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WO 2004/ 107690 PCT/ SG2004/ 000155 Met hod for Reduci ng
Channel Estimation Error in an OFDM System

w@amkgowoend of the Invention 5 Field of the |nrensGmn4/00015s
0001. This invention relates generally to
comuni cation systens. More particularly, this
invention relates to estimation of channel responses
as involved in Othogonal Frequency Division
Mul ti pl exi ng (OFDM contuni cati on systens.
Description of Related Art 10 0002. Ot hogonal

equency Division Miltiplexing (OFDM is a .

ﬁmﬂtoaaf/or Bedmngtéhanae&%stmaﬂen Error in an OFDM
mul tipath interference andSy/gi@ifcy sel ective fading
i n comruni cation systens such as wireless |ocal area
network (WLAN) and digital audio/video broadcasting.

The techni que di vj idth into

mul tiple narrow bg%?(gﬁ’%cﬂmgﬂg Mﬁb arriers,

whi ch are 15 used for transmtting data in parall el
with high efficiency spectrumusage, as described in
"OFDM for Wreless Miltinmedi a Conmuni cati ons”, Van Nee
and Prasad, Artech House Publishers, 2000. 0003. In

Fieldod thejny@ntion sel ected by the | EEE 802. 11
[zation t echnol ogy for

0080 K8y RRio PHig GRRERY I SO G URLAISE SYSiRTsg More

(NA% and Physical Layer (PHY) Specification: '
H gReiGWiady. thisjayention|r tp gstimatian af phagnelrespenses as involved
described in the "Information Technol o'% 1

in Orthogonal Frequency Division Multiplexing (OFDM) communication systems.

Description of Related Art
0002. Orthogonal Frequency Division Multiplexing (OFDM) is a multi-carrier

modulation scheme resistant to multipath interference and frequency selective
fading in communication systems such as wireless local area network (WLAN)
and digital audio/video broadcasting. The technique divides the channel
bandwidth into multiple narrow band sub-channels or sub-carriers, which are
used for transmitting data in parallel with high efficiency spectrum usage, as
described in “OFDM for Wireless Multimedia Communications”, Van Nee and

Prasad, Artech House Publishers, 2000.

0003. In 1999, OFDM was selected by the IEEE 802.11 standardization
committee as the technology for a 5GHz WLAN standard — WLAN Medium
Access Control (MAC) and Physical Layer (PHY) Specification: High-speed
Physical Layer in the 5 GHz Band, as described in the “Information Technology —
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WD 2004/ 107690 PCT/ S&004/ 000155 Tel econmuni cati ons
and I nformati on Exchange Between Systens - Local and

waoredoropmebo t an area networks - specific requir ePENSEG2004/000155

Part 11: "Wreless LAN Mdium Access Control (MAC)
and Physical Layer (PHY) Specifications", sponsored
by the LAN MAN St andards Conmittee of the | EEE
Conmputer 5 Society, ANSI/IEEE Std 802.11(a), Sept.
1999. The | EEE 802. 11(a) standard divides the 5150

5350 fre nd_a the 5725 NHz to
b b d SRR Ry Rlane AT AT ESOTHIG0 BOUE A NGLENS oihocal and
channel s. Each of these 20- MHz channels is corrposed
of 1petropolitan asaasetvarks aSPEEiis requvieaends e PaBdul Visgless LAN
usi ggebl nary phase shift keying (BPSK), quadrature -
phadéedivrnfAccesy Cogtrolhiady), ancoPhysical hdyer (iHeY)Bydificatiens”,
nodul ati on (16-QAM, or 64-QAMto support data rates

up spobsbréthpy therLAR. MANHEtandards iGathrhitedvst divé | EEE 20niddter
channel i zation. A typical block diagramof the

bas Soeiety, ANSIHEEENStdF02211 (K, Dbt. r1@99013hé/ ﬁEEE @OQ R4 (a) standard
| EEE 802.11(a) WLAN is shown in Fig. 1.

tb r agRiddsithe 5780 MIZz tdPbaH MHz%&nenaﬁﬁé‘n&Qn@ﬂﬁ? EPsOfeR 10 5825

y an |ndustry standard 1/2 rate convol utional encode

s o] ’
by punct %‘?‘i‘ ng t edc@ée‘g‘ﬁp W&éd&ﬁ@ﬁﬁﬁ?ﬁoﬁa&%{rﬂ%dgagﬁ %f these 20-
t hew—%&ﬂa‘?\?\g%%gm%gge%tég ng%ogl/g%ggf A’g q%lg%rsoyvh%;/ﬁ aré modulated
Mops.. After terle i nterleaver rcui
%0, uwne e a%ﬁaﬁmﬁl(ex'%s%gb@mdmu ﬂ@ﬁ k&yihg @psi,
CII‘ é ont o BHF? SK, 168{%@ '
con él“? fatyganmpitudeimegulagon ht6- U Qﬁ' 50 sHpRort data rates
ti me-domai n OFDM fé/nbol is thus obtained froma Fast
FouHP & 54 Mhpsdn d6h MHzcaacupied beypdwisith pn 29 MHrzehgoneligation. A
(N=64) inverse fast Fourier transform
typical block diagram of the baseband processing of an OFDM transceiver in the
IEEE 802.11(a) WLAN is shown in Fig. 1. In the transmitter path 5, binary input
data 10 are encoded by an industry standard % rate convolutional encoder 15.
The coding rate can be increased to 2/3 or % by puncturing the coded output bits
to accommodate the desired data rate which is one of 6 Mbps, 9 Mbps, 12 Mbps,
18 Mbps, 24 Mbps, 36 Mbps, 48 Mbps or 54 Mbps. After interleaving with an
interleaver circuit 20, the binary values are mapped with a mapping circuit 25
onto BPSK, QPSK, 16-QAM or 64-QAM constellations according to the chosen
data rate. A time-domain OFDM symbol is thus obtained from a Fast Fourier
Transform circuit 35 by applying a length N (N=64) inverse fast Fourier transform
(IFFT) to those modulation values 30, Y+(0), Yr(1), ..., Yr(N-1). The N complex

values output from the IFFT 35 are then applied to the sub-carrier multiplexer 40
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(I FFT) to those nodul ation values 30, YT(O, YT(1),
., YTI(N-1). The N conplex values output fromthe

wo Bi6¥/18%B9@r e then applied to the sub-carrier PCT/SG2004/000155

mul tiplexer 40 2 WD 2004/ 107690 PCT/ S&004/ 000155 to
formthe baseband discrete tinme sanples. The resulting
digital sanples in the tine donmain are then converted
by the Digital-to-Analog (D)A) converter 45 to anal og
signals, which are further up-converted to the 5 GHz

gﬁgkféﬁ%bpﬁsgbgﬁpgﬁ&%n ennataﬁ'g) ‘!6?065?9 rﬁ‘éﬁig t%ﬁgf’“ %l"’\"é(des in the
t he channe

S| gﬁﬁlﬁﬁoﬁ&ﬁ &%Ft{ey%"%ozﬁnﬁgg é;? l ong@ &;algg B4R senverter 45 to

npul se re ns t), 55, and an additive noise 60,
(£ BS80S Ao b qareriedn thans Gtz bat, adhplfied and
signal from the channel 50 is the input to the OFDM
r ecH?O%P'“?Q to fpeverthe-agmbrnpelad theoughtarbarsteoad. y
performs the reverse operations of the 10 transmtter
5. The received RF signhal is down-converted to a

0084sebandThe gaesmitted sighnahsuffers fomPeEhe distertiBhgint tak chifel 50,

converter 75. The digital baseband sanples are then

denwhichpisealyicarybé Représsntbd b laceranBelimptltel
reconstr uctm’dt he tr?nsm tted?tal m? dgrrmp%w&:r[e)%ﬁo'{éé hft) 55, and an

i Ca ol e & in SRRl The T —
nmbol
ui 1 RO ERne s 3 ERuPro BB DRIV k1) B0, The

N conpl ex values, YR(O, YR(1), ..., YR(N-1) 90 are

plied I\/bdul at | ing circuit 95,
OO@:I ch co e?[:bﬁll REeVEhAP Eﬁsvahlm@%r? rgisghe BevRisg operations of the
se

uence, The binary se?: ence is the input to the
De-raisoiter8, Jihedseeeived RF signal is down-converted to a baseband signal

and sent to an Analog-to-Digital (A/D) converter 75. The digital baseband -
samples are then demultiplexed by the demultiplexing circuit 80 to reconstruct
the transmitted time-domain OFDM symbol structure. The digital samples of the
demultiplexed signal are applied to a Fast Fourier Transform circuit 85, which
creates a frequency-domain OFDM symbol with N complex values, Yr(0), Yr(1),
-» YR(N-1) 90. The N complex values, YR(O), Yr(1), ..., Yr(N-1) 90 are applied to
the Modulation De-Mapping circuit 95, which converts the complex values to a
binary sequence. The binary sequence is the input to the De-Interleaver circuit
100, which correctly orders the sequence to reflect the original structure of the
encoded transmitted data. The de-interleaved data sequence is applied to the
Viterbi Decoder 105 for recovery of the transmitted data to form the recei\/er’s

output data 110.
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100, which correctly orders the sequence to reflect
the original structure of the 20 encoded transmtted

waladoa/1076e de-i nterl eaved data sequence i s appP@ESGL004/000155

the Viterbi Decoder 105 for recovery of the
transmtted data to formthe receiver's output data
110. 3 WD 2004/ 107690 PCT/ S&004/ 000155 0006. To
properly receive a data frane in burst-node

transm ssion, the receiver 70 first has to detect the

ot ant P aeéRTevaodd Ba R TR SRS RRRRR: e receiver

and,_estinmate/ correct for any carrier frequency -

of f J&%ﬁh%@&?t% the arrivghofairame, indjthe ynknewp;ibaginsing sample
in the 5 nomnal values of the oscillator frequencies

i n bestantaefdhe firsh and sulkseagiept OBVt datacsyimils, and, estimate/correct for
receiver 70 (local device), using structured training

sy naply calrier frequescy offebt Impartarhiosthe sdbicarrier§ dasgo variation in the
preanble 115 as shown in Fig. 2. After that, the

I ec eiowrnal “aluesof ey dsuillatarfrdduenties ¢ buirthearansmitter 5 (remote

ti me-domai n OFDM data synbol into N frequency-domain

conale@ice) ahdl AsoeivER7O)(ocifielloe), using dtRidtarkl tHdining symbols 117,

I deally, 10 these values are expected to be sane as

YT(Qx8, add 319 contained 16 Qf@“ﬁﬁ?’a é? 496 ¥%s shbfnUr V?Icye%After that,

di storted by the channe ore they are

. ' . i
Yoy Y]ErecBRet ghsen ppRgHT TR toiven s inkBoltEh PP beta symool
50 R B et e hof . . N o, weany
YT(N-1) 30. 15 0007. Wien a wireless channel is
t y pthegel valyasrre|exgestad to be spme afoYre0h Yaé)t he Yj(Ni1n80, but they

effort of nultipath effects with a channel inpul se
r es ponesyallly distortéd byitheachannel. Thus, before they are used as the input to

the de-mapping 95, the values, Yg(0), Yr(1), --., Yr(N-1) 90, should be

compensated first so that the equalized values, Y@ Y@ %N-) are the good

estimations of Y1(0), Y1(1), ..., Yr(N-1) 30.

0007. When a wireless channel is typically modelled in the time domain as the

joint effort of multipath effects with a channel impulse response, h(t) 55 and an
additive noise, v(t) 65, the frequency-domain relation between the Yr(k) and

Ynr(k) can be expressed as

Ya(k) = H(K) Yr(k) + V(K), k =0to N-1 (1)

where:



addi tive noise, v(t) 65, the frequency-domain relation
between the YT(k) and YR(k) can be expressed as YR(K)
wWo206M)76%0T( k) + V(k), k =0 to N-1 (1) 20 whereCT/8GA0H/000155
2004/ 107690 PCT/ SG2004/ 000155 V(k) is the
frequency-domai n additive noise. H(k) is the channel
transfer function which is usually called as channel
state informati on. The channel estimation thus is
simply to find the estimation of channel state 5

i nformation, H(k) S R (k) =.YR (k)
appr oxi mates YT( k)wlgéggf 0%l ”8@05&'%?8@@96%8
Different al gorithns have been proposed for channel
estimati ons. The M ni num Mean Square Error

( MVBE)
based al gorithms §ikKds theehapag! %@f‘tﬁé‘?fefun@&ﬂ whichds usually called
errors, but may be either inpractical or not robust
because t hey are 8% channgl giate svigrmadiohonal conpl exity
and usually require an assunption of the channel
statistics. "OFDM channel estimation by singular val ue

de clepatanhebestimatidhahags itsimply.to findihe EstimatiorBf channel state
Communi cations, vol. 46, no. 7, pp.931-939, July 1998

de e est.

TR ) S BTG L7 IOD SRl b S & ccsey o

which is given by 15 J (k)=YR(k)/YT(k), k=0 toN-1 (2)

i s ReSgeRlesi npl er and easier to be inplenented. However,

when conpared with

0008. Different algorithms have been proposed for channel estimations. The

Minimum Mean Square Error (MMSE) based algorithms give low mean square
estimation errors, but may be either impractical or not robust because they are of
high computational complexity and usually require an assumption of the channel
statistics. “OFDM channel estimation by singular value decomposition”, Edfors et
al., IEEE Trans. On Communications, vol. 46, no. 7, pp.931-939, July 1998

describes such a technique for channel estimation. On the other hand, the Least

Square (LS) estimation, which is given by

H(k) =Y, (k)/Y,(k), k=0toN -1 )

is much simpler and easier to be implemented. However, when compared with
the MMSE estimation, the LS estimation yields a higher mean square estimation
error, which will translate to degradation in system performance in terms of
higher bit error rate (BER) and packet error rate (PER) and should be further

reduced to an acceptable level in practice.
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the MVBE estimation, the LS estimation yields a higher
mean square estimation error, which will translate to

waolegrad@mbo on in system performance in terns of PChBGH®#/000155

bit error rate (BER) and packet error rate (PER) and
shoul d be further 20 reduced to an acceptable level in
practice. 5 WD 2004/107690 PCT/ S&004/ 000155 0009.

U S. Patent Application Publication 2001/0036235 Al
(Kadous), teaches a nethod and apparatus for inproving
LS channel estimate in OFDM conmruni cation systens.

0009he net go§. Rarntppplicatios Pablication2001 0036238 #t1i (Kadeus)t teaches

be determ ned i ndependent of having know edge on

channéhod bl iapbakilus for iMpionRlg LES tharaiel estiratefrORDMed
by determining and then utilizing an LS estimte and

tcgﬁhgfrﬁ%t]lﬁﬁ ls é\eﬁ%efl'ﬁé FheétRbd faﬁ& aBﬁ&ﬁtM AW A Ehdlthel estimate

erpo ation coefficient is determ ned

| ngeeee Y T e e
ST T RE T At v

antenna to 10 deter ne the cp' nnel .estinpte f? e

o hBAAGN INGEAND, oSt e hARPepug spTRsga. b Figfbolation

al.) illustrates anot her nmethod for achievin

i npeefficientis detrminedsipgapendestly from thie statisties dﬁ%m popgh-e.,
in the presence of interference. The interference
ansfithoutnigesingihesbannemultipathaowey erofile (GMRPAT RS inrspalator
are estimated first. Based on the neasured noise
angobefficiebt ismhitipliedcncan LS estingte fon gaaintragsmittingamignna to
synbol s i s devel oped. Channel response is then

es defatingte thaspdnoe etinkitafor edch ehatnedquar e procedur e.

0010. U. S. Patent 6,487,253 (Jones, |V, et al.) illustrates another method for

- achieving improved channel response estimation in an OFDM system in the
presence of interference. The interference and/or noise present on the received
training symbols are estimated first. Based on the measured noise and/or
interference, a weighting among training symbols is developed. Channel

response is then estimated based on a weighted least square procedure.

0011. When these two techniques can be employed to enhance the LS channel

estimation in an OFDM system, the derivation of robust interpolation coefficients

or weighting factors may require multiple transmitter or receiver antennas.

0012. In a wireless LAN system, which performs burst-mode transmission of

data frames with limited length, the channel state information can be assumed to



10

15

20

0011. When these two techni ques can be enployed to
enhance the LS channel estimation in an OFDM system

wo be4detspovat i on of robust interpol ation coeffiBCESGE04/000155

or weighting factors may require multiple transmtter

or receiver antennas. 20 0012. In a wireless LAN

system which perforns burst-node transm ssion of

data frames with limted | ength, the channel state
informati on can be assuned to 6 WO 2004/107690

PCT/ SG2004/ 000155 be constant within the transm ssion
dur b8 Fenstant within tgtrangmjssion duetign ©f arframe. angntherefore, the
estimation is conmonly perforned by the use of one or

nor ehaonelestinGron is gammaenly perfamesky thewsel of opelar stbre known
training synbols. In the | EEE 802. 11a standard, the

t woOFBMysymbaia) wiick yand osislly talledhtraibir syontials. e the EEEE802.11a
preanble 5 115 of each data frane can be used for

est standardgtheltwodbed irainirgt sYiveboli 18 BRd 199 containddsin @96 Preamble
to see that, by averaging the LS estinmations of

chafyiedt sdchiduta A dBM BPBseor bR Aat rfg{)l'ﬁbtdl‘lﬁnnel state information.
prescribed training synbols, the effects of the

chap %%358% %Se %, B a\r/é?ggglﬁ ‘i'hn% gﬁgémaﬁéﬁ? gf %@aﬁ;‘g' state

averagi n e two 1denti trarnin
e TS SRt the pRss B By fno st s iEPAG S e

can_ be optained with,a oi se leyel that is.3 | ower .

¢ habarnel i Esh B i fedJ8 smeRriST BY Sieradindhe ¥e identical
802. 11§a _baseband. and MAC@rocessor" Thonson et al .,

Pr deng fraining symbalg jn the IBEE802c 1 (VLAY fernxamplesdogyeference
Feb. 2002, pp. 126-127 describes an 0.25m CMOS ) )
bastBRlitudesandplasasdeedeing coberenhdemegylatigrpcan be pbigingd with a
standard 15 that averages the two |ong training

sy msisesleyeldhanig 3dBdower thag theneise letehnhdata symbols. “An integrated

802.11(a) baseband and MAC processor”, Thomson et al., Proc. IEEE Int. Solid
State Circuits Conf. (ISSCC), Feb. 2002, pp.126-127 describes an 0.25um
‘CMOS baseband and MAC processor for the IEEE 802.11(a) WLAN standard
th.at averages the two long training symbols 118 and 119 of Fig. 2 for channel
estimation/correction. U. S. Patent 5,903,610 (Skold, et al.) illustrates a receiver
of a digital radio communication system including a combined channel estimate
that is formed by averaging a long channel estimate with a short channel
estimate. Also, “Effect of channel estimation error in OFDM-based WLAN”,
Cheon et al., IEEE Communication Letters, vol.6, pp.190-192, May 2002
examines the performance degradation due to the channel estimation error in an
OFDM-based WLAN. The average effective Signal to Noise ratio and average bit

error probabilities (BEPs) are derived in a Rayleigh fading channel. Cheon et al.

7



estimation/correction. U S. Patent 5,903,610 (Skold,
et al.) illustrates a receiver of a digital radio
W@ oomnetice@t i on system i ncl udi ng a comnbi ned chaP@EBG2004/000155
estimate that is fornmed by averaging a | ong channe
estimate with a short channel estimate. Al so, "Effect
of channel estimation error in OFDM based WLAN', 20
Cheon et al., |EEE Comrunication Letters, vol.6, pp.
190 192, May 2002 exam nes the performance
Dhgdatlon due éo t he channel estlnatlon error in
pedemongimied Mpadyariagss ofaveradingtheityrdeng Ha'nmgsfé/mbols
rati o_and average bit error probabilities (BEPs) are
der 1¥8and 18 qu;g 2ifgrehepaelRsticiatian ever «xied A singletraining symbol.
WD 2004/ 107690 PCT/ S&004/ 000155 have denonstrated
t he advant ages of averaging the two |ong training
0039nbol s THe éhaicelofithe raimbér@f Baning symabbols that $hin etused for channel
over using a single training synbol. 0013. The choice

of esEmAtioNS & tRidel 6MbBiwt@nY §dst chdrmel estiRatitn b&ﬁﬁ'm&ﬁée and a
channel estimation is a trade-off between a good

chagmst tr&idirigthhe, Bbcagss iR gp%%léco?ﬂéahhota{cﬁjen \d3th

time, because the training sy S contaln no actua

dgﬁ @; nm%fh?ﬁ gh@ pa}ﬂ rgb gtgl?ct Zb é:{r fé‘:lcé]f:’lﬁg 2, the tqtﬁl training
B e G4 S 8 VM P
fi gﬁ'l"cbj‘gl éﬁe? é?‘\ﬁ';qgﬁ\g“m%??% ﬁgqgeJr G?QP"’{J;D‘BW“"GS in the

the_i nverse Four er t orm A 10 short OFDM

t r afGHR geg%%spetitpﬂ%{swstpém%p?ffodiqtvsqmb% HWVErse kourigr trapsform. A
are nodul ated by the elenments of a fixed spectral
seqhart@FRM tn@f\|nse°cymbpl A7 sgnsipts of12 sybzasfiers pehich are
802.11(a) standard. A long OFDM trai ni ng synbol 118
andmodglated by the elements of a fixed spectral sequence as defined in paragraph

17.3.3 of |[EEE 802.11(a) standard. A long OFDM training symbol 118 and 119
consists of 53 sub-carriers (including a zero value at dc), which are modulated by
the elements of the spectral sequence as defined in paragraph 17.3.3 of IEEE .

802.11(a) standard.

0014. The long OFDM training symbols are followed by the OFDM SIGNAL
symbol 120, which contains the RATE 121 and the LENGTH 123 fields of the
TXVECTOR as defined in paragraph 17.2.2 of IEEE 802.11(a) standard. The
encoding of the SIGNAL field 126 into an OFDM symbol 120 proceeds with
convolutional encoding (R=1/2), interleaving, less noise sensitive BPSK mapping,
pilot insertion, and OFDM modulation. The contents of the SIGNAL field 126 are

not scrambled. The SIGNAL field 126 is composed of 24 bits, as illustrated in Fig.

8
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consi sts of 53 sub-carriers (including a zero val ue at
dc), which are nodul ated by the elenents of the

WG pmatombo sequence as defined in paragraph 17.B8CBS61004/000155
| EEE 15 802. 11(a) standard. 0014. The | ong OFDM
training synbols are foll owed by the OFDM SI GNAL
synbol 120, which contains the RATE 121 and t he LENGTH
123 fields of the TXVECTOR as defined in paragraph
17. 2.2 of IEEE 802. 11(a) standard. The encoding of
the SIGNAL field 126 into an nbol 120 proceeds
wi t 12. JBCdOHAISA IechaR? §h€'bamf§ie(thefy/’235 B'hﬂé?Bé%xﬁSﬁg/ed for future
| ess noi se sensitive BPSK mapping, pilot insertion,
and useDNitsrbdl@ shall @mcod® é’lQ:bElNﬁﬁt'bﬂQhﬂ 128 of SIG(NWECTQW with the
126 are not scrambled. The SIGNAL field 126 is
conpesst dignificadt it (LSB)dmeing trarsdmittee dirstnBiF1 g.1248s ¥positive parity
2004/ 107690 PCT/ SG2004/ 000155 2. The four bits O.to 3

121 (shel paritycisitfor bhie 0RAT EheBits 18-3R22oristitute 388 SRGNARITAIL field
future wuse. Bits 5-16 shall encode the LENGIH field

123 t t
12508, b T OYRCTAF ot Yo APk b0 lmatonabou

DO PR TR0 Rty e o Bl bt Hifgme. e
?'n'f e ﬁ%'?t'#'haé?ﬁgaccw B abi%qvﬁ’(e LENGTH

codi.n £ as used f t of the frane.

o 1 o0 1848 ehryrsicpeg - aﬁ ﬁm?%ewa@tﬁa PRy agdets in the
in Table 1. The LENGIH eld 123 is an unsi

5. Bratopol Separe SHaLN AR hE MAG FcHTarbrregreiBdbe PHY to

the protocol service data unit that the MACis

cur U@RsM{t. Flaigyalueiingsedby thePHY toaleteramirerthe number of octet

value is used by the PHY to determ ne the nunber of
oct &ansfers that will occur between the MAC and the PHY after receiving a request

to start transmission. This value is also used by the receiver 70 to determine the

number of data octets contained in a received data frame.

RATE Data Rate | Modulation Type Coding Rate

(4 bits) (Mbps)

1101 6 BPSK 1/2
1111 9 BPSK 3/4
0101 12 QPSK 1/2
0111 18 QPSK 3/4
1001 24 16-CAM 1/2
1011 36 16-QAM 3/4
0001 48 64-QAM 2/3
0011 54 64-QAM 3/4

Table 1
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transfers that will occur between the MAC and the PHY
after receiving a request to start transm ssion. This
WO 2004207630 al so used by the receiver 70 to det eran/pe200H@00155

nunber of data octets contained in a received data

frame. RATE Data Rate Mdul ati on Type Coding Rate (4
bits) (Mps) 1101 6 BPSK 1/2 1111 9 BPSK 3/4 0101 12
QPSK 1/2 0111 18 QPSK 3/4 1001 24 16-QAM 1 /2 1011

36 16- QAM 3/4 0001 48 64-QAM 2/ 3 0011 54 64-QAM 3/ 4
Table 1 9 WO 2004/ 107690 PCT/ S&004/ 000155 0015. The
OFDM SI GNAL synbol 120 is foll owed by vari abl e nunber

of

OFDM DATA synbol s 127 which contain actual data

ook Bf or mat R OFpM @ﬁN&B& | 4581s @h&ve& B @ahéaeruPrﬂ:ier of OFDM

time will reduce

e efficiency o spect um usa

/) dis 159 wh?cmgo\ﬁ?alﬁ a%ﬁ:%?ﬁbt%qﬁ%)fn?l%ng? pgew ﬁ% seen that the

enhance training capabi
ﬂma I n
ti n%ngqr%lfnlﬁg gme wi redl}/ce t‘me e%cuenc\)//% tspecr:}rum usage. It is thus useful to

0016.

0017.

0018.

have a technique for achieving enhanced training capability with no extra training

time required.

Summary of the Invention

An objective of this invention is to provide a channel response estimation
for an OFDM communication system based on a certain normal training symbols

plus one virtual training symbol.

To accomplish at least this objective, a method for estimation of channel
response begins with receiving at least one preamble symbol of a transmitted
data frame. A first channel state information is estimated from the at least one
preamble symbol. At least one signalling symbol such as the SIGNAL symbol of
the IEEE 802.11(a) standard is received. The signalling symbol is then equalized
and a rate factor and a length factor are extracted from the at least one signalling

symbol.

The rate factor and the length factor are then verified and a virtual
preamble symbol is formed from the rate factor and the length factor if they are
correct. A second channel state information is estimated from the at least one

preamble symbol and the virtual preamble symbol.

10



0016. An objective of this invention is to provide a
channel response estimation for an OFDM conmuni cati on

weyeiamcbased on a certain normal traini ng synmpol/SG200€000155

10

15

plus one virtual training synbol. 0017. To acconplish
at least this objective, a nethod for estimation of
channel response begins with receiving at | east one
preanbl e synbol of a transmtted data frane. A first
channel state information is estimated fromthe at

PRI s ncr el REBIETOR o delerRnARRY the Squation:

802.11(a) standard is received. The signalling synbol
is then equalized and a rate factor and a | ength

factor are extrﬁétég fir J@®y/at ]l east one signalling
synbol . 0018. Thet f‘g Ctorpx the length factor

are then verified and a i rtual 'preanble synbol is
formed fromthe rate factor and the length factor if
they are 20 correct. A .second channel state
information is ¥ %ated fromthe at |east one
preanbl e synbol and the virtual preanble synbol. 10
WD 2004/ 107690 PCT/ SG2004/ 000155 0019. The first

channel state infor magij@pisithe feit @stinaBoh b/ clidiel state information.
equation: H (k) =1 mi [LR (k) ~ mX-f (k)J where:
HL(k) is the first estimation of channel state

information. 5 LR(K), i 33 the Fourier Transform of each
of the m preanbl e z(k) is the Fourier Transform of each of the m preamble

symbols as received, and

L, (k) is the Fourier Transform of each of the m expected

preamble symbols as transmitted.

0020. The equalization of the at least one signalling symbol is accomplished b
performing channel correction by using the first estimation of channel state
information and the phase/amplitude information contained in the pilot sub-

carriers of the received at least one signalling symbol.

0021. The extraction of a rate factor and a length factor from the equalized at
least one signalling symbol begins with de-mapping the at least one signalling

symbol. The de-mapped symbol is then de-interleaved and decoded.

0022. The virtual preamble symbol is formed from the rate factor and the lengtl
factor by encoding, interleaving, and mapping the extracted rate factor and lenc

factor.
11



synbol s as received, and 4(k) is the Fourier Transform
of each of the m expected preanble synbols as
wo ea@agaicdd ed. 0020. The equal i zati on of the atPdE862004/000155
one signalling synbol is acconplished b, 10
perform ng channel correction by using the first
estimation of channel state information and the
phase/ anplitude information contained in the pil ot
sub- carriers of the received at | east one signalling
e factor and a

nbol . . extraction of ra
0qShgt h fﬁﬁﬁivemfaﬁ g’h‘?ﬂ"ﬁ%g&'@ﬁf’\ gt a‘ﬁ?ae%gﬂe@ﬁ%amble symbol are
signal lin nbgl begins with de-nmapping the at | east
one USPEaPPRA thessecing estimalian aichrnpebetatsinfasmation. The second
then de-interl eaved and decoded. 0022. The virtual
pr e &hBNRel Sphimation i acsomplishedbby thecequationf act or and t he

| engtl factor by encoding, interleaving, and nappi ng
the extracted rate factor and lenc factor. 11 WO

2004/ 107690 P¢GT/.SG2004/000155 .0 . The virtual

preanbl e symogﬁi)a?mﬁésgﬁ%é@t&gﬁe preanbl e synbol
are used to performthe second estimation of channel
state information. The second channel estimation is
acconpl i shed RPpefghe equation: 1 H (k) = m+ 1 S (k)
+ m | (k)} 5 where: H(k) is the second estimtion of
channel state information. HS(k)=SR(k)/ST(k). SR(k)

is the Fourier Trapsformof the virtual preanble
symbol (signal | i nd7é)Abhe segend esimatien obehannel state information.

I?s(k)=SR (k)/ S, (k). Sg(k) is the Fourier Transform of the

virtual preamble symbol (signalling symbol) as received, and
St(k) is the Fourier Transform of the virtual preamble symbol

as transmitted .

H,(k)is the first estimation of channel state information.

0024. Upon completion of the channel estimation with the normal preamble
symboli(s) and the virtual preamble symbol, the data symbols are received and
equalized. The equalization of the data symbols is accomplished by performing
channel correction on data symbols with the second channel estimation and pilot
sub-carriers in each of the plurality of data symbols. The data symbols are then

de-mapped, de-interleaved, and decoded to recover the originally transmitted

data.

12
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ST(k) is the Fourier Transformof the virtual preanble
synbol 10 as transmtted. HL(k) is the first
wesiokmeisson of channel state information. O002RCT/&4pIIN4/000155
conpl etion of the channel estimtion with the nornal
preanbl e synbol (s) and the virtual preanble synbol,
the data synbols are received and equalized. The
equal i zati on of the data synbols is acconplished by
performng i s channel correction on data synbols wth
t he second channel estimation and pilot sub-carriers
in each of the plurality of data synbols. The data
synbols are then de-nmapped, de-interleaved, and
decoded to recover the originally transmtted data.
12 WD 2004/ 107 cBAiePDeSErptior of the Drawingescri ption
of the Drawings 0025. Fig. 1 is a block diagram of an
OFDM transmtter and receiver pair simlar to that

0025p! oyedFifot is dblockidiaghara.of hah)FBMaratentittef ardw@ceivePpair similar

art. 5 0026. Fig. 2 is a diagramof the physical |ayer

conyethgesraploped ferané IEEE €62.11{d) adndd BRiheYridrant, | EEE
802.11(a) standard of the prior art. 0027. Fig. 3 is a

bl ock di agram of an OFDM recei ver of this invention.

B2 e 3145 R ST LRl PR P cr

estimatin onse e (5)

of [.S ¢l VNt | j i.d.. 5 15 a plot of the

cx: TP el ) R R £ e sPgartt 3o P

estimated channel state infornation enploying one,
Ooy\.o’ or l;iglg.rée Fs é |%ICE Idlr;.t%ram of an OFDM receiver of this invention.

0028. Fig. 4 is a flow chart describing the method for estimating the channel

response for an OFDM receiver of this invention.

0029. Fig. 5 is a plot of the estimation error versus a sample index for the
estimated channel state information employing one, two, or three training

symbols.

0030. Fig. 6 is a plot of the spectral content of the channel state employed to

determine the estimation error of Fig. 5.

Detailed Description of the Invention

0031. As described above, the choice of the number of training symbols is a
trade-off between a good channel estimation performance and a short training
time. Itis thus desirable to have more known symbols in addition to the

prescribed training symbols for more accurate channel estimation without
13
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synbols. 0030. Fig. 6 is a plot of the spectral
content of the channel state enployed to determ ne

wo be4aetcporat i on error of Fig. 5. 15 Detail ed PCT/SG2004/000155

Description of the Invention 0031. As described above,

the choice of the nunber of training synbols is a

trade-of f between a good channel estimation

performance and a short training tine. It is thus
desirable to have nore known synbols in addition to

the prescribed training synbols for nore accurate
chan@dendiag thestraipingduratinn. Refering tobigr @nedog. 6, the plot of Fig. 5
PCT/ S&G2004/ 000155 extending the training duration.

Ref eshowsghe @stiingtior eerns When using t Seeghihtionfto Estimate the channel
shows the estimation errors when using LS estimation

t o egbpomseonhible habanmehaliz@bHsataal edritemt &96hawn in Fig. 6. It is shown
normal | zed spectral content as shown in Fig. 6. It is

showRat HS trami rhBbHHAk ROmeX BQlark -g.
squarg e%k?%(r) (l\;SE)"%;f@-S. 15dB, two g”?rg“??%ﬂgﬁ’?}%o? ;SdB,two

Nas FaiffRg By RBHR e fan YquarblerhdRs - P119aBARFUELEAINHY symbols

synb have a nean square error 0

o8 halt Affeatidihe RS ABRCa aining

structure with two long training synbols 118 and 119
d the ontent -variabl e OFDM _SI GNAL synmbol 120.
oG | o 't naPBdiaTER or Bt BN F18-3) KIS 68021 56) Flgndard has

variaple, its nodul ation type (BPSK) and encoding rate

( R=1 edtraining stryctype with tweianadigining synbetsatitihard 1t98ed the

the training synbols have been used to estimate the

chargestentyapabie OFRMSICAAL symbabi12fLWhig tecontent of the OFDM
SIGNAL symbol 120 is variable, its modulation type (BPSK) and encoding rate
(R=1/2) are fixed by the IEEE 802.11(a) standard. Once the training symbols
have been used to estimate the channel response, the received SIGNAL symbol
120 maybe equalized, de-mapped, de-interleaved, and decoded to determine the
rate factor 121 and the length factor 123. The detected rate factor 121 and length
factor 123 are then checked for the correctness with the parity bit 124. The
correct rate factor 121 and length factor 123 are then converted to a virtual

training symbol by encoding, interleaving and mapping the signal field 126, which

is reformed with the detected rate factor 121 and length factor 123.

0033. Refer now to Fig. 3 for a discussion of an OFDM communication receiver

of the invention. The transmitted RF signal 47 that is modulated with the
transmitted OFDM symbols is put out to the communication channel 50 as

described above. The combining effect of the multipath dispersion with a channel

14



120 maybe equal i zed, de-mapped, de-interleaved, and
decoded to determne the rate factor 121 and the

wo ecvgtibredb@ct or 123. The detected rate factor 12AT/8QZH04/000155
l ength 15 factor 123 are then checked for the
correctness with the parity bit 124. The correct rate
factor 121 and length factor 123 are then converted to
a virtual- training synbol by encoding, interleaving
and mapping the signal field 126, which is reforned
with the detected rate factor 121 and | ength factor
123imposarespenss (hidb% andithe addifive chardiet noisei(aty)) 66 neodifies the
OFDM conmmuni cation receiver 20 of the invention. The

t r againidndgrhaBE of tranmbddiatddgignal L 7te dwnatr%dnputtéigﬁmo the down
transmtted OFDM synbols is put out to the

CONpaiveriel OO THPAGRH cOVerter 269%ﬁfﬂstiﬁé' rERRER in \Aﬁhﬁs %nal from the

conmbi ning effect of the multipath dispersion

F ocodrinet th fbasctib Sk RoRtaind RIS OF R WiiBols for
o abithebfoEB S e'i‘Ft'F%seP%Pﬁngt AP s Sapled S cqnerted by the

do convert mn converter 200 shifts the
?@Dv@%rweﬁ‘ﬁn?‘i@ﬁ@a'grta# 6960 eGP tepSEURL OB RMSymbols.
n containing the transmtted OFDM synbols for 5

fu?T'PPeP’ egmble SXFaRIONFiguiog A FanaseiaRfo e ARkgpnverter 206 to

sanpl ed and converted by the A/ D converter 205 to

di giecaivedherpreasntie af tiertrangmitied datarfeame.t B @eBMble extraction
synbols. The preanble extraction device 210 is

condevicec21Q thenldetekhiingsthesn tpeear@ble symbolse@e:2; dort e long training
preanble of the transnmitted data frame. The preanble

ext syahaolon18 dad i1d9 i tHe IBEES0R 1 efastmdaid) ant gatinamdy £ first
synbols (m=2, for two long training 10 synbols 118 and

119%Hamnehstatebhfor®8fiori2§2) standard) and estinates a
first

0034. The first estimation of channel state information is determined by the

equation:

L)
Hil) = 2[ Lf(k)}

where:

H, (k)is the first estimation of channel state

information.

Ly (k) is the Fourier Transform of each of the m

preamble symbols as received (m=2, for two long

15
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channel state information 212. 0034. The first
estimati on of channel state information is determ ned

whyoothereoequati on: HL (k) mmLx (k) k 7 /X( »E1/5G2004/800155

where: HL(k) is the first estimation of channel state
information. LR(k) is the Fourier Transform of each of
the m preanble synbols as received (nm=2, for two | ong
15 WD 2004/ 107690 PCT/ SG2004/ 000155 training synbols
prescribed in the | EEE 802.11(a) standard), and

k) is the Fourier Transform of each of the
exp(ecz ed preanbl e synbé'aé’"%slfm%‘?l§ﬂqutcé'ge‘é inthe 'Eﬁé 802.11(a)
4(k)= 4(k) for two identical Iondq trai ning synbol s
prescribed in the | EEEsEm®and)(and,st andard). 0035. The
signal I ing synbol extraction device 215 is connected
to the A/D converter 205 to receive the transmtted

OFDM si gnal I i ng synbol :
| EEE 802.11(a) standar oll§ m?-ﬁ?%?%%ﬁ'%fém%a&?@f them

expected preamble symbols as transmitted (m=2, and
L, (k)= L} (k) for two identical long training symbols

prescribed in the IEEE 802.11(a) standard).

0035. - The signalling symbol extraction device 215 is connected to the A/D

converter 205 to receive the transmitted OFDM signalling symbol (the OFDM
SIGNAL symbol 120 in IEEE 802.11(a) standard). The signalling symbol
extraction device 215 is further connected to the preamble extraction device 210
to receive the first estimation of channel state information 212. The received
channel state information 212 is used in equalizing the OFDM signalling symbol.
The equalized OFDM signalling symbol is then de-mapped, de-interleaved, and
decoded to determine the rate factor 216 and the length factor 217. If the rate
factor 216 and length factor 217 are verified correct, the signalling symbol
extraction device 215 notifies the déta extraction device 225 with these factors
216 and 217 as well as a Valid control signal 218 and creates a virtual preamble
symbol 219 by encoding, interleaving and mapping the detected rate factor 216

and length factor 217.

0036. The virtual preamble symbol 219 is transferred to the preamble extraction

device 210. The virtual preamble symbol 219 and the first channel state

16
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10 extraction device 215 is further connected to the
preanbl e extraction device 210 to receive the first

wesdounedepon of channel state information 212. B¢ESG2004/000155

received channel state information 212 is used in

equal i zing the OFDM signal ling synbol. The equalized

OFDM si gnal I'i ng synbol is then de-napped,

de-interl eaved, and decoded to deternmine the rate

factor 216 and the length factor 217. If the rate 15

f aghfermaidh @8 dhérecehbinkdddioestigiatingracsecend fchadnelstate énformation
the signalling synbol extraction device 215 notifies

t h%ﬁ%ﬁicﬁﬁ BRGhHAR dleNe it Rannul biatd intsrnaiantio ferm & Bstimate
and 217 as well as a Valid control signal 218 and

CT QRASS nford/ b&'ﬁdfgfe UL ﬁf@h%}] eSHRRIN &%ﬂaﬁﬁel%&t@dhﬁﬁg?&on. The

i nterleavi ng and mappi ng the detected rate factor

and | ength f 247 2 ] W nbl e
oy eEpnE ke sale BRlmeRfin o dterrined biithe BuumdRd -
devi ce 210. The virtual preanble synbol 219 and the
first channel state 16 WD 2004/107690}n

PCT/ SG2004/ 0001554 (i oﬂnﬂﬁi +ahed conbi ned for
estimating a secon gﬂanﬂelsg?ate iﬁ?grnation 214,
which is an update of the first channel state
information to forman estimate that is nbre accurate
than the first eswhem&ti on of channel state
informati on. The second channel state information is
determ ned by the equation: 5 H(k)= mtl {s(k)+m (k)}
where: H(k) is the segpsds®sd seBRhdWUatiMatohdNERAnIE) 3iake

i nformati on.

information.

A (k)=S,(k)/S,(k). Sa(k) 220 is the Fourier

Transform of the OFDM signalling symbol as
received, and St(k) 219 is the Fourier Transform of

the virtual preamble symbol as transmitted.

H (k) is the first estimation of channel state

information.

0037. The data extraction device 225 is connected to the A/D converter 205 to

receive the transmitted OFDM data symbols 127. The data extraction device 225
is also connected to the preamble extraction device 210 to receive the second
channel state information 214. The structure of the data extraction device

performs the functions of the demultiplexing circuit 80, the Fast Fourier

17
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I'1 S(k)=SR(k)/ST(k). SR(k) 220 is the Fourier 10
Transform of the OFDM signalling synbol as received,

w436y 219 is the Fourier Transform of theCwsG1008000155

preanbl e synbol as transmtted. HL(k) is the first
estimati on of channel state infornmation. 15 0037. The
data extraction device 225 is connected to the A/D
converter 205 to receive the transmtted OFDM dat a
synbol s 127. The data extraction device 225 is also
conpect ed to the preanble extraction device 210 to

r ec Efansformeirgai Gﬁdthedwawaﬁlorslpat'\éanmmg) EiRgt B they Re-Imedeaver
structure of the data extraction device perforns the

f uneitquiri®0oand the Vikerbi Peeadexi10§ of Figs i Thedata $ymbals are
Fourier 17 WO 2004/ 107690 PCT/ SG2004/ 000155 Transform

ci requalizéd by pedoivhidgIchanmel cDerebligrpomdaiai syenbdls @fih tidsecond
De-Interleaver circuit 100, and the Viterbi Decoder

105cHinnBi @stinfationt2e AcicepiRy BUB Carret ineshEn dfaRe phiYality of data
perform ng channel correction on data synbols with th

| n eac hO'%f t he t%ﬁﬁﬁgﬁﬁn;ﬁg%&éﬁﬁlﬂgn E?/%[efssmfﬁ@{é' Ideaszm by

ext t data
2300y PR nieagsa R SRR e RIS |
dat a synbols 0038 The recelver may be i npl enent ed in

00" indR keSS REK 'eﬁs?'p bt an Shpicglion ippeid inferatea

eatiop of vi rtual gnon‘ole synmbol and

f %ec"&'? K%%ﬁ)&,ﬁ thg 'Or&ﬁ thg exjeactj the preamble symbols,

creation of the virtual preamble symbol and the extraction of the digital data
maybe implemented as a program process within a digital signal processor or a
microprocessor. The method of the program process would be implemented in
program code retained in media such as a read only memory (ROM), a flash
memory, an electro-optical disk or a magnetic disk and executed by the digital
signal processor or the microprocessor. Refer now to Fig. 4 for a discussion of
the method for estimating the channel response employing the two long training
symbols and the virtual training symbol extracted from the OFDM SIGNAL

symbol of this invention.

0039. The transmitted signal which is modulated by the OFDM symbols is

received from the channel, down-converted, and sampled to create the received
symbols of the OFDM frame. The received symbols are transformed by a Fast

Fourier Transform function to the spectral content of the received signals. The

Fourier Transform (L, (k) and L2 (k)) of the two long training symbols 118 and

18



i 0 maybe i nplenented as a program process within a
digital signal processor or a mcroprocessor. The
waoredonaareod t he program process woul d be i npl enpait/eq200H000155

program code retained in nedia such as a read only

menory (ROV), a flash nenory, an electro-optical disk

or a magnetic disk and executed by the digital signal
processor or the mcroprocessor. Refer nowto Fig. 4

for a discussion of 15 the nmethod for estimating the

Chf‘rﬂg@edonfﬁﬁétpiﬁﬁﬁe PFBArAeNd 5Ld1Fig.\ioofl ezieh datairamedare obtained
ols and the virtual training synbol extracted from

fredd¥Snh Riveién.Oh é&liﬁ%t R the first
nsmB% d si gna mﬁl éértnglf)dul alljt ed by te he |0

anceaial dafel FEREH. AT FIR6 P ri e

OFDM franme. The received synbols are transfor rred by a
Fast Fourier Transformfunctl on to the spectral

content of the re } TRAer)/ Pqryii er
Transform (LR(K) gﬁdLL k?% €k)+ Sk\% Iq’gyrl training

synbols 118 and 18 WO 2004/ 107690 PCT/ SGZOO4/ 000155
119 contained in the preanble 115 of Fig. 2 of each
data franme are obhered (Box 300) fromthe Fast
Fourier Transform function. The estimation of the
first channel state information is calcul ated (Box

305) by the equation: b@l@(ﬁ(%.{;ﬁ%ﬁéﬁd lLourre{ﬁ'QnsTorhxs of two

R (k)/L, (k)} 5 where:
Fourier Transforns of two_ identical |ong fraini ng?n
synmbol s as transni t t edidentical long training symbols as trans itted.

- 0040. The Fourier Transform (S, (k)) of the OFDM SIGNAL symbol is obtained
(Box 310) from the Fast Fourier Transform function. The S, (k) is then equalized

(Box 315) by using the estimated first channel state information A (k) and pilot
sub-carriers contained within the OFDM SIGNAL symbol. The equalized OFDM
SIGNAL symbol is then de-mapped, de-interleaved, and decoded to extract (Box
320) the RATE 121 and the LENGTH 123. The RATE and the LENGTH are
checked (Box 325) for validity against the parity bit of the symbol. If the current
OFDM SIGNAL symbol is found incorrect, the processing is stopped (Box 330)

for the current frame.

0041. If the current OFDM SIGNAL symbol is correct, the signal field 126 re-
formed with the just detected RATE and LENGTH is encoded, interleaved, and

mapped (Box 335) to form a virtual training signal (St(k)). The original two long
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0040. The Fourier Transform (SR(k)) of the OFDM Sl GNAL
synbol is obtained (Box 310) fromthe Fast Fourier

wde@agbdbmweon function. The S. (k) is then equal i e€dSGH04/000155

(Box 315) by using the estimated first channel state
information HL(k) and pilot sub-carriers contained
within the OFDM SI GNAL synbol . The equal i zed OFDM
SI GNAL synbol is then de-nmapped, de-interleaved, and
decoded to extract (Box 320) the RATE 121 and the

H 123, TE the LENGTH are hecked. (Box
555) 030 4mPaey (Y8l T8 Coaingdin s WERBIE {1 of 6ach data frame
symbol . 1f the current 15 O-DM SI GNAL synbol is found
i ncANddbe viruak trainingesignal ¢Sik)) Are peed tq eiertetBimx 340)a second
the current franme. 0041. If the current OFDM SI GNAL

sy niglanheél staterigfoimatidie Agk)@RaNn Gpdits of e ffr@rcrfa‘hhgﬁé?{ate information
with the just detected TE and LENGTH i s encoded

inte ved, .an Box 335) to forma V|rtual
trai ;ﬁ%g %‘i%‘i‘fﬁﬁ?@?(&f‘ﬁago he original two long 19 WO
2004/ 107690 PCT/ SG2004/ 000155 training synbols 118
and 119 contained in the preanble 115 of each data
frame and the virtuyal tfainin igoal (ST(k)) are
used to create (Bowg)@{lg(g)e“&gi{gla hannel state

i nformati on H(k)as an update of the first channel
state information HL(k)according to the equation: 5
1y (k) =3, (k) *yRere: HL (k)} where: HS (k)=SR(k) /
ST (k). 0042. The Fourter Transform DR (k) of the nth
recei ved OFDM data synbol is

H(k) =S, (k)/ S, (k).

0042. The Fourier Transform D (k) of the nth received OFDM data symbol is

obtained (Box 345) from the Fast Fourier Transform function. The D (k)is

equalized (Box 350) using the second channel state information (H(k)) and the
respective pilot sub-carriers contained in D (k). The equalized D (k) is then de-
mapped, de-interleaved, and decoded to recover (Box 355) the information bits
conveyed by the nth OFDM data symbol. The number of the processed data
symbols is compared to the LENGTH factor of the received OFDM SIGNAL
symbol to determine (Box 360) if the last data symbol has been processed. If the
last data symbol has not been processed, a symbol counter is incremented and
the Fourier Transform D' (k) of the (n+1)th received OFDM data symbol is
retrieved (Box 345), equalized (Box 350), de-mapped, de-interleaved, and

decoded to recover (Box 355) the information bits conveyed by the (n+17)th

20
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obt ai ned (Box 345) fromthe Fast Fourier Transform
function. TheDR (k) is 10 equalized (Box 350) using

wo bw4aewond channel state information (H(k)) apdr/s&mo4/000155

respective pilot sub-carriers contained in DR (k)
The equalized DR (k) is then de- mapped,

de-interl eaved, and decoded to recover (Box 355) the
information bits conveyed by the nth OFDM dat a
synbol . The nunber of the processed data synbols is

conpared to the L or. of th ei ved

S oM et svpbe Whendne i datd %&b@ StEeH ecdsE). the above
data synbol has been processed. If | ast .dat.a
sy pegedyE isompleled anddalied agtil @ngﬁeﬁhed@efhf’%‘? fraé"e
increnented and the Fourier Transform DR ' (k) of the
(n+l)th received OFDM data synbol is retrieved (Box

004345), edhelmathdd {dBestitBling thikechemmebspdrsesasinvelied in OFDM

and decoded to recover (Box 355) the information bits

c opgawashidationgystomislistsimpie die t3aRd L3 66RW-complexity LS estimation
PCT/ S&004/ 000155 OFDM data synbol . When the | ast

datagsiBReind AhahRe th PedRESRRbX felfura R OADMAREEE VLAN
|s conpl et'ed and halted until receipt of the next data

r o g?rn end Woke &@gx@?ﬂ%@@ 150 "2 i 35P41 thE traREmitleR AR lbe “borrowed”

sés as I nv connunlcatlon systens
ot SLi%eﬁ%ﬂ*“géh%%%ig%*@&%%v*%%ﬁ% 8 s B jmproypd channel
gt o3 DB o o 3 B c¥hctivec
S_\k/’%{;{’\‘,“éergmgé’f n?r{'n tglgwr(]a qtqgﬁ,p[‘éﬁ%@ﬂ@ Eﬁé‘ﬁﬁ@ |g also robust for
estimation by using three training synbols as shown in

i qmPEVingieIsbagRel cUEWION; RaayEe FvAIS@NaEaHE Lo Pror

i npl ement ation penalty. The schene is al so robust for
assumption of the channel statistics, which is normally required for developing

other complicated yet power inefficient techniques. In addition, the scheme may
be easily integrated into a more sophisticated channel estimation and/or

correction technique to combat channel distortion further, if necessary.
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10

I mproving the channel estimation, because averagi ng

requires no prior assunption of the channel
wer@tiedcs, which is normally required for demel/®Eingo001ss
ot her conplicated yet power inefficient techniques. In
addition, the schene may be easily integrated into a
nor e sophi sticated channel estimtion and/or
correction technique to conmbat channel distortion
further, if necessary. 15 21 WD 2004/ 107690
PCT/ SG2004/ 000155 1 What is clained is: 2 1. A nethod
Wﬁa@ﬁs&éﬁﬁéﬁ&‘ on of channel responses as involved in -
OFDM conmuni cation 3 systens, conprising the steps

of :

4 receiving at |east one preanble synbol of a

t ?iﬁ?@ﬁ%ﬁ?ﬁ@ﬁ??@%" bfEerrdL FapbiBis $sgm¥§|vabiéﬁn§“|@mmumcanm
SR, b e SteBiat “one STanal Ping Symbol:

extracting a rate factor and a length factor fromthe

at
sai
12

RGP el RS peecithin VYl 4 bessoites detefamer |

if said rate factor and said |length factor are

corr for virtual preamble 13 synbol from
sai %Fﬁx ng%?t'%? C%W%ﬁtatel E’M tioctrem; ﬂ'!?n@t 1gast one preamble

sai

estimati ng a second channel state information from

d at SY®REL one preanbl e

receiving at least one signalling symbol;
equalizing said at least one signalling symbol;

extracting a rate factor and a length factor from the at least one signalling

symbol;
determining if said rate factor and said length factor are correct;.

if said rate factor and said length factor are correct, forming a virtual preamble

symbol from said rate factor and said length factor; and

estimating a second channel state information from said at least one preamble

symbol and said virtual preamble symbol.

2. The method of claim 1 wherein estimating the first channel state information is

determined by the equation:
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15 synbol and said virtual preanble synbol. 1 2. The
nmet hod of claim 1l wherein estimating the first channel
wer@iaoieod ormation is 2 determ ned by the equedT/®ea2002800155

WD 2004/ 107690 PCT/ S&004/000155 3 HL(k) LR (k) (k)

4 where: 5 HL(k)is the first estimation of channel

state information. 6 LR(k) is the Fourier Transform of
each of the mpreanble 7 synbols as received, and 8
L,.(k) is the Fourier Transform of each of the m

expected 9 preanblen %r@o S s transmtted. 1 3. The
met hod of cl dig(k)1=+hh2[ ﬁ%}l izing said at |east one
signal li ng synmbol mZI¢o ' g the steps of: 3
perform ng Fourier Transformon the at | east one
signal ling synbol; and 4 perform ng channel correction
for the Four mherd:r ansforned at | east one signalling s

synbol by using the said first channel state
information and pilot sub- 6 carriers contained in the

Fourier transforneg @ isltB@ fitst eBEmaticef drangel sta®)iffaphation.
i 4. The nethod of ¢tlaim 1 wherein extracting a rate

factor and a length factor fromthe 2 at |east one
signalling symbol L% kgpiglt {aq'-goJrig? 'lsrér(?segrrr? fo'f each of the m preamble

symbols as received, and

L; (k) is the Fourier Transform of each of the m expected

preamble symbols as transmitted.

3. The method of claim 1 wherein equalizing said at least one signalling symbol

comprising the steps of:
performing Fourier Transform on the at least one signalling symbol; and

performing channel correction for the Fourier transformed at least one signalling
symbol by using the said first channel state information and pilot sub-
carriers contained in the Fourier transformed at least one signalling

symbol.

4. The method of claim 1 wherein extracting a rate factor and a length factor from the

at least one signalling symbol comprising the steps of:

de-mapping the equalized at least one signalling symbol;
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3 de-mappi ng the equalized at |east one signalling
synbol ; 23 WD 2004/ 107690 PCT/ SG2004/ 000155 4
walzoimereed eavi ng the equal i zed at | east one sigrESEGING000155
synbol ; and 5 decoding the equalized at | east one
signalling synbol. 1 5. The nethod of claim1 wherein
formng a virtual preanble synbol fromsaid rate 2
factor and said length factor conprising the steps of:
3 encoding said rate factor and said |length factor; 4
interleaving said rate factor and said |ength factor;
andd&interjgsaving thaiegualizes atdeass onasigradling dyerbgl;ranidact or
to formsaid virtual preanble 6 synbol. 1 6. The
met hod of claim 1l wherein estimating the second
c hateceldingt the equalizedratiiéast one sighallingsypibiokhed by
cal culating the equation: 3 6(k) m+ 1 ~ (k) +m HL
(k)} 4 where: 5 H(k) is the said second estimation of
5. dharmethoslt aft daimm fiowhereiro formngHa( Wittad@RfdeaBld symbORrkMm said rate
is the Fourier Transformof the said 7 virtual
fctOdnds Y fapgth RRtdreofipriehg thedteps(df) is the Fourier
8 Transformof the said virtual preanble synbol as 9
transmtted. 24 WD 2004/ 107690 PCT/ SG2004/ 000155

encoding said rate factor and said length factor;
interleaving said rate factor and said length factor; and

mapping said rate factor and said length factor to form said virtual preamble

symbol.

6. The method of claim 1 wherein estimating the second channel state information is

accomplished by calculating the equation:

A =——{f () + m-B, (0}

m+1

where:

H(k) is the said second estimation of channel state information.

ﬁs(k)=SR(k)/S,(k). Sr(k) is the Fourier Transform of the said

virtual preamble symbol as received, and Sr(k) is the Fourier
Transform of the said virtual preamble symbol as

transmitted.
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10 HL(k) is the said first estimation of channel state
information. 1 7. The nethod of claim1 further

weoupneses the steps of: 2 receiving a plural Pa¢yS@i004/000155
data synbols; 3 equalizing said plurality of data
synbols; and 4 recovering the transmtted i nformation
data conveyed by said plurality of data 5 synbols. 1
8. The nethod of claim7 wherein equalizing said
plurality of data synbols conprises 2 the steps of: 3
perform ng Fourier Transformon said plurality of data
synbol s; and /A, (bps the saiddrst lestimatior of chartniebstafevinfdrination.
Fourier transformed said plurality of data 5 synbols
with the second channel state information and pil ot

7. TuBTeE@hbH of Blain® 1d0MReH ddRthrises &R ftep$ of:ne Fouri er
transforned said plurality of data 7 synbols. i 9.
The nmethod of claim 7 wherein recovering the
traaééwhbeedpluraﬂs@rma@)(rﬁaé@; 2 conveyed by said
plurality of dat'a synbols conprises the steps of: 3
de- mappi ng the equalized said plurality of data
SY dyiafizing sER-gluaRty ot Akt Sy rhbits:egiel | zed said
plurality of data Synbols;” and 5 decoding the
equal i zed said plurality of data synbols. 25 WO
20 ki j ) r for i

Qéé%}iﬁBthqﬂhréﬁaﬁw iOfdaton da @6}1\/%?8&(1@; %ﬁ&__{%ﬁam% of data

estimation of channel responses as i1nvolve
conmuni gg;nibgg.syst ens, conprising:

8. The method of claim 7 wherein equalizing said plurality of data symbols comprises

the steps of:
performing Fourier Transform on said plurality of data symbols; and

performing channel correction for the Fourier transformed said plurality of data
symbols with the second channel state information and pilot sub-carriers
contained in each of the Fourier transformed said plurality of data

symbols.

9. The method of claim 7 wherein recovering the transmitted information data

conveyed by said plurality of data symbols comprises the steps of:
de-mapping the equalized said plurality of data symbols;
de-interleaving the equalized said plurality of data symbols; and

decoding the equalized said plurality of data symbols.
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10.An ARPRkates g

3 neans for receiving at |east one preanble synbol of
a transmtted data frane; 4 neans for estimating a

wo 2oostiowhannel state informati on fromthe at | PERSGIO®000155

5 preanbl e synbol; 6 neans for receiving at | east one

signal ling synbol; 7 means for equalizing said at

| east one signalling synbol; 8 neans for extracting a

rate factor and a length factor fromthe at | east one

9 signalling synbol; 10 nmeans for determning if said

rate factor and said length factor are correct; 11

nmeans for formng a virtual preanble synbol from said
egamt'%n@{ hchappef skespensest afajiavelsed in OFDM

factor and said length factor are correct; and 13

igemmuricatiopsysiems, 6gmarisisgond channel state

information fromsaid at | east one 14 preanble synbol

and said virtual preanble synbol. 1 11.The apparatus

of roeansiot feasliving ahlegsli ahenpraambiensynalsaliofrattiamg nitted data frame;

first channel state 2 information calculates the

equation: 3 HL(k) =1 mLR(k) 4, nf[ (k)I J 26 WO

200nedres 6@0 eRENAtRE aosDCbattel statehafemdioHLfrén the tihéeast one

first estimati on of channel state information. 6 LR(Kk)

i s the Ippedrnble sydoagf orm of each of the m preanble

means for receiving at least one signalling symbol;
means for equalizing said at least one signalling symbol;

means for extracting a rate factor and a length factor from the at least one

signalling symbol;
means for determining if said rate factor and said length factor are correct;

means for forming a virtual preamble symbol from said rate factor and said length

factor, if said rate factor and said length factor are correct; and

means for estimating a second channel state information from said at least one

preamble symbol and said virtual preamble symbol.

11.The apparatus of claim 10 wherein said means for estimating the first channel state

information calculates the equation:

70 L B[
”L(")‘mg[ L’;(k)}
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7 synbols as received, and 8 L, (k) is the Fourier
Transform of each of the mexpected 9 preanble

weymab®mI@s transmtted. 1 12. The apparat us of pCct/aGrm04/000155

wherein said neans for equalizing said at |east one 2
signalling synbol conprises: 3 means for performng
Fourier Transformon the at |east one signalling
synbol; 4 and 5 neans for perform ng channe
correction for the Fourier transfornmed at | east one 6
signalling synbol by using the said first channe

state inforniheser and pilot 7 sub-carriers contained
in the Fourier transfornmed at |east one signalling 8
synbol. 1 13. The apparatus of claim 10 wherein said
means for extractiﬁ?(kaisrtaéﬁrs‘t@stimati@mdf chandel stag Mformation.
factor fromthe at [east one signalling synbol

conprises: 3 neans,fqr. de- jng the equalized a
| east one signal | ?ﬁé‘?slﬁﬂgﬁ{?&) 'eﬁg-éﬂ%&?’(ﬁ? &t each of the m preamble
de-interleaving the equalized at |east one signalling

synbol ; and 5 neans fsymbiesadireceivéd: andual i zed at
| east one signalling synmbol. 27 WO 2004/ 107690

PCT/ SG2004/ 00015514@415 B EF ARRABhNSToRh dF! e dlthe m expected
wherein said neans ' Tor formng a virtual preanble

synbol 2 fromsaid rate E@tor séld ssid I h factor
conprises: 3 means f or PI&R ﬁ’ﬂ" P @S Hgngy or and

said length factor; 4 neans for interleaving said rate
r an [ h f r:.an .- .
12.&?@ gppaaratcljjsso I gaarr? q%t whe?e?rtl Céald ?ne%ns for equalizing said at least one

signalling symbol comprises:

means for performing Fourier Transform on the at least one signalling symbol;
and

means for performing channel correction for the Fourier transformed at least one
signalling symbol by using the said first channel state information and pilot
sub-carriers contained in the Fourier transformed at least one signalling

symbol.

" 13.The apparatus of claim 10 wherein said means for extracting a rate factor and a

length factor from the at least one signalling symbol comprises:

means for de-mapping the equalized at least one signalling symbol;

means for de-interleaving the equalized at least one signalling symbol; and

means for decoding the equalized at least one signalling symbol.
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5 means for mapping said rate factor and said | ength
factor to formsaid virtual 6 preanble synbol. i
wd nnotheremppar at us of claim 10 wherein sai d nearSI/$§61004/000155
estimati ng the second channel 2 state information
cal cul ates the equation: 3 H k)= C m1S(k)+m HL(k)}
4 where: 5 H(k) is the said second estimation of
channel state information. 6 HS(k)=SR(k)/ST(k). SR(k)
is the Fourier Transformof the said 7 virtual
preanbl e synbol as received, and S-(k) is the Fouri er
8 Transform of the said vi rtual preanbl e synbol as
t%@ﬁar@téa of ¢lginpyi Prwhareingsaid mgaas farfermiag @i virdual @neamble symbol
channel state information. i 16. The apparatus of
drom saidoateUfactor and saidriesgth dacto8comprEs4/ 107690
PCT/ S&004/ 000155 2 neans for receiving a plurality
of data synbols; 3 nmeans for equalizing said plurality
of mieaws foyreEnobding said ratenfaates ahdrsaiddlengtbriacigr;t he
transmtted informati on data conveyed by said
plurality 5 of data synbols. 1 17. The apparatus of
c| anrarisfortirtedeavirgpsald matarfactboand gaidliermgth ¢acier; @nd
plurality of data 2 synbols conprises:

means for mapping said rate factor and said length factor to form said virtual

preamble symbol.

15.The apparatus of claim 10 wherein said means for estimating the second channel

state information calculates the equation:
. 1 A .
@ =)+ me 1,0}

where:

H(k) is the said second estimation of channel state information.

ﬁs(k)=SR(k)/S,(k). Sh(k) is the Fourier Transform of the said

virtual preamble symbol as received, and S+(k) is the Fourier
Transform of the said virtual preamble symbol as

transmitted.
H,(k)is the said first estimation of channel state information.

16. The apparatus of claim 10 further comprising:
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3 nmeans for performng Fourier Transformon said
plurality of data synbols; and 4 neans for perform ng
w@E b@aneleocorrecti on for the Fourier transfor neERCESGEN04/000155

plurality 5 of data synbols with the second channel
state information and pilot sub- 6 carriers contained

in each of the Fourier transforned said plurality of

data 7 synbols. 1 18. The apparatus of claim 16

wherein said neans for recovering the transmtted 2

| GERY toRedkidg SUNBNG b Bitbgbaibur al i ty of data

symbol's conpri s nmeans for ‘de- mappi ng the
equal i zed sai d pl ural ity of data synbols; 4 nmeans for

05 I8 1of R6LaAd Caf Ratty B da®! dhribols ahity of data

e equal’i zed sai d plurallty

s FETBht 8 yApOAB Bud o B Eh ra

syst ens, risi nmeans for executing the steps of:
3 recei \Rfﬁ’ %W%‘ggﬂc one preanbl e synbol of a
transm tted data franme; 29 WO 2004/ 107690

PCT/ S&2004/ 000155 ng a first ch nnel

17, TRECARRELRR OF ot 1 WBErTa 3810 BIREND G- ARG SeBlfaity of data
6 receiving at |east one signalling synbol; 7
SYIMOISGORPTSESd at | east one signal ling symbol: 8
extracting a rate factor and a Iength factor from the
at | east one signalling 10 determning if
sai epag for pedetpIngFouUEar Brané rtnrpr’r gid pluraliy oéa@f@édmbols and

means for performing channel correction for the Fourier transformed said plurality
of data symbols with the second channel state information and pilot sub-
carriers contained in each of the Fourier transformed said plurality of data

symbols.

18.The apparatus of claim 16 wherein said means for recovering the transmitted

information data conveyed by said plurality of data symbols comprises:

means for de-mapping the equalized said plurality of data symbols;
means for de-interleaving the equalized said plurality of data symbols; and

decoding the equalized said plurality of data symbols.

19.An apparatus for estimation of channel responses as involved in OFDM

communication systems, comprising means for executing the steps of:

receiving at least one preamble symbol of a transmitted data frame;
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11

12

13

14

P

ii 1f said rate factor and said length factor are
correct, formng a virtual preanble 12 synbol from

woeaod1e7ape factor and said | ength factor; and BGr/SG2004/000155

estimati ng a second channel state information from
said at | east one preanble 14 synbol and said virtual
preanbl e synbol. 1 20. The apparatus of claim 19
wherein estimating the first channel state infornation
is 2 determined by the equation: L) rR(kv~ 3 HkmT
k)1 .4 where, 5 H (k) is the first estimation of :
ChigiEiaiggca dreehaad Site Biarabp; GomnBa-ahrpat one preamble
Transform of each of the mpreanble 7 synbols as
recei ve@YMBRE 30 WD 2004/ 107690 PCT/ SG2004/ 000155 8 LT
(k) is the Fourier Transform of each of the m expected
9 preanble synbols as transmtted. 1 21. The apparatus
of Teseiving ableastere pigpaling symhe; sai d at | east one
signalling synbol 2 conprising the steps of: 3
perform ng Fourier Transformon the at | east one
si geairlizing saig@binast anel signplting symibaly channel correction
for the Fourier transforned at |east one signalling 5
syrextracting asratg fatier saiddaf length tduternfromstiad @t least one signalling
i nformati on and pil ot sub-
symbol;

determining if said rate factor and said length factor are correct;

if said rate factor and said length factor are correct, forming a virtual preamble
symbol from said rate factor and said length factor; and
estimating a second channel state information from said at least one preamble

symbol and said virtual preamble symbol.

20.The apparatus of claim 19 wherein estimating the first channel state information is

determined by the equation:

A, ;_;_ 2 [LZ (% (k)]

where:

H,(k)is the first estimation of channel state information.

Ly (k) is the Fourier Transform of each of the m preamble

symbols as received, and
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6 carriers contained in the Fourier transforned at

| east one signalling 7 synbol. 1 22. The apparat us of
w@Ebk@i+m7t% wherein extracting a rate factor ande@r/beng#/oiss

factor from 2 the at |east one signalling synbo

conprising the steps of: 3 de-mapping the equalized at

| east one signalling synbol; 4 de-interleaving the

equal i zed at | east one signalling synbol; and s

decodi ng the equalized at |east one signalling synbol.

i 23. The apparatus of claim 19 wherein formng a

virtual preanble &ydob thedmusier drarsferm 2f femchoof thedn expected

said length factor conprising the steps of: 3 encoding

said rate factor and s Mb@ﬁ}rﬁbé@ﬁ&%nsﬁnued
interleaving said rate factor and said length factor;

and 31 WD 2004/ 107690 PCT/ SG2004/ 000155 5 mappi ng
21.5Rk hppakftus %‘Ftcpélma’f@' vﬁ@r&n' &{lﬂ&ilﬁné agidat i¢ast Bl ﬁ?ﬁéfling symbol

virtual preanble 6 synbol he apparatus o

%l?g%fll?tﬂ@&a gg.estimating the second channel state
I nf or na

I's acconplished by cal culating the
equation 3 H(k) m1 ~ s(k) +mi1 (k)} 4 where: 5 H(k)

| sl P ParRRE ) i fect 8RB RRnanBiimesare,

T ap%S o%mgoéhatnﬂel correction for the Fourier transformed at least one signalling

symbol by using the said first channel state information and pilot sub-
carriers contained in the Fourier transformed at least one signalling

symbol.

22.The apparatus of claim 19 wherein extracting a rate factor and a length factor from

the at least one signalling symbol comprising the steps of:
de-mapping the equalized at least one signalling symbol;
de-interleéving the equalized at least one signalling symbo!; and
decoding the equalized at least one signalling symbol.

23.The apparatus of claim 19 wherein forming a virtual preamble symbol from said rate

factor and said length factor comprising the steps of:
encoding said rate factor and said length factor;

interleaving said rate factor and said length factor; and
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8 said virtual preanble synbol as received, and ST(k)

is 9 the Fourier Transformof the said virtual
w@emantieeo 10 synbol as transmitted. 11 HL(k) PGI/SGE04/000155

said first estimation of channel state information. 1

25. The apparatus of claim19 wherein the neans for

executing further perforns the 2 steps of: 3

receiving a plurality of data synbols; 4 equali zing

said plurality of data synbols; and 32 WD 2004/107690

PCT ed .. . _
i nf é@%ﬂg%éﬂgt&?!ﬁ%@ﬁ?/%%&w % apg?f% ur a cHn g alga\{lratuaIGpreamble
synbol s. The apparatus of claim 25 V\,her ein

equal i zisr}}én sa‘i d plurality of data synbols 2 conprises
the steps of: 3 performng Fouri er Transform on said

T IROWE TR T RN TR —

of data . gg with the second channel state

i REFIRRRISBR ﬁ}ﬁ&alﬁuf%‘f‘géu‘ﬁeﬁ% ONers 6 contained in
each of the Fourier transforned said plurality of data
7 synmbols. i 27. The apparatus of claim25 wherein

recoveri ng'thé(kt)gankﬂgqt(@ng”m}pr tion data 2
conveyed by said phuid I|ty of dat synbol s conpri ses
the steps of: 3 de-mapping the equalized said

plurality of data synbols;
where:

ﬁ(k) is the said second estimation of channel state
information.
H(k)=S,(k)/S;(k). Sr(k) is the Fourier Transform of the

said virtual preamble symbol as received, and St(k) is
the Fourier Transform of the said virtual preamble

symbol as transmitted.
H (k) is the said first estimation of channel state information.

25.The apparatus of claim 19 wherein the means for executing further performs the

.steps of:
receiving a plurality of data symbols;

equalizing said plurality of data symbols; and
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4 de-interleaving the equalized said plurality of data
synbols; and s decoding the equalized said plurality
w®toodae7asynbol s. i 28. An OFDM contmuni cat i on PEDSG2084/000155
conprising: 2 a preanble extraction device connected
to receive the transmtted OFDM 3 synbols extracted
froma down-converted, digitized and denultiplexed 4
comuni cation signal, determining, fromthe received
OFDM synbol s, at 33 WO 2004/ 107690 PCT/ SG2004/ 000155
5 least one preanble synbol, and fromsaid at |east
onel§5O¥eR @Pesyﬁﬂ%r"ﬂeé igtarmation digtay cpnyeyed: by said plurality of data
state information; 7 a signalling synbol extraction
devi ce coimds.ed to receive the transmtted OFDM 8
synbol s extracted froma down-converted, digitized and
denul ti pl exed 9 communication signal, 10 fromthe
26 Idee iapparatrcDiaf sglaibo| 25 adieseini aqualizing Isais tplwality 4fL data symbols
signalling synbol; 12 fromthe determ ned at | east one
sogpaiises the stgpbof., equal i zing said 13 at | east one
signalling synbol; 14 fromequalized said at |east one
signalling synbol extracting a rate 15 factor and a
| e nggrforinirgg Bouriet Aratesfermonisaid pliirafiyi of datd SyrhBeis Candand
said length factor are correct; 17 and 18 if said

r at gerfor@ing clidithes sbflettRifdidh thé FovfieRtrandiBrmé&d said plurality of data
form ng a virtual

symbols with the second channel state information and pilot sub-carriers
contained in each of the Fourier transformed said plurality of data

symbols.

27.The apparatus of claim 25 wherein recovering the transmitted information data

conveyed by said plurality of data symbols comprises the steps of:
de-mapping the equalized said plurality of data symbols;
de-interleaving the equalized said plurality of data symbols; and
decoding the equqlized said plurality of data symbols.
28. An OFDM communication receiver comprising:

a prearhble extraction device connected to receive the transmitted OFDM
symbols extracted from a down-converted, digitized and demultiplexed

communication signal, determining, from the received OFDM symbols, at
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22

19 preanbl e synbol fromsaid rate factor and said
l ength factor; 20 and 21 said signalling synbol

weExin/ack9on device in conmuni cati on with the preaEsdioe4/000155

22 extraction device to transfer said virtual preanble

synbol to the preanble 23 extraction device for

estimati ng a second channel state information, said

34 WD 2004/ 107690 PCT/ SG2004/ 000155 24 second channel

state information being nore accurate than said first

25 channel state information. i 29. The OFDM

communi d8@staner reampla symbel, anehfreen waisk &t lgasthene preamble symbol
preanbl e extraction 2 device estimtes the first

channel estimaéng affisstraiianoel statelioformgtiorne equati on: r Tx

3 H(k) =1 mFR (k) I L m(k)l1 4 where: 5 HL(k) is

the first estimation of channel state information. 6

LR 4 Rignalting kgmbolumtractidn deite connécted tdreetivieltRe transmitted OFDM
preanble 7 synbols as received, and 8 L, (k) is the

Fouri er symmolf extraciéd dah andoWTrﬁcc_mv@m?QCH@mzea and demultiplexed
preambl e synbols as transmtted. i 30. The OFDM

comuni ¢akinmihi¢Roisighal,of cl ai m 28 wherein the
signal ling symbol 2 extraction device equalizes said

at | east one signalling synbol by the steps of:
from the received OFDM symbols determining at least one

signalling symbol;

from the determined at least one signalling symbol, equalizing said

at least one signalling symbol;

from equalized said at least one signalling symbol extracting a rate

factor and a length factor;

determining if said rate factor and said length factor are correct;

and

if said rate factor and said length factor are correct, forming a virtual
preamble symbol from said rate factor and said length factor;

and

said signalling symbol extraction device in communication with the preamble
extraction device to transfer said virtual preamble symbol to the preamble

extraction device for estimating a second channel state information, said
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3 perform ng Fourier Transformon the at |east one
signal ling synbol; and 4 perform ng channel correction
W0 mo4tiémeod-our i er transformed at | east one si gntT/$Gm04/600155
synbol by using the said first channel state
information and pilot sub- 6 carriers contained in the
Fourier transforned at | east one signalling 7 synbol.
35 WD 2004/ 107690 PCT/ SG2004/ 000155 1 31- The OFDM
comuni cation receiver of claim28 wherein the

signalling s ol 2 extraction device extracts a rate
actor SAoR [Banpel” ik GTOMPE REng: Mok AEcHrle than ‘said first
signalling synbol by the steps of: 4 de-mapping the

equal i z&@annél|state infermeationgnal | i ng synbol ; 5

de-interleaving the equalized at |east one signalling

synbol ; and 6 decoding the equalized at | east one

JYY'@ faFPMy §orNnUmisiation receivam ef clam 2% mwhenein dhe qpreamble extraction
recei ver of claim28 wherein the signalling synbol 2

device eslirategdive fixst thannel staté inferalationdalidwieg thendaplatibnom

said rate factor and said 3 length factor by the

steps of: 4 encoding said rate factor and said | ength
factor; 5 inter|eawi *$ ifl rpte factor and said

| ength factoﬂﬂ@n‘d‘%ﬁﬁp ag Fai d rate factor and said

l ength factor to 61 s |cII"V|) tual preanble 7 synbol.

i 33. The OFDM communi cation receiver of claim 28

wherein the ﬁgearybl e extraction 2 device estimates

the second cWafi¥el state information by cal cul ating

t he equati on:

29.

H (k) is the first estimation of channel state information.

Ly (k) is the Fourier Transform of each of the m preamble
symbols as received, and
L (k) is the Fourier Transform of each of the m expected

preamble symbols as transmitted.

30.The OFDM communication receiver of claim 28 wherein the signalling symbol

extraction device equalizes said at least one signalling symbol by the steps of:

performing Fourier Transform on the at least one signalling symbol; and

performing channel correction for the Fourier transformed at least one signalling
symbol by using the said first channel state information and pilot sub-
carriers contained in the Fourier transformed at least one signalling

symbol.
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3 H(k)=m 1{! s(k)+nHL(k)} 4 where: 36 WD 2004/107690
PCT/ S&004/ 000155 5 H(k) is the said second estination
wobtooshemmel state 6 information. 7 H'S (k) = BR/§&)004000155

ST (k) . SR(k) is the Fourier Transformof the 8 said
virtual preanble synbol as received, and ST(k) is 9
the Fourier Transformof the said virtual preanble io0
synbol as transmtted. 11 HL(k) is the said first
estimati on of channel state information. 1 34. The
OFDM conmuni cati on receiver of claim 28 further

MPLILS] 2 a data extracti ndev e connected.to

31. ThEcPFDM Hiorindbicaih, deraviinpE oD &8 WY g e, symbol
a down-converted, digitized and denultipl exed
exstraghioncagviem exir @cﬁﬁla rafgtfasier mnda éefpﬂth rfator ;from thiy@h least one
synbol s; equalizing 5 said plurality of data synbols;
é\ﬁlﬂaHlBQQVmbohl@ytl”ll&esthSa(ﬁsm tted information 6 data
conveyed by said plurality of data synbols. 1 35.The
OFDM conmmuni cation receiver of claim34 wherein the
datde-mappiagthe aqullized at lcastonmbignaling aymbel ural i ty of
data synbols by the steps of: 3 perform ng Fourier
Transformon said plurality of data synmbols; and 4
perdeainteriegviop dne euaized at teashormesighdbnd-eymbel; and
transfornmed said plurality of data 5 synbols with the
second channel state information and pil ot
suldecadingdhe equalized at least one signalling symbol.

32.The OFDM communication receiver of claim 28 wherein the signalling symbol
extraction device forms a virtual preamble symbol from said rate factor and said

length factor by the steps of:
encoding said rate factor and said length factor;

interleaving said rate factor and said length factor; and
mapping said rate factor and said length factor to form said virtual preamble

symbol.

33.The OFDM communication receiver of claim 28 wherein the preamble extraction

device estimates the second channel state information by calculating the equation:
N 1 {a A
At =4, + m-A, 0}

where:
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6 contained in each of the Fourier transforned said
plurality of data 7 synbols. 37 WO 2004/ 107690

wWOPDA/SEE004/ 000155 1 36. The OFDM conmmuni cat i OPCT/SG2004/000155

recei ver of claim 34 wherein the data extraction

device 2 recovers the transmtted information data

conveyed by said plurality of data synbols 3 by the

steps of: 4 de-mapping the equalized said plurality of

data synbols; 5 de-interleaving the equalized said

plurality of data synbols; and 6 decoding the

equal i zed sai d pl df@) i isy thé saita segorabl estimatidn. Af channel state
signal processing systemw thin an OFDM communi cati on

recei ver that executesjpfyrmatigh.09r am process for

estimati on of channel responses as involved in said

OFDM 3 conmmuni cat4 r ive sai r ogr am process
executing the st eg%?gﬁﬁzk%/ écé}-viﬁtfg)as)s thea Epurigre Transform of the
preanbl e synbol of a transmtted data frame; 5

estimating a first chesatvirsabpeamtiesymbblas fgceivetingnd Syk) is
at |l east one preanble 6 synbol; 7 receiving at |east

one signal l'ing synbol ;th§ PeMdri Fiahgicta 6 e |SARPWIrkA® preamble
signalling synbol; 9 extracting a rate factor and a

length factor from thesaibdl @8%tanSfftedd. 9nal ling 10
synbol; 11 determning’if said rate tactor and said

| ength factor are correct; 38
H,(k)is the said first estimation of channel state information.

34.The OFDM communication receiver of claim 28 further comprising:

a data extraction device connected to receive the transmitted OFDM symbols
extracted from a down-converted, digitized and demultiplexed
communication signal, determihing a plurality of data symbols; équalizing
said plurality of data symbols; and recovering the transmitted information

data conveyed by said plurality of data symbols.

35.The OFDM communication receiver of claim 34 wherein the data extraction device

equalizes said plurality of data symbols by the steps of:

performing Fourier Transform on said plurality of data symbols; and

performing channel correction for the Fourier transformed said plurality of data
symbols with the second channel state information and pilot sub-carriers
contained in each of the Fourier transformed said plurality of data

symbols.
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WD 2004/ 107690 PCT/ S&2004/ 000155 12 if said rate
factor and said length factor are correct, formng a

wo ootaedeopr eanbl e 13 synbol from said rate faetDsGaNd000155

said length factor; and 14 estimating a second channel -
state information fromsaid at | east one preanble 15
synbol and said virtual preanble synbol. i 38. The
signal processing systemof claim37 wherein
estimating the first channel state 2 information is
deternined by the equation 3 H(k)-1rLR (k)) mx [ T

e first estimtion of channel

36 s, @F DM oA ERIoR T8 remsr SR S8 iTerein e iess Gritagion device

each of the m preanbl e synbol s as received, and 8

Iregquers thettranspiiited mfonrrraiwg aceIveyadibydraid pluratity of data symbols
expected 9 preanble synbols as transmtted. i 39. The
dydhabtepsofessi ng system of clai m 37 wherein

equal i zing said at |east one 2 signalling synbol

conprises the steps of: 3 perform ng Fourier Transform

on ddrmappingehs equalizedisgithplurality ofyddt@bymbold; 39 WO

2004/ 107690 PCT/ SG2004/ 000155

de-interleaving the equalized said plurality of data symbols; and

decoding the equalized said pluralityA of data symbols.

37.A signal processing system within an OFDM communication receiver that executes a

program process for estimation of channel responses as involved in said OFDM

communication receiver, said program process executing the steps of:

receiving at least one preamble symbol of a transmitted data frame;

estimating a first channel state information from the at least one preamble

symbol;

receiving at least one signalling symbol;

equalizing said at least one signalling symbol;

extracting a rate factor and a length factor from the at least one signalling

symbol;

determining if said rate factor and said length factor are correct;
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4 perform ng channel correction for the Fourier
transforned at | east one signalling 5 synbol by using

w0 be4s@eeh fi rst channel state information and pET/&E2004/000155

sub- 6 carriers contained in the Fourier transforned

at least one signalling 7 synbol. i 40.The signa

processi ng system of claim 37 wherein extracting a

rate factor and a 2 length factor fromthe at | east

one signal ling symbol conprises the steps of: 3

de- map plng t he equal i zed at | east one S|gnallln

synthsaid ratg dactag é'i“l’ Said k@ggﬁh@cmﬁam%@c tforaipgta yirwal preamble
signalling synbol; and 5 decoding the equalized at

| east orsyn3idlifram saiq ratgrfacibr and gaid langsh dacjeraand

processi ng system of claim 37 wherein formng a

virtual preanble synbol 2 fromsaid rate factor and

sai estineatingha fsacomd chamel istads infoemati@pfont sai@ atreastiong preamble
said rate factor and said length factor; 4

i nt er | easyimiwl and daidatitudl pesambiersynfal.d | ength factor;

and 5 mapping said rate factor and said | ength factor

to formsaid virtual preanble 6 synbol. 1 42. The

38 SThensigng) (pPEEESSIngdsy8Yeth @nclim d7awRerdin BBiehaliny the first channel state

estimating the second channel 2 state information is

mmtdrﬁb%@té%.ﬁai s,ﬁir@téqﬂugubﬁ}e equation: 3 H(k) = m+
11 {s (k) +m He 40 WO 2004/ 107690

PCT/ SG2004/ 000155 4 vvhere 511(k) is the said second
esti mati on of chan@e,l. Lc,,t(’?(t formati on.
)

where:

H, (k) s the first estimation of channel state information.

- Ly (k) is the Fourier Transform of each of the m preamble

symbols as received, and

L;.(k) is the Fourier Transform of each of the m expected

preamble symbols as transmitted.

39.The signal processing system of claim 37 wherein equalizing said at least one

signalling symbol comprises the steps of:

performing Fourier Transform on the at least one signalling symbol; and
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6 HS (k) = SR (k)/ ST (k) . SR(k) is the Fourier
Transformof the said 7 virtual preanble synbol as

wo sweivee) and ST(k) is the Fourier 8 Transf oramed200d@0155
said virtual preanble synbol as 9 transmtted. 10 I,
(k) is the said first estimation of channel state
information. | 43. The signal processing system of
cl ai m 37 wherein said program process further 2
executes the steps of: 3 receiving a plurality of data
synmbols; .4 ual { zing .said pluraljty of, data synbols; )
o ePSlorining, Ginag! Fortekidn, cxedfidbrer Fiansiarineq aulgest oné signaling
conveyed by said plurality of data 6 synbols. i 44.
The si grfXmbet byedsing ghe ysaidk firstrchanaeinstede inferneatipn and pilot sub-
equalizing said plurality of data 2 synbols conprises
t he steparrigrs @ntainedrini the Fourieetranstorsfedr at deastaone signalling
plurality of data synbols; and 4 perform ng channel
correct isgmbbhr the Fourier transfornmed said plurality
of data 5 synbols with the second channel state
informati on and pilot sub-carriers 41 WO 2004/ 107690

40. 768/ sigid) o8k systemnsfatialel I7nwherdin @ktrhdtihg-aUateS factor and a
transfornmed said plurality of data 7 synbols. i

THRICEOr SoA thel R84t oRe sfordll ' 'SR&% of:

f?goveri ng the transm tte?@Z ?n%mﬂﬁ@hﬂ%%%% SR of
conveyed by said plurality of data symbols conprises

t hejesin@ppingfthe equalized at least one signalling symbol;
de-interleaving the equalized at least one signalling symbol; and
decoding the equalized at least one signalling symbol.

41.The signal processing system of claim 37 wherein forming a virtual preamble symbol

from said rate factor and said length factor comprises the steps of:
encoding said rate factor and said length factor;
interleaving said rate factor and said length factor; and

mapping said rate factor and said length factor to form said virtual preamble

symbol.

42.The signal processing system of claim 37 wherein estimating the second channel

state information is accomplished by calculating the equation:

AK) =——{f1,(0) + m- B, 0}

+1
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3 de-mapping the equalized said plurality of data
synbols; 4 de-interleaving the equalized said
we@basrabicpyy of data synbols; and 5 decodi ng theBCT/SG2004/000155
equal i zed said plurality of data synmbols. 1 46.A
medi um for retaining a program code whi ch, when
executed on said signal 2 processing systemwthin an
OFDM conmruni cati on recei ver, executes a program 3
process for estimation of channel responses as
i nvol ved iwheetd OFDM 4 conmmuni cation receiver, said
program process executing the steps of: 5 receiving at
| east one preanble synbol of a transmtted data frane;
6 estimating a first channel state information from
the at | east Hifpigihesaid secondsstimation 9f channe) siale mformation.
| east one signalling synbol; 9 equalizing said at
| east one si [ l; tack
factor and agrg}fjg"f%%)z%?@‘? &?e‘ﬁe&'gt ‘gz}gesfta-r lra%ﬁ)rm of the said
signalling 11 synbol; 42 WD 2004/ 107690
PCT/ SG2004/ 000155Virtual prepeblg syrpplias regeived..and $x(kk isithe Fourier
and said length factor are correct; 13 if said rate
factor and said | Erapsforfracobr ther esaidr Mirtual froeamblg asymbol as
virtual preanble 14 synbol fromsaid rate factor and
said | ength factotransmitted5> esti mati ng a second channel
state information fromsaid at | east one preanble 16
synbol and said virtual preanble synbol. i 47. The

medi um for r eﬁackmsrtae%ammf SnfetidR of Chahmdl RA€ information.
wherein estimating the first

43.The signél processing system of claim 37 wherein said' program process further

executes the steps of:
receiving a plurality of data symbols;
equalizing said plurality of data symbols; and

recovering the transmitted information data conveyed by said plurality of data

symbols.

44.The signal processing system of claim 43 wherein equalizing said plurality of data

symbols comprises the steps of:
performing Fourier Transform on said plurality of data symbols; and

performing channel correction for the Fourier transformed said plurality of data

symbols with the second channel state information and pilot sub-carriers
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11

2 channel state information is determ ned by the
equation: 3 HL (k) -1 mLR (k) M /s(k)I L J 4
wobmneo762 HL(K) is the first estimation of chaP@EsG2004/000155
state information. 6 LR(k) is the Fourier Transform of
each of the mpreanble 7 synbols as received, and 8
L,. (k) is the Fourier Transform of each of the m
expected 9 preanble synbols as transmitted. i 48. The
medi um for retaining a program code of claim 46

wher ei nc@rﬁ&uﬂbbzhng &Ridl M F Eu'llg'aper ﬁné&%@b bl[]l%hty of data

synbol conpri ses t e steps o orm ng Fourl
Tr ansf o%é)q the at |east one signalling synbol; and
43 WO 2 6‘7690 PCT/ S&G2004/ 000155 4 perform ng
channel correction for the Fourier transforned at

east e signallin y the said first .
45-*3%%}9&%?5&'91? e s¥ster oh R 4 edl. regoudiing dhe Fansmittea
.cfo al.ned in the Fourler B’ nsf rmed at | east one
ialogRaNE fefa CPnuSRSLRY S3id phiraii ohgieta RyTaslS SRITARSRSIbe Stops of
program code of claim46 wherein extracting a rate 2
and Ienthfactor fromthe at | east one

o Gorataning B aBoRieRc g Sbaltvel e sy Epery:
‘de-interleaving the equalized said plurality of data symbols; and

decoding the equalized said plurality of data symbols.

46.A medium for retaining a program code which, when executed on said signal
processing system within an OFDM communication receiver, executes a program
process for estimation of channel responseé as involved in said OFDM

communication receiver, said program process executing the steps of:
receiving at least one preamble symbol of a transmitted data frame;

estimating a first channel state information from the at least one preamble

symbol;
receiving at least one signalling symbol;
equalizing said at least one signalling symbol;

extracting a rate factor and a length factor from the at least one signalling

symbol;
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4 de-mappi ng the equalized at | east one signalling
synbol; 5 de-interleaving the equalized at | east one

wG@madieding synbol ; and 6 decoding the equal i PETISEL004/000155

| east one signalling synbol. 1 50. The medi um for

retaining a program code of claim46 wherein formng a
virtual 2 preanble synbol fromsaid rate factor and

said length factor conprises the steps of: 3 encoding

said rate factor and said length factor; 4

interleaving said rate factor and said | ength factor;
anddeterripaifsajd ratefaeter and said lenaih dagter aregrmect act or

to formsaid virtual preanble 6 synbol. 1 51.The

medi um for retaining a programcode of claim 46

wheif said wie fandern and said leagibriactop ase gorrett, Sormieg a virtual preamble
information is acconplished by cal cul ating the

equat i orsymbbl INam2d f2t6 TEAOr MCTSERYyH BRbdrband 3 H( k)

m+ 1| ~s (k) +m HL (k)} 4 where: 5 Hk) is the said

second estimation of channel state information. 6

HS( éstingiing)d Sd¢dnd citiiv(ie) state tifforrration omTsaih it dsa8t Dne preamble
the said 7 virtual preanble synbol as received, and

ST(K) | syhivel bedisaigvirial predmablesymdbl.t he said virtual

preanbl e synbol as 9 transmtted. 10 HL(k) is the

said first estimation of channel state information. 1

47 3he MBEIUREfbr Y8Iinhg EpRIGRA ToleTOgAIATUE Miterein &dtAhdling the first

46 wherein said program process
channel state information is determined by the equation:

ao-L5[50

L’r(k)]
where:

H ,(k)is the first estimation of channel state information.

Ly (k) is the Fourier Transform of each of the m preamble

symbols as received, and

L (k) is the Fourier Transform of each of the m expected

preamble symbols as transmitted.

48.The medium for retaining a program code of claim 46 wherein equalizing said at.

least one signalling symbol comprises the steps of:
performing Fourier Transform on the at least one signaliing symbol; and
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2 further executes the steps of: 3 receiving a

plurality of data synbols; 4 equalizing said plurality
wmtoodae7asynbol s; and 5 recovering the transmRECESG2004/000155

i nformati on data conveyed by said plurality of data 6

synbol s. 45 WD 2004/ 107690 PCT/ SG2004/ 000155 53. The

medi um for retaining a program code of claim52

wherein equalizing said plurality of data synbols

conprises the steps of: perform ng Fourier Transform

on said plurality of data synbols; and perform ng

c haPfTErming ?f&meﬁﬁorf%qﬂomer é&ﬁ%&ef trapslormedad least ane signalling

plurality of data 5 synmbols with the second channel

stat e i riyoroehtbyousingdheisaid fissirchaanel state informatiamednd rpilot sub-

each of the Fourier transfornmed said plurality of data

synbol s.cabier§ heontaided ninf tre Feludenitrapstorpiedg abieandendfsignalling

cl ai m 52 wherein recovering the transnitted

I nf or matsymbotiat a conveyed by said plurality of data

synbol s conprises to the steps of: de-mapping the

equal i zed said plurality of data synbols;

49.Tkei mbeiuhe foFi :remaihihg_ & Prodrartoddicl dpiny abi wilerein B@tdtting a rate
synbol s; and decoding the equalized said plurality oP

feher adOlehgtifHactor from the at least one signalling symbol comprises the

steps of:
de-mapping the equalized at least one signalling symbol;
de-interleaving the equalized at least one signalling symbol; and
decoding the equalized at least one signalling symbol.

50.The medium for retaining a program code of claim 46 wherein forming a virtual

preamble symbol from said rate factor and said length factor comprises the steps of:
encoding said rate factor and said length factor;
interleaving said rate factor and said length factor; and

mapping said rate factor and said length factor to form said virtual preamble

symbol.

51.The medium for retaining a program code of claim 46 wherein estimating the second

channel state information is accomplished by calculating the equation:

44



10
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) = —— {1, () + m- 1,0}
where:

H(k) is the said second estimation of channe! state information.

f{s(k)=SR(k)/S,(k). Sh(k) is the Fourier Transform of the said

virtual preamble symbol as received, and Sr(k) is the Fourier
Transform of the said virtual preamble symbol as

transmitted.
H,(k)is the said first estimation of channel state information.

52.The medium for retaining a program code of claim 46 wherein said program process

further executes the steps of:
receiving a plurality of data symbols;
equalizing said pIurality of data symbols; and

recovering the transmitted information data conveyed by said plurality of data

symbols.
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53.The medium for retaining a program code of claim 52 wherein equalizing said

plurality of data symbols comprises the steps of:
performing Fourier Transform on said plurality of data symbols; and

performing channel correction for the Fourier transformed said plurality of data
5 symbols with the second channel state information and pilot sub-carriers
contained in each of the Fourier transformed said plurality of data

symbols.

54.The medium for retaining a program code of claim 52 wherein recovering the
transmitted information data conveyed by said plurality of data symbols comprises -

10 the steps of:
de-mapping the equalized said plurality of data symbols;
de-interleaving the equalized said plurality of data symbols; and

decoding the equalized said plurality of data symbols.
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