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Rece,w,ﬁr,, and Met hod for WLAN Burst type Signals Field of g@ M#ﬂ]ln The

“present jnvention relates to nethods and devices for rec S in
5 a Wreless Local .Area Network (wireless LAN, or W.AN),

the case that the signals are Othogonal Frequency Di V‘rSI on ‘MEII5?| pI exed
(OFDM - signal's. Description of the prior art 10 Recent _
wireless LAN standards |EEE 802.11a [1] gnd H PERLAN/Z [2ﬂm|||mﬁ!ﬂwmmmlli|,een
devel oped. The | EEE 802. 11a standard is ‘described in "Sup WEEE

- Standard for Information Technol ogy - Tel ecommuni cations and I+éermation
Exchange between Systens - |ocal and Metropolitan Area Networks - Specific
Requirenments - Part 11: Wreless LAN 15 Medi um Access Control (MAC) and
Physi cal Layer (PHY) FRegaiver andiMethod fargVLANBursttypecBignalyer in the 5
GHZ band" | EEE Std 802. 11a - 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 wFiekl of BiRAMvVenttdrERLAN Type 2; Data |ink Control (DLC) Layer
Part 1. Basic Data Transport Functions ETYSI Tﬁ 1191I I716 1Vv1il

2000- 04 Fqr an OF based w rel ess recel ver, the followi ng issues are

gl gni fi c?ant ﬂ’%P{ﬁ?&r‘ Hesten dﬁlat%d? Methedmand deyieesdpr feaaiving signalein

oo TinoRrelodPLpR Athg NeRRYROGYrdIeGh TAN VRN Sty o ng

synchr oni zatdase,thet ﬂitBeSIQnaIQ%DM @ethoghnatfrequerscy Bivisise Multipleged gOFPDMpency
of fset and | % a(II nt ersynbol

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 —
Telecommunications 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-PhysiéaI Layer in the 5 GHZ band” IEEE Std 802.11a — 1999.
HYPERLAN/2 is described in Broadband Radio Access Networks (BRAN),
;‘Brdadband Radio Access Networks (BRAN); HYPERLAN type 2; Physical
(PHY) Layér". ETSI TS 101 475 V.1.1 (2000-04); and also in Broadband

20 Radio Access Networks (BRAN), “Br_oadband Radio Access Networks
(BRAN); HYPE.RLAN Type 2; Data link Control (DLC) Layer Part 1: Basic
Data Transport Functions”, ETYSI TS 101 716-1 V.1.1 (2000-04).

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



' )

Interference) caused by a nultipath channel environment and which can
rTesult in serious timng errors, also if not corrected a phase shift is
accurul ated on. each subcarrier, and this can bring about channel
estimation 5 errors. Figure 1 shovvs 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 det ectiorb automatic gain control, synbol
timng, frequency estimation and channel“ estimtion. 10 The first part of
t he 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
Transfornm) interval of a normal data synbol. These short synbols are

gener at ed byOirdiMglepradulationziervery skositive ¢o fregliersy bifsetsarict ISIr (Irtersynitiegr s

which are a le of 4. re ar asos far using relatjvely short
15 synbol s |ﬁ¥‘lfrlf§?'§ gﬁ aUFe‘ﬂ}éV ﬁﬂ?%ﬂ ﬁﬁ?@‘?‘? enyiFnnagRyr and sWhishl san
provide a crizv@nirenéeriild @i réﬂbFQ n ut ' nt ( nd
packet detection. Secondly, the shortglss?m;plr%gere?%bt%g%s d|’I']'(téL$80's§s Ig to
do symnbol t@‘FﬁUﬁ@Ula'Fﬂﬂ an esah seibrawigieany this fsetbring abaut canriel kstmbtioge
unanbi guqu ge. 20 The short training synbols are foll owed by two | ong
training syn%o ‘"With a duration of that of a data synbol. There are two
reasons for using long synbols in this part of the preanble: First, it
makes it posBighte 1tshales theostratire ofrithg BRDM PHY TRim@of EEENE0Y 4R Sy mbol .
Second, the Iﬁ'ﬁg synbol can be used to obtain_reference anplitudes and

phases for d¥PiFg :PRERD l[e presedesmilAata symbals. tTiés erepmble: iscessantiabte, a

ontarns | it o BRCRRCABEERSh, Blicidtic GaHEPbnfal Yy %@'éﬁﬁ’ﬁgoﬁeﬁé%sﬂ' of

the rest of estingtiorkand 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 FFT (Fast Fourier
Transform) interval of a normal data symbol. These short symbols are
generated by using only nonzero subcarrier values for subcarrier numbers
which are a multiple of 4. There are two reasons for using relatively. short

15 symbols in this part of the preamble: Firstly, the short symbols provide a

| convenient way of performing Automatic Gain Control (AGC) and packet
detection. Secondly, the short symbol period makes it possible to do symbol
timing and a coarse frequency offset estimation with a large unambiguous

range.

20 The short training symbols are followed by two Iohg training symbols with a
duration of that of a data symbol. There are two reasons for using long
symbols in this part of the preamble: First, it makes it possible to do a precise |

- frequency estimation on the long symbol. Second, the long symbols can be
used to obtain reference amplitudes and phases for doing coherent

25 demodulation.

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

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



3 Finally, a variable nunber of data symbols are transmitted typically at
"a hiigher. nodulation level or rate. Each data synbol consists of a guard
interval of 800 ns and a data IFFT interval of 3.2 us. H PERLAN 2 system
has five different kinds of PHY bursts [2]: 5 1) Broadcast burst; 2)
Downl i nk burst; 3) Uplink burst with short preanble; 4) Uplink burst with
| ong preanble; 5) Direct Iink burst (opg onal ). 10 I ndependently 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. The content of preanble and payl oad section depends on
the bust type. There are five different types of burst format which are
shown in Fi ghinally; a vayiablesumiseroefdiais symboss are(ﬂnansmiﬁedrtyplnbllybataﬂngt(er) an

Upl i nk bur st I nk. t wth preanbl e,
(e) a Direct ni'&d:gha@glﬂgﬁel #’H%%%Wﬁggﬁ)arﬁyﬁab ﬁ?ﬁéﬁ%? ?rgélaé%'?ie 'Pf)gngEE
802. 11 a, buhstahd PpdateafFTinterenuEBcBusf short synbols may be different. A
downlink transmi ssion starts wth 10 short synbols as in | EEE 802. 11a, but

the first 5 synbols.are different 20 in order to detect the start of the
downl i nk f r aRt?ERBANA speterthas figg diffasent kinds ebPHYebwrstsal2]:short synbol s,
with the | ast short synbol being inverted. The difference between the
preanbl es; of 4y g c89¢h l],é and H PERLAN' 2 is determ ned by their
respective prot ocol s. wever, at the PHY level, in principle the sane
recei ver architecture may be wused for |EEE802.11a bursts and sone H PERLAN

bursts, in pdrPpenlink 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 Figﬁre 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 802.1 1.a, but the preceding
sequence of short symbols may be different. A downlink transmission starts
with 10 short symbols as in IEEE 802.11a, but the first 5 symbols are different

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



non-downl i nk bursts. Signal detection, AGC and synchroni zation are not
"necessary for downlink burst. As the format of broadcast burst of 5
H PERLAN/ 2 is al nost the sane as that of | EEE802.1lla, the sane receiver
architectures or nethods can be used. Figure 3 shows the tinme and frequency
structure of an OFDM packet having an |EEE 802.11 preanble. The packet
starts with 10 short training synbols, gdsi ng only twelve subcarriers,
fol lowed by two |ong training synbols and” data 10 synbols using the full
fifty two subcarriers and containing four known pilot subcarriers used for
estimating the reference phase. The ten short training synbols use a |ow
order nodul ation for exanple QPSK (hence only the twelve subcarriers) in
order to al | bloweverratdbe \RHY tevedyingitiniple ¢hé samief receivier anehiteicthuremhag be

) f e
P eandi e, wheRd 18" BorERY 330 hpscand Rome HPERTAN bidaiec nastionas 4o
packet conpr hsaidwitinkeBurghor tSignabakfectiont m&eaga'bé}ﬁfchhﬁ{ifatﬂﬂp arrgenc#two

| ong synbols on all fifty two subcarriers, is used to performstart o
packet det epefegsanaufasmeiomnlighi huestnt r 85, thg nfosinat | of nbroaficastudnost of

CoLLnte o SPPERIANZls SRt e nd s, Bt SEEEREAI0N R85 et
bits. As is krohitecturey ol metiisdyf ¢an be ugedrd interval (G) is added to each
data synmbol to make the receiver nore robust to nultipath propagation. In
Compar od i t FIOLHR IR EStie: 89 GRAURBCRLHAGKS ofan OF BN Fackel Gaving cant
ity of “TRATEEE:SO21SREarBI"The S Mot 01610, 941 GolAS b o0
or at |east wsingromiyt twelve subcarriers, followed by two long training symbols and data
10 symbols using the full fifty two subcarriers and containing four known pilot
subcarriers used for estimating the reference phase. The ten short training
symbolé use a low order modulation for example QPSK (hence only the
twelve subcarriers) in order to allow the receiver to synchronise itself with the
incoming packet, before the actual data bits can be successfully decdded.
15 The preamble, which is contained in the first sixteen microseconds of each
packet comprises the ten short symbols on twelve subcarriers and the two
Iohg' symbols on all fifty two subcarriers, is used to perform start of packet"
~ detection, automatic gain control, symbol timing, frequency estimation and
channel estimation. All of these training tésks are necessary in order to

20  successfully receive and decode the actual data bits.

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

25 delay of the channel such that all significant received copies of the data

symbol start within the guard intervals.

30
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5 nmet hods and apparatus relating to receiving signals, especially OFDM
“sighals in a W.AN. There are provided various aspects relating to a
receiver for an OFDM burst type signal, including: signal detection;
automatic gain control; synbol timng; 10 frequency offset tracking; and
frequency tracking. Apparatus and nethods relating to each of these aspects
may advant ageously be conbined with apparatus and nethods of the other
aspects. Alternatively, each aspect nmay e 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 sanples of two
recei ved preanbl e synbol sanples, one said sanple del ayed a predeterm ned

duration with, | other; signal detection being indicated when
the correl at?ghﬁﬁgﬁé%’feg?eelﬁ\{%wnzo or equal to a threshold; wherein the

threshold i s dependent on the signal power of the received preanble
synbol s. There is al so provided a correspondi ng signal detection nethod
conprising 4R¢ Eresant inyentien @ms &p provide en iewrovashonal legstsalteshativerf t wo

receivedg pr e RS d r.ede 1, ned
duration wi tﬁ@g@ ﬁeﬁﬂggﬁ%tﬁ%lé AR '%sra'(lB ig‘g’ﬁ‘zﬂd &égggti?g%%nﬂgﬁ ﬁg%al%‘é{%d
when the corined WlLAM. is greater than or equal to a threshold; wherein the

threshold i s dependent on the signal power of the received preanble
synbols. 6 This uses the signal power of sanples of the received preanble

SYPOLS Over ThéhraibAted vaRios bspdRIRting 1 ellela rah AraFpifbErd o0, L°

set the threshold r the correlation net f "detecting a Thi s
has the advapagigna, inclngingv signahdetectioy; aitoretiegaimvorispiesymbbltiting;

i ncreas t \ ise. 5 This is because the threshold is dynam c
523 d ep:@d eﬁk&%ﬂe@@? goﬁfgpp ﬁ'aglgag'i %r;;f;] !freqhency tracL:ﬁng. pparatus and me!th_ods}/ _
relating to each of these aspects may advantageously be combined with

apparatus and methods of the other aspects. Alternatively, each aspect may

be used with prior art other aspects of the receiver.

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

20 or equal to a threshold; wherein the threshold is dependent on the signal

power of the received preamble symbols.

There is also provided a corresponding signal detection method comprising
determining the correlation of corresponding samples of two received
prea'rhble symbols, one said sample delayed a predetermined duration with
25 respect to the other: signal detection being indicated when the correlation is
greatér than or equal to a threshold; wherein the threshold is dependent on

the signal power of the received preamble symbols.



conditions. Preferably the apparatus further conprises nmeans for
"“detérmning the signal power of the synbol sanples, and neans for

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

di fference between said sanple signal powers, with the predeterm ned
duration preferably being of one preanbl synbol . The correl ation
determ ni ng neans preferably conprises ans for 15 determ ning the
product of a said sanple and the conjugate of a said delayed sanple, neans
for accunul ating said product over an integration wi ndow, and neans for
accunmul ating_the difference between said product at the beginning and end
of said wi ndbis usgsTthe signa peweaoéspmples efithe recéived preardble syasbols avpt e i n

a correlatio ] Vi a, length of .one preanble synbol. |n

second. as pec?’e\cl)ﬁuqﬂﬁéf %@P&ﬁ%ﬁ"%‘éd@%‘ﬁ?g fois ﬁ'é’aeb%\ﬂn&é&eiﬁh%mf%%'#c
~Gain Control fo@l@ll@@b@tré&tibﬁ_rm@tho@ﬁ@ﬁb[&(ﬁﬂb\@éignB@Wh‘i’thaéWédJé?fta%@bPr m ni ng
t he average power of received preanble synbols in order to set an 25

appropri at e INRroViagaccuReynef dejectinn espadialydbiaintreasedAcierareabf haised on t he
aver age fi LT . S : wJJeans for .determning a 7
Seconq aCe"T S BebaiR RG] IS /HAING M derEeE 67 gL Feppton

subsequent sgovailiens. There is al so provided a correspondi ng autonmatic gain

control nethod conprising: determ ning the average power of received
preanbl e. synbols in 5 order to set an appropriate AGC | evel ; determ ning a

first ACC | epgifef2dffth v WQ% f L . of Ql s
and; determ ning a se(%ﬁ%ﬁ&%&% fifer@%l? qt;%a e(?egnm?ﬁééé@ég%ﬁﬁgv\@}h%%@%econd
nunber of supdeeuehthe 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 comprises means for

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

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

In a second aspect of the present invention, there is provided an Automatic

Gain Control apparatus for an OFDM receiver, having: means for determining

. the average power of received preamble symbols in order to set an
25 appropriate AGC level; means for determining a first AGC level based on the

average power of a first number of symbols and; means for determining a



symbol s. 10 This allows symbol timing and frequency offset estimation to

- start earlier and use nore short synbols thus increasing their accuracy by
allowing themto rely on a coarse AGC. It also uses nore short synbols
overall for (fine) AGC and thus increases its accuracy for data recovery.
Coarse ACGC is sufficient for starting symbol timing and frequency of fset
estimati on when the 15 nodul ation rate iﬁ,low i.e. QPSK, the fine AGC being
i npl enented before high Ievel nodulation such as 64 QAM where accurate AGC
is nore critical. Note that this also allows both coarse and fine
frequency estimation to be done within the first preanble. 20 By
conparison, prior art AGC nmeasures the signal power of the first seven
short synbol 8e¢and MGEi leyel prsadiore the haerage upaver e 4 atezbnbehmgber xfaged

to determ ng%ggg%%ﬁgé%m%te gain |l evel . However because this AGC uses the
or

first seven S symbol s, symbol timing and frequency of fset
estimation cannot be started until the 8th short synbol, thus |eaving only

three 25 synbhée dscalsenpevided td Nrasspehamy alkbrhafié Sghuheéyhﬁél 'rﬁbtﬁB& fine
frequency estimation having to utilise the second preanb By using a

t wo- st age ACEORBIIHIBE- |ﬂetﬁﬁmmgat%avgegm;@we§ Qfereeelnedwe@'nble syrobolssy nbol

ol nbol
imng and 12 oe 5 eeCan #Bpfobrisie ARt Tovel ety 8 HS APt Bhetbasad 8
their accur ahe a\seragprpmxmf oﬁéasf&stondmbteﬂ@ﬁ sy ahdn detdtniidingl 4 @bc¥hdh
these funct res he AGC at the end of the short Preanbl e burst
for high c%éﬁnfa ﬁaﬁaa? JVRIEPRPIVR %%%cﬁ?@%ﬂd@,énm sulpsesfuenibl y
said first A%ﬂ,@ ¥el determination is triggered by signal detection and

sai d second AGC | evel determination may be triggered by synbol ti m ng
acqui sition.

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

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

done within the first preamble.

20 By comparison, prior art AGC measures the signal power of the first seven
short symbols in the first preamble, this accumuléted total being averaged to
determine the appropriate gain level. However because this AGC uses the |
first seven short preamble symbols, symbol timing and frequency offset
estimation cannot be started until the 8™ short symbol, thus leaving only three

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

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



Preferably, the determ ning means conprises an infinite inpulse response
"filter and the AGC | evel determination neans nay utilise a | ook-up table to
10 correl ate said average power with an AGC | evel. Preferably, the second

nunber of synbols is larger than said first nunber. Preferably an IIR
filter is designed to average the neasured power for 2nd AGC in order to
reduce the required buffer. 15 In a thi rq3 aspect of the present invention,
there is provided a frequency tracking apparatus for an OFDM recei ver
havi ng: means for determning the <correlation of corresponding sanpl es of
two received pilot carrier synbols, one said sanple delayed a

predeterm ned duration with respect to the other; 20 neans for integrating
sai d corr el aBYBROLNMAINGANG ficauenay offsaliestimatian ¢anmiam snudhoeariet anditmisng a

frequency trﬂ&!ﬁi ' i t he | d d grati.on. There js also
~ provided a corr gé;(%gﬁ%éyr)\'é '@;‘I)ﬁ@o ftﬁ%g%ﬁkf%?dofcfgﬁgqugma_par%"gg &’r’tﬁithf'% the
correlation functions angoeskts the AGE et tid ehdvof frRCSHOHEBradichiSie butst fot Righ
synbol s, one said s | e del ayed a predeterm ned duration with 25 respect
Aa

to the other2CGHaey regovanusing the sesand age APCi nt egrati on wi ndow and;
determning a frequency tracking error fromthe sumof said integration. 9

By using gn PRIGEIA saf fisP AR Tel M&s&mg%m&%%&@& B €ighaPhbtetighO!
for exanple nine short synbols, this results, grapnhically, In an 1nproved
nmeasure of #dpaidosecand ABG leyet Hetesyiriationt may e Siggeted bysymibol dindey t o
produce a clgmsigggk as opposed to a plateau in P(d), sumof the duration
or length of I'ntegrati on window and that of the delay between
correspondi ng sanples in different synbols should be greater or equal to

the nunber oPreferabhglthe detapmirity mdahd Rohiprs882an Thfifitd TmpUlB RIsPBhees for
easier and .npre accurate estimation of the synmbol tim ng.
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 pdwer for 2"
AGC in order to reduce the required buffer.
15

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

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

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

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



10 By conparison, prior art synmbol timng arrangenents use the nmetric P(d)
"“having an integration wi ndow T, N equal to one short preanble symbol (Td).
However such a netric does not indicate precisely the synbol timng,
instead producing, graphically, a plateau which makes precise detection
difficult. 15 Preferably the apparatus further conprises correlation
determ ning neans and integration means §or synbols froma nunber of other
pilot carriers; said frequency tracking error being determ ned fromthe
average integration sum of said pilot carriers. In a fourth aspect of the
present invention, there is provided a frequen?y ogfset 20 estln?tlo?
apparatus fop an,  OFDM receiver, having: neans for determning a firs

f quuency of éXé{S”}ﬁa@” HyegRating W'B@O‘Gé'fv»e\f"ﬁichllﬁb?ﬂg% than pae shparsysibol, for

di first
r edet or i nod TAPR fifle ShotimiKhe R TeBLECTRLENEHTP Th NS Edrldsste
frequency of 66R(d)Hanvestinatiranthef symists! ttiening starg titee Im@l‘déﬂtafplr@iuw‘a Sfear
mo receive | es a second.

nbl
or edet or m nokedioPapPaRsed I PRt 11 b g‘é‘mfﬁaimatgprum ginobiéeng
diff f
it and | ooedratioh Wi SRg Mathiant el B B R s Rn AP Ba loncy

of fset est i differem symbolsT$mtdd ibe grbaterm@qludétrb Memwm%mlé lr)equency
of f set

of fset met ho | Si ] frequenc

det erm ni ng %ﬁg ld(?ldreﬂ 5%,95@85'“9? é'gﬂﬂﬁtﬂ'ﬂ\ﬂd? fQyi qasi an/\B‘Q’%@&PW@éP
preanbl e syn@glmgtﬂmobﬁﬁeasyfﬁgoﬂlm"pé edeterm ned del ay duration apart;
determning a second frequency of fset by 5 determi ning the correl ation of

correspondi ng sanpl es of two received preanble synPoI sanpl es a second

predet erfg n . con el ay durati.o i ng

di ffer en!t?51 f re§¥ng g%ng 3%&08%@%&? tﬁﬁt‘% ar enqerﬂ 3 the bt rb(g?
having an integration window T,, equal to one short preamble symbol (T).
However such a metric does not indicate precisely the symbol timing, instead

producing, graphically, a plateau which makes precise detection difficult.

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

of said pilot carriers.

In a fourth aspect of the present invention, there is pro\)ided a frequency offset
20  estimation apparatus for an OFDM receiver, having: means for determining a
first frequency offset having means for determining the correlation of |
corresponding samples of two received preamble symbol samples a first
prédétermined delay duration apart; means for determining a second
frequency offset having means for determining the correlation of
25 corresponding samples of two received preamble symbol samples a second
predetermined delay duration apart, said second delay duration being
different from said first deléy duration; and means for combining said first and
second frequency offsets in order to determine said frequency offset

estimation.



conbining said first and second frequency offsets in order to determ ne
said frequency offset estimation. 10 By using two parallel branches for
frequency estimation, high precision conbined with unanbiguous frequency
of fset estimate provides a better coarse frequency estimation than the
prior art method, for exanple using eight short synbols instead of the
prior art three short symbols and the 15 second preanble. By conparison,
prior art frequency offset estination ne %ods utilise a first coarse
measure using the last three short synbols of the first preanble, and a
second fine neasure using the second preanble including two and a half |ong
20 tralnlng synbols. Wth respect to the coarse neasurenent, to achleye
maxi mum pr ecl r@nlsealsarpg@videddaecomésmndimg freghentyl offsetimmthod corpeising: n

d he .2t of the a | ar.ger etlmatlon range
?nrjste r E)g 3\5{2%&3%%?9 sapgﬁﬂ rgﬁugn%apffgeg %ﬂerd%é‘?r@ Igoitee  FeHERtiPRe O
conproni se  §drrédpodirk) @ampleeTRAl fvo NEESTER! preAnifie B éé}ngléseésfrst

accurate estimation of 25 frequency offset. Preferably the apparatus
further corrmrﬁéé?rmﬂ;dﬂ@v dusatien apalﬁgdetauhlmneg d secbhd éteqd:ehey wifsat byn

over respect ond redet er m | nt w ndgws. The
sum of t%e dLJJ F}%yrﬁngn he e%ﬂé%? dSW FSEP%Q$BQSS§TP 'J &‘é’of recgiveg,q
second frequsreapnbié ‘symiboﬂgémbms% @@c@@@bﬁed@i&nﬁnﬁe@%@éy Gﬂﬁbhofnhfpér?%%d’ er
may preferably receive 10 preanble synbols, the first delay tinme 'being 1

preanbl e syrﬁﬁﬂongugﬁ?b’oﬁu'@rﬁ@nt heinge distedente frap tsait ﬂiéﬁ mglay dplraimrblwctyml)ol
dur ati ons. argLan HoksA M 4d 3Bcbhd HRRED oY i e T HfRnE
synbol dur atfremeency offset estimation.
10

By using two paralle! branches for frequency estimation, high precision

combined with unambiguous frequency offset estimate provides a better

coarse frequency estimatioﬁ than the pridr art method, for example using

eight short symbols instead of the prior art three short symbols and the

15 second preamble.

By compérison, prior art frequency offset estimation methods utilise a first
coarse measure using the last three short symbols of the first preamble, and a
second fine measure using the second preamble including two and a half long
- 20 training symbols. With respect to the coarse meaéurement, to achieve
maximum precision a large number of symbols should be used; however, 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, necessarily resulting in a less accurate estimation of
25 frequency offset.

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



The conbi ni ng means preferably conprises signal processing neans arranged
" to calculate the estimate according to the equation: ~m+ 2,r z
2mLSho, T 10 In a fifth aspect of the present invention, there is provided
a synbol timng apparatus for an OFDM recei ver having: neans for
determning the correlation of corresponding sanples of two received
preambl e synbols, one said sanple delaygg a predeterm ned duration with"
respect to the other; means for determ ning the maxi num correlation val ue
within a predeternmined 15 integration w ndow, said maxi mum val ue indicating
‘the start of a synmbol; wherein the integration mﬁndOM/durationg;i not
equal to said del duration. A nethod of synbol timng in an receiver
i g al so pr o\/fjo(ﬂé'a? %%/%%@nﬁléeﬁead fresivgney offget drieenining meansenay besayal and of

than twyd ' e , i nj vinRol
rore Lhan v Gk B el RASRE1 6708 ele SAHESE st BTG,
i ntegration beingow, pamdnbuaesysrinbo; m:r%ﬁimt thTcmth?nsdmc?{db\demy’ ginh@(rjbeiﬁ% |nﬁ1 -
I t he del d tion. E e integration w ndow dura
roater t harPERrlaghaPal fuseliofs. aHhe SHtdntedRUPAIBROWEIEBEM MG DRtans
My CONPrg SeprddRile sfyﬁliblol ARirSicRBRE i@ s@EBH&'(il?tegfatﬁ:nSWﬂ:lHd%v Undth SRk

recei ved preanbl e synmbol and 25 the conjugate o correspondi ng sanpl e of
sai d del ayedb& ¢ryeambigsyrvbélodurationsinul at i ng sai d product over said
i ntegrati on wi ndow, and neans for 12 accunulating the difference between

sai d product L npl a f I d integration w ndow.
Preferably tﬂzé a%%g]rbgﬁ& reécggﬁsvg’ge%?%?@d&’@fﬂﬂsﬁéds ePTUESBIBarthFans 5
synbol s and avremgeditd detcslats Wi ddtiendtelazoftingitd e edhtion: d i ntegration

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

gz;m+27r-z
2amL_, T

short

N =

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

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

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

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

_integration window duration is not equal to the delay duration.

Preferably the integration window duration is greater than said delay duration

and said correlation determining means may Comprise: means for

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

accumulating said product over said integration window; and means for



synbol s and the nunber of synbols may be 10, the delay duration may bet

- synbol duration, and the integration wi ndow may be ni ne synbol durations.
In other preferred alternatives, the nunber of synmbols may be 10, the del ay
10 duration may be 1 synbol duration, and the integration wi ndow may be 7
synbol durations or the nunber of synbols may be 10, the delay duration

may be 4 synbol durations, and the integrgtion w ndow may be 6 synbol

durations. The receiver may be arranged t1 support various wreless LAN

systens 15 including those using the conventional |EEE 802.11la and
H PERLAN/ 2 protocols. Brief Description of the Figures 20 Non-limting
enbodi nents of the invention will now be described, for the sake of
exanpl e onl yacgimylating dhe difierence hetweasin eaitl pgoducyat g beginhingnand-end of

shows the forgat . .af 4 PHY frame of the known | EEE 802.11a standard;
25 Fig. 2(a) %Qﬁ(lg@ggﬂbo%% urst structures of five types of burst in the

known HI PERLAN 2 standard; Fig. 3 shows the tinme domain structure of an
OFDM packet having 52 sub- carriers; Fig. 4 is a block diagramof a W.AN

iO;Dg/Inr iecei Vﬁ%; f13 Fh% 5 srhovvs pr %anbl e %yrrbol.r? int hert i e domain; Fig. 6

i npl enBREARN NS JRRATaURSESRIVES & PredgieiBNGch rUMber @épraamieP(d) in

ol ementat | o By Sar Al Barcih 1 SymiotIne gbrs dlidion ehdsald (iedfatan gna

energy in theinsemodiration;ar€iggeater fran emelqu@iYo the detatishes saliepRapitige AGC

Process USEdS)'/rﬁbélgeand the number of symbols may be 10, the delay duration may be1
symbol duratioh, and the integration window may be nine symbol durations.
In other preferred alternatives, the number of symbols may be 10, the delay

10 duration may be 1 symbol duration, and the integration window may be 7
symbol durations or the number of symbols may be 10, the delay duration

‘may be 4 symbol durations, and the integration window may be 6 symbol
durat_ions.

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

protocols.
Brief Description of the Figures

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

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

Fig. 1 shows the format of a OFDM PHY frame of the known IEEE 802.11a
- standard; _
25 Fig. 2(a) - (e) shows PHY burst structures of five types of burst in the known
HIPERLAN/2 standard; |
Fig. 3 shows the time domain structure of an OFDM packet having 52 sub-
carriers;
Fig. 4 is a block diagram of a WLAN OFDM receiver;



enbodi ment; Fig. 9 (a) - (c) illustrates the tinmng metric of the AWGN
" channel of the enbodinent; 10 Fig. 10 illustrates three possible DFT

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

offsets; 15 Fig. 14 is a block diagram of1 a carrier and timng

synchronl sation algorithm used in the en%odi ment; Fig. 15 is a block

di agram of a phase shift conpensation algorithmused in the ' enbodi ment;
Fig 16 is a diagramillustrating the pilot carriers in an OFDM synbol; 20
Fig 17 is a bl ock diagramof a frequency tracking algorithm Fig. 18 shows
si mul ati on. F@s@l%@“@ Rieaimide symbplsciibadine gamiainig error  obtai ned by the

enbodi nent ; | tEH\/ %ﬁﬁerfo nce of
t he enbodi rren 61 %%art]n' Q%@%entlﬁ)g{%‘hgﬁg%bﬁ%ﬁn#tbgﬁi W't Fé

Det ai | ed Desttresjgm@lrdebécttdmlﬁbﬂm bﬁﬂwe':_él’ﬂbddiﬂﬂ?éﬁts Figure 4 shows a typl Cal
architecture_for_ an OFDM packet based receiver 0 Such a receiver nmay be

used in a nobid & AN H‘&P'eﬂtﬂnt%tmbk& Fiagram 9f4th%@¢aor5hrrbmfpme§§yna@
~antenna I, § H%&W%{Hé %ﬁmﬁaﬂnerﬁnd a lownoise anplifier 12. - The IF

section conpr ses a chnmultiplies the inconmng RF signal from
| ow noi se anipigi f Befa)Lland t(b) aillusicates REhes2istags oAGTA process ! usédeinpripgluct
of which is fegod mentband pass fi I ter 15, then to a variable
Fig. 9 (a) — (c) Iillustrates the timing metric of the AWGN channel of the
~embodiment;
10  Fig. 10 illustrates three possible DFT windows:
Fig. 11 illustrates an operation model of symbol timing detection used in the
-embodiment;
“Fig. 12 shows a symbol timing detection algorithm used in the embodiment;
Fig. 13 illustrates the effect of frequency offsets;
15 Fig. 14 is a block diagram of a carrier and timing synchronisation algorithm
used in the embodiment;
Fig. 15 is a block diagram of a phase shift compensation algorithm used in the
embodiment;
Fig 16is a diagrarh illustrating the pilot carriers in an OFDM symbol;
20  Fig 17 is a block diagram of a frequency tracking algorithm; _
Fig. 18 shows simulation results B of the rms frequency tracking error
obtained by the embodiment; and
Fig. 19 shows simulation results of the BER performance of the embodiment
in an exponential decaying muitipath Rayleigh channel
25

Detailed Description of the Preferred Embodiments

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



5 lownoise anplifier 16, the output of which is split into in-phase (real)
" and’ quadrature (imaginary) circuit branches. These branches each conprise
a further mxer 17 or 19 which receives the internediate frequency signal
from the variable | ownoise anplifier 16 and which al so receives a signal
froman intermediate frequency |ocal oscillator 24, the input to m xer 17
bei ng del ayed 10 by 900 or a quarter phase usi ng phase del ayi ng conponent
18. The outputs of mxers 17 and 19 are Tdach fed to a | ow pass filter 20
and 21 respectively, then on to an analog-to-digital converter 22 and 23
respectively, the outputs of which are fed to a conplex conbiner 26, in
this exanple an I/Q LPF. The resulting signal r(m is the base band OFDM
si gnal , whi chectimm imprisest én ahtenba 110, eslndmde passifiltert +1, sardom lav-obisehe

ket ation function 1 recgeives the base band OFDM
;ngg} ngngaﬁgé@]'f?rh?pﬁ‘g%g’g:Séc’tdfl?” P%Pr'ﬁ%%%mgebigm'cfﬂm dplesithea nunber of

sychroni sat i pRonding RF Q?ﬁal frobASSQ-rioisd E%Ilﬁérg@{mtﬁeat %Eél RP: os%HltafHFHfd ¢ gain

control, frequency 20 offset estimation, and synb timng
synchroni sat $|gnalf thecpiasiict obwhichds fed gzaa pandrpass| fllmr 150therrrtecmeamble

hi f f |
contro | FuncbisfioRs Sripiey 1, TIPSl pLpPish if RBIRR BcfinRa cSathaNdar | abl o
| ow noi se anmadrawrexﬁwégfmary%nrb@t brﬁreﬂésd %sé%ﬁ&’ﬁ%@aéﬁéoﬁwbﬁ%@%\rﬁ y

nature and va | evel of i ncomng signals, wth e ai m of
providing a # §6ﬁﬂ’éﬁry17uﬁi 19 which mnvqséh@untedmegmte freqrenoysigoakfeom

lif 1 t glver, .and articular
the. acour acy TS RRGRAPHGRe SHGRBRY 12 faichafed B 2 sBRGHERTRR | e
opti m sed fantelmminatedldcmltencwl‘cgﬂl obcitlatonak, theviaput &0miker 17Mseihg geligedy
controller 31 ﬁp trols a reference | gcal oscillator 25 for the receiver,

and this q n RY, @bﬂﬂf"@ﬁ@r Bhase usigg Rhass defaving camposent 18 hd hecutputsr |

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

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

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

resulting signal r(m) is the base band OFDM signal, which contains both the
15  preamble and déta 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 sychrohisation
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 co_mpenéation

function 40, and a window control function 41.

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



including the radio frequency |ocal oscillator 14 and the internediate

" frequency local oscillator 24. 5 The base band signal r(n) is passed on to
a phase shift conpensation function 40 which is also controlled by the
synchroni sation function 1 and a frequency tracking function 2. The phase
shift conpensation function 40 is described in detail below 10 The output
of the phase shift conpensation function440 is passed on to a Serial to
Parall el digital signal converter 42 which additionally renoves the guard
i nterval signal conponents from each synbol. The Serial to Parallel
function 42 converts a predeterm ned nunber of |nconing digital bits 15

sanpl es) co ondi ng to the conbi ned sanpl es of the base band signals
1£ r omot he) ADC rl'éez egyRNoyLantiolern3fusentrelsra E@EWH@C@@S&HQWW oyl . Wen

Lhe FET funciddveroaRd §76R? Rn cBnRORI GHEL B, BUIRSEreh BSEELE, Sam! es

are needed for Tnput to ock simi neo m ned
nunber of sanrplmhngﬂbramdlcafreqpanayIathowltatets%dnb)théhﬁeﬁﬁé'dlafé and
partially repoved of the %&g terval, represent a received OFDM synbol.
It is irrportgbf1 ?’P%Ytlofﬁleoﬁ% -responding to the OFDM synbol starts at

t he rightg sanpl e b|t in the incomng bit streamin order for accurate
symbol  recovery. Is therefore inportant to accurately determ ne the
symbol tim nghe baseélaadtSI@ialimblpaszéd'metolEepga$e shiftcarhpengdioh i s known

L,zszdxzzazf‘@%gﬁé?n 30,05 30410 G BRLY e hPuoRBPR G L35 Som 0
i nterval si giéduaroyrteasking fuiiction Qe”ﬂ’@ﬁhag@%'ft'dBrﬁ}QeriﬁcatleQuM‘d:tﬂﬂPm wsed to
et eve e S etd 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 syrﬁbol. ‘The Serial to Parallel
function 42 converts a predetermined number of incoming digital bits
15 (samples) corresponding to the combined samples of the base band signals
from the ADC’s 22 and 23 into a word corresponding to an OFDM symbol.
When the FFT function is processed, a predetermined number of incoming
samples are needed for input to the FFT block simultaneously. The
predetermined number of samples, which. are partially processed by the FFT
20 - and partially removed of the guard interval, represent a received OFDM
symbol. It is important that the word corresponding to the OFDM symbol starts
at the right sample bit in the incoming bit stream in order for accurate symbol
recovery. Itis therefore important to accurately determine the symbol timing,
or start of Symbol.
25
The length of each symbol is known in advance and so an appropriate
window length is applied to the incoming base band signal to retrieve
“individual symbols. In doing this the guard interval signal components are
removed. The timing of the window used to retrieve each separate symbol is

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



30 controlled by the control w ndow function 41, which in turnis

" controlled by the 16 synchronisation function 1 once the synbol tining has
been determ ned. The w ndow is arranged to overlap the guard interval
slightly in order to ensure that the start of each copy of a synbol
arriving fromnultiple paths is within the wndow. 5 The individual OFDM
synbols are fed fromthe Serial to Paral kgl function 42 to a fast fourier
transform function 43 which separates the synbol values on each subcarrier
(12 or 52). These values are passed on to a preanble and pilot extraction
function 44 which renoves the preanble values and the 10 val ues associ at ed
with the four pilot. subcPrrLers. These val ues are used for the channel

estimati on ad'AYeYaRIRA fUNctierlenaehersysd timng has heesl determingdi dMeand

frequency tr jougicf ' C&@ ' ' Il ot
values with ?ﬁgﬁgglsp#gyoe?goan %Pﬁg?tg\@grdu@é&? Q%gﬁ’l& gﬁggéért%%g’gﬁk%e ef fect
of the air ithattHeastartadf@achlcopyraf a symbaitarticing tfivem equitiplezeathd s Wwithiaor r ect
for this channel. This function 2 also nonitors the subcarrier frequencies
over tine andS¥RAPW s the phase shift conpensation function 40 to
conpensatge for . any drift over this tine. 20 The channel equalization
function 46 corrects for the effects of the air interface channel between
t he transmi t he ingdividualcOr Bbksyrobolsrare fed fromithtecBerialitaRarhllel function 4 tand

lizati | I ' I ' d i nto bi dat
accor i ng o2 (A o Binelifi REYeR 4338hhSenaratef e HhBbaLvalCes Alontes ar o
then decodedeachuteartietotRUISR! THeREVaRibsOate iks@8 di'\efpé)ﬁﬁ‘éarﬁﬁledﬁi@du' at or

47 and channel decoder 48 respectively. Enbodinments of the 1nvention
provi de i nprRilpé @xtractipmBingtion ddgmhich dgemeves the preamblewaluesgandchtheont r ol ;

frequency, ofj5gs §SLdJREL With LA phdtBdBanfé. These values are used for

the channel estimation and frequency tracking function 2.

_ Thé channel estimation and frequency tracking function compares the
incoming preamble and pilot values with stored preamble and pilot values 45
15 to determine the effect of the air interface channel, and to instruct the
equalizer 46 to correct for this channel. This function 2 also monitors the |
subcarrier frequencies over time and controls the phase shift Compensation
function 40 to compensate for any drift over this time.

20 “The channel equalization function 46 corrects for the effects of the air
interface channel between the transmitter and the receiver antennas. After
channel estimation and equalization, the signal for each subcarrier is
demapped into binary data according to the modulation type of the subcarrier.
The data sequences are then decoded. These functions are carried out by

25 demapper or demodulator 47 and channel decoder 48 respectively.

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

30



- frequency tracking as described below 30 17 A receiver according to an

- enbodi nent of the invention enploys novel functions 1 and 2 which are
described in detail below These performthe packet signal detection, AGC
(automatic gain control) offset frequency estimation, synmbol timng and
frequency tracking functions. 5 The enbodi nent provides that these
functions utilise overlapping preanble synbols in order to maxim se their
accuracy. At the baseband, the receiver irstly detects the start of the
signal and neasures the incom ng signal power for the AGC process. Wil st
perform ng the AGC function, the frequency 10 offset estimation and synbol
timng functions are also perforned. This is achieved by using at |east
sone of the #aieseperidoterding toear enfomdinentof tha inweritien empldys heeske f uncti ons

~use overl appicng.,traini ng.s ols i,n the  pr b) e. 15 Conveniionally the
above oper at F‘H%émaﬁé %fb‘ﬂg are ge?‘?r&@ddgiq%gaqgé?)@%ﬁ@esﬁrp@ﬁgl?lﬁrlnéhgynbol s.
For exanpl e phekét dighalHRveRionh BKECL @atdhatt §XINRYntrodr si gnal
detection ang ACC.. The renai ni ng th(r ee shor? lt .rainﬁri g&fsseyﬁnggl'%ﬁge t hen
used for coafsématieguBmagoldimisgandsrequencyiraskingsfunbtidns.ti mi ng. Then the

two long draining synbols in the preanble are used for fine 20 frequency
of fset estiimati on and channel estimation. W now describe in detail the

operati ons p&héa@misstiiment provides thal tsvé fanctichs diilisSl dledapPigastehfible! Nce
i-n which the wirel ess LANs operate |Is usually

t he radi o environpent )
adverse, t heSY'?‘gﬁgen‘Ptqr@%F toi maximise theicaesuraey.- it the lbaispband ftheirageiven! | apsed
with - firstly detects the start of the signal and measures the incoming signal power
for the AGC process. Whilst performing the AGC function, the frequency
10  offset estimation and symbol timing functions are also performed. This is
achieved by using at Ieasf some of the same symbols for each function. In
other words these functions use overlapping training symbols in the

preamble_.

15 Conventionally the above operations are done one at a time using separaté
preamble symbols. For example the first seven short tfaining symbols are
used for signal detection and AGC. The remaining three short training
symbdls 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 performed by the units 1 and 2.

25
1. Signal Detection

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



30 thermal noise, or interfered by other signals. This distorted signal may
" cause 18 ‘the receiver to make incorrect decisions, declaring an
acquisition while mssing the correct position, or just mssing the
detection. In both cases the packet will be declared | ost by the receiver
after a tine-out- period and the transmtter has to retransmt the packet
whil e other users have to wait. Such 5 packet loss will not only decrease
the overall systemthroughput but will all8o increase the mean transmi ssion
time of packet and, hence, a longer delay can be expected. Prior art units
1 detect a signal by nmeasuring the correlation of incomng 10 signals.
Consider two repeated training synbols as shown in Figure 5 that are

i denti cal totheaebeivehty maketifcorfeut ie¢Riort @eRlaringrarfadd\aAsifios Hile caused by
the carrier frequency offset, If the conjugate of a sanple fromthe first

synbol is niNSSIRg theaCaiect mestion: ek mshmissing e Hetectiom Inthots sasesithialel ay
' Td = T f 'l ed d
T T8t i A S 06, BT ey 9 o

t he sane phatsansrﬁmter hes tmrarisnﬂlethﬁ padﬂetwmevmthér bsers Haveds wall. SuchWien

this correl atq‘fg‘te !Pal ue.i s F\ds;er than a detection threshold, the receiver
i s informed P3PS Nt only qr@??f‘bthel'ﬂ\éeréﬂts%ﬁe%wr%@%ﬁd]tﬂ wikalser nal | y

set by exper heRiise (R ik RERSARSIGIARGIITALIE S IRhck ol RIS g of

recei ved signal sanple I S nmeasured he "power o eac rec

sanple is cabezak_ae@ddand. integrated for a duration of Tw. If the sarrpl e
interval is T, Tw=W, i.e. W sanples are processed to cal cul ate the energy
which can be witten as w1 25 R(d)=l: Ir(d+m2 M0 where Wis w ndow

l'engt h, whi chrigedrt ARSI Y Uetdé A$IBREN b eRRhE $he'g6felafion of incoming
10 signals. Consider two repeated training symbols as shown in Figure 5 that are
| identical to each other at the receiver except for a phase shift caused by the
carrier frequency offset. if the conjugate of a sample from the first symbol is
multiplied by the corresponding sample from the second (delay time T4 = Tshor
' Iater), the effect of the channel should be cancelled and the products of each
15  of these pairs of samples will have approximately the same phase. So the
magnitude of the sum will be a large value. When this correlation value is
larger than a detection threshold, the receiver is informed that a burst is

arriving. The detection threshold is normally set by experiment.

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

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



conpute the signal energy within the window, d is a tinme index _

" corresponding 19 to the first sanple in a wi ndow of Wsanples, and m i's
the sanple index of the window The R(d) can be obtained by the follow ng
iterative conputation. 5 R(d + 1) = R(d) + r(d + w2 - Ir(d)2 The

i npl enent ation.di agram of measurenent of received signal energy is shown
in Figure 6. 10 The received signal sanples are input to a buffer wth size
of Wsanples. The buffer is initially sdf to be zero. The powers of the
first and the last sanple in the buffer are cal cul ated. The power _
difference is accunul ated as tinme goes by. The output of this circuit is
the nmeasured energy of the received signal 15 sanples over a wi ndow | ength
of one short tethediiist samplesin dwirsioanof Wasampldshand .nh éathergarepledndéx bhe

wi ndow hits ihe start of a symbol as shown in Figure 5, the energy
measur ed begiMEMNI% curul ate. The output R(d) is compared with a
reference threshold which should satisfy the m nimumreceiving signal

power specified in the | EEE or Hi perlan standard and is adjusted by 20
experiment . Thedt(dcambedshtained bythesbltdwingstesativescornpatatien. | ong as t he
received signals satisfy the mninumrequirenent of the received signal
power , R(%) w Il exceed the threshold. Once R(d) exceeds the threshold, it

'signal s that ere i 0sgi bl wi.an j Reomi ng 25 signal . But high noise and
i nterference Rtégﬁlgl‘s‘lg(dﬁ'e“}zdf*dxyl?(gfugxceedi ng the threshold. So R(d) is
provided for the signal detection reference threshold in Figure 7; ie |
P(d) I > R(d) Referring to Figure 7, r(m denotes the sanpled received

signal, the Fhai®plementation 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 signals satisfy the minimum requirement of the received signal
power, R(d) will exceed the threshold.

Once R(d) exceeds the threshold, it signals that there is poséibly 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:



- 30 the products of the signal sanple pairs is: 20 W1

P(d)=Z(r' (d+m)r(d+mtD)) (1) MO where d is a tinme index corresponding to
the first sanpled training synbol in 5 a wi ndow of sanples and Dis the
nunber of delay sanples between synbols in the preanble. Wis the nunber
of sanples for the length of the <correlation window. This w ndow slides
along in tine as the receiver searches for the first training synbol. T is
a sanple interval, so the delay tine Td=BO and the |ength of the
i ntegrati on wi ndow TW=W. Preferably TWTd=Tshort. 10 This has the
advant age of |ess hardware conplexity due to smaller buffer size conpared
with the case of TWeThoort. Secondly, this part of the hardware can be
reused by the function of frequency offset estimation and synbol tim ng.
Thirdly, there is fast acquisition due to snall delay and integration

duration. 15 _For &Han detection, wthe delay tine Td is set to be one short
symbol i.e. T ):=%E’hg‘%fi’§6@c+w=fepp Tc is chip interval of 50n§l) If the
sanpling rate is &fual to the chip rate, Tc=T. Normally, oversanpling is
needed, and the integration w ndow |length TWis set to be Tshort . 20

P(d) can be obtained by the iterative formula: P(d +1) = P(d)+r'(d +Wr(d
+W +D) - r* (d)Wherestjs atip indey satrerpondipg dethe first samyiled; teaiming syhdbeh ini n

Figure 7. T : ' S/ | r i nput, to the Bufferl which
has a siZe (?VJS sanéfg%mg%?eé@?r%?@[&&%?rgk3%@%3 1Plps Bl ied with
t he conj ugatsynaols lretHeasreasiipl W isfthe Bubftarrlof sahpley RS ldriyth BPtHe t O

Buffer2 which has.a size of_Wsanples. The difference of the first and the
| ast sanpl e qorqrq?ﬂtéqrbwfrfd@m Tihis w, slidesjalepgin time as the receiver searches

for the first training symbol. T is a sample interval, so the delay time T4=DT
and the length of the integration window T,, =WT. Preferably Tw=Ti=Tshor.
10 This has the advantage of less hardware complexity due to smaller buffer size

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

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

15 For signal detection, the delay time Tqis set to be one short symbol i.e. Ty =
Tenot=16T where T is chip interval of 50ns. If the sampling rate is equal to
the chip rate, T.=T. Normally, oversampling is needed, and the integration
window length T,, is set to be Tshort .

20 F’(d) can be obtained by the iterative formula:
P(d+1)=P(d)+r*(d+W)(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 samples. The
difference of the first and the last sample in the buffer2 is accumulated over
time. The Buffer1 and Buffer2 are initially set to be empty. The output of this



time. The Bufferl and Buffer2 are initially set to be enpty. The out put of
this 21 ~circuit is the auto-correlation of the received sanples. It neans
that the auto- correlation of a sequence of received sanples with del ay
time of Td=DT and integration duration of Tw=WI is cal cul ated. 5 Because
P(d) is also used for synbol timng and frequency synchronization which
W Il be discussed |later, the buffer 2 in_Figure 7 can be shared by both
signal detection and synchroni zation funétions. Then the absol ute val ue of
P(d), IP(d)I is used.to conpare with a detection threshold dependent on
R(d) to determ ne whether the desired signal is detected. 10 The detection
‘threshold is inportant for the performance of signal acquisition. The
enbodi ment peioquitss $heiautogcdrnelatiom sfithedreeetedys diiples ot nidihs thaetheesutosi gnal

to generate the detecjion threshold which is adjusted by experinent. If
JP(d)| does n“:qrrﬁ‘elﬁti%ﬂ%?ﬁ@qFﬁ'ﬁ%Hg'ietﬁ’,e"ﬁqé%@'%t"Y'Shd(?'aMé'mQ)ﬁ WHFPT@sdt i nue

to 15 cal cuhRigafifi dhlaidnidiiTiuaricearitidig threshol d. Nost packets or
111 be [

Al
- signal bursts "W etected vvitl%nn two short synbols. If IP(d)J doesn't

exceed the threshold over the first preanble, the packet will be |ost.
Thr ough ¢o er shmulation, it has been shown,fhat the probability of
det ecti n§. gp%%%q(tae Wllﬁ ﬂ'lsot dsf95§¥m59ﬁtﬂ'8|n§ and f{?g%%fﬂcmfn%r?mew hod of
the enbodi mewhichliil besdigtlissal 14tRe, tREIbUTeRDtn T4 U1RYS carl BoSHARESY bgth Met hod
can be applied for both | EEE802 .1l1a and Hi perTan protocols as”these both

~contain an i5ignaldetectiomandsyichreaigation funations.nThen theyalissiste vatue. of
repeated tr b ]I BRERE o Win ikt Bediud AgPetesnten Bla ™
depends on ttbaidiernsine whzthebitie dxiredigiialigderictdgast five repeated
traini nglo synbol s.
The detection threshold is important for the performance of signal acquisition.
The embodiment proposes using the measured energy R(d) of the received
signal to generate the detection threshold which is adjusted by experiment.
If |P(d)| doesn’t exceed the threshold, the detection function will continue to
15 calculate |[P(d)| until it exceeds the threshold. Most packets or signal bursts
will be detected within two short symbols. If |P(d)| doesn’t exceed the
threshold over the first preamble, the packet will be lost. Through computer
simulation, it has been shown that the probability of detecting a packet within
two short symbols is'higher using the method of the embodiment than using
20 the prior art methods.

This de_tection method can bé applied for both IEEE802 .11a and Hiperlan
protocols as these both contain an initial preamble of respective training
symbols. In IEEE802.11a, the 1% preamble of the received burst consists of
25 10 repeated training symbols. In Hiperlan, the first preamble structure
depends on the burst type, but each contains at least five repeated tréining

symbols.

2. AGC (Automatic Gain Control)
30




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

" detected, the receiver is triggered to start AGC. AGC adj usts the gain of
a variable gain anplifier (VG) 16 to acconmodate widely varying signal
power levels and to naintain a signal with constant power |level into the
base-band A/ D converters 22, 23. Then full use can be 5 nmade of the A/D
resolution and the signal to noise ratio _in the digital signal processor
is maxi m zed. Conventionally the first 72hort synbol s are used for signal
detection and AGC. The control gain is applied to both the synbols for
synchroni zation and 10 the synbols carrying data. The preanbl es nodul at ed
by QPSK require less accurate control gain than the data synbols, .
especi al | y t Dose thednanatsited gignatigaldtedted et recbiver éttiggeranto startadGeki nds

cont 1o gal nACKS SRS Bediof Ao EbR 25 BrrahiTEg VA AB AL oM aiRo
stages. At t{jgdy K@Fyingﬁ&igas‘ p&WEF RGeRGnd B rﬁgng%i}‘*ﬁl]aggigbﬁﬁwﬁh 3BALtapP

detected. The coarse confro gain I's use e subsequent short
synbol s unt i powkeleyghindd the basetband &/Damnyerterse?@|e28: VT hefnf fatttusetantig € i S

bt ai ned._ At _th g~ St . fi AGC i s, done follow.,ng synbol tim.ng. .
‘CI)'hEaa:‘ inﬁe TonfAge ‘335%%?9%85‘3@“?'6'agﬁjtnetslgnlﬁtq H@'Sgdﬁg%ﬂhmﬁd'géé'ﬁ@nﬁr eanbl e
and data synpricessdhis rhdimitaje AGC nethod of the enbodinment 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 2 ' ' i has TW. = .Thoort t Lhe ment when
a signal is égﬁ?@@@%ﬁ?&%ﬁt#?g%ﬁodggégﬂé@rggspﬁifab@paai dfé?fé{li%'? agﬁy t wo
short synbol AGS. hewarittol @ain Btagpiieditb ot thessinbbls 368y ridhrbMPatibh SRd 1 S
e Chin t
mostly f1I OnI S%%%yv#lbé]ls rc]:arr\{}ﬁlg data. The preambles modulated by QPSK require less
accurate control gain than the data symbols, especially those modulated by

64QAM. To meet the requirement of all kinds of symbols, conventional AGC

needs a long period to achieve an accurate control gain.

15 Inthe émbodiment, AGC operation is divided into two stages. At the first
stage, coarse AGC is done when the signal is detected. The coarse control
gain is used to adjust the subsequent short symbols until the symbol timing
and coarée frequency offset estimate is obtained. At the second stage, fine
AGC is done following symbol timing.- The fine control gain is used to adjust

20 the sub'seq'uent second preamble and data symbols.

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

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

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



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

" received and neasures one nore short symbol then averages the two 30
symbol s energy. The nean short synbol signal energy R(d) is used to 23

cal cul ate the AGC gain. AGC gain is obtained by searching a | ookup table
according to the output of the measurenent circuit of received signal
energy. The | ookup table is constructed according to the follow ng
formula. 5 GG R ~f R(d) Were.Gis tB& AGC gain, G is the initial AGC
gain and Ref is the reference energy which is proportional to the mean
value of the transmtted one short- synbol energy. Because AGC function
interacts at the IF and RF parts of the 10 receiver, the theoretical
reference eneslgylafy Ble AG |anG@£;5M||§To%€’a|H@alby%%aré}ﬁﬁ Baggkud i@l 1y it's
adj usted by experinent and hardware debuggi ng ned on roI gain
i s used to adfapsdingre fl\l@mumtmﬁﬂmjnmaeu;emamt almltsﬂcremlved sigmal ehergyut put

h t. ) de nfinite | npul se
ges:)oﬁsg]elr:gr éerwpetﬁﬁlés'st% f‘é‘ﬁ‘é‘#&ﬁ a&go Eﬂ ﬂ‘ﬁftoﬁgwg}gt iOHHuaThe i nput and
output of the IR filter are updated every Tsnort = 800ns. As is known an

IR filter provides a weighted average of its inputs and so its output at
the end of the shom,  preanble will be the average short synbol energy over

perhaps ? shertG s. Wen correct synbol tinming is detected, the second
AGC adjustnent is ggered. The output of the IR filter 20 will be used
to search the control gain in the sanme way as at the first stage. In the

first step of AGC, one or preferably two short synbols of the first
preanbl e i s \Wheseifeid theﬁcﬁﬁ)@am a3 ig\He mitiah ABT galreand Re.; &bl r%féréné@

before the Aé[r)%réy WhIC?R lsI ;;Sropo llcj)?lta tc(i) thgjngtlegr? vlz:alrl]Jee c;sfetﬁg ?gnZEn?t?eg I)né (s?%ortt ©
stbol energy. Because AGC function interacts at the IF and RF parts of the

10  receiver, the theoretical reference energy Rt cannot be calculated only on

| baseband. Normally it's adjusted by experiment and hardware debugging.

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

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

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

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

25  following short symbols are measured to update the AGC gain to a more
accurate value. If 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 timing and



25 follow ng short synbols are neasured to update the AGC gain to a nore
~accurate value. |f signal detection occurs after two short symbol s, coarse
AGC after a further one short synbol, then fine AGC will utilise 7 short
symbol s as shown in figure 8a. This provides a nore accurate neasure than
prior art methods, whilst at the sane tinme allow ng synmbol tinmng and 24
frequency offset estimation to start much earlier. The number of neasured
short synbols in the second stage i s varr4ble 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 long 5
preambl e and data synbols for one frame. In this enbodinent, a 2-step ACC
process str afregyemncy tafdie{:qzite&z»l:lrrmﬂ;iloml‘(o:caatar’r1 mufo_ﬁi @?‘ha. g helrpgjlrﬁﬂi@r of rﬁégs@’?gg ;31;
AGC, typicall wo_short nbols of the firs preanbl e are neasu _
obt ai nygn Acﬂ¥?fi§ﬁm§9gs 'PHE% SeRRNG gAder s yariablerand,determinastbynsymbob 23) i s

adj ust ed.  TEmApTheSwrle gaincarpiter e & tHf daiSted Bhdint3 diylqgRy symbols

are ‘typically required for Signal” detection, K trrgge i rst
stage of AGCcomantgainifer thedolavingdanpcarhing@ignaly imaadihg théewofiend owi ng seven

hort s ol r u to update the AGC gain to a nore accurate
\S;alolrje. ¥'g véﬁ%’ﬁ‘?@@?i#ﬁgﬁ%mq"ffseﬁ”f@eﬁ?mﬁen adj usted again to 15 provi de

a constant gain for the follow ng inconing signals for one frame. Note the
second AGC adjustment is triggered by the synmbol tinming function .
(descri bed bl thigembadiment: a &stepybGIprotessefrategyiés adoptedchstshoavr in af t er

2 corm et e OSBRI oY B PR TP ARk bR B GRRS 565"
Synbol Ti mi npreSyniié aen eaisured thebtali &6 NGE gain sidawn Hedmplifisr 160 know
when t he1 Osynti))é) oreS %haer,&BC (’%2%?13%2 %djusted. Two short symbols are typically used as
this is how many symbols are typically required for signal detection, which |
triggers the first stage of AGC. During the second step of AGc; typically the
following seven short symbols are measured to update the AGC gainto a
more accurate value. The variable gain amplifier 16 is then adjusted again to
15" provide a constant gain for the following incoming signals for one frame. Note
the second AGC adjustment is triggered by the symbol timing function
(described below). When correct symbol timing is determined usually after
the remaining seven short symbols, AGC gain for the second AGC adjustment
is completed and the variable gain amplifier adjusted accordingly.

20

3. Symbol Timing Synchronization

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



error gives rise to a phase rotation of the subcarriers. This phase
"rotation is 25 | argest on the edges of the frequency band. There is
usually sonme tol erance for synbol timng errors when a cyclic prefix is
used to extend the synbol as is known. That is, if atimng error is smal
enough to keep the channel inpulse response within the cyclic prefix, the
orthogonal ity between subcarriers is maintained. In this case a synbol
timng delay can be viewed 30 as a phase2§hift introduced by the channel,
-and the phase rotations can be 25 estinmated by a channel estimator. If a
time shift is larger than the cyclic prefix, 1Sl (Inter Synbol _ _
Interference) will occur. In OFDM systens, a guard interval (Qd), which is

copi ed from éétﬁnét@&tbwabhaﬁﬁelfés‘ﬁm&l If & Sl "SRR IS Gr Qé‘rf af ﬁé‘%ycl?cyﬁfﬁé‘ﬂk-

Therefore, in order to reduce |ISI and phase rotati est
timng of thildlnder SynbeHstarfersote)swilidagubdn @ BMsystemgpagdarcinteval and

f bl e
Borrel ati on G0aRbichds BFRRYR 1R 185t Pl &cprdonl” BINeREd Peftig Heecr i o
Fi gure 9 (a)syrhious TRBrefo@TH Erdel té hediide S @nBRiHse rBPAtH)‘?\ F}%fést% S' I des

10 past two repeated training synbols for the AWGN channel for an
si gnal . Pne Yeme ofdhestat Ofﬂi@ QMW@@h@utdb%Md@rem guardtintenstland ti me of

h t re than two repeated training
Symbol o (s 1o ¥ ADY 2 Ao RIS of 1 Bl B ot no et o P(d) i

produce a plateau as shown in figure 9(b). Such a plateau makes precise 15
detection di ficu t r.a nmultipath channel, the timng netric reaches a

pl at eau whi cH'$h34 °a¢°fr egﬁtéqmoéaﬁtﬁct@@ metdc Ipéﬂb'ﬁh’:l'%ﬂ use@ agibe timing meitice
i anal - Thi s s SLEY $houds 2R exaploieol e GmBliE G b8 M RM aldiS,
tim ng Mt r i pasihwo cepeatad ttaininy svymbods fovdlse BVEGNochateiet tor dhOFEMrt of the
frame by neassféjrﬁéln‘?hé r;])%aﬁ(\j/gieueogf th Gt\nfllmg(iltrr?e ric dtetermmes the start time of the

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

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

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

15  detection difficult.

For a multipath channel, the timing metric reaches a plateau which has a _
~ length equal to the length of the channel impulse response so that there is no
ISI within this plateau to distort the signal. This plateau is caused by delay
20 spread and adds to the above timing metric plateau. Although it is possible to
detect the start of the frame by measuring the edge of the plateau, thls
plateau leads to some uncertainty as to the symbol timing and results in

increased hardware complexity.

25  In this OFDM synchronization technique there are several parameters of
importance. One parameter is the window length, T,,=WT, which represents
the number of samples pairs used in the metric. The other is the delay
between two repeated symbols, T;=DT. Here the equation of the timing metric
is the same as that of the detection metrics: '

30



., plateau | eads to sone uncertainty as to the synbol timng and results in

i ncreased hardware conplexity. 25 In this OFDM synchroni zat ion technique
there are several parameters of inportance. One paraneter is the w ndow
| ength, TWEWI, which represents the nunber of sanples pairs used in the
nmetric. The other is the delay between two repeated synbols, Td=DT. Here
the equation of the timng nmetric 1is thg same as that of the detection
metrics: 30 26 w1 P(d) = E(r (d +mr(d §-m+D))- M=O I n conventi onal _
nmet hods, TH, is considered to be equal to Td. In Figure 9 (b), the netric
curve with W= D =L and 4L is shown where L is the nunber of 5 sanples in
one synbol. It is observed that if TWi ski nclreasedEj ISNeR ]'Eh;ahnunb;ar. of -
sanpl es proc ed#Hs . i ncreased, the peak val ue an o] e netric w
in(r:nr)easepas 272% _ii (Wié")ﬁ@gﬁ@r"‘ﬁ tgau. Therefore, T,,, doesn't have to
be equal to Td. R&erring to 10 Figure 9 (c), it can be seen that for a
preamble with ten short training synbols and W= 9L, Td =L, the timng
- metric is a pore readily detectabl e peak. The start tinme of the frame is
det ect ed whel? ganveneagl mathedsofwisheonsidered tbde efgual ¢ dd. InTkigarshd e a

peak, the su &[}g T LI =£S§{% aupber  of racessed sanples L

whi ch corres@gﬂﬁgﬂé{) %“&tgéggtpg %ﬁ%%%?wqg’hﬁgrlrﬂis&e PHMREs @ e 9b, TW
= Td , b Tsdmpled irbble symted). i s the nunber of processed sanpl es,

therefore a plateau is forned after the receiver received TW+ Td sanpl es

and until all the repeated synbols are received. In other words, a peak

wil T result it i08bddiged AL G T,/ 18/ iRBRRasEdP T e thefiliAbel 8f AmBle8FrGlessed is

increased, the peak value and SNR of the metric will increase as shown by

the higher plateau. Therefore, T, doesn’t have to be equal to T4. Referring to
10 Figure 9 (c), it can be seen that for a preamble with ten short training symbols

and W= 9L, Ty = L, the timing metric is a more readily detectable peak. The

start time of the frame is detected when this peak value of the metric is
detected. To achieve a peak, the sum of T, and T4 should be the number of
processed samples L which corresponds to the repeated symbols. For

16 example, in figure 9b, Ty, = Ty, but T,, + T4 <10L which is the number of
processed samples, therefore a plateau is formed after the receiver received
Tw + T4 samples and until all the repeated symbols are received. In other
words, a peak will result from the sum of T,, and T, being equal to or greater
than the number of samples processed. In figure 9¢, T, = T4 and T, + Tg=

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

complexity and cost.

.25 The peak detection algorithm and the operation model of th.e symbol timing
detection are shown in Figure 10 and Figure 11, respectively. The algorithm is
as shown in Figure 7, but using the timing metric discussed above i.e.
Tw=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,



than the nunmber of sanples processed. In figure 9¢c, TW# Td and TW+ Td =
20 10L, a peak is achieved only when all repeated symbols are received; in
this exanple at the end of the 10 short preanble synbols. By using this
nmethod it is possible to have a low sanple rate eg L=1 which reduces
~hardware conplexity and cost. 25 The peak detection algorithmand the
operation nodel of the synbol timng detection are shown in Figure 10 and
Figure 11, respectively. The algorithmi 7 as shown in Figure 7, but using
the timng nmetric discussed above i.e. TW9Td. The peak val ues of the
timng metric IP(d)l are located sequentially so as to limt nenory

requi rements. When | P(d)I exceeds threshold value th, 27 the timng and

the val ue of trefifillg actrel il 6dl of 1B (daReEiAe gdnﬁgpahsa@fééag%nduate P

does not exceed the stored val ue w h| n perio ored tirmn
set to the siftBiidaesmatg@xceed Haljtosed valie within pedodd,, \tladalsmmdttlmmgprerl od

| P t n for. xt. period
td, The finaroacdiePutpLIRihG d Phn exbires BiCedin FrraitipRiedtnans
detected syntheing amd tie: hew diafiieFigy Me dteicera ﬁféﬁhé&%r@b&@ah% findine DFT
window is set to the tf period earlier than t detected timng in order

to reducé t hetogreyyalugds e peaksaipaidd(bove. The val ue of the threshold th
10 is set to be very snall in practice so that the calculated timng nmetric
can exceed it as long as about 3 or 4 short synbols are received after

signal det eSinlcertheBbtm:tedheymbbbuming:lerdm;tum&by nutséaérﬁﬁdélb?edf%ignbﬁd ue of
timng netrj er value occurs durin | f sIgnal detection

no | ar
takes 3 shorf @%ﬁﬂ?@owﬁé fdojthe rﬁfooerf@éjoe%e"cW&Hdge'FWeCtgéélHUB@"1 ﬁﬁdegﬁeak is
al ways 15 defoagHate Yﬁ@ﬂﬁiﬂaldaﬁgn %’m% HLabGRE THeA dAge bPIHE t?u?es}ﬂ@/l
10L. Once the synbol ti as been eterm ned, the w ndow COR
functi o1 isiset tmbervae,dsnnallm peacticsb mbetrreemm«:ujamdetaﬁb@enaﬂd: ¢l a synbol s
of the OFDM exceed it as long as about 3 or 4 short symbols are received after signal
detection. Then the circuit continuously updates the max value of timing
metric until no larger value occurs during td. If signal detection takes 3 short
symbols, there is no need to change T, . Because the peak is always

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

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

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

timing.

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



packet may be correctly received. Wndow control is inportant for the 20
" extraction of the received sanples for I FFT (I nverse Fast Fourier .
Transform and discarding the guard interval (G) based on the received
correct synbol timng. Figure 12 illustrates w ndow control timng for a
recei ved data synbol. Since 25 an OFDM synbol has a guard interval prefix
that is a cyclic extension of the origi ng synbol in a nultipath channel
havi ng del ay signals, no degradation océBrs if the DFT (discrete fourier
transforn) wi ndow 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 Raywéh dgateftiming dhamaithedasly tirhinge Becausebtthis pepwriydpeboisetiming e 28
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i's set sligidhtly %%rrinotéHnﬁlHétg‘tﬁétlrﬂeFQ m'bBLﬁl'ie Ee chlL&d Bgr Rftsps caused by

synbol timng efror.” 5 The bigger cause a I Ncr eases,
nmor e sanpl estiming efser. processed and h| gher SNR of the netric can be

obt ai ned.. However because at least first three short synbols are used for
si gnal deﬁ ection and 1st stage AGC, we can use WE7L to reduce the hardware

conpl exi ty. FioavitRfer VWetheasetis. Bé@ahéé,s@s Wﬁmc?éésfés HHrs%aﬁYdrI@le gad choose

WEOL. Alternatively we can use TW= whi ¢ educes har dwar e
cost but prw%essedwa@@émjmr@%@émemetrcue@e@bembtanaedhtiagrnva\semwseeduced.

about 152 3 oA MHGe BhoR SURLER yietieddral 3 AbtetlOR Bogclublena "7
hi gher SNR OAGQ, ne cari use VW=TL neremfceltned\arawgrreeémﬁmewLHdnﬁew We¥ cdrhan
V4L and V\MLIso use the first three symbols and choose W=9L. Alternatively we can use

Tw = 6L and T4 = 4L which reduces hardware cost but provides an adequate

peak for detection, although SNR is reduced.

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

15 2 or 3L. As Wincreases, more samples will be processed and hig_her SNR of
the metric can be obtained. Therefore W=9L is better than W=4L and W=4L is
better than W=L. Higher peak or plateau is better because it means higher _
precision in searching for the peak value. When the first 3 symbols are used
for signal detection and 1% AGC, the following 7 symbols will be processed for

20  symbol timing. When D=L, W=7L-D, a peak can be achieved. If 10 symbols
are used, W=10L-D=9L. The critical factor is that the sum of W and D is equal
to the number of processed samples in the timing metric. When the sum is
larger than the number of processed samples, a peak can also be achieved
but some buffer for W is wasted. However, when the sum of W and D is

25  smaller than the number of processed samples the timing metric is like figure

9b and a plateau will occur.

4. Frequency Offset Estimation




better than WEL. Hi gher peak or plateau is better because it neans higher
' precision in searching for the peak val ue. Wen the first 3 symbols are
used for signal detection and 1 st AGC, the following 7 synbols will be
processed for 20 symbol timng. Wen D=L, W-7L-D, a peak can be achieved.
If 10 synmbols are used, WI10L-D=9L. The critical factor is that the sum of
Wand Dis equal to the nunber of processed sanples in the timng netric.
Wien the sumis |larger than the nunber @B processed sanples, a peak can
al so be achieved but some buffer for Wis wasted. However, when the sum of
Wand Dis 25 snaller than the nunber of processed sanples, the timng
metric is like figure 9b and a plateau will occur. 4..Fre§uency O‘fs;a; t
Estimation 2 ' X8 fiéMPed Rl JfsS i ‘t'ﬁ"%%{ar?-.ses
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bet ween t he oBlyfelaratecofisats whinkt are a fragtionl ofjthedspidcing betwsest tha per f or nance.
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5. 2e9* 20e- 6:104qu;%2.q This means that the worst case offset as seen by a

recei ver Tanup@r BP0 GentdaF PM-baged VAN ds ansigpedths frefeencyequency

of fsets fro aq%ﬁ?h? ' r Lver. e cy of fsets are caused
not 10 onlynty | %gﬁgﬁgépﬁhsggg?ﬁﬁéggﬁgy Pﬁg%%wgﬁ%ﬁ{aﬂderfgﬁnq receiver
but al so by SDReSi2@e-6sh04kidz. Thisrheans titattRe Wyrsioshieesdt a8ken BIEaT
channels. There.are two destructive effects caused by a carrier frequency

of fset in OFfIGENRICERDE URIRAD PPIh s ibaxRelieficesitheisyAnef tedrequansyi n t he
out put of th | 26 ' ne ctions
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“i ntroduct® onowly biydlifferemees lireostilietorss i thiedranswittehamd eeceiver 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 carriets which are
now no longer orthogonal to the filter (see Figure 13).

The 1% preamble of an IEEE802 received burst consists of 10 repeated
training symbols which are identical to each other at the receiver except for a
20  phase shift caused by the carrier frequency offset. Because the preamble is
so short the multipéth channel can be considered time invariant. The
multipath channel has the same effect on the identical symbols. Normally the
effect of multipath channel is worked out by channel estimation but this is not
necessary for the frequency offset estimation method. The frequency offset
25  can be estimated using the phase shift. If the conjugate of a sample from the
first symbol is multiplied by the corresponding sample from the second (delay
time Ty iater), the effect of the channel should cancel, and the result will have

a phase of approximately

30 g=nT,Af



now no | onger orthogonal to the filter (see Figure 13). The 1s' preanbl e of
" an I'EEE802 received burst consists of 10 repeated training symbols which
are identical to each other at the receiver except for a 20 phase shift
caused by the carrier frequency offset. Because the preanble is so short
the multipath channel 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 ch@dnel estimation but this is not
necessary for the frequency offset estimati on nethod. The frequency offset
25 can be estimated using the phase shift. If the conjugate of a sanple
fromthe first synbol is nultiplied by the corresponding sanple fromthe
second (delay tinme Td later), the effect of the channel should cancel, and
the result will have a phase of approximately 30 O = 7rTd4f 30 where Af
i s the frequwhele &f isdbe frenenphaffsets Tnetphase dhift ean bessticnatgd byal cul at i ng
the argunent gf P(.d 5 = arg(,P(d)), at the start of synbol timng point.
Because of tﬁ%cﬂliai'némﬁ B[HL{"Q/g fo(fﬁ(g)-phase, t he frequency error nust be
smal ler than Af /2. Therefore, the frequency acquisition nust ensure a
rough frequency error estimate with an accuracy of 10 better than Af /2. In
ot her V\orajs,gﬁia‘arg@(d?)s guaranteed to be less than it, then the frequency
offset estimate 1s A T d 15 However, an unanbi guous frequency offset
estimate is not possible, if the frequency offset to be estimated is not

i i i . nl ran n
restricted | tbglfzﬂ@%%?mgg R pint Macalle bt B 2r Sntbiglie) o e hase,

unanbi guous
' the frequency error must be smaller than Af /2. Therefore, the frequency

acqui"sition must ensure a rough frequency error estimate with an accuracy of
10  better than Af /2. In other words, if |¢| is guaranteed to be less than =, then the

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

20 between two repeated sequences. To obtain a larger estimation range for
frequency offset, T4, the delay time between the repeated symbol should be
smaller. Ty can be set to muijltiples of Tghor.

However, a smaller T4 will result in some loss in the estimation precision. In

25  order to achieve a more accurate estimation of frequency offset, T4 should be
larger. In addition, in order to increase the SNR of the metric and hence
enhance the estimation precision, the integration window length T,, is made as

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



~enlarge the estimation range which can accommodat e possi bl e frequency

of fset. The frequency offset estimation range depends on the spaced tine Td
20 between two repeated sequences. To obtain a |larger estimation range for
frequency offset, Td, the delay tinme between the repeated synbol should be
smaller. Td can be set to nmujitiples of Tshort. However, a smaller Td wll
result in sone loss in the estimation precision. In 25 order to achieve a
nore accurate estimation of frequency of f8et, Td shoul d be | arger. In
addition, in order to increase the SNR of the netric and hence enhance the
estimation precision, the integration window |length TWis nade as |arge as
possi bl e. Therefore, by adjusting Td we nay get a desired estimtion 31
range of fremangecyf frdqueacy affdebandbtly weljusting TNy we ephanoe ¢hé Betigatibmat i on
precision of the.fregyen offset, In the enbodi ment, a two-stage frequency
of fset esti nﬁﬁcﬁﬁo’?@?ﬁﬁﬁ quencyaffséted to achi eve both a large frequency
of fset estimation range and high precision. In each stage, differently
spaced sanpl e sequences (ie with Td different for coarse and fine) are
used to cal clnl theeenabediment,raytwestage faequer(oy)affseT dstimbtidn hiethbdis D. =

M_.hor! 1 i h mber. of | h d Lsho" i h
nunber ofb  sappsed H38hie Ve noR Busedreduthey onsel patinaRon sk and Bigh t 7.
the first stg@eisiorDIn2aabhlkieage, oﬁfé}eh@@paééﬁsérﬂb&eﬁ%ﬁﬁ&% With I‘r?nge. of

frequency offset is achieved at the Tirst stage. The estinmation range is
t he range  of difgfantéercgparse anddiney ars fised to calowiater theetiming metrif and PYd). d we
can see that when Td is set

T,=D,T
10
where
D =mlL

m 'short

15 is the number of samples at the m-th stage and L, , is the number of
| samples in one short symbol with a period of Tshon= Lsnot T. At the first stage,
D, =L, , and thus, the largest estimation range of frequency offset is

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

~n

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

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

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



- d 20 to be Tshort, mninmumvalue, 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 estimation. In the enbodi nent, because AGC
can be done early so that nore short synbols can be used, the estimation
accuracy is increased. Furthernore, fine frequency estimation is processed
25 parallely, so there is no requirenent for this during the second
preanble as with the prior art. 32 The38sti mated phase shift which is
smaller than it is the reflection of total frequency offset, i.e. 0° =0

= 21r JDIT = 22r1Lsho, T 5 For the mth stage, the phase shift caused by
frequency offset is 'Ym+ 21r - z = 22rAfnmLsho"T MA 10 where, '/gymis

the esti nat efhphkatimatéd phasd shifttwhish 8 SmaNer thainSt & thBlrefE&ticHsf tofAN be
calculated with z = RND MA - 'Vm 21r 15 where RND[ X] represents round X

to an i nt egefreapenny offsettit® frequency offset can be estinated with Of
2wnLsho"T O0mt2;rz 27rmrmLsho"T 20 This estimated frequency offset has the
same precision as that at the mth

¢l = ¢?1 = ZHA.;DIT = 27[A.;Z’shorIT
For the m-th stage, the phase shift caused by frequency offset is

@, = qgm +27-z
= 2nAfmL,, T

= m¢31

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

can be célculated with

z= RND[——mq;‘ =9, }
2

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

&
2zmLy,, T

short

Af =
5 g13",+2fr-z

C2mmL, 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.



stage and the sane estination range as that at the first stage. 33 In this
" enbodi ment as shown in Figure 14, a 2-stage estimation nmethod is applied.
Two branches of received signal flow are used to estimte frequency

of fset. For the two stage enbodi nent shown, the settings are preferably Td
= Tshort (coarse) and 4TsHORT, (fine) and Tw = 7Tshort (coarse) and
4Tshort (fine) 5 respectively. Wiile it is possible to use other settings,
Td = Tshort and Tw = 7Tshort are preferB&d for coarse frequency offset
estimation. This is because the maxi mum frequency offset estination range
can be achieved. Td = 4TSHORT, and Tw = 4Tshort are preferred for fine
frequency offset. This is because the estimation accuracy can be satisfied

whil e the hamCthes embBdmRTRIZIHoNTR Fiaid'¢d, 4 218hge BUIiABRBATRANOlEr © | S

then no need to do_fine frequency offset in the Second ong prea | e as
required i n @appligd. Imo kipoches of retielvarbsigsal flovaamhusdd Tadestiateofréquarty Tw =
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applying the two estimates to the above equations, the’final "estinmted
frequency offeseectivelyyhVyhifr il is pasgibledotuserpthersettings, Tae Tanidared Tawt omat i ¢

frequency c r ol | function_as described
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circuit can the maxithuno freguentybfséthestinationl rahgeicas tﬁldchiéfrq%ﬂilﬁ,tﬂ_ex of fset as
the first stage est] ion shares the same circuit as symbol timng as
shown in fid %*O?tn.a”g"é+\5=ﬁé®rt( ara Bredenred ferdiedirequensivtafisef. Abisosdi ng to
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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 systemé.
The coarse branch of Ty = Tspot and Tw = 7Tghon is used with the first
preamble using 7 short symbols to obtain a coarse frequently offset estimate.
The fine branch of Td = 4Tshort and Tw = 4Tshort is used to obtain the fine

15 frequency offset estimation. By applying the two estimates to the above _
equations, the final estimated frequency offset is obtained. This is then used
for the initial automatic frequency control 31 and phase compensation 40

function as described below. An implementation diagram is shown in Figure
14.

20
The two-stage circuit can be used to calculate the symbol timing and
frequency offset as the first stage estimation shares the same circuit as
symbol timing as shown in figure 14.

25 5. AFC (Automatic Frequency Control)

According to wireless LAN protocols, linked sources are mandatory at the
~ transmitter and at the receiver. In other words, carrier and clock frequencies

are generated from the same crystal. If the carrier frequency offset is



~transmtter and at the receiver. In other words, carrier and clock
frequencies are generated fromthe sanme crystal. If the carrier frequency

offset is 34 conpensated through controlling this reference oscillator,

the clock is simultaneously adjusted. In the standard of |EEE802.11a and

H PERLAN/ 2, it is required that the 5 transmitted center frequency

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

maxi rum The transmtter center frequency4and the symbol clock frequency

shal |l be derived fromthe same reference oscillator. That is, a single

frequency source shall be used for both RF generation and cl ocking the

ti mebase. 10 A frequency acquisition and tracking procedure conprising al

digital basebmpénshigdrthtduth ¢entivliPeesirefbichite b llaforid'@dcRfs | 0op
timng. In the |oop timng nethod, each nobile transceiver first

'synchr oni zes SinyAneouslyiadilstegse- st ati on and then derives its uplink
transmtter timng reference fromthe 15 recovered downlink cl ock. Each
nobil e transceiver has a local timng reference, usually derived froma

Vol t age Cont hrotHeesta st of IEEES0R| Braoand HVREXRLARG2 WRiscleqRiraditigsthehe tim ng
reference_for the. receiver A/D 22, 23 transnitter D/A and all radio
f requency® ( RERNSMHtad ¢gnfer frequenaydplesaneeand the svimbal elnek fregueney and

frequency 5d U eyl elpe: ;
L1 anscel ver s VCRAC FhoH BeCC oot ranlRY ThE Ve GE; P rblSedSIBN | on

(ppm . Frequihecsyrobdisibck frequercyshatids dérivet! frémthe semetratérericenear
After synbol timng is obtained (see 3 above),

?E:npfleqarenc?gg‘glﬂﬁr%ﬂaféﬁéi? Yaglefrediency sourcesshrlbhe usad der kathtRfe est i mat ed
IquZﬁPg}/mﬂ éé%rggggﬁbg%&mfhéﬁﬁé%w preanble (i.e. the first branch),
0 - |
A frequency acquisition and tracking procedure comprising all digital
baseband algorithms is proposed which uses a method of loop timing. In the
loop timing method, each mobile transceiver first synchronizes itself to the
~ base-station and then derives its uplink transmitter timing reference from the
15 recovered downlink clock. Each mobile transceiver has a local timing
reference, usually derived from a Voltage Controlled Crystal Oscillator
(VCXO0) 25 which provides the timing reference for the receiver A/D 22, 23
transmitter D/A and all radio frequency (RF) circuitry. Frequency offsets
between the receiver and transfnitter symbol clock occur due to non-idealities:
20 in the remote transceivers VCXOs 25, possibly of the order of several parts-
per-million (ppm). Frequency offsets can also occur as a result of a non-linear

channel or Doppler shifts.

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

30 6. Phase Shift Compensation




. (AFC) 31 controls VCXO 25 to adjust the RF and I F oscillator frequency or
clock timng (14 and 24). 30 6. Phase Shift Conpensation 35 Al t hough the
present two-stage frequency offset estimation nmethod can achieve highly
accurate estimated frequency offset, AFC 31 may not adjust VCXO 25 so
precisely that the frequency offset can be totally renpbved. To 5 obtain a
fine frequency adjustnent, a phase shift ﬁgnpensation nmethod is applied.
The coarse and fine frequency offset estPhation results are conbined by
using equation Om O 27rni, . honT 'Ymk27rz 27LnishorrT 10 For exanple,
the estimated frequency offset is f1 which is obtained using the above
equation. AFC 3lcan adjust the frequency to a degree of accuracy by f2.
The remai ning frequency offset (f, -f2) i s conpensated by the function of

he, bl f h hi ft t
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‘interval te I|n doubl e
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Tracki ng applied. The coarse and fine frequency offset estimation results are combined

by using equation

_
2anmL_, T

short
¢ +27-z
" 2mmL, T

short

Af =

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

15 _
The block diagram of phase shift compensation circuit 40 is shown in Figure
15. The phase shift estimated by the frequency offset estimation functions is
input and divided by the number of samples (L) for one symbol. The
conjugate of this product is the compensation phase which is integrated

20 sample by sample. T is sample interval. i.e. the inverse of sampling rate. If _
sampling rate is double rate of FFT chip rate (20MHz), i.e. 40MHz, T is 25ns.

7. Frequency Tracking

25  Although carrier acquisition is achieved with good performance, there is
always a small frequency offset left. Such an error will cause phase rotation in

the subsequent incoming signals. Transformed into the frequency domain, the



25 Although carrier acquisition is achieved with good performance, there is
al ways a small frequency offset left. Such an error will cause phase
rotation in the subsequent incom ng signals. Transformed into the
frequency domain, the 36 rennining frequency offset causes a commobn phase
shift on all subcarriers. This phase shift can be accunul ated as tine goes
by. In addition, the channel in which t receiver is working is dynamc.
Fadi ng and Doppl er spread are varyi ng. erefore, the resulting phase
rotation is not static and is 5 unpredictable To provide better robustness
to fast-fading channels and a phase reference to the phase rotation over
all the subcarriers caused by small frequency and synbol timng offsets,

f requency t r eetRaininghfssquendyeftsep caeses acotmmopbatd 8hifyorball sabc&bi2rsl1l a,
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~known pi | ot . inByhiehltRe réddiver iEQ\R)rQiB?S@d%HbHc.%diﬁy?aﬁa 'D,a#o ‘F&rsrl}iréééaré he
carrier frequency_can be conpensated and the phase shi tp for 1ncom ng
sanpl es can V@¥ing Jheeeforeriibe pegulting ghasefotptiers is rotistatieand imt i on on
subcarriers | sanme as the frequency offset estimation. In the
nmet hod ogfrié%rtgﬁc%t/&%?fset estimation, the phase shift is obtained by
calculating the correlation of a pair of sanples which are identical to
each other except for a phase shift. In frequency tracking, the phase
shift is obt &P RERVigS beilet fqﬂtsstnmsSatOﬁawofﬁdm@gtﬁnnei/ﬁ and 8 phaseugiarenge tot
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(p,n) is theswhboldimiog qffsets, fidquencytrackingdfasitotbe 4bpNdds yithed OFEM t he
10 symbol of 802.11a, there are 4 pilot carriers inserted into 48 data carriers. The
pilot signals are first extracted from the received signal and multiplied with a
known pilot. By calculating the phase shift on the pilot carriers, the carrier
frequency can be compensated and the phase shift for incoming samples can
~ be tracked. The basic idea of phase shift estimation on subcarriers is the
15  same as the frequency offset éstimation. In the method of frequency offset
“estimation, the phase shift is obtained by calculating the correlation of a pair
of samples which are identical to each other except for a phase shift. In
frequency tracking, the phase shift is obtained by multiplying a pilot symbol
with a conjugate pilot symbol received several symbols time later. The

20 frequency tracking metric is written as

Ny =1 N,=1

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

n=0 p=0

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



25 nunber 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 |IEEE and Hi perlan W.AN standards. Nd
represents the duration of (Nd) synmbols between the two synbols processed.
The product used in the 37 above frequency tracking equation is obtained
by multiplying a conjugate of a synbol.®#th a synbol that is received Nd
synbol s | ater. The obtained products are integrated. NWis the nunber of
integration synbols. 5 After obtaining the sumof the products F, the
tracked phase shift can be calculated by Olnck = arg(F) 10 In this
embodi nent  t Alsovehfrequerttyf tradkirid BRLAIRSH isSollaREaTARuRPR/iNg N ga'ié%?gl S.
That nmeans the conpensation output by frequency ‘tracki'ng will”be updated
every NW-Nd S¥Rbelwith asymisl thatns secesvediNagyenpolst lateri Themebtaided prodiratsn i n
Figure 17. l: i enl8; 0 f roposed frequency
tracki ng net gJH}%r%ﬁéNﬂvﬁﬁhgﬁa%ﬁ% rclffgmséﬁg%\tﬁqn %ﬁ%(gﬁ be seen, even at
SNR=10dB, the nethod can achieve a precision of within 0.1 ppm In this
be 12 and Nd _is 4. In order to achi eve higher

enbodi nent , is, chosen to )
accur acy re%%n@?'”'%ﬁ?rﬂm&fy@ Peadysts FHhgetiasked phaseshift cenbeduce
har dwar e cor@@)q'h%)@b)it is 20 better to choose a snmaller Nd. Nd=4 has been
found to be a goo conprom se. The larger NW the higher the SNR To
i ncrease the frequency of updating the phase shift conpensation, the sum
of Nd and NW.can be, reduced. So when choosing NWand Nd, there are sone
tradeoffs i n¢,Llee=¢r§{ﬁ)8nent ation. 25 9. Channel Estinmation and Equalization
For a WLAN transceiver working in an indoor environment in which a
10 In this embodiment the phase shift estimation is processed every N,+Nq
symbols. That means the compensation output by frequency tracking will be
updated every N,+Nq4 symbols. An implementation diagram of this method is

shown in Figure 17.

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

20 Dbetter to choose a smaller Ng. N4=4 has been found to be a good
compromise. The larger N, the higher the SNR. To increase the frequency of
updating the phase shift'compensation, the sum of Ng and N,, can be reduced.

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

25 9. Channel Estimation and Equalization

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

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



., mul tipath Rayl ei gh channel is assunmed without LOS (line of sight),
transmtted signals will be distorted by the nmultipath channel. Therefore
to restore the 30 signals, the channel state information needs to be
estimated. 38 As is known, the transmtter transmts signals s(t) through
a channel h(t). The received signal can be witten as 5 r(t) = s(t) * h(t)
+ n(t) Wiere n(t) is AWGN, and * denotes _convol utional nultiplication.

This equation can be rewitten in the frééuency dormai n as: 10 R =SH+N where
S, Hand N are FFT (fast fourier transform transformations of s, h and n.
15 After carrier recovery (including signal detection, AGC, frequency
offset estimations) and tim ng detection, the receiver will know the start
of an OFDM synbol. The received signals will be transformed into the

frequency dopgmi.n, usi t%pFFT and can be wijtten as 20 R = FFT[F ] whereby
FFT funct i on"230KPQ¥PsthetEansanitsr Hansmits slanals %(t)othfwgfha@haaneh ll)s Thes R

=[R(0) R(1) rég(eNed)g,gﬁ?]ctgg,Fg'm}A@?%l time domain signals of NI FFT sanples r

= [r(0) r(1) r(NJFF 7) FT is reverse fast fourier transform
The long training synbols of the preanble can be used to obtain reference

5 r(t)=s(t)* 1)+ n(e)
Where n(t) is AWGN, and * denotes convolutional multiplication.

This equation can be rewritten in the frequency domain as:

10
R=S-H+N
where S, H and N are FFT (fast fourier transform) transformations of s, h and
n.

15
After carrier recovery (including signal detection, AGC, frequency offset
estimations) and timing detection, the receiver will know the start of an OFDM
symbol. The receivéd 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=[R0) RG) - RN,

and FFT inputs time domain signals of Nirrr sam.ples

F=[r(0) r(l) r.(NIFF'I')]



. 5 anplitudes and phases for doing coherent denodul ation. In the |ong
training synbol, the signals on each subcarrier are QPSK nodul ated and
known to the receiver. By dividing the received |ong training synbols by
the known synbols, reference anplitudes and phases are obtained for doing
coherent denodulation. 10 R e Rstore \Were He is the estimted channel

for subcarriers and Rstore is the stored training synbol. By averaging the
two identical parts of the long training3% synbol, coherent references can
be obtained with a noise level that is 3 dB lower than the |evel of the
data synmbols. Then the estimted channel infornmation is used for
equal i zation where a one-tap equalizer is applied. After channel
estimation and equalization, the signal for each subcarrier is denmapped
into binary data according to the nodul ation type of the subcarrier 20 for
exanpl e 16QAWNGre BAGAR reverserfashioudar trapsfpience i s decoded according to
the coding rate used. To combat the deep fading which affects the overal
signal bandwi dth (flat fading), the best way is to use an efficient

channel codeThé forptrainig $ymbolstdf tife prsuablerBabalisei to bbtdin RofdfeNie
st andar ds convﬂ utﬁiéo%é::pcodi ng is used with coding rates of/, 3/, and 2/3.

f
25 I'n Fi qur edl®lityd hasesdPheping qaberentaemodwation.dndheksig training

| tipath Hhaih ; ' ' | i,5.constructed
necor i ng 1 o b8k i 8EREk drfeaHt tihedtEr BE GERR MoHIRBEE pbkrBRT ke
figure, 40 the reseiveedy tixidind thepmckivedtong trainihd 8y mboRrobE theRidosl
approaches that, o

symbolfs, reference amplitudes and phases are obtained for doing coherent
demodulation.

10

g ==X
R

Sstore

Where H, is the estimated channel for subcarriers and Ry 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 ihe level of the data symbols. Then the estimated channel
information is used for equalization where a one-tap equalizer is applied.
After channel estimation and equalization, the signal for each subcarrier is
demapped into binary data according to the modulation type of the subcarrier

20 for example 16QAM or 64QAM.. Then the data sequence is decoded
according to the coding rate used. To combat the deep fading which affects
the overall signal bandwidth (flat fading), the best way is to use an efficient
channel code, in conjunction with a robust modulation. In the WLAN
standards, convolutional éoding is used with coding rates of ¥, %, and 2/3.

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

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



~perfect channel estimation. The invention has been described with reference
to preferred enbodinments 5 thereof. Attentions and nodifications which are
obvious to those skilled in the art are intended to be incorporated wthin
t he scope hereof. The various aspects of the invention are freely

conmbi nable. 41 CLAIM5S 1. A frequency offset estimation apparatus for an
OFDM receiver, having: 5 neans for determning a first frequency offset
havi ng means for determining the correl4®ion of corresponding sanpl es of
two received preanble synbol sanples a first predeterm ned delay duration
apart; means for determning a second frequency offset having neans for
determ ning the correl ation of corresponding sanples of two received 10
preambl e synivelcatiesud that thesgetreharcedsttthe ProwskedemathdiaghroaBhad aidt of Sai d
second del ay duration being different fromsaid first delay duration; and
means for coﬂ?ii%?ﬁtr?@a@ﬁ?bpsftm%tto%nd second frequency offsets in order to
determ ne said frequency offset estimation. 2. An apparatus according to
claim1 further conprising neans for 15 integrating each said offset

det er mi nat i ohhe@irmenties hasthieeal desicribed withdreferennd to prefértdremibedimentegr at i on

- wi ndows. 3. An apparatus accqrding to clajm2 wherein the sumof the del ay
and integr aﬁﬁﬁb‘?&wmaﬁﬁa irﬁﬂ@%f:%tl'ort%‘@h'@raéﬁ opvipusdedhease skilledinctheof f set

det erm ni Ng ARARS| i r ' [m 3

wherein said r ecegﬁﬁﬁﬂzg@iﬁ&mg&e\gﬁﬁ?éﬂ%ﬁg%g’%?%ﬁ;ggrfe?\é@@eﬁ ay tinme

bei ng 1 pr eaasnestsghthelinventiann ane fearly combisadend del ay time being 4

preanbl e synbol durations.



42 5. An apparatus according to claim4 wherein said first integration

wi ndow | ength is 7 preanble synbol durations and said second integration
wi ndow |l ength is 4 preanble synbol durations. 6. An apparatus according to
any preceding claimwherein. said 5 conbining nmeans conprises signal
processi ng nmeans arranged to calculate the estimte according to the
equation: +2,rz ~f 2=LshortT 6. A nethog of estimating the frequency
of fset for an OFDM recei ver, the nethod lonprising: 10 determning a first
frequency offset by determning the correlation of correspondi ng sanples
of two received preanble synbol sanples a first predeterm ned del ay
duration apart; determ ning a second frequency offset by determning the
correlation of corresponding sanples of two received preanble synbo
sanples a 1GLAMMSHd predet erni ned del ay duration apart, said second del ay
duration being different fromsaid first delay duration; and conbining
-said first and second frequency offsets in order to determne said
frequency offset estinmation. 20

1. A frequency offset estimation apparatus. for an OFDM receiver,
having:

5 means for determining a first frequency offset having means for
determining the correlation of corresponding samples of two received
preamble symbol samples a first predetermined delay duration apart;

means for determining a second frequency offset having means for
_determining the correlation of corresponding samples of two received
10  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.

2. An apparatus according to claim 1 further comprising means for
15  integrating each said offset determination over respectively first and second

predetermined integration windows.

3. - An apparatus according to claim 2 wherein the sum of the delay and
integration window durations for the first and second frequency offset

determining means are equal.

20 4. An apparatus according to claim 3 wherein said receiver receives 10
preamble symbols, the first delay time being 1 preamble symbol duration and

the second delay time being 4 preamble symbol durations.
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5. An apparatus according to claim 4 wherein said first integration
window length is 7 preamble symbol durations and said second integration

window length is 4 preamble symbol durations.

6. An apparatus according to any preceding claim wherein said
combining means comprises signal processing means arranged to calculate

the estimate according to the equation:

Af". _ ¢m +27 -z
2MLshorlT
6. A method of estimating the frequency offset for an OFDM receiver,

the method comprising:

determining a first frequency offset by determining the correlation of
corresponding samples of two received preamble symbol samples a first

predetermined delay duration apart;

determining a second frequency offset by determining the correlation
of 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

combining said first and second frequency offsets in order to
determine said frequency offset estimation.



