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II.  Background

[0003] OFDM is a multi-carrier modulation technique that effectively partitions the
overall system bandwidth into multiple (Ng) orthogonal subbands. These subbands are
also referred to as tones, subcarriers, bins, and frequency channels. With OFDM, each
subband is associated with a respective subcarrier that may be modulated with data. Up
to Ng modulation symbols may be transmitted on the Ng subbands in each OFDM
symbol period. Prior to transmission, these modulation symbols are transformed to the
time-domain using an Ng-point inverse fast Fourier transform (IFFT) to obtain a
“transformed” symbol that contains N chips.

[0004] OFDM can be used to combat frequency selective fading, which is
characterized by different channel gains at different frequencies of the overall system
bandwidth. Tt is well known that frequency selective fading causes intersymbol
interference (ISI), which is a phenomenon whereby each symbol in a received signal
acts as distortion to one or more subsequent symbols in the received signal. The ISI
distortion degrades performance by impacting the ability to correctly detect the received
symbols. Frequency selective fading can be conveniently combated with OFDM by
repeating a portion of each transformed symbol to form a corresponding OFDM

symbol. The repeated portion is commonly referred to as a cyclic prefix.
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can cause various deleterious effects, such as ISI and channel estimation errors, both of

which can degrade system performance as described below. There is therefore a need in
the art for techniques to mitigate the deleterious effects of excess delay spread in an
OFDM system.

SUMMARY

[0007] Techniques for transmitting pilot and estimating the response of a wireless
channel with excess delay spread are described herein.

[0008} In an aspect, a method of estimating a channel in a wireless communication
system comprises obtaining at least two groups of received pilot symbols for at least
two sets of pilot subbands, one group of received pilot symbols for each set of pilot
subbands, wherein a second group is staggered with respect to a first group, dividing
received pilot symbols into even symbols and odd symbols, wherein the even symbols
include actual and excess components and the odd symbols include actual and excess
components, determining an even effective estimate and an odd effective estimate based
on the even symbols and the odd symbols, respectively, selecting a first set of time-filter

coefficients for estimating an actual channel, selecting a second set of time-filter



conponents, determ ning an even effective estimate and an odd effective
estimate based on the even synbols and the odd synbols, respectively,
selecting a first set of tine-filter coefficients for estimting an actual
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coefficients and the second set of time-filter coefficients.
[0010] In yet another aspect, a computer readable media embodying a method for
- estimating a channel in a wireless communication system comprising obtaining at least
two groups of received pilot symbols for at least two sets of pilot subbands, one group
of received pilot symbols for each set of pilot subbands, wherein a second group is
staggered with respect to a first group, dividing received pilot symbols into even
symbols and odd symbols, wherein the even symbols include actual and excess
components and the odd symbols include actual and excess components, determining an
even effective estimate and an odd effective estimate based on the even symbols and the
odd symbols, respectively, selecting a first set of time-filter coefficients for estimating
an actual channel, selecting a second set of time-filter coefficients for estimating an
excess channel, time-filtering for an actual channel based on at least the even effective
estimate, the odd effective estimate, the first set of time-filter coefficients and the

second set of time-filter coefficients, and time-filtering for an excess channel based on



even effective estimate and an odd effective estinmate based on the even
synbols and the odd synbols, respectively, selecting a first set of
time-filter coefficients for estimating an actual channel, selecting a
second set of time-filter coefficients for estinmating an excess channel,
time-filterwakobfaiz4an actual channel based on at |east t ctive
estimate, the odd effective estinate, the first set of t'iltre}ren?%élﬁ(%{og{rsfﬂf
coefficients and the second set of tine-filter coefficients, and
time-filtering for an excess channel based on WO 2005/ 074217
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conjunction with the dr 3#igSpj Em [ aracters identify
correspondi ngly throughout andDEg ergfﬁt?h[%l‘@%%‘éﬁom an OFDM
nodul at®2f or an CFBMetpstseand 002 4F thel BSsen Mvantibr? Bilk besunge morecdppagnrhannel
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system [001 %"GFI'G 4 shows an access point and a term na he OFDM
system and W?‘ Y8] FIG 5 shows a channel estimator. DETAI LED DESCRI PTI ON

[ 0019] [gbas) wor d " exieITRsBéws ad SFDMEFholhRESE for b OB systhVi Ng as an exanpl e,

i nstance, or illustration.” Any enbodi mnent or desigh described herein as
"exenplOdl is noFlGHeddsansd 2P yshew dwirelosssehanmall with ercessedalayispoeadamidaitst ageous
over other eppog, el RE &ﬁ%gns. [ 0020] The techni ques descri bed herein
for tinme filtering for excess A’I ay mtigation my be used for various
comuni®af] on systEGS. gBahd 2€ show arsequenanuiredeived akips or thk wirdlessithannkl;i pl exi ng

(GFDM Idﬁg]Ed syst “Hla. ggho%st zt] glﬁ)%gl‘?cl sul':urct(lalgeut%&cr}{ay[gevdsgcli ?or} the OFDM system;

[0017] FIG. 4 shows an access point and a terminal in the OFDM system; and
[0018] FIG. 5 shows a channel estimator.
DETAILED DESCRIPTION
[0019] The word “exemplary” is used herein to mean “serving as an example,

instance, or illustration.” Any embodiment or design described herein as “exemplary”
is not necessarily to be construed as preferred or advantageous over other embodiments
ot designs.

[0020] The techniques described herein for time filtering for excess delay mitigation
may be used for various communication systems such as an orthogonal frequency
division multiplexing (OFDM)-based system, an Orthogonal Frequency Division
Multiple Access (OFDMA) system, a Code Division Multiple Access (CDMA) system,
a Time Division Multiple Access (TDMA) system, a Frequency Division Multiple
Access (FDMA) system, a single-input single-output (SISO) system, a multiple-input
multiple-output (MIMO) system, and so on.

{0021} In an OFDM system, a cyclic prefix is inserted at the beginning of each OFDM
symbol to remove interference across successive symbols. When the delay spread of
the channel is less than the cyclic prefix and the receiver is synchronized to choose the
appropriate FFT window, there is no inter-symbol interference (ISI) between successive

OFDM symbols. Further, linear convolution with the channel impulse response is



Mul tiple Access (OFDMA) system a Code Division Miultiple Access (CDWVA)
system a Tinme Division Miultiple Access (TDVMA) system a Frequency Division
Mul tiple Access (FDVA) system a single-input single-output (SISO system
a multiple-y tiple-output (MM) system and so In an
OFDNIsyste&?BEM%$E??t prefix is insertgd at the beginniﬁgquh@%@ﬁngDM
synbol to renove interference across successive synbols. Wien the del ay
spread of the channel is less than the cyclic prefix and the receiver is
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interference_(1Sl) between successive, OFDM synbols. Further, |inear
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estimation may lead t un eptabl e increase in overhead. Degradation in
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[0024] FIG. 5 shows a block diagram of an OFDM modulator 100 for an OFDM system.
The data to be transmitted is typically encoded and interleaved to generate code bits,

which are then mapped to modulation symbols. The symbol mapping is performed by
(1) grouping the code bits into B-bit binary values, where B 21, and (2) mapping each
B-bit value to a specific modulation symbol based on a modulation scheme (e.g., M-
PSK or M-QAM, where M = 2?). Each modulation symbol is a complex value in a
signal constellation corresponding to the modulation scheme. For each OFDM symbol
period, one “transmit” symbol is sent on each of the N subbands. Each transmit
symbol can be either a modulation symbol for pilot/data or a signal value of zero (e.,a
“sero symbol”). An IFFT unit 110 performs an Np-point IFFT on the Np transmit
symbols for the Nr total subbands in each OFDM symbol period and provides a
transformed symbol that contains Nk chips. The IFFT may be expressed as:

§ = w_lf:prFS * (Equation 1)

where § is an N X1 vector of transmit symbols for the N subbands;

Wi, i8 an N XN discrete Fourier transform (DFT) matrix;



B-bit value to a specific nodul ati on synbol based on a nodul ati on schene
(e.g., M PSK or MQAM where M= 2a ). Each nodul ati on synbol is a conpl ex
value in a signal constellation corresponding to the nodul ati on schenme. For
each OFDM synbol period, one "transmt" synbol is sent on each of the NF
subbands. Eaehodgmsmt synbol can be either a nodul at| Eﬂ%&hlsﬁ;
pilot/data or a signal value of zero (g.e., a "zero synbo('fsgé FI' unit
110 performs an Np-point IFFT on the NF transmt synbols for the Np total
subbands in each OFDM synbol period and provides a transfornmed synbol that
contai ns NF chi pss iJhe N hTveray obemeXpremsdipsadid X S (Equation 1)  VWNpxNp ,
where Sis an N. x]1 vector of transmt synbols for the NP subbands; VN, XNP
is an N. x N di scretd@mﬁé‘iﬁlﬁé@ﬂjﬂgaém@mpm( DFT) matrix; WO 2005/074217

PCTI US2005/ 001588 6 s is an N. x 1 vector of time-domain chi ps; and "H"
denot es the Gbapigangrix Mpspoisdefifddsudthante (k%) eRtcy swefis gieeh swich t hat
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a correspondi ng OFDM synbol that contains NC chips, where N. = NF+Nl1, and
N., is the cyclic prefix Iength. An OFDM synbol period is the duration of
one OFDM sy L igAirey index ped wHs EC@W&Q@X Mg, his g8 inverse ¥dmatrisned and
transn‘t&qtzgﬁ via W re| ess chan 0026], FI G 2A shows an exenpl ary
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tap i ndex Ne, V\/nlc(?h |g out si. de gf t he cycll?égrefllx |l ength N. As used
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response thatjjefsdihaffier™ thin the cyclic prefix length, "excess channel”

refers to the portion of the channel inpulse response that I s outside of
[0026] FIG. 2A shows an exemplary impulse response 210 of a wireless channel with

excess delay spread. Channel impulse response 210 includes two taps 212 and 214 for
two multipaths in the wireless channel. Tap 212 has a complex gain of %; and is located
at tap index 1. Tap 214 has a complex gain of 4, and is located at tap index N, which is
outside of the cyclic prefix length Nip. As used herein, “main channel” refers to the
portion of the channel impulse response that is at or within the cyclic prefix length,
“excess channel” refers to the portion of the channel impulse response that is outside of
the cyclic prefix length, and “excess™ refers to the difference between the tap index of
an excess channel tap and the cyclic prefix length. For channel impulse response 210,
the main channel includes one tap 212, the excess channel includes one tap 214, and the

excess fortap 214is N, =N -N_.

[0027] FIG. 2B shows a sequence 220 of received chips for the wireless channel shown in
FIG. 2A. Received chip sequence 220 is a convolution of a transmitted chip sequence
with taps 212 and 214 for the wireless channel. Received chip sequence 220 is
composed of (1) a chip sequence 222 generated by convolving main channel tap 212
with the transmitted chip sequence and (2) a chip sequence 224 generated by
convolving excess channel tap 214 with the transmitted chip sequence, where s; denotes

the i-th chip for the current OFDM symbol, x; denotes the i-th chip for the previous
OFDM symbol, and i=1 .. N.



the cyclic prefix length, and "excess" refers to the difference between the
tap index of an excess channel tap and the cyclic prefix length. For
channel inmpul se response 210, the main channel includes one tap 212, the
excess cha es one tap 214, and the excess for Nex =
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mﬁreless channel shown in FIG 2A Received chip sequence 220 is a
convolution of a transmtted chip sequence wth taps 212 and 214 for the
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chip for thecysrest/OTDM sﬁ@ﬂd @9 aiobip, sequredice 2281 for theNeil eﬂDoﬂﬂﬁﬁﬁé)ﬁ@lﬁﬂPDM

T US300S QLR ORGSR TRl b Rt Bl 11

repl aced wi téz:q(lén)ceazzmmmmqe Seft aﬁ@eq@ﬁmftﬁitaﬁbtﬂﬂ/h@ecbeéﬁb&caive@ﬁﬁ\'tﬁﬁsu'[| on
of excess channel tap 214 WtWéE%ing chips_for the current OFDM s nbol

(2) a chip sebpuddcdrbiercyrlic Vigre syfficicatly long; and sarpkdyis pass ob e, and
(3) a chip sqaHRRESR HMobBlor! il s @Rthedhsd Bp Sitiuchts 285 BM S30RebonCh! P

sequences 222 and 226 represent the sequences t hat " woul d have been received
for taps 21dueatpdtheiexcess deley éBféM c Ghim equenaengdth repegsents uhe ileakeget of) theong and

tap 214 is p C Stk ase,
chip sequenc@églﬁ’% %ﬁrﬁMZgglhg?le [}ﬁé c&ll%XfYﬁi%M e’@gessgH ell%%hés]%tr)%{g% t(C::hi p
sequence 228inteepyneini iMtarfdrtrece] €imgaueardce 236 rcmesemsah:sd@ﬁmﬂnsymhé ciroitlar the
current OFDM s i.S the source of . inters terfe enc

sequence 230° BE'B%H‘E lslﬂ?FeSOchng’r‘%?ﬂfﬂertlﬂte% %qy(ﬁlégﬁlaﬁ‘a &’E@Bﬂ ﬁ% and i's
the soppoegy of IThe @itedYhbElfintefféendeaIbedioal i letdh) suB%dQﬁWﬁbEprﬁMeﬂﬁbfatl on.

[ 0029] The intersynbol int erfer ence observed in each subband rray be
expressed as: ISl (k) = he M(k)WNm<. X, for k =1 .. ,
(Equation 3) whel¥ (5, -A. N, (Wi weXt or fofk edandlyit synbol sﬁE*‘ﬂl@tlotlﬂb

previ ous OFDM synbol ; V\NxN |s an N, X XNF matrix with the |ast Na rows of
WNP, ,,,p; and WlxNa(k IS ,,, vector with the first Na el ements of
the k-th rowwberenKnpNR NaKd Vé‘fi@?ﬁtﬁa@ﬁnmqlﬁogﬁﬁwlﬁ %PM&SYR’PC’\/eCt or XNe

that contains the Igst Na
xn, 18 an N XN, matrix with the last N, rows of WNxN ; and

Win, (k) is a 1xN,, vector with the first Nex elements of the k-th row of Wy . -

The operation ﬂgdeFX generates an N, x1 vector X, that contains the Jast N
chips of the previous OFDM symbol. The multiplication of X, with W, (k)

generates the interference due to these last Ny chips on subband k.
[0030] The noise power on each subband due to intersymbol interference can be expressed

as.

0% =Eg-|h,|* (N, /Ng),  fork=1.Ng, (Equation 4)

where E, is the transmit symbol energy, |k, |* is the power of the excess channel, and
o2, is the noise power due to ISI on each subband. As shown in equation (4), the IS1

noise power per subband is (1) proportional to the excess channel energy |k, %, (2)

proportional to the excess Ney, which is indicative of the amount of leakage of the

previous OFDM symbol onto the current OFDM symbol, and (3) inversely related to the



chi ps of the previous OFDM synbol. The nultiplication of XN, w th WxNn(k)
generates the interference due to these last N., chips on subband k. [0030]
The noi se power on each subband due to intersynbol interference can be
expressed @®08@47 Es J 1i J 2 (N~/ NF) , for k = uation
4) where E. is the transmt synbol engrgy, | he J2 is #ﬁé‘%%@)@%“‘"%ﬁqt he
excess channel, and a s, is the noise power due to I SI on each subband. As
shown in equation (4), the I1SI noise power per subband is (1) proportional
to the excessumbansetotanbbindé shde the’lotal ISPR6IsE ipdiR} id SiskibBited Res thel\R; Whi ch
s indicative Qf the anount of |eakage of the previous OFDM synbol onto the
current OFDMSY -, and (3) inversely related to the WD 2005/ 074217

PCTI US36¢¥14 001 JPIRE ¥ | t Lse
power izts d?st.rf%%tneogs over Fﬁ%ﬂ*ﬁ%ﬁ%ﬁgﬁﬁﬁf%ﬁ%ﬁ@ B%)\%ér?&g%éeach
subband due t®similaemarner pefor iniersyrbal énteréereren abdexmegsed®d in similar manner
as for intersynbol interference and expressed as: cc =Es - Ih,

12' [ (Ncx/ NF) - ( Na/ 2] £, 71, n y NR;s ti s t '
B R

channel 240 for the wireless channel shown in FIG 2A. Referring back to

PG ZC  ohi BaROHEN AR SAIE AN ICH DERRTMURALT 07 due Lo excess

channel tap 214 (a$'sum ng e cyclrc prefi s |l ong enough), and chip

sequenqep32p0 r emGeSPNéhewE R “BEMee” &fanhdd'240Y8r e v&ﬂ%@es%ﬁﬁﬁél glaaangleigrhe
subtraction operation for chlcg sequence 230 results partly 1n a reduction

of the si gnaPApdieerringback i HIG A¢h ship. sequenee 226 repaesents thecemniiimtion doeits ed f or

by scaling d a Of - F) . shown
T Fra oD, SrReyrene RRCIORlaylyfy W oY Sl 8% i dodd s Rl 0o
of hl and a segyemec230avpresents the spires ofyiiIndvefto the excéds-chibnel/ ThE subtrattien
reduction in .gajn of tap 21 elative ta the iln of . ta 14 is
referred to gégg%cﬁ]ar?rrle 1pa§e[q§%g%3gr{esu ﬁaa‘iﬂéfs‘mft?da&m ‘éé(@‘é§§gn Wer Bt ead
for tap 214. eachhwbbamidiuThi® fubdiatshUcthiterctsunted fat B¢ stQingRware&Ss chipel [ 0033]
A receiver perforns channel estimation in order to derive a channel estinmate

for the wiré&Ppesld bnardaeer otkbnNel/Nodt | Ashomn iis AGpPRapffective chamebbased
,? E eplr legtei \s/g??no S’gs 8‘;’)%? 'fxa%g tl%oc%%p?éxl g%unn gfy hqbagtlii tatiphgltﬁ I?arv?ngkané)ovr\gplgc Earirln 8t[ | by
h,-(1—=N,, /Ng). The reduction in the gain of tap 216 relative to the gain of tap 214 is

referred to as “channel attenuation” and results from excess delay spread for tap 214.
The amount of attenuation is related to the excess Ney.

[0033] A receiver performs channel estimation in order to derive a channel estimate for the
wireless channel, Channel estimation is typically performed based on pilot symbols,
which are modulation symbols that are known a priori by the receiver. The pilot
symbols may be transmitted in various manners as described below.

[0034] FIG. 3 shows an exemplary subband structure that may be used for the OFDM
system. The OFDM system has an overall system bandwidith of BW MHz, which is
partitioned into N orthogonal subbands using OFDM. Each subband has a bandwidth
of BW/N_, MHz. For a spectrally shaped OFDM system, only Ny of the Ng total

subbands are used for data/pilot transmission, where Ny, <N, and the remaining
N, — N, subbands are not used for data/pilot transmission and serve as guard subbands

to allow the system to meet spectral mask requirements. For simplicity, the following

description assumes that all Nr subbands may be used in the OFDM system,



synbols may be transmtted in various manners as described bel ow. (0034]
FIG 3 shows an exenpl ary subband structure that may be used for the OFDM
system The OFDM system has an overall system bandwi dth of BW MHz, which is
partitione rt hogonal subbands using OFDM Eac S

bandw dt h %?QE{%IORJIEI . For a spectra}ly shaped OFDM 53’ éﬁ?&a’ﬂ?'ﬁ&!\u of the
NF total subbands are used for data/pilot transm ssion, where Nu < NF, and
the remaining NF - Nu subbands are not used for data/ pi | ot transm ssion and

serve agoagyard subpgn@s sako oﬁlll!llﬁ‘ﬂ‘aﬁ&ﬁ aﬁyGF'IﬁW 3@&%% c&ﬂﬁﬁ}éa%hé}@%ﬁﬁnnel

requirenments. For sinplicity, the follow ng scription assunes that all NF
subbands may egfimatien disi haspﬁeorunmw@lstmedv@lg@cm/ mmmciuemmmwlmwss 9

[ 0035] For the _sake IIus rati an CFDM systemis considered where
channel estp‘ de);FfD ‘(‘)lr’lnﬂ"r?r}feﬂ}‘?ﬂcyy/ QADEED BE PEHHIER A%, { he frequency

domai n. The r\?& |veﬁ& synbol in the frequency domain can be witten
as Y(k)=H(k) +V\,( k) O RAORE) TRand P8  where P i s Epvatignrbkr of
pilots carriers, and D is the nunber of channel taps assuned by the

receiver. the ve‘é’?ﬁ’s Y,H w are of Iength Pandthe noise wis wite
conpl ex Gaussi an Wit hgvar.d }Elﬁ mat ri x of
the unnonnal i zed DFT b ﬁﬂflﬁ ]g Cel’V crs’ a§§d_ exl5lll ] V\Ee%?%lﬂ is the
total nunber of subcani®rs. “fie urrber of channel taps D<_ P .

However, in an enbodi nﬁ@tvcé%oﬂsof'ﬁﬁw arsbﬁ@ﬂgh 2 hi BRIk iR td dehptéxt h

scenari os where the channel spread |arger than the cyclic
prefix. To get a Ionggﬁm}?ﬁl&ﬂﬁg‘?‘v@gﬂ Fra%é p| I ots are staggered across

ucoessi ve OFDM Sy moohe s e iy BorBalblg Bk rPatatffbH o

sinplicity, assuming ameid synbol staggering pattern: if the uniformy

WNN(m,n) exp( .27 mn)

N
where N is the total number of subcarriers. ,
[0036] The number of channel tapsD<P. However, in an embodiment a longer
channel estimate for dealing with scenarios where the channel has a delay spread larger
than the cyclic prefix. To get a longer channel estimate, pilots are staggered across
successive OFDM symbols, i.e., the pilot carrier indices are changed in successive

OFDM symbols as described below.

Staggered pilots
[0037) For simplicity, assuming a two symbol staggering pattern: if the uniformly

N
—n+n,
spaced pilot carriers are of the form P in the even symbols, they would be

N N
oty +—
P 2P jn the odd symbols. With such staggering, we can get an estimate of up

to a length 2P by using the pilot observations from two neighboring OFDM symbols.

Specifically, assume a channel with 2P time domain taps. Then

2p-1 _ANIP)prig] 2Pt _jﬂe, _,_’mi
H,Qk)=Y ke V¥ = Z h(2k)e

I=0
P-1 2nPn, } jzm - 55

=Z[h,(2k)-e"’ Nk, a(2k) |e

1=0



N -n+no spaced pilot carriers are of the formP in the even synbols, they
would be N N-n+no + P 2P in the odd synbols. Wth such staggering, we can
get an estimate of up to a length 2P by using the pil ot observations from
two nei ghbog synbols. Specifically, assunme a channel with 2P tinme
domai n tapg{vb?ﬁnesﬁg D1724[ (NP)P+ib] 2P-1" 2sip _J299a HST(DRSRIEHG e | N =
14 (2k)e / Pe N 1=0 1.0 P-17r 2sP,b2a _=1i (2k)-e / NIk+P(2k) e |l e |
N =0 WD 2005/074217 PCT/ US2005/001588 10 [0038] For further sinplicity,
set n0 =0 so that the staggering is jpetgeeen phases N O and 2P , though the
above &9M8lssion cEer Buthernsiupligitynsebugh fot0 thak theostaggering an betwgem phased
HP(2k) = , [ I ~(2k) +j} +P(2k) a P I [0039] Simlarly, for the odd synbols,
2P-1 -J2sf[( P)p-téNl 2P)] HP (2k+1) _ 14 (2k+1l)e N 1=0 P =Y, [i

(2k+1) - | g+p( 2kend) 8, theugh -the gbove-expfesdarnfanThrucsriechtbrquigh dor ays &.v e thers i n
the even andygdd synbols can be witten as

Pl

H,(2k)=Y [ (2k)+ I, p(2K)]e

=0

2nip

[0039] Similarly, for the odd symbols,
2p-1 _ jZNEI(NfP)p-I-(N!zP)]
H,Qk+1)=) h(2k+1e N
=0
P=1 . 2nlp

=Y [ @k +D) =k, 2k +D)]e P T

i=0
{0040] Thus, the pilot observations in the even and odd symbols can be written as

Y(2k) =W, , [0 (2K) +b*(2k) |+ w(2h)

Y2k +1) =W, , A[B®(2k +1)~h* 2k +1) |+ w(2k +1)
(Equation 7)

_ D1
A=diag{e j‘"}

=0 and the superscripts “2” and “€” denote the “actual” and
[=0,..,P-1,4!=P,. . 2P-1

where

“excess” taps that correspond to , respectively.
[0041] To get an estimate of the channel from the observations in Equation 7, one
possibility is to use a least-squares approach to estimate the effective time-domain

channel. Equation 8 shows an even effective estimate and an odd effective estimate:
h(2k) =W, Y(2k)
h(Q2k+1)= A7 W2, Y(2k +1)

(Equation 3)
[0042] The effective estimates above include both actual and excess components. A

simple way to get the full 2P tap channel estimate is

~,  h(2k)+b(2k+1)

hd
2

i h(2k)-h2k+1)
2

(Equation 9)



Y(2k) =W p [h (2k)+h™ (2k)] + w(2k) Y(2k+1) =W, p Al h(2k+1)-h" (2k+1)]

+wW( 2k+1) (Equation 7) A = diag a Jp D1 where 11.0 and the superscripts "a"
and "e" denote the "actual" and "excess" taps that correspond to

1=0, ..., P- y886bsh7217 - - » 2P-1 respectively. [0041] To ge%ci'i‘ﬂysﬂ)%bbﬂgése of the
channel fromthe observations in Equatjjon 7, one possibility Is to use a

| east - squares approach to estinate the effective tine-domain channel.
Equation 8 shows an even effective estimate and an odd effective estimte:
h(2k) 1004B] pY(2k) Ebdatien D) ishust a\WpRYAIaselof 4 ERMAErRk] BheratiOl) $Bire ther@Ef ecti ve
estimates above jinclude hoth actual and excess _conponents. A sinple way to
get the ful | domaingstipgates ipEquationn§ (btainedeversy OFIOM sympol) are averaged agross= y( 2k)
-h(2k +1) 2 4at | 0 YA~ 5 .

Equati on 0.1 S D P af ey R sey e The
time- domai nsqaitdtelR ferseain ifdindtial GimeSdonoii apnathe e¥milthgFsMaryothey } aangy

aver aged acr mul tip OFDM synbo)] s. .Such averaging is referred to as
time-filteri %ﬁz,ﬁ)hgﬁﬂn{"fl 'll!zod&cﬂﬁé"mééﬁ‘h]?ea‘f’g“’;ﬂ For each individual time-domain
tap. The resulting estinmate of tap_ | at y OFDM synmbol m (odd or even) can
be witten as N -1 q(2k)= a,,,, R (#kns Yno,M(@khene Nf and N. are the
nunber of non-causal and causal taps, respectively. In this framework,

Equation 9 corresponds to choosing N =0, Nb = 2 and ao,r=c,,=0.5, I<P
where N, and N, are the number of non-causal and causal taps, respectively.

In this framework, Equation 9 corresponds to choosing N, =0,N, =2 and

&y, =0, =03, I<P
&, =05 and ¢, =—0.5 P<I<2P-1
[0044] Thus, one set of time-filter coefficients is chosen for estimating the actual

channel (I < P) and another set is chosen for the excess channel.
[0045] Consider more general strategies for choosing the time-filter coefficients for
the two halves. For clarity, the filter co-efficients for ! < P is denoted by ¢, and the

filter co-efficients for I > P is denoted by 8, .
Time-filtering for the actual channel

[0046] Apart from separating the actual and excess channels, the choice of time-filter
coefficients are govemed by other constraints as well. Time-filtering enables the
capture of additional pilot energy and improvement in the reliability of channel
estimates. However, using a long time-filter can introduce degradations due to time-
variations of the channel.

[0047] For the sake of illustration, focus on the observed " time-domain channel tap

in an even OFDM symbol, and assume that channel varies linearly over the N, +N,

symbols that are used by the time filter. Using Equation 8, we have

h(2k-n)= h,""""’ 2k—-n)+ (D" (2k), 1=0,..,P-1
and

K (2k —n) =’ (2k)—né,
BQk-n)= K@) -ns, n=N,-L..-N,



aa,=0.5 and al,=-0.5 PSlI <2P-1 [0044] Thus, one set of tine-filter
coefficients is chosen for estimating the actual channel (I < P) and
anot her set is chosen for the excess channel. [0045] Consider nore general
strategi es wonRo@heRst Ng the tinme-filter coefficients forpcrhRSokhfisid! vVes.
For clarity, the filter co-efficients fhor | <P is denote y an and the
filter co-efficients for I ? Pis denoted by fin . Tine-filtering for the
actual channel [0046] Apart from separating the actual and excess channel s,
the choice of time-filwhere 608814 &b aRtSopds 6f MOUQUNGHI RY RS HBInQORASES @i Nts as
well. Time-filtering enables the capture of additional pilot energ@ and
i mprovement in thé. rkkalhbhithdse tinw-variatiomeloulé beicantedal albbyen@rthe esdedy a | ong
time-filter can inltFro uc degr&dations due to tinme- variations of the
channel . [0047] F&P" of1S; PANSERIpts Gy the fimerfiltes oo ¢flicisnis csapebe 1 4
ti me-domai n channedminafzediad; an even OFDM synbol, and assune that channel
varies linearly over the Nf +Nb synbols that are used by the tinme filter.
Usi ng Equation 8, we have ht(2k-n)=q"' (2k-n)+(-&3nN x"":(2k), | =0,...,P-1
and Iti(2k-n)=117(2k)-n6 hCanc2kexngss tHann€l2k) - n6§r{=l\)ba};0. ., -Nf VO
2005/ 074217 PCT/ US2005/ 001588 12 where J. andsbdy, are the sl opes of the
actual and excess channels at tap 1. ldeally, #fhese time-variations would
be cancel ed along with the @aseksariatibmnfel . Hendenahedconstraints on the
time-filter co-efficients can be sunmarized as+=¥Nl-1 Cancel excess channel:
Y (-1)n an = 0 n-N1 Ne-1 Cancel variation Sa :%Y, nan =0 n- N Ny-1

Cancel variation &, : > (<)ne, =0

n-——NJ,

(Equation 10)

[0048] Since these constraints are invariant to a scale factor in the co-efficients, a

normalization constraint may be imposed, e.g. that the channel estimate be unbiased,

which means
Ny-1
Unbiased channe] estimate: Y @, =1 (Equation 1)
nm-Nf
[0049] For example, given a three tap filter with one non-causal tap,

ie.N,=1,N, =2, and the constraints in Equation 10 and Equation 11, the solution is

{0.25,0.5,0.25}. In the absence of excess channel taps, the optimal solution would be
{0.33,0.33,0.33}.

[0050] When the number of coefficients is greater than the number of linearly
independent constraints, the coefficients can be chosen to minimize the noise variance
in the time-filtered estimate, i.e.,

Ny-1
Minimize >
n==N,
under the constraints of Equation 10 and Equation 11. Tt would be
apparent to those skilled in the art that since the constraints are linear and the
objective function is quadratic, this optimization can be solved using

Lagrange multiplier techniques.



Cancel variation S, Y, (-I)nnan = 0 n~Nf (Equation 10) [0048] Since these
constraints are invariant to a scale factor in the co-efficients, a
normal i zati on constraint may be inposed, e.g. that the channel estimate be

unbi ased, i dBans Ne-1 Unbiased channel estimate: " uation |
) n-Nf [00 ]2 (Eér exanpl e, given a thpee tap filter wi tlﬂ: %éonﬂ’gwgﬁsausal
tap, 1.e. NJ =1, Nb = 2, and the constraints in Equation 10 and Equati on

11, the solution is {0.25,0.5,0.25}. In the absence of excess channel taps,

t he optimal sol ut q%emgﬁggggme(&cégcha%g‘@ 0.33 }. [0050] When the nunber
of coefficients is greater than the n of linearly independent

const r 4013, t he cdERY fari %thétowﬁﬁﬂiertam)h@wbqeo testricted 2@ thehfirsh @ sapsy dor ance
in the tinme- est i na zeY Nf under the
constraints J?%q@ﬁ?af 8ﬁ0116ﬁpgﬁfbt0éﬁmgic?§§ﬁhﬁl\q tﬁ‘i‘gyg%a)ar ent to those
skille the art tht Si the co straint arellnear and the objective
functi gﬂbﬁr}% quadr af? &t O‘%Smgg%ﬁb« 1SofFvers 5‘@%8!3\956‘7 &§|Pn’gsm‘i’_'a§‘iﬂé{ )
multiplier t n 17 CT/U 001588.. 13 filtering
for the excegg&c%&ﬁséﬁ ITEBE) %ﬂ’é‘a?lgr rorg e first %/tBT a?.%?af?dageﬁﬁa Heen
restricted t@oﬁdnaln]’tsmﬁquﬁhdlﬂmareﬁmﬂlﬁe&aé’ P, the taps correspond to the
excess channel, and are denoted by{/3n} . [0052] In choosing {,Bn} , the
goal is reversed fromthat for 1 ¢ P, asince only the excess taps are kept

and contri buti ons Gapeghaetiel dhanrsl: P tapE # e0el i minated. Hence, the

constraints in Equation 10 are nodifi®dras: N, -1
Ny-1

Cancel variation J, : Z nf =0
nﬂ—Nf
Ny=1
Cancel variation &, : > (-D)'nB, =0
n=-N;
[0053] Only the first constraint has changed, and a scale factor constraint as in

Equation 11 can be imposed. For the three tap non-causal filter, the solution for
{81, By, B}is {-0.25,0.5,-0.25}. It would be apparent to those skilled in the art that

similar solutions can be obtained for other filter lengths (and other staggering patterns)

as well.

Efficient generation of frequency domain estimate

[0054] In a modem implementation, the channel estimate in the frequency domain is
finally obtained on a per-interlace basis. That is, to reduce the number of computations
involved in the FFT operation to get the channel estimates in the frequency domain, a
P pt FFT is performed on the time domain channel estimate (after introducing a
suitable phase ramp), thereby resulting in the channel estimates for the interlace of
interest. 'With the estimation of the channel taps corresponding to the excess delay in
the channel, there are 2P taps for the channel estimate in the time domain. A channel
estimate for the required interlace can be obtained with a single P pt FFT operation. In
particular, let the 2P channel taps in the time domain be represented by

=[h, h,] where h, and h, are each P length vectors. Given the frequency estimate

for the P subcarters (d=0,1,2,...P-1) comesponding to the interlace



Cancel actual channel: F =0 n-Nf Np-I Cancel variation Sn : En /3n =0
n=-Nf Ny--1 Cancel variation 8, : (-1)nn,Bn = 0 n=-Nf [0053] Only the first
constrai nt has changed, and a scale factor constraint as in Equation 11 can
be irrposed.g,l(—‘)ﬁ%ost,dg 1%hree tap non-causal filter, the solution for
[i6,,,6,,,6,) 1s f‘ .25,0.5,-0.25}. 1, woul d be appar efi"HBHHLEK i | | ed
in the art that simlar solutions can be obtained for other filter |engths
(and other staggering patterns) as well. Efficient generation of frequency

d ' ' 005417 el on, th | esti [
the 1 requency” dbrmon 12" Cr AP EAGRE ERFEL Bt coin FRABE 2SR Mot i s

to reduce theg,mypgEe Rlive@Bputations involved in the FFT operation to get
the channel estimates in thé frequency domain, a P pt FFT is performed on
the time domain channel ggtimate (aftgg,hntpgducihg a suitable phase ranp),
t hereby resulting H"pd(kheé[r@rr\m#hqgggﬁfa%—fuﬁ ethe interlace of interest.
Wth the estimation of th& channel’ taps dorresponding to the excess delay in
the channel, there are 2P taps for the channel estimate in the tine domain.

A chand®55] est i mat &h¢ e¥ira Ketapeefithe chinngl resulticsomentribiel aimpénmultiplicdtioas si ngl e

P pt FFT operatd (i I ' ar t_the 2P_channel taps in t ti
dolr[:ai n be Iroe i?let{smgﬂ ué(??gig%?%h{é&tj fnmlyllj L@?nagﬁgmﬂﬁ Zﬁ‘aP pse J78P Eﬁ?flﬁqu g‘]’gﬂﬁ{"ﬂe
vectors. G véptih? fFRUeady horiteampearforined irtdiedive BPeR mi®ESof(cmtheltas - - - - -

P-1) corresp%n.di &g {H?? the interlace WD 2005/ 074217 PCTI US2005/ 001588 14 m
(me0, 1, . . . 7) PeRdn HEereraBRldmacating the shapnel i &) tapstherahvealiogring the etra Pearri er

in nfinter'@dﬁﬂ,féguiﬂis\éﬁtﬂltibﬂal%eﬁlo 0 e YufferihPledsed 2, W H. v, . a(k) =~
la.t(k)+he, r(k)e ] e Ne P[00 5% The extra P taps of the channel result
@y

in somd0856] vi al cofieveal assHptons

made for the sake of illustration. Specifically,

iipased limitations in the above discussion were

[0057] Staggering pattern: A simplistic staggering pattern with just two phases (0 and
4) was assumed. It would be apparent to those skilled in the art that the disclosed
embodiments generalize to any other staggering pattern across different OFDM
symbols. In each symbol, the pilots are uniformly spaced so that the excess channel
aliases in the time-domain. The choice of the staggering pattern could be based on other
factors and is of interest in itself.

[0058] Least-squares criterion: In going from the pilots in the frequency domain to the
aliased time domain channel estimate, a least-squares approach is used, which translates
to an IFFT. It would be apparent to those skilled in the art that other criteria for
deriving the time-domain estimate are possible, e.g. an MMSE approach.

[0059] A key point here is the relationship between the time-domain channel and pilot
observations that is induced by staggering. See Equation 7.

[0060] Time-filter length: A three tap filter for illustration was assumed. Clearly, the
approach is applicable for any number of taps that is greater than two, and the filter can
total number of pilot observations is greater than the total channel length assumed,
otherwise, perfect estimation of the complete channel is not possible.

[6061] Filter co-efficient selection: In choosing the filter co-efficients in accordance
with an embodiment, it is assumed that the same set of co-efficients are used for all the
taps in the actual channel, and a different set is used for all the taps in the excess
channel. In another embodiment, a different set of co-efficients is used for each tap in
the actual channel as well as each tap in the excess channe] (resulting in 2P sets of

filter co-efficients in the example). Additional constraints have been imposed that the



(in four out of eight values of m and additions. The phase ranp operation
followed by the P pt FFT woul d have been perforned irrespective of the
nunber of channel taps being P. However, not truncating the channel to P
taps, thereRydishohng the extra P taps, requires addi ‘ﬂcg boolkoRgey for the
buffering purposes. [0056] Several asgynptions and inpose Imtations in

t he above di scussion were made for the sake of illustration. Specifically,

[ 0057] Staggering pattern: A sinplistic staggering pattern with just two

phases (0 anéimedariv@én 35 thdBhahne]l nudObd EhnbelleanRappessed WHafThosdig theQol N the
art that the disclosed enbodiments generalize to any other staggering

pattern acr oSEicints chhesg congigints syhproTeleased fepending gty mumberof Simestilter gop

uni formy spagRsbnabridifl sjden BestdTeqhhapngl aliases in the tinme-donain. The
choi ce of the staggering pattern could be based on other factors and is of
i nt er ed@062h i t sel f Lineansiation models inalpnsin doimuatingrthe constraintigniBguatiornt0 pi | ot s
In the frequepc 10t L.as ' ai_C stimte, .a

| east - squar eg{}aépﬁg‘%’?hﬂ}f sb%aﬁsgl ,d %%%htﬁgrcg#sﬁ%gg %g& F%ealégr}{l’&?.% %’ V\%nqu(;l be
apparent to tiltass, Skhdrlapgroaches ban by disetl hatlerbiehthe cansirhiats] agf ostatistiedlimadey t he

time-domain estjmte a ssj ble, e.g.. an MVBE a oac 005 A ke oi nt
hore 1o tho F81 e PmeRe Soriae ehamnchooBefhiord Oy are, ol ae Aeolerh Ganp pised S P
obser vat i ons tdrigof iniinAHERE vRYansé SOME ke Orarifi®sh defait i on 7. [ 0060]
Time-filter length_ Athree tap filter for_illustration was_ assuned.

C ear | Y9063he  appr BarcHlasity, the pilottempraissign apthchappehsstimagiontgghniquenhavedegh eat er
than two, an | (O al (o ' ' ilogmidf eater
than the tot gr&gﬁginir:déltaﬁloengt hsygatglglhn%hg%gy% res'\n sﬁ%p@?‘?gﬂ%ﬁﬂﬁn‘%tﬂ on of the
conpl et e chammslulatign teobnigaes sidhl as difcErEmpltitohe @MEb- ef fi ci ent sel ection: In

choosi e fi re Go-ef fi.ci,e N cardan | < hent .1t is
assumerdf&phgt th‘gﬁga ogvgta %&Ckc%t-aéﬁ? i ocff'a natggcsg éﬁﬁ%gg} (ﬁfygenm@'ﬁy%t%pﬂsléi n the
act ual chann@FDMngstemd i the dotwnliel, at sccessgdindt A10G | al trank@itt(ARS data prdvessexcess
channel . In anot her, enbodi nent,, a.different ,set,of cp-efficients.is _used for
each tap in %gﬁ‘ir%&vﬁ%lfoﬁfﬂ%{?lrfé’F‘ESaémﬁﬁ?alvcsasanga{E‘P?“?aéﬁ ﬁ?ﬁ"ts%‘%%&@@g‘? t‘iﬂﬁ’gﬁnel

(resul ting i Ra@Pasebfovifes ﬁlbdxﬂzﬁfoncgmﬂioﬁs{/@reﬂ Iy, Fdabe s@iPh.e) AnAGEDM onal

constraints have been inposed that the 2005/°074217 PCT/ US2005/ 001588 15

time-vari at i @epdglatarhé126h sepsives rihe tdatre syabele| anddpdet Syrpbale sBeEiPrR eRTPNbosI ng

the co- effic] . Nk S I ' n g

Urber of tiﬁrﬁeo_%@@?%}??g@nﬁé’d“?&r RGNS SafPRobRed &lsBa%E dr SRR RB.RN Filde
symbols are transmitted in a staggered manner. A transmitter unit (TMTR) 1122

receives and converts the stream of OFDM symbols into one or more analog signals,
conditions (e.g., amplifies, filters, and frequency upconverts) the analog signals to
generate a downlink signal, and transmits the signal via an antenna 1124 to the
terminals.

[0065] At terminal 1150, an antenna 1152 receives the downlink signal and provides a
received signal to a receiver unit (RCVR) 1154. Receiver unit 1154 conditions (e.g.,
filters, amplifies, and frequency downconverts) the received signal, digitizes the
conditioned signal, and provides received chips to an OFDM demodulator 1156.

[0066] FIG. 5 shows an embodiment of OFDM demodulator 1156. A cyclic prefix
removal unit 1212 removes the cyclic prefix appended to each OFDM symbol. An FFT
unit 1214 then transforms each received transformed symbol to the frequency domain
using an Ne-point FFT and obtains Nr received symbols for the Np subbands. FFT unit
1214 provides received pilot symbols to a processor 1170 and received data symbols to

a detector 1216. Detector 1216 further receives a frequency response estimate H, ;4

for the downlink from processor 1170, performs detection on the received data symbols



efficients or other system design requirenents. [0062] Linear variation
nodel : Finally, in formulating the constraints in Equation 10 etc, a nodel
has been used where the channel varies linearly over the duration of

I nterest. aches can be used to derive the constralnts g. a
statisti cal Gﬁ%mﬁHE%gn be assuned for fhe channel corr el Tt ‘H@gﬁmiine and
the problem can be posed in terns of minimzing the variance of the
time-variation errors. [0063] For clarity, the pilot transm ssion and

channel esti ABbb@h 8R60MH Hudols HchDAE RstiHASCHf ﬁas@raﬁﬁﬁmé&' dﬁiﬁ% i), 6y These
e

techni ques may he used for other nmulti-carrier nodulationt ni ques such

as discrete Pip\idesihdetgctadmsymbply @‘BEI]RKI@HPIO@WAI%S bl ock di agram of an
access 1w LPBeans ATHIAR a Hflol Bk 19BOMMGHRR efdeliBallR! | N

at access point 1100, transmt processor rec
formats, ¢ odésmbolmaed pe@:ms chamel estnatiat aslefdribed abey nivithimemhel astifnhiioe  dat a

and provides i n._s or si mpl dat a synbal s

nmodul at or ZlgB rec c{/ggteftﬁg?% lg&é)y?ﬁ)%%oﬁw&hﬁ? F’Bl‘h%rfﬁﬂ?ﬂ?ds?’ﬂoﬁé?"i‘%ﬁ’lﬁén@]:w
modul ati on asnajrepe:nfmfn:ed:xfrmoldﬁloﬁ amil/orafiterpslidndas csskirgatd obtafd-RY sutEpol s.
Pilot synbols are transmtted in_a staggered manner. A transmtter unit

(TMIR) 1122 flfee@@cyetssmnab egimase thJ,,hmthtcrIBamnlcgalrUémmaysmm Nad nhiforaidg or
nore anal og signal s condi tions lg'D anplifies, filters, and frequency
upconverts) ikt Bipbandg im each ygmﬂfml @eriodiodnl IFFE wiitgi22#, pesfiotng rmnshi t s

the signal VigepR,a ﬁpﬁ'ﬁttﬂleégﬁ'l &nq?srpG%e ésﬁltn qul ta11L gocggllneﬁmﬁlﬁg (r:n%eirs]élog)alg:sgnal

an antenna 1152 recelves S|gna prOV| es a

to a recei vekstithitt BRGVRithl 354 taplRe R IRkt 'uhlt 11]256 SRAE ht AUhande? il Pulse

filters, anplifies, and frequency downconverts) the Teceived signa

digitizes t heespcmechstlmat&ea mmgnﬁinas andeqesayy amnd furtetiadjtsts ahd pBast Of aacioFDM
denodul at or 1156 [006 4‘1 r}ﬁ 228 ExnbOdl ment . of OFDM denodul at or
1156. A cycl fSHERFefiinge B?f‘{ tef 3 R Biss comBings, of filters, therquipus ghended

to each OFDMyusgi¢bed andAp}oﬁEa_s a fil'Il' cﬂla&%ﬂ-ﬂnﬁd&‘:‘e'}eépbﬁd?:%(sﬁ’ﬁﬁﬁ 20fHResh&iaehy %1‘0—

transfornmed synbol to the frequency domain usin Np- poi nt FFT and
obt ai ns NF r fadding yni§ 1760 | perfpans ﬂﬁ@shphﬂlfgu%aﬁﬂ!’;lﬂd FaFl¢ zgrd-paddinz]tp phtain ales

received pilot s ols to roc 17 n rec |ved d synbols to a
detect or 1218% t?%geﬂbo‘i”ﬂl%%égl?surgﬂ}%rr b?%ﬁg‘st %%gﬂﬁo e eelSt | mat e
H .. for the downlink from processor 1170, perf,orms detection on the
recei ved dat dweynBebEinbe Sinalregvensy resperse ostinas Hq 15898 the Ny subbands for the

downlink.

[0068] RX data processor 1158 demodulates (i.e., symbol demaps), deinterleaves, and
decodes the detected symbols to recover the transmitted traffic data. The processing by
OFDM demodulator 1156 and RX data processor 1158 is complementary to the
processing by OFDM modulator 1120 and TX data processor 1110, respectively, at
access point 1100.

[0069] On the uplink, a TX data processor 1182 processes traffic data and provides data
symbols. An OFDM modulator 1184 receives and multiplexes the data symbols with
pilot symbols, performs OFDM modulation, and provides a stream of OFDM symbols.
The pilot symbols may be transmitted on Ny, subbands that have been assigned to
terminal 1150 for pilot transmission. The number of pilot subbands (Np) for the uplink
may be the same or different from the number of pilot subbands (Ng,) for the downlink.
Moreover, the same or different (e.g., staggering) pilot transmission schemes may be
used for the downlink and uplink. A transmitter unit 1186 then receives and processes
the stream of OFDM symbols to generate an uplink signal, which is transmitted via an

antenna 1152 to the access point.



16 to obtain detected synbols (which are estimates of the transmtted data
synbol s), and provides the detected synbols to an RX data processor 1158.

[ 0067] Processor 1170 includes a channel estimator 1220 that obtains the
recei ved piWwelooapii®! s and perfornms channel estinmation | above.
Wthin channel estimator 1220, a pilofy detector 1222 re%sor\//lg%%{?}égﬁgdul ation
on the received pilot synbols and nay perform extrapol ati on and/ or

i nterpol ati on as necessary to obtain an initial frequency response estinate
Hr, do \#070) chanAehcegRi paire 11 00Rhe Splink siPhal fief feRhithd 11501 i8 hédeliell 8¢ aatthpands in
each OFDM syg‘gg‘%@ggri od. An 1FFT unit 1224 perfornms an |FFI' oh the initial
frequency re PEQceFRRe O¥t B TeRsHVET Akt AR A cabtginngetedved, ehipsonda OEBM mat e
hN..do with MeRokamsr 1444 QR&T ipkdcefted! Mhd rdcfRal EFA b hJ?svi& apaagilsveeg [pgl%{ se

response estimate as many times as necessary and furtHer adjus phase
of each i nstunbes pid duiestrdsymbols domthevplinki |ArcRX damdrodessor dil4thprocesesshihaes or

filters the i rovides.a,full ch I mpul se
response est P%?‘g& S%Q%%glé%)l éztg%ggézﬁg%gg aﬁﬂﬁ’i“ﬁ%"& Lﬁrprfggg’%perfor ns

t hreshd®filhg (i Froesssdsl 1480 paricknmseshana delimgidnofop bidhi @rrainalveaismittiifon e t h Np
taps. An FFT uni.t 1%%2. h |a‘)rert[vfrr:ns1 an FFa]' on the vector & d. to obtain
the final fré& & S@Eb‘ﬁﬁ%@ & MYHRle terpinalsymay GAnuNE PRRS coneHsEeRbX opdhe t he
downl i nk. [ OQPBik siXihelitadsi fied (E66 Aibbadde8 THARBEL| iRk fsrehide, Bach su¥HAHA ps),

dei nterl eaves, and _decodes the detected synbols to recover the transmtted

traffic dataYSehnior pilstes dptadrapgmisspmpydents @o¢ dergiinad 156 given REDMtssmpobcessor
1158 is conphesmnt BoYestd® 1156 md [1&5%9&393{31%%%%%@3?%%9?&5‘dFI _data

processor 1110, respectively, access poi nt he uplink, a
TX data proceshaerndidd 2, Prevesws @$30 sirhibs en difia fRqGendy RpeRe dddhae BYTHO! S- An
OFDM nodul at or 1184 receives and nul tiplexes the data Synmbols with™ pil ot
symbol s, per thsrupbinlofmheristninak hased ompidotsymbold esceived frognie efrmBRDMes yeszo| S .
The pilot synmpols may be transm tted.on N' p subbands that, have been
assi gned to SHamngl H‘FQ?:‘ISH%OIPSSFS%‘PF’;St—mwa% iresterainal based om dhorangdepyesc
subbands (N',) for the uplink may be ,the sanme or different fromthe nunber
of pilot subBandéequesyy fresponseeestiontd ilbic,, fobtheotceminal hesedanme ly, ,di fTier ent
(e.g., staggering) pilot transm ssion schenes may be used for the downlink
and upl i nk. frefiieans fspdnes estiiate 86 forvach feRaRAME providbdRé OFEMS Bsmoddiost r eam
of OFDM synbols to generate an uplink signal, which is transnmitted via an
1144 and used for detection for that terminal. ‘

[0072]} Processors 1130 and 1170 direct the operation at access point 1100 and terminal
1150, respectively. Memory units 1132 and 1172 store program codes and data used by
processors 1130 and 1170, respectively. Processors 1130 and 1170 also perform
channel estimation as described above.

[0073] For clarity, the pilot transmission and channel estimation techniques have been
described for an OFDM system. These techniques may be used for other multi-cartier
modulation techniques such as discrete multi tone (DMT).

[0074] For a software implementation, the pilot transmission and channel estimation
techniques may be implemented with modules (e.g., procedures, functions, and so on)
that perform the functions described herein. The software codes may be stored in a
memory unit (e.g., memory units 1132 and 1172 in FIG. 4) and executed by a processor
(e.g., processors 1130 and 1170). The memory unit may be implemented within the
processor or external to the processor, in which case it can be communicatively coupled
to the processor via various means as is known in the art.

[0075] The pilot transmission and channel estimation techniques described herein may

be implemented by various means. For example, these techniques may be implemented



antenna 1152 to the access point. WO 2005/ 074217 PCT/ US2005/001588 17

[ 0070] At access point 1100, the uplink signal fromtermnal 1150 is
received by antenna 1124 and processed by a receiver unit 1142 to obtain
received c DM denodul ator 1144 then processe ed chips
and provi dgbs reg@ﬂvgg pilot synbols gpd detected synbo?gb?fgzrow@zésgpl i nk. An
RX data processor 1146 processes the detected synbols to recover the
traffic data transmtted by termnal 1150. [0071] Processor 1130 perforns
channel esti [Fpkdr@ark AofiR@Ar of ﬁrcﬁhiﬁﬁlanéﬁ AHeaddk ! troP 8 harIwakeimplBbithtiond the

descri bed above. NUItlp e terninals may transmt pilot concurrently on the
upl i nk on t hetopesgigg ugittusedi foo chagnelirstimationnamay bel ifmplemanted Mathim ere omets

subband may na

a given OF &ﬁ#@ﬁ %pj%cgfrr“f olc[fl ﬁ%?%%%@%?Aﬁgg%%ﬁéI% g}rl?rgg‘?;lﬁcéhanne)lt a{gﬂ%] mat or
1220 slho:c/vn isingleproEessﬁgr devdaash (D&P]hsp)\nq#rogrm;mﬁbhcéfgmrde?rmﬁ) (;.:?IDBD n£1c-3h1nI
initia requenc eestl . or the u n or the t na
based on pi | BOCCIG FGerBA (A ESHAh e POgF e Cooasy e dnisr-cangniar

i mpul se res pﬁﬁt&@pm&tssdmtahéroaedtﬂmct eiityl dRlgnb@ € Pefdmithe funcabis dectideds a

final frequency response estimate HN,, mfor the term nal based on hNWm.
The frequenhifmfle%r&cﬁ?@“@gf’i‘ﬂﬁ'fe@ ‘HN, | for each terminal is provided to OFDM
demodufgahgy 1144 féﬁ@és GQEripRIneSH the Qist BEed QRbodiREME &%mwhe@zaknable

Pr ocessors 1130 and 70 direct the operation at access point 1100 and
termnal 1180, ppréglpeséqlledeiry theviapo by roaket or 113@ therpfeseaty Inniee pMedem codes
and data use 1130
and 1170 ai soogkicRine 6 8RS SufolsllefiE it beSend 3G ke HEABERARE S
clarity, thearpi the igerietia psintipkes defiredchecdianmag lbe @appliaded iotrer tmbidinguts withawte been
descri bed for, an stem These chni ques e used for other

mul ti-- carri efeP %ﬂ%@e‘% ?{rﬁcalffe‘%gtgﬁéwe i ﬁ%eﬁl—? BIECRS Y Eiton fHRAY .
[0074] For aingaideava i lindRidaseid cxibodimentd ¥hoh hefeir tud Nstaibe Stadeaitte aiuesnel
estimation techniques Hg be inmplemented with nodules (e.g., procedures,
functi ons, aﬁﬂpééollﬁﬁ}eﬂtW @W‘F’Gﬂ%aﬂ%@‘fe&fﬁf%r@sc&@%mfﬁ@d herein. The
software codes may be stored in a nenory unit (e.g., nmenory units 1132 and
1172 in FIG 4) and executed by a processor (e.qg. processors 1130 and

1170). The PRk ﬂ@# |rrpl enmented within the processor or external
to the pr ocessor)f 'n %% case it can be comunicatively coupled



to the processor via various neans as is known in the art. [0075] The pil ot
transm ssion and channel estinmation techniques described herein may be

i npl enented by various nmeans. For exanple, these techniques may be

i npl enent eGyieho2fafa P 74217 PCT/ US2005/ 001588 18 in har dparReyeshfiksgare., or a
conmbi nation thereof. For a hardware inplenentation, the processing units
used for channel estimation nmay be inplenented within one or nore
application specific integrated circuits (ASICs), digital signal processors
(DSPs), digital signal processing dewggpMgDSPDs), programmabl e | ogic
devices (PLDs), field programmable gate arrays (FPGAs), processors,
controllers, mcro-controllers, mcroprocessors, other electronic units
desi gned to perfofm thg funed bf)&%n%ﬁ %'cﬁﬁﬂnel ﬁ%@u@les@&mﬁmﬁ{ﬁmidﬁ

t hereof. [0076] The previous descrlptlon di scl osed embodi meénts is
provided to enabléﬁﬂmmmM@person skilled in the art to make or use the present

i nvention. Various t "

apparent to those ski I&%‘hﬁ% *%ﬁt {vfo Eagﬁsd(’fe‘%g ge ﬁ%y%#lrslcflgle elgzggte‘h ned
herei n may be appkétedf p1b3t(suﬂﬂ:mnd£mrbe)gw:rprof secwvtadnpilldst syﬂfbplsrfor a@hfsemﬁ[ﬁ]be
spirit or scope of he |n enti DI €S |nvent|&g i S not

s, the
intended to be Iifi{ ?Iﬁ’é‘tg?ﬁ'c} ‘ﬁ@ﬂ'ﬂ%lsm%&ﬂe E’F%F‘?FPB‘EHO ¥ 8¥Phaccor ded
the widest scope consu:s rébkived fpilst %lms RIt& Tva) dymByIS | anfl @l Wyathols,
di scl osed herein. WHAT IS CLAI VED | S 2005/ 074217 PCT/ Us2005/ 588 19
CLAIMB 1. A met hydessin @gthﬁmﬁwﬁbola ingludernstual andexgepse FRIBROTEBANA e pdd
system conpri si ps of received pilot synbol S
for at |east two leé?dgpo ﬁtan{l)E:&%E rcl)géngérjoup of received pil ot
synbol s for each set oﬂctgnhmng asubrion reffectivehestisiate amrbasexﬂdmffoghmjpsnmte
staggered with regpe o.th u el ved pil ot synbol s
into even synbol s%%ﬁg E‘.}m&everﬁ%‘bﬁs ar@\’?ntg?gﬁldn%nnc’ﬂ s oI s include actual
and excess conponents &ﬂkd:t:lh@& ﬁﬂdsetsqfnﬁmé-ﬁltemcdetﬂﬁkﬁeractfolaésnmnﬁngmwmal
conponents; deter n;lnl ng an even effective estimate and an odd effective
estimate annel;

selecting a second set of time-filter coefficients for estimating an excess
channel;

time-filtering for an actual channel based on at least the even effective
estimate, the odd effective estimate, the first set of time-filter coefficients and
the second set of time-filter coefficients; and

time-filtering for an excess channel based on at least the even effective
estimate, the odd effective estimate, the first set of time-filter coefficients and

" the second set of time-filter coefficients.

2. The method of claim 1, wherein dividing further comprises uniformly
spacing the received pilot symbols of the second group from the received pilot
symbols of the first group.

3. The method of claim 2, wherein dividing further comprises staggering
the at least two groups of received pilot symbols according to a two symbol

staggering pattern.



based on the even synbols and the odd synbols, respectively; selecting a
first set of time-filter coefficients for estimating an actual channel;
selecting a second set of time-filter coefficients for estimating an excess
channel ; tivw@zdoshisei1 ng for an actual channel based on gEthSABdodill® even
effective estimate, the odd effectivegpestimate, the first set of
time-filter coefficients and the second set of tine-filter coefficients;
and tinme-filtering for an excess channel based on at |east the even
effective estinmate, tTe methodfof ebdiny vestdimdividing fertherrcoinpsisds stfggering
time-filter coeffjcienpts and_the.secon et of tinme-filter coefficients. 2.
The nethod of cl afn? leaghi&p &roEPg of fegpi ?i?ﬁ'ttgmi’(’lé(?ﬁif’rrg@géo anpeERRtN >k paci ng
the received pil oitagerih@patepd. t he second group fromthe received pil ot
synbols of the first group. 3. The nethod of claim2, wherein dividing
further conprises staggering the at |east two groups of received pil ot

synbol s accordi ngst o ashWehasaade! ﬁglgsgg?ﬂngg D SR L074217
PCT/ US2005/ 001588 20 4. \ﬁ%e nmet k?o“(]j of clarm 5 vﬁﬁr e{nr’lx@l 1ding further

conpri ses staggering mpansdor dhtiningtapdeasrtyaEsoups of gesived dilpt symboly/febel s
according to an n | _.(n>). RILES | oDy in a

W rel ess communi c{f I gﬁgé“i}é £ IIOtE%mr&S?%yggB‘%éfﬁ%‘@?ﬁd%ﬁd?zsiﬁﬁ?oﬁ{gﬁotgggﬁhesgtst t wo
groups of recei vedf pilot sibbaydshohereinahe sdcond granp ist stapgaedsvit refpebtab tseufidsands,
one group of received pilot synbols for each set of pilot subbands, wherein
the second group #&"Btaggered with respect to the first group; neans for

di viding received pil Ohesm¢BPUF/iding PecBivBd pEYNHRMHDIAIMD @sh sytBROhd odiher ei n
t he even synbols include actual and excess conponents and the odd synbols

i ncl ude actual angymebodse $dercimihsfgn symbals incluyds actmal andexcesigroripopenth and
effective estimat e%ﬁ@sﬁﬂb&&'ﬂwﬁz{d&ﬁ&hh\éﬁdefc%&ééSﬂ{p%nQﬁée‘j on the even synbol s
y

and the odd synbols, respectively;
means for determining an even effective estimate and an odd effective

estimate based on the even symbols and the odd symbols, respectively;

means for selecting a first set of time-filter coefficients for estimating an
actual channel;

means for selecting a second set of time-filter coefficients for estimating
an excess channel;

means for time-filtering for an actual channel based on at least the even
effective estimate, the odd effective estimate, the first set of time-filter
coefficients and the second set of time-filter coefficients; and

means for time-filtering for an excess channel based on at least the even
effective estimate, the odd effective estimate, the first set of time-filter

coefficients and the second set of time-filter coefficients.



means for selecting a first set of tine-filter coefficients for estimating
an actual channel; neans for selecting a second set of tinme-filter
coefficients for estimating an excess channel; nmeans for tine-filtering for

an act ual q{;‘éx?@g/b,g?ﬁsed on at | east the even effectivepgiéh{ng@%fghe odd

effective es the first set of tz'irre-filter coef fi t he
second set of time-filter coefficients; and neans for tine-filtering for an
excess channel based on at | east the even effective estimte, the odd

effective esti mat g, _thR pfr&!e§sfor ?ﬁigr&ﬁméd BRxidutd £hetoPf bitthfeS Rashel
second set of time-filtér coefficCients. WO 2005/ 074217 PCT/ US2005/ 001588 21

6. A processor prodyimaleseepmmpunisation systam, the meiod Fomprisingit i ng a channel in a
or oupsof recel ved pi | STy MERLBAR GIERED i bRk B B bEES 11
one group of recesereadf plot stbtapdd) ohs gioop obectivedpilafsymbbistior wblsa_mf_spjlptmeréi n
recei ved pi ot oy bR MRSt edohERRE b shiet uh et R B P Pho cven
synbol s incl ude act ual digjdhgerceeised SRENSMEdSS indd dvéSyrablsls a6y Baal symbB) ude

actual and excess conponents; determ ning an even effective estimate_and an

odd effective est VAeER thp£3eR sYRDH inclifle pcwal iyl excassgcamrongety asq ipsppdd

respectively; sel gotigidinBiufid stbal 984 exRbsslcofohdnkd €r coefficients for
estimating an actual channel; selecting a second set of tinme-filter

coefficients for esti néai¢rminiag anxeves eifeethgnestimate; i an jodd egffepigver estimgge act ual
channel based on f, I\, tl .he odd effective
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estimate, the fir coefficre t he second set of
time-filter coefficientetectingd fisstreetfofl timse-filigr ¢@fficiente foesstimatisgieelactuased on
at |east the even effective estimate, the odd effective estimate, the first
set of tine-fil te?hagﬁéffi cients and the second set of time-filter

coefficients. selecting a second set of time-filter coefficients for estimating an excess
channel;
time-filtering for an actual channel based on at least the even effective
estimate, the odd effective estimate, the first set of time-filter coefficients and
the second set of time-filter coefficients; and
time-filtering for an excess channel based on at least the even effective
estimate, the odd effective estimate, the first set of time-filter coefficients and

the second set of time-filter coefficients.

7. A computer readable media embodying a method for estimating a
channel in a wireless communication system, comprising:

obtaining at least two groups of received pilot symbols for at least two
sets of pilot subbands, one group of received pilot symbols for each set of pilot
subbands, wherein the second group is staggered with respect to the first group;

dividing received pilot symbols into even symbols and odd symbols,
wherein the even symbols include actual and excess components and the odd
symbols include actual and excess components;

determining an even effective estimate and an odd effective estimate
based on the even symbols and the odd symbols, respectively;

selecting a first set of time-filter coefficients for estimating an actual

channel;



7. A conputer readable nedia enbodying a nethod for estimating a channel in
a W reless communi cati on system conprising: obtaining at | east two groups
of received pilot synbols for at |east two sets of pilot subbands, one
group of rge&baeeharis Ot symbols for each set of pilot §Hﬂﬁgﬂﬂ§o1§§erei” t he
second group I's staggered with respechyto the first group; |V|dﬁng recei ved
pil ot synbols into even synbols and odd synbols, wherein the even synbols

i ncl ude actual and excess conmponents and the odd synbols include actual and
excess conponents; detgiediing §gecdid eate titdel filfer icwerfieiehis Tot &stiaa€ng n okidss
effective estimate based on the even synbols and the odd synbol s,
respectively; sel@@mly a first set of tine-filter coefficients for

estimating an actual @haRfgling P 240RhDAkAd vaked diPalkad iR R effebiive

sel ecting a second set of tinme-filter coefficients for estimating an excess
channel ; time-fi |estimatey theopddagffestive astinedtan ihe firsh seteef time-fiter eqefficienipand,en

effective estimafg.. Pgsgg%ﬁﬁ{Qﬁ&&k&gﬁﬁéﬁggﬁae, the first set of

time-filter coefficCien he second sét of time-filter coefficients;
and tinme-filtering for tiaw-filletiag $orcdnoexaeds chamelbazad ah ak deastt the keensaffentive

ot 1 ter - coet iR iR SHarave saM Sof PoF ot e 1ies CETLTMEL i o

the second set of time-filter coefficients.



