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The present application clains priority to Provisional Application No.
60/ 657, 835yo enkhddsed " CHANNEL ESTI MATI ON FOR A MULTI - Mpuskdablo7227
COVMUNI CATI ON SYSTEM W TH | NACTI VE SUBBANDS" filed March 1, 2005, and
assigned to the assignee hereof and exbressly incorporated by reference
herein. BACKGROUND 1. Field [0002] The present invention relates
generally to data conmunication, and nore specifically to techniques for
optim zing channel estimation in an orthogonal frequency division
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comuni cation. |1. Background [O0003MOBEN! i s a nulti-carrier nodul ation
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W rel ess annel bet ween the transmtter and the receiver is normally
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2006/ 0940337];&'::;%1_ élfﬁg Qec%n%ge Zf%Z opt?mlzmg channel estimation in an orthogonal frequency

division multiplexing (OFDM) communication system supporting multiple modes of

communication,

II.  Background

[0003] OFDM is a multi-carrier modulation technique that effectively partitions the
overall system bandwidth into multiple (N) orthogonal subbands. These subbands may
also be 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.

[0604] In a wireless communication system, a radio frequency (RF) modulated
signal may travel via a number of signal paths from a transmitter to a receiver. If the
signal paths have different delays, then the received signal at the receiver would include
multiple instances of the transmitted signal with different gains and delays. This time
dispersion in the wireless channel causes frequency selective fading, which is
characterized by a frequency response that varies across the system bandwidth. For an
OFDM system, the N subbands may thus experience different effective channels and
may consequently be associated with different complex channel gains.

[0605] An accurate estimate of the wireless channel between the transmitter and the

receiver is normally needed in order to effectively receive data on the available



subbands. Channel estimation is typically perforned by sending a pilot
fromthe transmtter and neasuring the pilot at the receiver. A pilot is
made up of nodul ation synbols that are known a priori by the receiver.
The recei weo 20@i943t i mat e t he channel response as t he peatiseooehoreive
received pilot synbol over the transmtted pilot synbol, and can
determine the ratio for each subband uded for pilot transm ssion. [0006]
Pilot transm ssion represents overhead in the OFDM system Thus, it is
desirable to mnimze pilot transmssion to the extent possible. This can
be achi eveghbbands.seDitinng @tinetios isylisallynpeafosubs dy whdinpen Miotofrain &abbands

and using these pilot synbols to derive.channel estimates for, all
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OFDM syst eﬁiﬁSWﬁﬁWq Wzg@ﬂgtl}ggmglog?%t e&é‘gﬁtrﬁoﬁﬂééhﬁ%gicﬁ? %ﬁ'ﬁ‘ggeeve?g’thi ques
may be usegnfiab pfb: SEBMsSE RBkd: BRtheIN @RS BiBbandsindAlsinghée phangmbbhat are
not uniformy distributed across N total subbands. An_ exanple of such a
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where P i sthaghanpeldgaense fppthesesygieBewer of two. The first set includes at

| east one subband not included in the second set (e.g., pilot subbands
anong the guard subbands). Mreover, the subbands in the first set are
uniformy spaced apart by N P subb&H¥BMARYX r apol ati on and/ or
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a multiple-access wireless channel in an OFDM system with inactive subbands are

described herein. These techniques may be used for an OFDM system that transmits
pilot on subbands that are not uniformly distributed across N total subbands. An
example of such a system is a spectrally shaped OFDM system in which only M
subbands, which are centered among the N total subbands, are used for data/pilot
transmission and the remaining N —M subbands at the two band edges are not used and
served as guard subbands. The inactive subbands may thus be the guard subbands, DC
subband, and so on.

[0008]  For the channel estimation, an initial frequency response estimate is obtained
for a first set of P uniformly spaced subbands based on, for example, pilot symbols
received on a second set of subbands used for pilot transmission, where P is an integer
that is a power of two. The first set includes at least one subband not included in the
second set (e.g., pilot subbands among the guard subbands). Moreover, the subbands in
the first set are uniformly spaced apart by N/P subbands. Extrapolation and/or
interpolation may be used, as necessary, to obtain the initial frequency response

estimate.



3 [0009] A tinme-domain channel inpulse response estimate for the wrel ess
channel is then derived based on the initial frequency response estimate,
for exanple, by performng a P-point inverse fast Fourier transform (IEF
P). For easb20mdeswd t hi n each OFDM synbol, a final freguasgyshe’aponse
estimate for the N total subbands is then derived based on the channel

i npul se response estimate. This may be3achi eved, for exanple, by (1)
setting low quality taps in the channel inpulse response estimate to zero
and retaining the remai ning taps, (2) zero-padding the channel inmpul se
response @pbhd Tat @ itfe-tiemgh khddnelid)puetdspoge esinae fortispsirélasstchennehiannel
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i npul se response est]nmates or, ,fre%ue@ﬁy reng.ns estimates for nultiple
OFDM  synb®ire apdjetiiaing; the emeaining fabsqch ZHORANRE St channg! iHPYHE reRaRssi ¢ v
channel esgd; 34 hapnelps [0@dllhimel empulss pespbiseand
enbodi ment éétlg%teteﬁéeq%g&lgﬁﬁ ‘égn) gértg@zlégcri bed in further det§ai I ﬁ%l ow. BRI EF
DESCRI PTI ONp@Ferifing B tbRAdulayaseqtionhan a medetemmnag deday spemady d (Qhpprioawingt ages

Gescr pti oft ot FRel by 88 P SPER ARREKE nanhd Tl gy

descri pti on In nj unction t he "dr awi ngs

i n which | edrignarcetbebance €inarfasguercy respemeiettymaear r espondi ngly t hr oughout
and whereip; [001 Fl G .Sho an exenpl ary, subband .structure fqr an
OFDM syst eﬂ%"l%bo 13%‘6 Ifi‘r@?h‘%dlg%‘?&g t’é‘{mﬁ%l%':g% t ‘3& ﬁg?ﬁngf‘g IBRUSS: FERYISE (4P ODr?ay be
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[0015] FIG 3 shows a uniformpilot transm ssion scherrebtten%t can sinmplify
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channel impulse response estimates or frequency response estimates for multiple OFDM

symbols may be filtered for each mode to obtain a higher quality channel estimate for
the wireless channel.
[0011] Various aspects and embodiments of the invention are described in further

detail below. -

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] The features, nature, and advantages 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:
[0013]  FIG. 1 shows an exemplary subband structure for an OFDM system;
[0014] FIG. 2 shows a pilot transmission scheme that may be used to obtain a
frequency response estimate of a wireless channel;
[0015] FIG. 3 shows a uniform pilot transmission scheme that can simplify the
computation for a least square channel impulse response estimate;
{0016]  FIG. 4 shows a uniform pilot transmission scheme for a spectrally shaped
OFDM system:;



WO 20061094037 PCT/ US2006/ 007227 4 [0017] FIGS. 5 and 6 show processes
for obtaining a frequency response estimte for each node within each
OFDM synbol of the wireless channel in a spectrally shaped OFDM system
and [0018] FIG 7 shows a sinplified functional block diagramof an access
poi nt and w0 200pd0sal i n the OFDM system [0019] FI G &drausaosiooqtki fi ed
functional block diagramof an enbodi nent of an OFDM receiver having
optim zed channel estimate processing.4[0020] FIG 9 is a sinplified
flomchart of a process of optim zed channel estinmation. DETAI LED

DESCRI PTI ON [ 0021] The word "exenplary" is used herein to nean "serving as
an exanpl efjoo17Inst BIGSR,5 ard 6 khavs pragtdsemiot opminiegrh dtipneay responkesisgmate

descri bed herein as "exe “ 1S, not. necessarij | 0 be t as

preferred ©f e%?é?\?%‘?ﬁ%é"@g%ggg%‘ﬁ)%tsﬁ@}’&e%%eﬁﬁéﬁﬁsséha‘é}é H‘eas?pﬁgtga. [%%%g] FIG
1 shows anpgpeiP)s@fmy asebband structure 100 that nay be used for an OFDM
system The OFDM system has an overal |l system bandw dth of BW IHz, which

is partitiB8881 i nFE5.N thowssginplified furriiond bleckthp AR RH D 2has a
bandw dt h BV spectrally shaped OFDM system only M of the
N total s%%ﬁ’g%}éét%r%ﬁéyeégg?%f data/pilot transm ssion, where M< N The
remai ni ng [0819] M §lMbiiuids simplifiect fupstemak blocld sltegrasi (06 tent qnahesimens jofrinand

serve as ¢ suhbands. to.all th > o neet spectral nask
requi remsn@gbg/[rﬁge‘f(ﬁrﬁ?ﬁlﬁﬁé’pug{fﬁg\éﬁﬁ%‘gae%ﬁ%?%%%bm%ds F through F+M 1 and
are typi cajgogocenras.ed amanginipli¢iedN fldvashatt sfulabprdsss pOQPEMizEdecidnselbbands
of the OFDM system may experience different channel conditions (e.qg.,

di fferent ¢HHI?HHand nul ti path effects) and may be associated with

di fferent conplex channel gains. An accurate estinmate of the channel
response is nornmally needed to process (e.g., denodul ate and decode) data
at a receiver. [0024] The wi r@ﬁg&@mm%ﬂ‘l% OFDM syst em may be

characteri fo%glfy ThE Mg ex B 10 SORANE rPUGGECRPANSRE, O @

correspondin requency- donai chann equency respofise used
her ei n, anhstahées br 11Bisitaioai”s Aagtembiotiimenc ondesiphi desalbet] derimad ‘Ggymplary”’channel
| mpulse r elss%%? ggc';:ssiaﬁlyato iercrzgﬁs?r%e Lsnprgﬁa?i%g oF gdv%};tageous over other embodiments
or designs.
[0022] FIG. 1 shows an exemplary subband structure 100 that may be used for an
OFDM system. The OFDM system has an overall system bandwidth of BW MHz,
which is partitioned into N orthogonal subbands using OFDM. FEach subband has a
bandwidth of BW/N MHz. In a spectrally shaped OFDM system, only M of the N
total subbands are used for data/pilot transmission, where M <N. The remaining
N —-M subbands are not used for data/pilot transmission and serve as guard subbands
to allow the OFDM system to meet spectral mask requirements. The M usable
subbands include subbands F through F+M —1 and are typically centered among the N
total subbands.
[0023] The N subbands of the OFDM system may experience different channel
conditions (e.g., different fading and multipath effects) and may be associated with
different complex channel gains. An accurate estimate of the channel response is
normally needed to process (e.g., demodulate and decode) data at a receiver.

[0024] The wireless channel in the OFDM system may be characterized by either a

time-domain channel impulse response hy, or a corresponding frequency-domain
channel frequency response Hy,. As used herein, and which is consistent with

conventional terminology, a “channel impulse response” is a time-domain response of



WD 2006/ 094037 PCT/ US2006/ 007227 5 the channel, and a "channel frequency
response” is a frequency-donai n response of the channel. The channel
frequency response H\Nx: is the discrete Fourier transform (DFT) of the
channel i mpokewopmsponse hNx; . This relationship may eTaxpowssRer i n
matrix form as follows: iNxI _ WANXNNNW , Eq " 1) where hNxt is an N x|
vector for the inpulse response of theSw rel ess channel between a
transmtter and a receiver in the OFDM system HNxi is an N x|l vector for
the frequency response of the wireless channel; and WWN is an N x N DFT

mat ri X useghelcRarder, bAd AT¢HandDid @e‘hct‘fl Nsportse” Bt fadquetdy- dnmain TdsporSE Of that r i X
WAXN i s defined such that the (n,n)-th _entr W, s, gi ven as;

., ~c" - nom ¢hawpel, The channelffggayeqqy. IGSPRFPSeaH@m#% ﬁ‘e disopgie F‘Eﬁ{e’?}ran @Fﬁ‘)l s a
rowmdexandlnlsacIurmlndg|N ,HBE]E ulseresose mx
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| ess than %Mﬁd? ,of total subbands (i.e., L < N). That is, if an

i mpul se |s apb {6 the wirel ess channel by the transmtter, then L

ti me-domain sanples (at the sanple rate of BWMz) woul d be sufficient to
characterize thHy,=eBhoisg of the wirel ess channel based on thi Eqi(bpul se
stinmulus. The nunber of taps (L) for the channel inpul se response IS

dependent on the del ay spread of the system m/?l ch | di fference
bet ween t hehesr hivedt ataNK] w@gtforéhwm% respeRsgIof ey Wi ent

energy at the recei Vaﬁtréar\/lél}tgeé reggl ggn%rﬂﬁgmlcss{g Flelsponds to a |l arger

value for L, and vi e vector utles one entry for each

tap of the chanpgl 1slaﬂwi<§eedt@&bﬂmsereq@5yﬁespteisayfmamltsm':hahneum first L
entries of the vector hNx, may contain non-zero values and the N--L

remai ning entri @%Nx@nealaNerEBE norixaysed tit peefiown slee DFR of dini f toohiain Halues.
[0026] Because only L taps are needed for an accurate estimte of the

channel i dbﬁ‘?rﬁaﬁ%?wseqsh%eﬁ@éﬂﬂﬁéttﬁé BAMS IR nk £5R0 nsgvkihdies in a

subspace o i mensi on™ L (1 nstead of frequency response of the
wi rel ess channel may thus be fully charact eri zed based on channel gain
estimates for as few Ja;n-mma)pproprl ately sel ected WO 2006/ 094037

PCT/ US2006/ 00722, = , for n={1.. N} and m={1 ... N}, Eq (2)

where 7 is a row index and m is a column index.

[0025] The impulse response of the wireless channel can be characterized by L taps,
where L is typically less than the number of total subbands (i.e., L < N). Thatis, if an
impulse is applied to the wireless channel by the transmitter, then L time-domain
samples (at the sample rate of BW MHz) would be sufficient to characterize the
response of the wireless channel based on this impulse stimulus. The number of taps
(L) for the channel impulse response is dependent on the delay spread of the system,
which is the time difference between the earliest and latest arriving signal instances of
sufficient energy at the receiver. A Jonger delay spread corresponds to a larger value for

L, and vice versa. The vector hy, includes one entry for each tap of the channel
impulse response. For a delay spread of L, the first L entries of the vector hy, may
contain non-zero values and the N-—L remaining entries are all zeros or are otherwise
insignificant values.

[0026] Because only L taps are needed for an accurate estimate of the channel
impulse response, the channel frequency response H,,, lies in a subspace of dimension
L (instead of N). The frequency response of the wireless channel may thus be fully

characterized based on channel gain estimates for as few as L appropriately selected



subbands, instead of all N subbands. Even if channel gain estimtes for
nore than L subbands are avail able, an inproved estimate of the frequency
response of the wireless channel may be obtai ned by suppressing the noise
conponent swoutwiod®3t hi s subspace. [0027] In one enbodipmanis2odshendd L t aps
corresponding to the | ongest delays nmay be truncated froman N-tap
channel inpulse response with relativeby no degradation of the channel

i mpul se response. The di mensi on of the channel inpul se response can be

mai ntai ned at N by setting to zero, or some other substantially

i nsi gni fi cambanda) MSead\bilall Bhawbelds.t &ven ifldhasnel ighintdigmarn t@xhoefthahBnnel
i npul se r the termtruncation refers to the setti

i nsignifi C@E}?qul&ag@m@ﬁ@% W&ﬁﬁ’&m’?‘éﬁ@mﬁ&%ﬁe greﬁ‘t‘e@aﬂf‘él’ﬂ‘isﬁ g%‘ed‘giir%{?ﬁsspr ead.
[ 0028] * Pl Ginafinct BN BpRiod by b AASE HelibiS CBRFENAL bk hiTRUbBocised €O

obtain a requen respons for the"wrel ess channel in the OFDM
system A [;BDZHt hymnhoglmananmﬁ‘ftlt fags emrespapdingfto &edpngﬁst@lﬂybmdéve wher e

i n general P i | ot Subba i

usabl e subtlS‘éPr‘f dirr?gl W’a@eial? ﬁﬁmgeé \9196 %gpc{n%‘% %ﬁtgﬁééﬁée?%ggeé%ﬁgn toﬁ nunber
of pilot s¢hahendspuBe RepbndeesFhd dmmensioe oiuhbehamfel uuptabal &spm‘mba:aﬁisbe(l .e.,
P< M. The remal ning M- P usable subba gb‘% us d &s? ssi on
of user - spBaipfined ghNbY ENETe £8700 3% %Pmea?f erssb‘ Uaﬁ@mm WBt ¥ ue, ubbands
can be USeghqh 1 SHAPOThusairt ARTBSRICKALE Bbohdinaptish hes?on@ Bl Rk SRcAion
mul ti pl e comuni cation [i'nks corresponding to nul pIe users.

Addi t i onal tefers émdte ssttinghan dngigbificart vedye e dhanng] papsxeayond agupisérmined| ti pl e
users or A}g péag data links. In one enbodi nent, a subset of the M- P
subbands can bd 4l ocated to a distinct communication Iink. [0030] The M
- P subbani#$28tey BEGa2 Islmmtaepilotrnrasmiusslansaharhnb)ZO@duaknasthabmcrutoscémén awth

bbands wi t hi bb t. th | th
P SubbEHET S AT Bt S 0 A bEBr © B o RS Subband

sets, W t hgyeabis @nsinitfed @nSdabipan® peiet subBatsNeh&s s kaidralal. P £ hw %@E
nunber of subbands, [0031] The subbands allocated to a particul ar subband

set from tpitot Gushabinpe detibuted amang thephd wtable subbangs saddianp duliceFof sexanpl e,

each of the subcarriers_ correspondi t he subbands in the subband set
can be. modMFERGvi DIEHE (B8 RRRRTCRITe 5 SPDERASds Mgk dess ShapSPRRERRATIO) t he

sane dai 2 Lol g 12 SRERCER MRADuIL S P TRRR S s ARy RS O
conbi nat i Oﬂﬂatﬁﬁuspﬁshaﬂfraiee-@ecxm&d)ﬁﬁérﬁ&d%%, RETbd82006/ 007227
[0029] The M-P subbands can be used to support a communication link with a
single user or multiple communication links corresponding to multiple users.
Additionally, each of the subbands may be multiplexed to support multiple users or
multiple data links. In one embodiment, a subset of the M-P subbands can be
allocated to a distinct communication link.
[0030] The M-P subbands may be allocated in substantially equal subband sets,
with subbands within a subband set operating in the same mode. For example, the
M -P subbands can be allocated to any one of Q predetermined subband sets, with each
of the Q subband sets having substantially the same number of subbands.
{0031] The subbands allocated to a particular subband set from the Q subband set
can all operate in the same mode. For example, each of the subcarriers corresponding to
the subbands in the subband set can be modulated with the same modulation type, have
substantially the same data rate, have data encoded with the same encoder types,
encoding rate, layered modulation type, or share some other signaling parameter or

combination of parameters.



7 [0032] In one enbodi nent, each node can refer to a particul ar

conbi nation of encoder rate and nodul ati on type. For exanple, each of the
subband sets can be configured according to one of el even distinct nodes
t hat i ncl vaexom/opast i cul ar conbi nati on of nodul ati on tyuays2ew@oder type,
and encoding rate. The nodes include: Quadrature Phase Shift Keying
(QPSK), rate 113 turbo code; QPSK, raté 1/2 turbo code; 16 Quadrature
Anplitude Modul ation (QAM, rate 113 turbo code; 16 QAM, rate I/2 turbo
code; 16 QAM rate 2/3 turbo code; QPSK, rate 1/5 turbo code; Layered
QPSK,  enefpo32) at i offs elmdbéinth caclt bode ade reﬁaaycelaephr@?ﬂiif cmtémaj;iymrcﬁti 0 4,
rate 1/2 turbo code; @ Layered QPSK, _energy. ratio th% 3 turb% code;
Layer ed (’P@]&Od%rréWQV\dr BERwegom ype. Eareenppple, GP%OE(S\?feS A0 PEY PSR,

energy rat &ch}ﬁgm%ﬁ &:Ut@ @Hr&oeﬁ%emsﬁﬂ& ERY& ethe iRkloles §NSAEBMIALI O

6. 25, rate tur oco he term"energy ratio" refers, generally, to
a ratio deteubinatied of moniuiatien dipeeerspdansypsf andxncbdisg ratay dhe medes inglade:o

di nensi ons_of . t he _.enhan nt { can be
det er mi ned R ﬁu’iﬁaq}ia%e %Plﬁt 4 mgodggé% arﬁge:?l %ﬁ%@m@ag&’ cfﬁl g zg&rércbrgac?b%ar ed to
t he enhancegrenhdh@ye Anplinsk aibdiliton (AN prae 1/35qmm e@ue (03 (M)Mr,sme ‘k’zhe
systemis not limted to havin eIe Qﬁgg%;s of o er

syst ens malripaspdegte . e 3/% AR (ﬁ9§§’] ai”ﬁ@ r%[g » for
the OFDM S¥r§§§?aﬂ§)4 he F/’SRﬁI%%%@S’e lﬁyer%(QPSﬂl\@ﬂme 4+t 1/2 thfbo(Blie;Wher e

XNxt is an NXI vector with N "transmt"™ s nbols sent by the transmtter
on the N butshalfABSKygneteyziatiod, s g tabatcods Lapwed QRSEd caemsh a#s6-23:Nx, i s

an NxI| vec}aceq /\I%tg}xjﬂo '80&4 q_%%r}é&' g% pSRY Ihg %}?ra(ﬁgt@ifﬁcﬂ %u}lgbb%ddgcﬂdvﬁfﬁlgi[eﬁr the

N subbands; I'sé vettor for ands
denotes t hQPBEdmwkam 626 ctate 24bhiwho ¢slea@heteaméntergy stiop rafehscgeneraligr e t he

i-th elenment of rNxl .is duct of nts.of XN | .and HNXI
" The ot b e St B R SRRt ar tRbe b S B R s o PRy

With zero efffdnAflader Adrana@pef the ¢erg) @ARAJan AR detdrinint a@&tﬂaﬁ@bf:th@f t he
frequency res&ynse of the wireless channel, Hp;, _may be obtained as

fol lows:  WBspb06l Guaelitionditase s0BraIdy irenhagoement laye? constellation distance
squared. Of course, the system is not limited to having eleven modes of operation, and

other systems may have greater or fewer operating modes.
[0033]  The model for the OFDM system may be expressed as:

L = B_le X Ty > Eq 3

where Xy, is an Nx1 vector with N “transmit” symbols sent by the transmitter on the
N subbands, with zeros being sent on the unused subbands;
I 18 an N X1 vector with N “received” symbols obtained by the receiver for
the N subbands;
Ny, is an N X1 noise vector for the N subbands; and
“o” denotes the Hadamard product, which is an element-wise product, where the

i-th element of ry, is the product of the i-th elements of Xy, and Hy, -

The noise n,,, is assumed to be additive white Gaussian noise (AWGN) with zero

. 2
mean and a variance of o~.
A init

[0034] An initial estimate of the frequency response of the wireless channel, Hy,,,

may be obtained as follows:



Pw = rPx1 / xPx1 = HPX, + neAl' xr | Eq (4) where x'x is a P x 1 vector
with P pilot synbols sent on the P pilot subbands; KIl,t, isaPx1
vector with P received pilot synbols for the P pilot subbands; Hvxt is a
P x| vect ovob@nde act ual frequency response of the Pppirhgboosuibands;
Nit HPx is a PxlI vector for the initial frequency response estimate; nPx,
is a PxI noise vector for the P pilot &ubbands; and

rp,al xax, =[P(st)/P(s,) P(s2)/P(s2) ... P(sP)/P(sP)]T, where P(s,) and
P(s) are respectively the received and transmtted pilot synbols for

pi | ot subband sgmir. _The, Bxl yectors %Px , r~x and nr"t include P
entries of the = Lot S ‘I’ﬁb(%l,g""‘/rxxml’ and n,,,, respectively, O@(Ha)'
corresponding to the P pilot subbands. As shown in equation (4), the

receiver ¢ n_é)b}}paiilg t};%;]r ll{&lﬁ(gerl B ﬁggﬁgwsg&wg & Sfh biftkfad | - based on

P el enent -Wae #P4tY 6s recetve ot synmbol's'to the transmtted
il ot mbol foor. t P._pil.Qt: ok .(s,) fl
(0 -3 e b Biploydtdr i REAR o finord RFHC fjor subtbes | 71
i e f band . ) e . ;
Fesponse of t nati 1 54 VeRGHSE ekl o 3k ER R ot hlip , eneY
f e, imte f t he. . t al bbands.. . be obt ai ned
based on’the | et 15 Praqsanty Fedpunse bl HRSRTRalR "% *lsing vari ous
t echni . F . di t | - 165t i.on.techni : I t
Square esti mat diaris eHuth it et SR EBISSHOMRIY ol cos channel i first
bt ai ned based t l.owi ti i zatign: ., j k t 5 :
OOVP Lhixr 117 Sl Penr YOG AR BLETH Sy eI Dulled; Agd b
hypot hesized (! Sep(sGS RRNSE By thefebe &P inc hafAEhea pHEdmlRyrdl X L

sub-matrix of WNxN- I's an' L x 1 vector Tor the |east
squar e channel inpulgg: i86aRNse estimte. WO 2006/ 094037 PCT/ US2006/ 007227

9 [0036] The matrixpV\PxL contains P rows of the matrix VWNXN correspondi ng
to the P pilot subbands. Each row of WPxL contains L elenments, which are

the first The BKerisatos Xhq tha 6rResiveids aplyFowmtaes ol N thaegpsi¥nzat i on

in equation (5). is over : . .
q ng,( a%d n,,, , respectively, corresponding to the P pilot subbands. As shown in

. A init
equation (4), the receiver can obtain the initial frequency response estimate H,, based
on P element-wise ratios of the received pilot symbols to the transmitted pilot symbols

~_init

for the P pilot subbands, i.e., ﬂpxl=[ﬁ(sl) ﬁ(sz) ﬁ(sp)]T, where

H (5;)= ﬁ(s,.)/ P(s;) is the channel gain estimate for subband s,. The vector _IFI_;Z is

indicative of the frequency response of the wireless channel for the P pilot subbands.

[0035] A frequency response estimate for the N total subbands may be obtained

s . it . .
based on the initial frequency response estimate Hg, using various techniques. For a

direct least-squares estimation technique, a least square estimate of the impulse response

of the wireless channel is first obtained based on the following optimization:

A~ ls . A init
b, =1‘Ilnn | Hp ~ Weo by ”Z > Eq (5)

BLxl

where h;, isan Lx1 vector for a hypothesized impulse response of the wireless channel;

W, is a PXL sub-matrix of Wi s and

Als . .
h;,, is an Lx1 vector for the least square channel impulse response estimate.



al | possi bl e channel inpul se responses hLx, . The | east square channel

i npul se response estinmate hixr is equal to t he hypot hesi zed channel

i mpul se response hLxj that results in rur mninmum nmean square error

bet ween t hwoi2nistobab7 f r equency response estimate |i , x, EIWUS20des@ofeEqUENCY
response corresponding to It, , which is given by WexLhLx| . [0037] The
solution to the optim zation problempdsed in equation (5 my be
expressed as: hLXL = (WPxL WpxL)-' WPPXL HPxlI Eq (6) [0038] The frequency
response estimate for the wirel ess channel nmay then be derived fromthe

| east squar an I r t t ol l.oM&nohd@ind & tAAX =
WAX LhLx, ﬁ? nﬁ{\ﬂ%ﬁé?ﬂgg e L@E‘&g?ﬁﬁ? dlf@%alfﬁ?flgsvv%%ct hepfl rsét L col unms
of WWN ; amllat élﬁ)b&ﬂ\% EgchafoN ok W, yecsmsing @r eleients eglshnay thedparise
estimate for "all N subbands. [0039] The vector HNu can be conputed in
several manenaits dfahe eorasspomling toer ofvBGLer The pptiméizatioeincesppiiered) i o¥6r as
shown in equation (6) and then used to conpute the vector HNx, as shown

i n equat i omll(pbksiblEcharmeLiatputse r¢sPdnsef WRx L Thwrienjtsquarg channel ipulse xPpeRse r i x
that can be pre- corrput ed. The inmpul se response estimate h' , can then be

obt ai ned WidshmbieFi,GORRL S tORRIBbbAESzC @hari] inipplse easpbaRsh,,, fat readtsdh i on
(7), the frequency response estimate HNx, can be nore efficiently

conput ed by, i‘rémﬁ%ﬁe%ﬂ% eﬁbﬁb&wéenlméf%ﬁﬁﬂrfreﬁmeﬁcb réypohde gsaﬁﬁtepﬁqﬂxﬁilaa@) to

obt ai n an vect or Nx and perform ng an N-point FFT on hxM,

uhi o 7 equifehedichoNeshdite é\&fegﬁﬂ?xb% tO !, BivhieR & lmaﬂmqg 4037

PCTI US2006/ 10 'The frequency résponse estinate ., can thus be
obt ai ned wi[ob37 t oTld selfition ko e epthniZatiin progleid) posedyih esquaipmer €X)i roms bé or
both equations (6) and (7). [0040] Alternatively, the vector xN., can be
conput ed dlerxé&ssfegiaf’romthe vector HP., by conbining equations (6) and
(7), as follows: H1 H 1,14 HNx1- V\NXL(V\PXLV\PXL) WexLI PxI , Eq (8) where

WWNXL ( W<LWPXL) ' Wie LQYI? I\??P Wieh # X that can be pre-conputed. %’Q@
frequency respo e BLTHENPL=®An t hen be obtained with a to of N

P conpl ex
[0038] The frequency respounse estimate for the wireless channel may then be

derived from the least square channel impulse response estimate, as follows:

A s ~ ls

Hle =X ol L><1 ? Eq (7)

where Wy, is an NxXL matrix with the first L columns of W ; and

_ﬁle is an N'x1 vector for the frequency response estimate for all N subbands.

Al R
[0039]  The vector Ij:m can be computed in several manners. For example, the
Als . . ’
vector h;,, can be computed first as shown in equation (6) and then used to compute
A s . . . - .
the vector Hy,, as shown in equation (7). For equation (6), (Wh, W, ) IXV_;L is an

Al
L xP matrix that can be pre-computed. The impulse response estimate 1_111, can then

be obtained with L-P complex operations (or multiplications). For equation (7), the

frequency response estimate ﬂ’;ﬂ can be more efficiently computed by (1) extending
the LXx1 vector ﬁiiq (with zero padding) to obtain an N X1 vector ﬁﬁm and (2)

performing an N-point FFT on ﬁfm , which requires 0.5N-log N complex operations.



operations. [0041] For the two conmputation nethods descri bed above, the

m ni mum nunber of conpl ex operations needed to obtain H\NxI for one OFDM
synmbol is NOP =mn { (L P+ 0.5N log N, N P} . If pilot synbols are
transm tt evio covsemody OFDM synbol , then the rate of compatraib@eoissz7NoP
[Tsymm |l lion operations per second (Mps), which is NP BW/ N Mps,
where T,ymis the duration of one OFDMsynbol and is equal to N/ BWsec
with no cyclic prefix (described below). The number of conpl ex

operati ons, NoP, can be very high for an OFDM systemwi th a | arge nunber

O o225 5 EALE s SRS HBL S gt

512 taps, #2P.Mps. ]o?N} JR8RERbp Eﬁu&gmcﬁh Hﬁuatwnﬁ%}%@ﬂua“ ons (6) and

(7). Since equatl on requires 384 Mops and equation (7) requires 36

\obs, 1S AR ARG L WP LAGRCEY S, HIRRREL AL, fesholeo
t at iniff N- 1 F 7 0042] Pilot t i SSi
Commu oLt B AR (1, (0042 P ot e et on

pi |l ot subbands. The matrix WP<L contains P rows of the matrix WN. N

correspondi ng th #ol subRandsw This results in the nee
conpl ex operatlt@n ﬁm%hy pl&@Em:n’trl es of the vector %%&5[0043]
FIG 3 shows a uniformpilot transm ssion schene 300 that can simplify the
conputation fo squ chann i l.se response estl . For
scgme V\D“Ell? %%@L b@g@ds(ﬂ??glﬁ qﬁ#még@t Cfuﬁ elgrepf(f%lfuféctbgg%ds are
uni formy distributed across the N tot ubbands such t hat consecutl ve
pi | ot subﬁeﬁwcxﬂepeweéwmatﬁaﬁm gn thep @%% h agofak ffe Mribr eompleve
nunber of Ob%g olsS a@ssumed to be equal to the nunber of pilot subbands

? [ 0044] The uniformtransm ssion schene shown in FIG 3
can be cori!)()ﬁtjihr edfaashe QoNoRpubiian chetiexls desatibadeabone the midimusuhbardotet s is
configured as the pilot signal and N/ P - | subband sets can be
al | ocat ed compltat anpefations ofiecklbe  dat abtmmbe@,q sétrs anan OEDEDL bentwdnfid gur ed

as P data subbands uniformy distributed across the N total subbands.
[ 0045] | n Nqe mwiod fpiket 0.6 e 19 aI N ftinbelf pitot siypibalidere Mensgditechén 4096 and

the nunber of subband sets, Q can be S. Thus, there are P=512 subbands
in each séBBMd@ymbel thewtherrate 4 comppalieisis g Uiy mgllipe pberdieaipeyseaendss t he
band, occurrlng once ever ht subbands.

(Mops), which is N W/ N ops, where Tgyy, is the duration of one OFDM symbol

and is equal to N/BW usec with no cyclic prefix (described below). The number of
complex operations, Nep, can be very high for an OFDM system with a large number of
subbands. As an example, for an OFDM system with an overall bandwidth of BW =6
MHz, N=4096 total subbands, P =512 pilot subbands, and L. =512 taps, 420 Mops
are needed to compute ﬂfm using equations (6) and (7). Since equation (6) requires
384 Mops and equation (7) requires 36 Mops, the computation for the least square
channel impulse response estimate in equation (6) is significantly more burdensome
than the computation for the N-point FFT in equation (7).

[0042] Pilot transmission scheme 200 in FIG. 2 does not impose a constraint on the

locations of the pilot subbands. The matrix W,,; contains P rows of the matrix Wi
corresponding to the P pilot subbands. This results in the need for P complex operations
for each of the L entries of the vector ﬁlfxl .

[0043] FIG. 3 shows a uniform pilot transmission scheme 300 tha; can simplify the

: . . ol
computation for a least square channel impulse response estimate _131;1. For scheme



[0046] In this case, W,, is a Px P DFT matrix, W W,,p =l where | is
the identity matrix, and equation (6) can be sinplified as: s g 'nit hPxl
= WPXPI & Eq (9) Equation (9) indicates that the channel inpul se

response egbi0®ice403y, can be obtained by perform ng a gmp@&2ds0b2ET on the
initial frequency response estimate H. The vector ~,t can be zero-padded

to length N. The zero-padded vector hNO® can then be transfornmed with an
N-point FFT to obtain the vector H\Nx,, as follows: ft(S Is -N 1= WXNhNXi
Eq (10) An S x 1 vector Hs,, for the frequency response estimate for S

subbands ofqg, Eﬁe@r}g&ﬁ sxﬁ%ﬁndsadréﬁhllhﬁm@bdlﬁhﬁlﬁéd ﬁz&s@dh@n tbtapsubBaidokudhlthet, Wher e
i n general N> S Sis a power then an S-point FFT can

per f or m t ocaBRcative P@R‘ sqb@@zﬂﬁlmwwhce& QR%‘ ‘?}f é‘ﬁél?“n s9Bbagis.s Fiathermad, thene

nunber of Iy out_, DM nbol
s Ny, = B BaBPESnRA%o b S fo%6e ARRPLAT Bbepnd e fitl p OOV SYTD
BW (P |og)0n>4]+ NThé¢ agifddm Itram;mismm sd*ﬁemetshewnexmrPﬂGaBycaanéDMrél)gBIGéms

d i bed ab M b d h .39, 38

20061 0040302 BLEeEbbR GrBY5SS e St Hie MohneCe b seRERseE o0 e loRhelE mch
| ess than §heN420- &/Qﬁ’@oaﬂ@@&@daﬁ b'HalIbhitt@d to datAMS&Bh T HNdHE BeBEn QB cah0048]
The reduced-conplexity | east }gaaare channel inpul se response estination

descri bed dsmbeecqnﬁg@rqduaw dnte spleandsimifomoly dissiibused agross fi N&Faleﬁ%@ﬁﬁil ons:
1 The P Ploggk SUPrP%HQ%xghaﬁepw | gfh %u@gépéﬁ?&b%s?dy "ol 1@69?5“51& ufhd 2
and

The nunber aps I's equal to the nunmber o
These two mssherpf bubbsnd s8m) €k canrpof.t &hts, thest are @tﬁmlsibbandstmbaahrwbbamda

practical OFDM st irst, for y_not

Doosi bl e P Pih i BEppidt CEinng ORI Eat AL O GPHE S ¥Rt ed
across t heeibhitsgbthdsubbands. For exanple, in a spectrall y shaped OFDM
system no synbols are transmtted on the guard subbands in order to neet
spectral nHOH6l eqin théneast s WAs isadthe(DEK ampise, WA VOEDMIs wherend imthe not
permt pilot/data transm ssion_on certal n subbands (e.g., zero or DC
subband) . %ntltyﬁat%éﬁ%%‘}ua@%@lc@ be¥mplfigdedi not be available for some
subbands due to receiver filter inplenentation and/or other reasons. For
t hese systens, ls‘;ztrl %Mpﬁfm O‘dl city of the P pilot Fq (9)

Equation (9) indicates that the channel impulse response estimate ﬁf,,d can be obtained
by performing a P-point IFFT on the initial frequency response estimate ﬂ?:l The
vector ﬁﬁ,d can be zero-padded to length N. The zero-padded vector _ﬁﬁ,d can then be

. P . Al
transformed with an N-point FFT to obtain the vector Ij;m , as follows:

is

A A s
Hyo = Wyaha - Eq (10)

Al
An Sx1 vector _I-L;,<I for the frequency response estimate for S subbands of interest may
. Als . .
also be obtained based on the vector hy,,, where in general N=S>P. If S is a power

. . o~ s
of two, then an S-point FFT can perform to obtain H,,.

[0047] With pilot transmission scheme 300, the number of complex operations
required to obtain _ﬂgxl for one OFDM symbol is N, =0.5-(P-logP+N-logN) and
the rate of computation is 0.5-BW - (P-log P+ N -logN) /N Mops. For the exemplary

OFDM system described above, ﬂﬁm can be computed with 39.38 Mops using pilot



subbands across the entire N total subbands is typically not possible.
Second, the assunption of L = P (which is |less serious than the first
assunption) can degrade the quality of the final channel frequency
response ewoDi2nmtoe408ri . It can be shown that the qual irgr/@hodsherzghannel
estimate can degrade by as nmuch as 3 dB from an optimal channel estinmate
if (1) Lis assuned to be equal to P, 22) the pilot symbol energy is the
same as the data synmbol energy, and (3) tine-domain filtering is not
performed on fit$ Is or HNa to capture additional energy. This anount of
degr adat i offansmissioe schannaD0.ewhichEt enuchulassi thyn riay 420 tMbes awdep tftabpidotf or
sone systens. [0,049%Vari us techniques may be used to overcone the two
restricti oRSPSSOPSHEEC ABove. First, extrapol ation and/or interpol ation

may be use@o4flS NERESREN-corSplOBtylehkt sGRAE RBANERINRS! teBFIneS eft@hatidn
uni formy spaced subbands based on the received pilot synbols. This

al | ows t hedes¢réied @boverip guasioped@) arbd Obepliphen avoriey pErupwlges | ved with a
P-point | FF T . Second, tap selection may be performed on the P elenents
of h to PX1 obtlai Bh&P ppilefsebbandapiepyriedianmess teeshtorak subbands, and

Extrapol ati on/int ehoahbd: OPrB0f hhl & HeGahbA e bLaBBaRk e Lip flet al |

bel ow. [ 0050] orm pi transm ssion 00 for a

spectral |y, shaped OEDM syst . For, schene..40Q. . . pj | . S are
ani 1 or m v TSE A DU OB e S e R iy st birt by SR
t ot al E gbb%@xéﬁ]. m’? fcﬁrrsahqemmﬂh Gydteis itphiyqtotbuﬁmmm > gafaﬂsminﬁﬂeﬁ:kymballst lﬁy
NIl P subbands, sjmlar to sche 300. Again,.t S n spanni ng eac
pi l ot sub¥aRFuEbaRds unikerly disirpuisg isresadie SUBBLAPRSRE BRI, B2 ot
symbol s ar gtk AYSHAFHIFDRIN HeAN 1 's%'rﬁ1501§ wRRans;hah the gla@di@%aﬁ&eln M
usabl e subbands (or sinmply, 'the "active pilot subbands™). No pilot or

dat a synbobrdersdp ancer spestidlinasy resvingineris. dglsbetherexemale, at © YREDR I8y N- M

guard subb OF 1 Sh 4l . J: i S - recei ver
Phus. oot at 12 portiE PG fansiulion Aok Bublebf®l (L ORATEEDE sl 850
synbol s fyet atdierieranple vglapinagtnoshebaiiatde fdrQ0ha pulbhids dnedd eaasiver filtedcess
500 for obtaining . the frequency response estimate |INx, for each node
whthi n or SRS 2a PO B RO 6 T HECHRATORsite of e doBiol

W rel ess chiabaeb abfoss iR &REEIN adthly sbbaRBds 15YSdtebssibR. Obédvhayipol  may

be characterized wth one or nore nodes, including nodul ation schene, code
rate, assumption of L =P (which is less serious than the first assumption) can degrade the

quality of the final channel frequency response estimate H_QXI . It can be shown that the

quality of the channel estimate can degrade by as much as 3 dB from an optimal channel

estimate if (1) L is assumed to be equal to P, (2) the pilot symbol energy is the same as

the data symbol energy, and (3) time-domain filtering is not performed on l_hll;,<1 or _I?_I.fI><1
to capture additional energy. This amount of degradation in the channel estimate
quality may not be acceptable for some systems.

[0049] Various techniques may be used to overcome the two restrictions described
above. First, extrapolation and/or interpolation may be used, as necessary, to obtain

channel gain estimates for P uniformly spaced subbands based on the received pilot

symbols. This allows the channel impulse response estimate Iiliid to be derived with a

P-point IFFT. Second, tap selection may be performed on the P elements of ﬁ;d to
obtain a higher quality channel estimate. Extrapolation/interpolation and tap selection
are described in detail below.

[0050]  FIG. 4 shows a uniform pilot transmission scheme 400 for a spectrally

shaped OFDM system. For scheme 400, the P pilot subbands are uniformly distributed



nodul ation | ayers, etc. For a |layered nodul ati on schene, a synbol nmay be
characterized with both base and enhancenent frequency response esti nates,
HNxt H. An initial frequency response estimate for a first set of P

uni f or m y vapzoew4esbbands is obtai ned based on, for erempk®osiint
synbol s received on a second set of subbands wused for pilot transm ssion
(bl ock 512). The first set includes al3|east one subband not included in
the second set (e.g., pilot subbands anong the guard subbands). An inpul se
response estimate for the wireless channel is next derived based on the

initial fregeene)N tsalsabbarisasth that eonsbduded pAdrdgubbLihia nine bpacedupasieby esponse

estimates for nultiple OFDM sy pbe filtered to optain a hi gher
qual ity chﬂﬁﬁe"rubbﬁldﬁﬂﬂf@a{ 5o 6@?“51%@0 n?&a}‘hé{‘e S’f“?t@ag%ﬁwn%s%hs@%stl mat e

for each ’Iggdi at nﬁﬂ&ﬁhoﬁp&/{éé’ 800 butBhnd J&? 3558 er Wifo® kfiﬁﬁo@ﬁé AR mitsd t hen

derived ba I'tered or unfiltered) chann ul se response
esti mat e (Oblyomkpﬁd.ts;)lbbdﬁddi that mgam@,g the %uwlqowbbmdséar @mpﬂbhéhﬂ ractival  or

final fre e r esp S S

response &8P Y%ﬁ%é%l}de’s) 01@3%1@;' (tﬁr erﬂc’g]gua?qé1 tt%@%%%%%\ﬁ}r‘r’a’%%%%to%%z] FI G
6 shows a agfpagithé AN pMCaRsd &ﬂﬂaﬁdsr (o@l@irﬁplw thg ‘tihetite pdoendpand®podse
estimate N, , mthesectrallg shape }yu(t?g Initially, re(ieived

pi | ot syntefesrer g obisius;milof syrgpol ttheaﬁctt'i"9é’115 ubbands pad e PURF SYRY ot
transm ssiggnné Hla06k bOdubbifignnel  gain estimates h(s) for the Pact active
pi |l ot subbands are t'hen derived based on the n~fr received pilot synbols

(bl ock 6149051The TJG Sushows appreedes 690 forsobipimng thedrequsatiorespipssk eximrate
2006/ 094037, PCT/ US2006/ 007227 14 for_the initial frequency response
estimate fidna tikemhcnodewithia ¢ assrcialehiiheach OBRM gywbak plothe smltiple-

i nterpol ation are, perfor S ne chapn [ timates
or Choe ki Ay TR B8 PERERE labed S Heber RESITE SwoBhl ook
614).  ThengehhratriRddogith Sdedorinsora middes, intludiiChedulddxthdngd, codearaieni ti al
frequency response, estimte for the PCXL subbands w thout pil ot

transm ssitgfulatine axersy it oFor p YErefomogplation chemag. £r ol cipay eBponse
estimate for P unifaormy spaced subbands is then forned based on the
channel g&h#rageszedatidiboth B%ﬁmaﬂ%em}@e‘%%t frpsiuengy r&wnﬁmﬁm@teg HuHda =[HP

o) T B3k RE RO BB 550 kg0 G55 S 7
ext r apol atobmﬂatlrﬁaeerdpmi aot exnm];{leQQﬁIBi symbhipadceitved bl a sechbhibset pErshistaaed on t he
vector H tu(s?e t%% 31'1& transnnsmlon (block 512). The first set includes at least one subband not

included in the second set (e.g., pilot subbands among the guard subbands). An impulse

response estimate for the wireless channel is next derived based on the initial frequency

response estimate (block 514). Channel impulse response estimates for multiple OFDM

symbols may be filtered to obtain a higher quality channel estimate (block 516). A final

frequency response estimate for each mode in each OFDM symbol of the OFDM

wireless channel is then derived based on the (filtered or unfiltered) channel impulse

response estimate (block 518). Filtering may also be performed on the initial or final

frequency response estimate (instead of the channel impulse response estimate) to

obtain higher quality channel estimate.

[0052]  FIG. 6 shows a specific process 600 for obtaining the frequency response
A ls

estimate Hy,, in the spectrally shaped OFDM system. Initially, received pilot symbols

are obtained for Py active pilot subbands with pilot transmission (block 610). Channel

gain estimates l;(s,.) for the Pa: active pilot subbands are then derived based on the

received pilot symbols (block 612). The output of block 612 is a P, x1 vector i

act =ZP X1



vector hpx, for the |east square channel inpul se response estimte, as
shown in equation (9) (block 618). Tine-domain filtering may be perforned
on the channel inpulse response estimates h'i, for nultiple OFDM synbol s
t o obt ai n wonbghesosgual i ty channel estimate (bl ock 62@cT/ihenctodTrer donai n
filtering may be omtted or may be perforned on frequency response
estimates instead of inpulse response Mstinmates. The (filtered or
unfiltered) vector fi' includes P entries for L taps, where L is typically
| ess than P. The vector IIx, is then processed to select "good" taps and
di scard orfozeme @iifial frefiehey Ngsgoags esthmatdefer theed pekvve (diloockb&@23.. For
each node, zero ?addi ng i s also erforned, to obtain tfke .c;) respondi ng N x

| vector hRiirangiation @ne/Rh HREPOIRTINN, P PeriPHRH A RECEEPTINR @OWIP| HARE Z4. An

N-poi nt  FFI:5ds BENp DELHRIEE %it@Burl g1t 8AGHIMRHL 8Y destiiddd beld ARSI 614h.he
vect or HI\b(,g-StI;U%Fetst ﬁlgpe?ti nal rlfreéluencﬂgl%r esponse estiemate for eg%h rmdge for

the N totals Htl&getn%l%xé&i BEK 626, . x EXeEBPE AL | RPANnRID Heghdrp redpdfied] For

bl ock 614 in F , extrapol ati'on can be tsed to obtain channel gain

estimates for inacti i.l,ot . subbands .that .are laca ith ard
Subbands. Famals BF fedes g‘hbbﬂ“‘%s ‘f"f“l%? DitogeaftimiRin,, T b%qv‘%%ggiwﬁé\% | abl e
for a set gfy ol eFmANVMP ARGy WiceARAbRLIOT: SRR thendased to
estimate ag{llu%afileg{é&?&r@gaﬂr?ﬁi ?/%Inbagéqoutsi de ofy C2006/ 094037

PCT/ US20064,007 237 thel 3nidil KAMRsEARGE froR0Tthehabred RSLi mli 61l X e.g.,

corresponds to pilot subband and y corresponds to clfannel gal'n estinate.

Eiiiiﬁgl 2t 1 Sl e EReh B ool Hapn bt el e kel 18 B 1 o1
oi Lot subbaind iy, e, S8 8970 O ot R Boqar Ry ISFRE 01 o s

pi | ot subban
> S, wher eetttspolptiosintdrpolativmnnel gain estimate for subband s;, sb is the
first active pilot subband, and se is the last actiye pilot subband, as
shown in F[0B534. [A0B56int IRFENotlvarpeefetmabat e vt cHepdo obhain disaBrél gain
estimate for each inactive pilot subband is obtained based on a wei ghted
sum of t he veh@niile| fofithe ea8Sdquiie tcBgnnbDimplutie resﬁ@ﬂsb‘éﬁirﬂité,(hts sotbb@andsationf the
nunber of taps L is |less than or equal to the nunber of
(9) (block 618). Time-domain filtering may be performed on the channel impulse

response estimates _ﬁ_I;x, for multiple OFDM symbols to obtain a higher quality channel
estimate (block 620). The time-domain filtering may be omitted or may be performed

on frequency response estimates instead of impulse response estimates. The (filtered or

unfiltered) vector ﬁl;,d includes P entries for L taps, where L is typically less than P.

il M [13 % b
The vector 1_1;><1 is then processed to select “good” taps and discard or zero out

remaining taps, as described below (block 622). For each mode, zero padding is also

performed to obtain the corresponding Nx1 vector ﬁim for the channel impulse

response estimate (block 624). An N-point FFT is then performed on the each vector

Al . ol . .
ll:m to obtain the vector H;M for the final frequency response estimate for each mode

for the N total subbands (block 626).

Extrapolation/Interpolation
[0054]  For block 614 in FIG. 6, extrapolation can be used to obtain channel gain
estimates for inactive pilot subbands that are located among the guard subbands. For a

function y = f(x), where a set of y values is available for a set of x values within a

known range, extrapolation can be used to estimate a y value for an x value outside of



active pilot subbands (i.e., L<_ Pa,, ), then (in the absence of noise)
the wrel ess channel can be conpletely characterized by the channel gain
estimates for the active pilot subbands. For the extrapolation, each

i nactive pwbabossadsband i s associated with a respecti veecmais20is/007227
extrapol ation coefficients, one coefficient for each active pil ot

subband, where each coefficient may bdSa zero or non-zero val ue. The
extrapol ation/interpolation for the inactive pilot subbands nay be
expressed in matrix form as follows: P.-A = Cp. , HP.,*i , Eq (12)

wher e Cpx tXP.knb@narafge., Bor Rfhannelrastimationf rexdrreapaidattbopilat cebbandi amit 3.

[ 0057] The nunber of conp| ex operatio required for extrapol ation in
equati on (ome§ponds fchannel gmnﬁg%ﬁtrmo ?t}?&c?‘}’\/ge @3%8]?“ BhEHESi s Pert
= Pa'N C ] pansshere Gis the nunber of guard subbands and "rx1" is a
ceiling operator that provides the next higher integer for x. The nunber
of inacti vi@0R]l ot Isaristeatreplationtspliemsy the sharins! gajmessiaatgfor eaelinactive pitRs nunber

of guard subbands i.S_S . e, 1 yslem. 4037
oCT! Uazoocr DR ags sk fBuaggés{élFiCE%{d‘eg%g@gguﬁéaff e ’g%est B lﬁsﬁ%ﬁg’i ot
subbands (follews: Pox, =10) out of 512 pilot subbands (i.e., P = 512) if
there are 80 guard subbands (i.e., G=80). In this case, the conputation
required for extrapol.afion does not greatly increase conputational
conpl exi ty. The .conputffsionber seshpl exity can al so be reduced exgl |c'5t ly by
restricting thd(&XFrapolation to use a subset of the active pi ﬁﬂ)ﬂg}_
[ 0058) The extrapol atli (. X ol % Tifent s can be fixed and deternined of fline
(i.e., pre- conputed) based on a criterion such as |east-squares, mninmm

mean square errQr (MVSEL, and so on. For | east-squares extrapol a&i on, a
coef fi ci envherath {80 espihg hanpgl, saip estippte fagsubbandy sy, otasts thestirst yetive pilot

CPmi xi nn=WPxj W CWPa. i xL WP xL o+ 3) wh (L P., xL
su[?— ?(r;a'? Pi xsu)ék’awa?el 1)F( h-ze&asé?gévp}{-ﬁgﬁ sup g?ﬁ( S}‘P%@ lqﬂcgi4wi S/\PCI >S<LaV\Pc, xi( may
be "ill- kL d’ i - at | f
e O oL LRRES R, SOROGAIPI LI Ehy I nfar oo o
correct i onpileg kubbanidis dbeainesleasddongeweightod nin biitheichinnebgedhn tstimmitazfopthebl em

and a nodified | east-squares " ° be .defined as fall ows:
active pllot su%ban%s. rI’f ﬁle number o@ ?éps E is ?ess than or equz(ﬁ to the number of
active pilot subbands (i.e., I.<P,,), then (in the absence of noise) the wireless channel

can be completely characterized by the channel gain estimates for the active pilot
subbands. For the extrapolation, each inactive pilot subband is associated with a
respective set of extrapolation coefficients, one coefficient for each active pilot
subband, where each coefficient may be a zero or non-zero value. The
extrapolation/interpolation for the inactive pilot subbands may be expressed in matrix
form, as follows:

A init ~init

H X T '(—:' ext*Pucy Emel ’ : Eq (12)

xP,

act

where Cp . isa P,

ext

matrix of extrapolation coefficients.

[0057]  The number of complex operations required for extrapolation in equation

(12) is P, -P,,. The number of inactive pilot subbands is P, = {—I—)ic—‘ﬁ-c—}-l , where G is

ext T

the number of guard subbands and “}_x—l” is a ceiling operator that provides the next

higher integer for x. The number of inactive pilot subbands in the system is typically

small if the number of guard subbands is small. For example, the OFDM system



extrapolation C matrix C'" P,r WP, txI (WLWPO,>. +SI) "1 Wo: XL , Eq (14)
where S is a small correction factor. [0059] For MMBE extrapol ation, a
coefficient matrix C'"se nmay be defined as follows: P 1 Eq (15) mexP.
=1 ry~g~l Wwi xL ApH A (y F! txL + 1) C~ W "XL Wr where y the

si gnal -t oWR®e094837 0 (SNR) of the received pil ot synb8CEUSHE0072R7I s a
factor used to derive an unbiased estipmate. In the absence of SN 2
information, y may be consi dered as alﬁaramater that can be selected to
optim ze performance. The factor a7 is a scalar quantity nmay al so be used
to nir optimze performance. The vector H xi obtained with Cnhurse xro is
an MVBE esdebdibbé aWRec20H6h D403 1 PCRAIB20iB/s00062Y (.61, 7P,of= W0heut bBABRI under
the assunption that the taps in the time-donain are uncorrelated and are

of equal eilet sppbariyGiat.i Br 512 5jf there anedd supgtsubradalico D7 AP )-aWdBISEater i x of

the noise vector n P Xl . for. the Pact LVe. .pi j e jdentity
matrix. EdORCPEREYE) requ%&’g%r ﬁ’g{fP ? lﬁé%ﬂat(a éésag%to%l]ﬁ%&}f %k&?%%ﬁ?gofgg%%{g@\%” ance
mat ri x if dompleitiNOuIcdiyputitnaleneaiplity caf 4666 relincedekplnity bprestricting
extrapol ati on schene, the channc%l gai.n estimate for each inactive pilot
subband i dhaettragglgtipn ogise asgpseto éh.e,acﬁve(@fofs': 0 for s; < sb and st > se .

The extrapegt | Ofhd B rapbiorPEeRRidne I8 te k@ bh® HetBRANAT SiflirdNHel pleS 1S
within the scope of the I nvention. For exanple, functional extrapolation

t echni quescosotedadased maar citetionoival regtlpast-eqaresp SHAMUSH MPAY SHBAY SEQT

Non- | i near extrapol ati on_techni qlgd?s max c’il| so be sed, which,fall within
the gener dMMPEaNb ik oRf Feplgattsa L3 arqyns§ C%’fg?lfe‘bttm?“flé witesTON scheme
may not di s;{qhbudte t,ﬁue active pilot subbands wuniformly across the M

usabl e su ed 35{oll9\/%s case, interpolation may al so be used to obtain
channel gain estimates for uniformy spaced subbands within the M usable
subbands. The ig# er pojati Hrayybe formed in various manner gm | ar
to that descri'%%‘ﬁ"“ab‘é‘fé“fWP“"%HF‘%‘fp)gﬁ’véf’“l%ﬁ. I n general , extrap?qa iBj(?n
and/or interpolation may be performed as necessary based on the avail able

received pined 1pak s PO xabtsabmaeiabnew, Jaim aeghddtat efstdndr the nsatbands
uni formy spacéid’wxggross ¥he N total subbands. o o

Egm—waa% may be “ill-conditioned”, which means that the computation of the

inverse of this matrix may face numerical stability issues. In this case, a correction term

may be used to get around the ill-conditioning problem, and a modified least-squares

extrapolation matrix Q_;:ﬁxym may be defined as follows:

’Q”i-:xpucl = _W_meL (*W—guclx’—'ﬂpnctXL + 61)-1 .V—V—gme ? Eq (14)

where § is a small correction factor.
mmse

[0059]  For MMSE extrapolation, a coefficient matrix C; ., may be defined as

follows:

mnise

'g exlXPncl = ”y—w'&XIXL‘W‘;InMXL(y'W‘EJCLXL *W“I;uCIXL +l)-‘l ? Eq (15)
where ¥ the signal-to-noise ratio (SNR) of the received pilot symbols; and
7 is a factor used to derive an unbiased estimate.

In the absence of SNR information, ¥ may be considered as a parameter that can be

selected to optimize performance. The factor 77 is a scalar quantity may also be used to

. it : . : .
optimize performance. The vector H, ,, obtained with Cp"s; ~is an MMSE estimate



Tap Processing [0062] For block 622 in FIG 6, tap processing is perforned
on the vector hex, to select or otherw se determ ne good taps for the
channel inpul se response estimate. A "good" tap refers to a tap whose

val ue contwo kot/emoi7o t he channel inpul se response est poBws2006/0d1znt
contributing undue noi se. What constitutes an undue noise contribution
may depend on a variety of factors, iAéluding, but not linted to, an
operating node of the data subbands for which the final channel estimate
is associated, a channel nodel, other system paraneters, or a conbination
of factor sfake ganad@ingésthe aa'dumptia]p that deasss inghertiynebisnpéar frerumectrélated ar i ous

manners. The processing o e. taP val ues i n_of the channel h
res ponlse éﬁ‘@lafﬁa?%e% e“(?‘égybaé g Ueop @SS “’%Qiﬁvarg\%‘? mxggﬂ ftude,
a1 ude.1org3 o0 Roat RB A f%@‘g@%ﬁ%@?gﬁa?ﬁ&@%@‘éﬁ%% FARGY %18’863] in

one tap PrESARSh ﬁé&éaea%ou h@?ﬁﬁ%ﬁ%‘v@ﬁﬁé’hﬁ&m fﬁ@@mne@l P@Petcévap i is

truncat ed ues for t taps o e W rel ess chann The vector
hr 1 cont ai[0660P e]neymmthemtr@ommn scherffh eh® chirewb gria estiamatealadtedegy spread
determ ned by the nunber of taps, P, and the original tine interval over
whi ch the 1sm¢ Qéotaﬁrubbftndléé et %@Lévéero ig.nél(ge Fé&fogp% gdd 3¢ 5t hé. cHBainel

i mpul se resF be truncated . to shorter é Bf“ﬁaﬁ wi t hout
o0 11 carmRgPIsiBatRn gt b PERmES ot e b B nok s R ke o he
resul ting thé Blenchian el eiérﬁﬁlbleﬂﬁyudr@ﬁ BRROlatib® @echhighey sidhi & Bedaehfd ni stic
tap selection schene, the first el enents of hea are considered as good

taps and rwéqah@mtra@ﬁhtx@m@aw@tusw LNen-Eness extrapoation rchrigyes e 2159 B8 os |
nen L < Fied g,guéhefaﬁkm@ i énese;{i%%&voﬂ{m%%oh%monse estimate with L

t aps tal ned 0sS i1 n performancé) by assuming a channe
Wt h P t ad@Oﬁl]perAqmm mgnemiBsigroiseiteme ARy naindistribuiectat iangve pidot| subban@s L t aps.

This has so enefit rt t| ons For exanpl if L.< P2,
Chen the raasrgqeisredeoh sl SBhBR s B8RS meaPhaf TRy Bua bl peder  veo
with the comamlichbinenghinbedafaics Sfo@funifbmﬂflﬁsacaaolsubmtlds oot tthe1 @1 tuagble ast P/ 2
taps. [0065] The truncation |length, L, can be predeterm ned, and can be

based at |%heands., Thﬁdf‘ferRﬂliatloﬁem%QF é’Fﬁﬂ"g‘H%@eVmPH%F’éanﬁﬁrﬁ ganilar & &haf net

truncat i ongel &Rl Bvovke:fofl Qirap@&iibn. AR S8R Cox@ mﬁ&@tﬁdmdrmﬁmpbl@n&pﬁ@y 8o
enbodi ment, the receiver can deternlne in whi ch
performed as necessary based on the available received pilot symbols to obtain channel

gain estimates for P subbands uniformly spaced across the N total subbands.

Tap Processing

[0062]  For block 622 in FIG. 6, tap processing is performed on the vector ﬁl;xl to

select or otherwise determine good taps for the channel impulse response estimate, A
“good” tap refers to a tap whose value contributes to the channel impulse response
estimate without contributing undue noise. What constitutes an undue noise
contribution may depend on a variety of factors, including, but not limited to, an
operating mode of the data subbands for which the final channel estimate is associated,
a channel model, other system parameters, or a combination of factors or parameters.
The tap processing may be performed in various manners. The processing of the tap
values in of the channel impulse response estimate may be based on the tap delay, tap
energy, magnitude, or amplitude, or on some combination of delay and energy,

magnitude, or amplitude.

Tap Truncation




node the data subbands are operating and select the truncation |length from
a plurality of truncation length values stored in nenory. Tap Magnitude
Threshol ding [0066} I n another tap selection schenme, the el enents of hlx
.1 with | owo sneugys7are replaced with zeros. Alternatiyerys2bherelenent s
of ht',having | ow energy can be replaced or otherw se processed to result
in substantially negligible values foil8these taps. These el enents of hp ,
correspond to taps with | ow energy, where the low energy is likely due to
noi se rather than signal energy. Athreshold is used to determ ne whether

[ | t/t h ffi.cient I : A houl d
e’ vor oodii. e fibateet i me B el e AR Rp iR AP T X S067)
manner . - FRECHR B SHEURhUSd- 901 61 4F PUREULHIEn | 180 velpRmuBIA  he

d ch I 2006/ O 0
abeol ute ATHIG i PR T REE Aol R D e e B e D).

rel ative tdingshp) shdcthe ohiginabtime feevilased whithtthe sgnaples. arettaken] Howestter age)
energy of th channel i mpul se. response estinmate, Th e relative
t hr eshol d 8H gﬁméépfﬁﬁgf’f Y"f)"?‘?‘i‘{@l “?}ﬂﬁsgsrﬁ%ﬂoaf%ﬁ‘ay i’e chg%&jpgonad géﬁr&’gﬁelaﬁ

vari at i onsgidid gt SighNREBNSE@YnARE dhdhnd] NMpulkt eespbise/ dsapstet dndt thar e
present but with | ow signal 'energy are not zeroed out. An absolute

t hr eshol d tesuitingdlinad phpaneldragaensy 1$HoSke noi se vari ance/ noi se floor at the

recei ver, the |owest energy expected for the recejve ilot symbols, and
so on. The00eéd oForithis detesBinigtis tampedecken HChIeH}ecg’sa tjffﬁteeéreg}?ﬁﬁtoz Bt #Fm to

meet sone m ni.num val ue.in rder to t aigied. al so
be conput e@ngggrg@‘a% ﬁo‘?f? &8 Frt?flﬁ 5%?18 ﬁ&’ anﬁ e[Pégatsgrp; gseel‘%;ﬂ%égr Q{e:’i% i %é\;ie&gﬁ d

absol ut e thr®shwhes L £br tieXamplsquardshhatiet éapudscdresponsd estincaverprithdd tdpased on
the energy of the channel inpulse response estinmate and furt.he

const r ai nedt® B‘@a‘BH_ﬁg‘i‘”ﬂ?%“ Ssdpeﬁﬂ'fg %ﬁﬁg}_nb& “proueR & aWéeE ‘Wﬂh?&ﬁ?ﬁ’val ue.
[ 0065] TheydhtasBal Epsid: BT, Rt REIchOidMRE 1450 PYathOUThTBHEE &rle bdrBfiRRe

t hreshol ding schene, the threshol di ng}?(| s perfornmed after the truncation

and may becetigipr egedensagior exgmple, (R Zathen, the |lgast pquares| gyapyet impplsp=0 . . .

L-1 Eq ( 1@3{1)021%32%&1 auzeém l§eed%\11'§% gvééhthﬂ% ﬁé&B&tQthdA( %éneﬁts o%g ‘F;E)[‘] ghd no\{\her e

t
the | ast MENTS are re
computing the last P/2 taps.

[0065]  The truncation length, L, can be predetermined, and can be based at least in
part on the operating mode. There may be a distinct truncation length, L, for each
possible operating mode. In such an embodiment, the receiver can determine in which
mode the data subbands are operating and select the truncation length from a plurality of

truncation length values stored in memory.

Tap Magnitude Thresholding

[0066] In another tap selection scheme, the elements of _ﬁ;;l with low energy are

replaced with zeros. Alternatively, the elements of ﬁiid having low energy can be

replaced or otherwise processed to result in substantially negligible values for these

taps. These elements of ﬁ;d correspond to taps with low energy, where the low energy
is likely due to noise rather than signal energy. A threshold is used to determine
whether a given element/tap has sufficient energy and should be retained or should be
zeroed out. This process may be referred to as “thresholding”.

[0067] The threshold can be computed based on various factors and in various

manners. The threshold can be a relative value (i.e., dependent on the measured channel



zeros by the truncation; I h(n) (2 is the energy of the n-th tap; 11fi

[1'" is the energy of the channel inpulse response estimate for the L
taps; and a'. Il hrX 1l a /L is the threshold used to zero out | ow
energy el eworma/weps. 1 1x1 1 ' is the normof vector xecamis2&oenoal to
the sum of the squares of all of the elenents in the vector x . [0069] In
equation (16), the threshold is defined based on the average energy of the
L taps. The coefficient ais selected based on a trade off between noise
suppression and signal deletion. A higher value for a provides nore noise
suppr essi orespnike)adran abidloe eabiesi.¢. hmtldek@xldbﬂtamcth@fneasdrm\cmhg&i akspemsej.gy

el enment/tap being. ze n be a.val ue

ange of | okrgRi brghold gt bycoryotien G3F L ERTTH B erSoba ubale |

PCT/ US2006{3add %ﬁpul@@re@ﬁo%@e Snef Im@s@a&ﬁarewm itgedholddns@aetgy(1f thast ead
of the average energy) for the channel . (S inpulse response estimte h .

PX1 [ 0070thresheldingr isshefl denpagentseorf jvadaiions ladﬁast@eelﬁ%fk@aew e (Ppeat i ng
mode of t h&eﬁ@rﬁ}t?ﬁa EQQQ%? &)fré%ént"%tc\bltﬁ h(gw CS@% % bi€zdrSed Butbe aysed.
e Dase

For exanpl e, resho val ue can the parti cul ar
codi ng andabsolitd #trésholdscanebe computed dasefl drhée nta$eav&1ane@{m1bﬁeﬂngr dethedul at ed
(2) a bit err.,or

ER t t
(B e b LR BBy BRSSP e Bl BT S8 ) B 457" Sore
th d ' ti : t hat | f d
Ao e Y R
predeter m gad: {¥LtMA Vﬁ{eutﬁregﬁlﬂd 8AE Bls&BE Rompired bﬁs%ﬁ%nve%orﬁ@ﬂatﬂﬁt&r m ne
whi ch node the data subbands are operating and can select the appropriate

t hreshol d factom wseglfor wilitivg apfl abboletslibiesholdsl UBY exempled thenthmsheldycan Pee t ap
Lo o AP IPHLER SRPRISE, O LM NS ROAD AR B s o

be conpare gai ns of a va rm ne
t hreshol d mmlsmmned:torbeeqmm &, greaerntieme pedetamimed tndingnvan phlue.al ity of a
node, receiver

val ues, ac e corre pon in t.o a.distinct

can det er o6 o T RPN 50 e RO T Bu NG, I Bt dEEed on
the correspag@eNBe AreéRbluRg isThfdred Mt dd) trindRioANAH Way R ledSiBssedhs: e

conpar ed agalnst the threshold val ue, and taps having energy val ues |ess

than the threshold val ue I
2 al
Fn) = 0 for | A(n)|2< & ||bpg |2 /L,

A for n=0..L-1 Eq (16)
h(n) otherwise

where Ripg =[A(0) AQL) ... A(P—=1)I", where the last P—L elements are replaced with
zeros by the truncation;

(ﬁ(n) [ is the energy of the n-th tap;
I ﬁt,d |* is the energy of the channel impulse response estimate for the L taps; and

o | ﬁi:xl |* /L is the threshold used to zero out low energy elements/taps.

lx||* is the norm of vector x and is equal to the sum of the squares of all of the
elements in the vector x.

[0069]  In equation (16), the threshold is defined based on the average energy of the
L taps. The coefficient ¢is selected based on a trade off between noise suppression and
signal deletion. A higher value for o provides more noise suppression but also
increases the likelihood of a low signal energy element/tap being zeroed out. The

coefficient zcan be a value within a range of 0 to 1 (e.g., @ =0.1). The threshold can



can be set to zero. [0072] In another threshol ding schene, the
thresholding is performed on all P elenents of h,>x, (i.e., wthout
truncation) using a single threshold, simlar to that shown in equation

(16). In webh@p@4er threshol ding schene, the threshol giepgshidefRsd;or med on
all P elements of flr 1 using nultiple thresholds. For exanple, a first

threshold may be wused for the first ROelenents of hl,, and a second
threshold nay be used for the last P - L elenents of hint . The second
threshold may be set lower than the first threshold. In yet another

t hr eshol diJng [RCRER baséfor {he eRAIely Pgmgtead)@frtfx@a@@gecaﬁe@m forttechh@st P - L
elements of hr am and not on the first L elenents. The threshol ding may

be per for nBghuisBres rﬁ@éstﬁ%’t‘é‘ﬁﬁ? [0073] Thresholding is well suited for a
wirel ess channel that is "sparse”, such as a wreless channel in a

macr o- cel [[00Z0] brBadihashold ystyem fumdwaudsmed/\based o8 she hparatelg hede afidhe

2006/ 094037, PCT. 2006/.007227, 21 h aof .the cha neI en o] trated
in fewtaﬁgaa Qézﬁj g é‘&ﬁ@?{ﬁ‘gl mﬁtel?% ‘?ﬁ\l/sa% T fl? g%/trﬁren}%ff
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t hough the del ay spread (i iffer en t pat hs
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Filtering Ioc 518 in FIG 5 and block 620 in FIG "6, the
channel |rqnhdr$erame®swds>ens;@ﬂratmb‘e may be filtered in the tine domai n

ot e (e PelsBtEe T R dnfibhEl 6 BBk 6her B B0 Dnodes danl bt 7T e
|O\é\lpaSS fidohﬁgurérclayo b@r@a&&uﬁajnefpréde&rrrfnm'ahltﬁﬂ&;;pid fvﬁ]umfoﬁ edidhembaheg Thm past
and current sanples) or a non-ca al ol ‘:‘@G ich perfor s tegl ng on
past, curPeher CéthéetF‘mlﬁﬁ" ¥ Ecgrf%?‘ést BHa s BIPE W?gf\@r) P8Pl e,

for non- caysalyibie!hREhold WBESa plubgity 6?%%ﬁasld%me@uio&&r m%exﬁ&x?e MeSt@p St or e
mul tiple channel estimates and can determ ne a non-causal filter out put

for a gi vevlushahHel impsise aepensar glupsadesived Erony the rip va&mmaélbeégmpm@ es.
From the rg %Et%ﬂ&%r&ﬂbl tor%fva?qe%%’e?rﬂl g&‘ﬂ&@&'on%?é F@%ﬁ& gﬂ) exaﬁa% fe, mat es
based on 1% recei ve are ruture sa P(X

characteri asltaceiﬁer cén gore at;anmdmydtf o) vabies,twieh dach bcefalumrrb@oﬁﬁhgai zedisthﬁss ed on

the characteristics of the wireless channel. Tinme-domain filtering nmay be
per f or med mode. The receiver can determine the operating mode and can determine a threshold

based on the corresponding o value. The individual tap energy values can be compared
against the threshold value, and taps having energy values less than the threshold value
can be set to zero. |

[0072] In another thresholding scheme, the thresholding is performed on all P
elements of _ﬁll;yxl (i.e., without truncation) using a single threshold, similar to that shown

in equation (16). In yet another thresholding scheme, the thresholding is performed on
all P elements of ﬁsxl using multiple thresholds. For example, a first threshold may be
used for the first L elements of ﬁ;l, and a second threshold may be used for the last
P~L elements of _ﬁsxl . The second threshold may be set lower than the first threshold.
In yet another thresholding scheme, the thresholding is performed on only the last P~ L

elements of ﬁl;,d and not on the first L elements. The thresholding may be performed in
other manners.
[0073] Thresholding is well suited for a wireless channel that is “sparse”, such as a

wireless channel in a macro-cellular broadcast system. A sparse wireless channel has



separately for each tap of the channel inpulse response estinmate across
multiple OFDM synbols. The sane or different filters nay be used for the
taps of the channel inpulse response estimte. The coefficients for each
such filtevormyodaes7fi xed or may be adjustabl e based orcuesmos/ad2zhannel
conditions. Performing the filtering in the tine domain has an advant age
in that the pilot subbands can be stagfered in the frequency donmain
(i.e., different sets of pilot subbands nay be used for different OFDM
synbol s). The staggering of pilot subbands is useful when the channel has
an excess flehayr &Rerdashel Ehe@y, cohbtateanndkwi tapul Lacl egpoosespbads @ 4 engt h

greater than P taps). A channel inpulse response est{'r_rm{:ug th.nore than
P taps canedsbvabistsignabprtivith differeniddns peiaw Aamarse ghammet AR 18 Si&Wbbands

provi ded t ' T ' ditfeRBcd) e EhomaRkignl phthe
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PCT/ | 1S20G645067 22ge. The [tgB 7@ resjlonding teiasls o Isnoxictiag signahpéhs &3 Becess
point 700 and.a termnal 750 in a. spectrally shaped OFDM system On the
downl i nk, Zﬁ¥oeg83te°§§%5 13?111?@%1,n51§% ifie %ﬁ'snit (TX) data processor 710
receives, formats, codes, interleaves, and nodul ates (i.e., synbol maps)
traffic datlanasdEginate @dlterinedul ati on synbols (or sinply, "data synbol s").
An  OFDM nodul ator 720 receives and processes the data synbols and pil ot

synbol s ar8074}r oFatddock §1% énkilGs 5 aronesind &n FEEDR Hsdthanred impylse

mul ti pl exe; I : I pdes a
ol gnal varcone Bl b SRUEHEA foeHint DpmBl WRE SN RIRIGNATES
transmt <Simbdhulke resphmse NFR)ofileardsn indimite aopul@FDiponsy (BB) figer; iopdomEach

transmt s ol y...be data s ol pi | ot .synmbol ... or i l. val ue
of zero. 1‘%&9 HHGBE% ng‘?ﬁb%P%? S%@?é‘?ﬁy na%la&‘tgefli%teﬁ?‘?’lgfh g%@%%’ﬁggémé% shown
in FIG 4 Jheal bitfent YiBSES oRYndiccag e tileO(Which peisdnihsi filteping onQakIM sy ol
period. Alternatively, the pilot _ synbgls mai; be tine division nultiplexed
(TDM) wi t FPuEmRt ard toturg pamples obfainet BY duieringkn Bah eanmie 797 neseUsHGHE at or
720 furth r ! : ] ABphset Qt } domai n
Lsing an MBS B B e b B B g T N

t i me- domai detecthines: ncdFENbatdidiet avtput 620 givepicbainel estioptansnglatasractwringf each
transforned s ol to oltain,a correspondi OFEDM L. The repeated
portion i< a‘?f?‘/?gb\?ﬁuﬁzgesa %%7%1?:} © BrEFTC §§189."§%u%%%? £ %%ggﬁﬁsantma eﬁé@g“segr ead in
the w rel essmeRapaed on 12k Qdtblvedsimbois it fitere sumples.( TMIR) 722 recei ves and

converts the stream of OFDM
[0075% The characteristics (e.g., bandwidth) of the filter may be selected based on

the characteristics of the wireless channel. Time-domain filtering may be performed
separately for each tap of the channel impulse response estimate across multiple OFDM
symbols. The same or different filters may be used for the taps of the channel impulse
response estimate. The coefficients for each such filter may be fixed or may be
adjustable based on detected channel conditions. Performing the filtering in the time
domain has an advantage in that the pilot subbands can be staggered in the frequency
domain (i.e., different sets of pilot subbands may be used for different OFDM symbols).
The staggering of pilot subbands is useful when the channel has an excess delay spread
(i.e., the channel impulse response has a length greater than P taps). A channel impulse
response estimate with more than P taps can be obtained with the additional and
different pilot subbands provided by staggering. The filtering may also be performed on

the initial or final frequency response estimates.

OFDM System




synbols into one or nore anal og signals and further conditions (e.g
anplifies, filters, and frequency upconverts) the analog signhals to
generate a downlink signal suitable for transm ssion over the wreless
channel . Twe 2d@wiisnk signal is then transmtted via arpcramdennaz24 to
the termnals. [0079] At termnal 750, an antenna 752 receives the
downl i nk signal and provides a receiV&d signal to a receiver unit (RCVR
754. Receiver unit 754 conditions (e.g., filters, anplifies, and
frequency downconverts) the received signal and digitizes the conditioned
signal to povej n FAGPY ela)ws%rblﬁﬁmihgiammdudl adcess poofi 706 and e srintal T30chiac

f ded t ach COF mbhol ., tra orns each received tr f or ned
b0t bSTREh AR O EOMONEEN. 02 e SR B RE St G AAesrRy [idDe vog

synbol s f OHatE hfoddksof q@@@éb@ﬁ'eg %nﬁ@& heoBEDVMENIIRE, 2RE rrh&ﬂblaték”ﬁl eR rs?l’{ibéles

received pilot synbols S;) to a processor 770 for channel

esti mat i onmapy) tEOGATe 4 prqw@p/s m@o@spm@m@oﬂs (ozasnpglasbqatmm@é’hoém at or )
756 furthe for the
downl k1 PERRE FIUERE 720 SRICKad BREOGASE Bite Wbl and bt Biboiclnd O
dat a synbopsvides abircinofdaFaMssynibols. emnmmla(camize mudtigeestdmanépilaf t he

transmtted a sy oIs rovides the Sy stinmptes to an RX
dat a proc@é}’gl?ﬂt]s $Bghe éts%f’g%éggﬂ es?%@%‘%ﬁﬁ%ﬁ? é’?te)@ro( or ea@EstJe(Sll
denaps), Qﬂibﬂﬂi@rah@@ﬁﬁﬁls adiedl ofiNCRMesIt shabeater wy Malbbesdsi fORERE ORDNVIECOVET
the transmtted traffic data. The processing mé{)CFDI\/I denpdul at or 756 and

RX data pr &welod geriod digeh traewﬁmfrw;betﬂ&aﬁw @ @88t ygbel cogpgnal
modul at or  ¢20. ghderd X lq@_}ﬁi E?ﬁﬁﬁ§ﬁfa S Qent &3 ﬁ/ M?L\}(bbng%r iBO' nt

700. [0081] Processor al ns t e recelve ot sy or th
active pil 8iG. Sullbanpdst amdmisemfmbnsemrvanmouégtm mraqh ORDAS syhbelrperind. FI GS. 5

and 6. Proges rfor tra |0n and/.

ecessary taeanru: s Aierhah fiY bERR b uEy FMdr trEARRY B Lo
subbands (Wcﬁs&dfhelse&néhtbbmmber of pil ot subbanﬁs fo(r]I tpe downl i nk),
derives a S | se_ response estinmate o]

downl i nk, t@?ﬁ) n&%%‘% shARdu @Ftﬁaﬂgowseqaé%ﬁt@ll\g Hpesmyt SWOEG ®o , and
derives thge dohd\@mdif %ﬂH@B&N %&m% s%fnrm@anéfb%eﬁ sy@ibof 8 dnibands
for the downlink. [0082] link, a TX data procéssor 782 processes

traffic daMatimedlopapyclies @IHPM gxﬂdblmos T2AntyoF ol mendalsaa @ortipB4ofr eashi ves
and mul ti p{rgﬁ%?cﬁ'mteﬁ %yrgﬁtgl% %WAROA §orrespondmg OFDM symbol. The repeated portion is

known as a cyclic prefix and is used to combat delay spread in the wireless channel.
[0078] A transmitter unit (TMTR) 722 receives and converts the stream of OFDM
symbols into one or more analog signals and further conditions (e.g., amplifies, filters,
and frequency upconverts) the analog signals to generate a downlink signal suitable for
transmission over the wireless channel. The downlink signal is then transmitted via an
antenna 724 to the terminals.

[0079] At terminal 750, an antenna 752 receives the downlink signal and provides a
received signal to a receiver unit (RCVR) 754. Receiver unit 754 conditions (e.g.,
filters, amplifies, and frequency downconverts) the received signal and digitizes the
conditioned signal to obtain samples. An OFDM demodulator 756 removes the cyclic
prefix appended to each OFDM symbol, transforms each received transformed symbol
to the frequency domain using an N-point FFT, obtains N received symbols for the N

subbands for each OFDM symbol period, and provides received pilot symbols

{B,,(5,)} to a processor 770 for channel estimation.



with pilot synbols, perforns OFDM nodul ati on, and provides a stream of
OFDM synbols. The pilot synbols may be transmtted on P'p subbands that
have been assigned to termnal 750 for pilot transm ssion, where the
nunber of wbl20d6/8aBDands (P'p) for the uplink may be tHE/SR2008/001227
different fromthe nunber of pilot subbands (Pd.) for the downlink. The
pilot synbols nmay also be nmultiplexedith the data synbols using TDM A
transmitter unit 786 then receives and processes the streamof OFDM
synbols to generate an uplink signal, which is transmtted via an antenna
752 to th@po8ekes OFHDM ndemdd@RR3] 756t fuathere sseiped nt fra@@neyt bwpapk i aslimsiegnal
fromtermnal 150 is received by antenna 724 and processed by a receiver
unit 742 t@l,Qht don tizadpleink AnmOpDMssate i yleafoons Add démemivpationessds t he
sanpl es and provides received pilot synbols {P,P(s;)} and data synbol
estimat es fegeivechdatasyimhRls tanotidin dlataasysrie estirartesy H8hiD app 68 npes0af7 the

PCT/ US2006/ .00 7 4 S SLdsd S, .t r the
traffic daérgns rarﬁls(rina?tfi tsgglgéﬁft%ﬁné %ildgsagﬁoéﬁ?gg%zﬁ ﬁruéﬂéaté%s%)r 3%5 gl\é{raf or s
channel espiosatéro58.0r REHC hla@c tpracessber MisSnakmotiulams n{iet,i sgniood  tleeapspl | nk as
shown in FLGS. .5 and 6. |tiple termpals nmay transmt i 1.0t .
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rxr,~r ,,t{0081] x Procpssef gifdsohtaips $h¢ aeteived, pinidsyimholshder dist a¢tive aildti nal
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Processors 730 and 770 direct th eration at .agcess _ point. 700. and
Cerminal s dFo BRI SRSt DD LEhere B the P BIOBL e IR FOGRH codes

d, b , : . ~l
and data ui‘so? the %ownlink), derives a least square impulse response estimate l_;;xmn for the

downlink, performs tap processing for the P elements/taps of ﬁiiq,dn , and derives the

final frequency response estimate ﬁﬁxm,, for the N subbands for the downlink.

[0082]  On the uplink, a TX data processor 782 processes traffic data and provides
data symbols. An OFDM modulator 784 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 Py, subbands that have been
assigned to terminal 750 for pilot transmission, where the number of pilot subbands
(Pyp) for the uplink may be the same or different from the number of pilot subbands
(Pup) for the downlink. The pilot symbols may also be multiplexed with the data
symbols using TDM. A transmitter unit 786 then receives and processes the stream of
OFDM symbols to generate an uplink signal, which is transmitted via an antenna 752 to
the access point.

[0083] At access point 700, the uplink signal from terminal 150 is received by
antenna 724 and processed by a recejver unit 742 to obtain samples. An OFDM

demodulator 744 then processes the samples and provides received pilot symbols

{ﬁup(s,-)} and data symbol estimates for the uplink. An RX data processor 746



processors 730 and 770, respectively. Processors 730 and 770 al so perform
the conputation described above to derive frequency and inpul se response
estimates for the uplink and downlink, respectively. [00S6] For a

mul ti pl e- 20@2WE0@FEDM system (e. g., an orthogonal frequeatystisoEeaon

mul tipl e-access (OFDVA) system), nultiple termnals may transmt
concurrently on the uplink. For such?4 system the pilot subbands may be
shared anong different termnals. The channel estination techniques nay
be used in cases where the pilot subbands for each term nal span the
entire operaichseg theaduth {ymizd eltliyatexivaptovbothe tthaffiddatal trenkyeityd biStarininab pi | ot
subband SH ﬁcture woul d be desirable to obtain frequency diversity for
each ter OFDM Receiver [0087] FIG 8 is a sinplified functional
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an OFDMA system where the forward I'i ni.downl i nk si gnal as wel.l,.as the
reverse | isakare ghpnngk impysrarespense estimpig rhmlmxedom&eﬂgn@@l\m@yml H..{,0089]
The receiver 800 includes an Analog to Digital Converter {ADC) 802

conf i gur ecetfornssamplseledtivn, merRimedosRiRVL Syabidquany egowsy éstihe BRpl es to a
digital representation. For exanple, the conversion rate of the ADC 802

can repr e%ﬁ%%%ﬁgmﬁ g‘ggé {?%déu@ﬁ% regﬂ%ﬁgeoels %Q{%C%% ?pp%r of httg?mm O}Erg%dké
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gener at ed b&%t he ADC 802 represent a serial data stream of sanples, The
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or greater
processors 730 and 770, respectively. Processors 730 and 770 also perform the

computation described above to derive frequency and impulse response estimates for
the uplink and downlink, respectively.

[0086]  For a multiple-access OFDM system (e.g., an orthogonal frequency division
multiple-access (OFDMA) system), multiple terminals may transmit concurrently on the
uplink. For such a system, the pilot subbands may be shared among different terminals.
The channel estimation techniques may be used in cases where the pilot subbands for
each terminal span the entire operating band (possibly except for the band edges). Such
a pilot subband structure would be desirable to obtain frequency diversity for each

terminal.

OFDM Receiver

[0087]  FIG. 8 is a simplified functional block diagram of an OFDM receiver 800
that can be configured to support multiple data communication modes, and can optimize
channel estimate processing based on the mode. The receiver 800 does not show the RF

processing front end for the sake of clarity. The receiver 800 can include an RF front



t he nunber of subbands in the OFDM system In sone enbodi nents, the buffer
804 can be configured to store sanples for nultiple synbols. For exanple,
in an OFDM system havi ng 4096 subbands, the buffer 804 can be configured
to store 4®0Gomrooamr e digital sanples of the recei ved gl260¢wbb7 f or
subsequent processing. [0091) The buffer 804 is coupled to an input of an
FFT nodul e 806 configured to transfor2fthe sanples stored in the buffer
804 to a frequency donmain representation. In the exanple presented above,
where the buffer 804 stores 4096 sanples, the FFT nodul e 806 can be

confi gurededp; Ev&R é&@%@m@ nafiS bRARbEErcpARPt@ont CusRRORH Bethed 096
frequency d!E)Cﬁé)P(ﬁ{vingrrp esr [ 0092] s%é previ ouslyegescrl bed, the OFDM synbol
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sets ol oofiygh L 0ofl Lok APEYPOR 1@mBREEncbeht Bl P RRMAEL 8, bacat od

to data. T a
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assi gned t oyrigA 5§66tV Ghe@Me forkaRl Bt dowinkaGsia0Rs FRUUseth8O8eguUpkes t he
extracted data subbands to a denodul ator 810 that denodul ates the

subbands ugplink stgnelsarmieinsesitadiaing QPMesrBhep. t he data, WO 2006/ 094037
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recei ver 86éhfignredny sahple tharace\vgd OFDM/a);mbolléod cexgnphe sarhples toex digitar 800

(rancs of CPSOPRgiol £ PHFBTIET CHP PR ErACCR NP ApmOaP e R P Ml

i nformati O@arﬁ@@fa@pem f| es t he node of one or nore frames of subsequent
OFDM synbol s, sone manner of signaling the receiver 800 of the

nmode can bé‘“\?%d T[hBG@H]Ut'PIﬁéh‘bMtSO%fJS £opleortp arbutipe &b dhat sanyiplsg Reoupl ed
to a pilot c@r?ffg]{l%ﬁttb g&forﬁpwaﬁto%%ﬁlleﬂ%vﬂlslbﬁt TR HiRGL daBip1ARA W2 gcan

extract the pilot sabband sanpl'es, tor exanple, by tracking the subbands
assi gned t@Pm& swmboitgenmtedésmhﬁbﬁzﬂéal Irépgesent  segfal derpreep s eamblgsi ng

4090 Suba3gle v 428k ARH B RE B R o Sl
assi gned t par‘am phddesing Meqaeﬂewrﬂradmmbm ssxamak es équabton® gedayer thar
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can be configured to store samples for multiple symbols. For example, in an OFDM
system having 4096 subbands, the buffer 804 can be configured to store 4096 or more
digital samples of the received OFDM symbol for subsequent processing.
[0091]  The buffer 804 is coupled to an input of an FFT module 806 configured to
transform the samples stored in the buffer 804 to a frequency domain representation. In
the example presented above, where the buffer 804 stores 4096 samples, the FFT
module 806 can be configured to perform an 4096-point FFT on the samples to produce
4096 frequency domain samples.
[0092] As previously described, the OFDM symbol can include a number of
subband sets, with one or more of the subband sets allocated to pilot and one or more
distinct subband sets allocated to data. The receiver 800 can have knowledge of the
subband sets allocated to the pilot. Additionally, the receiver 800 can determine or be
assigned one or more data subband sets. A data extraction module 808 operates on the
output of the FFT module 806 to extract the data subbands assigned to the receiver 800.
The data extraction module 808 couples the extracted data subbands to a demodulator

810 that demodulates the subbands using a channel estimate to recover the data.



pil ot subbands fromthe 4096 sanples output fromthe FFT nodul e 806.

[ 0095] The pilot extraction nodule 820 couples the pilot sanples to a
descranbl er 824. Each of the pilot signals corresponding to the pil ot
subbands ou02We/0%087anbl ed according to a predet er m nedcyasavbbimry schene.
The scranbling schene can be used, for exanple, to random ze the
characteristics of the pilot signals, 2uch that they do not repeatedly
generate the same noise and interference, but instead, appear as
additional |ow |level noise sources. The pilot scrambling schene is

pr edet er mi [0698] anThd ldemodidstor &b loersoBi2 dothanfubeionanblogkiread de@rméerfthem t he

conpl enent of the pilaqgt scranb)Jing .sche used at _the trapsmtter. [0096]
The descr comBasaE Sl ol Bt BENY ) SRR Taibe e <4 SORHA AR £ eIty
response eghyjsMaEgy ckigWR¥Cihe fD&v&NRONL IERBMARE Yar BORRORENRShEE®IL Ccan be
inproved by further processing the initial channel frequency response
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represent BAISLABPEYRet of the entire nunber of subbands in the OFDM

system | nobdg ex@rPbstpde sE tHicOBET ahane 8018 Bs@lcBupdd? tddhl flot SHRRABAS -
Thus, the I FFT nodul e 830 can be configured to performa 512-point |FFT.

Reduci ng tHedwy3h oreaniebgtrapdon wedde 82 hom 2atract fie rilokibbprshsaptpleshior | FFT
dul e 830 - i , th
modul e %(%@151@9 %gﬁah%n%%%baﬁsﬁggﬁerBe gﬁ&f. ahl %@&m@@%@éﬁﬁ aRY the

| M nmodul e a er o uent operations nee pr oduce
the final QRaNhsisteir eayiredPorsebipods 12 stbtmadecan[l@0@Btatdh & thepilonedhl e 830

he initi h | f . iate. t d
channel i nESE 1B 3R e HEREn mop B S SRR R T [ YOS 830
repr esent Sassigebidsb itli&ﬁ&ildt iicdna trackigose Ranpled tol dpethss. FRS Pamg e, itke }]ﬁlws

characterized by aﬁg) urality of time taps that span an entire del ay spread
that is datastiinfeeduin el canbs srnfiguiedip GRIME theandl2sHimnies Gopediopdingied t o

capt ure t heot Qivbhls fro%&’?‘ﬂiﬁh@% gafrnﬁlégeoufp%@ﬁbm% FFPMoaYEReS.: [0099] As

described earlier, the channel i'npulse response may be accurately
char act er i [9891by Tlewpitot satrsitios mdsale $0ecouplepthe pilobsanies toFFdeserantblee 830.

Iﬂgt Og:)glrjg Zélgf %Q?orf :}ﬂg{ Titl(gosgg%la §c %%sﬂo%di%glfg lt}?edpﬁo? Sgbl;[a;l Sngi?f} {399 chertrmolgjlgél e 840
according to a predetermined scrambling scheme. The scrambling scheme can be used,
for example, to randomize the characteristics of the pilot signals, such that they do not
repeatedly generate the same noise and interference, but instead, appear as additional
low level noise sources. The pilot scrambling scheme is predetermined, and the
descrambler 824 can be configured to perform the complement of the pilot scrambling
scheme used at the transmitter.

[0096]  The descrambled pilot samples represent an initial channel frequency
response estimate. However, the channel frequency response estimate can be improved
by further processing the initial channel frequency response estimate based on the mode
of the data subbands that are to be processed using the channel estimate.

[0097]  The initial channel frequency response estimate is coupled from the
descrambler 824 to an inverse FFT (IFFT) module 830. The IFFT module 830 can have
a dimension that is smaller than the dimension of the initial FFT module 806, because
the pilot subbands represent only a subset of the entire number of subbands in the
OFDM system. In the example described above, there are 512 pilot subbands. Thus,
the IFFT module 830 can be configured to perform a 512-point IRFT. Reducing the



t he channel inpul se response to a predeterm ned del ay spread based at

|l east in part on a node of the data subbands that are to be processed

usi ng the channel estimate. [00100] The truncation nodul e 840 truncates

t he channabobempud®er response by setting taps |arger tbhegw@2d666eier m ned
del ay spread to zero or sone substantially insignificant value. The
truncati on nodul e 840 can receive a cdfitrol signal that indicates the
predet erm ned del ay spread, after which the taps are truncated or set to
zero. for exanple, the control signal can be a dinension of the channel

i npul se r eSRRASE Ve GhO TEFT GAGIURS 880 tah Gertalyarsdusd e alimbapst operbduds channel
i npul se response., [00101] In the enbodiment shown in FIG 8, a plurality
of predet epeifoFaed ‘Ebé‘lha}FFé progalg 878 ane shecmnbse okiubpesyent presatioRsaier s renor y
844. Each | : respond to one or nore nodes
that the a%%dcg%@r?ggha?gﬂ%%g%r a?gﬁ%ﬁgr@gllﬁrﬁ% al so be one or nore default
val ues t hali0088in bEhaiFEET wivdnlet 330 opecatésverr UB0Mitiad charmel &eqfency kesponsde, or

is otherwi se upabl e to determ,ne the npode, [0010 A firs ti xer 842
can be: couprBtag b ATEETH o HeTEPhoEsa K of e bl ke ink BEEY e
stored del aydPrseadeprdiendsa tdist@oufine &p. tTe thaibelainpisen@spinge 3t thusbased

on a control signal provided by a node control nodule 890. The node
control  neh@tacleniamo by ohPRERlEY (Hetime (183 thal spgy e sitifeodelay spiead, that|igy

spread val gg. M d8& oit?gH% gh}awn QF 1fd g& e VakMas st ik iReg of the

data subbands that are processe I ng the channel estinmate.
[ 00103] Theamples phithegéceived Qleamban nodul e 840 is coupled to a threshold

nodule 8 at r t hreshgl di f. C i S nse
Faps basedtsPl ne Rl bR odtos Hhul bAGs DO RAEs bV 5 Beh PR "5,
subbands tdmataceriecd loy feerepsangdsssiash atsiongut frerichalfidl medifle 830. eTheldugput
truncation 84 . be configured.to recei a node dependent

thr esnol o GRG0 Tt Abis SOuaRe bt tior seiiE 648 as Chr et e
subst ant i ahé ¥hdni&liiBphkké ERpénsy & ygreaéi%ﬁné@d&aytsb@ad beRANPlea il Fﬁ@lo@a
conparison threshold determ ned based on the node dependent hr eshol d

val ue. [ 00%ed of|the dfresubhensthat ate to bparocessessyriiedheehnine egmataet er i nes an
T S0e TS SOy B ST I L

squares of a tap val ues € nunper S.
nunber of thpplsrgeaihalbe pradetetoined delayriyeeadad zéraps some subsantdhningpnificgut| se

, b he. nunb ' h d,i . :
By e i (1EBIE:  OE TapGiBopnte e FRomeds drerlbiRSomnbidhe heule o

t he predetermined delay spread, after which the taps are truncated or set to zero. for

=S

example, the control signal can be a dimension of the channel impulse response vector,
corresponding to a number of taps in the channel impulse response.

[00101] In the embodiment shown in FIG. 8, a plurality of predetermined delay
spread values can be stored in truncation memory 844. Each of the delay spread values
can correspond to one or more modes that the data subbands can operate. There may
also be one or more default values that can be used when the receiver 800 is unsure of
the mode, or is otherwise unable to determine the mode.

[00102] A first multiplexer 842 can be coupled to the truncation memory 844 and can
select one of the stored delay spread values to couple to the truncation module 840
based on a control signal provided by a mode control module 890. The mode control
module 890 controls the first mulfiplexer to select a delay spread value from the
plurality of stored values based on the mode of the data subbands that are to be
processed using the channel estimate.

[00103] The output of the truncation module 840 is coupled to a threshold module

850 that performs thresholding of the channel impulse response taps based on the mode



channel estimate. The threshold nodul e 850 determ nes a conpari son
threshold by receiving a fractional value, terned a in equation (16)
above, and determ ning the product of the fractional value and the

aver age emeo gywsvasre. The threshol d nodul e conpares eaehdsaeeesgy val ue
wi th the conparison threshold and zeros or otherw se nakes insignificant
t hose taps whose energy val ues fall belgow the conparison threshold.

[ 00105] The threshold nodul e 850 can receive the threshold value froma
second nultiplexer 852 that selects one of a plurality of threshold

val ues st opedle hifta bi¥basdiahsl ardBBRpYoBREd udife tHeRhARIBPLH nRITOrE t%tg)ﬁn be

configured to store a plurality of threshold values, each of
cor r espondswotide 8A car basnéigeied £ et virb thede densadent thrpahplsl valiree 8ttbea bgal ues

can represent. I shal.d v : r I 0

controls t %‘tﬁgg%g% Sétm}{)? %’%I ‘%)%gg‘eé)%yg %bstsaépglle{ﬂ gl%flﬁl(rgé%ﬁgl‘ug r{gétisllét}gpsbtgéed at
| east in pdd tnot @Rcdetiea rothpaidont theeshicit adesarinireeridsasthatn theembde kiepgwlemessed
usi ng the hag&ﬁl(y estimate. [00106) The out put of the threshold nodul e

850 i s coupf® al4es e filter 860 that is configured to buffer a

plurality m164]0CesseferbtRARDE:, thOTHKBEIdRSRREHD RErniRE 88 afdtfhe diklgyer the
present channel inpul se response estinmate based on the plurality o

processed Vawneinbe changel iseuisesppans ysupming die synareppizlapt thy tar valeescessed
A oo . : . P I
channel | (ﬁ%dmrgq)slgﬂé]ﬁlﬁnlge?tok @ﬁ%{/%qe? 6t Upee rb%ggéﬁa‘?ﬂ nﬁgxﬁéﬁﬂ éﬂiasl”pu S€

response estimate§ from pa s as” well process nnel

i mpul se r espbesiEnedtimpalse sesporem @rR@Vbe shentmhter of taps i thg tahtaed tnlpmlssy nmbol
being currently processed. Thus, the.tine filter 860 can be configured to
per f orm caf?g%qngff'i EY@Fﬁwgo%rth‘hg’ﬁé bexpad the fi“l"{c@tt“?”h%“%tg doqot eoriHpige to fhgpul se
response. Wan2d) Qs1ifR8é 0 37hePhTéshiSid Q06RO 2R detedDintOR tBrhbarldon kekiiIg b9f the

time filter 860 is coupled to a phase rotator 870 that can be configured
to rotate TREViSELsBactippal Kalus. emeden ip Seusiion (14)abevge and Wisterpining Bsul t ant
final chapgglct fof FIUEAGHnLESRANSE &8 Ll fBLe n ubbands
to be pr ocglsasecd.o I'n thenCFDIVI systemalﬁéa% na&g%}f ?%g?c%g%ﬁ%%gg’%%ﬁ%g%%
subbands, odvenacesteiaeh taplebersy valpadinge lsemperéeson sbtimhbarsktesos o dthereibe t he

channel i e. I et can.he rotated, by own val ue such that
the resul {Tgln t%f lrng%éfe}%gé Fheoggéﬁ%se “fhgsec&g%rg%'dgr% eswf@h%f’ ¥ it £OPREHSANds .
[ 00108] Theéreshdipput of the phase rotator 870 is coupled to an FFT nodul e

880 that i nfigured to transfaormthe channel i ul se response to a
@8} r eﬁgee HE?ShO% mogu% 8% can receive the threshold value frompa second

final chan

multiplexer 852 that selects one of a plurality of threshold values stored in threshold
memory 854. The threshold memory 854 can be configured to store a plurality of
threshold values, each of which corresponds to one or more distinct modes. One or
more threshold values can represent defanlt threshold values. The mode control module
890 controls the second multiplexer 852 to select a threshold value based at least in part
on the mode of the data subbands that are to be processed using the channel estimate.

[00106] The output of the threshold module 850 is coupled to a time filter 860 that is
configured to buffer a plurality of processed channel impulse response estimates and
filter the present channel impulse response estimate based on the plurality of processed
channel impulse response estimates. The plurality of processed channel impulse
response estimates can include processed channel impulse response estimates from past
OFDM symbols as well as processed channel impulse response estimates from OFDM
symbols occurring after the symbol being currently processed. Thus, the time filter 860
can be configured to perform causal filtering or non-causal filtering of the channel

impulse response.



response estimate. The FFT nodul e 880 can be configured to have a

di nensi on equal to the nunber of pilot subbands. Thus, in the exanple
descri bed above, the FFT nodule 880 can be configured to performa

512- poi nt WTuos/ihesout put of the FFT nodul e 880 represemnts2dberiinal
channel frequency response estimate that is determined based in part on
the node. The final channel frequencyZ2Pesponse is coupled t the

denodul ator 810 for use in denpdul ating the data subbands. [00109] The
recei ver 800 can al so be configured to concurrently process a plurality
of subbandosHr7d, EaChutmit oMtieaimectiirer 860 taoiiplgd teedpliase apaond® that camype one of

a plurality of podes. In such enbqdi nent, the receiver 800 can perform
concur r entCORBgEeh oIS t5p BE%S% Pﬁée Hﬁp‘ﬁﬁéew §2Rs gychthat ﬂéﬁfﬁ%ﬁtamrﬁ‘w se

response tc‘Ha&ﬁPﬁ‘éiﬁ B LeénGRBeERhAe dorrdboidol thy dath shbihalis e epetestddequency
response esti nmates. [OOI?LO] The portion of the receiver 800 performng

node basedncharfM@Mpsyseas bivigg pedslie aiobend dih i sehbads.niherp phe sehigad t o
enabl e the | 8 I [ [ annel
Frequency PAIBEhEEalBRLR ERUHAA M o HEPFHANE b e I ERTIIS] g
porti ons 88, kevwnbelwecuel thaothehesultadtdteqmench eespodse poessnditlent swuthithedata set s
that can be, all.ocated to data communi cati on. Thus, for an OFDM system

havi ng Q suhsdhd sets, one of which is allocated to pilot signals, the

recei ver g00103¢n e owtsitfof eierRedseMotor8y0 i Ocddpledeh an Feir medLLssDi that ipor ti ons
895 to concurrently generate up to Q1 channel frequency response

esti mat es.copfiguad o tiastpise dhe ghangeloinerwss diepronte imal finsb shapnsh frefesnrar
arrangene sd;l%se”é%ﬁfﬁ £5 “The 1YY Elute T8O YarCe édﬂggicl?é@% ﬁévecasﬁﬁn%%ﬁs%ﬁ@ ged with

simlar no es or tunctional equivalents. itionally, e order and
posi ti ons tofth¢ membedaf pBotnaupbipslsobinfsj édthe ¢001b12esThibed pizovef tenBF&r e

descri bed as, bej erformed hy FFET.or |EET np S Ho e FT
ool erront ATTE P A8 By SR Gy PR 4 1R o E a8 SR8 Pb e o
2006/ 0940 3fodileT#40S2pM36mEORE Zifial chnnM frbqufcyfedponkd s@ieitethbol de@fmihb@nsf or m
(DFT), Hadamard transform and the like or some other means for

t r ansf or mi39ee% innears gAphe gode alter el channet Eisawseh rePPess. is ogipled drthg, t he

| FFI" can R&ioR@hbPR B B i#ehBY RS dd 8% &iBaidsansform an inverse
Hadamard transform and the |1 ke or "any swta%le means for transformng a

frequency [08fd3hi nlheersecdvarf08tchn alsp e gonfigreedionmineureagy eseessad porlitThus,
e one, TR S o g RO R DRI R
the final méieanél sifcheguettodines ihe seei@st $00eda@.perform concurrent mode based
processing on the same initial channel impulse response to concurrently generate a
plurality of final channel frequency response estimates.
[00110] The portion of the receiver 800 performing mode based channel processing
895 can be duplicated multiple times to enable the receiver 800 to concurrently generate
multiple final channel frequency response estimates. The number of mode based
channel processing portions 895 can be equal to the total number of possible subband
sets that can be allocated to data communication. Thus, for an OFDM system having Q
subband sets, one of which is allocated to pilot signals, the receiver 800 can be
configured with up to Q-1 channel processing portions 895 to concurrently generate up
to Q-1 channel frequency response estimates.
[00111] The receiver 800 embodiment includes a particular arrangement of modules.
However, many of the modules can be replaced with similar modules or functional
equivalents. Additionally, the order and positions of the modules may be modified.
[00112] The transforms are described as being performed by FFT or IFFT modules.

However, an FFT implementation is not required and the transform can be performed



[00113] Simlarly, the pilot extraction nodule 820 can be perforned by a
filter, a sanpler, a decinmation nodule, and the |Iike, or sone other neans
for extracting the pilot sanples. The descranbl er 824 can be perfornmed by
any conbi vad c@sosm3el ements or apparatus configured t@cpmrsi@g/m_ﬁﬁe

conpl ement of the scranbling process inplenented at the transmtter. As
such, the descranbler 824 can be inpl 8dented as any suitable neans for
descranbling the pilot signals. [00114] The truncation nodul e 840 can al so
be inplenented using a variety of different nodul es. For exanple, the

t runcat i onyifpgh FBT 8PcreRFduniet Tek@sfarml QDFDﬁt}iadanmﬂaﬁhnhi%mﬁalﬁiaﬂﬂa lli&e or @
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| mpl ement e g 1Gn@ THET Ic8h %eoéerfél'rfléc?f)? h mve@BJb@s%retf%nﬁmnemv&ﬁg@
truncation nodul’e 850 can inciude a conmparator, a subtractor, an

accunul at diadaingatd fcemfoymo@nd the libA©r aanduitdble mpans foniranséorming mélequmfemls for
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node- dependent ~ processing can be nodified and one or nore node- dependent
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WO 2006/ 094037_ PCTI1 US20061007227 31 may be omtted. The receiver 800 may
not perf orlPOHAL t | Preetrersation mastlenddfcaryalse igeintplemrniidersiag i vasiehoal but

may be |i mif&ehitRo@RRe i iR Ale sehegﬂuﬁfa@lgﬁgﬁuﬁ %ﬁ)tegﬁ%audé)a dg?ﬁﬂmfxﬁ&{' ally

generate nultiple channel estfnates i's a sinpli
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opti m zed GRAAAE I HhhR hfise AiFSn@GGESS 900 can be implemented, for

[00115] The threshold module 850 can be implemented using a variety of different
modules. For example, the truncation module 850 can include a comparator, a
subtractor, an accumulator with carry out, a DAC, and the like, or some other means for
thresholding the channel impulse response taps.

[00116] The time filter 860 can be a FIR, IIR, Kalmann filter, analog filter, causal
filter, non-causal filter, and the like, or some other means for filtering the channel
impulse response. The phase rotator 870 can include a complex multiplier, a CORDIC,
and the like, or some means for rotating the samples.

[00117] Additionally, the position and order of the various mode-dependent
processing can be modified and one or more mode-dependent processing modules may
be omitted. For example, some of the modules are shown as functioning in the time
domain, but could also be implemented in the frequency domain. Additionally, the
order of some of the modules may be changed. For example, the truncation and
threshold modules, 840 and 850, may be re-ordered. Some receiver 800 embodiments
may not perform all of the processing shown in FIG. 8. For example, either of the

truncation or thresholding modules, 840 or 850, may be omitted. The time filter 860



exanple, by the receiver of FIG 8 or the receive portions of the access
point or termnal of the systemshown in FIG 7. [00119] The process 900
begi ns at bl ock 902 where the receiver sanples a received OFDM synbol .
The recei weo 2ps0s08ds to bl ock 910 and converts the sawpres2@éodbe OFDM
synbol to a plurality of frequency domai n subbands. The receiver can be
configured to performan FFT operatiodlon the sanples to generate a
frequency donmain response. As described earlier, the OFDM synbol can
include a plurality of pilot subbands in a set of subbands within the
total nunbasy ot Ghile@ndShe [fERI2P]30ThAaY eoLipeF6mP MesESconbuidngakod20 and
extracts the pilot subbands. In one enbodinent, the receiver can be

conf i gur eclependent Fhaapel pRintoR: baluBRAREs limited detseppatingg siRglernchgrmel he
subbands S Phdn@ ARR! H@fdng in nenmory the FFT

val ues co?%gg%%hﬂ?ﬁgqF%QQﬁ%%E&gﬁgﬁaE%éﬁmﬁggaéggﬁgIe, in an OFDM system
havi ng Q J@pEMSAt eFliu9handing@ified flomehast oivhprobess §0Gsdterpatively cefermsl tpiakot , t he

receiver can .extract. th ne t. of. ev FET,Qut put .val ues

Cor r espond RGeS drpupt el itk Tt el Rt o Rl R ¢ o
further prexaesk| bythe f&BiA1Hf Alte 8 e tRiry@ivepocine dbtht AcddkOpdntOF Qeririnal
descranbl e each of the pilot subbands. The pilot subbands can be

scranbl ed Hithe fyatepy ﬂ‘é(ﬁi"%fﬁ% according to a predeternmined algorithm and

the recei go1®3n HRSH0EIER 1080 bbEnPit! MI6cKSIRDANGS 1HVreFek QArhIBYa 1 ived
conpl ement_of the scranmbling algorithm (00122] The descranbl ed frequency

domai n sarfPFled syaghobsdhe repsivenpraceads dnalngk(910 fané gorvecly terosrimieseeft therat e.
the recei vggp Q§o59%B%%%€o?48g?§g%Qﬁﬁ%ﬂfHﬁbﬁﬂmlFE&an%QR%?F&PBeon the
0 i mat e

initial channe requenc I'ne 0 generate a channe I'pul se
response. dodfigiadq toljeeform aeFFdropeatiopen flersampies & grmsatt pfropessi dgnam t he

initial channel frequency dogmain estimte ot the channel i.mpul.se
response, TSTHOH%?UgﬁSt‘%ﬁ%%&ﬁr%éf 1 %?o@ww&l fa’bémg‘i‘ ?é’hur?I?}B i$igtiokent .
The recei v@bbaniniset sMRbsMAE withRnAelotal niBbree siibap@Nse to generate

mul ti pl e node-dependent final channel frequency WO 2006/ 094037

PCT/ US2006088P 2 7Thezpcsivasmspreedseiorhlonkt €4, andiesirects the piletaibbardscdmene rent |y
suppor S Taliolihéie TBACSeckflel N BATERRERIA SYMBGlct [HO1AR) TBBaldzofy ver
- aepenae o e

proceeds to bl ock 950 and perfornms no pe ﬁ% truncation
channel i ristermimirgsipomstthe Tihbandscet sssignedio piloucheanads srttstaharinederionpul se

the FFT values corresponding to those subbands. For example, in an OFDM system

having Q separate subband sets, one of which is assigned to the pilot, the receiver can
extract the one out of every Q FFT output values corresponding to the pilot subband and
can store the value in RAM for further processing.

[00121] The receiver proceeds to block 930 to descramble each of the pilot subbands.
The pilot subbands can be scrambled at the transmitter according to a predetermined
algorithm, and the receiver can descramble the pilot subbands by performing the
complement of the scrambling algorithm,

[00122] The descrambled frequency domain samples represent an initial channel
frequency domain estimate. the receiver proceeds to block 940 and performs an IFFT
operation on the initial channel frequency domain estimate to generate a channel
impulse response.

[00123] The receiver can perform mode based processing on the initial channel
frequency domain estimate or the channel impulse response, although time domain
processing may be simpler to implement. The receiver can use the same channel

impulse response to generate multiple mode-dependent final channel frequency



response to a length that is shorter than the I ength defined by the nunber
of pilot subbands. The receiver can store a inpul se response | ength,
corresponding to a delay spread, in nenory for each of the nbdes and can
retrieve the inpul se response length corresponding to the assigned or
transm tt W0 a9dB403 | east two nodes can have di sti nctPCirgselosa7eEsponse
| engt hs, such that the inpul se response |length varies depending on the
node. [00125] The receiver truncates BRe inpul se response by setting to
zero those taps that are greater fhan the inpul se response |ength. That
is, those taps that represent the  |ongest delays are truncated fromthe
channel i npsjoase exinpiess evhefeOhi 26¢eivVEh eon@erentle supproots evdsipleombdacik 860 and
per f or s nndetﬁgﬁgnde t. threshol di'ng on the truncated channel inpul se
response. SPHE FV@Sdcan store one or nore threshold values in nenory,

wher e eachyopinggs hohdheldletréREdsas BRIGK 950 ShdDiefodis mivBs-GebRd&s troddd@iof ecei ver
retrieves the associ ated threshold value and determ nes or ot herw se

gener at es & Gorqparicd gmpilip deRONH- bS8 deeriver st ringaisathe @vniehdmpRiseshol d
val ue. [Orgﬁéme %Ehgiléf’%ﬁlf'tﬁla‘?ris CRURATES G8GEhe dbhifed 8P tﬂ@hﬁiﬁ‘ﬁ%rﬁ?ﬁlllo?he

truncat ed channe se response to the conparison thres t he
t ap val ue swbbaads.allhe ragerver cinetorby imphlse reaponsalleneth, sogeppahding ton dglapat er

that tap VATG nReRg TOSBhar I IS ar Sy B S ety e (s

| ess than doaesppatpart Sae abdigedhal gansinhedreeed. ver: 18&t Iwbhabdddsapanvialvele to
zero or sone, insignificant value. A value is an_insignificant value if it
has subst dftiogt ITPPRles EMenss bnetsn st e thmalmpiise; rsperse leesiporrsigs or the
correspondygl &&I{mﬂgg moggguency response estimate. [00128] In one

enbodi nment, t he node- dependent threshold value is a relative value. For
exanpl e, t[A8125¢ceThestecaivar tvacaiethe Gupds responisst oy sefting taAcravieasadps drer gy

{br oshol d ol 26, 80 e R ap R e an. 2BRP DS Rk 1ep BRE P RRBINEN . o
ener gy vallusgesi delayt e trandstedifrpmnitesitanned hngddeakshovsd. ue t o generate the

conpari so shal d. The receiver sets.t ero the_taps having a tap
eng}rj gy Vaﬂg@ﬂ% sgﬂf%éﬁceﬂ?@ PSR E"oﬁ’tl?qlfr %Q ofRfl ngogggfslpg@%é@yndent
PCT/ US2006hRoAE g o8 el BhtA30 cﬂ_z{iﬂelriﬁﬁﬁlis%! SspbideN TRE QER/AS cArlsibe Ak 0P 70 and

performs time filtering of the channel inpulse response that has been
t runcat ed TB918 tBiaHjodt veldes @ memeyhwhereregeh ftineshold; yeduef ¢qrregpongdarto @se othannel

i mpul se r e5pQ Qﬁ&deMahﬂ§§e&Mf retRAYs ! dsb e SHIRALE value and determines or

otherwise generates a comparison threshold based at least in part on the threshold value.
[00127] The receiver compares each of the tap values from the truncated chammel
iinpu]se response to the comparison threshold. If the tap value or a value generated by
the tap value is equal to or greater than the comparison threshold the receiver performs
no modification of that tap value. If the tap value or value generated by the tap value is
less than the comparison threshold, the receiver sets that tap value to zero or some
insignificant value. A value is an insignificant value if it has substantially no
contribution to the channel impulse response or the corresponding channel frequency
response estimate.

[00128] In one embodiment, the mode-dependent threshold value is a relative value.
For example, the receiver can be configured to determine an average energy value of the
truncated channel impulse response. The mode-dependent threshold value can be a
fraction. The receiver can scale the average energy value with the mode-dependent
threshold value to generate the comparison threshold. The receiver sets to zero the taps

having a tap energy value less than the comparison threshold.



[00130] After tinme filtering, the receiver has generated a node-dependent
channel i npul se response. The receiver can generate a final channel
frequency response estimte at the subbands corresponding to the data
subbands. W08V er proceeds to block 980 and phasecratsadoesoreive t ap
val ues. The receiver phase rotates the tap values because the channel

i mpul se response was generated from sddples of the pilot subbands. The

pi |l ot subbands within an OFDM synbol are distinct fromthe data subbands,
but are typically offset by a known and fixed frequency, such as a fixed
nunber of [B0HIMNdThe Fheiser thyn ploases toblck 9F0 heé petiammseimé fifedingeofrths ponse

tap values, the receiver can produce a channel .fregue r on

esti mate t‘}?é?nelgb‘m PUESPIASE _ﬂ""f ﬁ%s ?T&ﬁﬁmgﬁﬁfg%cg@?bﬁfﬁe t'ogg%zp@pz«?ﬁ%r iﬁ’%eds to
bl ock 990 @nériganan alehamel ifillscaBpdne! valdes GALIGRAE YnulBSPOpSOIESt | mate by
perform ng an FFT on the truncated, thresholded, tine filtered, and phase

rotated chAAR] | Afen Gme fdicpansibe Tp@DEB s Fenerasichn madeslependgnt gnnel

t echni ques; ri er@j.n [ t b r Eor
exanpl e, t! ggsgtljg ﬂls QUﬁen%ga%%p?aﬁpgglﬁe%gdﬁﬁﬁ éﬁ%ﬁ?ﬁ%ﬁéngﬁ} cmrse, or a
conbi nat i ostitchierae dfe. suboands coragspovating forthé date metdbandsn, Thehrecqpyaspesedsdo units

used for ann esti.mat i be i npl nted within one or. nor

appl i cati gﬁocq‘s%ié’c?% %ha‘s%{og ?Sgtﬁgéapcyarl%r%l 1?12}%@3@1@)13?1&8& rafattegltgﬁé faé’n‘éaﬁles
processor Elfe(:@lﬁE’St_he giag@dl aihlp?lsg ggspon]?qr @fzgsgén@@tﬁeﬁbg?smﬁQSPM) the pilot
programmabl e | ogi c_devi ces .. i€ rogr . ..gate arrays
(FPGAs), prBbadsore @&st%?anéﬁr &1t g5 ST DBIPLAE S‘fﬁ“gﬁ‘ dpre des it s,
other el eghh Ak Coddrd %yp%ﬁkqm%@t b aRGlhar dt e d tabhdNSudeschifhed
herein, or a conbination_ thereof.” [00132] For a software inplenentation,
t he channetumbst phabbamist déhnibyphigserratpting thej opinshinpudss winoRsaeRRlESs, (e. g.
pr ocedur es | - . i bed
her ei n. Thde]e geg:?l? \%\llgér)ag%é%‘giegg arsrcg?/&%?efré{%?@pdl% F%O%g&nggno Fey{hgﬁﬁlﬁc?&ead’g ?’Sﬁérenor y
units 732 dandsubb2ndsn Fhé&recé)venmproceadsctot BdclbPo@ apd qeessrsies a( &ing. chapaebcessor s

730 and 770). The menory unit may be i nted within the processor or
External (G Y ISBESSH AN by BRICER e 00 Ot BEe LSRR R
coupl ed t ofifidd, REPHRESRatdd chakid] AP Ese 8HRASK, as 1s known in the art.
[ 00133] The various steps or acts in a nethod or process nay be (s)erfor med

in the orl@81313nhotkke chonnalestimaiopdeahaianedaseribed dereet may beimplagaited byal |y,
one 5 Tt GyB8P GRS VA FURHIAIEL FEALSORILITT Rt Pl AL 1 o
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.
[00132] For a software implementation, the channel estimation techniques may be
implemented with modules (e.g., procedures, functions, and so on) that perform the
functions described herein. The software codes may be stored in a memory unit (e.g.,
memory units 732 and 772 in FIG. 7) and executed by a processor (e.g., processors 730
and 770). 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.
[00133] The various steps or acts in a method or process may be performed in the

order shown, or may be performed in another order. Additionally, one or more process




to the nmethods and processes. An additional step, block, or action nmay be
added in the beginning, end, or intervening existing elenents of the

nmet hods and processes. [00134] A coupling or connection need not be a

di rect cormectosonosThe vari ous nodul es can be coupl ed rcosnmeasvoisher
through a direct connection, direct coupling, or through an indirect
coupling where one or nore intervening3él ements may be used to couple the
respective nodul es. [00135] Headings are included herein for reference and
to aid in locating certain sections. These headings are not intended to
limt the sqopandd sifianHoncapied des6d diste phtRSLdmiRAe tepatl bOERRG |
concepts may have applicability in other sections throughout “the entire
speci f i cat i 9rike pehedend mhecepiesy Pordditierad siept blosk, of activs miysls akledlin the

enbodi nent 1.OV] L . iJled in the art to nake
or use the%gﬁglggﬁ éﬂﬁ@%ﬁ%e?%eﬁﬂg%gﬁ%%@m%%lﬁ ﬁﬂggﬁ}@rqgg?doprpﬁeesgeé' enbodi nent s
wi |l be red@d134] apparcepling or chasetiekhdedeatbt ite 4 ld@ear donnedting. thie geRREI C
princi pl es d%iﬂilned Eerei @y be aﬁgrl ied to other enbodi ments without
departing fPSHEHE" OpicPFRIeq 0 Qe spathy: thyaygh @ flisseh GonRectipp, direct supliRg: 98 nt

i nvention itgrod i RBORRpliR: Reetk] ok o8 thdr® iiti§ed HIRAL rein
but is to be a%}:i:grrlded t he \l/)\,iI%este scope conéi%’?%n??\?mﬂth tﬁlzay;%oﬁrg%dgﬁ?es and
novel feat (foBRle fhedesnsedw meduidsn. 35 CLAIMS 1. A nethod of estimating at

| east one f nc dl e - e wi.rel ess..channel in a
ort hogonal [??%33 e n%@gdgfgg ?ag? gnrlcfhﬂrrjl;jfi ?lle{ﬁxﬂe &érﬁl%?eé%%%ma%? Bt 2}1‘% ﬁn S§C§F%$nceﬂmn
suppor ti ng saeiloni.pleeseddadings are anmintendat fodimit deneopesofpe coldepistiengibtd12) an

initial fr es se estimate for a first set of P uniformy spaced
Subbands banba GHaEh A B S pntie SeatichBlinZBontbersieetidp highehot
uni formy Shmarite spebifiastity, where P is an integer greater than one and is a

power of tﬁﬁ jingg\éWerei n&he, first set includes at |east one subband not
i ncl uded i nOPREY s ebise deus. deserivtion pithe disglpsed qmbagimeninis providadrie endbipul se

response eshy fkRnl Q190 WhE €4 €SS m‘a\l@a'ag_edse bﬁ’x?eQrGQ&ttilfl?erftiBL.t i g}, frequency
response estimate; and deriving (518) a final frequency response 8stinate
for each ndepslifiiatipnsfodbash embpdimshtsofillthacadily @ppaentab dimse kkilled adtheartt he

tima-domairag, é e _estimate.. 2. .The .hod of claim1,

wherein t henrm_ g@ gonn%% gz&aée?%%&p%%lf] SHYRg ﬁgpﬁedSt.o offeL ewgﬁaﬁmépraﬁ m 1,

wher ei n t heepmidies Tompihé st ar @opeof @benvention. Thus, the present invention is not
intended to be limited to the embodiments shown herein but is to be accorded the widest

scope consistent with the principles and novel features disclosed herein.



4. The method of claim1, wherein the node conprises a nodulation |ayer.

5. The nmethod of claim2, wherein the final frequency response estinate
conprises a base frequency response estimte and an enhancenent frequency
response estimate for a |ayered nodul ati on schene.

35

CLAIMS

L. A method of estimating at least one frequency response for a multiple-access
wireless channel in a orthogonal frequency division multiplexing communication system
supporting multiple modes of communication, comprising:

obtaining (512) an initial frequency response estimate for a first set of P
uniformly spaced subbands based on channel gain estimates for a second set of non-
uniformly spaced subbdnds, where P is an integer greater than one and is a power of two,
and wherein the first set includes at least one subband not included in the second set;

deriving (514) a time-domain channel impulse response estimate for the wireless
channel based on the initial frequency response estimate; and

deriving (518) a final frequency response estimate for each mode within each

symbol of the wireless channel based on the time-domain channel impulse response

estimate.

2. The method of claim 1, wherein the mode comprises a modulation type.

3. The method of claim 1, wherein the mode comprises a code rate.

4. The method of claim 1, wherein the mode comprises a modulation layer.

5. The method of claim 2, wherein the final frequency response estimate comprises a

base frequency response estimate and an enhancement frequency response estimate for a

layered modulation scheme.



