. she®
anpl i tudes ajgteipeassignaldandse Reittealkzer ent denodul ation. In the Iong training

synbol, the signals on each subcarrier are QPSK nodul ated and known to the
receiver. By dividing the received long training synbols by the known

5 r(t)=s(t)*h(t)+n(r)
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 recdvery (including signal detection, AGC, frequency offset
estimations) and timing detection, the receiver will know the start of an OFDM
symbol. The received signals will be transformed into the frequency domain
using FFT and can be written as '

20

R = FFT[7]

whereby FFT funcﬁon 43outputs frequency (jomain signals on N sub-carriers
25 R=[RO) RO) - RV,

and FFT inputs time ddmain signals of Njrrr samples

F:[r(O) r(l) r(NlFFT)]



synbol s, reference anplitudes and phases are obtained for doing coherent
‘denpdul ation. 10 He ~_ R R store Wiere He is the estimted channel for
subcarriers and Rstore is the stored training synbol. By averaging the two
i dentical parts of the long training 15 synbol, coherent references can be
obtained with a noise level that is 3 dB |ower than the |level of the data
synbol s. Then the estinmated channel |nf$§nation is used for equalization
where a one-tap equalizer is applied. er channel estimtion and
equal i zation, the signal for each subcarrier is demapped into binary data
according to the nodul ati on type of the subcarrier 20. for exanple 16QAM or
- 64QAM . Then the data sequence is decoded according to the coding rate
-used. To conbat the deep fading which affects the overalllsiggal bandw dt h

flat fadin t i cient channel code, in

(('JOI’IJ uncti onggfvmh?hé]g:'%g urg}’)@?é Jg? ﬁ&yﬁ%?tr%ﬁs@h@ WLAN st andards, convol uti onal
coding is used with coding rates of Y2, % and 2/3I 25 LnRgi?ureh19h theI
BER performance for 640QAM Mand QPSK in a nmultipat yl ei gh channe
is sﬁovvn Théhedeng ﬁmmgc%nhgqféh%efﬁﬁmmem& %@%@ﬁ&ﬂ@taﬂbreiﬂrence

tigll can see
Chat the Der ?ﬁﬁaﬁ’};"é“”‘é" itiesorong cBRBent denBforl i ond trajhifect
channel esti smbdnthengnalsmadnsmmmemedQE’SIKi rlmedulutémahdfkﬂbwnqe to

preferred enpodi nents &1 Attentions and nodifications which are
obvi ous to t gsrgcgllyp“ d v ing,the received long training symbols by the known

~ symbols, reference amplitudes and phases are obtained for doing coherent
demodulation.
10

Where He is the estimated channel for subcarriers and Rgore is the stored
training symbol. 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 uséd for equalization where a one-tap equalizer is applied.
After channel estimation énd 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 cbding rate used. To combat the deep fading which affects

- the overall signal bandwidth (flat fading), the best way is to use an efficient

channel code, in conjunction with a robust modulation. In the WLAN
standards, convolutional coding is used with coding rates of Y%, %, and 2/3.

25 |
In Figure 19, the BER performance for 64QAM, 16QAM and QPSK in a
multipath Rayleigh channel is shown. The multipath channel is constructed

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



~art are intended to be incorporated within the scope hereof. The various
‘aspects of the invention are freely conbinable. 41 CLAIMS 1. A frequency
tracki ng apparatus for an OFDM recei ver having: nmeans for determ ning the
correlation of corresponding sanples of two 5 received pilot carrier
synbol s, one said sanple delayed a predeterm ned duration wth respect to
the other; neans for integrating said corfelation over an integration

wi ndow, and neans for determ ning a fredhency tracking error fromthe sum
of said integration. 10 2. An apparatus according to claim1l1 further
conprising correlation determ ning neans and integration neans for synbols
froma nunber of other pilot carriers; said frequency tracking error being
-det ermi ned f weneareeathat e peifoteance oithequoposedmiethqd approaahes dhat.of 15 3.
A et hod of f{r ency tracking in an OFDM receiver, the nmethod conprising:
determ ni ng Pﬁgg-gto%ngi ?%q{"ago%orrespondi ng sanples of two received pilot
carrier synbols, .one said sanple delayed a predeterm ned duration with 20
respect to the other; integrating said correlation over an integration

wi ndow; and Thedryantienhpsbgancdesaibediwillt efarpneerto prefepiedierabedimentts sai d

i_ ntegrati@n. ereof. Attentions and modifications which are obvious to those skilled in the
art are intended to be incorporated within the scope hereof. The various
aspects' of the invention are freely combinable. '
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CLAIMS

1. 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;
means for integrating_said correlation over an integration window; and

means for determining a frequency tracking error from the sum of said

integration.

2. An apparatus according to claim 1 further comprising 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.

3. A method of frequency tracking in an OFDM receiver, the method

comprising:

determining the correlation of corresponding samples of two received

pilot carrier symbols, one said sample delayed a predetermined duration with

respect to the other;

integrating said correlation over an integration window; and

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



