"~Fi el d of. the invention The present invention relates to

for receiving signals in 5 a Wreless Local Area Network (W e N,
WAN), particularly in the case that the signals are O thogonal’F equency
Di vision Multiplexed (OFDM signals. Description of the prij
Recently, OFDMW based wi rel ess LAN standards | EEE 802. 11 a I@" Iﬂmhmmﬂm“"
H PERLAN 2 [2] [ 3] have been devel oped. The | EEE 802. 11a s
described in "Supplenment to | EEE Standard for |nformation Techre®pw@yy
Tel econmuni cations and | nformati on Exchange between Systens - |ocal and
Metropolitan Area Networks - Specific Requirenents - Part 11: Wrel ess LAN
15 Medi um Access Cont ReteivpnandaMethied fordMLANBarst Bipd Sigpmalsf i cat i ons:
H gh- Speed Physical Layer in the 5 GHZ band” | EEE Std 802.11a - 1999.
HYPERLAN 2 is described in Broadband Radi o Access Networ ks (BRAN),
"Broadband Radi o Access Networks (BRAN); HYPERLAN type 2; Physical (PHY)
Layer". ETSI TS 101 475 V. 1.1 (2000-04); and also in Broadband 20 Radio
Access Net WoFigid OBfHeinvétiormdband Radi o Access Networ ks ( BRAN); HYPERLAN
Type 2, Data link Control (DLC) Layer Part 1. Basic Data Transport
Functions", ETYSI TS 101 716-1 V.1.1 (2000-04). For an OFDM based wirel ess
recei ver, thé&he (ﬂrﬁﬁ/ﬁtd@m@@ﬂe@'aé?% tQ “@ﬁthw%aﬁg deyp%ﬂor d%@%!%'ﬂgcﬁ'sn%iﬁa@
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timng, aff\d gmglglsggé%héq?%#%owg\ggﬂég?unct’i g'lns 0 '{'a%@m'g‘ﬂﬁem or
W.AN i ncl udecdsecthat ivy signals are @gthegonalrEmeiqzxeni:pm|V|s1bndHult|pléx%EMFDM)
denodul ation s very sensitive to frequency offset and ISl (Intersynbol
Interference§9P8¥sed by a nmultipath channel environment and which can
result in serious timng errors, also if not corrected a phase shift is
accunul ated on each subcarrier, and this can bring about channel estimtion
5 errors. Figure 1 shows the structure of the OFDM PHY frane of |EEE
802.11a in which a preanble precedes all data synbols. This preanble is
essential t oDgeeriptignmidhetprirtadt i on, automatic gain control, symbol
timng, frequency estimation and channel estimation. 10 The first part of
the pre | e st p ol j t
dur at ] on' O - Bogory: BrEONKadanthidlearTAN Sishtgdy 18Ce B 1 {4 {1 cand
Transforn) i HIRERBANA [2] [Brhenle Heem deyetoped. Thbee EEO 802slisb stamdara is
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possi bl e to HEPERANIZIS desgihad: {p 55@@‘?%’]%536'#’ Aveess ietwarks (BR&Mond,
the |ong symigl, ag&%ﬁhm%ﬁ%&gs%éﬂd?ké BRANC HPERLUAN e 20 FHRRGF T O

doi ng coherent tio
(PHY) Layer”. ETS!I TS 101 475 V.1.1 (2000-04); and also in Broadband
20 Radio Access Networks (BRAN), “Broadband Radio Access Networks
(BRAN); HYPERLAN Type 2; Data link Control (DLC) Layer Part 1: Basic

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



At the end of the preanble) a special SIGNAL OFDM data synbol at the | owest
6 Miitls rate is sent which contains information about the |ength,

nodul ati on type and coding rate of the rest of the packet. 3 Finally, a
vari abl e nunber of data synbols are transmitted typically at a higher
nmodul ation |level or rate. Each data synbol consists of a guard interval of
800 ns and a data |IFFT interval of 3.2 uszB H PERLAN 2 system has five
different kinds of PHY bursts [2]: 5 1 ) “Broadcast burst; 2) Downlink
burst; 3) Uplink burst with short preanble; 4) Uplink burst with | ong
preanble; 5) Direct link burst (optional). 10 Independently of the burst
type each burst consists of two sections: preanbl e and a | oad. Each
burst is staffMwemodulatiemnisorery seositive twﬁreauensypﬁsebamjlﬁya/ nrtepsyynhnd d

Cype. Ther o LiteMpfecelicalEBR Y iy JRUBRN, SRenSaip o iBEh Sp SRoleingdt n
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burst with short preanble d) "an Uplink burst with |ong preanble e) a
Direct |ink agwnulamaonm tsubicarmief, apetibis qan bring shawt charmel estimation2. 11
a, but th ﬁ,??érjl ng sequence of short synbols may be different. A downlink
transm ss ed ts with 10 short synbols as in | EEE 802. 11 a, but the
first 5 synbols are different 20 in order to detect the start of the

downl i nk fr afigurept 'shdswpethk@tmctm'g mfsﬁaeSOEDM(PH‘defra‘meedf IE&E 802yIrtlaolis,
with the |ast hs&grt s be|n in eri bet ween t h
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protocols.  nerform packet detect|on, automatic gain control, symbol timing, frequency
estimation and channel estimation.

10  The first part of the preamble consists of 10 repetitions of a training symbol
with a duration of 800 ns, which is only a quarter of the 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 long training symbols with a
duration of that of a data symbol. There are two reasons for using long
symbols in this part of the preamble: First, it makes it possible to do a precise
frequency estimation on the long symbol. Second, the long symbols can be
used to obtain reference amplitudes and phases for doing coherent

25 demodulation.

At the end of the preamble, a special SIGNAL OFDM data symbol at the
lowest 8 Mbit/s rate is sent which contains information about the length,
modulation type and coding rate of the rest of the packet.



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

H PERLAN/ 2 is al nost the sanme as that of | EEE802. 11a, the sane receiver
architectures or nethods can be used. Figure 3 shows the tine and frequency
structure of an OFDM packet having an | EEE 802. 11 preanbl e. The packet
starts with 10 short training synbols) using only twelve subcarriers,
followed by two long training synbols and data 1 o synbols using the ful
fifty two subcarriers and containing four known pilot subcarriers used for

estimating t enally; arvanieblepnimber gidatasymiials are transmiitedstypisally atiadiigherow
order nodul atjo X | e K. hepnce only th | .ve sybcarrier in
order 1o al | U dbiein BYBIB: g E5u AR uBBe ot O p el TR R B0 ke
before the agiguiid dabt IFRBintsalsf a¢gessful |y decoded. 15 The preanbl e,
which is contained in the first sixteen mcroseconds of each packet

conprises the ten short synbols on twelve subcarriers and the two | ong
synbol s on aHIPERLAN/Rgystam bas fivedifferest kisds of BHebusts{At art of packet
detection, automatic gain control, synmbol timng, frequency estimation and
channel egti i .these training tasks are necessary in order to
20 succesgfuﬁ??rgg%%al@&guggr’fd decode the actual data bits. As is known a
cyclic prefix or guard interval (@) is added to each data synbol to nake
t he recei ver 2nbrawnlipkusrst; o nul ti path propagation. In particular, it is

i ntended that the guard interval be |arge enough conpared with the spread

RPN L
4) Uplink burst with long preamble;

5) Direct link burst (optional).

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

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

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

20 in order to detect the start of the downlink frame. Uplink packets may use 5 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.



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

I ncludi ng: signal detection; automatic gain control; synbol timng; 10
frequency offset tracking; and frequency {racking. Apparatus and nethods
relating to each of these aspects may advant ageously be conbined with
apparatus and net hods of the other aspects. Alternatively, each aspect may
be used with prior art other aspects of the receiver. 15 In one aspect of
the present invention, there is provided a signal detection apparatus for
an OFDM r eceiHmwvevenaat thg: Pii¥édenelf iorpriteiple theisamet teeeiver medhiteictureahay be
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symbol . incoming packet, before the actual data bits can be successfully decoded.

15 The preamble, which is contained in the first sixteen microseconds of each
packet comprises the ten short symbois on twelve subcarriers and the two
long symbols on all fifty two subcarriers, is used to perform start of packet
detection, automatic gain control, symbol timing, frequency estimation and
channel estimation. All of these training tasks are necessary in order to

20 successfully receive and decode the actual data bits.

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

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

30



The correlation determ ning neans preferably conprises neans for 15

determ ning the product of a said sanple and the conjugate of a said

del ayed sanpl e, neans for accunul ating said product over an integration

wi ndow, and neans for accunul ating the difference between said product at
t he begi nning and end of said window 20 The sanples are preferably a first
and a last sanple in a correlation\Mrukw%having a length of one preanble
synbol. In a second aspect of the present”invention, there is provided an
Automatic Gain Control apparatus for an OFDM recei ver, having: neans for
determ ning the average power of received preanble synbols in order to set
an 25 appropriate AGC | evel; neans for determning a first AGC | evel based
on the average power of a first nunber of synmbols and; neans for

determ ni ng level based on the average power of a second
nunber of su%é"éﬁ%'@ﬁ%wﬁ%%n%re I's al so provided a correspondi ng
automatic gain control nethod conprising: determning the average power of

recei ved preanble symhols in 5 order to set, an appropriate ACC | evel;
det er m ni ng dheiRresentdnventinn aimstoProwderrn imprpyed opatieasbalternativyet nunber

of 2 secona Hirnage S elpR AL ece VRIS HeraRe RaBa b ORANRREAE 2.

frequency of irsatWeAN. mation to start earlier and use nore short synbols
thus increasing their accuracy by allowing themto rely on a coarse AGC. It
al so uses nore short synbols overall for (fine) AGC and thus increases its

(i ng. and 1 oetg aleBIRRIc vaArRHsRpRts icfati o teivel Tor 0 SEOMBRTD )
i .e. QPSK, t lypef sigpalABCiusingicsigmalldetestion) abtonoatic gaipcontrok Isymbdlifieingin such
as 64 Q“%““‘?r%%u%‘ﬁé‘f E)\%eet tlAac&inigs; aﬁ%rﬂeeq%reintciy ?raalcking. Apparatus and methods

relating to each of these aspects may advantageously be combined with

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

be used with prior art other aspects of the receiver.

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

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

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

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



Note that this also allows both coarse and fine frequency estimtion to be
done within the first preanble. 20 By conparison, prior art AGC neasures
the signal power of the first seven short synbols in the first preanble,
this accunul ated total being averaged to determ ne the appropriate gain

| evel . However because this AGC uses the first seven short preanble
synbol s, synbol timng and frequency offﬁft estimati on cannot be started
until the 8t" short synbol, thus |eaving only three 25 synbols and hence
limting accuracy. This also results in the fine frequency estimation
having to utilise the second preanble. By using a tw-stage AGC nethod in
whi ch a coarse AGC is determ ned one short synbol after signal detection

whi ch i s nor iFhid ysesnthe signal power of satnplas of the regeived préambig symabdls eyeency
ffset ti ti t h | ] d t t hei '
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the det orti TG Hbakebbe A e N MR b AN e R Lo e FF Rt ¢ e
AGC | evel detghrdgitioag.i on nmeans nmay utilise a |look-up table to 10 correlate

sai d average power with an AGC | evel. Preferably, the second nunber of
synbols is larger than said first nunber. Preferably an IR filter is

desi d t . on i L . th
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an integration w ndow and;
powers, with the predetermined duration preferably being of one preambie

symbol.

The correlation determining means preferably comprises means for

156  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



for determning a frequency tracking error fromthe sumof said
integration. There is also provided a correspondi ng synbol timng nethod
conprising: determning the correlation of correspondi ng sanples of two
received pilot carrier synbols, one said sanple del ayed a predetermn ned
duration with 25 respect to the other; integrating said correlation over an
i ntegration wi ndow and; determ ning a freguency tracking error fromthe sum
of said integration. 9 By using an i ntggrati on wi ndow Tw whi ch is |onger

t han one short synbol, for exanple nine short synbols, this results,
graphically, in an inproved neasure of P(d) for estimating the synbol
timng start tinme. In order to produce a clear peak as opposed to a plateau
in P(d), sumsetontheAGGr davebrbasedl endthe everage powat axfratsenondi ndmbearaf t hat
of the delay b tvveentcorre ondi ng sanmples in different synbols should be
greater or e&HEFe‘ﬂ"bQﬁrxmﬁ?ﬁer of synbols measured -10 in | EEEB02. This in
turn provides for easier and nore accurate estinmation of the synbol timng.

10 By conpariThefe B a0 Providgdbal corr@dpithdiid angemaiits gdine coRromahéethedP( d)
having an integration wi ndow TWequal to one short preanble synbol de)
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present invey Slhﬂ%&t here is provided a frequency of fset 20 estination
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frequency offset havi ng neans for determining the correlation of
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determ ning a Second re guency o et erm ni ng orref'a(fl on of
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pr edet er mi ned, del a .d%a{.i n_apart, said second delay duration being

di fferent fr(ﬁiﬁpgé’i"ﬁ"? %"Sﬁer%éjj“a‘a'ﬁr ation; and conbining said first and
second frequency offsets in order to determ ne said frequency offset

estimation.
20 By comparison, prior art AGC measures the signal power of the first seven

short symbols in the first preamble, this accumulated total being averaged to
determine the 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 symboils,



10 By using two parallel branches for frequency estimation, high precision
" conbi ned wi th unanbi guous frequency offset estimate provides a better
coarse frequency estimation than the prior art nethod, for exanple using

ei ght short synbols instead of the prior art three short synbols and the 15
second preanble. By conparison, prior art frequency offset estimation
methods utilise a first coarse neasure usgng the |last three short synbols
of the first preanble, and a second fine nmeasure using the second preanble
including two and a half long 20 training synbols. Wth respect to the
coarse measurenent, to achi eve maxi mum precision a | arge nunber of synbols
shoul d be used; however) in order to avoid the 2~ anbiguity of the phase, a
| arger esti m&yMhe! g and fleapency etiselrstimation-caustagsnuch parlier apgtbus of

synbol s. Hengg.: 00| il l'ting
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appar at us f urfuietionsamal iesets theaAGCfatithe ehdwfaite shiort pedarablechrtt foethigh
determ nati on over r ectively first and second predeterm ned integration
wi ndows. The &SGHAa%Y reRAveyy éﬁ'ﬂgith?ésP‘A’B‘?é??gﬁ"hégw durations 11 for the
first and second frequency offset determ ning neans nmay be equal and the
receiver y g : i e
bei g L PP T Rl TS QP gs/ ey sl Seledtion ™0 ¢
synmbol dur at iapdssaid isecond AGC e deteroninaliondowayl ke triggered blyesymisoltinsiagb| e
synbol durati ??ns. m&g{ said second integration w ndow | ength may be 4

preanbl e syn‘@ AYE ions. The conbini ng neans preferably conprises signal
processi ng neans arranged to calculate the estimte according to the

equation: ef Preferably;the-determiring Yiheans heorprisekd ahninfinité fikdpufsed psdpodiset he
present i nvenihl on re is provided a synbol tim ng apparatus for an OFDM

, th /
recei ver havififgF aﬁﬁéhg AGE @é@bﬁﬁ‘ﬂﬁwtﬂﬁe”@@ﬂﬁéﬂﬂ ?lﬁlﬂs%fa laskrus palaitag
| t i id | e del d
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maxi mum correl ation value within a predeterm ned 15 integration w ndow,
sai d maxi numRrefenably ntiecseticond nunebertaf isymiolsiisdardes thambeaideirst mumaber.

i ntegration wi ndow duration is not equal to said delay duration. A nethod
of synmbol timng in an OFDM receiver is also provided, the nethod

conpri sing: ¢ReRaBIPiaRdIR AReCiRdeRigHddR dVerd@s the MRAshNR poleer fofahd short

J
preanbl e synbol s; determ ning the synbol tining based on the maxi num 20
correl ati on WG dn erdetite redynecthetrentiredduffat.egr at i on wi ndow, and wherein
t he
15

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

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

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



I ntegration wi ndow duration is not equal to the delay duration. Preferably
the integration w ndow duration is greater than said delay duration and
said correl ation determ ning neans may conprise: neans for determ ning the
product of a sanple of a said received preanble synbol and 25 the conjugate
of a correspondi ng sanpl e of said del ayed synbol; neans for accunul ating
sai d product over said integration w ndo and neans for 12 accumul ati ng
the difference between said product at the beginning and end of said

i ntegration wi ndow. Preferably the apparatus receives a predeterm ned
nunber of preanble 5 synbols and wherein the sum of the delay duration and
said integration w ndow duration are_greater than or equal to the duration

of said prear 'és'aqﬁﬁdn?gémmw Ruibewhish isyenaardhaa pnsshet symrolqtor ay
d t |
s;;ﬂa)lo: Ogu?g%/i ons n otﬂ‘g#Ilf %&H‘n?&lsrﬁ?refs{@?h@ta:ﬁ% W'ﬁﬂe ﬂ‘f@é&é‘%b%&

may be 10) ttméRdé)fmyeﬂ;ﬂmdtmglﬂne)symbgl firainh sturtitiohe. ﬂuromdérsrtgo ,praddcé lae:losl:ar

integration win i ons t he nunbe S ol s may
be. 0.t he. d@1O3K 2RAPHISH AR IBEaY BHEbISR PRINCATATGR & Jarth & B at | on
wi ndow may b@nt@gﬁéﬂa‘ﬂ%néaﬁvaédoo!h%t of déﬁ?b&ﬁﬁeéﬁ&oﬁésﬁﬁd@d‘@éﬁnh% sSHPport

various wrelesS LAN systens 15 1 ncludi ng” those using the conventional |EEE
802.11 a and M@Eﬁl.%holprshbutdobsgr@temr émairtm fhe nwnbiarbﬁs-yrﬁbglsr es 20
Non-limting enbodi enti.on w i bed,

Sake of  examTTeRgied 1A i EREDZTHB o ovideR i g 56 saoreipasirath,

Fig. 1 shows etst]ﬁ,afhghrmqhé)gy,ﬁbg-‘twngl—w frame of the known | EEE 802. 11a
standard; 25 Fig. 2(a) (e) shows "PHY burst structures of five types of
burst in the known H PERLAN 2 standard; Fig. 3 shows the tinme donai n

Syt ur 00! o hRMAE by BRAA BraApSAERLRERN) B ik KB B,
ti me domai n; having &n megaratuonmu@dmmra,teqml 2 ??ﬁ sﬂo?gstrﬁaémgf:b %%r?bn@g%?@)rl It hm f7 or

deriving P(d) in the sjgnal detection
i's an inpl enbIRWRVESSUB %dnetn Qifm@a ﬁgteamr@% vnthefsymbﬁﬂé@unwgs@ag. gnal
energy in the &G, Fraphically, a plateau which makes precise detection difficult.

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

of said pilot carriers.

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

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

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



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

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

used in the enbodinent; Fig. 12 shows a synbol timng detection algorithm
used in the enbodinent; Fig. 13 illust ra%gs the effect of frequency
offsets; 15 Fig. 14 is a block diagramof*¥a carrier and tim ng

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

di agram of a phase shift conpensation algorithmused in the enbodinment; Fig
16 is a diagramillustrating the pilot carriers in an OFDM synbol; 20 Fig
17 is a bl ocKherenigr ahsmprouidfaden]oerregpmncﬁngifnegquehgwoiffsetnnaﬂn@ﬂ coppsisings

arhod ment; SRPTEINO 79 S dreuRPR: Phrel HYG A SRS eBR BuRRIcR AL or
Lhe embodi ITe BbrmSodttifty RaMRpIbs 2t ﬁ,e@aaébe&eaubﬁeamé §ubel shmplanaefirstS

Det ai | ed Description he Preferred Enbodi ments Figure 4 shows a typical
ar chi t ect ur e presietenmioedidelayctwation apart; detarnmining aosesigod frequsney wifsetby be

antenna 10, SelsriTpds B ot ST polieRpbhelpas Salifhs £ PR eaERef T
section conpprestfible symisdl shtpibd alsetohtimédetermined delayidugatidn aparadaidr om
| ow-noi se anplifier 12 with a |local RF oscillator 14 signal, the product of

which is fedseernd wiglay shuatiqn |being differentfrane said finshislelays dusationsi aed
anplifier 16comﬁqua¢‘%§l& ﬂ%ftaWp %en:o'nﬁ ﬁ@ddéﬂ]cg ffgoe'téhrPﬁ?ose% t(;f E/mAB%aid

quadrature (rmagin clrcui anches ranches eac conprise a
further m xefredidency dffisettéstimationci ves the internediate frequency signal
fromthe variable | ownoise anplifier 16 and which al so receives a signal
froman 1%t ernmedi ate frequency local oscillator 24, the input to m xer 17

ggi nghgegﬁtygg ; iRy WP paralid] BraRthes fittAsRighey RetiRiABR, MighPredgionomponent
combined with unambiguous frequency offset estimate provides a better
coarse frequency estimation than the prior art method, for example using
eight short symbols instead of the prior art three short symbols and the

15 second preamble.

By comparison, prior art frequency offset estimation methods utilise a first
coarse measure using the last three short symbols of the first preamble, and a
second fine measure using the second preamble including two and a half long
20 training symbols. With respect to the coarse measurement, to achieve

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

25 frequency offset.

Preferably the apparatus further comprises means for integrating each said
offset determination over respectively first and second predetermined

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



of mxers 17 and 19 are each fed to a lowpass filter 20 and 21

" respectively, then on to an anal og-to-digital converter 22 and 23
respectively, the outputs of which are fed to a conpl ex conbiner 26, in
this exanple an 1/Q LPF. The resulting signal r(n) is the base band O-DM
signal) which contains both the 15 preanbl e and data synbols of the

i ncom ng packet. A synchronisation functijon 1 receives the base band OFDM
signal and uses the preanble of the incom ng packet to performa nunber of
sychroni sati on functions. These include signal detection, automatic gain
control, frequency 20 offset estimation, and synbol timng. The
synchronlsatlon fgnctl 1 controls g ai ntroller 30, frequency

fcont rol | er 3forthefirstandspgandfmaensy ﬁ'ﬁemirw meangpay bgietuahapant r ol
41.
unction trTé‘ |s ?%ﬁagénl%tagfw ?@cénf/bw sd??gﬁ"%ér 9¥rﬁgbt§m§ms%'ab?a fyenoi se

anplifier 16 an 0 conpensate nature and
varyi ng si gnabkirigevielpredmblee synmmhi dlgaﬁblgnahds thel sécdrite delay dfmqarlwngl Ag a
reasonably uniform signal |ev output from | ow.noi se a ier T, |s
oy oves. 1 he PIRATIPlec3yBPok HETatons: v Ehe MHCMIPOIAIPY IEaOaN sngthcea Rey o

the anal og { prélrbledtyrfbal@iralbfs 4Ad8sld SecuhbiGfitetiratiord itd Mg ﬁmey a
particul ar range of signal |evel The fredquency controller 31

controls a rbedremmble@umb@tdmat@nm 25 for the receiver, and this in turn
controls all other local oscillators in the receiver, i ncI udi ng the radio

frequency |o or te q

oscil | at or Zj‘?ll La %6 hiﬂé %ﬁ?}gﬁ ﬁrgﬁ}?bwrﬁ rﬂgﬁgpe%sssééiﬁ% ﬁg&%ssgfé%egﬁﬁft
conpensat i on afranged o céldulsite tte estirnhtecacsordingtb ¢tk Byuatien:synchr oni sat i on
function 1 and a frequency tracking function 2. The phase shift
conmpensation function 40 is described in detail below 10 The output of the
phase shift corrpen\s/gtl (m-ﬂmcztl on 40 is passed on to a Serial to Parallel
digital signal con rrml ch additionally renoves the guard interval

si gnal conponents from'eacHSynbol. The Serial to Parallel function 42
converts a predeterm ned nunber of incomng digital bits 15 (sanples)

cor respongli ngn taofiftihaspechontie prsseine snvantiohe tieaadis Rerodidedoa dymbol aiminhge
ADC s 22 and 23 into F\ wor d correspondi ng to an OFDM synbol. When the FFT
function i s PPBREEYRJIOr, apr QEPM niesetyeruhBYRgorMEARS NNy d?&‘h’ﬁl"e@gar Be

needed for i t d nber
of sanpl es, \%E l?ttlgped?gcgfﬁ;ggpby Ero&i@ E@Utsr hge'?fg&%igé@%? %%ﬂ’?lgl Pﬁg
renoved of tisaidgsample detayed a quEdMned dwahonedltlﬂ-‘réhpe@tnhnltheldthes

i nportant that the rgecorrei ondi nr% to the ﬁﬂ: 4) starts . at th
TRt canpl o TRANS ot CRrEBEtHE AUl cOslRFOBNALIE Wibing PTRdRteaDAg
recoveryqslt mté?ﬁdﬁ@h%m&w rwatmakuﬁmnaw% Qhéicﬁtlﬁ'gfttﬁénétﬁﬁ bhe symibel;
timng, or star 5 The length of each known™ i n

: ol
advance and weaemetbgﬁlrupgtaélpa windewwuratien is nat eguel %lowald@iedaxeduna@gm ng base

band signal to retrieve individual synbols In doing this the guard

i nterval si g ?pg% YE to
retrieve eac separa e’s ?’r%la”ﬁméqg% c@rﬁ roI ééd\r’%ﬂgﬂ?éo éont#gocrq ngétﬁgd
function 41, commpeisingn determmmg:dhe r correldtidry dfhmorelﬁ\wmbr ideintieali short
function 1 once t has been get ermn The wi ndow | s

e s t
arranged to mmg y alga,dgtqr Ringathessymhel Yming SF’ on thamAYMYMt t he
start of ygac Eoﬁ@%‘l’loﬁfva%egwmm a PréddteRRinctORegratidPWindib:Snd WhirdiRitRet Ne

W ndow.
integration window duration is not equal to the delay duration.

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



5 The individual OFDM synbols are fed fromthe Serial to Parallel function
" 42 to a fast fourier transformfunction 43 which separates the synbol

val ues on each subcarrier (12 or 52). These values are passed on to a
preanbl e and pil ot extraction function 44 which renoves the preanbl e val ues
and the 10 val ues associated with the four pilot subcarriers. These val ues
are used for the channel estimation and gﬁequency tracking function 2. The
channel estinmation and frequency tracking“function conpares the incom ng
preanbl e and pil ot values with stored preanble and pilot values 45 15 to
determ ne the effect of the air interface channel, and to instruct the
equalizer 46 to correct for this channel. This function 2 also nonitors the

subcarrier fpeeupriating the differenge belweassraaid psodusd aptheskeginning arsherdheht i on
function 40 {Q C - f any drift over this time. 20 The channel
equal i zat i onggﬁdﬁ@gﬁ§%ﬁ%@&\@cts 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 denmapped

into binary data according to the podul ati on type of the subcarrier. The
data sequencEESTErDY s aBRABHIEIECPES PigsStarEish Pumbar Pfetﬁam@leby 25
demapper gr erﬁBSIé'éHoo héreif b &t rlﬂ?hegﬁ firafiéh E\ﬁa%%f& Int&dritiofrTbodi ment s
of the invention provide Inproved nethods of: signal detection; automatic

gai n cont r ol wirideydaratipncdre greates thareor equal s tiodutationraf ;saichpreanasjeency
tracki ng as descrjbed, bel ow., 30 17 A recejlv ccordi to an_enbqdi nent
of the | nventVBROSAIGLIE MRS of svEabdln ey b 40, Magalay dhetipndnay Bed | n
detai | bel owsyhR8FQumREbACAME tHREINRRYTERSN WirthbAW nidIRS hin@ sy et dupaidieat i C
gain control)” of fset frequency estlmation, synbol timng and frequency

tracki ng funbi othes preferrd adtemativee ntheprunabercef symzhols mayebe dfActhectalayit i | i se

baseband'0 ¢ nBUFEER fay B8, FaiinbBlrdfibn, holE, e ool W BRERET B 1 eccur e
t he i ncom ngspinBbPuREBRS of e HiMRDACET $yrB6is Tnay be 119 tiedélay Wungtidrhe AGC
function, the frequency 10 offset estinmation and synbol timng functions

are al so per yRei4 sYRibo! dyrafionseqed theintegration wineaw mayohe 6symhd sane
synbol s for ﬁfﬁiofngn(:ti on. In other words these functions use overl apping
training synmbols in the

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;



preanbl e. 15 Conventionally the above operations are done one at a tine

" using separate preanble synbols. For exanple the first seven short training
synbol s are used for signal detection and AGC. The renai ning three short
training synbols are then used for coarse frequency offset estinmation and
synbol timng. Then the two long training synbols in the preanble are used
for fine 20 frequency offset estimtion ﬁgd channel estimation. W now
describe in detail the operations performed by the units 1 and 2. 25 1.
S~nal Detection Since the radio environnent in which the wireless |~ Ns
operate is usually adverse, the transmtted signal is distorted by

mul tipath fading, collapsed with 30 thermal noise, or interfered by other
si gnal s. Thi §igliSsshowspregnapielsymbpls e tima gomain;r ecei ver to nake

i ncorrect deg sions Laring. an S L0 il,e mssing, the c ect
position, or ﬁ'is@gﬁ%gﬁﬂsﬁﬁ%&@ B@%ﬁg:‘ﬁfdr%h] gfot\lp'% %agfgi‘ﬁfh’éq’&é%’m B@h' be
decl ared | osth&gighbPdéteetary 8lgofithiraof the embodithemer i od and the transmtter
has to retransmt the packet while other users have to wait. Such 5 packet

| oss wi || nofFignf yis cit implamentation dlegh digaresnof the @aerithmyder weasubngo

i ncrease the i LSS| I f packet and, hence, a | onger del ay
can be ex%)ects@'.gl Bb%@&ﬁgﬁﬁéémbtos 'r[l{gﬁgt ect a signal by neasuring the
correl ation @lg.i Bcqa) ngnd O(kyi YhstratesCahei QestageoAGEpeptoedss r ased Ny thebol s

as shown in Figure 5 that are identical to each other at the receiver
except for a® 8Atft caused by the carrier frequency offset. If the

conj ugat e of S e Lo LT Ol stk O WP' RSN

correspondi ngﬁgéa%prrﬁzr fK%mrﬂtI#gFasté%gﬁ% t?ﬁlfeﬁpa@e!tt'i%new'mé:'& sno%atg{hgg )o,f tpﬁe

ef fect of thembumimeht;shoul d be cancell ed and the products of each 15 of
these paifrs aof sgmples will have i mately the sanme phase. So the

nmagni tudééof ﬁ%e@;ﬂﬂﬁﬁtﬁ **H&eéqséﬁézhﬁ ‘U@.d.OV%en. this correlation value is
larger than @igietﬁﬂm_bﬁatéshéﬁagglrég nt BAEPELEYRAbol Bmiry Qé@ﬁoﬁ%EdQBQEII_%Zt i's

arriving. The detection thres is normal |y set by experinent. 2
present enbo@muasdimpntvi des that the energy of received signal sanples is

measured. The, f r i [ I .S t

"t oot at ed 518 ats BRVBCF T e RE AR AT sk A Uil | o
sanpl es are FiqckSsilastrates the efféctiaf fidygienogbffgetshi ch can be witten as W

25 R(d)=~Ir~d+mz =0 where Wis w ndow | ensth, whi ch represents the nunber

of sanpl 3 ufi 14 icakiosk diagrary gha casrier ghd iR rsyneerenisation algorith i ne
i ndex correspgpdiiithe ethBodiment;
Fig. 15 is a block diagram of a phase shift compensation algorithm used in the
embodiment;
Fig 16 is a diagram illustrating the pilot carriers in an OFDM symbuol;
20 Fig 17 is a block diagram of a frequency tracking algorithm;
Fig. 18 shows simulation results B of the rms frequency tracking error
obtained by the embodiment; and
Fig. 19 shows simulation results of the BER performance of the embodiment
in an exponential decaying multipath Rayleigh channel
25

Detailed Description of the Preferred Embodiments

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



to the first sanple in a window of Wsanples, and mis the sanple index of
t he 'wi ndow. The R(d) can be obtained by the following iterative
conputation. 5 R(d + 1) = R(d) +1 r~d + wz - r(d~z The inplenentation

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

| ast 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 neasured
energy of the received signal 15 sanples over a wi ndow | ength of one short
synbol. It can be seen that as the | eading edge of the window hits the
start of a sgedtimn camptigasan anténgar 0, & bandepassefifgr e andratbvwragises to

accunul ate. The ared with a reference thre oId whi ch
Should cati shOpe BTG sedtdit FagPErehamides Sl Fales i he | Bee o
H perlan st aﬁfé@hﬂn@R‘F $|§né‘l¢l’d1‘ﬁtl&ﬂ r#bYsezﬁm%ﬁ’éF 12%fth-a leaFRFQfscmﬁdeA the
threshold is set so tha on he received signals satisfy the

m ni mum r equigeakthe product of whisi edeéttga@langfmas fillee P, thein toexeaséable he

bose: by S THEDRSRArRTEr IR e BUESTiidh 1 So iR hhtiaRR eIEARd 0 ar s
l ead to R(d) q@é@:@aﬂeqﬂné@ﬁamrcﬁalhnebﬁhnoﬁ@sRﬂdbse&)raﬁaﬁégi@@bH@csm Ase ai gnal

detection reference threshold in Figure 7; ie ~ P(d) ~ > ~ R(d) Referring
to Figure 7, furthey naéwOi?egrflﬂ&@%ﬁﬁw&%@@.Iv@mgﬂ@h@frequﬁecssasﬂakfrgv t he

L 1 A R 5 R e R bl o,

+ D)) me0 (1 correspon I'rst sanpl ed
training synmbérmedlﬁtea‘requmwmalssmﬂhm 24rltheanE|t tdmixen tiddyeing dekyay

enbth-of0 « hEY 807 PERAPElET BT U nahass JRIBING CPRRONSTbIE: THeuNEs  he
recei ver seapffifrd ar t%arféaéﬁﬁédgy?@-pggéﬁnt&ic%aﬁd%aga Lfediefy val . 50

t he delaytlrre =DT an engt tegration w ndo
Pref erabl y Tthehdsmtonam anabg-twkdlgitmmnvaﬂelamandé?@eresped:ta‘a@y Hhe dutpras of

lexity d buf f thi f W>T hort .
cotbnary. Y+ nBichCar TR S h Lt sptingt 40 ™ Bl Bediple Sa PREFRET ghehs "
frequency of f@@ttur@%@ﬁr&tr(mmsqné baseitind OFDMI sighBl, WHish cOR@I b@thftﬁét

acquisition due to snmall delay and integration duratlon 15 For signal
detecti otf t Reeaieblaand data symbolsset thednepmingeraakett symbol i.e. Td =

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

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

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



Ts,, 0~=16TH where T~ is chip interval of 50ns. If the sanpling rate is

" equdl to the chip rate, T~=T. Normally, oversanpling is needed, and the
integration window length Twis set to be Tshon . 20 P(d) can be obtained
by the iterative fornmula: P(d +1) = P(d)+r ~d +Wr~d +W+D)-r'~d)r~d + D) A
correspondi ng i nplenentation diagramis shown in Figure 7. The received 25
signal sanples rmare input to the Buffent which has a size of D sanples.
The first sanple of Bufferl is rrultiplie(] with the conjugate of the | ast
sanpl e of Bufferl. The product is input to Buffer2 which has a size of W
sanples. The difference of the first and the last sanple in the buffer2 is
accumul at ed er time. The Bufferl and Buffer2 are initiall t to be
enpty. The oﬁi‘}?uf"eﬂf'e'ﬂ%f gontrélfr i1r°(9unitrplq%r?fﬁée%?clecﬁldﬁc@%é‘?'%/ﬁ?%fth? he

recei ved sa - t ' of

recei ved sagg%gezved’ {aﬂag@?gghéhﬂ%dno ls‘?%“:%ﬁr%m%#h% gg?ﬁ? gﬂnﬁ%a’rggtglﬁgﬁ of Tw=WI
i s cal cul at edncladiBgdbe sadiefréquencylocal ascilatbnd 4 apditbe intermediatend f r equency
synchroni zat ifon whi cg)r?will 6)% d'?%cussed | ater, the buffer 2 in Figure 7 can
be shared by "EGUFNEY (TR OYRYELE £#5n and synchroni zation functions. Then the
absol ute yalue of P(d), ~P(d)~ is used to conpare with a detection

t hreshol d dependent on R(d) to determ ne whether the desired signal is

det ect ed. 10 Thedoase: kand sighahi(re} isopassed omisva phase sbift corapersationnance of

of Sthe rocel TIA @R ad WRicE St ENrEBRARR bR oo AR RO
adj ust ed by drag@enoptrackihg fuiitibh-2.dThe phase sbifecorhpensdtiopsfontiion 40 6s
detection functign (W |l continue to 15 calculate ~P(d)~ until it exceeds

the t hreshol desgpRed datat belgw.si gnal bursts will be detected within two
short syggols. If ~P(d)~ doesn't exceed the threshold over the first
preanbl e, the packet will be lost. Through conmputer simulation, it has been
shown t hat t Adeputpabdfthe phate dbifecampensatipaciiattion 4Bis\passedsdmwid asynbol s

et hods. | Thi Seiiel BeReIeh Dok 9l B VaRE feanial aatiATa Berapsvea HE and
Hi perlan pr ﬁg@ﬁﬁﬂ ftéval Qgﬁﬁl Qhporetits fofh aach §'¥ﬁn'b§l.) ‘ﬁ’i@@@ﬂh?toqf’arraﬁélpe‘?t I ve
ol s. preanbl e of t

training sy . In I EEE802.11 a, the 1 gt e recel ved burst
consi sts of Handenrdbecnvettsta piedetermined oumberof iMqoming digitahbits i r st

bl t 2t b ; h t i t t
i ve repdit cacabfesy ROTESRuBlg Rome bR Samitts BEfhe iR FuRF sBhalsdd o ce
the transm t ffiRfh tHedABIC' 22 GRHEZ3 pito atwisrd ceRds _@hdin? tbrnIOPDMIsy®bel.art  AGC.
AGC adjusts the gain_of a variable gain anplitier (VGA) 16 to acconmpdat e

wi dely varyi Nyhen isaFFpdurstiands precessed: 3 predetermines ninaben ofipeamingnst ant
pover |evel 'sakfbgé‘srebﬁéfaé%mir@L{Pt&WPﬁ%ﬂfc@éhﬁ%nJ{?ﬁg Ti! use can be
I On an |

5 made of the resol u he "si gnal” to noise ra Inthe digital
si gnal pr ocepsedetesnimesimimtsst.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. lt is therefore important to accurately determine the symbol timing,
or start of symbol.

25
The length of each symbol is known in advance and so an appropriate
window length is applied to the incoming base band signal to retrieve
individual 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



Conventionally the first 7 short synmbols are used for signal detection and
" AGC." The control gain is applied to both the synbols for synchronization
and 10 the synbols carrying data. The preanbl es nodul ated by QPSK require
| ess accurate control gain than the data synbols, especially those

nodul ated by 64QAM To neet the requirement of all kinds of synbols,
conventional AGC needs a long period to gghi eve an accurate control gain.
15 I n the enbodi nent, 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 synbols until the

synbol timng and cpar.se_ frequency offset estjnmate i s obtained, At fhe
second st age); y'f'&?f@”!&éii’?? @Qfg'g@ feﬁ%%%@%ﬂmmsi Si@ﬁenl‘ﬁ%tefmﬁ@ co-ltﬂier ol
gain is usedy} i g:agm : ynbol s.
The two-stag(\a"JE "Xdé%p r'réé;a"tﬁgﬁé)%q ﬁfﬂ\zére ng‘qyear@%ﬁgﬁﬁl F[@?&gb gpéalgﬁtog?{g;%rr%s 8a and
8b. At the fthattthestarbof each cepyeodfiadymbohailrivingergy meltiptegpatheds withist | y as
descri bed abgve Wic{h respect to Figure 6. AGC reuses the energy 25

measur enent  &1% BU1%°%hi ch has Tw = Tsnon. At the nonent when a signal is

detected,gthe first stage AGCis triggered. Preferably two short synbols

are neasured._ At the tinme of signal acquisition which is nostly finished
within two sHbetindiyidval Q,FQN‘\@YF%@@I gigrfedeamihe Beral ot Paredlek fupptiors A3 te

3 oynbo s cadpysTouRERARERHD MnaiRh AP Wi idardieliRs SV BHEERSES | 0° 55
cal cul ate t heaéfsubeartier ({Logs2)) TheseValuesdrdpaseety 6mMtdg preambleiand abl e
according to the output of fhe measurenent cjrcuit of received signal

energy. The Phek@xractigndundionAtwnich remoyesdhainigamble yaluesandihieg f or nul a.
5 GGG Rzp R ' Kol i hod h"t'IsAQfE' nd Rrer
is the rg)ergggjggglsgpgft%\?vgﬁti S 6’? pl)lgtr?llﬁca)cr?zgﬁe'isb méegerr\zeag%eva ugg%(?fot?he
transmitted timeckéruel estimatibn andrfigqueBey dnzeking@anétiorc2j on i nteracts at the
| F and RF parts of the 10 receiver, the theoretical reference energy Rref
cannot be cal cul ated only on baseband. Normally it's adjusted by experinent

and har dvar e ThauHaahB0estiR&aticParRd ﬂ@éuéﬁé}l erékiﬁ?h{)]}dti%n%‘ﬁ%éresm ust the VGA

16 i mediately. At the second stage, the outp t he eneri%y measur enent
circuit is déndomingpreamble andpilativaluest with stared preamblerand pifativalires#d ch i s

triggered.by,si : e [ he ] u IR filter
are upda’?%d é@ég@%ﬁ%ﬂ% éfﬁ%%gﬁ@e %Eﬁ]téﬁgﬁ%&ﬁ&gheq’l %&Jh ﬁ%gbtﬁh vi des a
wei ght ed aveeqggalizdr 4610 donrect fordhid channek Dhisfutctiin 2 Bisoandnitdrstthe short
preanble will be the average short synbol energy over perhaps 7 short

symbol s. VheSUBGATIBE fregyerdes oves tigeiandrantiolstie phaseshit samrensatipust nent
Is tri gger?dfunmﬁnqﬁﬂ%orﬁﬁeﬁﬁe’fc%r'%rwe&r;f%v«%r% firheP€ used to search the

cont rol galn I n the sane way as a I rst Sstage.

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



In the first step of AGC, one or preferably two short synmbols of the first
" prednble is nmeasured to obtain an AGC gain and then the anplifier 16 before
the ADC (22,23) is adjusted. During the second step of AGC, the 25

foll owi ng short synbols are neasured to update the AGC gain to a nore
accurate value. If signal detection occurs after two short synbols, coarse
AGC after a further one short synbol, theg fine AGC wll utilise 7 short
synbols as shown in figure 8a. This provi18es a nore accurate neasure than
prior art nmethods, whilst at the same tine allow ng synbol timng and 24
frequency offset estimation to start nuch earlier. The nunber of neasured
short synbols in the second stage is variable and determ ned by synbol

ti m ng. The \arecehler ageordirgrio am eebatiiment ofHbe iavBniphexmplgpgs movel provi de a
constant gain fqr the follow ng incom.ng signals including the t | ong 5
reanble and uadtions, Fand 2 whibh dre SESEY 4R Belob dhent herteimai, ep Ace
process stratpgKef SigRAIIEEStIGHS AGQ}"(FauthnEﬁ@Qéiﬁ contrlol) dtfet flegebnéy ep of ACGC,
typically two short symbols of the Tirst préanble are neasured to obtain an
AGC gai n and estigvationesynboli timieg arel frequericyrteaaking fupctione, 23) is adj ust ed.
Two short5synbol s are typically used as this is how many synbols are
typically“required for signal detection, which triggers the first stage of
AGC. During tihe sbeditherit pPovidied\Hat thegd fimkctivng ElidecdVetidippthgBreambsigor t
synbol s are neasured to update the AGC gain to a nore accurate value. The
vari abl e gai SYER9Is i arden i maximisa thell asewack Al thethasebapd otihedeceivebnst ant
gain for the 1 I } i f ! d AGC
adj ust ment 1 4TEM SR8 B4 8PSt B e e R s e ot Sl RERD L)
Vﬁen cor Lgclt femhg%AGCiprb?esé.quiwt@emﬁogamgcmegma faht:t&rn,tthefreqluah% ng ZeVﬁn
short synbols), A ain for the secon .adj ustnent is co ted and the
vari abl e 18ai |9)ff§ﬁb?$t ation,ang, symko B@H}%@H&P%é 3® %‘fSOWl'?ngF‘e i rﬁ\'ﬁ;‘s

Synchr oni zat iQR; j L lthd 59HR%Y &r\%& L hepsynmbol
starts. A ti ﬁ#ﬁgvgrar%ﬁ[ﬁ%gg%ra?{sgé%%tg gse r t'@?clslgrfl 0 twgﬁgtd%@alrnrsi ers.
Thi s phase r athler wordsth@se funrctjons use ovedappiog straihingsyrmbelguethey band. There
is usually sone tg' erance for synbol timng errors when a cyclic prefix is
used to extemi®@M&ynbol as is known. That is, if a tinming error is small
enough to keep the channel inpulse response within the cyclic prefix, the

orthogonal ity between subcarriers is maintained. In this case a synbol
ti m ng dédbay Genveptionalyfhe atpvaerperatienscarerdane ong aba dimeiusingisepataiannel |

d the ph ' O _ : b
fime hife t obanBle SGer €3 exafpie Bie 18t Sy iy E AR siipposhe - 1T 2
| nt er f er ence)used|for signalrdetéctidco-ahd AGT eMhe rem@irdngl threeashodl trgifing, which is

copied fromthe |ast part of af synbol , is inserted before the s ol .

Ther ef or e, iﬁYBM&aE%thFBd{%Q PEFORse fraguency offset etimatinn and sWaPPbn 5
timng of the r 5%0! bt L and
preferably agmﬁég'r trpghttﬁgﬁ@grt 5?5%@9%8}‘“2@ Bsm?ﬁé%ﬁgagﬁfg@
correl at 20n drequeney bifset estimationPirt) chanrel estinmméidnas the timng nmetric.
Figure 9 (a) shows an exanple of the timng netric value as a w ndow slides
10 past two repeated training synbols for the AWGN channel for an OFDM
signal . The pgakowadeseribe ih MRtdil thebheFBlidnCpEltdRidt B the OfitsS] aihd 4.1 e of
the received synbol. Note however that for nore than two repeated training
synbols (as in the case of practical systens), the timng netric P(d) wll
produce a plateau as shown in figure 9(b). Such a plateau nakes precise 15
detection difficult.

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



For a multipath channel, the timng netric reaches a plateau which has a
"length equal to the length of the channel inpulse response so that there is
no ISI within this plateau to distort the signal. This plateau is caused by
del ay 20 spread and adds to the above timng netric plateau. Although it is
possible to detect the start of the frame by neasuring the edge of the

pl ateau, this plateau | eads to sone uncertainty as to the synbol tim ng and
results in increased hardware conpl exi ty.1825 In this OFDM synchroni zation
techni que there are several paraneters of inportance. One paraneter is the
wi ndow | ength, TWW, which represents the nunber of sanples pairs used in
the nmetric. The other is the delay between two repeated synbols, Td=DT.
Here the equahé ﬁébehferttbfmékdm@grré@ﬁde&smﬁs td&l@rm@amacqm@monfwmtee detection
metrics: 30 26 w~ P(d ) (r' mr m=0 I n conventi onal
met hods, Tw |T@S§|B§§h@§ﬁﬁéc‘tRP%@%@MPSWB'SWQ fhﬁ dﬁﬁ%ﬁi'ﬁé bn both casgs thetri c

curve vmth W = éﬂ@m% les in
one synbol . ptacl %tv(\)' servegéTelq? V@géﬁ/ﬁtraggrséegﬁélwg?ﬁ%r@%ﬁd er of
sanpl es pr oc émsrhifter hascmetradsnﬂthbepaakemhlleaomed uSais ldve foewaibtSuch wi | |

i ncrease as sho | at e Therefore, . Tw dpespn't, hgve to be
cqual to To. PREKeHpLn i aohaergRiaEss the prerl sysierh NaugRk haut Wi aise
preanbl e wt L LKL RY
et s a e ! nebaefipGHA KRlcofeRet Bndl herfce, 3 g olby Ba
det ect ed V\/nerbetexpeci.miak value of the netric is detected. To achi eve a peak,
the sum of TWand Td shoul d be the nunber of processed sanples L which
corresponds to the repeated synbols. For 15 exanple, in figure 9b, Tw = Td

, but TW+ Tabriok Gkt L\Mltsc’ﬂdéﬁacf BRighdrB9 measut tﬁé%‘ﬂre‘i‘ﬁfﬂﬂ @ﬁncél’ﬂﬁf fore a
plateau is forned after the recel ver ‘received Tw + Td sanmples and until all

t he repedfed swlc;sow@errtw@erepeatedltralamsesymmlﬁgs saow@an Rigyre 5 thalilare f r om

brocesseq. 1 (détftalto QR dyBHHEinel ReBiuoP eReittot § Biahe Syt CiedXy ARID °°
only when al lcafrigrdaiqr@nsy oifeets Ifahe doamat@dfaisamméﬁoﬁxﬂ@rrst aymbblasend of

the 10 short preanbl e synbols. By using thtJ s nethod it is possible_to have
a | ow sanpl e M lehesbbxthp Gerresponding-samale-fromartbe sgeond (delgy ime oS tlshod5 The

Ry Ly e L i e I

detection are s own 1n ure ure respec
is as shdgn iof tt&sgwaars?ofskauhples lvwlghaheappmmgatm} thecsaineghasedSaﬂJIm'e i

TWE9Td. The pea of the timn d are | ocated .

Soquent i al 1y TEBTIREG o sumiaige A JRTgE vaiR YVBSH tois GOTRIUPR ale Bds
threshol d valig@ef than a aétécﬂSnfthr@sHSIdaﬂfé frRiveRlidiféimed (&t = KISt igt or ed
during period t'd as_a candi date. P(d) ~ does not exceed the stored val ue

wi t hin peri o@rtivingt Frbestebe@tmntthmatwld is naymally sehby expptment.i ng; i f P(d)
exceeds the stored value within period td, this timng and the new val ue
~P(d)~ are stored again for next period td The final 5 stored value is the

peak val gg ofTheRirésent &nbediniemt i@ ttht Siyerbakrdyi ofirageived digiiall sampleyy

noi se and del ayed signals, the T window is set to the tf perl od earlier
than the det éxMegsred. H'@Q RoweRfeach regeived signal aegwéﬁi@tqaéw atedand i oned
above. The v t: ey=50R! i practice
so that the @P@[ﬁ?éa??aﬂ% ?g{aﬁahcﬁeﬁ}v‘? Ef%%néa(z?(@gé%tteﬁé?gss’fl prg’gggg a I(\),Bt 3 or 4
short synbol samples araapmedss?éd tor calcyjate theetreargy evhichT bam be verittarr asui t
continuously updates the nax value of timng netric until no | arger val ue
occurs during td. If signal detection takes 3 short synbols, there is no
need to change Tw,, Because the peak is always 15 detected when all 10
synbol s ase rR@gi=v qr(d&rh}%g as Tw + Td = 10L. Once the synbol timng has
been determ ned, tfe w ndow control function 41 is informed in order that
t he second preanbl e and data synbols of the OFDM packet nmay be correctly
received. Wndow control is inportant for the

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



20 extraction of the received sanples for |IFFT (I nverse Fast Fourier
"Transforn) and discarding the guard interval (@) based on the received
correct synbol timng. Figure 12 illustrates wi ndow control timng for a
recei ved data synbol. Since 25 an OFDM synbol has a guard interval prefix
that is a cyclic extension of the original synbol in a nultipath channel
havi ng del ay signals, no degradation occurs if the DFT (discrete fourier
transforn) windowis set sufficiently ear1lgy. 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 decaying
Rayl ei gh fadi ng channels, the error rate is degraded nuch nore 28 with
late timng ttbdhe Virstisaampie in & wihdew oB¥¢ saaplay, ahbdim iptiepsarmple indexibfe
timng synchronization is not required for OFDM signals if the DFT w ndow
is set siightthgwiBdoW. to elininate the inter-synbol interference caused by
synbol timng error. 5 The bigger W the better. Because as Wi ncreases,
nore sanples will be processed and higher SNR of the netric can be
obt ai ned. HoViEheeR(d)ezanuseobtainezhisy tHe followiry iberative compytdtioins are used for
signal detection and 1 st stage AGC, we can use WE7L to reduce the hardware
conpl exity. However, we can 10 also use the first three synbols and choose
WEOL. Alternatively can, usey.Iw 7 oL and Td = 4L whi ch reduces hardware
cost but prova‘g"éba"'n)‘@@e‘aﬁ(éltJ Wl)eélf(‘f r detection, although SNR is reduced.
In prior art, the nunber of sanples that is used for synbol timng is only
about 15 2 or 3L. As Wincreases, nore sanples will be processed and hi gher
SNR of the mefHd pnfl@mehtatiohidagiesh of hrashRimeMdtlretsived sighal ERaiyyé4L and
WE4AL is better than WEL. Higher peak or plateau is better because it neans
hi gher preci ghewn in Hgdiechi ng for the peak val ue. Wien the first 3 symbols
are used  or signal detection and 1 gt AGC, the following 7 synbols wll be
processe& for 20 synbol timng. When D=L, WE7L-D, a peak can be achi eved.
I f 10 symbol sThe received, siykel Ganipiéd-arelinputtd & ba#fer Withtsite oM serhplebeTheim of
Wand Dis ecbu'&} to, t_h? nunber of processed saggégs inthe timng netric.
Wien the sumBuifer is ipitially sghta be zaigdde rAwes & tst apghedast sampie inan
al so be achi i um of
Wand b 1o 25 8 cufth aRERoRIc Thefiaud AirdRALE s S OIRlBlod MR foesy
metric is |iky. Thewulp@infdhid circpitig theeumeaslredoznergy 4f tHer regeivedysigiidls et
Estimatiq
13

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

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

power, R(d) will exceed the threshold.

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

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



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

5.2e9*20e- 6=104kHz. This neans that the ®0rst case offset as seen by a
receiver can be up to 40 ppm as it experiences the sum of the frequency
offsets fromboth transmtter and receiver. Frequency offsets are caused
not 10 only by differences in oscillators in the transmtter and receiver
but al so by Doppl er shifts, or phase noise introduced by non-linear
channel s. There are two destructive effects caused by a carrier frequency
of fset in OFDM sy 5. e is theyeduction of signal anplitude in the
out put of the@Ft g?ﬁﬁsghQﬁ+Pb+€aLh of the carriers (the sin&unctions
are shifted and nd=Y onger sanpled at 15 the peak). The other is the
introduction of ICl fromthe other carriers which are now no | onger
orthogonal to the filter (see Figure 13). The 1St preanble of an | EEE802
recei ved bur ¥thetdds attineindex easpasposadingrigithe fisstsampled tiaining syinaboldent i cal

carrier 17 eqaeRbybRrr BRIl bnd £ Rihe RimBhrst AP b, pERMERT,.. Y Lot
channel can kgmbolksindre predmble. VWiistheaiumbdhef samples fbiithehengtalofitiss t he

sane effect on the identical synbals. Normally the effect of multipath
channel is wePHetiodwingownEhisavindawisliges alenguin ting asithe repeivRseasehss f or

t he frequenc J i t. : 0, n‘%BT be
esti mat gd us?(%rgf‘%?\"gtﬁ a@gggywl'nﬁflgt% %ea @%‘%j'ﬁ%a e’egc;tﬂhae ésé{ﬁg}he rom { he
f idr iSt synbol ahdlth?lerigmlh bﬁﬂwéai?l]’fegrtatimwtimmymgdiqwr salEmf?rabmmbesTsﬁg.o?ﬂ
elay ti late e effe 0 e channel shqu cancel, and.the
Loty WO Mol Tkl adviidas of loss hatdvgreusmsiexindus fo SRGTahevBR i o ¢ he

frequency of EsioarddGithlIRS easé ot ﬁ'wﬁﬁgg@,%beSéééddmttﬁQ Bt SEtheHpbivaEe EA%

argunent of P(d). at the start of ol timng point. Because of the 2~
anbi gui ty of betreusediby the functioe @f frequerey offsehestimationrard symboldimiog. / 2.

et mate wi i TS AT ARE Aok do ol BrarfE o Ry Bria Rl AR T T

is guaranteed to be less than ~, then the frequency offset estimate is d 15
However, an unambi guous f_reﬂgenc of fset estimate is not possible_  if the
f requencyd of FoEsiangl detestion taedelaytimetT e setlodieane sherisymbohhe. TaFier ef or e

the only way ogl?lr i q f§ [ isto
enl arge the (-a'{§'t°i'ma |°§ﬂ%$§rfgs\%ﬁ@ﬂtegg%§c§gg‘%ﬁéa@ éggtﬁ?tgsi%reggégtﬁcy
of fset. The theeghipmate, dt¥TcNomsallyyeversamplingds depdad samhthehiategratied ti me Td

20 bet ween t\\’/\vﬁ)néoevef}ear}g?ﬁﬁ?sqggpt%egé T;Ir"gn pbt ain a larger estimtion range for

20 P(d) can be obtained by the iterative formula:
P(d+1)y=P@)+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



frequency offset, Td, the delay tinme between the repeated synbol should be
"smaller. Td can be set to nujltiples of T8ho,~. However, a smaller Td will
result in some loss in the estimation precision. In 25 order to achieve a
nore accurate estimtion of frequency offset, Td should be larger. In
addition, in order to increase the SNR of the netric and hence enhance the
estimation precision, the integration wi ndow length TWis nade as | arge as
possi bl e. Therefore, by adjusting Td we y get a desired estimation 31
range of frequency offset and by adjusting TWwe enhance the estimation
preci sion of the frequency offset. In the enbodi nent, a two-stage frequency
of fset estimation nethod is 5 proposed to achieve both a |arge frequency
of f set esti meircaihisrthegritescdrrblagbnmof e seamived samplels. Ktragemns that thes auto- y

spaced sanpl e seguences (ie with,Td different for coarse and_fi are used

el ot o e ConBiABicha sastence 3fsasivd Samiplesiyin d5/ayiEne SDTHEDT A ot

15 is the n”ﬁmégrﬁgnﬁﬁ?ﬁcﬁfoﬁwéw @ ddicfhfege and Lsho~ is the nunber of
synmbo

sanpl es in one Short wth a period of TSnort= L$nortT. At the first
stage, D, = Lsho,, , and thus, the |largest estinmation range of frequency

of fset is_achjeve t.he first stage. e.estipgation range .is the range of
st mat ed® 1 LEGAHES FIPHEBIE0 st i RdFingl i, ahd HealBnb)EictiBazloR, o “vnen
Td is set d JhidPwileeldiRe0sset Rt tRe/Bliffst 2 infEigefd 7 dah e SHRad DYDotRf f set

can reach the maxinmum In prior art nethods, two short synbols of the first

preanbl e ar e sighaddetection apdsyachionigationyueetiansai hen the absoletevaudiofent
st mat i on abbk LIPE Ui bolberefinTEhRsRIon AR drrEfBeREat Kl  on' <
processed 25tgpderiniie/whather kit desifedSighabisideteated. for this during the
second pqganbl e as
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
16  calculate |[P(d)| until it exceeds the threshold. Most packets or signal bursts
will be detected within two short symbols. If |P(d)| doesn’t exceed the
threshold over the first preamble, the packet will be lost. Through computer
simulation, it has been shown that the probability of detecting a packet within
two short symbols is higher using the method of the embodiment than using
20 the prior art methods.

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

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

2. AGC (Automatic Gain Control)

30



‘wWith the prior art. 32 The estimated phase shift which is smaller than ~
is the reflection of total frequency offset, i.e. ~~ = ~~ = Z~efD, T =

Z~ef Lsho,~T 5 For the mth stage, the phase shift caused by frequency
offset is Ym="'f"'m+ 27G Z = Z~e, ~LshonT m-, 10 where, ~mis the

esti mated phase shift at mth stage and z is a integer and can be
calculated with z - RND m-—~ - Sbra 2~c 15 where RND[ X] represents round X
to an integer. Finally, the frequency of f&et can be estimated with
2~cnmLSho~, T _ ~mt2~cz 2~crnLs,,a"T 20 This estimted frequency offset has
the sane precision as that at the mth stage and the sanme estinmation range
as that at the first stage. 33 In this enbodi nent as shown in Figure 14,
a 2-stage estOnee thentramsrhittedisigregjis detecteBvbhd reneiverds triggesed to starsAGQal

fl ow are used estimte frequenc ffset. For t t age enbodi ment
shown, the s@é&,ﬁﬁugggh%g@maf:ﬁ)yﬁq@e Qaﬂﬂ@ﬁﬁ?rc%é)emfs %hﬁ Wie (fine)
and TW= 7TS S8)ai ' i ' ' it is
possi ble to ngige(t e 'ﬁgest'wé’g’@?‘;?'%ﬁ@@ g@ﬁ@ﬁi%@éﬁm c\aérhgjcag’rteferred
for coarse frpoywerrieveldftodbe baseiband A cdmvestars 2Be23UEen full usexcarube

f ff ' ' b ' d._Td .= 4T . TW =
aSnort ape. ghese ot e Rl Bt el e oRito bR mic in he ddtal sofaC
estimation agfyeasaori@makinizatli sfied while the hardware

Conventionally the first 7 short symbols are used for signal detection and
AGC. The control gain is applied to both the symbols for synchronization and

10  the symbols carrying data. The preambles modulated by QPSK require less
accurate control gain than the data symbols, especially those modulated by
64QAM. To meet the requirement of all kinds of symbols, conventional AGC
needs a long period to achieve an accurate control gain.

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

20 the subsequent second preamble and data symbols.

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

25 measurement circuit which has Ty = Tsnort. 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



10 conplexity maintained |ower. Furthernore, there is then no need to do
"fine frequency offset in the second |ong preanble as required in prior art
systens. The coarse branch of Td = Tgno~c and Tw = 7TSnort is used with the
first preanble using 7 short synbols 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 estinmation. By applying the two
estimates to the above equations, the fi @23l estimted frequency offset is
obtained. This is then used for the initial automatic frequency control 31
and phase conpensation 40 function as described bel ow. An inplenentation
diagramis shown in Figure 14. 20 The two-stage circuit can be used to
cal cul ate t heapyfdelthd m@gaﬁﬂmw&ﬂ%@bt%@aﬁ% @?ar&ﬁiﬁ fd loskus taisle
estimati on shares the same circuit "as synbol timng as Shown 1n figure 14.
25 5. AFC (Aacoomsingtorthecqpuipatofthemeasusementicinepit of mcewbdsmnamnprgmocol s,

| i nked sourc r tran m t.t he receiver. In
ot her words, ﬁgqpﬁlgﬂaaﬁaﬁé% o&g.‘ir]upge& 'Egépgh%gﬂ@?”é@%tor%?nthe same
crystal. If the carrier frequency offset is 34 conpensat ed t hrough
controlling this reference oscillator, the clock is sinmultaneously

adj usted. In the sfrndard of |EEE802.11 a and H PERLAN 2, it is required
that the & trGr Jég center frequency tol erance and the synbol cl ock
frequency tol eran all be 20 ppm maxi num The transmtter center
frequency and the synbol clock frequency shall be derived fromthe sane
reference oscillator. That is, a single frequency source shall be used for
both RF geneWJuérerGammecAG&gmg Gie thémﬂamclghuﬁahﬂmﬁgﬂye pafgtengiet | on

and tracking rocedr %sln al | dlgltal feband al rlthrrs is
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downl i nk1@l océceiwic thenthieoraticat Eefererice @nengys Ray tamrsdt be calogateef enlgone,
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D/ A and al | m@mémea%nm ;Bﬁ).s asém héjust ﬁeﬂﬂeﬂn@m‘%fea%ttél%/bet ween the
receiver and transmtter sy clock occur due to non-idealifies 20 in the

renote tr anseéth@sgcqr@@bggsthepwnumfyhefenem meaeuramnemmuaus delivered

non- 1 near cRaANAFE ol GSHEE ResPohast fseAlyRhaP ity Bafuidlal nea(sce

3 above) 15t hdefectigneTisy input 268 dutp@ofaké i IRefilRe aré epdat Ts,l?aﬁ&ed on the
esti mat ed frg&aenc of fset for the short traini n%dg%eanble e. the first
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phase shpht GANPERSad t&8eaRhAE cohtrol 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



~applied. The coarse and fine frequency offset estimation results are

conbi ned by using equation Of - ~m2~cnis,,o0"T ~," + 2~c ~ z 2~nLs~orr Z
10 For exanple, the estinated frequency offset is f~ which is obtained
usi ng the above equation. AFC 31 can adjust the frequency to a degree of
accuracy by f2. The remai ning frequency offset (f~-f2) is conpensated by
the function of phase shift conpensation. 15 The bl ock di agram of phase
shift conpensation circuit 40 is shown i@4Figure 15. The phase shift
estimated by the frequency offset estimation functions is input and divided
by the nunber of sanples (L) for one synbol. The conjugate of this product
I s the conpensation phase which is integrated 20 sanple by sanple. T is
sanpl e inter \tedqueincyoffSJabestm?ﬁaretaﬁtaﬂmmd:h egrlieatEhe hiimbenpf megsurdde i s
double rate of FFT chip.rate (20NHz), i.e. 40MHz) T.is . 25ns. 7. Frequency
Tracki ng 25 ,Qhoﬁto‘i)’@i"b@gm ﬁ@rs%‘@tﬁ‘ﬂi%%9$ &Var@ﬁ%ﬁné»d@&ermlw EM&Y"H&H or mance,
there is al : ; : . 4ol 5 Cause
phase rot at }Ng?ﬁf"ﬁ ?ﬁgk’éﬂ%@g%en? M]pﬁﬁté)'rsn%nbé @{egnaﬂg aq%gﬁisﬁ; %)Sﬁnlggulenat o the

frequency dormminstant igain foB ¢éhe fatlaivinghipcbming signalsoihtkidingctheste® langormon phase

shift on all subcarriers., This phase shift can be accunul ated as tine goes
by. In ad itiﬂfﬁ,a"ﬁi?ea%%aﬁ%wm'ﬂ&ﬁﬁ?%ﬂn? 8MEecei ver is worki ng i s dynam c.

Fadi ng and Doppl er spread are varying. Therefore, the resulting phase
rotation is not static and is 5 unpredictable To provide better robustness
to fast-fadi dp tRiramkediment a2:5teAGCepeacess strategyhis adepted agsheworin over

i equoncy 1 dasiEAINE B e BPAGE TR MGbrt sl e ey 5775
there are 4 preanbipard measiredeadiodtainirrAGE gaihandahehahe amplifiepilot
signals are first extracted fromthe received signal and nultiplied wth a

known pi 18t . @for@éhélﬁ%i(aézf@h@ justeds niwe shert §bgi@bpia_ e typicallypsed ege
oL ST 1By SR g Rl KRR B e el JE)
subcarriers itdggérs the fisstrstagesot AGC, Draingrthy secbaeistedsdf AGO, dypically thiee
method of fr %gllflo%ﬁ s%]:nfeg %hort symbols are measured to update the AGC gain to a
more accurate value. The variable gain amplifier 16 is then adjusted again to
15  provide a constant gain for the following incoming signals for one frame. Note
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 as a phase shift introduced by the channel, and the phase rotations can be



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 obtained by nmultiplying a pilot
synbol with a conjugate pilot synbol received several synbols tinme |ater.
The 20 frequency tracking netric is witten as \w _~ N -1 F= ~

~~R ~p, n~~R(p, n+Nd~~ n=0 p=0 where R (p,n) is the signal on p-th pil ot
carrier of n-th OFDM synbol, Nd the 25 nR&ber of delay synbols, Nwthe
nunber of integration synbols. Figure 16 illustrates these paraneters. The
4 shaded bars represent 4 pilot carriers and the other bars data carriers.
The pilot carriers are used in frequency tracking. Np=4 is the | EEE and

Hi I WL ;

betveen the. Troeenbfia chafin CRERAG I & Wi iRt is Rloct tnbiné cRY et

frequency tr 8lintgr Symbol nterferenbe pwilleatcuiy. Imﬂ)EDM systema, agupugmtervaf a
nbol with .t hat nb | at, bt' d

o7 oduct s ar e(B BRI GOPIRATAN Ehe AR REE: O SHRboRtrered Bt e's arter

obt ai ni ng thgy KA, qfheFéTSré)'ir?QFEérStoEed&é@lglra%@%s@%%w%hmé e§lﬁﬂﬁl h

cal cul at ed by ~rro~k = g~ hi s enbodi nent the phase s
estimati o i hmmg)ofatt\eesjaréwéthe symhul smulﬂ)be withirathenguard intesval@ndensat i on

by i dat ed Nd synbol
ol errent at| BIETGrAE ahPen EFE st A5 SAROVE St BLre 17 15 in Figure

18, the performance of the proposed frequency tracking nethod in the AWGN
channel is shown seen, even at SNR=10dB) the nethod can achi eve
a precision Ehemtchpﬂrrelaiuomrrnetectrpmrae@ﬁﬂ’ddb irels0 used ias tha disring Meetie. 12
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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, this
plateau leads to some uncertainty as to the symbol timing and results in

increased hardware complexity.

25 In this OFDM synchronization technique there are several parameters of
importance. One parameter is the window length, T,=WT, which represents
the number of samples pairs used in the metric. The other is the delay
between two repeated symbols, T4=DT. Here the equation of the timing metric
is the same as that of the detection metrics:

30



For a WLAN transceiver working in an indoor environnment in which a
mul ti path Rayl ei gh channel is assunmed without LGOS (line of sight),
transmitted signals will be distorted by the nultipath channel. Therefore
to restore the 30 signals, the channel state information needs to be

esti mat ed. 38 As is known, the transmitter transmts signals s(t) through
a channel h(t). The received signal can witten as 5 r~t~=s(t~*h(t~+n~t ~
Where n(t) is AWGN, and * denotes convol dtional multiplication. This
equation can be rewitten in the frequency domain as: 10 R =S~H+N where S,
H and N are FFT (fast fourier transform transformations of s, h and n. 15
After carrier recovery (including signal detection, AGC, frequency offset

estimations) tmr@ deir? tion, \the receiver will know the start of an
OFDM synbol . T | G |%ﬁé’l’*§ ¥1 | be transformed into the frequency
domai n using FFT dWl can be witten as 20 R = FFT~r whereby FFT function

43out puts frequency domain signals on N~ sub-carriers 25 R= ~R(0~ R(1~ ~ ~

~ R(N~ ~~ and FFT inputs tinme domain signals of N~FFT sanples r = ~r(p~
r~l~ ... r(NiRcpnventiongdmethods, Tw is considered to be equal to Tq. In Figure 9 (b),

the metric curve with W = D = L. and 4L is shown where L is the number of

5 samples in one symbol.

It is observed that if Ty, is increased, i.e. the number of samples processed is
increased, the peak value and SNR of the metric will increase as shown by
the higher plateau. Therefore, T, doesn’t have to be equal to Tq4. Referring to

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

15 example, in figure 9b, Ty, = Ty, but Ty, + 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 Ty, and T4 being equal to or greater
than the number of samples processed. In figure 9¢, Ty, = Tgand Ty + Ty =

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

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



where I FFT is reverse fast fourier transform The long training synbols of
"the preanble can be used to obtain reference 5 anplitudes and phases for
doi ng coherent denodul ation. In the long training synbol, the signals on
each subcarrier are QPSK nodul ated and known to the receiver. By dividing
the received long training synbols by the known synbols, reference
anpl i tudes and phases are obtai ned for doing coherent denodul ation. 10 He _
RR store Wiere He is the estimted chann@F for subcarriers and RStore is
the stored training synbol. By averaging the two identical parts of the

| ong training 15 synbol, coherent references can be obtained with a noise

|l evel that is 3 dB lower than the |level of the data synbols. Then the

estimated chygfiindard e Valeof I[ﬂ@?ld a?e%to‘?é&'@hhﬁ%‘bb%d‘é@ﬁé ﬁ_&nﬁi’tﬁ”ﬁéﬁﬁ

equalizer is applied. After chan estimation and equal I zati on, e signal
for each subdB(d)j does rotaxcepddbe stared vahwr wyithintperiaddgrthe stored tinhiag is

nmodul ation t of the subcarri. 0. for .exa e _160AM or, .640AM,.., Then t he
dat a seq_uencég_&o @Sc%@étli’@%%df%‘st%‘c?ﬁgs?‘6%34‘?59‘?158@%’!@? 5'096?1@3'15 t he
deep fading Wiﬁ@aﬁ&ﬁﬁ@héwﬁ@u@}ﬂﬁﬂ' bress1aed againdvl Abkt derlodtt,f Pise Agal t he
best way is to use an efficient channel code, in conjunction with a robust
nodul ati op. stpred«ainess te arakivalile efdR(di-uti onal coding is used with coding
rates of'h) 3/, and 213. 25 In Figure 19, the BER performance for 64QAM
16QAM and QPSK in a multipath Rayl ei gh channel is shown. The nultipath

channel is c@xeg thetdatectedmydibud tingis distuwbed by aoige atet dglaged gigmals,profile
nodel . From t he ng ure, . 40 we can see that the performance of 'the
proposed met B0 ﬂg‘f’@QEW& sehtq thert: paried earlien thanthedatetad;tipning im erder

i nvention ha Pé'd?ﬂ: ' it ' 5

t hereof. Att g%t | ongqgﬁg{e?n%twga% éﬁ@ﬁaﬁ%ﬁbg?%p%ﬁ%lgg%gg@ olg%%slﬂi%'l led in
the art ade insetrtdd vayyisenallinqracticet saithat the calchlatexdt timindheetrid carThe

various aspects of.the inventiop_are freel onbi nabl e. 1 CLAI 1. A

{Fequency of FEERELLASIaR B8 A0oRha S dssiasf sUBSREHR ecaved aferSoNab: 5 moans

for determ nigagedhioh! Thén iﬂeeaktﬁﬂw?rﬂﬁmhéﬁély\t@\d'af& fﬁ%afgévaﬁfu tRhiRyNi ng the

correl ation of correspondi ng sanpl es of recel ved preanbl e syibol

sanpl es a fi meatripuatione langeredlde bagur duringdd. Hsignal detection takes 3 short
symbols, there is no need to change T . Because the peak is always

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

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

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

timing.

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

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

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

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

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



means for determ ning a second frequency of fset having neans for
"determning the correlation of corresponding sanples of two received 10
preanbl e synbol sanples a second predeterm ned delay duration apart, said
second del ay duration being different fromsaid first delay duration; and
means for conbining said first and second frequency offsets in order to
determ ne said frequency offset esti matl % 2. An apparatus according to
claim1 further conprising neans for 15 i“Ntegrating each said of fset
determ nati on over respectively first and second predeterm ned integration
wi ndows. 3. An apparatus according to claim2 wherein the sumof the del ay
and integration wi ndow durations for the first and second frequency offset
det er mi ni ng wdtniateatimirgpthah.wigtDedrly fimirep Because of this pdopartyt, predise tining

wherein said recei ver .receives 10 rea first delay tine
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conpri sesds; gnal processing neans arranged to calculate the estimate
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conpri si ng: Poocrssedrdnd higher SNRsef the suetde opndie eleiaireg. Mbengusme
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In prior art, the number of samples that is used for symbol timing is only about

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

20 symbol timing. When D=L, W=7L-D, a peak can be achieved. If 10 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 Wand D is

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

4. Frequency Offset Estimation
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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 T4 later), the effect of the channel should cancel, and the result will have

a phase of approximately

30 ¢=al,Af
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at the start of symbol timing point. Because of the 2r ambiguity of the phase,
the frequency error must be smaller than Af /2. Therefore, the frequency

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

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

frequency offset estimate is

>

n.a“ |‘$~>

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 T4

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

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

25 order to achieve a more accurate estimation of frequency offset, Tq should be
larger. In addition, in order to increase the SNR of the metric and hence
enhance the estimation precision, the integration window length Ty, is made as
large as possible. Therefore, by adjusting Tq we may get a desired estimation
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10%&: () F pr&posed(t)o achieve both a large frequency offset estimation range and high
precision. In each stage, differently spaced sample sequences (ie with Ty

different for coarse and fine) are used to calculate the timing metric and P(d).

T,=D,T

m

10

16 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= LsnotT. 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

A

¢

-I— we can see that when T4 is set
d

frequency offset. From the equation Af =

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

25 parallely, so there is no requirement for this during the second preamble as
with the prior art.
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For the m-th stage, the phase shift caused by frequency offset is

6, =0 +2m-z
= 27AfmL,, T
= mg,

10  where, ¢3,,, is the estimated phase shift at m-th stage and z is a integer and

can be calculated with

. RND[M}
27

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

can be estimated with

O
2amL, T

short

Af =
¢ +27-z
" 2amL,,,, 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.
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bgbccddEbCyy this embodiment as shown in Figure 14, a 2-stage estimation method is

10

15

20

25

applied. Two branches of received signal flow are used to estimate frequency
offset. For the two stage embodiment shown, the settings are preferably T4 =
Tshort (coarse) and 4TgorT, (fine) and Tw = 7Tsnort (coarse) and 4Tghort (fine)
respectively. While it is possible to use other settings, Tq = Tshort and Tw =
7Tshort are preferred for coarse frequency offset estimation. This is because
the maximum frequency offset estimation range can be achieved. T4 =
4TsHorT, and Tw = 4Tspor are preferred for fine frequency offset. This is
because the estimation accuracy can be satisfied while the hardware
complexity maintained lower. Furthermore, there is then no need to do fine
frequency offset in the second long preamble as required in prior art systems.
The coarse branch of Ty = Tgnot @and Tw = 7Tghort is used with the first
preamble using 7 short symbols to obtain a coarse frequently offset estimate.
The fine branch of Td = 4Tshort and Tw = 4Tshort is used to obtain the fine
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,

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.

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

110%"& ()-1°10% & () -
b
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In the standard of IEEE802.11a and HIPERLANY/2, it is required that the
5 transmitted center frequency tolerance and the symbol clock frequency

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

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

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

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

channel or Doppler shifts.

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

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

30 6. Phase Shift Compensation
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Although the present two-stage frequency offset estimation method can
achieve highly accurate estimated frequency offset, AFC 31 may not adjust
VCXO 25 so precisely that the frequency offset can be totally removed. To

5 obtain a fine frequency adjustment, a phase shift compensation method is
applied. The coarse and fine frequency offset estimation results are combined
by using equation

Af = P
2amlL,,, T

_a;m +2z-z
2mmL,, T

short

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

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

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

7. Frequency Tracking

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

5 unpredictable

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

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

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

20 frequency tracking metric is written as

Nw‘l N,-1

F=3 3 (R (pn)-R(p,n+N,)

n=0 p=0

where R (p,n) is the signal on p-th pilot carrier of n-th OFDM symbol, N4 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
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symbol with a symbol that is received Nq symbols later. The obtained products
are integrated. Ny is the number of integration symbols.

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

¢?rrack =arg (F)

10 In this embodiment the phase shift estimation is processed every Ny+Ng
symbols. That means the compensation output by frequency tracking will be
updated every Ny+N4 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,
Nqg should be larger. However, in order to reduce hardware complexity, it is

20 better to choose a smaller Ng. Nq=4 has been found to be a good
compromise. The larger Ny, the higher the SNR. To increase the frequency of
updating the phase shift compensation, the sum of Ny and Ny, can be reduced.
So when choosing Ny and Ng, there are some tradeoffs in the implementation.

25 9. Channel Estimation and Equalization

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

30 signals, the channel state information needs to be estimated.
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Where n(t) is AWGN, and * denotes convolutional multiplication.

This equation can be rewritten in the frequency domain as:

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

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

20

R =FFT[F]

whereby FFT function 43outputs frequency domain signals on N sub-carriers
25 R=[R(0) RQ) -~ RWV.)

and FFT inputs time domain signals of Nirrr sSamples

F:[r(O) r(l) r(NIFFT)]
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where IFFT is reverse fast fourier transform.

The long training symbols of the preamble can be used to obtain reference
5 amplitudes and phases for doing coherent demodulation. In the long training
symbol, the sighals on each subcarrier are QPSK modulated and known to
the receiver. By dividing the received long training symbols by the known
symbols, reference amplitudes and phases are obtained for doing coherent
demodulation.
10

R
R

store

Where H, is the estimated channel for subcarriers and Rgiore is the stored
training symbol. By averaging the two identical parts of the long training

15  symbol, coherent references can be obtained with a noise level that is 3 dB
lower than the level of the data symbols. Then the estimated channel
information is used for equalization where a one-tap equalizer is applied.
After 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 coding is used with coding rates of 12, %, 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,
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perfect channel estimation.

The invention has been described with reference to preferred embodiments

5 thereof. Attentions and modifications which are obvious to those skilled in the
art are intended to be incorporated within the scope hereof. The various
aspects of the invention are freely combinable.
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1. A 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 _ @, +27-z
27zmL,,, T
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.



