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wirel ess LAN standards | EEE 802.11a [ 1] and HI PERLAI\VZ [Zwmmﬂu m
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" GHZ band" | EEE Std 802.1l1a - 1999. HYPERLAN 2 is described in Broadband

- Radi o Access Networks (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 Radi o

Access Net woFiletd of BiAMventfdi=RLAN Type 2; Data |ink 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 follow ng issues are

si gni fi cant : Thespgasent invenienirelatestsometiedsand deyipesrfor r@:ﬁmwg signmals év

recovery.g SY. st i mat i -
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synchr oni zatdase, that theesignals are Orthogonal Frequency Division Multiplexed (OFDM)
signals.

Description of the prior art

 10  Recently, OFDM-based wireless LAN standards IEEE 802.11a [1] and
HIPERLAN/2 [2] [3] have been developed. The IEEE 802.11a standard is
described in “Supplement to IEEE Standard for Information Technology -
Telecommunlcatlons and Information Exchange between Systems — local and
Metropolltan 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 Rédi.o. Access Nefworks (BRAN), “Broadband Radio Access Networks
(BRAN) HYPERLAN Type 2; Data link Control (DLC) Layer Part 1: Basic
Data Transport Functions”, ETYSI TS 101 716 1V. 1 1 (2000 04)

For an OFDM-based wireless receiver, the followmg 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 sy_nchronizatibn, since



OFDM denodul ati.on is very sensitive to frequency offset and I S

(1 ntersynbol Interference) caused by a nultipath channel environnment and
which can result in serious timng errors, also if not corrected a phase
shift is accunul ated on each subcarrier, and this can bring about channel
estimation 5 errors. Figure 1 shows the structure of the OFDM PHY frane of
| EEE 802.11a in which a preanble precedes all data synbols. This preanble
is essential to perform packet detectiorf, automatic gain control, synbol
timng, frequency estimation and channel estimation. 10 The first part of
the preanbl e consists of 10 repetitions of a training synbol wth a -
duration of 800 ns, which is only a quarter of the FFT (Fast Fourier
Transform i QF&M slenmgduatiny isaleryiaeasiﬁyeﬂmIfr.eq;lu'basyefoﬁ‘belranbcswmwer@h?%ol _
enerated b i N | y _ nonzero subcarrier val yes for subcarrier, nunmbers
\g/]\,hi ch are aym%fe?r%pgg)o%':ag_seciﬁ@f@ é‘?‘@ﬁ'ﬁ\% Fhan seRYronieeHgapd| whicheFgnshor t
15 synbol s ifesulti t psdrioudf tirlieg PERBFP! GlsoFiif ?HthCortrEé’t]eﬁh%r h2¥BPQh#F REOvi de
a convenient way of performng Automatic Gain Control (AGQ and_packet
detection. SRewaulgted or earbsubsgrries) ape this canekréyg aboutpemnnel estimation
synbol tdm C”gnd a coarse frequency offset estimation with a large

unanbi guous “range. 20 The short training synbols are foll owed by two | ong
training synbols with a duration of that of a data synbol. There are two

reasons for HigUmJﬂsmgNs therstrusture %fhhé ORDM @fr{\_t h‘l%tnﬁ)é W"EEF}P@-Q?,S’ Sir;\/ ?m o
Kk It ssjble to do reci se requency estimation on the ! .
ggcgf\dl, tﬁce) W 'ﬁb %WEE‘CEW%GS@E@%SHH gisn Thig ereamble @nmsanilaélio and
hases for dgi e i an: e f. 1. e, a
gpeci o e Lﬁ@?ﬁ'&gg@gagtfﬁgg i g?%agﬂd 89in £bnfr&ie AT tlrﬁlns, ?feﬁﬁgtﬁcy
estimation and channel 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 F'FT-(Fast Fourier
Transform) interval of a normal data symbol. These short symbols are
generated by using only nonzero subcarrier values for subcarrier numbers

_ ‘which are a multiple of 4. There are two reasons for using relatively short

15 | symbols in this part of the preamble: Firstly, the short symbols provide a
convenient way of performing Automatic Gain Control (AGC) and packet
detection. Secondly, the short symbol period makes'"it.possible to do symbol

~ timing and a coarse frequency offse.t estimation with a large unambiguous
range. | |

20- The short trainihg 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 fhis part of the preamble: First, it makes it possible to do a precise
fréquéncy estimation on the long symbol. Second,_ the long symbols can be
used to obtain reference -amplitudes and ph'ases. 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 informati_ori about the length,

‘modulation type and c_ddihg rate of the rest of fhe packet.



|l owest 6 Miit/s rate is sent which contains information about the |ength,
modul ation type and coding rate of the rest of the packet. 3- Finally, a
vari abl e nunber of data synbols are transmitted typically at a higher -
nodul ation |l evel or rate. Each data synbol consists of a guard interval of
800 ns and a data | FFT 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 -preanbl®e; 4) Uplink burst with | ong
preanble; 5) Direct link burst (optional). 10 Independently of the burst
type each burst consists of two sections: a preanble and a payl oad. Each
burst is started with a preanble section which is followed by a payl oad
section. TheFinailyeavatgablerresminereofatada syyiboislaresteansmittedetppioedlly ana thigherust

type. There are, five different es of burst format_which are shown in
Figure 2: (apodi%atgnépgglagargge.tﬁ%&aat@lﬁyrﬁb S1st& oharauard intenval of §PP K
“burst wi th sRheahd PASRATPFT. infeivaladt 34PNk burst with |ong preanble, (e) a
Direct link burst. The long training synbol is the sane as for |EEE

802. 11a, but the preceding sequence of short synbols may be different. A
downl i nk t r ah4RER sysiens hagfive differenidrinds pfiBbiYsbursts j2)1 EEE 802. 11a, but
the first 5 synbols are different 20 in order to detect the start-of the

downl i nk 4 ragpg | kets may use 5 or 10 identical short' synbols,
with the as?’as éﬂdag*;%%? being inverted. The difference between the
preanbl es of | EEE 802.11a and H PERLAN 2 is determ ned by their respective
protocol s. 2) Downlink burst; _

- 3) Uplink burst with short preamble;
4) Uplink burst with long preamble;
5) Direct link burst (optional).

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

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

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

with 10 short symbols as in IEEE 802.11a, but the first 5 symbols are different

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

- determined by their respective protocols.



4 However, at the PHY level, in principle the same receiver architecture
MMy be used.for | EEE802.1l1a bursts and- sone Hi PERLAN bursts, in
particular the non-downlink bursts. Signal detection, AGC and. |
synchroni zati on are not necessary for downlink burst. As the format of

br oadcast burst of 5 H PERLAN 2 is al nost the sane as that of | EEE802. 11a,
the sanme receiver architectures or nethods can be used. Figure 3 shows the
time and frequency structure of an OFDM p‘écket having an | EEE 802.11
preanbl e. The packet starts with 10 short training synbols, wusing only
twel've subcarriers, followed by two |ong training synbols and data 10
synbol s using the full fifty two subcarriers and containing four known

pi ot subcartaweveruatttiefRI1Y develpint primipledhe sharecreveiven asehiteBheret raay dlor t

ot . . c |
the el ve SBd et TEEEROZ 18 BEets Bhd Sane HEERIAN FarSieo s pacivin e
itself wth hba-ddwilPR BarskRCKSignal HetE@ionhAGE! YRl %&r@hi&é@cﬁg%{?fg?t

successful ly decoded. 15 The préanble, which I's contalned in
si xt een mi cr fseessary fir alowmnlingabrest. coApr itbesfarmatt ef bivadcasly okt efin

twel ve subcag . | ong s al. s l.Afifty two subcarriers,
is used t pﬂ?gwgr'% %B\é\gm?&argae%se tmﬁggﬁﬂg&ﬁaﬁ?{%i%%m%\@r :
symbol ti m narcHiteetited oy nksthod®tawbBeadd. channel estimation. Al of these
training tasks are necessary in order to 20 successfully receive and

decode the agtual data bits. As is _known a cyclic prefix or guard interval-
(G) is addef'qusechehowsthe fimarand freguenry stivsture «fianPRRM packetibaving

okt o PR 807 4 RAIG T el S WA shOR e Ao
~such that al bsinggnly twelve subcairiezs!, follpwed byf twdhlongatainingysyrtols tandt datat hi n
the guar%i nts%w\téglsSUsing the full fifty two subcarriers and containing four known pilot
“subcarriers used for estimating the reference phase. The ten short training
symbols use a low order modulation fof example QPSK (hence only the
'twelve subcarriers)' in order to allow the receiver to synchronise itself with the
incoming packet, before the actual data bits can be successfully decoded.
15 The preamble, which is contained in the first sixteen microseconds of each
packet comprises the ten short symbols on twelve scharriers and the two
long symbols'on' all fifty two subcarriers, is used to perfo.rm start of packet
detection, automatic gain control, syfn_bol timing, frequency estimation and
channel estimation. All of these training tasks are necessary in order to

20 sucCessfuIIy receive and decode the actual data bits.

~ As is known a cyclic prefix or guard interval (GI) is a_ddéd to each data symbol
to make the receiver more robust to multipath propagation. In particular, it is
intended that the guérd interval be large enough compared wifh the spread
25 delay of the channel such that all significant received copies of the data
symbol start within the guard intervals.

30



30. 5 Summary of the Invention The present invention ains to provide an
Fnproved or at least alternative 5 nethods and apparatus relating to
receiving signals, especially OFDM signals in a WAN. There are provided
various aspects relating to a receiver for an OFDM burst type signal,

I ncludi ng: signal detection; automatic gain control; synbol timng; 10
frequency offset tracking; and frequency tracking. Apparatus and methods
relating to each of these aspects may adﬁ%ntageously be conbined with
apparatus and nethods of the other aspects. Alternatively, each aspect nmay
be used with prior art other aspects of the receiver. 15 In one aspect of
the present invention, there is provided a signal detection apparatus for
“an OFDM receiver, having: nmeans for determning the correlation of
corresponding sanpl es gf h*o received preanbl e synbol sanples, one said
sanpl e del ay24mMmare@fthe IMvention;r ation with respect to the other: signa
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
t he recei vedThegaesend isvertionsainmsie meovide @nsimproved dedt lzasbaltersptiveli ng

' | d ti t hod conpri si,n eterm.ni ng the corr.e) ation . of :
 corr esporii nEetiodR ead BpBRELs Eiahe s TesrBint: FanaaspeciabnOr C sianath o
del ayed a prpogiygranned 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 recei vedrpreamhl & 34EQ)aFiou aspects relating to a receiver for an OFDM burst

type signal, including: signal detection; automatic gain control; symbol timing;

10 frequency offset tracking; and frequency tracking. Apparatus and methods
relating to each of these aspects may advantageously be combined with
apparatus and methods of the other aspects. Alternatively, each aspect may
be used with prior art other aspects of the receiver.

15 In one aspect of the p're'sent invention, there is provided a signal detection
apparatus for -an OFDM receiver, having:. means for determining the
correlation of 'cdrresponding samples of two received preamble symbol
‘samples, one said sample delayed a predetermined duration with respeét 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 _reéeiVed preamble symbols.

There is also provided a co'rrésponding signal'detecti_ori method co‘mprising
determining the correlation of corresponding samples of two received
p'rearh'ble symbols, one said sample delayed a predetermined.duratioh 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.



This uses the signal power of sanples of the received preanble synbols over
the nUnber of short synbols required for signal detection to set the
threshold for the correlation nmethod of detecting a signal. This has the
advant age of inproving accuracy of detection especially by increased

tol erance of noise. 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 signd? power of the synbol sanples,
and means for determning said threshold from 10 said signal power and the
si gnal power determnining neans nmay further conprise means for accunulating-
the difference between said sanple signal powers, wth the predeterm ned
duration preflbisaidgs theisignaifpowes af sempidsof thgnmeobived peadblecs @hbels over

I Ni f bl ' . f 15 determning the _
broduct of CalENamBaRA et SvPRERUEATTEATY S9na dsieefiatioSRine SHRBNGIA means
for accumul afdr'lﬁe%éhéld%ﬂqﬁéfhoﬂvcﬁ'rde?ébt!rgt%?@g&g%&%?ﬂg‘(&ba@vﬂ%ta%@?s for

accurrul ating the difference between sa egl nni and end

of sai d w ndinproxtngraccusacypbbdetactiomespesialb) hy incréasad totatance aghosanpl e ijn
a correlatio i.ndow_ haying a |l th of one preanble synhol. In a secon
aspect o?é t hi hgr'5g’&ﬁ?“?%ﬁ%ﬁ\’%?hﬁ&?Fealé"%@'cpﬁ%&’%%%n t&\ét%%ﬁ'ifet??m_rh
Control appakandifoh®r an OFDM recei ver, having: nmeans for determning the

average power of received preanble synbols in order to set an 25 |
appropriate AGC | evel; neans for determining a first AGC | evel based on the

aver age powe f yd nd: neans for determning a 7
second AGC | E&%’%"A’éE’EFS%RB?@‘?%&@'A%J%%@G%OW%@%BH&P‘%{m‘meg tg‘? Signtl
. - power of the symbol samples, and means for determining said threshold from
10. said signal power and the signal power determining means may further
comprise means for accumulating the difference between said sample signal

powers, with the predetermined duration preferably being of one preamble
symbol. ' '

. The correlation determining means preferably comprisés means  for

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

and end of _said window.

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

In a second aspect 'o'f the present invention, there is provided an Automatic

Gain Control apparatus for an OFDM receiver, havihg: 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



subsequent symbols. There is also provided a corresponding automatic gain
control method conprising: determ ning the average power of recei ved
preanble synbols in 5 order to set an appropriate AGC |evel; determning a
first AGC | evel based on the average power of a first nunber of synbols
and; determning a second. ACC | evel based on the average power of a
second nunber of subsequent synbols. 10 This allows synbol timng and
frequency offset estinmation to start earlier and use nore short synbols
thus increasing their accuracy by allowing themto rely on a coarse AGC.
It al so uses nore short synbols overall for (fine) AGC and thus increases
Its accuracy for data recovery. Coarse AGC is sufficient .for starting
synbol ti ni n§eeend AGQuienel besedeen dbei avaraga power tdfiea 1conduhamben ofat e

is lowi.e. %ﬁ& eg s % AGC being inplemented before high |evel
nmodul ation su 2L i ere accurate AGC is nore critical. Note that
this also all.ows both coarse and fine frequency estimtion to be done

within the firhete fis ealsbl providedBya ceurrsspondihg Fﬁdt@rhaﬂét?é‘iﬁccﬂﬁ@élurn‘i@thbbe _
signal power of the first seven short synbols in the first preanble, this
accunul at ed EOMRISIHG; ngeteraining the gveidsenawercofiieeepd mspambtesymbelsiiavel .

However ca i ; i . : t _
Cymbol i ng enaoPEL A SR e ACC e SRERRIAT R 8L ROTT T HERR B ¢ e
8th short syttieohyeragaspowearvohg ﬁrﬁt n?m?f@mbdm;?mbr’{rﬁnmghé |s@cbh?g
accuracy. Thi | so,resul,its [ ,n the fine frequenc esti lon having to
utili seyt he é@égrlﬁye[!nbééﬁﬂl@ {l‘gyaﬁgrialg& %ow%_gg? opdawBPRbL A SHbgpAuanta
coarse ACC igyfigbRr nined one short synbol after signal detection which is
normal ly only two short synbols, 8

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

- for starting symbol timing and frequency offset estimation when the |

15 modulation rate is low i.e. QPSK, the fine AGC being implefnented before

high level modhlation such as 64 QAM where accurate AGC is moré 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 preémble, this accumulated total being averaged to
determine the appropriate gain level. However because this AGC uses the
'ﬁrst seven short preamble symbols, symbol timing and freduency offset
estimation cannot be started until the 8" short symbol, thus leaving only three
25 symbols and hence limiting accuracy. This alsd results in the fine frequency

estimation having to utilise the second preamble. -

By using a two-sfage AGC method in which a coarse AGC is determined one

short symbol after signél detection which is normally only two short symbols,



synbol timng and frequency offset estimation can start nuch earlier and
thus 'their accuracy is inproved. A second stage of AGC runs in parallel
with these functions and resets the AGC at the end of the short preanble
burst for high accuracy data recovery using the second stage AGC. 5
Preferably said first AGC | evel determnation is triggered by signal
detection and said second AGC | evel determ nation may be triggered by
synbol timng acquisition. Preferably, t'he determ ning neans conprises an
infinite inpul se response filter and the AGC | evel determ nation nmeans may
utilise a look-up table to 10 correl ate said average power with an AGC

| evel . Preferably, the second nunber of synbols is larger than said first
number.  Pr eB¥NABIl ming andrfrequency offsed estimationtcansstart aoech darlieeasd tiaes power

of the. pr eslleh SERERLR IMERRYE | BSsoBOM atape. ok AR mbyn Perdliak il B3Ry at us
for an OFDM fugrtionsanbiagsets thaBGG at Bie 8R4 oF G bRamSIB RS AlyHOT
correspondi ng sanples of two received pilot carrier synbols, one said

sanpl e del ay@ecyagy data wcovaRUSIng the secand stagedfe6t to the ot her; 20 neans
for integrating said correlation over an integration w ndow and; nmeans for

det erm nighg R | r Ol - : J o Lon.
There is gl sgrépfréow dggmaﬁ%gﬁgg%ﬁ%idr%eir@%{mﬁ ??ﬁ é}%%ftﬁ)og'gbghgg{eg'ﬂg:

det er m ni ng ahe sai setatd AGOfevebdersmimationomag iy giggeted vy syaswil tiesingi | ot
carrier synbols, ane said sanple delayed a predeterm ned duration with. 25
respect to tABIYPHBR- integrating said correlation over an integration

wi nhdow and; determ ning a frequency tracking error fromthe sum of said

i ntegration. PRsferably, the determining means comprises an infinite impulse response
filter and the AGC level determination means may utilise ‘a look-up table to

10  correlate said average power with an AGC level.

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

Preferably an |IR filter is designed to average the measured power for-2nd
AGC in order to reduce the required buffer.

15
In a third aspect of the present inventio'n, there is provided a frequency
tracking apparatus for an OFDM receiver having: means for determining the
correlation of correspbnding samples of two received pilot carrier symbols,
one said sample delayed a predetermined duration with respect to the other;

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

for determihing 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 recei_ved pilot

- carrier symbols, one said sample delayed a predetermined duration with
25 reépect to the other; integrating said correlation over an integration window |

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



By using an integration wi ndow Tw which is | onger than one short synbol,
for ‘exanple nine short synbols, this results, graphically, in an inproved
nmeasure of P(d) for estimating the synbol timng start tine. In order to
produce a clear peak as opposed to a plateau in P(d), sumof the duration
or length of the 5 integration wi ndow and that of the delay between
corresponding sanples in different synbols should be greater or equal to
t he nunber of synmbols - neasured - 10 in I€EE802. This in turn prOV|des for
easier and nore accurate estimation of the synbol timng. 10 By
conparison, prior art synbol timng arrangenents use the netric P(d)
havi ng an integration wi ndow Tw equal to one short preanble synbol (Td).
However suchBy using ao iruiegsatimotwihddWc'Ea,I whizhds ilsreder théve oag sholt syinibal Ofor

i nstead producing, . hi cal | at eau whi ch pakes preci se detection
difficult. 18% Wg%e?g %‘ “&%‘ﬂ%%ﬁ%?sfl $t9aPhicalip i aedmpseyed meagHre
determ ning BPR( foraskimafiRgHl 4AibARATRG Rhrt BHIEIH SrddaBIRodUIPE il O her

pilot carriers; said frequency ‘tracking~error i ng romt he
average int egeals a8 1Pppored to agdateéapiin B(d); sum efrthe duratiori onlengttaepthet of t he

present inve r.pv a fre offset 20 esti mation
appar at us§f O&E%%&ﬁrﬁ@% %’)@ tﬂakg@ﬁﬁéjel% QIE%WM%WHP epil st
frequency of ﬂﬁ@?eﬁ%ymlgﬁﬁ@@dfbyg@%!@rdﬂéudégtd He ﬁ%bén‘ aﬁéwﬁbaé

correspondi ng sanpl es of two recelved preanble synbol sanples a first

pr edet er ni neteReuesd diPnilbRESREr Thisipdure Arevidestfer easienandimase @edurate

frequency -of é&% bf‘ﬁ'\ olft?ﬁlnget ermning . the correlation of 25
correspondi ng sanp e OF P’ T &lEM e preambl e synbol sanples a second

predeterm ned delay duration apart, said second delay duration being
di fferenﬁhf rgm said first delay duration; and nmeans for conbining said
first. ¥ Compa 'ISQHuBrr'\Q"ya"BFY@QP!;t'mWgoﬁfd%ﬁgqrﬂeﬂtétl&erﬁﬁéngt@pda(ﬂb equency

of f set | 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
_ frequ__ency 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 frequ'éncy offéet'

20  estimation apparatus for an OFDM receiver, having: means for determining a

first frequency offset having means for determining the correlation of

'corresponding_sarﬁples of two received preamble symbol samples a first

predetermined delay duration apart; means for determining a second

frequency offset héving means for determining the correlation of

25 corresponding samples of two received preamble symbol samples a second

~ predetermined delay duration apart, 'said second delay duration being

different from said first delay duration; and means for combining said first.and

~ second frequency offsets in order to determine said frequency offset
estimation.



estimation. 10 There is al so-provided a correspondi ng frequency of fset .
imet hod conprising: deternmining a first frequency offset by determ ning the
‘correlation of corresponding sanples of two received preanble synbol
sanples a first predeternmined delay duration apart; determ ning a second
frequency offset by 5 determning the correlation of corresponding sanples
of two received ©preanble synbol sanples a second predeterm ned delay
duration apart, 'said second delay durat i8n bei ng different fromsaid first
del ay duration; and conbining said first and second frequency offsets in
order to determne said frequency offset estimation. 10 By using two
~parall el branches for frequency estimtion, high precision conbined with
unambi guous fThetgienalgogirbyidedes cormaspomding ifiegieach etffset methed Seniprizingncy

i i h [ t t hod, I sin ei ght short
e o BRrhoR sl R e, B e o
preanbl e. Byc6QeRsdrdiag sathples &f twd 'ReERBaYprianisk hOBLh e |

S ynbol s of the

utilise a first 'coarse neasure using the last three short s
first preanbPeededermined selaynduration apads determining a seconddeeqligney afisee by

coar se mensupeEiingote. | RRthiEor (& HeBsBERaRg, sanlPycSh deeBF Vg mbol s
A A L e S L kLl
symhol's. Hengé@cansk delmypdyratian being wifteresh dram ssaidofitst delaye chuatiory and
resul ting I neambfiiy 36RUARE 8n8LdSRY' Pl Rincy Birsets 1 8Rfer 18 dstéimine said

frequency offset estimation.

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, priof art frequency foset estimatioh 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 tfaining symbols. With respect to the coarse measurement, to achieve

maximum precision a large number of symbols should be used; hOwevef, in '

order to avoid the 2r 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, necessafily resulting in a less accurate estimaﬁon of .
25 frequency offset. |

- Preferably the apparatus further comprises'rheans for integrating each said
offset determina't_ion over respectively first and second predetermined
[integration windows. The sum of the delay and integration window durations



Preferably the apparatus further conprises neans for integrating each said
~of fset determination over respectively first and second predeternined
integration wi ndows. The sum of the delay and integration w ndow durations
11 for the first and second frequency of fset determ ning neans nay be
equal and the receiver may preferably receive 10 preanble synbols, the
first delay time being 1 preanble synbol duration and the second del ay
time being 4 preanble synbol durations. 'The first i ntegration w ndow
length may be 7 5 preanble synbol durations and said second integration

wi ndow | ength may be 4 preanble synbol durations. The conbi ni ng nmeans
preferably conprises signal processing neans arranged to cal cul ate the
esti mat e accfordhe dirstandnsecendstequencyoffdet deteGhiring edamsTmap berequdi iahtih

e conidtsquenciufet detelhirin 39 beredud
apparatus oM LIFCEMAUTRL ISt RtRe AD AReaTbIe BuTBo: fiefrst Helay time
correl at | on- gbirgoT PRRABIENGy AP diraliin LA IRECLYGSHA AP ting YERALS4 ONe

sai d sanpl e del ayed a predetérm ned duration wth respect to the other;
.means for dpreamblai signboledurationsm The rfiestaintegratian ukindowhlemgéh pnaad dlee? i ned

.. 15 integral] AN sai d.nmaxi_num val ue indicating the start of a
synbol ; ebé%%&ﬁe%%gﬁgf@ﬁs \ﬂnnﬁoﬂﬁ cﬁ?r"&f‘adﬁ{sqgéa‘ffﬂl windpw Ef?'a)gtga’f"aydel ay
duration. A petdhmeanibis xymdbl durstieasi n an OFDM receiver is al so provided,
the nethod conprising: determning the correlation of nore than two

i dentical shgrt preanble synbols; determning the synbol timng based on

t he maxi mum %BGCGP "aﬂgoﬁn%%n%eor@fqrﬁbw LOPRIESSe SR Pregasging | ®eansndow;

and wher ei n bigngbdtehRhiaf thYd SR URLIARG tS tPbqGStikH. to the delay -

durati on.

¢§m+2n'-z
2amL, 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 determihing the
correlation of corresponding samples of two received preamble symbols, one
said sampie delayed a predetermined duration with respect to the other;

| ‘means for determining the maximum correlation value v_vithih a predetermined

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

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

A method of Syrhbol timing in an OFDM receiver is also provided, the method
. comprising: determining the correlation of more than two idehtical short
preamble symbols; detérmining the symbol timing based on the maximum
20 correlation value within a predetermined integration window; and wherein the.

integration window duration is not equal to the delay dur_atioh.

Preferably the integration window duration is greater than said delay duration

and said correlation determining means may comprise: means for _

determining the peruct of a sample of a said received preamble symbol and
25  the conjugate of a corresponding sample of said delayéd symbol; means for

accumulating said product over said integration window; and means for



Preferably the integration window duration is greater than said del ay
"duration and said. correlation determ ning neans may conprise: means for
determ ning the product of a sanple of a said received preanble synbol and .
25 the conjugate. of a corresponding sanple of said del ayed synbol; neans
for accunul ating said product over said integration w ndow,. and nmeans for
12 accumulating the difference between asl d product at the beginning and
end of said integration wi ndow. PreferabFy the apparatus receives a

predet er mi ned nunber of preanble 5 synbols and wherein the sum of the
delay duration and said integrati on wi ndow duration are greater than or
equal to the duration of said preanble synbols and the nunber of synbols
may be 10, tﬁ@Cldeh}dngdhadiffﬁnemm/beeemwﬂqﬂrodmmatrthmbegmdlrtgmd sheégfati on
wi ndow may b {3 nhol ratl ons. In other preferred alternatives, the
nunber of sy I'Q er%%"%w W-he del ay 10 duration may be 1 synbol
duration, and the integrati on w ndow may be 7 synbol durations or the
nunber of symbols may be 10, the delay duration may be 4 synbol durations,
and the integration wi ndow nmay be 6 synbol durations. The receiver may be
arranged to cefsahytfmmﬁawsf@cgy@saweﬁpmrmed nsmbes ofipreambleose usi ng

th t | De t
of the Fiaur S4n8g sl erehn b 808 S defalf §yraPbR SR Tl o dieR now be
descri bed, fwinddwedamtion aré geaatep tiearoot gqualitd the dlestioRcst sai pRarisik! owi ng

figures in which:, Fi 1 shows the format -of a OFDM PHY franme of the known
| EEE 802. 11aSY® glﬁda(;%dthe number of symbols may be 10, the delay duration may be1

symbol duration, and the integration window may be nine symbol durations.
In other preferred alternatives, the number of symbols may be 10, the delay

10  duration may be 1 symbol duration, and the integration window may be 7
symbol durations or the number of symbols may be 10, the delay duration
may be 4 symboll durations, and the integration window may be 6 symbol
durations. |

, The receiver may be arranged to support various wireless LAN systems
15 incl_uding those using the conventional IEEE 802.11a and HIP_ERLAN/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
stahdard; ' | |
25  Fig. 2(a) = (e) shows PHY bufst'structures of five typeé of burst in the known
HIPERLAN/2 standard; | o -
Fig. 3 shows the time domain structure of an OFDM packet having 52 sub-.'
carriers; | |
| ':Fig. 4 |s a block diagram .of' a WLAN OFDM receiver; -



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 tine donmain structure of an
OFDM packet having 52 sub- carriers; Fig. 4 is a block diagramof a WAN
OFDM receiver; 13 Fig. 5 shows preanble synbols in the tinme domain; Fig. 6
is an inplenentation block diagramof the algorithmfor deriving P(d) in
the signal detection algorithmof the enti?di ment; Fig. 7is an

i npl enentation bl ock diagram of the al gorfthm for measuring 5 signal-
energy in the enmbodinment; Fig. 8 (a) and (b) illustrates the 2-stage AGC
process used in the enbodinent; Fig. 9 (a) - (c) illustrates the timng
metric of the AWGN channel of the enbodinment; 10 Fig. 10 illustrates three
possi bl e DFTFig. foghvawvs pregmble symhbeds insthedinae dop@inrit i on nodel of synbol

timng detecti sed. | h enbodi pent ;. Fi 12 sho synbol Lini.ng
detection al E@ ﬁ ﬁrﬁﬁhgﬁ@eﬁ}?ﬁ%%@%g?’@{?w gfﬁh&al.ﬂ%m}\‘?’? ﬁ’s’t‘{e&t‘w HFE 'Bf f ect
of frequencytiy sigrakdetdbtidn Sigofithrh ®f thebbPplodihadtf am of a carrier and timng
synchroni sation algorithm used in the enbodinent; Fig. 15 is a block

di agram of aFjghaéds an implepgriatien itdeckadipgramnhef mb@calgwithﬁeforemna:;m}agt-; 20

Fig 16 isgca di P Moot .pilot carriers in an OFDM synbol ;

Fig 17 i s_5a gp@%lﬁ%@gr'grﬁ%ghfg%gﬁegﬁency tracking al gorithm _
_Fig. 8 (a) and (b) illustrates the 2-stage AGC process used in the

embodiment; _
Fig. 9 (a) — (c) illustrates the timing metric of the AWGN channel of the
embodiment; |
10" Fig. 10 illustrates three possible DFT windows;
Fig. 11 illustrates an operation model of symbol timing detection used in the
- embodiment; |
Fig. 12 éhows a symbol timing détection algorithm used in the embodiment;
F ig'. i3 iilustrates the effect of frequency offéets;
15  Fig. 14 is a block diagram of a carriér_and timing synchronisation algorithm
used in the embodiment; |
Fig. 15 is a block diagram of a phase shift compensation algorithm used in the
embodiment; ' |
Fig 16 is a diagram illustrating the pilot carriers in an OFDM symbol;
20 Fig 17 is a block diagram of a frequency tracking algorithm; |
Fig. 18 shows simulation results B of the rms frequency tracking error
obtained by the embodiment; 'and _
Fig. 19 shows simulation results of the BER pérformancé of the embodiment
~inan exponential decaying multipath Rayleigh channel
25 | | |
Detailed Description of the bref_erred Embbdiments

Figure 4 shows a typical architecture for an OFDM packet based receiver.

30  Such areceiver may be used in a mobile terminal for example. The RF



Fig. 18 shows sinulation results B of the rns frequency tracking error
~obtai'ned by the enbodinment;. and Fig. 19 shows sinulation results of the
BER performance of the enbodiment in an exponential decaying multipath
Rayl ei gh channel 25 Detail ed Description of the Preferred Enbodi nments
Figure 4 shows a typical architecture for an OFDM packet based receiver.
30 Such a receiver may be used in a nobile termnal for exanple. The RF 14
section conprises an antenna 10, a band- ﬂéss filter 11, and a | ow noise
anplifier 12. The IF section conprises a mxer 13 which nultiplies the
incomng RF signal fromlow noise anplifier 12 with a |ocal RF oscillator
14 signal, the product of which is fed to a band-pass filter 15, then to a
vari abl e 5 | eectinyi eempripgs an antdrtia t®e bangpassfitahi thandsa $ghinoigent o

i n-ph | 1) .. d" drat t. branches. These
br ahchos sacAMPURRF 120 18E'IF seCoh cibaRes ¥ riter duwhich Fidueiesdder ne |
i nt er medi ateu‘fcbﬂﬂH@'F@B’s@hﬁﬂﬁémflbwmo@é@nﬁréla‘?iWlﬂh‘%"fd@:%l RF @W'a‘tcgﬂﬁ 16 and

whi ch al so receives a si | froman internedi ate frequency | ocal
osci | | at or 2a|,gnahéhe nmducfc of wihjaty is fed be arhpndepassciiiterd 5 yhegOto awaaalnjaarter

Th 17 d 19
e ach § oo EREsEATMIEY 1By PROPGDYt Afwnhs ShERIT inaMlast ¢§aRa6d o an
anal og-t o- di qué@ﬂatm@r(i/rﬁ?%lﬁéry?%lr@mﬂ b?é?r\dr\%%pemés\é%rﬁncﬁé‘@e%ﬁ Eb'ﬁ'r?n% a Which-

are fed to a_conpl ex conbi ner .L.n this exanple an
resul ting si fftermixgr 15of A8 wdagférm\cesjhg\mf@rgwdlate\ﬁmuancba:g;mahﬁrotmt h the

1S by ot e ki BPHEISE helhE AU I eal SR BRRER DY e
i ncom ng pacinternediater ffagueney ocel @scitiatos 2ol tninpat tomixer 17 being delayed
10° by 90° or a quarter phase using phase delaying component 18. The outputs

of mixérs 17 and 19 are each fed to a low-pass filter 20 and 21 respectively,

then on to an analog-to-dig'ital converter 22 and 23 respectively, the outputs of

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

resulting Signal r(m).is the base band OFDM signal, which contains both the

15 preamble and data symbols of the incoming packet.

A.synchronisation function 1 receives the base band OFDM signal and uses’
the 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 compe'nsation
function 40, and a window control function 41. | |

The gain controller 30 in turn controls the variable low noise amplifier 16 ahd
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 ampliﬁef 16. This improves the accuracy of the
receiver, and in particular the accuracy of the analog to digital converters 22
and 23 which will be optimised for a particular range of signal level.
30



functions. These include signal detection, automatic gain control,
“frequency .20 offset estimation, and synbol timnmng. The synchronisation
function 1 controls gain controller 30, frequency controller 31, a phase
shift conpensation function 40, and a wi ndow control function 41. The gain
controller 30 in turn controls the variable | ow noise anplifier 16 and 25
Is intended to conpensate for the bursty1gature and varying signal |evel of
the incomng signhals, with the aimof providing a reasonably uniform
signal level output fromlow noise amplifier 16. This inproves the
accuracy of the receiver, and in particular the accuracy of the analog to
digital converters 22 and 23 which will be optimsed for a particul ar
range of sigd&e freqaency3contelleTBé dondrgisem cgfeander lotalersclthtarazfi favltbe a

reference local .oscillator. 25 for the .receiver, apd this .in turn controls -
all ot her I'oi%e%%rc?mjit?'fiﬂgafrﬂ “r°HH°Ee%'!aP f locsl Hé?'ﬂaﬁ%"ﬁb& "PEEVE" r equency
‘1 ocal oscil | @cnidiAd tirefhdib freqREREYRERROSCIlltbE M RENhE PsBImBdTtd | ator 24. 5
The base band signal r(m is passed on to a phase shift conpensati on

function 40 fenuaneklogabeseilator 34l ed by the synchronisation function 1 and
a frequegncy tracking function 2. The phase shift conpensation function 40
Is described in detail below 10 The output of the phase shift

conpensat i on Therbdsedrartlsigsalnas} R assedorto $phasé shift dEhpéhsdtioni gi t al
signal converter 42 whjch additionally renoves the. %,uard I nterval signal '
conponent s -f FHRIEAAD Whichds alsprrontralled byithe sypahrogisatiopfenetinn hand@hverts a

predet er m negoRUERES trRkkihg FHELRA 2! Phd Bhabs LRift compensation function 40 is

described 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 humber of incoming digital bits

15  (samples) corresponding to the combined samples of the base band signals
from the ADC’s 22 and 23 into a word corresponding to an OFDM sym'bol.
When the FFT functidr_i 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. 'r,emove'd of the guard interval, represent a received OFDM
symbol. It is important that the word corresponding to the OFDM symbol starts
at fhe 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 _
ihdividu_al symbols. In doing this the guard interval signal components are
removed. The timing of the window used to retrieve each separate symbol is

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



15 (sanpl es) corresponding to the conbined sanples of the base band signals
"fromthe ADC's 22 and 23 into a word corresponding to an OFDM synbol . ~Wen
the FFT function is processed, a predeterni ned nunber of incoming sanples
are needed for input to the FFT bl ock sinultaneously. The predeterm ned
nunber of sanples, which are partially processed by the FFT 20 and
partially. renoved of the guard interval, represent a received OFDM

synbol. It is inportant that the word coﬂﬁesponding to the OFDM synbol
starts at the right sanple bit in the incomng bit streamin order for
accurate synbol recovery. It is therefore inportant to accurately
determne the synbol timng, or start of synbol. 25 The length of each
synbol is knséynchmnisatiandenclion toncea thepgyraboli timiag h/dsmairm Hehg;ghltnedsl'ﬁﬁl i ed
to the incom ng,base band signal ,to retrieve indjvidual synbols. In doing.
this the gua?"ﬂﬁ‘?‘m’ &@H?"%?‘S@Pv%f!ﬂpp@ﬁeqﬂ% é'?té“’a? SHgNBGin order 1 eRstdeot t he
wi ndow used tiatitRé stAYEf %W&é&?ﬂﬁﬁﬂ?ﬁividgsfr% Pg@regeéttﬂﬁ ei?%thm?

control w ndow function 41, I'’ch in"turn is controrﬁ _

synchr oni sat thghWwindew.i on 1 once the synbol tining has been deternined. The
wi ndow i s;arranged to overlap the guard interval slightly in order to
ensure that the start of each copy of a synbol arriving fromnmultiple

‘paths is witThe indibiduai OFOM sgmﬂm arediedi fita lth&SaMaP DAl PACtiSH 4D1tM t he
Serial to Parallel function 42 to a fast fourier transformfunction 43
whi ch separ aPdast rurias tiansforn furelionr3 whigh saparatesitbe synbobvalbe onThese

val ues are p : I | Lon_function 44 which
e he %?é@%%?éb'{?gf §1e2835§$]f'f t'ﬁheéaéédvalﬂéé le FELLSFEN ?o a'proamblfs and
pilot extraction function 44 which removes the preamble values and the
10" values associated with the four pilot subcarriers. These values are used for

the channel estimation and frequency tracking function 2.

The channel estimation and frequency tracking function compares the _
incoming' preamble and pilot valueé 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 phaée shift compen’sation_'

function 40 to compensate for any drift over this time. -

20 The channel equalization function 46 corrects for the effects of the air _
- interface channel between the transmitter and the receiver antennas. After
~channel estimation and equalization, the signal for each subcarrier is .
demapped into binary data accdrding 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 respéctively.

Embodiments of the invention provide improved methods of: si_ghal detectibn;
automatic gain control; frequency offset estimation; symbol timing; and
frequency tracking as described below.

30 B



10 val ues associated with the four pilot subcarriers. These values are used
for ‘the channel estimation and frequency tracking function 2. The channel
estimation and frequency tracking function conpares the incom ng preanble
and pilot values wth stored preanble and pilot values 45 15 to determ ne
the effect of the air interface channel, and to instruct the equalizer 46
to correct for.this channel. This functiﬁg 2 also nonitors the subcarrier
frequenci es over tine and controls the phase shift conpensation function
40 to conpensate for any drift over this tinme. 20 The channel equali zation
function 46 corrects for the effects of the air interface channel between
the transmtter and the receiver antennas. After channel estinmation and
equal i zat i onA repeiver gecardingrtocarcembotiireenti afithe invertion @peploysinovédli nary dat a
according to ulation.type of the subcarrier. _The data sequences are
t hen decodedft}n?ﬁgggqquﬁ‘?f ?N&@Ygrreeg%sﬂ'rbﬁgdn 9@?3'{09)5%" -drgﬁﬁ%B@ngUP%a%rmdul at or
47 and channphckienstell défedtioPABC Y BUtvmatIGARICERELY dset RBglEVGNt i on
provide inproved nmethods of: signal detection; automatic gain control;
frequency of esténatien.isymha iming apdifrequenay tragking finelipnsncy tracki ng as

- described: below. 30 17 A receiver according to an enbodi nent of the

I nvention enploys novel functions 1 and 2 which are described in detail

bel ow. TheseTheehibovimbat providestthat thesk fdestisHs @iliseAVerlappingFrbhmbiai N
control) offset, frequency estinmation, synbol timng and frequency tracking -
functions. 5SYRROEDSEderdatMBriEUsQithein acaurack At the hasekand, dhe reesiver

| g\égreltﬁ:ﬁgi, n?h@rsrﬁg?glieccésr dBHor!the Qi ah8 nﬁ@éﬁd?é? thd ebmifg gférn%f:_&)wé} the
for the AGC process. Whilst performing the AGC function, the frequency
10  offset estimation and symbol timing functions are also performed. This is
achie\)ed 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 operati.ons are done one at a time using separate
preamble symbols. For example the first seven short training symbols are
used for signal detection and AGC. The remaining three short training
symbols are then used for coarse frequency offset estimation and symbol
timing. Then the two long training symbols in the preamble are used for fine

20 _frequency offset estimation and channel estimation.

We now describe in detail the operations perfbrmed by the uhits 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



firstly detects the start of the signal and nmeasures the incom ng signa
“power’ for the AGC process. Wilst performng the AGC function, the
frequency 10 offset estimation and synbol timng functions are al so
performed. This is achieved by using at |east some of the sanme synbols for
each function. In other words these functions use overl apping training
symbols in the preanble. 15 Conventionally the above operations are done
one at a time using separate preanble syfibols. For exanple the first seven
short training synmbols are used for signal detection and AGC. The

remai ning three short training symbols are then used for coarse frequency
of fset estimation and synbol timng. Then the two long training synbals in

the preanbl ethe rceded té atakiei ineor?éctidenipions; \deeldrigt are atquisitivawided channel
estimation. W now,describe in detail the operations performed by the units

1 and 2. 25MISSIRG IRFOFRFAQSIAN. O Hist MIREING dae SeiarlionolvReth caseamieh the
wirel ess LANBaQR&NAH Beldechsda!ibst byftﬂé%ééﬁve? %ﬁerg%ﬂ{?%gér)ﬁ#‘tﬁé}ioﬁ! Sith rs

distorted by nmultipath fading, col'lapsed wt noi se, O
i nt erfered biransméterdiagrialrstransmi thi2 packetevhile othet userg haveste wiit. Suvh

! . tlledietaaviipitule TEves . |
i ssi g the BRIt eerRate e udiay Tatrabrotefion BwBaI® cases
the packet jHctéadeetheafiban aansRfdsidly tifofReREY 8hd Aldifte, 8 16hd& RYthy eﬁﬁ' od

and the transmitter has to retransmt the packet while other users have to
wai t. Such 5bpgXreetedoss will not only decrease the overal |l system

t hroughput but will also increase the nmean transm ssion tine of packet

and, hence, a longer delay can be expected. ' '

Prior art units 1 detect a signal by measuring the correlation of incoming _

10 signals. Consider two' repeated training symbols as shown in Figure 5 that are
identical to each other at the receiver excépt for a phase shift caused by the
carrier frequency offset. If the conjugate of a sample from the first symbol is
multiplied by fhe corresponding sample from the second (delay time Tq = Tghon
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 embodiment pi’ovides that the energy of réceiyed signal samples
is measured. The power of each received signal sample is calculated and
integrafed for a duration of Tw. If the sample interval is T, Tw=WT, i.e. W

samples are processed to calculate the energy which can be written as
) . w-1 2
25  R(d)= |r(d+m)
m=0

- where W is window length, which represents the number of samples used to

compute the signal energy within the window, d is a time index correspond_i'ng'



Prior art units 1 detect a signal by neasuring the correlation of incom ng
10 signals. Consider two repeated training synbols as shown in Figure 5
that are identical to each other at the receiver except for a phase shift
caused by the carrier frequency offset. If the conjugate of a sanple from.
the first synbol is nultiplied by the correspondi ng sanple fromthe second
(delay tinme Td = Tshort later), the eff<?§t of the channel should be

cancel l ed and the products of each 15 of 'these pairs of sanples will have
approximately the same phase. So the nagnitude of the - sumw Il be a |arge
val ue. When this correlation value is Jlarger than a detection threshold,
the receiver is infornmed that a burst is arriving. The detection threshold
is normal |y tethedirsksaroplenna wirklowroid\samples, and oulisnthetsaonpleiintiex othat t he
ener gy of reﬁgived signal sanmples is neasured. The power of each received.
si gnal sanpl e:‘g'ngéﬁ”cul ated and integrated for a duration of Tw. If the
sanple interval is T, Tw=W, i.e. W sanples are processed to cal cul ate the
ener gy which_can be witten as w1 25 R(d) _ Elr(d +m2 M0 where Wis

wi ndow | engt fihe At Ban bprabiained byHbe Aolidyéng derativeptaraputetidnt o conput e t he
si gnal ener gy within the window, d is a tinme index corresponding 19 to the
first sanple in a wndow of Wsanples, and mis the sanple index of the

el oy PR YRR I S 07on el it am  resor et of
received signal energy 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 output of this'circuit is the measured energy of the received signal

15  samples over a window length of one short symbol. It can be seen that as the
leading edge of the window hits the start of a symbol as shown in Figure 5,.
the energy measured begins to accumulate. The output R(d) is compared with
a reference threshold which should satisfy the minimum receiving signal
power specified in the IEEE or Hiperlan standard and is adjusted by

20 experiment. In other words, the threshold is set so that as long as the
received sighals satisfy the'minimum requirement of the received signal

--power, R(d) will exceed the threshold.

‘Once R(d) exceeds the threshold, it signals that there is possibly an incoming
25 signal. But high noise and interference can also lead to R(d) exceeding the |
threshold. So R(d) is provided for the signal detection reference threshold in
" Figure 7;ie |P(d)| > p R(d) |

Referring to Figure 7, r(m) denotes the sampled received signal, the sum of
30 the products of the signal sample pairs is: . ‘ |



shown in Figure 6. 10 The recei ved signal sanples are input to a buffer
‘With size of Wsanples. The buffer is initially set to be zero. The power s
of the first and the last sanple in the buffer are cal culated. The power
difference is accunul ated as time goes by. The output of this circuit is

t he measured energy of the received signal 15 sanples,over a wi ndow | engt h
of one short synbol. It can be seen that as the | eading edge of the w ndow
hits the start of a synbol as shown in. BPgure.5, the energy neasured
begins to accunul ate. The output R(d) is conpared with a reference

t hreshol d which should satisfy the m ninumreceiving signal power
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
recei ved signals satlsfy the m ni mum requi renent of the received signa

power, R(d) v (Hg z}s pos'ﬁ";ﬁm"efb d Once R(d) exceeds the tz{eshold It

signals that t y an t'/nhcom ng 25 signal. But hig )n0| se and .
interference can also lead to R(d) exceeding the threshold. So R(d) is
provi ded: for t he SI gnal detection reference threshold in Figure 7; ie |

Fi 7 t J d ed
i ghal , tho. BRIGR 1= 30 s sieRoSnunoith (65 3kt Saniplpn SFARNGSRO0 e 1
P(d) = (5 édvu'rdmlro(f@am;ﬂ@s"aMD i@%e nm%%lééléaﬁnﬁle%' BBt

corresponding to the first sanpled trainin a W ndow of
sanpl es and 8ymboktie thepiramble. M‘élsdhesmmmqwfmemmes.for the length of the

‘correlation window. This window slides along in time as the receiver searches
for the first training symbol. Tis a sample interval, so the delay time Tq=DT
and the length of the integration window T,, =WT. Preferably Tw=Tg=Tshon.

10  This has the advantage of less hardware complexity due to smaller buffer size
compared with the case of Tw>Tshon.' 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 Tyis set to be one short symbol i.e. Tq=
' Tsh(m=‘16Tc 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 mtegratlon
window length Ty i is set to be Tshor -

20 P(d).can be obtained by the it'erative formula:
P(d+1)=P(d)+r"(d +W)r(d +W + D)-r*(d)r(d + D)

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



symbols in the preanble. Wis the nunber of sanples for the Iength of the
‘correlation window. This wi ndow slides along in tinme as the receiver
searches for the first training synbol. T is a sanple interval, so the
delay tinme Td=DT and the length of the integration wi ndow Tw =W,
Preferably Tw=Td=Tshort. 10 This has the advantage of |ess hardware
conplexity due to snaller buffer size cgqpared with the case of Tw>Tshort.
Secondly, this part of the hardware can “be reused by the function of
frequency offset estimation and synbol timng. Thirdly, there is fast
acquisition due to small delay and integration duration. 15 For signal
detection, the delay tine Td is set to be one short synbol i.e. Td =
Tshort =16Tc ®ievibisthe quio-cprplatienef the regeisghsamples: Heaneampthatthe auto-i s

ot ot on " EafT o seffiehen DY EERN A sABIAIYRh By el B 8ol e
obt ai ned by iMegnatlenathartmrfof'ﬁw#WT isRfadloulateld( d) +r*(d+Wr(d+WD)-r*(d)r(d+D)

A correspondi ng i npl enentation diagramis shown in Figure 7. The received
25 signal sanples rmare input to the Bufferl which has a size of D

Sarp) o5, Jhemethlsd PROTBLAPleRId Sy hniot g BRURAURED siRBvERRNGR O
size of W samhicﬂswnll‘lbmdlsdussfeﬂ lat&rethm‘bmﬂ‘er . |an§|gumm cahEbd sh‘etredibly[ﬂcﬁhl n the
ne. The ufferl r2 arelnltlally

et to be embOpa IRt Bad syhctanizagen e, Thendhe aBaoLIABICK: | on’ of
reoel ved Sanb o tyche Yepdieomient vt delcetiof MiEShal dEhelget RTATC S ©
TW=W is cargljd%heﬁvlnﬁwbéth&uﬂ@ desired SIgaalsle dmnedor synbol timng and
frequenc¥0 synchroni zati on
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.
I |P(d)] dbesn't exceed the threshold, the detection function will continue to
15 -calcuiate |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 Hiperian
protocols as these both contain an initial preamble of respective traihihg
symbols. In IEEE802:11a, the 1% preamble of the received burst consists of
25 10 repeated training symbols. In Hiperlan, the first preamble structure |
depends on the burst type, but each contains at least five repeated training
. symbols. '

2.  AGC (Automatic Gain Control)
30



which will be discussed |ater, the buffer 2 in Figure 7 can be shared by
“both 'signal detection and synchronization functions. Then the absol ute
value of P(d), IP(d)l is used to conpare with a detection threshold
dependent on R(d) to determ ne whether the desired signal is detected. 10
The detection threshold is inportant for the performance of signal

acqui sition. The enbodi ment proposes usézg the nmeasured energy R(d) of the
received signal to generate the detecti t hreshol d which is adjusted by
experinment. If IP(d)l doesn't exceed the threshold, the detection function
will continue to 15 calculate IP(d)l until it exceeds the threshold. Most
packets or signal bursts w1l be detected within two short synbols. If

| P(d) 1 doesnOncestbedmnsitted igaghisidetested, theoeteiver isplriggatedeto stag AGCket

o obabi 11 1y ACEALERs 15 BT bR Sl P AT TR B BB i ng

t he met hod Of/vldérjeval‘;in@sl@ﬁatpé\hérnleuasrbmd 0mhlaifrd gbnérﬁmﬁr@bh@lﬁﬁt Thi's
detection net hod can be ed for both I EEEB02 .11a and Hi perl an

prot ocol s asPPWeEevebinto H&b%&%baﬂd ADtGoaVe fetsadd| 23. dihendyfeiseioas he ai ni ng
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depends on tbmcbssettlstmmmlmd each contains at |east five repeated
training synbols. 2. AGC (Automatic Gain Control) 30 22 Once the
transmtted signal is detected, the receiver is triggered to start AGC.

AGC adj usts EBvertichat the Yirsti7edHdit SthBoR b sk8'Tof YGhYI ddetforRbhgmmodat e
. AGC. The control gain is applied to both the symbols for synchronization and
10  the symbols carrying data. The preambles rﬁodulated by QPSK requiire less
accurate control gain than the data symbols, especially thoée modulated by
'64QAM. To meet the requirement of all kinds of symbols, conventional AG.C

needs a long period to achieve an accurate control gain.

15 Inthe embodimenf, AGC operation is divided into two stage's. At the first
Stage, coarse AGC is done when the signal is detected. The coarse control
gain is used to adjust the subsequent short symbb|s until the symbol timing
and coarse frequency offset éstimate 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 twb-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 Tw = Tshort. At the moment when a signal is

~detected, the first stage AGC is triggered. Preferably two short symbols are
“measured. At the time of signal acquisition which is mostly finished within two
short symbols the receiver assumes that at least one short symbolis

- received and measures one more short symbol then averages the two

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



wi dely varying signal power levels and to maintain a signal wth constant
"power’ level 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 maximzed. Conventionally the first 7 short synbols
are used for signal detection and AGC. The control gain is applied to both
t he synbols for synchronization and 10 5§e symbol s carrying data. The
preambl es nodul ated by QPSK require | ess“dccurate control gain than the
data synbol s, especially those nodul ated by 64QAM To neet the requirenent
of all kinds of synbols, conventional AGC needs a |ong period to achieve
an accurate control gain. 15 In the enbodi nent, AGC operation is divided
into two stag@lgulaﬁe theh8GIG gain. ASiGagain ISM&BeA@Qsaardun@avlbekun tablsi gnal is

d. Th d to adjust th bse t short .
Syrbol s unt | FCAtANGRBF oLfit A e kst ben o i o c DA SIoTELEnfigYe. |
obt ai ned. At Thé%&@@qaﬂles'%%ﬂstrﬁbt% a&@%uh%t&ﬁ@fd‘llew. drgufy Mool tim ng.

The fine control gain is used to adjust t he subsedquent second preanbl e
and data symbols. The two-stage AGC nethod of the enbodinment is illustrated
in Fi gures 8a and - At the first stage, the received signal energy is
nmeasur ed g,l ,efdescrl bed above with respect to Figure 6. AGC reuses

t he ener né;a nt circuiit which has Tw = Tshort. At the noment when
~a signal is detect the first stage AGC is triggered. Preferably two
short synbols are measured. At the time of si gnal acquisition which is
nostly finished within two short synbols, the receiver assunes that at

| east one sh¥here@isdheiAGC gain Gda the initial AGE aain ard Rerds teoieferepagol t hen
averages t heeﬁé‘\@z?@uéﬁ( Rl opoRitHYo thgﬁegﬁ%lt?é]@ theARARhittSd SRa!sHRPe" 9Y

R( d) IS used t
symbol energy. Because AGC function interacts at the IF and RF parts of the

10 receiver, the theoretical reference energy Rs cannot be calculated only on
" baseband. Normally it's adj'usted by experiment and hardware debugging.

The obtained control gain is used to adjust the VGA 16 immediately.
At thé second stage, the output of the energy measurement circuit is delivered
to an IIR (Infinite Impulse.Response) Filter which is triggered by signal

15 détecti(_)nT The input and output of the IIR filter are updated-every Tshort =

o 800ns. As is known an IIR filter provides a weighted average of its inputs and
so its output at the end of the short preamble Will be the average short symbol
energy 6ver perhaps 7 short symbols. When correct symbol timing is
detected, the second AGC adjustment is triggered. The output of the IR filter

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

In the first step of AGC, one or preferably two short symbols of the first
preamble is measured to obtain an AGC gain and then the- ampllfer 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 than |
prior art methods, whilst at the same time allowing symbol t|m|ng and



cal culate the AGC gain. AGC gain is obtained by searching a | ookup table
“according to the output of the neasurenment circuit of received signal
energy. The |l ookup table is constructed according to the follow ng
formula. 5 G=G Rref R(d) Were Gis the AGCgain, G is the initial
AGC gain and Rref is the reference energy which is proportional to the
mean value of the transmtted one short iynbol energy. Because AGC
function interacts at the IF and RF partg of the 10 receiver, the

t heoretical reference energy Reef cannot be cal culated only on baseband.
Normally it's adjusted by experinment and hardware debuggi ng. The obtai ned
control gain is used to adjust the VGA 16 i medi ately. At the second stage,
t he out put ofrequenanefiifspt estimationrte start mushiearlier. dékei nuenieer oftroeasuretR

ou | | . By . el e
et ect | on.  THEOT SHTPORr 0 6 gGond plagks raple AP S8feEminsBLdiabely Tohor -
800ns. As i stisiyWThavarldBlé bhﬁﬁm?ﬁﬁéﬂﬂe@ tﬁe%ﬂﬂ]&?&ﬂa@?ﬁﬁrtggﬁctnﬁae'ats i nput's

and so its output at the end of the short preanble w e average
short synbol corsiantgainfer thedpliewinginesring signaslinclugingrthe twe dang synbol

timng i s de e | nt is triggered. The output of -
t he I?R-ﬁ I té&%eﬁkpldﬁgggggﬁ%@%ﬁiﬁhe control gain in the sane way

as at the first stage. In the first step of AGC, one or preferably two |
short synbol f the first preanble is nmeasured to obtain an AGC gain an
then the arrp.sri f?‘ise*?m edimpnton £-stgR APl Rrogessssirategy s adertgd asushavyn t"ned

second step uhss, | W 0 update
t he AGC gai np@o a h{)ﬁr@% fﬁgtc%rggtogw\%? U@Bwﬁglyygﬁgbﬁﬁi@cﬁgﬁ%ﬂa{rs after
two short sypieainhle aoanmeasuiaCtabbtain an fAGE lyain ane tisdvotte amplifidr, 16 hen fine

' 'rAr\DG?eW;aLL ;It ééﬁg%éﬁgBﬁggygﬁg lasdjuas?ecih?m sl,h%rgc é)%tr)gl's aargt1 'tyg;li-cr:]allisy 'Lﬁ)sre%vz:\g °s 4
this is how many symbols are typically required for signal detection, which
tfiggers 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 accU'rate value. The véfiable gain amplifier 16 is then adjusted again to
15 provide a constant gain for the following incoming signals for one frame. Note
the second AGC adjustment is triggered by the symbol timing function
‘(described below). When correct symbol timing is determined usually after
the remaining seven short symbols, AGC gain for the second AGC adjustment
is completed and the variabie gain amplifier adjusted accordingly.

20

3 Svmbol Timing Synchronization

The objective of symbol timing is to know when the symbol starts. A timing
“error gives rise to 'a'phase rotation of the subcarriers. This phase rotation is
25 largest on the edgeé of the frequency band. There is usually some tolerance
for symbol'timing errors When a cyclic prefix is used to extend the symbol as
is known. That is, if a timing error is small enough to keep the bhannel
impuls_e _resbonse within the cyclic prefix, the orthogonality between
subcarriers is maintained. In this case a symbol timing delay can be viewed

30 asa phasé shift introduced by the channel, and the phase rotations can be

A



~prior art nethods, whilst at the sane tinme allow ng synbol timng and 24
frequency. of fset estimation to start nmuch earlier. The nunber of neasured
short synbols in the second stage is variable and determ ned by synbol
timng. The variable gain anplifier 16 is then adjusted again to provide a
constant .gain for the follow ng incomng signals including the two [ ong 1\
5 preanbl e and data synbols for one frami In this enbodinent, a 2-step AGC
process strategy is adopted as shown in Pi gure 8. In the first step of

AGC, typically two short synbols of the first preanble are nmeasured to
obtain an AGC gain and then the anplifier 16 10 before the ADC (22,23) is
adj usted. Two short synbols are typically used as this is how many synbols
are typicall ysmr@qtﬁd@damansemﬁimmr dtattiorg shiftiis larger thgpdhe ctyblm prefixi

hort synbol IS HeRBxBBLRREAEaRENRI Certin QPN Bistims G avel el °=°"

val ue. The vecsl)ashhithnga?mmamltné |kt plaft 6f*‘&?§yrﬁ5bluﬁst|ﬁ§eﬂ6@b€fdr€ the provide
a const ant galn or the | owi n |ncoml§g] S|gna s for one frame. Note the

second AGC aflymbekdherefera, in giderda regueeatSlandihass ietatiprt, lthéfteshmatllon f
b bel m.n after
the remi o ngie of teia t SE HRE by BB o B Vel e S j Ust ment

i s conpl et edpreferabheay achrtd thegaamn ofthd sfrmbol &lposdisid. accordl ngl y. 20 3.
Symbol Timing Synchronization The objective of synbol timng is to know
when the synbol starts. Atimng error g| ves rise to a phase rotation of
the subcarti gngayld bérr@l%ﬂéﬁo?%%:?édueﬁrh ic3d) ¥ 818580 %“(ﬁe?ﬂ% nRtribhe
frequency ban here 1's usual sone Fera or Sy errors
when a cycl i Eigurefi(a) sbows ad etxampde@rﬁme timirey mietric wlue as a window slldes

10  past two repeated training symbols for the AWGN channel for an OFDM
signal. The peak value of the timing metric determines the start time of the
. received symbol. Note however tha.t for more than two repeated training
symbols (as in the case of practical systems), the tirﬁing metric P(d) will
produce a plateau as shown in figure 9(b) Such a plateau makes precise
15 detection diffi cult

For a muIﬁpath channél, the timing metric reaches a plateau which has a |
length equal to the length of th.e channel impulse response so that there is no
IS1 within this plateau to distort the signal. This plateau is caused by delay

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

25  In this OFDM synchronization technique there are several para_méters of
| -importance. One parameter is the window length, T,=WT, which represents
the number of samples pairs used in the metric. The other is the delay
between two repeated symbols, T¢=DT. Here the equation of the timing metric
_is the same as that of the detection metrics: | o
30



Is knowmn. That is, if a .timng error is small 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 estimated by a channel estimator. If a tinme shift is

| arger than the cyclic prefix, |Sl (IntgéhSynbol Interference) will occur.
In OFDM systens, a guard interval (d), ich is copied fromthe last part
of a synmbol, is inserted before the synbol. Therefore, in order to reduce
| SI and phase rotation, the estimation 5 timng of the start of the synbol
should be within the guard interval and preferably as near to the start of

t he synbol a s&bl,e. The, auto relation or detection netric P(d) is
al so ﬁsed as t(ﬁ8=3ﬁq ZﬁJ’r?z)(@t.’"*é%ure 9 (a) shows an exanple of the
timng metric val & as a window slides 10 past two repeated training
synbol s for the AWEN channel for an OFDM signal. The peak val ue of the
timng netric determines the start tine of the received synmbol. Note
however t hat I epnvemtienalyagthags. fepeeersidenedi taibeyequalte dusin(iguiend(ble case
of practi cal : L RO_et i g P | o | at eau as
shown i 1 1 gliraegegurvi i WL PE= Tid B 1 SHolhwherB] 28 pfpfesR of

di fficults Fsamalesihtonesdymiodlannel , the timng netric reaches. a pl ateau
which has a length equal to the |l ength of the channel inpul se response so
that there is no ISl within this plateau to distort the signal. This.

| ateau is cag 0;cSi n tl.n fric
Dl 2t eau. Al poropediied Tai T SRbRA R I naMoERS! b R PhoRatE”
nmeasuri ng t hiaceeipedothe pealpvaitieand $INRsof the anetda Wik adsease apshowndsrt ai nty
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10  Figure 9 (c), it can be seen that for a preamble with ten short training symbdls
and W=09L, Tq=L, the timing metric is a more readily detectable péak. The
start time of the frame 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
processed samples L whic_h corresponds to the repeated symbols. For

'15 examble, in figure 9b, Ty = T4, but Ty, + T4 <10L which is the number of
processed samples, thereforé 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 Tw and T4 being equal to or greater
than fhe number of samples processed. In figure 9c, Ty # Toand 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 preafhble symbols. By uéing 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=9Tq. 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,



25 In this OFDM synchroni zati on technique there are several paraneters of
“inportance. One paranmeter is the wi ndow | ength, Tw=W, which represents

t he nunber of sanples pairs used in the netric. The other is the del ay

bet ween two repeated synbols, Td=DT. Here the equation of the timng netric
Is the sane as that of the detection rretrics 30 26 w1 P(d) = Z(r(d +
mr(d + m+ D)) M0 In conventi onal 29 ,,, Is considered to be
equal to Td. In Figure 9 (b), the netri 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

I ncreased, the peak value and SNR of the netric wll increase as shown by

t he hi gher pthe timing ambthef valee of P (dyleare stoned duting lperleqdl@ias acahdida®ef €rri ng

[ b hat t short
oo ho2ay el daestopReg 36 Sbred Vi Wit T B e o Fotd FERiB0 e |
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value of the netric is dete 0 achieve a peak, the su and Td
shoul d be t httmingraed the neywrvates R{(d)|sarepstored againdor nextrmp)drtdsThle)fnaie

repeat ed I X re 9b, Tw, Td , but Tw + Td <10L
Wn!och is yn‘g r%%(\;(gmgf'&% 8§gig¥§%'es°3r¥%kcg therefore.a pl ateau is forned

after the receiver received Tw + Td sarrpl es and until all the repeated
synbol s are received. In other words, a peak will result fromthe sum of

T,, and Td bSinsg thg@istected sympoktiming '&méwfb%bh@ﬁlﬁ@ramd delawpd signalacessed.
In Tigure ¢ THFT WildaWds S8t tb the tTperiod earlier than the detected timing in-order

to reduce the degradation as mentioned above. The value of the threshold t,

10 issetto be very small in praCtice so that the calculated timing metric can

éxceed 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 detectidn takes 3 short

symbols, there is no need to change T, . Because the peak is always

15 detected when all 10 symbols are received as long as T, + T4 = 10L.

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

20 ektra'ction of the. received samples for IF.FT (Inyerse Fast Fourier Transform)
and discarding the guard interval (Gl) based on the received correct symbol

timing.

Figure 12 illustrates window control timing for a received data symbol. Since
25 an OFDM symbol has a guard interval prefix that is a cyclic extension of the
original symbol in a multipath channel having delay éignals, no degradation
occurs if the DFT (discrete fourier fransform) 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 interferehce in the DFT window. In exponentially

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



20 10L, a peak is achieved only when all repeated synbols are received; in
‘this " exanple at the end of the 10 short preanble synbols. By using this
method it is possible to have a | ow sanple rate eg L=1 which reduces
hardware conplexity and cost. 25 The peak detection algorithm and the
operation nodel of the synbol timng detection are shown in Figure 10 and
Figure 11, respectively. The algorlthn1|$ as shown in Figure 7, but using
the timng netric di scussed above i f=9Td. The peak val ues of the
timng netric IP(d)I are located sequentially so as to limt nenory

requi renents. When I P(d)l exceeds threshold value th, 27 the tinmng and
the value of IP(d)l are stored during period td as a candidate. If -1P(d)I
does not excwdb latediningrtban withuganyi timing. Because bilthis peoparty; pcedisertiming s

TG this i RTRaNaBRE s ot paled T oM anakdt fie dBXindow asl “per od

td. The fi naklighttedrcto\etimiBatesthbifteR8pMbGAI he
det ect ed Serb(l) I’?l mrﬁgol S dlgtur edeby?no:égém%%}fegggggggeglb Sgﬁfb&l t he DFT

wi ndow i s setiming emer.tf period earlier than the detected tinming in order
to reducesthe degradati on as nentioned above. The value of the threshold th
10 is set"to be very small in practice so that the calculated timng netric

can exceed Theaigder'W, mmt Bécalisedas W0 iricreasdy) InforarsanisieswiieBe af t er
signal detection. Then the circuit continuously updates the nmax val ue of

‘tinming netrPRCESEed and h'%h%ie?NBé?flﬁ'ée mettie saa beiohjaingd. Howevghbecauseect i on
takes 3 shor by Ie§¥f‘?ﬂ'§\}]ﬁrreé Pﬁéq SSIﬁ'nHrﬁgs ?Peegséd)fo(f'%@%? ggtectlﬁﬁ%ﬂsﬁt %_@a?peak:l S

al ways 15 detected en a S are rec ong as

10L. Once t hAG@erbam iuse Wy=Tiaso tmhrcectbédrardwarb cornplexitpddpwevat, @ can

function, 41 ' n order that, the s preanbl e and data synbol s

O]th t h:a Fbw alsd ulse the rp?& three symbols and choose E Alternatively we can use Y
Tw=6L and Ty = 4L which reduces hardware cost but provides an adequate

peak for detection, élthough SNR is reduced.

In priqr art, the number of samples that is used for symbol timing is only about
15 2 or 3L. As W increases, rhore 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 br plateau is better because it means higher
' _precision in searching for the peak value. When the first 3 symbols are used
~ for signal detection ahd 1t AGC, the following 7 symbols will be processed for
20 symbol _timinQ. When D=L, W=7L-D, a peak can be achieved. If 10 symbols
are used, W=10L-D=9L. The critical factor is that the sum of W and D is equal
to the number of processed samples in the timing metric. When the sum is
larger than the number of processed samples, a peék can also be achieved
~ but some buffer for W is wasted. However, when the sum of W and D is _
25 srrialler than the number of processed sarhpl_es, the timing metric ié like figure

9b and a plateau will occur.

4, Frequency Offset Estimation




packet may be correctly received. Wndow control is inportant for the 20
"extraction of the received sanples for | FFT (Inverse Fast Fourier
Transforn) and discarding the guard interval (d) based on the received -
correct synbol timng. Figure 12 illustrates wi ndow control timng for a
recei ved data synbol. Since 25 an OFDM synbol has a guard interval prefix:
that is a cyclic extension of the original synbol in a nultipath channel
havi ng del ay signals, no degradation oc€¥rs if the DFT (discrete fourier
transforn) window is set sufficiently early. That is provided all the
del ayed signals start in the guard interval cyclic prefix, there will be
no inter-synbol interference in the DFT wi ndow. In exponentially 30
decayi ng RayQ&DQYV syatéimsjarcheenyslensitivedo earrer fraguenicy aﬂ'sgtsasiacb theyhcaor e 28

pdind yM y : I s f o
WP 3o o A0 A Bt e S r R
is set slig8tboarfard withsuted I'aF@é‘éé@raTd%ﬂoh"ﬁ §¥st§bﬁ 'B@rlfoﬂrﬁﬁrﬁfef Thenseanpused by

synbol timng error. 5 The bigger ter. Because as Wi ncreases,
more sanpl esStﬁhHardﬁelE&E&Q?ettaadndﬂrHPEF@M/ZM specifiea mxmmm:aﬁseieper

obt ai ned. . Howeve I Lrs e shart s are used for
si gnal det ec\,\?%r 6fa#)e&%§t 'frg%fét 6@£ iWﬁés %S/E"?fiy'?eeﬁﬁ%e'i% har dwar e
conpl exity. rmgevarounds. E@Hzlsoqhéﬂeqaénémﬁéétrcﬁtzddphestamg‘qsﬂ s and choose
WEOL. Alternatively we can use Tw = 6L and whi ch reduces hardware

cost but pro9i28852CmbadedHaz. eThﬁéBRa'ﬂ%fhaiéh%mf airpasea@ffse@agrsesmpw s
reduced. L [eler3ehnd 45OHIRG s EBRRLRckAThe Lok aF el flaBHEPOL L
and hi gher Sb#sets from both transmitter and receiver. Frequency offsets are caused not
10 only by differences in oscillators in the transmitter and receiver but also by
Doppler shifts, or phase noise introduced by -non-linear channels. There are
~ two destructive effects caused by a carrier frequency offset in OFDM systems.
One is the reduction of signal amplitude in the output of the filters matched to
each of the carriers (the sinc functions are shifted and no longer Sampled at
15 the peak).-The other is the introduction of ICI from the other carriers which are
now no longer orthogonal to the filter (see Figure 13).

The 1Si preamble of an IEEE802 received burst consists of 10 repeated
-trainihg symbols which are identical to each other at the receiver except for a
20 phase shift caused by the carrier frequency offset. Because thé preamble is
so short the multipath channel can be considered time invariant. The
| mulltipath 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
: neceés_ary 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 Td_later), the effect of the channel should cancel, and the resuit will have

“a phase of approximately

30 p=aT,Af



.the nmetric can be obtained. Therefore WEOL is better than WE4L and WEAL is
better than WEL. Hi gher peak or plateau is better because it neans higher
precision in searching for the peak value. Wen the first 3 synbols are
used for signal detection and 1St AGC, the following 7 synbols wll be
processed for 20 synbol timng. When D=L, WE7L-D, a peak can be achi eved.
If 10 synbols are used, W-10L-D=9L. The_,gritical factor is that the sum of
Wand Dis equal to the nunber of procegged sanples in the timng netric.
When the sumis |arger than the nunber of processed sanples, a peak can

al so be achieved but sonme buffer for Wis wasted. However, when the sum of
Wand Dis 25 smaller than the nunber of processed sanples, the timng
nmetric is like figure 9b and a plateau will occur. 4. Frequency O fset

EStimation 2 [ itive. rrier frequency offsets
si nce they C@RG%W&%%F@G@@@C@{)@%@’meﬁgﬁ§aﬁi§c§§?lg}pt8$%tyhe spaci ng
between the cslelREhGitRs ég%ﬂrﬁ@@t%f Rd).arge degradation in system performance.
The WLAN standards | EEE802. 11a and H PERLAN 2 both specify a maxi num

of fset per 5 user of 20 ppm Current OFDM based WLAN i s assigned the
frequency. range around 5.2GHz. So the frequency offset of 20ppm stands for
5. 2e9* 20e2 62?0’4@(‘&?1.’@%ni s neans that the worst case offset as seen by a
receiver can be up to 40 ppm as it experiences the sumof the frequency

of fsets fromboth transmtter and receiver. -Frequency offsets are caused

not 10 only Hythdisthk e8¢SOl imRChoiheBYcauULE of fie Qﬁ%ﬁgm'%&i&fbfma@br{a%%?i ver
ce

but also by Doppler shifts, or phase noise introdu y ‘non-1| i near
channel s. Ththedreguencywasratasustin smallef thaotAf /2 aliseréfdre, thecfeequercyf r equency

of fset in OFDM systens. . One is the geduction of signal anplitude in the
out put of th@cqql%/lfig?@q;éte@ﬁg@ a gough-frequency error estimate with an accuracy of

10 b'ette_r than Af /2. In other words, if |¢| is guaranteed to be less than r, then'thé

frequency offset estimate is

A

Af_’:%.

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 isto
enlarge the estimation range which can accommodate possible frequehcy
offset. The frequency offset es_tin*iation range depends on the spaced time Td

20_ between two repeated sequences. To obtéin a larger estimation range for
frequency offset, Ty, the delay time between the repeated symbol should be

smaller. T4 can be set to mujitiples of Tshort.

However,'a smaller Tq will result in some loss in the estimation precision. In' .
25 orderto achieve a more accurate estimation of frequency offset, T4 should be

larger. In addition, in olrder to increase the SNR of the metric and'hence

enhance the e'.sti'mation précision, the integration window length T is made as

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



~each of the carriers (the sinc functions are shifted and no | onger sanpl ed
at 15 the peak). The other is the introduction of ICl fromthe other
carriers which are now no |onger orthogonal to the filter (see Figure 13).
The 1st preanble of an | EEE802 recei ved burst consists of 10 repeated

trai ning synbols which are identical to each other at the receiver except
for a 20 phase shift caused by the carrhgr frequency of fset. Because the
preanble is so short the multipath chan can be considered tine
invariant. The nultipath channel has the sane 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 estination
met hod. The fangguefifegqusincy effseband by tadjustingnbi we andiange the eptimatioshi ft . | f
t he conj ugat g,_of le fromt first synbol is multiplied by the
correspondi nére&éﬁjrgrl] §?¥Ffeoﬁ?%%‘°¥e¥%ﬁ& (delay tinme Td later), the effeect of
t he channel should cancel, and the result will have a phase of

appr oxi matel?/ 30 0 nr TdAf 30 where Af is the frequency offset. The phase
shift can belretheiembedimant, a twe-stags fiequencyoftpetestimatiopugthod iv =

of "t ho. phscProrbed i akn@ye DAY B el ey roe RS Haofradr R by ore, ¥

t he frequencpreom@mlIaldachrsta@é;tdlﬁé@uﬂyfspaé&ﬂgbm I@Weer(r@wltﬁ%l mat e
of 10 better t han Af In other words, if uar ant eed

with an accur%}/ g
to be less t® ﬁer’i fok ¢pafse pad F@&ﬂ%#é?dﬁﬁgléﬂlaé%ih&rﬁwg @emCan &(d).

T,=D,T
10
where
Dm - mLshon

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

short

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

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

~

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

20 tobe Tsho}t', minimum value, the estimated.frequ'ency offset can reach the
maximum. In prior art methods, two short symbols of the first preamble are '
‘used to do c_oarée frequency estimation. In the embodifnent, because AGC
can be done early so that more short syrhbols can be used, the eStikhatioh

- accuracy is increased. Furthermore, fine frequency estimation is processed

25 parallely, so .thé're is no reqdirement for this during the second preamble aé

with the pfior art.



~15. However, an unanbi guous 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 unanbi guous frequency offset
estimate is to enlarge the estimation range which can accommbdat e possi bl e
frequency offset. The frequency offset estimation range depends on the
spaced tinme Td 20 between two repeated s$guences. To obtain a |arger
estimation range for frequency offset, , the delay time between the
repeated synbol should be smaller. Td can be set to nulltiples of Tshort.
However, a smaller Td will result in some loss in the estimation precision.
In 25 order to achieve a nore accurate estimation of frequency offset, Td
shoul d be | dhgestimatecipbiase shift wihichisiemailer ihaoreisstbetrafle@idR afftotate netric
and hence eﬁhance tqgggslination preci sion, the integration w ndow | ength
Tw i s nade a¥CAYENQeCReiolddsi bl e. Therefore, by adjusting Td we may get a
desired estimation 31 range of frequency offset and by adjusting Tw we
enhance the estimation precision of the frequency offset. In the

enbodi nent, g LywWo=stAde 1f£egagncyr of fset estination nethod is 5 proposed to
achi eve both a l'arge Trequency’dffset estimation range and high precision.
In each s age, differently spaced sanple sequences (ie with Td different
for coarse and fine) are used to calculate the timng netric and P(d). Td
=DnT 10 whef@r he m-thisdage 1the phase shidt cayaed bfreguanstyalfsatis he mth stage
and Lshort is the nunber of sanples in one short synbol with a period of
Tshort= LshortT. At the first stage,

@, = gz?m +27-z
= 2ﬂAﬁnL:hortT

= mg,

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

- can be calculated with

7= RND mq;l _(I;m
- 2z

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

Af = ____¢m—
2amLg, T

_;5m+27r-z
2mmL, 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.



D1 = Lshort, and thus, the |largest estimation range of frequency offset is
achieved at the first stage. The estimation range is the range of estimated
frequency offset. Fromthe equation 4 = T , we can see that when Td is set
d 20 to be Tshort, m ninum val ue, the estimated frequency offset can reach
the maximum |In prior art nethods, two short synbols of the first preanble
are used to do coarse frequency estimatign. In the enbodi nent, because AGC
can be done early so that nore short synﬁ | s can be used, the esti mati on
accuracy is increased. Furthernore, fine frequency estlnation i s processed
25 parallely, so there is no requirenent for this during the second
preanble as wth the prior art. 32 The estimated phase shift which is
smal | er t hanln thi$ emblodiment ascshawn of Figurel14, a2esfagaestiofatisatmethod.is 0~ = ~~

= O T = T F h h h t db
f reqLenc;EI) of ?BB‘feﬁ R{ang%ﬁﬁ%r;[éceﬁv%%ﬂpgfﬁcgﬁ@rq-usg t@%smépee; eqﬁ?’?u%et hey
esti mat ed_ phaficets Fbf ihewd e SrasimRAt ShoAnATeNaRgs RbrofdiBbeT =

calculated with zRND nol m where RND X] represents roun
i nteger. Fi ndboy (CoRrse) aeédénsagmo{ﬁr@étandcﬁm el sest (qp@ree) add 4lshot (fine)

5 respectively. While it is possible to use other settings, Tq = Tshot and Tw =
7Tsnort are preferred for coarse f_requency offset estimatibn. This is because
the maximum frequency offsét estimation range can be a'chieved'. Tq =
4T sor, and Tw = 4Tshon are preferred for fine frequency offset. This is
because the estimation accuracy can be satisfied while the hardware

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

- The fine branch of Td = 4Tshort and Tw = 4Tshort is used to obtain the fine

15  frequency offset estimation. By applying the twd 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
functlon as descrlbed below. An |mplementat|on dlagram is shown in Flgure
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



of = OM 22nLsho"T Ym +22 .z 27anLsho"T 20 This estimated frequency

of fset has the sane precision as that at the mth stage and the sanme
estimation range as that at the first stage. 33 In this enbodi nent as
shown in Figure 14, a 2-stage estimation nethod is applied. Two branches
of received signal flow are used to estimate frequency offset. For the-two
st age enbodi nent shown, the settings are preferably Td = Tshort (coarse)
and 4TSHORT, (fine) and Tw = 7TShort (coéﬂse) and 4Tshort (fine) 5
respectively. Wiile. it is possible to use other settings, Td = Tshort and
Tw = 7TShort are preferred for coarse frequency offset estimation. This is
because the maxi mum frequency offset estimation range can be achieved. Td
= 4TSHORT, aothpewsatedtbiaugh cordralliref this exfefemicefdseitlataorethectloyk if f set. This
I's because the stinafg%ﬂ ﬁc uracy can be satisfied while the hardware 10
conpl exi ty nmalIMyEANSOYSIYAMYSHyrt hernore, there is then no need to do fine
frequency offset in the second long preanble as required in prior art
systens. The coarse branch of Td = Tshort and Tw = 7Tshort is used with
the first pirethesstandaidef IEZESSH2t 1y and HIPERLAN/Z] ihisorequired éhatrthguent | y

' i ' d = h Tw = 4Tsh ' d
Lo obt al 0t nEoRPRIeREqBE B e Bleceog aAdRs SHmOR) gk FERHENEhe 1w

estimat s { otdidanalaHall beatiab ippie mahiful. This thfishifRbeCetePigaENcPhg el 19
obtained. This is then used or the initial automatic frequency control 31

and phase cothsesyabolaodtofreduenayi shalldse derivad frenh thelsawe referemgkeenent at i on’

diagramis SQS&“.’I?atbP. 'IFHaqli'sr,ea-sirl\éle frequency source shall be used for both RF

generation and clocking the timebase.

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

15  recovered downlink clock. Each mobilé transceiver has a local timing
reference, usually derived from a letage 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
betwe_en the receiver and transmitter symbol clock occur due to non-idealities

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

After symbol tir_ning'is obtained (see 3 above), the frequency offset is
25 | estimated.(see. 4 abbve). Based on the estimated frequenéy 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




- .20 The two-stage circuit can be used to calculate the synbol timng and
frequency offset as the first stage estimation shares the same circuit as
synbol timng as shown in figure 14. 25 5. AFC (Automatic Frequency
Control) According to wireless LAN protocols, |inked sources are nandatory
at the transmtter and at the receiver. In other words, carrier and cl ock
frequencies are generated fromthe sane _c¢crystal. If the carrier frequency
offset is 34 conpensated through contropﬁing this reference oscillator,
the clock is simultaneously 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

maxi rum The transmtter center frequency and the synbol clock frequency

hal I be d mth il at That I
Frequency sofVERuah 3R bSeRElo-Hos fFRdifaney GiseL Pl aionAethSd ey Fhe
ti mebase. 10aghiev8MHitfiI¢ hcaGat ésﬁmﬁfécﬁﬁ‘ébdér%‘}‘ﬁff&t mm%q%sg%%fapju%t ng all

digital baseband algorithns is propose whi Ch uses a netho oop
timing. |n t NEXO@§sa precisghtat the reawoymﬁfseé candestotdllyeenidvesit To

Yansm tior PPITS et Ufng Bt 2o FEt bR SaTaRmuA AR ErBBR S Each
mobi | e t ransap?h@ﬁf Tesccars@ant finefrétflientc fcﬁﬂséﬂé@hmﬁﬁé&ﬂés)ﬂlt@%rré‘661415"5&!“ a
Voltage Controlled Crystal Gscillator (VCXO 25 which provides the timng

ref erence fopypﬁﬁ‘gr%@“@@r A'D 22, 23 transmitter DDA and all radio
frequency (RF) circuitry. Frequency of fsets

P
2omL, T

short
¢ +27-z
~2wmL, T

short

Af =

10
For example, the estimated frequency offset is f; which is obtained using the
above equation. AFC 31can adjust the frequency to a degree of accuracy by
fo. The remaining frequency offset (f;-f2) is compensated by the function of
phase shift compensatlon '

15 | _

| The block diagram bf phase shift Compensatjon circuit 40 is shown in Figure

15. The phase shift estimated by the frequency offset estimation functions is

input and divided by fhe'number of samples (L) for one symbol. The

o con_jugaté of this product is the compensation phase which is 'int\egrated

20 sample by samplé. 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, ther_é 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



~between the receiver and transmtter synbol clock occur due to
hon-idealities 20 in the renote transceivers VCXOs 25, possibly of the
order of several parts- per-mllion (ppm. Frequency offsets can al so occur
as a result of a non-linear channel or Doppler shifts.. After synbol
timng is obtained (see 3 above), the frequency offset is-25 estinmated (see
4 above). Based on the estimted frequen§§ offset for the short training
preanble (i.e. the first branch), the Automatic Frequency Control (AFC) 31
controls VCXO 25 to adjust the RF and IF oscillator frequency or clock
timng (14 and 24). 30 6. Phase Shift Conpensation 35 Although the present
t wo- st age frequency offset estimation nethod can achieve highly accurate
estimat ed fr &@uainig equency olfset sauses amemman phase vbittonr all subpariersel y

that the fre n f t n, be ]y I ved. .Jo ain,a fine
frequency adi HamaRe St saB % Shdibidlsdad ERBIGHr P A3 aBRLBL 1R lietne
coarse and fim@hfcheid ¢B86eiver isSedrkimitis @yhafiic.[FRfdihg 8nd Topplidpiedd aky usi ng
equation Af 2mLshonT ~m +27rz 2mmLshonT 10 For exanple, the estimated

frequency of ¥aeing.sTherefafe.dheirgsiingphase telatign iseot sigtiwanddgiat i on. AFC 31
can adj usg t cy to-a degree of accuracy by f2. The remaining
5 of Pipledifice
15

frequency of 2) is conpensated by the function of phase shift
conpensati on.
-To provide better robustness to fast-fading channels and a phase reference to
the phase rotation over all the subcarriers caused by small frequency and
symbol timing offsets, frequéncy tracking has to be applied. In the OFDM
10 symbol of 802.1 1a, there are 4 pilot carriers inserted into 48 data carriers. The
- pilot signals are first extracted from the received signal and multiplied with a
known pilot. By calculating the phase shift on the pilot carriers, the carrier
frequency can be compensated and the phase shift for inéoming samples can |
be tracked. The basic idea of phase shift estimation on subcarriers is the
15 'samé as the frequency offset estimation. In the method of frequency offset
estimaﬁon, 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

F= t:g(R’(P,n)-'R(p,n +N,))

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 integratioh 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 |EEE and Hiperlan WLAN standards. Ngq _répresents the duration of
(Ng ) symbols between the two symbols processed. The product used in the



- The bl ock diagram of phase shift conpensation circuit 40 is shown in Figure
15. The phase shift estimted by the frequency offset estimation functions
is input and divided by the nunber of sanples (L) for one synbol. The
-conjugate of this product is the conpensation phase which is integrated 20
sanple by sanple. T is sanple interval. i.e. the inverse of sanpling rate.
If sanpling rate is double rate of FFT SZip rate (20MHz), i.e. 40WMHz, T is
25ns. 7. Frequency Tracking 25 Although”Carrier acquisition is achieved
wi th good performance, there is always a small .frequency offset left. Such
an error will cause phase rotation in the subsequent incom ng signals.
Transforned into the frequency domain, the 36 renaining frequency offset
causes a confbevefraquenty tracking afjlatiomissobtained. by mhitiplyihgecaiudate ofa be

Ceceiver 1s aBPRPHEHE ool ol BiCoaST Ny RAHERR, Tos beiribsd pipducts

Therefore, taf inesgratddI Ol P RAGe Mithbérl Sfnteyradn SyrAbbs. and is 5
unpredi ctabl e To provide better robustness to fast-fading channels and a

phase reference to the phase rotation over all the subcarriers caused by

ool | ed T BTy B b a0 aRSARAL . e FRUERENALPRIR R 1 O ©°

i nserted |ntoa|48|ac§ttbycarr| ers. The pilot signals are first extracted from
the received signal and nultiplied wwth a known pilot. By calculating the
phase shift on the pilot carriers, the carrier frequency can be
conpensated and the Ease shift for incomng sanples can be tracked. The
basic idea o traphagr@(g ift estimation on subcarriers is the 15 sane as the
frequency offset estimation. In the nethod of frequency offset estimation,
t he phase shift is obtained by calculating the correlation of a pair

10  In this embodiment the phase shift estimation is processed every N, +Ng

symbols. That means the compensation output by frequency tracking will be
updated every N,+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, Ny, is
chosen to be 12 and Ny is 4. In order to achieve higher accuracy frequency, -

'Ng should be larger. However, in order to reduce hardware complexity, it is

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

compromise. The larger N, the higher the SNR. To increase the fréquency of
" updating the phase shift compensation, the sum of Ng and N,, can be reduced.

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

25 9 Channel Estimation and Equalization

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

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



~of sanples which are identical to each other except for a phase shift. In
frequency tracking, the phase shift is obtained by nmultiplying a pil ot
synbol with a conjugate pilot synmbol received several synbols tine |ater
The 20 frequency tracking nmetric is witten as NW-1 N -1 F=

~(R (p,nN)R(p,n+Nd)) n=0 p=0 where R (p,n) is the signal on p-th pilot
carrier of n-th OFDM synbol, Nd the 25 ggnber of delay synbols, NWthe.
nunber of integration synbols. Figure 16 illustrates these paraneters. 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 | EEE and

Hi perl an WLAN standards. Nd represents the duration of (Nd synbols between
the two synbol s processed. The product used in the 37 above frequency

tracki ng equat.i. .S _oft al . I RLYENg, . nj e, of a al with
a synbol tha?\tsilgﬂpé@gi &3?%“%@#5%&%@?é*g'%ﬁg(tg@\ré\ﬁjﬁié C&%HHE%‘?@%&

i nt egrat ed. Mdi\ﬁedﬁgnél&mﬁbeofﬂtﬂeﬁta@grati on synbols. 5 After obtaining the
sum of the products F, the tracked phase shift can be calculated by Ylrack
= arg(F) 10 In this enbodinent the phase shift estimation is processed
every NWN nbeks, \h means the conpensati on output by frequency

t racki ng %:jl Irf’ﬁﬁ S%"ﬁ)ﬁ@*égftlevery NWENd synbol s. An i npl enent ati on di agram of
this method is shown in Figure 17. 15In Figure 18, the perfornmance of the
proposed frequency tracking nethod in the AWGN channel is shown. As can be
seen, even aWishe-r()dBAWGH, 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 .énd
n. |
15 .
After carrier recovery (including signal detection, AGC, freduency 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[F]

whereby FFT function 43outputs frequency domain signals on N sub-carriers

25 R=[R(O0) RQ) - R(N,)]
and FFT inputs time domain signals of Nirrr samples

F=[r(0) r(l) “"r(NIFFr)]



met hod can achieve a precision of wwthin 0.1 ppm In this enbodinment, NWis
"chosen to be 12 and Nd is 4. In order to achi eve higher accuracy frequency,
Nd shoul d be | arger. However, in order to reduce hardware conplexity, it is
20 better to choose a smaller Nd. Nd=4 has been found to be a good
conpromi se. The larger NW the higher the SNR To increase the frequency of
updating the phase shift conpensation, t sum of ‘Nd and NWcan be reduced.
So when choosing NWand Nd, there are so tradeoffs in the inplementation.
25 9. Channel Estimation and Equalization For a WLAN transcei ver working in
an indoor environment in which a nultipath Rayleigh channel is assuned
without LOS (line of sight), transmtted signals wll be distorted by the
mul ti path channel. Therefore to restore the 38 signalﬁ, the channel state
information p S be estimated. 38, As_is known, the transmtter
transmts siaﬁ%ﬁ%”ﬂ??&’FﬂﬁﬁﬁgﬁsﬁﬁwHSHH@PSE¥¥5. The received signal can be
witten as 5 r(t) = s(t)*h(t)+ n(t) Wiere n(t) is AWE\, and * denotes
convol uti onal nultiPIjgation. This equation can be rewitten in the
frequency dokBedorgstrainingegnpels afike premmbleztan be used krobiaimpfefancei er

transform t | of. s, Jh.and, n. 15 After.carrigr, recover '
(i ncl udi nr% s%@ﬁyﬂggﬁé{g ﬁ%ﬁgs@goppe%gﬁ%ry %’?%‘i‘ﬁat'%tlmﬁ? IWEYARNG ¢ i i ng
det ection, tBymbek ¢he/Signaisl dn Eaehstbearfibpate QP SMInddiidted BB XnowH'®
received signals will be transformed into the frequency domain
- ~the recelver. By dividing the received long training symboals by the known
symbols, reference amplitudes and phases are obtained for doing coherent
demodulation.

10

Where H;, is the estimated channel for subcarriers and R 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 used for equalization where a one-tap equalizer is applied.
After cha_nnél estimation and equalization, the signél for each subcarrier is
demapped into binary data according to the modulation type of the subéarr_ier
20 for example 16QAM or 64QAM.. Then the data sequence is decoded
according to the coding rate used. To combat the deep fading which affects
the overall signal bandwidth (flat fading), the best way is to use an efficient
channel code, in conjunction with a robust modulation. In the WLAN
standards, convolutional coding is used with coding rates of 1%, %, an‘d 2/3.
25 ' '
| In Figure 19, the BER perforfnance for 64QAM, 16QAM and QPSKin a
“multipath Rayleigh channel is shown. The multipéth channél is constructed

according to an exponentially decaying power proﬂlé model. From the figure,



~using FFT and can be witten as 20 R = FFT[r] whereby FFT function
43o0ut’puts frequency domain signals on Nc sub-carriers 25 R = [R(0) R(1)
R(Nc)] and FFT inputs tine domain signals of NIFFT sanples r = [r(0) r(1)

- r(NIFFT)] 39 where IFFT is reverse fast fourier transform The |ong
training synbols of the preanble can be used to obtain reference 5
anpl i tudes and phases for doing coherent4gennquation. In the long 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
synbol s, reference anplitudes and phases are obtained for doing coherent
denodul ation. 10 R Rstore Where He is the estimated channel for subcarriers

and Rstore i wetgah sgethadithe perferimance efitbe pregosadmetfiathapmieaches thadefi cal
parts of the raini bg: 15: synbol , coherent references can be obtai ned
with a noi Sep{a@\gélctl}aﬁgg %’g"éét " lower than the level of the data synbols.
Then the estimated channel information is used for equalization where a

one-tap equal jzer is applied. After channel estinmation and equali zation,
t he signal fEheé’&(ﬁ?t'gﬂﬁ@érm%‘rd@%c”b&@ﬁ’éﬁb@feﬁ%% tﬁi%%fﬁyreéaﬁfﬁb%m ng to

the modul gt | ke P ARIntIoRE aAidtiFBEMESfiordwhRh XU GBI LAERM e nen

the data sequence is
art are intended to be incorporated within the scope hereof. The various

aspects of the invention are freely combinable.



~according to the coding rate used. To conbat 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 nodulation. In the
WL.AN st andards, convolutional coding is used with coding rates of Y2, %
and 2/3. 25 In Figure 19, the BER performance for 64QAM 16QAM and QPSK in

a nmnultipath Rayleigh channel is shown. r11e mul tipath channel is
constructed according to an exponential ['y decayi ng power profile nodel.

Fromthe figure, 140 we can see that the performance of the proposed nethod
approaches that of perfect channel estimation. The invention has been
described with reference.to preferred enbodi nents 5 thereof. Attentions and
nmodi fi cati on&l@M$h 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 conbinable. 41 dains 1. An Automatic Gain Control

pover of recti vod o ok gt Sain CRAEPappdRiLror 8y ORRRL AN, hoindit "7

| evel ; 5 nmeans for determning a first AGC | evel based on the average power
of a first nunmber mtanynfool deteamihimpathe Bweradet @owieni of receieednproambleevel

based on t he average ower of a second. n er of subsequent synbols. 10 2.
An appar at USSWEB&an%'%P\g?Q:P%W TPW'@%X& vaﬁ;vrst AGC | evel
determ nation is triggered by signal detection. :

5 means for determining a first AGC Ievel based on the average power

of a first number of stboIs; and

means for determining a second AGC level based on the average
power of a second number of subsequent symbols.

10 - 2. "An apparatus according to claim 1 wherein said first AGC level
determination is triggered by signal detection.

3. An apparatuslaccording to claim 1 or 2 wherein said second AGC
level determination is triggered by symbol timing acquisition.

4. An apparatus according to any precedihg claim wherein said

16  determining means comprises an infinite impulse response filter.

5. An apparatus according to any preceding claim wherein said AGC
level determination' means utilises a look-up table to correlate said average
power with.an AGC level.

6. An apparatus according to any preceding claim wherein sai.d'second
20 number of symbols is larger than said first number. -



3. An apparatus according to claim1l or 2 wherein said second AGC | evel
deternm nation is triggered by synbol timng acquisition. 4. An apparatus
according to any preceding claimwherein said 15 determ ning neans
conprises an infinite inpulse response filter. 5. An apparatus according to
any preceding claimwherein said AGC |evel determ nation neans utilises a
| ook-up table to correlate said average ower with, an AGC level. 6. An
apparatus according to any preceding claimwherein said second 20 nunber
of synbols is larger than said first nunber. 42 7. A nethod of Autonatic
Gain Control for an OFDM receiver, conprising: determ ning the average
power of received preanble synbols in order to set an appropriate AGC

| evel ; 5 det érmi ningmethpd sof Adotaragtic  GaiedCentrehdorvan a§f eceiven
first nunbe{:o %n§% ols; and determining a second AGC | evel based on the
average power O second nunmber of subsequent synbols. 10

determining the average power of received preamble symbols in
. order to set an appropriate AGC level,

5 detefmining a first AGC level based on the avérage power of a first
number of symbols; and ' |

determining a second AGC level based on the average power of a
second number of subsequent symbols.

10



