WD 2005/ 076558 PCT/ US2004/ 040959 1 PILOT TRANSM SSI ON AND CHANNEL

ESTI MATION FOR AN OFDM SYSTEM W TH EXCESS DELAY SPREAD C aimof Priority
under 35 119 [ 1001] The present Application for Pat cl ai ms
priority to r%g\’f%’i’sgnal Application No. 60/538,210 enti ?Fiﬂ}ﬂ?ﬂﬁﬁ%@”
Transm ssi.on-and Channel Estimation for an OFDM System w th Excess Del ay
Spread" filed January 21, 2004, and assigned to the assignee hereof and

her eby expressly incorporated by reference herein. BACKGROUND |. Field
[1002] The pr@HOTTRANSMISSION ANDICHANNEL BSTIMATION and

nore specify oog]r R ' '

or t hogonal fpg%yeﬁ m Wm%%fymﬁ?mm&@f%a ay
spread. |1. Background [1003] OFDMis a nulti-carrier nodul ation techni que
that effectively partitions the overall system bandwidth into nultiple (NF)
ort hogonal subbands. These subbands are also referred to as tones,
subcarriers, bins, and freql@gﬁ,yoppﬁaﬂglﬁndéﬁgsmgf@lg%gach subband is
associated with a respective subcarrier that nay be dul ated with data. Up
to NF nB&0lkt i dhe pyesent Appligatibr for Batenti claiow mieritih éo MFowsibhal nasplicatieradNo. OFDM
synbol perio |.Qr Lansn.ssi on.. the nod tion synbol re

t ransf or ned 65%%1% ?qttﬁ@& d@ﬂ% aﬂ%?‘ﬁﬂoﬁﬁ“qiébmeﬁtgs glgnsfor F‘Béﬁi Iﬁ@ﬁ)istaﬁm
transform (| oftl Exéads BAA Spréad” filed D@y 21d 206, MA@l asti ' kps.

[ 1004] OFDM can be used@t%}? conbat frequency gé{%ctﬁs%gﬁéfda%ﬁﬁ%?ésﬁegﬁeﬁgf
char act er i zethdhgrebyiexprgpdyiincornaraied byyeeforencethertinh.f er ent frequenci es of the
overall systembandwidth. It is well known that frequency selective fading
causes intersynbol interference (1S]), which is a phenonenon whereby each
synbol; in a received signal acts asBAiCKGROWRDt O one or nore subsequent
synmbol's in the received signal. The ISl distortion degrades perfornmance by
i mpacting thk abiFieldly to correctly detect the received synbols. Frequency

sel et 29 e CBltsant SRiaton Fofated GoMRAL G0 Mabh Chmmuicatioh® and "Shore

specifically to pilot transmission and channel estimation for an orthogonal frequency

division multiplexing (OFDM) system with excess delay spread.

II. Background

[1003]) OFDM is a mulii-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 Nr modulation symbols may be transmitted on the Ny 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 Nf chips.

[1004] OFDM can be used to combat frequency selective fading, which is characterized by
different channel gains at different frequencies of the overall system bandwidth. It is
well known that frequency selective fading causes intersymbo} 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 comectly detect the received symbols.
Frequency selective fading can be conveniently combated with OFDM by repeating a



WO 2005/ 076558 PCT/ US2004/ 010959 2 portion of each transformed synbol to
forma correspondi ng OFDM synbol. The repeated portion is comonl y referred
to as a c&:llcéﬁreflx [ 10051 The length of the cyclic prefix (i.e., the
amount to gt each OFDM synbol) is dependent on REIVUSPOANO5N . The
del ay spread of a wreless channel is the time span or duration of an

| mpul se response for the wireless channel. This delay spread is also the

di fference beitivaest ¢dik temefonned sgmBol & &xin ardoriespihdingd OFDM N§hMBE € Theor
mul ti paths) at a_ receiver for a signal transmtted via the wrel ess channel
by a transnfeRedrd pamienderopgmonlyrelsred o 2k QEBRPEXt em i s the maxi mum
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recervers In t e S recelrvers In

| SI, the cydbpemdmteﬁal deldyenpgédﬂ steudethybsprend e a tvﬁeless éhangﬁrls tHaaaﬁné f&n oraxi num
expected del ay spread, However, sinc the cyclic Preflx represents an
over head f ofuEaseno BY/pheseponse fordthe sarelest channg!. hEkis delay spigad icalp Bei x

I ength be a t t V, t he
cyeli ¢ pref Py o eRreeA RS eyt B Nau A g (Ef Bt o SATRRAD 3,
contains a segivef faransigpairitansmitted b the wirklespelidnnelniey gitemsthitter. The dehgei vers

in the system [1Q061 DM system can w thstand a del ay spread that is
smal | er %/haﬁp’@i“‘E g Oﬁﬁﬁﬁte@yﬁlq’%"}?ﬁﬁw ffx@ﬁﬂrf"ﬂ deWesiPr%/aﬁl‘%th& Wikdesase,

the NF subbapds  Ar: off HARGRReE dZEﬂ ﬁ%m@ﬂpﬁﬁ%eﬁﬁv@(y ?iﬁow lgt‘e(\!% GERlevEr N

the system may observe excess spread s a ay spread that is
gr eat er t hamydtéie teotnbeat I.SIethexcychngird:ﬁx Engﬁsshomki by eqmletacbr loager dhars the

vari ous del eteri ous effe such mat’h and cha neI stinmation errors bot h
of which cé‘i‘f”‘&f@lj‘Pa?}@egtﬁ Ypéli'rf”af VTS 88%%1‘ HEK P X fPH"é-‘F@' 3 g0 ( }

therefore aRegdad R)r eE&POFDtM fs%b&leﬁ*'i&‘ 'dgéil%lett% Havk gad I\)@AE 55% el rHeozlés

effects of excess delay spread” i n an DM system SU

Techni ques fshort s possihile to ngmputawveahﬂ#des*’m amomprpnike thesmimspreﬁi length' isel ess
channel wth e es e are.desc |bed herein ate t

del et eri ous "HYf lgft §§ﬁ$ d é%@e@??ztg? afy"’ébrpé wﬂ@’ﬁuﬁﬁé&“’g@g nsBB nds is
sel ected to Qe tﬁ@ﬁ&éleéﬂﬁ@nésh?eceﬁ%hﬁﬁle%rﬁgﬁnx length (i.e., NPeff> N) to
achi eve ' oversanpllng in the frequency

[1006] An OFDM system can withstand a delay spread that is smaller than or equal fo the

cyclic prefix length. When this is the case, the Ny subbands are orthogonal to one
. another. However, a given receiver in the system may observe excess delay spread,
which is a delay spread that is greater than the cyclic prefix length. Excess delay spread
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
[1007] Techniques for transmitting pilot and estimating the response of a wireless channel
with excess delay spread are described herein. To mitigate the deleterious effects of
excess delay spread, the number of pilot subbands is selected to be greater than the
cyclic prefix length (i.e, N,g >N_) to achieve “oversampling” in the freqﬁency

domain. The oversampling may be obtained by either (1) using more pilot subbands in
each OFDM symbol period or (2) using different sets of pilot subbands in different
OFDM symbol periods (i.e., staggered pilot subbands). For example, a staggered pilot

transmission scheme may use two sets of pilot subbands, with each set contamning Np



domai n. The oversanpling may be obtained by either (1) using nore pil ot
subbands in each OFDM synbol period or (2) using different sets of pilot
subbands i | t OFDM synbol periods (i.e., stagg i 1ot bbands) .
For exanpl@gdgglis)fﬁggﬁer ed pilot transm ssion schene my%@uﬁa@)ﬂggﬁg of

pi |l ot subbands, with each set containing NS W 2005/ 076558

PCT/ US2004/ 040959 3 pil ot _subbands. The pilot subbands in the first set are
st agger ed opilefspbleands.r $he pHet sybbands i thefpidst e stapgersd comdfisetdiom fOEBIt | n
one exenpl ag%bﬁlﬂ qﬂﬂes%?(gﬁjr&{i on techni que for the above staggered pil ot
transm ssion schene, a first group of received pilot synbols for the first

pi | ot [1908pand Inseie iesermfligi dleghnth estithationt g e the hbane s&%@&ea Opifigri ve a
first (initial) frequency response estimate for a wreless channel. A
second gr ouBaRMissiTescheRe fintt ZEQHpHRf| 1eceivyd pilgs symbels for el first mlobsabandet i s
obtained in_a: : | deri.yve { ! Lnitial)
Frequency 1 S5 aoaRed AT e RO pARA HREH G HENES Brar JHSARY ekl
channel | npwspense estimits doreswirsiessechaaned. desdeund]gloap of revsiviel Hilbi §@iborsecond

frequency response estinmates, respectively. Athird (full) channel inpulse
response estherfaeend;pilot suhband;sstiis abfaimsd iy siropd synbolipperipd ﬁééﬂlﬁqfkfo s6Evert her

conbining o Lk f.erd ' . I r

coti mat o5, - SO LB Hod Oty Helinsd Btm AP RARe SRRNRC B BB REERANN, i
cont ai ns noekanhelimphisamespbrserastiingtes afe derived baset lbarnhs firsh an® sdchad frelpgentir st or
second set, which permits a npre accur.a E ha]éa%%t erization of the wreless
channel in f9EOYSE SSWHRIES, JESRERHERY d%lﬂéi\)‘?E ‘Bﬁ)&& mngl 1pRYISE 1EPoRse esEmal§Usncy
response es : oA se
esti mte angieﬁ%ﬁvidzb%g%gﬂF%%'p?:?%&g?h&tn&gn%ﬂg{%er pugg)(%sﬂé{smﬂé)ﬁtge? a%ﬁgl
estimati on sayndehimiel anpulse respoire ssharids) as destgbed ddlopi. | dthetthivd sobfamsil on

schene selected for use. [1009] Various aspects _and enbodj nents, of .the
i nventi on alBPWUISSEESPIRSE SFHMRLG (ONAMY B Fapgﬂlé"fnow.e e ‘EBS@ISMWGF THE

DRAWNGS 101er Hhe 3l WeBond 5, SALCH" Serifts thoRy %ﬁ%%bim&kﬁébﬁow df! hpecorre
nmore apparent from the detailed description set forth bel ow when taken in -
conj unct i onwietehs chandr mnthegpresance wifi axhesisi delayr spfreade n de thitvh (frcd)e frsquedent i f y

correspondi ?e%gns% férst%%gg %' Eier?v%g bvaws]gc{ &n the third chmneI.Mpulse response estimate and

may be used for detection and other purposes. The channel estimation may be tailored
to the specific staggered pilot transmission scheme selected for use.
[1009] Various aspects and embodiments of the invention are described in further detail

below.

BRIEF DESCRIPTION OF THE DRAWINGS

)101 0] The features and nature of the present invention will become more apparent from
the detailed description set forth below when taken in conjunction with the drawings in
which like reference characters identify correspondingly throughout and wherein:

1011} FIG. 1 shows an OFDM modulator for an OFDM system;

f1012] FIGS. 2A and 2D show a wireless channel with excess delay spread and its effective
channel, respectively;

[1013] FIGS. 2B and 2C show a sequence of received chips for the wireless channel;

[1014] FIG. 3 shows a subband structure that may be used for the OFDM system;

[1015] FIGS. 4A, 4B and 4C show a sampled channel for a wireless channel, its effective
channel, and its estimated channel with critical sampling, respectively;

[1016] FIGS. 5, 9A and 9B show three staggered pilot transmission schemes;



[1011] FIG 1 shows an OFDM nodul ator for an OFDM system [1012] FIGS. 2A
and 2D show a wirel ess channel with excess delay spread and its effective
channel, respectively; [1013] FIGS. 2B and 2C show a sequence of received
chips for 0 ¥EBess channel; [1014] FIG 3 shows a TEHHERE-HH38t ure
that may be used for the OFDM system [101%Y FIGS. 4A, 4B and 4C show a
sanpl ed channel for a wireless channel, its effective channel, and its
est i n|g0¥T} charmi6l 6 shéws & prddessafor Serivibi agnll chamet inmtey/respobdd 63tintdiEBased, 9A
and 9B show three staggered pil ot transm ssion _schenmes; WO 2005/ 076558
PCT/ US2004/ o thgstegsaref pratAransmession ssheag shevgy 8ddSsS5 or deriving a full

N . | ) ob t .
schentVI8Th ! RGP RRARSe SRR DERRSM chlthel Pipi AR et PN o "
chann@db19)npul FAGt 8Aphoseaesdtimmédchanfiél O over@GmpBlAg ahdwenawiogst i mat ed

channel w th aqver |ing and truncation; [10201 FIG 8B shows an esti mated
channﬁpz%th (ﬂérgégg‘?‘f’ﬁﬂl extInated ehaneel Fithpversampling and w9 ttencagipBins a process

for p rmn t.] ' ol t ar. | | t 1,SSi on
schenp Pl opof B 80 MwE R (hlBeL % paloritih Uekin®t ARABLEH folh e SBRRRYY
system andpildtitaghishbfoscletneshows a channel estimator. DETAI LED DESCRI PTI ON
fl t 1024] The word "exenpl ary" alluf used herein_toQ nmean "serving as an

exarrpp@,;z]i nst &Sl #HoWs g AcEYSSPPEY and alRmanad sHihs IRDM system; aid descri bed

her ei o34 " X8R & ¥howsSa & 1NeGESSarily to be construed as preferred or
advanpage]ous oVer o%&i!?er enbo ?rrents or designs. [10251 FIG 1 shows a bl ock
di agram of an OFDM nodul ator 100 for an OFDM system The data to be
transmtted is typically encoded and_inter | %aved enerate code bits,

to
whi ch are then mapped to nodJdPER .Riﬁmﬁgol meppi ng is perforge
by (L) oupi t he .code hits intp B-bit bingry values, where B > 1, and_
(2) rré[%’ﬁ]g bl ""‘B‘-ﬁbiei“’l%}ejD A 1?83§P]§?5%‘Bit?inee%aém’t8iaérﬁnsf§‘ﬁ% e, skage.dn a
modul ati on §keMFon(’e- diny Mhbodiment or design described herein as “exemplary” is not

necessarily to be construed as preferred or advantageous over other embodiments or
designs.

[1025] FIG. 1 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 > 1, 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 ~ / 7
period, one “transmit” symbol is sent on each of the Ng subbands. Each transmit ‘
symbol can be either a modulation symbol for pilot/data or a signal value of zero (i.e., a
“zero symbol”). An IFFT unit 110 performs an Ng-point IFFT on the Np transmit
symbols for the N total subbands in each OFDM symbol period and provides a
transformed symbol that contains Ny chips. The IFFT may be expressed as:

s=WyaS . Eq (1)

where § isan N; x1 vector of transmit symbols for the Nr subbands;
Wy, 18 an N x N, discrete Fourier transform (DFT) matrix;

s isan N; x1 vector of time-domain chips; and



PSK or MQAM where M= 2B ). Each nodul ation synbol is a conplex value in a
signal constellation corresponding to the nodul ati on schene. For each OFDM

synbol %nﬁ)g%,\@gpe ‘transm t” synbol is sent on each Of?‘éﬂﬁﬁl}’l&‘?‘ﬁ%gands'

Each trans yrrbol can be either a nodul ati on synbol ta or a
signal value of zero (i.e., a "zero synbol5). An IFFT unit 110 perforns an
NF-point I FFT on the NF transmt synbols for the NF total subbands in each
OFDM synbol per i 6§ “adrtiofss dhv ehmngate transpstor ned synmbol that contai ns NF

chips. The I FFT may be expressed as: WNFxXNF S E4 (1) s=, where Sis an N

x 1 vector dheDFINsairx BWTRolisdéforedisieh thit thellghandes entdNmx NFisiggvearasN. X NF
discrete Fourier transform (DFT) matrix; s is an NF x 1 Vector of

ti me-domai n chi ps; and WD 2005/ 076558 PCT/ US2004/ 040959 5 denotes t he

conj ugat e transpose. ThgtBFEEYmatri x WNFXNF i s defined such that the (n,m-th

entry, W', , is ghyeneas: "= JIx(ded x=dil) NM, andenNRl,... Ny} ,n = .. Eq\&} and
m={1 ... NF} , Eq (2) where nis a row index andlnlsacolunnlndex
VWHNFXNF is an inverse DFT matrix. [1026] A cyclic prefix generator 120

repeats a p%feqmscafm@qﬁabﬂmnﬁisoﬁmnﬁmﬁLnggb{s%rin@erge%ﬁfﬁﬁw' ng OFDM
synbol that contains Nc chips, where Nc =NF+NCcp~dnd Ncp Is the cyclic

pref i xad2engt h. A RGCIF ML ¥ERPAOPEID Rfledta piEiolbf @éch%hn%nﬁ&?ﬁ%ﬂo SO -

which'is chi p” periods.” The chips are conditioned and trarismtted via a
wi rel ess charmoskspopddig PFIPMGsynahal dhn wentaims @ecips mberaTpy 8 & HeNpoasENg10 of
a wreless channel wth excess delay spread. Channel inpulse response 210
i ncl udes twas ﬂapsrcmz:rdixdlengﬂ: f.An OFDM spmhbicl petibd is thet deration of ess OHRDMnNel .

Tap 212 has a f hl.and l.ocat ed t.tap index 1, Tap 214 has
a compl ex gd™M g‘g%ﬁ‘a’%ﬁ\}? §91POB%1°3’B a'thet chpry ﬁﬁeﬁ?‘ﬁ@ %ﬁlaE'li\ tragsmiied fig@ of
t he gycl | C RyildsXchmgt h Net. As used herein, "main channel” refers to the

portion of the channel inpulse response that is at or wwthin the cyclic
prefi X1028hgt h, 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 k; and is located
at tap index 1. Tap 214 has a complex gain of k. and is located at tap index N, which is
outside of the cyclic prefix length N,. 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 for tap 2141s N, =N, -N_.

[1028] FIG. 2B shows a sequence 220 of received chips for the wireless channel shown in
FIG. 2A. Received chip sequence 220 1s 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 s5; 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..

{1029} FIG. 2C shows the decomposition of received chip sequence 220 into different
components. Chip sequence 224 in FIG. 2B is replaced with (1) a chip sequence 226



"excess channel” refers to the portion of the channel i mpul se response t hat
is outside of the cyclic prefix length, and "excess" refers to the

di fference between the tap index of an excess channel and the cyclic
prefix | eRGH¥E68channel i npul se response 210, the NQF%’W%%W“? ncl udes
one tap 212, the excess channel includes o tap 214, and the excess for
tap 214 is Nex = Ne - Ncp . [1028] FIG 2B shows a sequence 220 of received
chips for tgmlemte;delbjessimﬂmwlvomﬁomf excesiti@nné&Aap Rb@arhthaﬁe dhrichipsaarece 220

I dc h 212 d 214 f
e wi rol seRLOROM skReF P Shp sebBafiEictesdoe 1 ot b amvions DEPM. chi p
sequence 222nanehai( e fp QéHh%ﬁééfijwfoFﬁieQa& BADSEhe E@Perd HFDM Sé/g'lb%peChlp

transmtted chip sequence and (2) a chip sequence 224 generat
convol vi ng sequenses 2haambl26 rgpresent the sequeneestthainsonld lhewb hémpresavmbfm@apsmher e

o oo or °t nel Dend e ik Bichp putticleRal e speiylong angsisp E0 & pototisus. { he
deconposi t i SR hafued CHERRvED sRcS BERMEHR A5, B %ﬁeﬁle&seﬁs mﬁ?}g%@%%tﬁ- Chi p

sequence 224 in FIG 2B is replaced with (1) a sequence
2005/ 0765580RCKY ﬂ&zemszl)del%%pr@dgeﬂbmasmeme 32&|remedeats ﬁmnleaitageiofnﬂlef

ohi b sequontiEvisss PEPV bl ishdnd ol STV shbelnand J5iBs) SOmeR 4F2) n
chi p sequenggerd@ihd] Hhtettientdi Cnpdqénct RSO %greteg%t m@%guﬂieelm e ifbular

sequences 222 and 226 represent the sequences been received
for taps 2dshvaindion and isfthe banreyof ln@r@rmrlmtﬂfmwﬂ@mdshmm&amuhmﬂ ong and

tap 2 i.s part of, the n. chann r e |S|snt t he case,
chip ééa ence é%t%?i’a'bﬁggieé&ee“ﬁ‘éf’ﬁ aﬁﬁgmtegc %3@9&5 %I%’fpéﬁssgfg?sead Chi p( \\)
sequence 228 represents the | eakage of the previous OFDM synbol into the' .

Cequence 230 1 epfoibh e e epanko  STRET et ar ™ convol ut B Cng | s

sequence 230 repre Fedrice to the cirdwl ar convol uti
the source of intercarrier interference (1Cl) and channel attenuation.

o chsan <] ALY PRI AR O RO R, .
an NP x 1 vector vl Lr RN, X0 (9 hlBsPRE YR Sy RN Sua©!

Wi (k) isa IxN,, vector with the first Nex elements of the k-th row of W -

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

generates the interference due to these last N chips on subband .
[1031] The noise power on each subband due to intersymbol interference can be expressed 7

as:
O =Es|B, " (N, /N, fork=1.N., Eq (4)

where E; is the transmit symbol energy, |4, |* is the power of the excess channel, and

o+, is the noise power due to ISI on each subband. As shown in equation (4), the ISI

noise power per subband is (1) proportional to the excess channel energy |4, {*, (2)

proportional to the excess Nex, which is indicative of the amount of leakage of the
previous OFDM symbol onto the current OFDM symbol, and (3) inversely related to the
number of total subbands since the total ISI noise power_is distributed over the Nr
subbands.



WNFXNF is an N. x NF matrix with the last Nix rows of WNFXNF ; and W1 XNex
(k) is alx N vector with the first Nex elenents of the k-th row of WNFXNF
The operation W NexxNF X generates an Nex x 1 vector XNex that contains

ihe | ast Ny 2683k0ps:9f the previous OFDM synbol. The nul t}p}l i f  XNex
wi th WLxNex(k) generates the interference due to these ?@Fgﬁb lﬁc)ﬂ?%s on

subband k. [1031] The noi se power on each siéibband due to intersymnbol
i nterference can be expressed  as;. 6;s,=Esih, 12(N~I NF), fork=l..NF, Eq(4)
wher e [H932] s 't h&hs paisg RPWersghBanh suhbang,due g dnisrcaner pateifergnec em heheorapuieds s

channel , anq?i@g%#éﬁ?ghg f&%&?smﬁ‘&%i%gﬁhg%@?%‘ subband. As shown

I n equation noi se “power per I'S proportional to the
excess channel energy | he 12, (2) proportional to the excess N. which is

i ndi cative of thesgnoEtrof -[(@Bkage) -ofNt hE . y1r.eviaus=P-DM_synbol o st he
current OFDM syrrboj , EE(J (3) inversely rel ated to the nufber of tota ;
subbands since the total ISl noise power is distributed over the NF

.subbands. WQ/RH9520 1662 HoREPEWERARAL WDSEGchkubtAd2] The noi se power on each

subband due to infercarrier interference can be conputed in simlar manner

as for1e3xer syFiG! 2D shew af Caffectiaeit claxpeleBrefdr 8% wireless channel shown in FIG.
"jc,=Eslhel Z-[ (Nf / NF) - ( N~/ N%g] fork=l NF, E9 (5) where o j.7 is the noise
power due t A CRefRGbicksioIndC, phipeiuames220 repspwnts the corttibutien dee to

channel 240 t I I QBHE%} L.y . Ref er r,i\n agk to
FIG 2C, chieff)‘%ssgqéti}g%%gé t%?lfie rese gﬁa? %ggﬁ{bﬁl %ﬁloageen?%éh)eggtisc P
channel tap s2debnc@330 Rpigsenisahe tdircecyCIGicduprioftha excesd Sgin€IN OTIgNJubtabsbL hi p

sequence 230 represents the source of 1Cl due to the excess channel. The
subt r act i on oPSEEPREPILANIP SEawTED 23@ derakie anthpin & sefugorp af theysignal powssder i on

f th [ . . ' ' d f
by schl i ng qein WHand CThisCREHRAKEAARTp plRhn oL R EIRARLY G5 SR RRAIF L "
shown in Fl Gap 24 v§fd etdrver (hanneIN 340As ishewH 48 F1GaRD2 bchivd Sfhnhfle2aonpl ex
gain of hi and a tap 216 having a conplex gain of h,-(I-N.,/N.). The

reduction i rinéladesgap D1 Dhavigpthe Lomplxadatvef Ajanthaap Al G hofing aRomplexi gin of
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.

[1034] A receiver performs channel estimation 1n 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.

}1035] FIG. 3 shows an exemplary subband structure that may be used for the. OFDM
system. The OFDM system has an overall system bandwidth of BW MHz, which is
partitioned into Ny orthogonal subbands using OFDM. Each subband has a bandwidth
of BW/N; MHz. For a specirally shaped OFDM system, only Ny of the Nf total

subbands are used for data/pilot transmission, where N, <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 Ny subbands may be used in the OFDM system.

[1036] FIG. 3 also shows an exemplary frequency division multiplex (FDM) pilot
transmission scheme 300. Np subbands are used for pilot fransmission and are referred
to as “pilot subbands”. To simplify computation for the channel estimate, Np may be

selected as a power of two, and the Np pilot subbands may be uniformly distributed



referred to as "channel attenuation"” and results from excess del ay spread
for tap 214. The anount of attenuation is related to the excess Nex.
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used for pilot transmssion and are referred to as "pilot subbands". To
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for subband k; p(Kk) |asse<t;1 | transmtted on subband k; HP (k) is a
channel gain estimate for pilot subband k, and r | K 1is a set of pilot
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estimate for Np uniformy

distributed pilot subbands may be formed as B, =[H,(1) H,(2) ... #,(N,)I", where
“T» denotes the transpose. If pilot symbols are not transmitted on any one of the Np
pilot subbands (e.g., for a spectrally shaped OFDM system), then extrapolation and/or
interpolation may be performed as necessary to obtain channel gain estimates for pilot

subbands without pilot transmission, Filtering may also be performed on the vectors

H, obtained for different OFDM symbol periods to improve the quality of the initial

P
frequency response estimate. ,~
[1038] The frequency response estimate for the Ny total subbands may be obtained based )

A

on the initial frequency response estimate H, using various techniques. For a least-

P
squares channel estimation technique, a least-squares impulse response estimate for the

wireless channel is first obtained as follows:

~

by, = W, B, | Eq (7)
where W,y ., i5an N, xN, DFT matrix for the Np pilot subbands; and
ﬁu, isan N, x1 vector for the least-squares impulse response estimate.

Equation (7) indicates that the maximum number of channel taps that can be estimated

is limited to the number of pilot subbands (i.e., N, =N;).



di stributed pilot subbands may be formed as Hp = [f p (1) Hp(2) ... ft,
(NP)]T , where " T" denotes the transpose. If pilot synbols are not
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PCT/ US2004/ 040959 9 [10391 The vector hNp can be post-processed, for
.exanple, by settipg taps w,th values less than a predeterm ned threshold to
zero, setting tapdsfoWihebaxcess channel to zero, and so on, as &g€8yi bed
bel ow. The vector hNp is then zero-padded to length'NF. The zero- padded
vector hNp is transfornmed with an NF-point FFT to obtain a vector HNp for

the final fwiegu@hcy [FEEpd@EE . esH(Ngje, as follows: RNp = WWFXNF hNp , Eq
(8 where H\p = [H(1) H(2) ... II(NF)]JT . [10401 FIG 4A shows a generic

| mpul {€0403sponFBGA4A showsa génerAt émpuled anpetse Llfefonal wirtlepudisandle Ciamaet 410
I ncl usﬂes (1). N, taps with indices of 1t r the main chanpel and
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which in genejg). §R% ngn 8r length of the excess channel and is greater than zero when excess
delay spread is present. Each tap has a complex gain of /;, which in general may be a
non-zero or zero value.

[1041] FIG. 4B shows an impulse response 420 for an effective channel for the wireless

channel in FIG. 4A. Channel impulse response 420 includes all of the taps of channel
impulse response 410. However, each of the L taps for the excess channel is scaled by a

scaling factor of @ =(1-N;/N;), where N; is the excess for the tap and N; =1 ... L.

The time span of the effective channel is equal to the time span of the wireless channel

} and is greater than the cyclic prefix length in the presence of excess delay spread. The
frequency response for the wireless channel can be obtained by performing an FFT on
impulse response 420 for the effective channel.

[1042] The channel impulse response for the effective channel can be estimated based on
the received pilot symbols, as shown in equations (6) and (7). The accuracy of the
channe] impulse response estimate is impacted by the number of pilot subbands.

[1043] For a cniticalty-sampled OFDM system, the number of pilot subbands is equal to the
cyclic prefix length (i.e., Np = N_ ). Since the number of pilot subbands determines the

maximum time span that can be estimated for the channel impulse response, up to Ng,

channel taps for indices of 1 through N, can be estimated for the cntically-sampled
system.



non-zero or zero value. [1041] FIG 4B shows an inpul se response 420 for an
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where H(k) is the actual channel gain for subband £;

hot

H_ (k) is the channel gain estimate for subband k with critical sampling; and

H,_ (k) is the error in the channel gain estimate for subband k.

For simplicity, channel gain error due to other noise is not shown in equation (9).

[1046] The channel gain error H, (k) can be expressed as: 7 7-)

N_k 1

Ja| =T -N_ -k

H_(kK)=2e & ZJ.Sm[f-ﬁE&—J-Hu(k), for k=1. N,, Eq(l0)
F

where H_ (k) is the complex gain for subband % due to the excess channel, which can

be obtained by performing an FFT on the excess channel taps. The channel gain error
H, (k) can be decomposed mto four parts. The factor of 2 immediately to the right of

the equal sign in equation (10) reflects the two sources of chanmel gain error: (1) the
inability to sample the excess channel and (2) the wrap around of the excess channel
onto the main channel The sine term comresponds to a sinusoidal having a frequency
determined by the ratio of N, over Nr. The total noise power for the channel gain

errors for all subbands may be expressed as:



[ 10451 If an FFT is perforned on channel inpulse response 430, then the
resul tant frequency response estimate for each subband can be expressed as:

Ham (k) rr (k) , for k =1 .. NF, Eq (9) where i s the
act ual chan?eﬁlﬁ&é%ﬁ?l for subband k, H (k) is the channel PSE’%S%WWe f or

subband k with critical sanpling; and HC .(kk) is the error in the channel
gain estimate for subband k. For sinplicity, channel gain error due to other
noi se i s not shown ip equatlon (& [104T1 hann ltgal n error He" (k)

can be expr ese@@k)a-sg(j(ﬂe\lﬂ(&){ +2, kl)[ ZortR] 1 Ne ridiNE = 1k.J RIGL (B (11) f or
k=1 .. NF , Eq(10) F J where (k) is the in for subband k due

to the excess channel, which can be obt ai ned by perform ng an FFT on the
excess_ channel _taps. The channel gain error He" H) can be deconposed into
four J49474. Thdhe aegml-teﬂoeeﬁmreﬂ%ﬁ@rew Tei1e HSNR)gHer srch t subbantiabagiem in
equation (19)(8;8@;‘{‘1«3&%15 the two sources of channel gain error: (1) the
inability to Sanple the excess channel and (2) the wap around of the excess
channel onto the main channel The sine term corresponds to a sinusoidal

havi ng a frequenc det erm ned byEL Ik atio of N., over NF. The total noise
power for the chaﬁlﬁ@d nds may be expressddg (33) WO
2005/ 0765. 58 PCT/U82004/ a9 0e(F) + 01 (9 e |

) c~(k) =El He" (k) I 2= ZZIHa(k)12 cos P fork=1 .. NF.Eq(ll) k=1 k=1 F JJ [1047]

The signal -t n0| s "ﬁ? |nt§rf§re&;}§$5ﬁr &l iu%eg %en}xalfg&seeau&:t er%gcl?ea om o e1pe

expressed as:
sources, receiver noise, and so on) and [[h]|? is the 2-norm of the effective chanmel

j impulse response. As shown in equation (12), the channel estimation error, ISI, and ICI
noise powers are all scaled by the signal power Es. These three noise terms thus
manifest as a noise floor for the SNR. The noise floor due to channel estimation error,
ISI, and ICI noise powers may be neglected if they are lower than the channel noise Nj.
However, this noise floor may limit the performance of the system if these noise powers
are higher than the channel noise Ny. The channel estimation error noise power may
dominate the ISI and ICI noise powers if the excess channel taps contain a significant
portion (e.g., 10% or more) of the total channel energy.

[1048] To mitigate the deleterious effects of excess delay spread on channel estimation
error and SNR, the number of pilot subbands may be increased. For an over-sampled
OFDM system, the “effective” number of pilot subbands (which is the number of

} different pilot subbands used for channel estimation) is greater than the cychic prefix
length (i.e., Npg > N ). H Npegr is sufficiently large so that the impulse response of the
wireless chamel (including the excess channel) does not exceed Np.y taps, then a
sufficient mumber of degrees of freedom is available to estimate all of the taps for the
wireless chamnel in the presence of excess delay spread.

[1049] Additional pilot subbands for oversampling may be obtained by various means. In
one pilet transmission scheme, Ny =N, >N_ and pilot symbols are transmitted on

all Np pilot subbands in each OFDM symbol period. To simplify computation, Np may
be selected to be a power of two (e.g., N, =2N_ ) and the Np pilot subbands may be

uniformly distributed across the N total subbands. Fewer subbands would be available

for data transmission for this pilot transmission scheme.



NO +Es [6e(k)+Q si(k)+o-,2cr(k)] where No is the channel noise (which

I ncl udes thermal noise, interference fromother sources, receiver noise,
and so on) and 11h 112 is the 2-norm of the effective channel i npul se
response. WRSHYRT S n equati on (12), the channel esti na@®C3AS2048#095¢ S| and
ICl  noise powers are all scaled by the signal power Es. These three noise
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received pilot symbols for the second set of N, pilot subbands used in OFDM symbol
period 7+1 (block 614). An Ng~point IFFT is performed on H , to obtain a channel

impulse response estimate b, with N, taps (block 616). An Ng—pomt IFFT is also

performed on H » o obtain another channel impulse response estimate h, with N, taps

(block 618). For scheme 500 with a repetition of two, the vector h, is repeated to -
obtain a vector ﬁ_’o of length N,z =2N_ (block 620). The vector _ﬁl is also repeated
but further phase adjusted to obtain a vector W, of léngth Nperr (also block 620). The
vectors ', and E, are then combined (e.g., filtered) to obtain a full channel impulse
response estimate ﬁNM with Npesr taps (block 622). The vector ﬁnm may be further
processed (e.g., to suppress noise) and is zero-filled to obtain a vector .ﬁ_n,, of length Ng

(block 624). An Np—point FFT is then performed on the vector ENP to obtain the final

frequency response esfimate ﬂ_NP for the N subbands, as shown in equation (8) (block

626).
[1052] FIG. 6 shows an embodiment whereby the channel estimates for the two sets of pilot

subbands are combined in the time domain. This is achieved by (1) deriving an initial



However, the Ncp pil ot subbands for odd OFDM synbol periods are staggered or
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frequency response estinmate for each set of pilot subbands (bl ocks 616 and

618) and (2)are@ibéxeesa@himiel.i The veztordhjainakb répeatéds@ith the repeated instance being

inverted, to obtain a vector El =[ﬁ, -_f;l]r . The vector _ﬁ_NM may be obtained by

summing the vectors h’, and b’,, as shown in FIG. 7. The vector ﬁNM may also be

obtained by filtering the vectors EO and b’ 1 » as described below.

~

[1054] The vector hy  represents the full channel impulse response estimate with

1

] Np.s =2-N_, taps and includes (1) a response 732 for the main channel, (2) a response

734 for the uncanceled portion of the wrap around excess channel, (3} a response 736
for the excess channel, and (4) a response 738 for the uncanceled portion of the main
chéﬁnel. Responses 734 and 738 may be due to various factors such as, for example,
changes in the wireless channel between the times that the vectors h, and b, are
obtained.

[1055] As shown in FIG. 7, the full channel impulse response (with Npesr taps) of the
wireless channel can be estimated based on two received OFDM symbols each

containing N, pilot subbands. If the wireless channel is relatively static over the two
OFDM symbols, then responses 734 and 738 may be small and the vector ngm is an

accurate full impulse response estimate of the wireless channel.



response estimates for the two sets of pilot subbands to obtain the full
channel inpulse response estimte (block 622). The initial frequency
channel r #’E%& ggsti mates for the two sets of pilot subbands may al so be
conbi ned 1M the ¥requency domain to obtain an i ntermediPATAISPUO4882 y
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| mpul se response estimate. [1053] FIG 7 illustrates the derivation of the
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h' 1=[ h1l - h1].{ sind ctyar. JANP tain sunmi ng..t v ors
h' 0 Eamd h_'lgﬁlegtsm% E‘g]\?n}‘%l%i r%poﬁl%s S&Hﬂ%@%@ﬁ of? %Rﬁ’gt?’f Bﬁa@“&@@%@ or}gg?i'ﬁ ed by
filtering t ' ' S ' kowa.y [ 1084] . The.vegct or
nNper {1 opr aamiet EplSe RePpRelimte B (RS SROEN BE YN ails TSR ST - 2
Ncp taps | RG] ( n f ' nnel., (2) a
response 7%%951‘5 odrTﬁt € ﬁrﬁcsg\égﬁéeﬁsgg? t%l?%%ﬁo Tt %&%ﬁ%%#ggﬂ%]pexs&rgép&@ﬁ%nnel :
(3) a respodidethugsuffdron ttuneatirceffest cinemthel excesscthariel RespeBfRANS dediBBerbed t he

uncancel ed portion of the main ch%ggel. Responses 734 and 738 may be due to
various factWr SHQUSHKTLIPss 1egponp 540 dogh At exparisnes #ran proped $ffeetanhbe A

' .hat: . . ' )
n FraL 7, SRt SiRho Koot Tol B 4P sRtch, schtfhe, 8 cRetifita b bySs =10

Wi rel ess cheamedl andmapde espriesmtiast based on two recei ved OFDM synbol s each
containing Ncp pilot subbands. If the wireless channel is relatively static
over the two OFDM s ol s, then responses 734 and 738 may be small and the
vect or hNPef f isHaﬂw();‘ggJﬂdig"t)e fqulf:EH’pNIFSG response estimte of tHall3)

wi rel ess channel. WD 2005/ 076. 558 PCT/ US2004/ 040959 14

[1058] The channel estimation error noise power for this scheme is on the order of the
excess channel energy and is approximately half of the noise power for the critically-
sampled case shown in equation (11). For the first tap selection scheme, the truncation
effect presents a noise floor for SNR but the wrap around effect is not present and does
not affect the noise floor. Thus, the noise floor for the first tap selection scheme is
lower than that for the critically-sampled case.

[1059] The first tap selection scheme also provides an “oversampling gain”, which is a )
reduction in noise resulting from zeroing out some of the taps. Since the last |

Npey — N, taps are set to zero, they do not introduce any noise and do not degrade the

final frequency response estimate ENF - If Npz =2N_, and the last N, taps are zeroed

out, then the noise is reduced by approximately 3 dB over the critically-sampled case.
[1060] FIG. 8B shows an impulse response 820 for an estimated channel for a second tap

selection scheme. For this scheme, all Npg taps for the full channel impulse response
estimate EN,,,, are used. Estimated channel impulse response 820 does not experience

truncation effect or wrap around effect since the excess chanuel response is properly
estimated with a sufficient number of pilot subbands. As a result, the channel

estimation error noise power for this scheme is approximately zero and the SNR does



[ 1056] The full channel inpul se response estimate hNPeff maybe used in
various nmanners to obtain the final frequency response estimte HNF . All
or sone of <l N hNPeff nmay be sel ected for use, 0 _jore of
the taps may g%/g‘@f%sto zero (i.e., zeroed out) to supprzjggnﬁg#@@%%gger al
tap selection schenes are descri bed bel ow. [31057] FIG 8A shows an inpul se
response 810 for an estimated channel for a first tap selection schene. For
thi s schene, natipbsenve grnaige flegrsdyer tor thegeetwentliiecih aHiosteyero Sinchallf N tapshaanel

' I ' . hNPef £ d the | . NPef f - . f
he. - oxceas SRamErLBREdR (s diBRanlily LR | RV eT bt b Bl

i npul se respeingded &€ thus suffers a truncation effect since the excess
channel response has been_zeroed_ out. However, inpulse response 810 does

not exip@llence Tapley Brmnripes fliectiectsahserved fnibs crtical pampling andrayershoplingi s
(o el 5t oL gy L TR PR B

channel estimatigon error noise power .for this scheme is on the order of the
excess chann@ianaeldrgylss fesponseapstimate Rt clae paiite Z8FO, tapd anaios dndienigsy thrball t he
critically- sanpled case shown in equation (11). For the first tap selection
scheme, the NeegitPiereopsedef f ect presents a noise floor for SNR but the wap
around effect is not present and does not affect the noise floor. Thus, the
noi se floor for the first tap selectionnF%?Fne is |lower than that for the
critically-sanpled case. [1059] The firs ap sel ection schene al so provides

an "oversaerl—r—ﬁg—ga‘rﬁ—M, Hh—+Ss—a—fretuet+—or—t+rahRetse—+esuht-hrg—From

zer oi ng out| so 1 he t dpSye.S t| W rap drounbef Trunationap O eersampling ¢
zero, .they [do g%tlﬁplrll{lgoduce glﬁ'@ér%g‘?se andEffet not [degEffdet t he fiGain
frequéncy resqpcnﬁje eSTI mage H .~ TT [NPefT="2ND and the tagt N, taps—are
zeroed outj, %__3( Wi de is reduced by yagpr oxifmat eyys 3 dB overng he
critically-jsanple ¢ . []10601 FIG 8B shows an]|inmpul se regponse 820 for an
estimated channel for. a sgcon p gel ectygon schene. r this s me, all
NPef f taps fo;tr}‘feﬁ r%ﬁ cranng?rgi@r.rpu! se Lgéggnse»m—es-t}r_{rsg-t_e_t 5 $ed.
Esti mated chanfdreti se [respdiese 820 doddo not ¢xperNence [trund¥ion

effect or wrap around efTecrt Since the eXCess channet Tesponse s properly

estimated with a sufficient nunber of pilot subbands. As a result, the

channdil062ist i mhe dirsteandosecomd tp qeiation fscienidsi sslest tapsen iasdddrpfinixtidraiaghet. zer o

and the SKR ’?'l?eetgp selection may also be performed in other manners, some of which are described
below.

[1063] In a third tap selection scheme, “thresholding” is used to select channel taps with
sufficient energy and to zero out channel taps with low energy. Channel taps with low
energy are likely due to noise rather than signal energy. A threshold may be used to

) determine whether or not a given channel tap has sufficient energy and should be
retained. The threshold may be computed based on various factors and in various
manners. The threshold may be a relative value (i.e., dependent on the measured
channe! response) or an absolute value (i.e., not dependent on the measured channel
response). A relative threshold may be computed based on the (e.g., total or average)
energy of the channel impulse response estimate. The use of the relative threshold
ensures that (1) the thresholding is not dependent on variations in the received energy
and (2) the channel taps that are present but having low signal energy are not zeroed
out. An absolute threshold may be computed based on the noise at the receiver, the
lowest energy expected for the received pilot symbols, and so on. The use of the

absolute threshold forces the channel taps to meet some minimum value in order to be

selected for use. The threshold may also be computed based on a combination of



WD 2005/ 076555 PCT/ US2004/ 040959 15 not observe a noise floor due to these
two effects. However, since all Npeff taps are wused, no reduction in noise
(i.e., no,Qver ling gain) is achieved over the critically- sanpled case.

[ 1061] Tagﬁ)eﬁ)ﬁ%rgﬁ?ari zes the effects observed for the d’qut"%/ A44/0493981 i ng and
oversanpling cases. A "yes' in the Truncatg colum indicates that the | ast
Np 5 -N1, taps of the full channel inpulse response estinate hPeff are set
to zero, anfcters weed fondilaieemdt dbaslutel threshipldf.f Foapsamaple, tieairesholdl ayl be
Sanpling Truncate Wap Around Truncati on ersanpling Effect Effect Gain
Critical SdopPUy Pasgdon §eRBTEY(‘I%F‘E?Fﬁ@ﬁ%{WPW%F%ﬂﬁeiﬁB%%ﬁF&?ers
(NPef f> Neﬂ)onHPaiﬁ\%: e Nqualltd 8P gkatli fhah hf‘gﬁéde?e?ﬁir?e%%&nﬁ:ﬂ%ﬁﬁ! ection schemes
select taps In a determ’'nistic nmanner. e tap selection nay al so be
per f ¢1064d i n Fhbeahreskoldingsmag drepaformieidcin amrdowdememedred Inbehothreflihéiag | n a
third tap selection schene, "thresholding” is used to select channel taps

wi th suf fishene. bpdiugsholding ioperimaed afer therinecation el thetlast! Nwxenti,gieps
Channel taps with low energy are likely due to noise rather than signal
energy. A t#dsBmoberspEgssikasised to determ ne whether or not a given channel
tap has sufficient energy and should be retained. The threshold may be
conput ed based on various factors and in various manners. The threshold may

be a rel ative vakue ei . dor liﬁéﬁeﬁdent on_t he asured channel respon or
k o ot.gependgﬁ{l(_)h 't'ﬁggrreasured channel r%‘b@gie). A

T
an absol ute val u& {1 se.,.n
éh uted based on the (e.g., total or average)

relative threshold h'y-
energy of the channel inpulse response estinmate. The use of the relative
threshold ensures that (1) the thresholding is not dependent on variations
in the receViea &nisthgy-th clement/tap in by, ”\
{h.|? is the energy of the i-th tap, N

E,, is the threshold used to zero out low energy taps.

The threshold may be defined, for example, based on the energy of the N, taps for the

main channel as follows: E, =ad,,-||_l_'i1.,MT I?

, where ||By _|I* is the main channel
energy (after truncation) and @,, is a coefficient. The coefficient o, may be selected

based on a trade off between noise suppression and signal deletion. A higher value for

a,, provides more noise suppression but also increases the likelihood of a low energy

tap being zeroed out. The coefficient @, may be a value within a range of 0 to 1/N_,

(e.g., @, =0.1/N_). ' f )
[1065] In another thresholding scheme, the thresholding is performed on all Npe elements

of ﬁnw (i.e., without truncation) using a singie threshold, similar to that shown in

equation (14). In yet another thresholding scheme, the thresholding is performed on all

Npesr elements of ﬁNM using multiple thresholdsl. For example, a first threshold may be

used for the first Nep taps in .ﬁnm for the main channel, and a second threshold may be

used for the last Ny — N tapsin ﬁNM for the excess channel. The second threshold
may be set lower than the first threshold. In yet another thresholding scheme, the
thresholding is performed on only the last N, — N taps in fl_NM and not on the first



and (2) the channel taps that are present but having | ow signal energy are
not zeroed out. An absolute threshold nay be conputed based on the noise at

t he recei VvQig 20bder¢sisgowest energy expected for the receiv ' ol s,
and so on. The use\of the absolute threshold forces the c@ngﬁg‘f”‘?‘!?g;s) to

meet some minimumvalue in order to be selkBcted for use. The threshold may
al so be conputed based on a conbination of WO 2005/ 076558 PCT/ US2004/ 040959
16 factors uNedamser Thecthzesholdingmawbs prmemnad-p et manmerip and shispd withintthe

t hreshol d > based on the energy of the channel inpul se
response egﬁéléﬁg%%ftg%w&? ier constrained to be equal to or greater than a

pr edet[goédlned Mhrdsholdingdl well shitédGdt a heldsheiesnel Whtvg “spysebesupR bf @WREs:
various manners. I n one thresholding scheme, the threshol ding is perfornmed
after the tréneeling micreellylachroagsastisysicay A aparse aritclesa\chpanel kpy mweedf as: -

12 0 for | hi.< = = 4 hi otherw se re h,
is the i-th eféﬂ%en e} f'.]geﬁ ﬁgﬁﬁa{ér?tfémﬁ;fe%g Ss’ E%%]{ i:}].%?ows[;ﬁnd?ﬁ% &re %‘\’\4@% }
Emis the thigshebth wikd differar propagationlebiyer Qysphie chatkt® indMids Tow digmay be
defined, for exanpl based on the energy. of the chbt aps for the namin

channel as fRﬁﬂlSoWe‘h@lkﬁb therlelay sprgadeliei, time diffesense) befween fthase signak pathsrai n
h | t] vl fficient. Th fficient
ath mmy be ShPLbedget, T BoRobfboRitlede ik 8 ARSI R BGc R

si gnal del etiegged ott.hi gher value for ath provides nore noi se suppression but
al so increases_the |ikelihood of a | ow energy tap being zeroed out. The

coef f ildP&Ht at Bt Faty bseshowmitha syter peformange ey (ber mprovadysigraBsatly nby
anot her threshol di schene, t threshol ding i s perf.orne n all Npeff
el en‘egt s of°"ﬁﬁﬁ8’P?‘g% i“.“E]. Pt fﬁfwt rqu ?’P%ﬁ? cﬁ@ﬁ’h‘&tlgnﬂlﬂb&g“‘iaﬁp’éﬁ&%,
simlar to that..sho in equati 4). In yet anqQther threshol ding schene,
t he threshol%?tn]ﬁhtfs"vﬁert%?H%H‘ad%ﬁ?ﬁlal(l%"‘)ﬁbB?‘FeﬁP@ﬁﬁh @'E?}:recwéhqu und

multiple t hre e@? isdnsdt pfé’s%me%‘n%”& Boisé re];du{:t%n lt]fg ’?osggelzrgamnﬁ%gbgean. Oversampling

without truncation removes the noise floor due to wrap around and truncation effects
but does not provide oversampling gain. Oversampling in combination with
thresholding (with or without truncation) can provide further improvement in certain
scenarios. Truncation and/or thresholding may also be disabled or enabled based on the
detected delay spread. For example, if the excess delay spread condition is detected
(e.g., by performing correlation on the received chips), then truncation may be disabled
and thresholding may be enabled or disabled. In any case, oversampling allows the
receiver to obtain the full channel impulse response estimate, which can provide a more

} accurate channel estimate and improve system performance. In general, the amount of
improvement with oversammpling increases as the amount of energy in the excess
channel increases.

[1068] FIG. 5 shows an exemplary staggered pilot transmission scheme with two sets of
interlaced pilot subbands. Various other pilot transmission schemes may also be used to
obtain the necessary effective number of pilot subbands for oversampling.

[1069] FIG. 9A shows a staggered pilot transmission scheme 910 with four different sets of
pilot subbands. Each of the four sets includes Npy pilot subbands. To simplify
computation, Npg, may be selected to be a power of two, and the Npg, pilot subbands in
each set may be uniformly distributed across the Np total subbands such that

consecutive pilot subbands in each set are spaced apart by N;/N,, subbands. For

example, Nps, may be equal to N, Ncp /2, and so on. The pilot subbands in the four



used for the first Ncp taps in hNPeff for the main channel, and a second
threshold may be used for the last NPeff - Ncp taps in hNPeff for the
excess channel . The second threshold nay be set |ower than the first

t hr eshol d¥Q A%%87653hot her threshol di ng schene, the thr RFHPSROMIH0L9
performed on only the last NPeff -N3, tapsign hNPeff and not on the first WO
2005/ 076558 PCT/ US2004/ 040959 17 Ncp taps. The threshol di ng nay be

per formed i setofeedisomimterhicsd imadomibilike sruviutd)ian shéven s FOHLOAS THadfomnyigiat i on.
[ 1066] ThresuPog’l ding is well fﬁuiéﬁﬂ&{:or a.wre|less channel that is "sparse",
such as a wHPRRRLEET FRISFLI foFr sYnRol perigdsy fos examplesin thy exderghopmdpar se
W rel ess ChPﬁE‘.QJAB‘%%arﬁiﬁgreﬁfordEﬁe channel energy concentrated in a few taps.
Each tap corresponds to a resolvable signal path with a different

pr opad@idlon delimyrecéived pilst spinholn dor ithec fomd esstsf efvpRotgnilbandsainag bevesed tihough

the delay spread (i.e.,. tine difference etween these signal] paths may be

| ar ge. T%e ?%fwsélgﬂnpé"s"’@ﬁ&'?%g]te@hﬂ)ég?gl’ cﬁﬂfﬁ‘\-gﬁ%%‘flﬁﬁsg‘%né%ﬁ#t‘nﬁ’gﬁ ﬂ&.e%@h %e

zer oed out . NpLORNL, bt 4RAN obs RMMIndd Wike ot g TR TR AifiodiBor s RE-OV e
y by t

si gni ficant oversanpl rng w Npeff > Ncp. rsa INg 1 n conblnation

Wit h truncapilevsubbaridnsets. | As¢habififopulse pespomsesestiingiel sfetength) Ng, l-omey. fayse
floor in SNR because the wap around effect is not present and (ﬁt) noi se
reducti on dbeobtained by<EnpErfompingpamNeCpens Bl omihe Nyt racaited pilon sghbadnfarenoves
the noise floor due to wap around and truncation effects, but does not
provi de overadrPFPNysygatiol pedod tosebtpinian dmpwise taspomsatesiamaiai by of kngdhelgi ng
(with or without truncation) can provide further inprovenent in certain

scenari os. )ussatingtheitiulic lehymss edtbihang hyy omdesmdnrjbtiagiteashase opatrhl ed
based on the get ected del ay spread. For exanple, if %he gelxce?gls del ay spréa

diti ' . 1m | at i . iyed
chi ps) + t e T RRE S8 TRy & fercasity RO BETDRGRR BEuneroil (6 nbOin BEAAC, o
Channel 1 rmpBRet} EERH BOOURE RUR, Ry il 0D PBYPLE o mor PR R

channel estimate and i nprove system performance. I n general, the ampunt of
i mpr ovement TSAPPIFCSaly IlF"i‘@ﬁiIﬁM_ %ﬁﬁé’%m]?y& REFEPgpSian Nive
excess

¢ haggﬁlt FET o1 %feel%ésb received pilot symbols for each OFDM symbol period to obtain

the impulse response estimate QNM , (2) repeating the impulse response estimate EN,,,.,
three times and adjusting the phases of each instance of ENM as necessary o obtain a
vector _]’_i_'m& , and (3) updating the full channel impulse response estimate ﬁNM with

the vector im,,. . The phase adjustment is dependent on the number of pilot subband

sets and the pilot subbands in each set. 7

[1071] F1G. 9B shows a staggered pilot transmission scheme 920 with three different sets
of pilot subbands. The first set includes 2Npg, pilot subbands, and the second and third
sets each include Npg, pilot subbands. To simplify computation, Npg, may be selected to
be a power of two, and the Npg, or ZNpg, pilot subbands in each set may be uniformly
distributed across the Ny total subbands. The pilot subbands in the three sets are also
interlaced in a comb-like structure, as shown in FIG. 9B. The three pilot subband sets
may be used in three OFDM symbol pentods, for example, in the order shown in FIG.
9B or in a different order.

[(1072] In general, a staggered pilot transmission scheme uses different sets of pilot
subbands for different OFDM symbol periods, and the effective number of pilot

subbands is equal to the number of different subbands used for pilot transmission. Any



[1068] FIG 5 shows an exenplary staggered pilot transm ssion schene with
two sets of interlaced pilot subbands. Various other pilot transm ssion
schemes may oo R&sUsed to obtain the necessary effecti | pi | ot
subbands for ‘oversanpling. [1069] FIG 9A shows a stagge?égnﬂ%@ng
transm ssion schene 910 with four differentl9ets of pilot subbands. Each of

the four sets includes NPsb pil ot subbands. To sinplify conputation, NPsb
may be sel ecti@tber gl pylot suihgnd petg foraaRetiighs) maybenyssd p A kighes aensiien generalliach

set may be %hfe%’;{omg% B‘ﬂ% %%gﬁbxb%@&‘iv%cduﬁﬁﬁr wgﬂmabgs,gdéa%ab@%mgggh@ggg ands.

consecutive pil S I1n each set are space
For exanpl estiNBSdn delyy. Henrdgrmdre; ayNopnbeNop pil@, subbahds enarbe tsbé fgpidach set,

subbands in tge four WO 2005/ 076558 PCT/ Uﬁ2004/ 040959 I8b%ﬁ%s g{]e al so
i nterlaced iMdahecis- Mek dndnge, ey pane 8 dHeRGRt Pimpere; ofosubbands. 1 Yumapibeot

subband set | : [ f I ' or der
Sadfhfa §Qitdn6y§iéélth§?ﬁDMd5¥mﬁht ﬁg%flt s9Bols! S aég%iiggg% Re 33191

shown in FIG 9A 0 erent order. 0701 The re synbol s
for the foursubldnsls ef pgsibl Hovixdyendalynaymiénusbet dfife.gy &) )cubbamdnmensed

h | ti ti A ch | | ti t fol th Npsb,

2NPsb. or  419ea ORI s penordkin Gaeia ook RoLWeRIRdd pil ot synbol s for

a2 : Her ! _
esedimf f Pi F&. S0RERY ég;&esﬁlmwbea{amﬂg%?mp%aﬁﬁgﬂ gﬁlﬁ{n —_—

| engt = 2NPsb, may e obtained by (1) perform ng an
on the Npsb stappeted quilopitianimissionh etlsercor Ingalth aOBDNp ofmeotivak piladsymboddbisai N an

b ponse. colthiNe RKiBoB! ShERCCIDHRSE oy DS TREGision 8 b St QR of
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vector h'4NPsb. The phase adj ustnent. i s, dependent on the_nunber of ;l)i | ot
subband  setchapnel ppriseerRAnsS esmAte S (phisagpastedance or possibly more times (block

1018). Each instance of (%) is appropriately adjusted, for example, in phase based on

the particular pilot subbands used in the current OFDM symbol period n (also block
1018). The output of block 1018 is an extended channel impulse response estimate
E (n) with more taps than ﬁ(n) .

[1074] The full channel impulse response estimate ﬁNM (n) for the cwrrent OFDM symbol

period 7 is then updated based on h'(n) (block 1020). The updating of _ﬁNM (n) may

be performed in various manners depending on (1) the staggered pilot transmission
scheme selected for use, (2) whether or not filtering is performed, and (3) possibly other

factors. For example, if filtering is not performed and pilot transmission scheme 500

shown in FIG. 5 is used, then by _(#) may be set to h'(n) for an odd-numbered
OFDM symbol period and computed as hy, () =[h, _ (1—1)+h!(n)}/2 for an even-
pumbered OFDM symbol period. Filtering of 0'(n) to obtain by, (n) is described
below. The full channel impulse response estimate ii_NM (n) may further be processed

(e.g., truncated, threshold, and so on) and zero-filled to obtain a vector ENF (n) of length



[1071] FIG 9B shows a staggered pilot transm ssion scheme 920 with three
different sets of pilot subbands. The first set includes 2NPsb pil ot
subbands,?@&g‘){’%?sg cond and third sets each include Npsb pil ot subbands.
To sinpli Y’ CORPUTALi on, Npsb may be selected to be a SHHHIB? and the
Npsb or 2Npb pil ot subbands in each set mag0be uniformy distributed across
the NF total subbands. The pilot subbands in the three sets are also

i nterl aced Np(soclond2d)i ke fhkr fequimey r@posseastimate Al Gn)9Br thehaurichf DR | ot
subband sets may be used in three OFDM synbol peribds, for exanple, in the

order showngy . h i - 7 rat,

st agger ed p?)ing?tdf{p %%%ﬁ%s@%ﬁ%‘?ﬁgjﬁgﬁfﬂgg &?% g gnré&%e%%pog% %:ﬁ ot £%FLS’@Dands
for differemioddFidasy b Qfl%m i j

subbands is(bg%]ual t42' {ﬁggékﬁ%%r of g%??%‘e?%ﬁiﬁﬁdgrég use f(glfDlgfl %)glﬁbd

t ransmi ssi operio@mr WhBn2ao piloTSaISIPEE f4d82004/ 040959 19 nunber of pil ot
subband sets (or repetitions) may be used. A higher repetition generally
cor r ddft¥ids t rsanhieghahovef thec full shannebampulse pesponse eitimatdshandnalmay el onger
channel estimation delay. Furthernore, any nunber of pilot subbands nay be

used for eaghtaimed by idedng Bn3 eFer BRnple)dl A6 )t fagy 58BBaRied Witk EFRMiltpwDer s

P

of subbands. It may be advantageous to cy€le through and transmit pil ot
synbol s on agloeny of the NF total subbands as possible. However, only a
smal | nunber of (e.g., Non) subbands are used in each OFDM synbol period in
order to reduce pilot overhead. [10731 FIG 10 shows a process 1000 for

perform ng channel i ion,for, a given staggered pilot transmss
schenme. Initiall ;ng%é)"r", c"&?-('f'e eved pilot synbols is obtained é‘bhgg set

of pilot subbands used fof pilot transm ssion in the current OFDM synbol N
period n (block 1012). An initial frequency response estimate HP (n) is )

deri ved f%hr:ﬁee%eisodJréetor%ﬁ;tmﬁéoaﬁa%&s%meﬁﬁ&@@'elv;%gdpi'Ot symbol s (bl ock

1014). An initial” channel inpulse response estinm n) is then derived

based on (e.g., Q?’aﬁ@ QFhE imePék tdtd I tROFIK ARed. Ni ti al frequency response
estimate HP(n) (block 1016). The initial channel inpulse response estinmate

h(n) is repgated on r -possj bl ti | ogk. 1018). Each instance of
h(n) is app %Pi%@&@dﬁ&t%fiof%iaﬁﬁ@e &ﬁcﬁaa@@“ﬁ’é etFSBypse tggiamate

ticul il bband dinth t DM synbol i,od n {al
E?{)CLCU ar %Nmoéz) S5 v?tgg}?te&l %&m olfnthe e)?tegcilerdrc%gnne impulssg resgons%eegiir%atesn _I;(:(?:)SO

for L, prior and the current OFDM symbol periods. For a non-causal FIR filter, Z, 21,

L, 21, and the filtered frequency response estimate ﬁNM (n) is a weighted sum of the

extended channel mpulse response estimates ilj(n) for L, prior, the current, and L,

future OFDM symbol periods. Buffering of L, received OFDM symbols is needed to _

implement the non-causal FIR filter. | [~)
[1076] The coefficients for the FIR filter may be selected in various manners. The

L +L,+1 vectors ¢; for the L, + L, +1 taps of the FIR filter are selected to obtain the

desired filtering charactenistics (e.g., filter bandwidth and roll-off). The Nper

coefficients for each vector ¢; may also be selected in vanous manmers. In one

embodiment, the Npesr coefficients in the vector ¢; for each FIR filter tap are all set to

the same value. In another embodiment, the first N, coefficients (for the main channel)

in the vector ¢, for each FIR filter tap are set to one value, and the remaining

Np.q — N, coefficients are set to another value. In general, equal or different weights

may be used for the Ny coefficients in each vector ¢;.



1018). The out put of bl ock 1018 is an extended channel inpulse response
estimate h'(n) with nore taps than h(n). [1074] The full channel i npul se
response i Peff(n) for the current OFDM synbol Lod. n S then
updat ed bg‘?te) dﬁ(ﬁlﬁ%g) (bl ock 1020). The updating of hNPe??Wr%w#Q&?b;"be
performed in various nmanners dependi ng on (i) the staggered pil ot

transm ssion scheme selected for use, (2) whether or not filtering is

per f or[k@27] andThS fulpdsminkl ynpodseeespofigotstmate hgr (eX amgyl aso bé obthinb@ Wihari S not
performed and pilot transm ssion schenme 500 shown in FIG 5 is used, then
hNPef f (n) nmeljR Idtesastiollowh' (n) for an odd- nunbered OFDM synbol period and
conput ed as hNPeff (n) = [hNPeff (n -1) + h'(n)] / 2 for an even- nunbered
OFDM synbol period. Filtering of h'(n) to,obtain hNPeff(n) is described

bel ow. The ful | chapfEl={imw) de;, s @spPdrmge - BEi mat e hNPeff (n) nmay f Bot(h&r be
processed (e.g., truncated, threshold, and so on) and zero-filled to obtain
~a vector hNF (n) of length WO 2005/ 076558 PCT/ US2004/ 040959 20 NF (bl ock
1022) . A fi rvelteré rgisentmpercongtenisier &t filbaring. HRE tijnef omstahie op unayebs seledbbd
synbol period is is then derived based on _the channel inpulse response

esti mat e hNaged on the charrctansticy (c. 1) ehREengotime) of; theylirclesdhanmgl. be per f or ned
‘for each OFDM ,s%nbol_ eriod or whenever pilot synmbols are received. 110751
As notlt¥8lhov e Ihe Hatigl fraquencyFasRonsftimsats %aéfﬂbﬁ@ op the; finnl &reAngey respamsenay be
obtained by filtering h'(n). For exanple, hNPeff (n) may be obtained with a
FIR filter astimhisl HoWs) niay aldo be, filfergd-to wbtaithhigheriguakty. (15) where ci is a

vector with Npeff coefficients for FIRfilter tap i ; and L, and L2 are the
tine qxem@pts offhé Bﬁal"_ﬂ'daufeﬁdyt@éponf@ésﬁﬁlaiﬁgﬁa%g%@ bé lide@for detechiofl to keboverl. and
the filtered frequency response estimate hNPeff (n) is a weighted sum of

t he ektendedne hamngited wgﬁﬁbﬁﬁs'm@&@eieéd Sy 8 For dadh subtahnd vy Vel Rpreaftd t he
current OFDM synbol periods. For a non-causal FIRfilter, L, "> 1, L2 1, and

the filteredisfrequency response estinmate hNPeff (n) is a weighted sum of the
ext ended channel inpul se response estimates h'(n) for L2 prior, the current,

and L, Y(k) = E, -B(k)-S()+ N(k) , for k=1..N,, Eq (17)

where S(k) is the transmit symbol for subband £;

H(k) is the channel gain estimate for subband k;
N(k) is the noise observed for subband k; and
Y (k) 1is the received symbol for subband £.

[1080] The detection may be performed as follows:

) Y(k)

S(k)=zr—(~];)-=S(k)+N’(k) , forkek, , Eq (18)

where S‘(k) is a detected symbol on subband k;
N'(k) 1s the post-processed noise on subband k; and

K, is a set of subbands used for data transmission (i.e., the data subbands).

The operation in equation (18) is commonly referred to as equalization and is typically

used for an uncoded system. Alternatively, the detection may be performed as:

S(k)=Y({F)H" (k) =S(k)+ N"(k) , for keK, , Eq (19)



future OFDM synbol periods. Buffering of L, received OFDM synbol s i s needed
to inplenment the non-causal FIR filter. I) [10761 The coefficients for the
FIR filter. may_be selected in various nmanners. The L, +L2 +1 vectors c; for
the L, +L¥O2PPU58 of the FIRfilter are selected to oRGHPSPORENMNNS| 1 ed
filtering characteristics (e.g., filter bapgw dth and roll-off). The Npeff
coefficients for each vector c; nmay also be selected in various nmanners. In
one enbodi whate, “ t*he¢ Haefids deetdmplerntonjgatet heTheesp@btich i Gquaash (FHRsf i | ter
tap are all set to ﬁéhe sanme val ue,. I n anqther. epbodi ment, the first Ncp
coeffi ci ent SOPPERIYIRETed i\ amaished fltering apd s (ypicelly used fopp colediFYHER- fi | t er
tap t t A Wk & ecm%r, ' f 11Gk are
set ﬂ'}ﬁg ot he&l\%ﬁaeﬁbﬁﬁagener%%?@qua mgg&éip%rlgﬂ? mm%?é%ﬁjgﬂlr%g§6§£eﬁlgsed

for the NpeOFDMefdtemi éht theidowadink, at@ctess point 1 WD, 200mMAGIHY data processor

PCT/ US2004/ 010959 . 21 [1077] The ful] channqgl i n‘i)ul Se respognse estimate
hNPef f (n) Half Eceyehdopputs: srdgswinfarieayss, pnmadpiates G- rsymbelygnaps) traific
hNPef f (n) =( %5 : {I\ﬁ% . nbE 4 ‘ r I8 a ati Ppgnst ant
for the fil t‘]'hétfi ?%%15 hee%iﬁr}gd@g%%?tgﬁng@, @gysg%@yée?gg%t %&ﬁb%ggédp%ln t he

char act eri shiodslafoe. §120 cedeivesnthe tataegymifols edwpiletl epabaikapeadbrms] OFTN The

response | GBURHEHER ARAEPARJOLITY baTd PrOBHesE £E<wb 08 OF I qetboi abiaty.
1001, T S SRRSO B T OOl b

detection to recover the transmtte ata sy
each subbangdreawy then thepeyedis quiefiadengtt( ki)e.,~NEg HMNQ)S(k pchiéve) overdamiplingl A. N,

Eq(17) wh S(. ' 1t synbgl f bband k _H is the.ch I

oo ] 1L gt s e b e
Y(k) is th ' : 0 : t.ect ] L
ML) el ohF S eSuhg g bani Il SRty ks

upconverts) the analog signals to generate a downlink signal, and transmits the signal

via an antenna 1124 to the terminals.

[1082] 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.

[1083] FIG. 12 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 1o the frequency domain
using an Ng-point FFT and obtains Nr received symbols for the Ny 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 fI_N?,dn

* for the downlink from processor 1170, performs detection on the received data symbols
to obtain detected symbols (which are estimates of the transmitted data symbols), and
provides the detected symbols to an RX data processor 1158.

[1084] Processor 1170 includes a channel estimator 1220 that obtains the received pilot
symbols and performs channel estimation as described above. Within channel estimator
1220, a pilot detector 1222 removes the modulation on the received pilot symbols and

may perform extrapolation and/or interpolation as necessary to obtain an initial
frequency response estimate 3 4n With channel gain estimates for Ny, umiformly

distributed subbands in each OFDM symbol period. An IFFT unit 1224 performs an



Eq (18) where S(k) is a detected synbol on subband k; N (k) is the

post - processed noi se on subband k, and Kd is a set of subbands used for data
t ransm ssi @iy Hobs/@ressgt e data subbands). The operation in % bARGolS) 1S
commonly referred to as equalization and is typically use 6r an uncoded
system Alternatively, the detection may be3perforned as:

S(K)=Y(k)H ( di% =S( k&:l\_tﬂ%é for kekKd , Eq(19) WO 2005/ 076558

PCT/ US2004/ GEB$ ) frequeney Tesaerﬁ@t@entattewdaht@n&cmph@mwe IT$poDSe
operation in equation (19 commonly referred to as matched fjltering and
is typicall fsﬂél'é Mdnawl%oig@ EP%t ehrerefiign PitF 7é6 IPPe’stﬁdbt% ChalﬁlebéfRP‘HFeagr am
of an access % int 1100 and a termnal 1150 in.t system On eh
downl i nk, at™POBES: ESUTHIn A TAgRY, 1Ry pPHASIRTATY By et Bsoph as&fiéac

recei ves, fqﬁgfgﬁc%qfﬁ&‘a% mmlﬁ&aﬂeﬂmtﬂmﬁeﬁhwoﬁﬁnﬁ s dEfilt iﬁ%h%ﬁgﬁg,)

traffic data and provides nodul ation synmbols (or sinply ata sy
An OFDM nodwuitak236 and poovides @i full charel mamlsesrysmo*p‘cseﬂxmt@l Adhresl;aitbaini;zero-

per fornms OFDM, .nodul.a descri . for. .Fl , d i.des a _stream of
OFDM synbol PRdHng it i%ﬁﬂat@c“a}se feshiiner e @nitiedy s ab radier o e
effectlve nunber of p|| bban t han.t he cy efix length
(i o, Npef fegioRdhy N og’érFl’Zr?ﬂg 3526% t%f?&‘???tﬂtleﬁtﬂflﬁf‘ 1122
recei ves and. converts the stream of OFDM synbol s.into one or nore anal og
signal's, conBliyi énebtgia the fin ﬁ?ﬂ?ﬁffl%sesp‘t’lﬂﬂeteé%fﬂeaﬂdﬂt Ferthe Nrpubbasdofv dhe s)

t he anal 0g Si gnal s to generate a downlink signal, and transmts the signal
via an ante Mb4 to the terninals. [ 10821 At term' nal 1150, an antenna

1152 gesshves n o

ooai JEOREY Rl Balto TIENT, RK RSP LISEHERERRALNE, bl
anpl i fi es, adethapr)e deiatetleavts)vand dea@ides fhet Meatﬁl:eym’mls 3o geddver thegtrﬁnsin@tﬁed he
condltloned salfgnal and provi.des recel\%%c1 fiLﬁ))g to an. OFDM denodul at or 1156.

[ 10831I FI G tflicdafils 1hE PEIRSERE R PTHM ddPGerd R¥ daa procgsser Négpr ef i x
t; An
EET i ¢ 11 OTRHRARAAR, xSk Fop ORI AARGRECH1ICRATR S Mot

frequency dotiﬂl)mespectwely, at access point 1100.
{1086] On the uphnk, 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 (Ny,) for the uplink
may be the same or different from the number of pilot subbands (Ngp) for the downlink.
Moreover, the same or different (e.g., staggening) 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.

[1087] At access point 1100, the uplink signal from terminal 1150 is received by antenna
1124 and processed by a receiver unit 1142 to obtain received chips. An OFDM
demodulator 1144 then processes the received chips and provides received pilot
symbols and detected symbols for the uplink. An RX data processor 1146 processes the
detected symbols to recover the traffic data transmitted by termunal 1150.

[1088]  Processor 1130 performs channe] estimation for each terminal transmitting on the
uplink, as described above. Multiple terminals may transmit pilot concurrently on the
uplink on their assigned pilot subbands. To reduce interference, each subband may be
used for pilot or data transmission by only one terminal in a given OFDM symbol



usi ng an NF-point FFT and obtains NF received synbols for the NF subbands.
FFT unit 1214 provides received pilot synbols to a processor 1170 and
received daf AosyfiRy) s to a detector 1216. Detector 1216 further receives a
frequency response estimate HNp .3, for the downlink friSnh/Pe28eEYesyY 1170,
perforns detection on the received data sytols to obtain detected synbols
(which are estimates of the transmtted data synbols), and provides the

det ect ed sypasiods Hrereasor RIGQ mey ipplasesns ohanhglsstinatd220 Phowe 5sBIG. 127 For

i ncl udes a channel estimator 1220 that obtains the received pilot, synbols
and per f or 8B el 76 roseaior dA 3G ebusAn; il Hsaweacy veppnss eshmatreH.ebori nat or

1220, a pil ot det.ect 222 noves t.h duyl ati.on,an the received. pil ot
synbol s gncF%e Hggrﬂbﬁqr%q %?‘FBH\&{ g‘FB%{ QflipblﬂFﬁE’ﬁ?(% rechvEd 8"8% F(S‘?T‘r&%aln‘g@ég% ary to
obtain an iRpitjal: n [} nge esiipgate H n_wth_channe ai n
esti Imatt es :‘écyr A 3&#?2%%?1;% e(rﬁ‘]%t%% gw@ﬁéﬁ%ﬁgﬁﬂr&gmﬁﬁ&% lipﬁﬂ%s Sﬁl" a
period. An |FET unit 1224 perfornms an WO 2005/ 076558 PCT/ US20Q4/ 040959 23

| FFT on t hefinali freqneney aepentsy evteapenile, estor iilie ctemaingbbased an chapnel Theapul se
response estimate hNdn,dn do with Ndn taps. A repetition unit 1226 repeats

t he channel freqeutysRspines painsse el_%}%jmrmf eachSerfEAM it piovsded o OFDM FembdaRthr
further adjusts the phase of eac I nstance if needed. A conbiner/filter

1228 t hen eijt#aemdaesdbiongstection fol that enin@l out put of unit 1226 and provi des a
full channel inpulse response estimate. A threshold and zero- padding unit
1230 [p88%or ns Progessorvll Hithand 117G Abestdhy operation b apreani poigt 600 brditermanal vect or

hNF, dn wi t h . It . e ros _an FET o e _vector
hNF, dn to OH\&ZOF Iﬁé@{))%gv@ h?lf J’f‘%’d’?ﬁ‘%éﬁ %@E@ﬁg eSI:“;ergtp ,“?%%g cpﬁﬁ—s,a&ﬁ c#a%ruspﬁﬁy NF
subbands f oprotdigors OS0! ark 1170L0R5pecReéle) I PReeHDek 1130 GhG 1170, alRX péatbAn
processor 1158 denpdul ates, (i,e., synbol demaps), deinterleaves, and )

. €.
decodes t hechiapgcsigpatignasslescriibgd @be¥syer the transnitted traffic data. The

: b _ . :
Comp eIy ary Foh A SRRl Monb S B REr a5 Bl b b58Bcosson
1110, respedéscnipddyfor ah CHDMSystpmi. MThebd GhnighéBmhy B8 usék for Pithan Muuld-chfiegdat a

processor 1182 processes traffic _data and provides data synbols. An OFDM
modul at or 17gdulplontechriques Juch As disprets sl e dBMIDsy nbol s wi t h

[1091] The pilot transmission and channe] estimation techniques described herein may be

implemented by various means. For example, these techniques may be implemented in
hardware, software, or a combination thereof. For a hardware implementation, the
processing units used for channel estimation may be implemented within one or more
application specific integrated circuits (ASICs), digital signal processors (DSPs), digital
signal processing devices (DSPDs), programmable logic devices (PLDs), field
programmable gate arrays (FPGAs), processors, controllers, micro-controllers, ?")
microprocessors, other electronic units designed to perform the functions described
herein, or a combination thereof.

[1092] For a software implementation, the pilot fransmission and chaonel 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. 11) 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.

1093} The previous description of the disclosed embodiments is provided to enable any

person skilled in the art to make or use the present invention. Various modifications to



pil ot synbols, perforns OFDM nodul ati on, and provides a stream of OFDM
synbols. The pilot synbols nmay be transmtted on N p subbands that have
been assi gagfhohQo7ek@/r M nal 1150 for pilot transmssion. The la.2f pilot
subbands (Nup) for the uplink may be the sanme or different "liyriga%%t4 98; nunber
of pilot subbands (Ndn) for the downlink. breover, the same or different
(e.g., staggering) pilot transm ssion schenmes may be wused for the downlink

a][ld upl i nk. these embeimants wilkhe readibeappaieht ?Oéb%ﬁe\ﬁ@ﬁleéﬁ@ﬂﬁr%é%% SER4TI® st ream
ot enna 1359 pcinldh PAREL R En e b AR S Uitr collBuflede i GERRAARE ntl, O

si gnal fr omthespitina] scdfes6f thsinventdiny efhubytha pteseritanvehiiad isatnd imemledssbel by a
recei ver uniif 1142 to obtain received CgvlgPsé @n OFDM _ denmpdul ator 1144 t hen
el &F ¢

processes t fHanifeddeitheembadiments siove BRFFa ecprdad the widsshgsepe and
det ect ed Sy'mﬁ%iﬁeﬁ%tﬁﬁ% &‘iﬁl:iipg%-an ?ﬁf&%h@s&gaﬁ&ﬁﬁ%{'eiﬂl% processes the

detected synbol's to recover tra c data transmtted by term nal 1150.

[ 1088] Processor 1130 perfornms channel estimation for each term nal
transmttin n th uplink, as described above. Miultiple term nals may
transmt piﬁ@%ﬂgtﬁgﬂgf P]§h the wuplink on their assigned pilot subbands.
To reduce interference, each subband may be wused for pilot or data

transm ssion by only one termnal in a given OFDM synbol WD 2005/ 076558

PCTI US2004/ 040959 24 period. Processor 1130 may inpl enent channel esti mator
1220 shown in FIG 12. For each termnal in, processor 1130 obtains an
initial frequency response estimate H,, for the uplink for the term nal
based on pilot synbols received fromthe termnal, derives a channel

i mpul se response estimate hNup, mfor the term nal based on Hm and derives a
final ‘frequency response estimate HNF, mfor the term nal based on hNup, m.
The frequency response estimate HNF, mfor each termnal is provided to OFDM
denodul ator 1144 and used for detection for that termnal. [1089)
Processors 1130 and 1170 direct the operation at access point 1100 and
termnal 1150, respectively. Menory units 1132 and 1172 store program codes
and data used by processors 1130 and 1170, respectively. Processors 1130
and 1170 al so perform channel estimation as descri bed above.



[ 1090] For clarity, the pilot transm ssion and channel estimation techniques
have been described for an OFDM system These techniques nay be used for
other nulti-carrier nodulation techniques syth as discrete mul ti tone
(DMT). [1091] The pilot transm ssion.and channel estimation techniques
descri bed herein may be inplenented by veEAINE neans. For exanpl e, these
techni ques may be inplenented in. .hardvvare software, or a conbination
thereof. For a hardware inplenentation, the processing units used for
channel estimation may be inplenmented within one or nore application
specific integrated circuits (ASICs), digital signal processors (DSPs),
digital signal processing devices (DSPDs), programmable |ogic devices '
(PLDs), fieldd.programmable glatraﬁmdrca‘yesnmﬁmfreqwmy;; s ofiowireless ehasmel
m cro-controll.ers J m Croprocess other electronic units designed to
performthe flﬁ‘i‘tﬁt"‘i“@h@s '@Hm%? ::‘F""m&?}mé‘gconbl nat| on thereof. [1092]

For a software inplg LRSS IR LON
t echni ques may be |S{$ﬂ§€ @(% W "uég)t@ftr ‘ "g ce %r@g%pﬁgr%ﬁ%ngg %P
so on) that péof eutsbahm; émngfouprt&‘ ftesived. lpeldt hﬂhbbl@ foﬂacﬁcs‘et Wit iitor gt

-ms‘ ‘
be stored in 1 menor menor,

é ' ry units 1132 and 1172 in Fl G _11)
and executed e@pmga s!§§|at {t’éstd:wo : fepilos subbnudgisysed for Jot tr y @a

unit may be i in the processor or external to the processor
in which case@ﬁ&@%@gdﬁﬁ%m catively coupl ed to the processor via
various means as i ShiRing at Teabhviditall BOREhcy RepaHse \Wstimtd dRted Bl it apleatihe
di scl osed enbodi nents is provided to enabl e .any " person skilled in the art
to make or usdwetgsoypseifaieeeived piet wb%m@usxtwb&bﬁﬂmvrrmmwwe for gach
2005/,076558 PCT/ US2004/.0. 9]5? -Sﬁhese enbodi mrents will be readily apparent
to those ski | FEYPEFRESGAICL SO} He generic principles defined herein may
be applied to othep W 18l GRRke
of the i nventl on. %ﬁﬁgﬁgfﬂﬁgaﬁ?sg#afamntl orﬁ@%%ﬁﬁﬁ?ended%gﬁ%gpkﬁ&m t ed
ponse brstitiates) ovieeciacilior cheall rohandied emtpuim pﬁponse

consi st ent W|th the rinci pl es and novel featur s di scl os d. her ei \/\HAE
CLAIMVED |'S ' ©ftipaje c%mpns&f more taps than the number of pﬂot su%ban I, eac] m%:the,; t east

two sets of pilot subbands; and

déﬁﬁ'n:g‘ an ovér’al"l flequeticy rééponse-esﬁmatg for the wireless ehinfitie] baged-on

2 The method of cliim 1, wherein the. deriving. an overall chantiel
‘impulse response estimate based on the:at least two initial frequency response estimates
includes

deriving at least two initial channel impulse resporise estimates based on the st
Teast two initial frequency response: estimates, one-initial impulse response estimate for
each initial frequency tesponse estimate, and

-ii’eriﬁ’iiﬂg the overall chatmel ithpulsﬁ. response estimhiate based on the at'least two



1. A nethod of estimating a frequency response of a wreless channel in a
wirel ess communi cation system: conprising: obtaining at |east two ;groups of
received pilot synbols for at |east two setBf pilot subbands, one group
of received pilot synbols, for each set of pilot subbands where| n each of
the at |east t3w sets of_ pil cfhesubthaddd dlsinudewhet sl

di fferent synhol erl od; ast, two :init fre uenc_“._ esp
estimates basdMPHNCTHPORsE Wﬁ@é&gﬁ%@{?mﬁ?%’&@&ﬁ OF1gg %@H & PPN
initial frequeﬂ‘gﬁdgsesponse estimte for each group of received pil ot
synbol s;. deriving an overall; channel |npulse response estimate based on
the at |east two ideriviiig aif o 2 FregIEme; : B Jag

channel i npul se. onse est‘l mat e corrp'r ses more taps "titan the number of
pi | ot subbandé“ﬁ*ﬁ]~e ‘Eﬁmﬁl?fﬁ‘sﬁfsq% anéwo sets o f pilot subbands; and,

deriving an overall e84l
based on the overa qu %;tﬁ%g¥er%&rr%8 SE re @E)(b)nse eﬂsgl ma etevﬂfgé#ﬁ'z Ci? % ite
claim1, wher dtaquédosy redpolive estinaite.over al | channel inpul se response esti rrat e

based on the at |east fwo initial frequency response estinmates includes
deriving at least two initial channel I mpul se response esti mat es based on

the at least fwo initial fr %thdeég%rfge qS %@Zﬂlgs e ;Iifﬁ‘{’ﬁ{lﬁee

response esti r%ate for each | UAAC

deriving the qugbatd esﬁﬁﬁ%mﬁﬁ@é’bﬁ%aﬁse%@m esat 1eﬁgmesfba§s@b:ﬁmc§meaﬁnﬁzﬁwt

two initial channel inpulse response esti mates. 3. The method of claim1l
wherei n the dec&pwwsammmdawqwmmﬂnumhcpafpﬁotrsebbmén&qat. wensstsiofn
the at |least t frequency response estimtes includes der| ving an
I ntermedi ate fﬂ\{g&ﬂ%’h@‘? esponse estimate based on the at least two initial
frequency response estinmates, and deifying the overall channel inpulse
response estimte based on the internmedi ate frequency response estimate.

5, The'method of claim 1, wherein the pilot subbands-in eagh:set are

luniferﬁi!gkdf'sﬁibmed.-acro—ss..Np. total :subbands anid: are offset-Fom the_‘pllot. sibbaiids in
er gredter

remaining onés-of the at least two-sets of pilot subbiands, where N 15-an-iniieg

‘thaw ope.

6. _ The migthod of claim 1, Wherein recsived pilot symbols are
obtained on:a ﬁtst set of p}l@t subbands in odd-nmnbcrecl symbal pEnGds, and wherem

received pi

symbalpenods

7 o The method of claim 1, wherein the at least two sets of pilot

subbands. mclude equal nimnber of pilot siibbands:

8. L - The method cf claint 1, wherem the at least two sets- of pilst

_ subbands mclﬂde ifferent numbers of pilof subbands.

9. o The methiod-of claim 2, wheiein the ‘defiving ati overall chasinel

impulse response-estimate fixther includes



4. The nmethod of claim 1l wherein the overall channel inpulse response
estimate conprises NT taps where NT is a length of the overall channel
i npul se response estinate and is equal to total number of pilot. subbands in
the at |least two sets of pilot subbands. Tha&et hod of claim| wherein the

i bbands i f.orm.y . di NF
D ubbands and ar e ofreaig eadl 8oty Bt iial ofinoR RS Febbmett Rty
| east two set gegaf ork!i@bhiak ?éh‘dﬁﬁwd"ﬂﬁ%ﬁcéé‘ fﬁﬁ: @ﬁaait Bﬁeﬁﬁﬁfm%ﬁ@@tr@ onkd'&NARRE

6, The nethod of cI aimT, ‘wherei'n received pil sympol' s "are -obtai ned on a
first set of pilot#

&t sxiended dharueb snpilss wspmsemhﬁmus forzmack Wikig akeq:lmnnel
received pilot._s nbol S.are. qbt. sec nd set of. pilot_.subbands

even- nunber ed¥ E‘éﬁ% B@?q 5 -La%%ﬁ’@%ﬁ?ﬁ% ﬁ?%tﬁ@lms(ﬁﬁ‘éﬁ'se?%a}%gug’% ‘F@H@Fl
two sets of prh' '»ieféé l’ﬁ&Eléa‘ﬁe equal nurrber of pilot subbands. 8. The
met hod of clal 71, T el i'n the at ]east two sets of pilot subbands include
di fferent nunbers dﬁnmngdhc mbbﬂndm:melggmliﬁa raspbinst edtinedtaibaned omhatrieass tvoe
deriving an overall channel | nmpulse res_ponse estimate further includes
repeating eackxgndedghagnel ‘8’5’&4535%’0\“% sstigates-foR M atj I twe v
estimates at o obtain at |east two instances o the |n|t|al
channel i npul g%sﬁ?é%ggﬁ@g gstl mate, form ng an extended channel inpul se
response estinmate for each initial channel. inpulse response estinate based
on the at |least two instances_of the initial_ channel |rrpul se response

esti mate, andlBeriving the ovdednethod ofelrm fnwheisin thes toveeallectizaseld
.on at |east tw, extend nely | | Se response estlmates for t he at
| east two ini ﬂ%?‘s%m‘?{@?%f‘ffﬁ%ﬁ?%mfﬁ@é&fﬁe estimates. 10. The nethod of
claim9, wherein tgecsitVeliy hdidstiil SRE A the RATS twd FREs bETRMN BRGEISHHaRRSE
farther includes sel ectively adjusting: phase of the at |east two Instances

of each initi ahptﬂhamp@nselma@ean&wpmueﬂmmmdcéphmi inhistes respoise estimdided

channel inpul se respons
TPU! 61 Cach mital ch épi impulse response estimate is. formed based on at ‘least two.

selectively phiase. adj usted instances of the initial channel impulse response estimate.

11, ‘The method of ¢laim 9, wherein the deriving an overall channel
impulse fesponse estimate further includes

scaling each-of the at least two extended channel impulse response estimates with
a tespective set:of coefficients to obtain a corresponding scaled channe!f impulse response
estiniate; Wherein at 1éast two sealed channel impulse response estimates ate. Sbtained for
the-at least two extended channel impulse. response estimates with at least two sets of

j coefficients, and
combiriing the 4t least two scaled chaiinel inipulse response estiniates o obtain

the overall chanuel impulse response estimate.

12 . The method ‘of claim I, ‘wherein the ‘at least two seis of
‘.coe:ﬂiments are for  finite impulse response (FIR) fiter.

13. The wmethiod of claim 11, whérein the at least two sets of

coefficients arefor an infinite impulse response (IIR) filter.



for each initial channel inpulse response estimate is formed based on at
least two selectivelyphase adjusted instances of the initial channel

i npul se response estimate. 11. .The nmethod o Claim9, wherein the.. deriving
an overall channel inpul se response esti mat eqf fagrther i ncl udes scal | ng each
aof the at |east two extended channel. |rrpul se.-r sponse estimates with a
respective set.of coefficien to.obfain . a. pond g-scal .
i 'mpul se respo:lu'% estinmate, bﬁfﬁ > F@‘(%g é%i
response esti Rl gseiRERAQIAL HREVARE ahe @éefﬁ&eﬁ& PUOSRERER
i mpul se response est| mat _es wth at ast’ tvxo__s_et S of €O ef
conbi ni ng t hecaeffitiens vf th 1971 ; I Nigtans sBthie espmllchams :_;_ r

e maLhod of

b h N
ol ai m 11, %3%@%@ r?&l‘_a : réﬁ%g!eﬁsé?éﬁééﬁicgg érﬁkl&aa&wwmmamof
Jlorhes respo% v@ it | CI%E?]S arsé_‘e”é’s’ﬁﬂ@@ i'xex‘él %&%{h%@ﬁtgépo Se” ?Eﬁf

| east two sets of coe or-an 1 hf - rnita
filter. 14. Tbge.nethod of claim 11, wherein each set of coefficients include
Ncp coefficients of a first value and NL coefficients of a second val ue
wherein the Ncp coefficients of the first value are for first Ncp taps of

coet 11 ¢ ents 8F the 'sZEiiLZev' fi anEAse o ML wefth BRE ) B HE1y

channel i npul &l@mﬁ:@ls bGRL Estin e B &ﬁ‘ﬁ/ﬂéﬂ@ f@ifing e fivefse %@Fhﬁex

than one. 15. The claim1, wherein each of the at least two
initial chantramsfmlfﬂ“ﬂa‘}r@s;aommymmt ek thesaﬁéaaswm Hgitiab ritegrentygresponse
i nverse fast Fgu J,er transform (I FFT) on a respective one of the at |east
two iinitial ency response estimates. 116: The nethod of claim1,
wherein the overal |’ frequency response: estimate is derived by perform ng
a fast Fourier transform (FFT) on the overall channel i npulse response
estimate. 17:16he net hod of Jheimethod ofiroddiey 1;:thpwltsthﬁgavmﬁt mgme:

ones of NT ta of r.al.]l _¢channel | se. respon
S ggtxmate 3 eﬁ %rperf n (Iing a. fasﬂ!‘guger transé oms
'Inlpuls¢=r§spans¢fsmnmate,_‘

17.

20..  The'method of clain 1, further comprising:



to zero, where NT is-a length of the overall channel inpulse response.
estimate and is an integer greater ‘than one. 18 The nethod of claim17,
wherein last NZ of the NI taps: of the ~overal%Ochannel inpulse response
estimate are set to zero, ‘where NZ is | ess than N 3_19 Jhe rrethod of clalm
18, wherein NZ is &¢e 4 ' tapiicy

for the system anag

overal | channgﬁe’{.n- &ﬁg%ﬂ : 1est|nates mhere NI is a Iength of the g
overal | channel 7 npul se response estimte and is an, integer greater. than

one, and setting emﬂmgéachwé’ﬁwmtapstﬂm&tbeeﬁergmefﬁmém;sIes‘s thiatea thaeshibkd.

| ess than a threshold. 21 The method of claim20, wherein the threshold is
derived based on total energy of the NT taps 22 The net hod of-claim1,
further conprgging: determn r &?E%
channel |rrpulgg response es"trlﬂﬁate "engé]ﬁ%hg tlge ‘overa F&on
channel mpulﬁmtrea&ggmfﬂie@é«tiapate and is an’ |nt eger greater than one. :
retaining NX taps with |l argest energy anong the NT taps of the overall
channel inpul se response estimate, where Nx is an integer one or greater;

and setting ; NX remai ni n f v i mpul se response

estimate to ’\gero -2+ The ne??%&%%at&?ftcthﬁtﬁ*?@%ﬁé&%@g@ﬁu si ng: perfor m ng
detection on recei &ﬁénﬁiﬁir% %@Dﬁﬁe&%@fﬂ?@a&vﬁﬁbbﬁmw IHRBRORERON
estimate. 24 The method of claim 1, ._‘;V\/nerel n t he’vm__rel ess . cormunl_cat_l on

system utlllzwlmﬂtﬁ,- ,' ﬂ!ﬁﬁé@g&h A nel dnpiiles zstiynateomd |
met hod of cl ai. rtn 1 i not he wirel ess communication syst emutilizes
di screte mul ti e(%gre? %6, The method of clai m24, wherein each OFDM

synbol transmitt Edretalmng Nx taps with: iargest &nm’gy among the NT mgs of tlie overall chiannel

settmg NT - 'NX Temaining taps of the overall :ch-annei.- 1mp*u]se ras?anweﬁﬁnai@io

23, Themethod of claim 1, further comptising:

perfom]mg detectmn on received: data ‘symbols ‘with fhe overall frequency
: respnnse-fest_xm_a_t,e:.
24 The: niethod- of claim 1, whereini the wifeless ¢ominimication

system utilizes mthogcmal frequency. division: mult:plexmg (OFDM)

25 . . The method. of -claim 1, wherein the ‘wirelgss oommumcaﬁon

a

system tm}wes discrete multi tene (DMT)

26. ' The niethod-of claim 24, whesein ‘éach OFDM symbol trafismitisd
‘in-the wirgless communication system includesa cyclic prefix, and wherein the ovewail
chaniie} impulse response estimiate conprises rriore taps thah & length of the cyclic prefix.



in the wireless comuni cation systemincludes a cyclic prefix, and wherein
the overall channel inpulse response estimate conprises nore taps than a-

|l ength of the cyclic prefix. 31 27 An apparat us) ina wreless comrmunication
system conprising: a denodul ator, operative td obtain at |east two groups
of received plfot synbol s foAnappatatissn swiselesstCoimiuyitation systbtavoibprions

92 eh of the at I cASrBGREBBeaEvela GRin ah Bas 4o s A B sbols 51
transm ssion h_ﬂkeﬁst%f ﬂ&@fpﬁéﬂ%ﬁ ? }bﬁ@gﬁﬁp@f‘t@ém@ﬁﬁﬁt@m&rﬁiﬂe\é& 5&:of
obtain at least two initial frequency response estinates for a wreless

..... dbbands, vberin eaoh off baps Tast tereity of piof. sxbbandanisalsed fonpilot
initial frequency response..estimate . for. each group of received pil ot
symbol s; a coﬁﬁf‘%’é‘?ﬁ i 1t & 0 SRPIPeHadi ve an overal | channel inpul se
response estimate - basadigntdesatcbeast Mo L NIklalndd CRReN Bhak s ﬂ?s?o
esti mat es, wherei not e&03§?§P %8%{;%%@?@ Pfr’mu s‘ag I%éésgp%{]igﬁgg?i ‘ﬁe ﬁ onp |gsgs
nor e t apst hanesthredtewuiidren oirelpdsl dianselbbamd sori: theeat: keasbDiwé hgronds b asdeivedopiiat s
of pilot subbands; and g first transformunit operative to deriyve ap oqverall
frequency resBBRBUS.cons attal ffeamqyemm@tﬁe%marﬁé | eagh sEQup roh Feeetyed Bilgt
channel i npul §§E§°§ sponse estimate: 28 The apparatus of claim27, further
conprising: a™ d transformunit operative, to derive at |east two

initial channel inpbi®iner WARRPERGVES et bansll chitrehBnilsd RBponsk Wtimate

initial; frequency response estimtes, one initial channel  inpul se response
estimate for basH onthe ptleast beg iihdfraquensyrissponse eavamates, amgreigtheravernit ¢hannel.

conbi ner unit ,i.s..operative to derive the overall. channel  ippulsessesponse.
cotmt e baselmBHEGIsRsY Soiimag Epmbaseifod s on AR AR Be b B R GRE I e
est i mat es; 29,@{1@3@.%@(;%@&@@%@@%%;.m;erei n the combiner unit is
operative to derive an interned ate frequency response. estinatebased on the

at |east two initialfirsf rsepfiencynit opprative tededvease overatl fragucieeyl tespanise estioatsl |

channel inpul se. response. esti.mate based on the intermediate frequency
response estiiﬁt‘é‘?-‘wgm{}ﬁ%emﬂﬁf%mbﬁ@@? Athebatine] HRPWISS ToSPONSE SIS Unit i s
operative to

P\
Y

28 The:apparatus of claim 27, further comprising;

----- vintiel inmipulse:
response estimates based. on the. at least two initial frequency response estimates, one
initial chanviel impulse response estimate for each initial frequency response estimate; and
wherein. the combitier unit is operative to derive the overall channel impulse response:

estimate based on the:at least twoinitial channel impulse response estimates,

29 The apparatis of olaitn 27; wherein the-combirier ait is operative
to derive an intermediate: frequency response estimate based on the af least two initial
frequency response estimates and to derive the overall chanticl impulse-response estimate.

based on the intermediate frequency response cstimate,

30.  The appatatus-of-claimn 28, whetein the combiner-unit is operative

fo



repeat each of the at least two initial channel -inpul se response estinates
at least once to obtain at |east two instances-.of the initial channel

| ipul se response estimate, forman extended cha%&el i npul sé response
estimate .for each |n|t|al char_meJﬁ o1 onse est| nat e bas_ed on. the
at | east two i nstaipeas-eaeh of the at dgast i 56 TP i
and derive th

t wo extende(}&ggx%é@%n%p%mg} FesSponse:e R YR 1o
initial channel i nfowlisa ﬂ@ﬁwamt ﬁpaﬂ@ére@bﬁseaaﬁaﬁﬁa%%cﬁhﬁm %ﬁmmel
wherein the conbiner_ unit is further "o erative to scal e each _of. the at

| east two extiEmagég ! : -Jb@@é@p&z@

of coeffici entsu#% obt 2 al n ‘cr'retgpondl ng seal ed channel i rrpul se response
esti mate, whef® AT 8% ed channel i mpul se response estimates are
brained for the aerkveass SURAIEEHRRAE dnpRENRLpHHID Wshithal BARES 8n Ot icdR &,
with at |east two sets of - coefficients, and ¢onbi ne the at | east two scal ed
channel i npulestended phannel tnpulsmtesnonse esﬁmasmfarhhe abieastamio. mithimhamte“"f; iglee:
response esti mate. 32. The apparatus of claim 27, further conprising: a
t hr eshol di ng GPROBSHEMMANS e t 0 set sel ected ones of NT taps of the overal |
channel i npul se response estimate to zero, where NT is a |length. of the
overall channel inmpulse response estinmate and is an integer greater. than
one. 33. The #pparatus of cl Bhers@ibratud of elaimt 30; wherehethe Mmmlmtmﬁlrﬂwr
systemutilizes ort hogonal frequency division mul ti pI exi ng (OFDVM), wherein
each OFDM syRESBVE @nsnitted in the wirel ess communication systemincl udes
a cyclic prefix, e
compri ses More  apeit ey o R & IRePUE Gitad AR IS R SRENBRAES TR 7

a wirel ess comspeticaldt@r coyfficime wostain s aotesféhdiigpaldioshaahtiantpule: raspons
two groups of recei ved picot synbols for at, least two sets of pilot

subbands one @B@B& ehiepaie af lﬁéﬂ %’P Iﬁﬁﬁle‘k‘}h@lw Shusinc] Seé'mﬂﬁ%ﬁt’éﬂﬁ?ﬁ ﬂm@bmefﬁﬂ s,

,cne_fﬁm etits, _.an,c_i.
‘comibine:the at least two-scaled channel impulse tesponse estimates to obtain the

overall channel impulse response estitmate.

32, ‘The apparatus of claim 27, firther comprising:

a thresholdmg wiit opetative to set selected onies: of Ny taps of the overall chianniel

impulse response estimate to zero, where Nir is'a length of the overall channel impulse

‘response;estimate:and is an'integer greater than one.

133;. i The . apparatus of claim 27, whercm the w1reless commnnwahanj

@FDM s}mbul transmmed n the_: w1-re_lass comintinication syﬁstem mei-udes a -cychc?
-prefix, and wherein the overall channel impulse fesponse-cétimate’ comprises more' taps

{han a lengthiof the.cyclic prefix.

34. An apparatus in-a wireless commimication system, comprising:



wherein each of the at |east two sets of pilot subbands is used for pi I ot
transmssion in a dlfferent synbol perlod mearis’ f or sobtaj ning at |east two
initial frequency response estl mat es for a wr . channel

| east two groups of rec. i
estimate for each

overal | chann ¥
frequency res%%%éx-

the at
frequency res_“‘ :
channel inpul se res'on 8
means for der|V|ng‘F~~ ‘.;__ el 1

the at |east amneiruagmntﬁe%qsa&@m A Bt USRS AR e%
deriving at least two initial .channef™i 3 estlnates base

the at | east ﬂamnmmeﬂnaﬂaﬁnﬂﬂdhgnmpm@ﬂﬂmnsépﬁetsT:E5#; one initial channe

i mpul se response estimpate for each i i.al. freq ency. r.esponse.estinmate, .and
means for derivi ng QF%?’lpg@iéWﬁErﬂ?' Pgﬁﬁ POBsESTIAle g 81t

the at | easty, o] i et €
appar at us of c 321’]&%1 Q%Haﬁhrgk masas ﬁ!@%@."ﬁ’gt‘an dvenr E‘Q?nngﬂ‘fmﬁuﬂsc
| mpul se r esmmpnmbsrﬁaite chapeigesmoida; ﬁthaheashumm ofhpitdt atibandgtieanth of the

response estinmates includes nmeans for'der|V|ng an internedi ate frequency
response est i #eeast buseas: afrpifoh subhan %éﬁgt two initial frequency response

t t d t
coti mat o based on T fort SRSt PrllERNmFLINRest SBlinhfe 1570 Vptesy,
appar at us of ﬁia&héﬂb%@ed6%%'&9%9@]&!@&11&&1@@&56’@%5&@ﬁlrﬁﬁﬁeat' ng each of the
at least two initial channel inpulse response estimates at |east once to

obtain at |east two instances of the initial channel inpulse
35.. - The apparatus of cia:m 34, wherein the ‘means: for denvmg an

-based on the at

“for deriving an overiall
based on the overal i

%sfggggvg& t he

.:rcspenss.fcstrmatf;s mc.l.udﬁs‘.

‘means: for deriving at least two initial channel impulse response estimates based
on the at Teast two initial frequency résponisé estimates, one fnifial chantiel mpulse
‘response estimate for each initial frequency response estimate; and

means: for detiving the overall channe! impulse respotise-estitate based on the at

least two initial cliatinel impulse tesporise estifiates.

3. 77 " The apparatis of claim 34, wherein the means. for: deriving: an
overall channel impulse resporise ¢stitnate based on the at: ledst twa-fnitlal frequency
respouse gstimates includes

migans for deniéiﬂg an intermediate frequency response estimate based on'thie at
least twoinitial frequenicy respohise stimates, and

means for deriving the overall channel impulse response estimate based op the

intermiediate frequency response estimate:



response estimate; means for form ng an extended channel. i npul se response
estimate for each initial channel “i-nmpul se response estinmate based on the at
| east two i nstances of the initial channel i | se response estimte, and
means for deriving the overal |l channel i.nmpul se esponse.estimte gassed on
at |least two3éxtended channaheia"_, "f__meeféamai,éuﬁh@n coRiEsidgir t he at | east
two initial channel _inpulse res o.n' ¢ 11 ‘_,te_s 38. Th ppar.af us. of cl ai-m

34, further conpri SEAES: ToFsigRea - W lepst g Hatalc %kmmmd
\ *ﬁﬁmvmt Badt %Sm&%eé sl Al B it i e! O

channel inpul §ikRSPA gt - e

obtain a correspondlngﬂsca ed channel 1 npul se response esttnate,
| east two scakespoish: ate] npul se response estimates are obtained for.the at

| east two extended chéh el.. i npul se re ostimates with at ast two. .
sets of coefficienfSan%if WE&HS@W“BM&WP IWBlsﬁtfeﬂP@ﬁﬁWt%gﬁlﬁé@ﬁmuﬂ

channel inpul g HONSE, .' o) 4 cha 3 | e
response esti ma!f egls* | ~ COoIT é‘@s?{ géu@tgar%s
for setting S@m&ﬁdap@l&&eﬁbnweshm& @ﬁdt he overal I channel i mpul se response
estimate to zero, where NI'is a.length of the overall channel_ inpulse

response estinate Wfogdmvmaﬁyg@mg}mlmmewnmmw&m pﬂé@éﬂam
product, conpgi.si.n CO di A0 L " co;d My
causing a co ?é’?gflgﬂg -"'éT%Pg P g?n@ 5319%6 @Eﬁa? o1
for at |east Iiuisetes eggtilﬁgtegsubbands one gr oup of received pil ot syrrbol S

for each set of pilot subbands, wherein each of the at |least two sets of
pil ot subbands is used for pilot transm ssionin a different synbol period;

35 -code for gausing the co ter to.obtai.n two. initial frequenc
response esti A&t es 190{ W ?EHE&"WH?]H 'ﬁamg‘ié]“ﬁgﬂ%wr@iﬂ&east tvvoqgr ou%s
of received pilot =m%Xﬁ39ﬁirsscng£§ehﬂi bE e it BRI etERRANSBNRSl IS {e%mﬁé("h

group of received pilot R
estimates with a, respectwe setof coefﬁcmts to obtain a: cmaspondmg scaled channe]

estimates ase*abtamcd.-. fsar ‘t;h_e at‘.le..asia two rextmdcdschannel xmpnisemponse estimates
with.at leasttwo sets of coefficionts, and
‘neans;for cothbining the at least two scaled chianne] impulse tesponse estimates 1o

obitain the-overall channel impulse response estimate.

39. . Ttie apparatus of claim 34, further comiprising;
‘means for setting selected ones of N taps:of the overall-channel impulse:response
‘estimiate o eI, where Ny is a lengt_h of the overall charzne1-:<.:1m;:ulse response €stimate

and i an intoger greater (ha one.

40, ' :A,’c’om[;ﬁtérgpmgzamj'gre'duct;:‘-cﬁmﬁri'siﬁg:
a computer-readable medivm comprisitig.

code: for causing a computer to obtain at least two groups. of received: pilot
syribiols for.at least two sets of pilot subbands, one group of received pilot symbols for
each set of Hilot subbands, wherein each of fho at least two sets of pillt subbands is used
"fér:_jﬁloi?;t-mngmiésian:.in-azdiifcrentifs;,r;nibél.,p:er_iicdg



code for causing the conputer to derive an overall -channeli mpul se response
estimate based on the at |east two-initial frequency response estimates,
wherein the overall channel i.npul se responsejgﬁglnate conprlses nore taps
t han the nunber of 'pilot subbands i.n-each o t_he at L. two sets pl|0t ;

subbands; and cod§°¢%f°f($‘&'ﬂ§‘ﬁ§dh@ﬁ@m§._ A‘"ltﬂ@” tﬂe edues
Re e.

response ‘esti 165 Wi £.ELeS 5
i mpul se respo@ eé%jt ma‘%l AT TS
wherein the C@ﬂﬁbgl&()bné;mapqi

| mpul se response ‘esti mat'e based o°

chan eI
bhreibichie
QU &t recehRRNgilor
|aF frequencgﬁilI
response estlﬁﬂﬂ@ﬁ%lncludes code. for cau5|ng t he conputer to derlve ‘at | east

the at | east” two iniT

two initial channel ul se , response. wsttl ngt es based an.the af . ast two
QB oo

initial frequency PR INsEAUsOE; e RIPUly thel B O¥fHR n‘éqanpﬁlp

estimate for f SRR O oA G088 g
the conputer t@%ﬁgaeﬂr:lrv\?g&?hg %ygﬁgc@nnel i’sxéegaggggﬁjonse es?;? %‘%‘&aﬁg@
on the at | easverallohanmel impisles i ieHin ':"hise:o:"fj permeresps thuncthe ndRibehef pilot
conput er progran cl ajf m.40 wherg g@tt%‘g‘]code for can, the conput er

roduct 0]
to derive an B¥R¥HR ?ré@ﬁlah%?ﬁ?téﬂ"rsé@ s based on the at | east

two initial frequepgcy &esRonsenestlmptes. nclydes . cade.f.
conputer to der?ve‘@g&/ne ﬁoﬁ?@%ﬁ%ﬁhg,?% -eg%e%%kgggg%%gﬁ%%g%%%%% f%rhe
el wirelbssiehaied based 'oashe oe@al shdnnel ifdul e ssiapsesstingte.causi ng the

conputer to derive the over‘al'l “channel inpul se response estinmate based on
the internedi ate frequency response estimate. 43 The conputer program '

rod ct of clgim4l, wh , e abl negium furthers ... ...
Eorrprl si ng: B%i code foﬁ%éﬁ "“’ﬁ%’?‘%ﬁ&% {a‘gl Qat‘% £(of Ih&f u?ﬁ-gor YR gt
two initial chrbaaipitamddssvd f50QnsEcRThbrmiRikedbs; oﬁ@&éstﬁﬁﬁl@b&ﬂd%ttﬁéﬂtﬁhst

| east two |nstance$ of the initial channel- |rrpul se response estinate; code.
for causing theo it tﬁcqmncww&wmmhmt@mﬁddﬁshannel i mpul se response

t te f h t I h { t.e. bas t-h
aast Lao: i natantHe B THEENTE: ARG 5. ARV B LG% DEpOALET Shewied twiaAd

response -estimates based on the: at'ledst two inifial frequency: response -estimates, Zgnﬁ-

initial channel impulse response estimate for-each initial freguency response estiinate; and.
code: for ‘causinig ‘the computer 't derive the overall .channel impulse tespofise
estimate based on the at least two initidl channel impulse response estimates:

42, . The. complter program product of claim 40, wherem the-code for causing,
the: computer to derive an overdll channel-impulse response estimate based on the at least
) twoinitial ,frequ,ency response estimates: mludes

code for ‘causing the ‘omputer to derive an intermodiate frequency tesponse

estimate ’bzise‘dfcn‘- the at"teast -t’Wé-init'iéi:‘"fréquency- r&pense estiniétes,— and

¢Sftiﬁ;a§§:b?159¢:ﬁnﬂl§:,1?1‘:83:119?1}&@;.&9951@?@9)‘.respﬂﬁse‘ﬁﬁﬂm&?ﬁ:-

43, ©  Ihe computer program product of claim 41, wherein the compuier-
veadable miedium further comprising;



code for causing the conputer: to derive the overall channel inpulse response
estimate, based on at, .|l east two extended. channel i npul se response esti mat es
for the at |east two |n|t|al channel |npulse ponse estimates. 44 The -
conput er progran1product of Cl:a i put er - readabl e nmedj um
2 ¢ at didanwo tfitidirchantel

| east two ext ended: channel .f B3 .respective set
of coeffi ci entBPRER %F%Hsﬁ % IgHes ﬂ gﬁ% gpof teninitial

estimate, whe o] channel i mpul .se. ) r.es.po‘nse estimates .
are, obtai neda%l" ﬁﬁa %sgas--‘"- \fsﬁﬂa?ed

eXt ended. channel i npul se response
estimates with at hﬁ&sfortnms g ithe Ghmpiaet fth Fhanta, eapsisdodanhel intilss rgpoie
conputer to conbi ne the at Ieast two, scaled channel i mpul-se_ response""
estimates to Gt femeachyimital |chamal Ampulse ase sufjonscbased onathe at desstive

conput er prog oGt af rein. Lhe jt er - readabl e nedi um
further corrprfnggﬁgés' gg%é %ig%ﬁ%}ﬁrxﬁ}l%ﬁ%pm%?sé}pxﬁi% sel ect ed ones of
NT taps of the ovepggdd: forcd%ﬁﬁﬁfj'thé I¥BH "’_,ﬁr&@%ﬁﬁﬂ&&h@%ﬁr&@t &ahﬁelthﬁﬂﬂs' rE3hshse!
is a length of the overall ‘channel * T npul se response estimate and 1's an

i nt eger gr eat estintdvebasedeon at. least: two ‘extended channel impulsesresponse: estimates for the at

Teast two'initial clidnnel ifpilse fesponse estimiates.

44. _ ‘The computer program. product of claim 40, wherein the computer-
! -readable mediumn farther compnsmg

-code for causing the computer'to scale each of the-at least two:extended channgl
impulse response estimates -mﬂx:;:g-;esp«:c,ti\’.a.set- of .c_t:a;efﬁclgn_is to oi_ﬁgm @ corresponding
scaled channel impulse Tesponseestimate, wherein at least two sealed chaniiel impalse
response estimates are-obtained for the at least fwo-extended channel impulse:response
sstimates with at least two'sets of coefficients, and

vode for causing the compiter to conibine the at least two scaled thannel impulse
response estimates; to-obtain the overall channel impulse response estimate:

45. The ‘compuler ‘program. product of claim 40; whercin theé computer-
readable medium further comprising:

code for causing ‘the computer to set :selected omes of Ny taps of:the overailr
thof the overall channel

chanié] inipiilse response estimiate to zero, where: Ny is a feng
‘impulse response estimate:and is:an integer greater than one:



