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[0003] ereless communication systems are widely deployed to provide various types

of communication such as voice, packet data, and so on. These systems may be
multiple-access systems capable of supporting communication with multiple users by
sharing the available system resources. Examples of such multiple-access systems
include code division multiple access (CDMA) systems, time division multiple access
(TDMA) systems, and orthogonal frequency division multiple access (OFDMA)
systems.

[0004] OFDM effectively partitions the overall system bandwidth into a number of (N)
orthogonal subbands. These subbands are also referred to as tones, frequency bins, and
frequency subchannels. With OFDM, each subband is associated with a respective
subcarrier upon which data may be modulated. Each subband may thus be viewed as an
independent transmission channel that may be used to transmit data.

[0005] In a wireless communication system, an RF modulated signal from a transmitter

may reach a receiver via a number of propagation paths. For an OFDM system, the N
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There is therefore a need in the art for techniques to more efficiently estimate the

channel response in an OFDM system, particularly in the uplink.

SUMMARY
Techniques are provided herein to estimate the frequency response of a wireless
channel in a communication system with multiple subbands (e.g., an OFDM system). It
is recognized that the impulse response of the wireless channel can be characterized by

L taps, where L is typically much less than the N total subbands in the OFDM system.



SUMVARY [0010] Techni ques are provided herein to
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BRIEF DESCRIPTION OF THE DRAWINGS

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:

FIG. 1 shows an OFDM subband structure;

FIG. 2A shows the relationship between the frequency response and the impulse
response of a wireless channel;

FIG. 2B shows a DFT matrix for the N total subbands in the OFDM system;
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[0025] FIG. 1 shows a subband structure 100 that may be used for an OFDM system.
The OFDM system has an overall system bandwidth of W MHz, which is partitioned
into N orthogonal subbands using OFDM. Each subband has a bandwidth of W/N
MHz. In a typical OFDM system, only M of the N total subbands are used for data

transmission, where M <N. These M usable subbands are also referred to as data
subbands. The remaining N —M subbands are not used for data 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. \

[0026] For OFDM, the data to be transmitted on each subband is first mé)dulated G.e.,
symbol mapped) using a particular modulation scheme selected for use for that subband.
The signal value is set to zero for each of the N~M unused subbands. For each
symbol period, the N symbols (i.e., the M modulation symbols and N —M Zeros) are
transformed to the time domain using an inverse fast Fourier transform (IFFT) to obtain
a “transformed” symbol that includes N time-domain samples. The duration of each

transformed symbol is inversely related to the bandwidth of each subband. For
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The N subbands of the OFDM system may experience different channel

conditions (i.e., different effects due to fading and multipath) and may be associated
with different complex channel gains. An accurate estimate of the channel response is

normally needed in order to properly process (e.g., decode and demodulate) data at the

receiver.



transmtter is the difference between the earliest and
| atest arriving signal instances at a receiver for a

WG e@aakosty ansnmitted by the transmtter. The dePElyUS2003/034506

[0031]

spread of the systemis the expected worst-case del ay
spread for all termnals in the system To effectively
conbat ISlI, the cyclic prefix should be | onger than

the del ay spread of the system [0029] Each

t r ansflte neigelegsnddahndl s the HFEHN QR @é'?&

where each sanple period has a dur atl a?io?%ieﬁq@ cither a
?H@‘WF cchapegl| mmﬂge espoesei Ned of oa dofrespodidingPfre uencya—domam

ﬁr}{tr)l gﬁ, where Cp |S£ sujtabl e integer sel ected base
8 fie tqRYeaGY §fﬁP@3§f The wab#ﬁqmqmcmacstppnm & is @ discrete
I t eat.er than r ual to _the nunber
Epuie (6L B BEtS R Bind d5PuBh afidanisrh  Aeiacheasgp may be
ehﬁlmedl in( mat@ix, fof, a3 folldws:| N this case, each OFDM
symbol woul d i ncl ude N + Cp sanples, and each synbol

“period would span N + Cp sanple periods. [0030] The N

subbagfgl@ the OFDM syst em may experience different
channeétr -tonditions (i.e., different effects due tEQ(l)
n be associ .owit
gvlﬁ?ﬂ? c ?eﬁ? f C%NJ)L ?)eﬁe%?:‘}?)gﬁrﬁ@ F H&Bi{lﬁg resppnsg ok @F%‘P’gelé@t ¢h¥aped between

of the chame@ﬂ £rﬁ§@9£}§9thé§ A h order
to prﬁoerly pragcess “ g’%ggwhlg? ggsguﬂflat e) data

at t h&l israac@Y vé)rvecmmmﬂﬁdffﬁq@aﬁ§ r&%ﬁ%&%&ﬂ&é&%m&l and
[0031] The wirel ess channel in the OFDM system may be

- char adY d% py éHW) @attivepsed to perfernd dreaDRT ohaksedctdrp Wb SBtain the

response, h, or a correspondi ng frequency-domain
channel ff%ﬁ d@y response, U. The channel frequency
response His the discrete Fourier transform (DFT) of

 TheemathianWels defiped sehnes PN 6874) -th BRirs, {ve| ak gﬁf\%'ﬂb p_may

[0032]

[0033]

be expressed in matrix form as fo Eq(1)
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entries of the vector h would be L non-zero values and the (N-L) following entries
would be zeros. However, the techniques described herein apply equally even if the L
non-zero values are some arbitrary selection within the N entries in the vector h,
although such a scenario may not arise in real systems. .

FIG. 2A graphically shows the relationship between the channel frequency
response H and the channel impulse response h. The vector h includes N time-
domain values for the impulse response of the wireless channel from the transmitter to
the receiver. This vector h can be transformed to the frequency domain by pre-
multiplying it with the DFT matrix W. The vector H includes N frequency-domain
values for the complex channel gains of the N subbands.

FIG. 2B graphically shows the matrix W, which is an (NxN) matrix

comprised of the elements defined in equation (2).
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X is a “transmit” vector with N entrieé for the symbols transmitted on the N
subbands (the entries for the unused subbands are Z€eros);

R is a vector with entries for additive white Gaussian noise (AWGN) received
on the N subbands; and

“0” denotes the Hadmard product (i.e., a point-wise product, where the i-th

element of r is the product of the i-th elements of X and H).

The noise n is assumed to have zero mean and a variance of ¢

[0037] The channel estimation techniques described herein may be used in conjunction
with various pilot transmission schemes. For clarity, these techniques are described for

two specific pilot transmission schemes.



based on the channel gains for as fewas L
appropriately sel ected subbands, instead of all N

wGabandss Even if nore than L channel gai ns aP@r/us2003/034506

[0038]

[0039]

[0040]

avai |l abl e, an enhanced estinate of the frequency

response of the wirel ess changel may be obtained by
suppressing the noise conponents outside this

subspace, as described bel ow. [0036] The nodel for the
OFDM o 3 1 = + Eq.
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subbands;  and "o0" denotes the Hadmard product (i.e., a
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the product of the i-th elenents of x and H). The
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subbands. The transm ttreeg Er:JIiﬁll%ot sﬁ%&; bet 8(':}4#%?@633 cg?/nnaerlf H,, may
Bevxprespedasct or xd ,  which includes a specific pilot

-.synbol for each of the M data subbands. The transmt

power .for the pilot synbol for each data subband may

be exBuesbd® . asHpr /XK , where xk is the pilot Eq(@4)
synbol transmitted on the k-th subband. [0039] A

receiyve vector rd may be expressed for the received
whargH, &5 am (MX 1} seqterdfor thetipiial ¢hanee] fregiency(régponddestimate, and
specifically, rd =Rd oxd +nd ,T\/\,here rd , Rd, xd , and

Pd are @R Flajbctinfl +ai/ Balcl which drilydemMratiosefor ofie M data
the (N Xb#%a ﬁXectors r , H x, and 11, respectively.

These MENt T es correspond to the M data subbands.

00 fred bl th, B3RS BBk, L EHENE BRI e roceivr

[0041]

of the wr annel’,
based on the received and transmitted pilot symbols for each of the M data subbands.

The initial estimate H, is indicative of the frequency response of the wireless channel

for the M data subbands.
As seen from equation (4), the initial estimate ﬂd is distorted by a noise
component n,/X,. An enhanced estimate may be obtained by observing that the

channel frequency response H, is the discrete Fourier transform of the channel impulse

response h,, and that h, has L taps, where L is typically less than M Gi.e., L<M).

[0042]

A least square estimate of the impulse response of the wireless channel, lis ,

may be obtained based on the following optimization:



be expressed as: lid =rd | xd = HI + nd | xd Eq (4)
where Hd is an (Mx 1) vector for the initial channel

w0 e@gesey response estimate, and ad / bd = [BCT/UR008@34506

[0043]

[0044]

[0045]

/ b2 ... a M/ bM]T, which includes Mratios for the
M data subbands. As shown ingequation (4), the
initial estimate Hd may be determ ned by the receiver
based on the received and transnmitted pilot synbols
for each of the Mdata subbands. The initial estimte
Ad is indicative of the frequency response of the

W rel ess channel for the M data subbands. [0041] As
seen fi* i_( t, the initial estinmate '
distoggéa gngﬂngggéﬂ conponent nd | xd . An Eﬁﬂgiced
esti mate may be obtai ned by observing that the

channel frequency response Hd is the discrete Fourier
whgres o risram ELN]I)E vedtanfoe b hypphészed impalse nsspoist of tiachannel,
that hd has L taps, where L is typically less than M

(i.e. WlisanNM x L} 0¥-2atrfx beids t(INSONRERLES WIBsE of the
i npul se response of the w rel ess channel ~h, may be

obt ai 3 ' | on:. WO .

00a) B8 13 BT NebiBF b Bl Btk e RPH e et fffonsa grimate

] 112 Eq (5) where hi is an (L x I) vector for a _

hypot H&Gi géogrhﬂﬁcﬂlb'esllowﬁbﬂ salatginshipeetiesmniil, matticéss Wirand W.
MX L) sub-matrix of the (Nx N matrix W and is his

ihe Mhrqws of thy masdx OV drothe Merovs ad thesmatixe V¥ ransgjonding to the M

I mpul se response estimate. [0043] FIG 3A graphically

dtte\asbhands.r dha i erdehnpobthievmarix t We areathe ifiee . Volanths \Of the matrix

The Mrows of the matrix Ware the Mrows of the

Rt ri x Wcorresponding to the M data subbands. The L

coluni of .the.matrix VVarﬁﬁIhe first L_colums of the
mat ri x 2 GPUEFEUOR 1RrEagpR () 13 QVeoall pesstde shangsl inmulsesresponses

E;er ﬁll possi bl e channel inpul se regponses h3 . The
‘Peasthed

e SAPaD Umpelse aspamse catimptaphe #sdequsl douth¢ hypothesized
t he hypothesi zed inpulse response hi that results in
TRRuISE TesPRNeE diyr Bhat st éth thenmiimum erorf batygem e initial frequency
response estimate Ed and the frequency response corresponding to h j» wWhich is given

by Wh,.

The solution to equation (5) may be expressed as:

b =W W)'Ww'a, . Eq (6)

As shown in equation (6), the least square impulse response estimate ﬁ: may be
derived based on the initial frequency response estimate _I:L, , which is obtained based
on the pilot received on the M data subbands. In particular, the estimate ﬁl; may be
obtained by performing a “least square operation” (i.e., a pre-multiplication with

~ H = 1w H e . . P ~ls
(W~ W)W ") on the initial estimate H,. The vector 1_1; includes L entries for the L

taps of the channel impulse response, where L < M .



response estimate Hd and the frequency response
corresponding to hi, which is given by W,;. [0045]

wab@4eaisut i on to equation (5) may be expressedPEBUS1083/634506

[0046]

[0047]

W*yl WH H~ Eq (6) As shown in equation (6), the |east
square inpul se response estimge hd may be derived
based on the initial frequency response estimte Hd ,

whi ch is obtained based on the pilot received on the
In particular, the estimate hd may be N

M datﬁgsu bangs.. R
obt ai ae“g’f)n%? rSHPRhe! e freausrcysigspance op shawireless channel, H, ,
(i.e., apre-nultiplication with (WH W-1 WH) on the
Maytthen bederivadt &om the 1dsesquact dranhel infpolsedesdas@BihAS A°  as
Eq&)the L taps of the channel inpulse response, where
OLOVRE . WO 2004/ 040813 PCT/ US2003/ 034506 10 [ 0046] An
enhanced estinmate of the frequency response of the
wirel ess chanpnel Hs d, my then be derived fromthe
| east B5qud¥B: channel i npul se response estimatgq(d ,

as follows: rs rs Hd = Wid , Eq (7) where Hd is an (M
x 1) yector for the enhanced channel frequency

wherpdils és a5 (M) evectoEGitahé eihahdod dhBshes &l §et1fc9"§_‘$|dspBH§ estimate.
e may

enhanced channel frequency response esti
ge th%ined for all M data subbands based on the | east

WiLiPe (Ohaficates thias thesenhenendomeenel Esgiemeyecddnidestimate H may

' onlw.L entries, where L < M [0047] FIG 3B
e o M S bkt i Je e ehtnasi smpulse response
enhanpcegd channe frequency response estinmate Rd and
etsﬁglaf}’eﬁisfhaéﬁﬂf S ORn entripypheseL<eMponse estimate hd

. Th CkRr 1.1nel udes time-domai p val ues for the

| eas,teF I\s% uszﬁ eg‘%ﬁhal%%gyl Sg%% |L“?£e feq%&‘ﬁggsge%@n g enhanged channel
can be trapnsfornmed to the frequency-domain

By BehoP ot Pry i ] 9 eococaibrchonntl i response cstimate

riesul tant veetor Hd includes Mfrequency- domain

Bearl 8% vecior Binéncledes Letimgatonmirt wrludsifer tedédsasquRhehafifel impulse
[0048] For clarity, the channel estimation techniques

respensbesstitriatee ATHAH 0¥@oMh | ah BE B8nsfBinsdd BGhe frb&RSicy-domain by pre-

[0048]

multiplying it with the matrix W. The resultant vector ES includes M frequency-

domain values for the complex gains for the M data subbands.
For clarity, the channel estimation techniques are described above with three

distinct steps:

1. Obtain the initial channel frequency response estimate H P

2. Derive the least square channel impulse response estimate ﬁi; based on
the initial channel frequency response estimate H <> and
Al

3. Derive the enhanced channel frequency response estimate H; based on

the channel impulse response estimate ﬁ: .
The channel estimation may also be performed such that a step may be implicitly
(instead of explicitly) performed. In particular, the enhanced channel frequency

. A ls . .
response estimate H, may be derived directly from the initial channel frequency

response estimate H,, as follows:



1. Obtain the initial channel frequency response
estimate Hd ; 2. Derive the | east square channel

WO ppulos81F esponse estinmate hd based on the i nPCT/EE2003/034506

[0049]

{0050]

[0051]

channel frequency response estimate Hd ; and 3. Derive

the enhanced channel frequency;response estimte Hd

based on the channel inpul se response estimte hd The
channel estimation may al so be per]torrreld_syflh ;hat a

step may.ee iympliscitly 5 (instead of explicitly

per?or rrgg.d TN Wt r_,Ingthe enhanced channel Eq (8)
frequency response esti lrrat(re] Hd Irm%/ be derived e

i rect fromthe initial channe requency respo

i‘l},trq%ﬁﬁt%%‘ IQ%): n%% EepPrbwiep WoIpDIAily 4efogmed “such that the enhanced
PCT/ US2003/ 034506 11 ,1s HW-, d = W* H Eq (8) In
E5auancy egonse esfimate cHpdissdespyed sasedbloncthe | chapred fimpoBel response
such that the enhanced frequency response estinate |

estimiate iy eitlatiia seglicitly dbgvadia Bagd onTRe! nial Tfféﬁﬁé}ﬂrél‘:%e%)onse estimate
estimate hls that is inplicitly derived is ‘baséd on

tﬁlj(;a initial frequency response estimate |id . [0049]

The nean square error (MSE) in the enhanced channel

f r equéhe ymeansppmase erres t(MEH) einHae naaike destphBESREQRAEY response
MSE = E[JI Hd - Hd 112] = E[II WWH W-1WHnd 112] z _
estimdee {H amay Ve EXpddssdfi-as: WH ] , Eq (9) d a2l Pd

where Pd is the transmt power used for the pil ot

'synbol in each of the Mdata subbands. [0050] It can

be shom:rMsEat=15!p|FHyslzﬁf Wz]%qEﬁth_“g’_rH(W _é- ,;%}éua]t race of

the noi se covariance nmatrix af . squar e

operation (i.egqg? the Qomq;Lar}c~eHrratr|x of WWHW-1

WHNd ) . =P—trace[_VZ(ﬂ W)W o, Eq (9)
d

where P, is the transmit power used for the pilot symbol in each of the M data

subbands.
It can be shown that the MSE in equation (9) is the trace of the noise covariance

matrix after the least square operation (ie., the covariance matrix of
~ o~ H ~ H
WW W)"W n,).

In a second pilot transmission scheme, pilot symbols are transmitted on each of
S designated subbands, where S<N and S>L.. Typically, the number of designated
subbands is less than the number of data subbands (i.e., S < M). In this case, the other

(M—S) data subbands may be used for other transmissions. For example, on the
downlink, the other (M —S) data subbands may be used to transmit traffic data and/or

overhead data. On the uplink, the M data subbands may be partitioned into disjoint
groups of S subbands, and each group may then be assigned to a different terminal for
pilot transmission. This subband multiplexing, whereby multiple terminals transmit
concurrently on disjoint groups of subbands, may be used to improve system efficiency.
For clarity, channel estimation is described below for subband mul7tiplexing whereby

each designated terminal transmits a pilot only on its S assigned subbands.



[0051] In a second pilot transm ssion schene, pil ot

synbols are transmtted on each of S designated
wGeubbandsy where S < Nand S > L. Typically, pE&BEUS2003/034506

number of designated subbands is |ess than the nunber

of data subbands (i.e., S < My In this case, the

other (M- S) data subbands may be used for other

transm ssions. For exanple, on the downlink, the

th d transm

100521 1 27 160 qpShit 8 5 BaE RS Wkl G TR pestor x,,
Mhibht schided
gr oups Cof Sagﬁ%gg%gslmaﬁdﬁfﬂggtggpgfigﬁubm& gi iﬂbﬂé@g assigned to the

ea“hp éraasra;tfgogqee ifer the pitohsymipalrfor padhodssigned subband may be
ansn&ssn Thi's subband multipl exi ng, whereby
F?fﬁf?ﬁss 85 e Tirnal EF s A the Diloh émb@rfmm@t@doms;hgﬂqam subband

u f subbands, may be used to inprove system
g{[?r@’f%ﬂg For cI arity, channel esti mation is

descri and. nul 7t|

[0053] each gglglt%gt egln%er rfnstﬁ%?reflllleélﬁ%ﬁ?stpg ﬁ%tW‘S%F“V %‘ﬁmi‘etl’sHu for
ragEsi gllﬁgyiwg}gfg@@gga WD 2004/ 040813 PCT/ US2003/ 034506
12 [0052]  The transmt pilot for each termnal may be
denoted by an (S x 1) vector xi , which includes a
speci H;e=pikot BBywmok, for each of the S subbands (10)
assigned to the termnal. The transmt power for t%
pil ot synbol for each assigned subband may be
whereas s &l . a% . pnd ni are K1), veshss ¢haXiindtudesodlP & guitdiedtof the (Nx1)
synbol transmtted on the k-th subband by termnal i.
[0053] An Ysstars & Bbski aed B, sspedtioeky e/qhéhﬂsy SrepsEswemesponding

nal i may be

g];(pltr ggs\émdrtglsﬁé 3 SORAAE sighpd o tefhinal £ ’Ea“ 10) where r i
bnl y S’ ent ri es IZfVCC r%?iﬁl@(lﬂ"[)a] égé eéﬁ]e%tﬁy Ir%%oﬁsr‘?oesﬁmate for

respecti vekpnindi £ h these S entries correspondl ng to

the S subbands assigned to terminal i; and H is an (S
[0054] x 1) Trecinitialfestimhiee H, ninky &k deteamneld by aflWeARY pof H8N &fminal i
estimate for terminal i. [0054] The initial éstimte

sedngythlg ée%\fe@qumﬂﬁ@@smyted pilatsyes®lpir veck afithe 8subbuabs hssigned
Ee recel ved and transmtted pilot synbols
P dpe E@&Pﬁla f fp dnialsepsmpie & s sm@;ﬁ%we af¢he frequeacyrirespbnse of the

t f the f
‘?2‘26% by (G2l v R erinal o Ao b anae! Sstimate
A5 $d @RRFel byl £181:8 %L)mlponé?’tg q_{i/ X, 108 LR cntd Tt Sate may be

obtained for terminal i as follows.

[0055] A least square estimate of the impulse response of the wireless channel, ﬁfs , for

terminal i may be obtained based on the following optimization;

A ls

h, =H£n”ﬂi—ﬂillj “2 > Eq (11)
where h; is an (L x1) vector for a hypothesized channel impulse response,
W, is an (SXL) sub-matrix of the (NxN) DFT W, and

~Als |
h; is an (L.X1) vector for the least square channel impulse response estimate

for terminal i.



H, is distorted by a noise conmponent ni / xi . An
enhanced channel estimate may be obtained for

wo eoomiosi3 i as foll ows. [0055] A | east square BSL/USBDE034506

[0056]

of the inpul se response of the wireless channel, h,s ,
for termnal i may be obtain based on the foll ow ng
optim zation: hi = mn 11 Hi hi Rhi 11 2 , Eq (11)
where h, is an (L x 1) vector for a hypot hesi zed

chan ghel IR Sﬁaﬁﬁf‘ﬁ@ogﬁahe Feciou g tevsere e Wprand W,
18F S8 ofafle latip 0 6t e oot S?sé&ﬁspme Maersssponging to the S
E@&%ﬁ&s gésﬁ%neﬂﬁog{em' W (lvﬁgﬁvéﬁ@ﬁs*:% k)at L S&e!ﬁfo rows). The L

et ween I Ces

o8lufrin¥ O tharfatiReWe hRWhe Alrst Hl,eccﬂﬁﬁﬁlb %o he Qﬁa{tﬁ;?pw]d' $iflce each
to the S subbands assigned to termnal 1 (which ar
tmowal asassipped nshffietent growys df subibands fog @ilumsnsﬁ{lssid?ﬁon the uplink,
matrix \W. are the first L colums of the matrix W

- edpairig W 1s diflerant for differartdemrinasa different gr oup of

[0057]

[0058]

[0059]

subba ds f ilot trapnsm ssion_on the uplink, th

mt ?'g RPURIZABOR 17 B9Ua4OR T bist OYes itk pRible plrmned impulse
ain, tlmzatlonln equatlon(ll) is ovef all
B%‘}SS? r%%frst SOHSR ehenneldalpyiseaespense estifatq hadfpr terminal i is

re channel i mpul se response estimate hls for
@}aﬁﬁ% the hynoghesiggd apsppset hfe thal pertulie 9n ke mirigon swonbetween the
that results in the mnigumerror between the initial :
initéd) desusnoy esyponseeestimiatend enditheafineljuehey fesgmse d@yesponding to h,
response corresponding to h, which is given by WhJ .
W%S&gﬁhebydwm; on to equation (11) may be expressed
as: is hi =(WHW)-IVWHH Eq (12) As shown in equation
(12) , Théhsolidasto egqatamd1thaanbé exprossed @s:r esponse
estimate h?s for termnal i nay be derived based on
t he |n;t|al channel frequency response estimte which
i s obhai=n@¥; MESBWHH,t he uplink pilot received on paki)
the S subbands assigned to termnal i. In particul ar
the estinmate his nay be obtained by performng a | east

ASYEéWn in equation (12), the least square channel impulse response estimate ﬁfs for

terminal i may be derived based on the initial channel frequency response estimate ﬁ,. ,

which is obtained based on the uplink pilot received on only the S subbands assigned to
terminal i. In particular, the estimate ﬁfs may be obtained by performing a least square
operation (i.e., a pre-multiplication with (_\—7_\7__? T_’V_i)'lﬂf) on the initial estimate _I_:I_,..
The vector fl_fs includes L entries for the L taps of the channel impulse response, where
L<S.

An enhanced estimate of the frequency response of the wireless channel, Efs ,

for terminal i may then be derived from the least square channel impulse response

. A ls
estimate h; , as follows:



operation (i.e., a pre-nultiplication wth (WW W)-1
W) on the initial estimate 13; . The vector h's

WO pkidss3 L entries for the L taps of the chanpel/us2003/034506

[0060]

[0061]

[0062]

i mpul se response, where L<S. [0059] An enhanced
estimate of the frequency resppnse of the wrel ess
channel, H', for termnal i may then be derived from
the | east square channel inpulse response is estinmate
h; , as follows: WO 2004/040813 PCT/ US2003/ 034506 14
Hs = W;s Eq (13) where Hs is an NO 1) vector for

t he enhanced channel frequency response estinmate for
terrriﬁéil=i;7vﬁquuati on (13) indicates that the enhan%:e(h?)
channel fTrequéncy response estinmate H's for ternmi 4] )
I may be obtained for all M data subbands based on the

t aFguar e nel i | se, respopse estimate his _
thﬁ gfé rﬂﬁ c%u%legﬁgﬂﬁ y/SEL r‘ﬁ@%gﬁh%‘fﬁéﬂ‘l‘%} HgfiyepCy fespanse estimate
M < N ThegfrieQugngy response of the (M- S) subbands
not assigned to termnal i is effectively
i nterpol ated by the conputation described above.

Faegion (B)andirateg tiagp thecenhaycesihimaand Hesqueldtegoakd sstimate Efs for
bet ween t he enhanced channel frequency response
E‘Eﬂ“ﬁgf gay ke obfaimed, for| allahk daje gubhands hased| oni thrp Uéassquare channel

response estimate hig,for termnal i. The vector his
TPRYIF0 &'§SRONEG nestiansieni Iy v shatieinclusies t buly| dasintrsayyawhere  typically

ih nel. igpul.se response estimate for termnal i. This

vﬁ éﬁwlﬁ Igpc eb{éeq:uP’é‘iYsFéPWS Pfother M 9)e quithings aotassigned to
- j ' j kth.the DFT matrix. W, The

s it LRah At bY oy 8 g aBE 1 or

the cBigl dB gaphisallpishéwe thé dalbBorsiipPBBGEeh the enhanced channel
termnal i. [0061] The enhanced channel frequency

freprencsspsise ﬁﬁhﬁaté'“-lﬁv R the Qe AL quaReihhd Qﬁlhgltsg Rﬁpgﬁsg gstimate

the initial channel frequency response esti

holdowsmiddis T 15 ) 4) . Equation (14)
co n‘oflD nes dejé z'aﬁhg\ﬁlvs B E‘]df’ﬁ é‘)lz[%né\rj‘}agj@ﬁ’e‘%g’é‘?sl @5@?%‘?3“ square
Cﬁlta t he | east square channel | g@gl se respopse estimate

ungl dmpylse respensg egfispate fordarminaiois Shisvesterulal icary bofrandiermed to
enhanced estimate H s is dependent on various factors,
thberéregiency domain by pre-multiplying it with the DFT matrix W. The vector fI_fs
includes M frequency-domain values for the complex gains for the M data subbands for
terminal i.

The enhanced channel frequency response estimate ﬁfs may be derived directly

from the initial channel frequency response estimate Ei , as follows:

A ls % oo v 5o H A

H, =E(Ei V_V_,) XV_i _Iii . Eq (14)
Equation (14) combines equations (12) and (13), and the derivation of the least square

. . Al L
channel impulse response estimate 1_1; is implicitly performed.

. . als |
The quality of the enhanced estimate H_,.S is dependent on various factors, one of

which is whether all or only a subset of the N total subbands is used for data

transmission. Each of these two cases is analyzed separately below.



which is whether all or only a subset of the N total
subbands is used for data transm ssion. Each of these

WO Mv40#8es i S anal yzed separately bel ow. WO 202d1/04081®34506

[0063]

[0064]

[0065]

PCT/ US2003/ 034506 15 [0063] If all N subbands are

used for data transmssion (ij¢., M= N, then the

mean square error (MSE) of the enhanced channel

frequency response estimate H;S for termnal i may be

expr egs gl Ngubt¥Rl: e dised TRACEE G L NP &S

(15) 2 L PAq where P, % tﬁ&%‘gﬁnﬁﬁ%\?ﬁé&p’%r 1‘&5&8% the mean
E@ard REoP! syl .| of e S subbands . o ls

adsi gne tdc}ﬁfE r%{n nal eljil}!lnge%fjg%@m?f ?rgguedlc;_g 1egponse egfimate H, for

airmiﬁdllenﬁiiy%%)(ﬁﬂeb‘s%aagf W(WH W1 )-1 WH [0064] It
can be shown that the MSE in equation (15) is the

trace of themrzmi se covariance matrix after the | east
squar erapron (| H SGoyariance matrix of WWH
W) -1 . ").PTV{’C%Mt ﬁSbgﬁshown that the MSE in
equation (15)"'is mninmzed when the eigenval ues A,

for q={1 ... L} , are all equal, which is the cakg(l15)
if the | easto’gguare operation does not color the

noi se vector pn ~ [0065] A sufficient condition to

attain the m hinufm mean square error (MVBE) for the
enhanced estimate IEis to have WH W1 = 1, where |

Wherehp, 'isdﬁlett'katn)!nﬁfaﬁd'vs}eg élﬁ%pg if(?rnthg g{:ﬂ%{ é.#rggolci%neagﬁ é)?gf;e i§f subbands

(1) the nunber of ‘sub oup i's

L, where rassighe@to fethR@ES afP that S is a power of
twos, and (2) the S subbands in each group are

uni f olpd fpr (@i = . ... 16qua) thy kicsRASEL.of IV ) Sybband
gr oupi !r;?g and spacing, W ig? a DF'I9 Rﬂr(n&a’c‘r’i?"%f lll)briadi X N/
|

S, a nge HWI1 = Qr this sybband groupin
and glga%?lné? S%WB%’BETCOMS{&I e"t‘ﬂHé‘i‘fH’e&lgh&nﬂ’.@I trace of the noise
dovadaeiaC yhatres Rees Qh@qédsflr%qﬁar@' opeRktidn® . Nk é%\/}lég\énc:ebglzatﬁx of

derived from equation ( and ‘expressed as:

WNWPW ,)SWEg, X I63an also be shown that the MSE in equation (15) is minimized
when the eigenvalues /lq, for g={1 ... L}, are all equal, which is the case if the least

square operation does not color the noise vector n, .

A sufficient condition to attain the minimum mean square error (MMSE) for the
. Als = H T
enhanced estimate H, is to have W, W, =1, where I is the identity matrix. This

condition can be met if (1) the number of subbands in each group is S=2">L, where r

is an integer so that S is a power of twos, and (2) the S subbands in each group are

uniformly (i.e., equally) spaced. For such subband grouping and spacing, W, is a DFT

matrix of radix N/S, and hence W,H W,- =1. For this subband grouping and spacing,

the MMSE of the enhanced channel frequency response estimate ﬂfs for terminal i may

be derived from equation (15) and expressed as:

2 (NL
MMSE =“—(—) . Eq (16)
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shown that the MSE for the enhanced estimate leis ,

wakiogh4i8s3 obt ai ned based on pil ot transm ssi oPCDOSINS/Y34506

[0066]

[0067]

[0068]

S assi gned subbands, is the sanme as the MSE for a

channel estimate Ht , which g obtained based on

pilot transm ssion on all N subbands, if the sane

anmount of total power is used for pilot transm ssion.

This can be achieved by increasing the trangmt power

for edcqfnde shpwn thaf b faadhe ephadcadoestimate Bhl, whictas obtained
ol l.ows:.. P = P'" S Eq,(17) . where P" is the

DS yRllot s on Bl ¥ G NPt e Sapsom the MSE for a
The DM s;t/stAam may be operated in a frequency band
Frapnehetimatie, £k, . ritich jsphétinedobased an pilotoransmisignnzall Nrsubbands,

M2 SRS Smobitor Bl boy RS S el whnsSipgort, “FaiS gam be achieved
botiadreRWEthe ¢RAASHIt PoMer Br BLRLAhe<S BubBAhds %@Fglnea: R terminal 7, as

average transmt power can then be given as
Ml | N, and the power transmitted per subband
will be P, = Ptotal / S, if the spacing between
consecuti subbands of the S subbands is less than 1
MHz. H:(@gpaci ng between consecutive subbands gg(17)
greater 1 MHz, then the average power constraint
may limt the total transmt power Ptatal to |ess

whi ch may then

t P.. W i.e..,. P, .. ., P W),
?Vgg%llg lf’ﬁhewﬂlgﬁliag% lGAnyEY I?CW;\f‘Hrth? ﬁ])esuéh@ﬁiﬁel esti mate
i.€e. ol VBE i th h I ti t . 0068
& AT, T ST ph B e
P érneinstrdthSoOP UBNIRAID agLehis %eﬁﬂhh Qbtal fr?r[l'ﬁﬂ? pW&PON for each
e MSE of the

only S subbands is the sane as t channét

eshinabisdimnigidby d Wamesl (i), Réleqs a tSENSHS %b&é&aggiog'dém}\k_ P-W

subbands. if the following conditions are sati

dBmEhas @véyage trénafipowertan\hen Be givBh hoPMOp StFRNDULE A power
of the S subbands in each group across the N@i ot al
sarshanes peardbtind Seill ee Pf £@NSTSY iPAWEIsphtihg DekwEES consecutive
gb%her for each of the S subbands in any given group.

0B 40O S1bPTIdsUSAERBINABA3TBlz. 1T the spacing between consecutive

subbands is greater than 1 MHz, then the average power constraint may limit the total

transmit power P, to less than P-W (i.e., P, <P-W), which may then result in

degraded quality for the channel estimate (i.e., increased MSE in the channel estimate).

From the above analysis, the MSE of the channel estimate Efx obtained based
on pilot transmission on only S subbands is the same as the MSE of the channel
estimate obtained based on pilot transmission on all N subbands if the following
conditions are satisfied:

1. Choose S>Cp and S>W;

2. Uniform distribution of the S subbands in each group across the N total

subbands; and

3. Set the transmit power N/S times higher for each of the S subbands in

any given group.



As noted above, Cp denotes the |length of the cyclic
prefix appended to each transforned synbol to forma

we erressondi ng OFDM synbol and is sel ected sucPCT/lis2003/034506

[0069]

[0070]

[0071]

Cp>_L. [0069] Wien the above conditions are net, then
the MVBE is attained for the gphanced Is estimte Hi
, as long as S > Cp. To accommobdate the maxi num

nunmber of terminals, the groups may be defined such

ahoRA! ¥vdveS I‘%%@H&t Mfie ' Pﬁ%ﬂd&d ghd] cﬁagég p?éf%y pagpended to each

that the max mnu er o roups ca

F@GS?fOI]mdd‘ syantio} ta f&mbaebn@ﬁpcmﬁmgI‘OFDNHkyrﬁbm kaads sélscted such that
d.for data transmission (i.e., M< N), whichis

&ase i f sonme subbands are used for guard subbands,

d ' =M.IfT S < M :
i hen E‘ﬁ%ﬂ&%dg&ﬁ?{ﬂ?ﬂé‘%@ﬁ rifsh e s aipigd o the enhanced
LT 6 e Sl o
F}g:'r g?rSl\lﬁsq}{%r l’é@?ﬁ%e%&ifﬂ fﬁa{ S%Ph%ldg quegiﬁ@g ci glenv lg%)%% so that
ithe rgaBMJmnmilmm oﬂgroﬁbecarQbmfommsmr ead | s ITHXI rrum (and

h h ' gets

cfgggﬁt Plg‘yla F‘Fbsst n? tflr%b totalr é%h?@?qlw Wdaﬁqr rdetz fragsmission (i.e.,
IQJ&QS@B \Fﬁfﬁ‘lch Rathd ?asg%'%léhll‘égsu%ﬂyﬁ?drsn are 9 P 1rt ﬁ.{ear ﬁbb%@ésg then the
WSE&S ettained <l>1“éy if, SEfMt.hE $ alNIghenghe noigd to@RAN&S Batrix after the

= S W; 2,
e S Ee ST p—

a zhe subbands; and 3. Set the transmt
sccﬂﬁéaft rﬁ éMf’ e‘h ngiie Coyiange BRtisT TS B wasBalnkigenivalues for
any gl ven group. [0071] FI G 5 illustrates an

Weytt WO | @ ifat A4 sige eMF UL €eB80;d Babier than 1. Th
supportspi_bband nmul ti pI exi ng. §lIs is dﬁ‘%% o the ©

n this /E
M usabl e subbands are initially divided into S
greddoiths msnurw (tahd dande thet MSEcis udaxigu) colnseSut Cy eand y gets
ubbands, S5 M. The Mg subbands i n each set
P%efégsh 6n§g= iy iy h@svjtlggdup@ Entheihist clesee to thay in equation (16).
%Eé?(%g an gczlles%%g ¥ eé}b h\iﬁ&?m@gﬁgEtls? nﬁrﬂ%&edttgr reoelill anc-cl;?leestimate

E? if the following conditions are satisfied:
1. Choose S=1.1Cp and S>W;
2. Uniformly distribute the S subbands in each group across the M data
subbands; and

3. Set the transmit power N/S times higher for each of the S subbands in

any given group.

FIG. 5 illustrates an embodiment of an OFDM subband structure 500 that
supports subband multiplexing. In this embodiment, the M usable subbands are initially
divided into S disjoint sets, with each set including Q consecutive subbands, where
Q-S<M. The Q subbands in each set are assigned to the Q groups such that the i-th
subband in each set is assigned to the i-th group. The S subbands in each group would
then be uniformly distributed across the M usable subbands such that consecutive

subbands in the group are separated by Q subbands. The M usable subbands may also



then be uniformy distributed across the M usable
subbands such that consecutive subbands in the group

wWae@49¢88F at ed by Q subbands. The M usabl e subPertiS2003§34506

[0072]

al so WO 2004/ 040813 PCT/ US2003/ 034506 18 be
di stributed to the Q groups iﬁgsorre ot her manners, and
this is wwthin the scope of t i nvention. [0072] The
Q groups of subbands may be assigned to upEto Q
I [ S
:bg rdﬁn‘rf]lgiltecd tfoqu %gﬁf&t 1@ ashgltrchottﬁerr ?ﬁkﬁ‘lﬁ&% I %ﬂms Fach § Within the scope of the
asengored subbands. Wth subband mul tiplexing, up to Q

i pal ' ly trg 1t ilots on the
Up! | niTe R EteSoRitbanRarst, %ﬁgggggg" e Qe g uptin il
f@HR8sibhe E&EBU Rrm@fal YA fot u(ﬁhi/ '1?1 '@ ta531gned

transm ssion. [0073] To aPI ow t he acce s poi n

stibands. hWgth sybbdridt multiphexied, up<b iQratmnalema siverlthedlsly transmit

ncy ease,the tr p r subband by a
Pl o e SR foaNheie SO D TS Oy Bealy tadree amount of
beérhéddaqegddd)fbrhm 16 $afsnR8ohhe S assigned subbands
e the sane as ? al | M dat a subbands were used

b
[0073] f or p,’l‘p@ﬂowﬁh@]gq@pgsspm tophtanghxgb qu@htalchpmﬂed)bstﬂmiegyach terminal

[0074]

[0075]

Yiﬁ in‘?crea%k #ﬁl?e\’\frﬁn@ﬁnﬁ ‘We% usbl%%c%ﬁ& Sf%céérra Q. &E Qﬂqd result in the

ponse usanr
tq‘tailwangsfmdhe pﬂoﬂt’dn}tm@ssﬁimbﬁﬁhe Shsi@%ﬁsuﬁb@ﬂ@%jﬁe etsBme as if all

ttle or no loss in quality, _as described above.
k\)bé%t&]su'i?tfana% WB%%SGHJPI? Pioteramgssipny sBe sagnepietakipilot energy would
&l G 'tﬂeadég&g ofﬂt lt(?%1 sth RO T &ﬁé&ﬁ] r&ﬁongélﬂ) %IPME tsable. subbands based
term nal s, ent e signals fromhearby termn

erpiet temswissionical only asebbeobthes dubbirs vatighae $r ho QXB@S in quality,

way termnals if all termnals transmt at full

%S(ﬂﬁﬁg ediaho¥ ticular, it can be shown that frequency

of f self aBbAM iﬂ_ﬂmﬂl&ﬁﬁ% RabSed@NpérRdtlindlBneous Epilot transmission by
i nter-subband interference. This interferenc

%}U@éﬂ d@@ﬂm‘l&t tl@n iha sipeals Heommedearbys térmenads cheayi waube substantial
bi.t .error rate

e el B e Bl SRR ol e it B power.
I’mf partitu:lar ﬁl@ﬁ&f&shdﬁrﬁﬂfaﬁf@ﬂﬁe@wy toffRedt ﬁﬁ@ﬂg"ﬁiesteﬂﬁ)ﬁals bﬁn result in
ower_ control|ed so that t near by term nals do not
§8 bRapd dBtsrigEencet eTllﬂé rigieelerenee charcavssy degraddtioal in. the channel
és@i%@e] d%xli‘\eedelfr&ﬁcﬁ 16 1 ? Bgfo 05 Js!é Ocm: % ar 3/ f uplink data
termnals was i nves ed3hd T Na Ut Bffal

@mmensswnt’f«» IImtIg@te h)lm aﬁﬁqidts eﬁmaausbdrm f&lfbrmdnbg,&he terminals may
erence. In particular, it was

b
I nlta:%e‘{&“ts%'? a‘ﬁ]‘-‘% RIRRFRY eIy Ban €9 16t Fase cxsaskiye inferference to
faffwhyenSnals.

The effect of interference from nearby terminals was investigated, and it was

found that power control may be applied coarsely to mitigate inter-subband interference.
In particular, it was found that if the maximum frequency offset among the terminals is
300 Hz or less in the case of the exemplary system with 256 total subbands in a 20 MHz

channel, and Q =12, then by limiting the received signal-to-noise ratios (SNRs) of the

nearby terminals to 40 dB or less, there would be a loss of 1 dB or less in the SNRs of
the other terminals. If the frequency offset among the terminals is 1000 Hz or less, then
the SNRs of the nearby terminals should be limited to 27 dB to ensure 1 dB or less of
loss in the SNRs of the other terminals. If the SNR needed to achieve the highest rate
supported by an OFDM system is less than 27 dB (40dB), then limiting the SNR of each



300 Hz or less in the case of the exenplary system

wth 256 total subbands in a 20 Mz channel, and Q =
wda2go40ksm3 by |imting the received signal -t o- nPCBES2003/034506

ratios (SNRs) of the nearby terminals to 40 dB or

| ess, there would be a | oss ofigl dB or less in the

SNRs of the other termnals. If the frequency offset

anong the termnals is 1000 Hz or I_es_s, t hen th% SNRs

{
e 1B Tor ) 4B RO R A 2 R Sn} St 4 lmanimun
tsuppAriedirate forfthe hearbRrméetied t o achi eve the hi ghest

h 27 dB
00761 e BBl ST RIS sl Foveobar sacshsved with
RGW pSRE036MAA306p. 9 eRipIBatordtRl %ﬂes@%}e@r éfﬁé sérﬁfwﬁe% and as

dB or less) woul not have any i npact maxi mu
@G?ﬂ?@r foerfljpst the fuplink owee of meatbor tcrmmas (4. @0 WhiEn 'Ifh\@ power level

SO P AT T R3S et o o
amnhlrtmdnsnmmgaeﬂe\rﬂwo be Betie VRR 28T a éhﬂes@% pPrBcedure when

adj ust the uplink power of nearby termnals (e.g.,
RESSSIRRECSHHEN. | evel changes due to novenment by these

| ' [ r of the .
0 b A, O BT e g
pmhgat@fthta effe¢t! ofs Httﬂ:rﬁsubbznmledltﬂ‘rfbr&mn hﬁpﬁﬁ&ﬁﬂaﬂ&eﬁrﬁh@als with high

bband | b
TSR ghh b i1 shbans Bepamenr caoh oo gamainglievith low
edckrel SRS ﬁbﬁ be %b)sfi’@féﬁ@ubﬁﬁn@ﬁ 2% GRCAso hgaé%géﬁs Ibfgi’l%l‘é g)tilt away from

term nals W t recei ved SNRs
Sﬁmnedrt@t airminals withtHigh reca‘lercdrSNRIss with | ow

recei SS ubb nds that are al so
100781 | car gg%ﬁﬁgﬁjgrl, E)naS' gw%f gl esﬁ%‘ﬂ’é‘ﬂésgra'é@}l%r?@& uniform
subbiix® spading rieb&ibeidt bove ghHoRe9éY Qﬁhe?’\ﬁfannélogl%ﬁinng and spacing
rtain benefits nmay be obtained fromthe su

TSS Ay b9 Q?nlﬂspéf%d thisipwithinstpa eeony afdbeinvbaipnatiogeneral, the
§R)WE§’ ﬁfay 118&1&53; tgg Qﬁﬂ@g} ?ﬁfe&ﬂphﬁﬁb hr}’? st S Id%,%gs che %F?%is in each

al so
‘ grwlp maydn: unifiormgnaTmin; urﬁﬂ@ﬁrﬂygﬁaupsmﬂaymsmbMasatﬂftesubbands
sane fferent nunber. of subbands, and the subbands

00791 i1 ea 6" 18 Hotediagam, of angmRodingent f . RfRgqse AR Jor estimating the
ﬂrbéﬁlehb? %Sﬁgns%fooaS%IH%@s Mssab! OE%EE %@qﬁ‘owhgso 4 Lnfé{%si channel

I's a flow di agram of an enbodi proce
frgqueggy iTpponsey estimate f ﬁoeqﬂﬂe M:)datae ssplnhmés dfaseﬂi oh I gilog StBansmission

Proces 0 hanced channel
FOBORERn s BEERT BB Rlve T s M. TS s Sobppratommed by an
heesdpant frl @th OfaNfMnb&! SMterminals based on uplink pilot transmissions,
where S is typically less than M (i.e., S<M). This process may also be performed by a

terminal based on a downlink pilot transmission, where S may be less than or equal to
M(.e., S<M).

[0080] An initial estimate of the frequency response of the wireless channel, H, , 18 first
obtained for the S assigned subbands based on the pilot received on these S subbands, as
shown in equation (10) (step 612). The DFT matrix W, is then formed and includes the
first L columns of the matrix W and the S rows of the matrix W corresponding to the

S subbands used for pilot transmission (step 614).



received on S assigned subbands, where S<_ M This
process may be perforned by an access point for each

w@booaosmsnber of term nals based on uplink pil oRCT/US2003/034506

[0081]

[0082]

[0083]

[0084]

[0085]

transm ssions, where Sis typically less than M

(i.e., S<M. This process mgy al so be perforned by a
term nal based on a downlink pil ot transm' ssion, where

S may be less than or equal to M (i. S< M.

[0080] An initial estinate of the frequency response

of t hed asksquate esianmtrel thejimpulse réspesse ofdht airvtads thamnel, h, |,
the S assigned subbands based on the pilot received on

tthasderived bardrtishe Bfitial Shawe] frquRasktdsPehse imAis B Pand the matrix
612). The DFT matrix is then formed and includes the

fW. shs khewh tireguationte) (Bep! 6 76) WBHRIDF 6 ik OVE 19fne£th1%rmed and
matrix Wcorresponding to the S subbands used f

pindlodest thanfisi s canmns tof pth® kddtrix VWY 20Q4(HR 4018 1R s of the matrix W
PCT/ US2003/ 034506 20 [0081] A least square estimte

- @brredpendimgud s MeRposubBardk (§tHe6 V8) ¢h ?é&rﬂhﬁﬁﬁﬂtnx hWScan include

is then derived based on the initial channel

fpE qodhingtior shmvesdoraty grate ofsubbaukst foe whizhrthe frefffency &3ponse is
in equation (12) (step 616). The DFT matrix Wis

next formed and includes the first L colums of tge

matrix, Wand the rows, of the matrix W_correspondin )

1o & he\iAner BB (p TeheesjesDpmie i wircloptannel, 1, s

matri x Wcan include any conbination of rows for any,

greauieriord hapishen thef loast whilazh charmel irepplentegpomss pethaetei |, and the

desired. [0082], An enhanced estimate of the frequency

hespove a@ﬁhdﬁlﬁirﬂ%cﬁﬁﬁ&ﬁ@ﬁ 0). HthS vectbs At chﬂldes the complex
derived based on the | east square channel iHpul

BRI Ot ﬁ&bhﬂ&%@v&b@bg% thigix WL Th d¥4ya8ien ﬂ)g pé Em and 620
equation (13) (step 62 The véctor H'S inc e

mmblee:mmbgwidnas deseritd abstSmdﬁequbXM)he mat ri X

t 616 d 620
compi R 755 BSLEK Gataineh & abogiesmh afrimoegiand Bpint 700 and a
fekfhinal 766 &ﬁlwl’fh@caﬁaﬂléo fo ‘%C%ﬁﬂﬁ @stﬂ{xat?(ﬂl descrllbex}glgrem

embodi ment of an access poi nt an term na
whi chOélr@lec@p’aﬂhﬁ of aqwssf poimt ﬂQO,ctraﬁmediatesi mmdmﬂto a TX data

HSBERODS1D "k R Bt S O T B0 i cone
piiteC &5 QFDMGnoditeh 72® tHER rEcei ¢RARS. r@&‘gsés Nhe 'c!)&’éﬁv &ta and pilot
the traffic _data to provi de coded ap

Qﬂl%\f%Pmm? 3 $iEsany @c@FLME symbblpr Ebepscesssm&bsc@m modulator
o?ggclﬁgé ?fars SHIPRla plég tlg:%wieg d‘llﬂ é)t P%rpngéulgi)n symbols, (2)

cessin
multiplexing the modulation symbols with pilot symbols, (3) transforming the

modulation symbols and pilot symbols to obtain transformed symbols, and (4)
appending a cyclic prefix to each transformed symbol to form a corresponding OFDM
symbol. For the downlink, the pilot symbols may be multiplexed with the modulation
symbols using, for example, time division multiplexing (TDM). For TDM, the pilot and
modulation symbols are transmitted on different time slots. The pilot symbols may be
transmitted on all M usable subbands or a subset of these subbands.

A transmitter unit (TMTR) 722 then 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 modulated signal



720 may include (1) synbol mapping the coded data to
form nodul ati on synbols, (2) nultiplexing the

woreadyhaBidn synbols with pilot synmbols, (3) PCT/US2003/034506

[0086]

[0087]

- [0088]

[0089]

[0090]

transform ng the nodul ation synbols and pilot synbols

to obtain transformed synbol spjand (4) appending a

cyclic prefix to each transfornmed synbol to forma
correspondi ng OFDM synbol . For the downlink, the

' [ | t ti Qn .
e e Ttn e WReRE Sobboh [ T HBHMR. B is men
CrEDMpitteBotia FiDMtertnad 2pitd dte tanmainalsodul ati on synbol s are

t jtted i ff L | . Th i] ot nbol
my et R8T, tas Stk e Sieual e o6 by nienma 752 and
m@éd & altrB@SRr IHPP@IIER) T9HBHechvEl F Fsk tc%ﬁdiﬁ@h# (e.g., filters,

R) 722 then recelves and converts the streamo
@erDlifiesy b Ereqwenoy ofdewntonments) drealrocpiwidgrsigmal amdl digitizes the

furt. ndi.tions.te.q. . amplifies, filters, nd
T T e —
dootid prekix mpgendati ad e&&@ﬁbﬁ‘ﬁrﬁ@&f‘r{r%@m each recovered transformed

PCT/ US2003/ 034506 21 sui e for transm ssion over
SHBbGS ping a8 Haand demyppidatas the weeered modhlatien symhols to provide

' [ 124 he,term.nals.
PERSAM R, AR BRSA S BT B o
recovertbé wradsmhiyted hhffivrdatal Sthegpidces§ing b OFRDMGletod8R&IrV/86 and RX
nit {)RCVI?) 754. Refei ver unit 754 conditions (e.g.,
e RIpeeSSOT T S epmglemghiary e inb REYoREe ABR 9odiitor 720 and

TeC@itY 8fhceds it | : di ti oned signal
to pr ogi‘de gg%?’zgﬁe%n@%%&ggﬁgmt?@r 756 then

r enov &FDM¥edernggduldter Préefiay fapghendaernioe ¢lzec mi@BDMannel frequency
synbol,, transfornms each recovered transfornmed synbol
usponpeantimRE, Hynut plevide tHeatesvddnsilot egabels @itht iadibeiide@no derive
synbols to provide denodul ated data. An RX data

H 0C e $BhtrdIRS 7t7b91€géii€é§0ﬁes(o§' heu ggﬂgmf%%é)ﬂftcﬁtetr&ines the least

recover the transmtted traffi'c data. rdcessi ng

‘ demodul.ator 756 and ~isdat a, progessor 758 is |
R, MEL TIPS’ indmsg coRBpivel: oy GkBM Hod 8 deRhertains the
and TX data_ processor 710, respectjyvely, at agcess \
pfiapeedy ghaneb OB RperOFDIvspanse cstimiater H 5 thasexy ohuht, herThe enhanced
determ ne the initial channel frequency response

estinman@Ee, kg theredfted b dsediiBLuplakedavLeamidi@ionsy Mool s

that may be used to derive d. A controller 770

r ecei Paghedplink, traffis datd i mprodesdedrbyst TXinhta pledessori?823md provided

o QEBM kR 5% TR shortBoss 55 oh S . B aulaor 754

?Ezmlé&;l:q%rggfg deNeadell 5(AQNE HilBE Y€ sibdlab asad: 88chBed for OFDM
modulator 720. For the uplink, the pilot symbols may also be multiplexed with the
modulation symbols using TDM. Moreover, the pilot symbols may be transmitted on
only S subbands assigned to terminal 750 during time slots designated for pilot
transmission.

A transmitter unit 786 then receives and processes the stream of OFDM symbols
to generate an uplink modulated signal suitable for transmission over the wireless
channel. The modulated signal is then transmitted via an antenna 752 to the access
point.

At access point 700, the uplink modulated signal is processed by a receiver unit

742 to provide samples. These samples are then processed by an OFDM demodulator



estimate H' may thereafter be used for uplink data
transm ssion. [0088] On the uplink, traffic data is

wpe@enssesl by. a TX data processor 782 and pr orRCTES2003/034506

[0091]

[0092]

[0093]

[0094]

to. an OFDM nodul ator 784, which al so receives pil ot
symbol s. OFDM nodul ator 784 pRy then process the
coded data and pilot synbols simlar to that described
for OFDM nodul ator 720. For the uplink, the p: | ot

i
zbm'nJJgQFl?vaﬁg’dneﬂ{o_lﬁ%ﬁ% '\ilt;ﬁlrtﬂe ta{l/}g!r:t?ﬁrt%ﬁgﬂhélr%r{)&gsedmgﬂ% RY! cPaBaeprocessor
ﬂﬂ@nsmcomah@transnnttgd Safficlatacm C@FBMSd@‘ﬂ@ﬂllztt@r T4 i dbtermine the
750 during time slots designated for pilot

fri il soiamisd] diequdrd) 383pohset estififtd ¥, efor bAbhtdedBfatbf @minal or provide
recei ves and processes the str eam of OFDM synbol s- to

gene ab
trange?nbg% g é’? i%t tﬁgg%a?t&%glssg& ® atﬁur?eﬁ T‘lﬁ ﬁ%ﬂﬂ? h’{3é)drece1ves
gnal is hentrans ed via an_antenna 752 to the
ﬁ: é%fsequb‘@i St PRSP A{ﬂe&@é%sthwam sqrans, chapeel ipipiilsk response
quulated signal is processed by a receiver unit 742
o frroddsignatednpitivs . teffiasle basatpdre HL ar endt flﬁtheprothme@ss&ié enhanced -
by an OFDM denodul at or WD 2004/ 040813

EKGBhLISROQRNOP 4Bbnsc2Rtikthe W PR de hiempdulat dcdal@mate

whi ch are further processed by an RX 8ata processor
48 thegeafer be esedtfhedéwalintkndatd eshshigidu t© thedeaning, DM

th tial ch |
fr equintySied 330 aad 286 it e onegqtioé;é Hheleasegmagiat and terminal,
teRpdBiivaly. WieRbAY hftes 752!75116 ?’%3 ont et t+19% %gﬁ%ﬁ%ﬁmt 8es and data

may be used to ‘obtain H celves
Hed(h)(rcoétjeld@raV%and?ﬁ(bmsacqwﬁbyf det ermi nes the | east

squar pul se, r ons desi gnat ed |
agt i vg Efﬁgﬁlnﬁgfbﬂa%‘e"é’ EIHE ues (iq,?an?qglr g‘ﬁ 921 eniinplggented by
edrival cfehnsC h &N ekarhpled ﬂﬁfﬂ@%eélﬁﬁfh@@%ﬁa}ﬁ%y @é@n&ﬂtél in hardware,
based on h;s . The enhanced estinate’is

1ol BYasa o & CopRbinasion therpold okierl 4 ha{dwgneampiemmmtm; the dl@ments used
fohl?nptlﬁﬁgﬂt g onk QF %]Jomcﬁ%{o%l (lfqltl {ecﬁ%&g?sd?lég 8|1mpﬁemented within

he “operat i at the access
mrmsgenmra/ epgxlcamrspe,alfmnwgra&z cﬁﬂﬁtﬂ(ﬁ@SI@EP‘dﬁ@@ll %{;;%fiﬁl%cessors

P QAL ST rrBreysing 0derges T RS ERein b Semwmabla logic devices
PRBY) GERS pARRShinREE DAE eér?af@WAé)%&d@%&f dc&%rollers, micro-

controllers, microprocessors, other electronic units designed to perform the functions

described herein, or a combination thereof.

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 or 772 in FIG. 7) and executed by a processor (e.g., controller 730 or
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.

The previous description of the disclosed embodiments is provided to enable any
person skilled in the art to make or use the present invention. Various modifications to
these embodiments will be readily apparent to those skilled in the art, and the generic

principles defined herein may be applied to other embodiments without departing from



vari ous neans. For exanple, these techni ques may be
i npl emented in hardware, software, or a conbination
w0 b@neafsl3 For a hardware inplenmentation, the ePENEN1083/034506

used to inplenent any one or a conbination of the
techni ques may be inplemented,pthin one or nore
application specific integrated circuits (ASICs),
digital signal processors (DSPs), digital signa

' j : ) roqr | ¢ device
BlSC oo RaP ¥t BESnL G Loyl BROAPIREFEhBR b A7 9hERGea 1o ve
pmoedsteoths, enclotimentt eshewnmhareia- bwtoRt 1oobd ecSorded the widest scope
mcr $ﬁ$c sgors,.other el ectronic units designed to
GRS ioahs padciplohand et feapiees diestes hersin. o
conbi nation thereof. [0093] For a software
i npl ement ati on, the channel estimation techni ques may
be inplenented with nodules (e.g., procedures,
functions, and so on) that performthe functions
descri bed herein. The software codes may be stored in
a nenory unit (e.g., nenory units 732 or 772 in FIG
7) and -executed by a processor (e.g., controller 730
or 770). The nenory unit may be inplenented within
the processor or external to the processor, in which
case it can be communicatively coupled to the
processor via various neans as is known in the art.
[0094] The previous description of the disclosed
enbodi nents is provided to enable any person skilled
in the art to make or use the present invention.
Various nodifications to these enbodinents will be
readily apparent to those skilled in the art, and the
generic principles defined herein may be applied to
ot her enbodi nents w thout departing from WD
2004/ 040813 PCT/ US2003/ 034506 23 the spirit or scope
of the invention. Thus, the present invention is not
intended to be limted to the enbodi nents shown
herein but is to be accorded the w dest scope
consistent with the principles and novel features
di scl osed herein. WO 2004/ 040813 PCT/ US2003/ 034506 24
CLAIM5 What is clained is: 1. A nmethod for estimating
a frequency response of a wirel ess channel,
conpri si ng



obtaining an initial estimte of the frequency

response of the wireless channel for a first group of
wGaaibandsy and deriving an enhanced esti mate 0PCT/082003/034506

frequency response of the wireless channel for a

second group of subbands basedson the initia

frequency response estinmate, wherein the enhanced

frequency response estimate is derived based on an

estimate of an inpul se resgp f the wirel ess

channel that is inplicitly or explicitly derived based

on t FW¥hatns clambedfisequency response estimate. 2. The

nmet hod of claim 1, wherein the second group includes

the subbands in the first group 3. The net hod of

cl ai mj2, h

east one. ot ona SHEaaAe Y Btienty i Ppnicbt I Ehelfls chanmel,

gomprginget hod of claimi1, wherein the |n|t|al channe

frequ espon stima obt ai ned based, on a

i ot SPEREABINER BB Bl SeiROL TRBURALT the iless channel
fior sfirst groappf subbaddygameet hod of claim 4, wherein the

initial frequency response estimate is obtained based

on ratdpB¥ngan Pé@c%éﬁtﬁm%t)f ﬁxﬁrfmmgnwewomsmfsmm Mum&bss channel

t

?%Jpg s éé{l{rgég ponse S@thlﬁn %Qé%;ﬁ gl;ertﬁ?/ enal?]alrl)gg g‘éenfiﬂ rgsprogges stimate,
S’\m@mlletmsmhm& frequenth eespohdeastinfateck defivell, baked d&H estimate of an

risi ng.a first_discrete Fourier transform
PG bt Of B WA Ghisnehiber i ipmacityior supligy erngddased on
Mﬁhﬁianfr&@ﬁnbmﬁ&geggﬁﬁ&gse estimate is inplicitly or

explicitly derived based also on the first DFT
matri x. V\D 2004/ 040813 PCT/ US2003/ 034506 25 8. The

met ho aim,7 the omarising: formng . a
. secong %h’%tn} F@gdf(g Ellﬁ’e{’ ‘@FﬁngﬂdﬁeF °?‘$1§r°é‘868‘ﬂﬂdes the subbands
gfmumrst@ﬁdlp(\her ein the enhanced frequency response
estimate i s derived based al so on the second DFT
matri x. 9. The nethod of claiml1, vvherel n the first
?g?uga?; f?‘g% gﬁrﬁl:(?lzosd 3f "éllaﬁﬂbzsevtvhe%m e segolill bgrggg erStl?et%l igcludes at
least one additional subband not in the first group.

4. The method of claim 1, wherein the initial channel frequency response
estimate is obtained based on a pilot transmission received via the subbands in the first

group.

5. The method of claim 4, wherein the initial frequency response estimate is

obtained based on ratios of received pilot symbols over transmitted pilot symbols.

6. The method of claim 1, wherein the impulse response estimate is derived

based on a least square estimate.

7. The method of claim 1, further comprising:
forming a first discrete Fourier transform (DFT) matrix for the subbands in the
first group, and wherein the impulse response estimate is implicitly or explicitly derived

based also on the first DFT matrix.



10. The nmethod of claim9, wherein the subbands in the

first group are uniformy distributed across the
wasablbessiibbands. 11. The nethod of claim 1, wWher/E52903/034506

transmt power for the subbands in the first group is

scaled to maintain a total tragsmt power at a nmaxinmum

allowed transmt power level. 12. The nethod of claim

11, wherein the transmt power for each subband in

the first group is increased by a ratio of MS

relative to an average power | evel obtained by

uni f or8xl y alheowadhochgf difien Trefuitherrooalpkisingd t r ansmi t

t [ th nb f
B bbabguils aspni it 1 s ebbimeh e S araep, and wherein
nhéTeEhaneéd fisgiRbRY Ci'ésﬁoﬁsé Q?arﬁété §¢ dgﬁ%épbaséé als-Bhﬁ‘rf iRt BQdnd DFT

of claim1, wherein't first group includes

Judiiands usabl e for data transm ssion. 14. The net hod
of claim1, wherein the second group includes al
subbands usable for data transm ssion. 15. The net hod

of cl & m 1 Thehesteddoft dginf 1 [WWherdih @hEPfidsD gﬂo%l? @$ s@bands is a subset of
subbands and_  the inpul se response estimate for th

Wseblangs usphieder data &jengaissipnt aps, and wherein S |s

greater than or equal to L. 16. The nethod of claim

15, wherein Sis approxinmately equal to 1.1 *L . WD

2004/ 00081 ThPCéthiG2 O 1884 90 Gvhefin ltfle Flisbares b dhe First fFroup are

claiml, wherein the su nds in the first and secon
@P%@B@yé#%g@P?L%ﬁﬁﬁéheg Banglsovi ded by ort hogona
frequency division nultiplexing (OFDM. 18. A nethod
for estimating a frequency response of a wirel ess

channdll. i nTap meghachofyclniam 1f whepeemirgnsdiit/peianfor the subbands in the
{ { cO

SRR Siled Y Py S PR ST PRLSY Ry Alowed transmi

pewpolesel. of the wirel ess channel for a first group of

subbands based on a pilot transm ssion received via

t he subbands in the first group, wherein the first

group(ef s [ ups | 1. subhands usabl e .
or éat a ?‘Pg ﬁ{ségn'ﬁ)sdsol% é%m% Pl %Vhereln fhe' transmt power For Tach subband in
the first group is increased by a ratio of MY/S relative to an average power level obtained
by uniformly allocating the maximum allowed transmit power to all M subbands, where
M is the number of subbands usable for data transmission and S is the number of

subbands in the first group.

13. The method of claim 1, wherein the first group includes all subbands

usable for data transmission.

14. The method of claim 1, wherein the second group includes all subbands

usable for data transmission.

15. The method of claim 1, wherein the first group includes S subbands and
the impulse response estimate for the wireless channel includes L taps, and wherein S is

greater than or equal to L.

16.  The method of claim 15, wherein S is approximately equal to 1.1+L .



deriving an enhanced estimate of the frequency
response of the wireless channel for the usable

WG avbangss based on the initial frequency respoPGEUS2003/034506
estimate, wherein the enhanced frequency response
estimate is derived based on gg estimate of an inpul se
response of the wireless channel that is inplicitly or
explicitly derived based on the .initial frequency
response estimate, and wherein the enhanced frequency
response estimate is further derived based on a first
di scr dffe Fdiei methbd arﬁscﬂajnnﬂ( @E&i}:imﬂw gubbfmats intthe first and second
subbands in ﬁhe f] §h gn? Eecond DFT matri x o
FEBPUIE A, s A1SheEo0gh psblrands) prowdedd: By ofbpenst | fraguengy a division
frheepRRisy (OFPpPNse of a mnreless channel for each of
a pluralirty of termnals in a wreless comrmuni cation
system conprising obtaining an initial estlnate of

the fr queng RonS of. the wirel ess chan for
cach df 1 nes BEIPRRPTSBpmling Ay Timatis: f foserietrchannel in an
- tomdogdnial alfietiyerely td@vigional miisipleR 0 CIGHIEND) W cbhhnfunication system,

respective one of a plurality of disjoint groups o
SOBWEAES, and wherein the initial frequency response
esti d for .
assog?,g?nerf % rag Elgltﬁg gsrtﬁ% = 0 dgr%biggs) wBh{ regp%?ﬁe o?ethe wireless channel
tfmaznﬁrs't geiuprof sebieinde ased antasils whahanidsioh Recelve@ via the subbands in
cj at ed d deriving _ an _enhanced esti mate of
o/} SR8 Lo HESE 215D oF SOhERY BICSUBFA o all sulfbgds usable for
Qiaghraggnﬂsggnpgﬂdr ality of termnals based on the
initial frequency response estinate for the termnal,
wher eiderivihg ae ehbanced estinegje ofithy fregsporysespenté ofithe V\flmlless channel

C 0 artlc ar set of subbands and
?@r t?i‘e rulg%b?% Sgb]?gé éﬁsearf’ne ]g TEHUeRRY reRpARsSeesiypate, wherein the
Eﬂw&ﬂ%%nBﬁéW@&tM@%der&%dr%wBﬁ eancgstlﬁllﬂf% f an impulse
wi rel ess channel for the termnal that is inmplicit ?y
5‘?SP@19§,§|qfct#1§|‘yrqj@s|s|qk@@nel Bh%teld implicitly oméxplliaitlyf deziyaé besed on the

ﬁﬁoﬂ%gleﬁ% g%)tOﬁS{ %EHI}I%} T all'l r@vﬁe%%m dt?lg J %}EH{ICCgF%&%n%}f response

: ssthima dsfumher aeawasadaaﬁecbm a fipdt Wisthdté VolfiersaRf®m %DFT) matrix for
and wherein the subbands in each of t
?ﬂelﬂ“ 5}“@;% inythe firsf; 5oy angroigeendPET gratiis for the usablersubbandg.
across the plurality of wusable subbands. 21. An
apparatus operable to estimate a frequency response of
a wr éfP essA mbthnd dor, estioming si firgjueBangesparse obtavindleg chBnnel for

|n| es of .the f uency re nse of the
\evallc qf & é)éu ﬁtyn?tterrmnals 1hn a w{relgss con¥mun1 Et?on system, comprising

obtaining an initial estimate of the frequency response of the wireless channel
for each of the plurality of terminals, wherein each of the plurality of terminal is
associated with a respective one of a plurality of disjoint groups of subbands, and
wherein the initial frequency response estimate for each terminal is obtained for the
associated group of subbands based on a pilot transmission received via the subbands in
the associated group; and

deriving an enhanced estimate of the frequency response of the wireless channel
for each of the plurality of terminals based on the initial frequency response estimate for
the terminal, wherein the enhanced frequency response estimate for each terminal

covers a particular set of subbands and is derived based on an estimate of an impulse



channel for a first group of subbands; and neans for
deriving an enhanced estinmate of the frequency

wo e®posses of the wireless channel for a seconeCUS29P3/034506
of subbands based on the inpul se response estimte,
wherein the enhanced frequency;response estimte is
derived based on an estinmate of an inpul se response
of the wireless channel that is inplicitly or

[ | freguenc

TRl o the PRI BflyRPRE ROk Bl imgiicfi §5bicily derivea
\Wagadainrthe hetldémqnmogrrmmnsmtlnﬂﬁot tie tesihizands i n t he
first group and at | east one additional subband not in
the first group. 23. The apparatus of claim 21,
wher eipp. th
based aIsoqg%qgg%ﬁﬁg?ﬁﬁﬁggfz?g&%%g?ﬁgfbg ans?%ﬁﬁﬂ?ﬂ&ﬁOf
ryabhaings 41 fornimsl fsorb b phatalifyrof usdbde ﬁub’oandsg amimhemmdhe subbands in

nhanced fre uenc onse, estlnate
S e BB O e Sl Ba Y e iagosy e pluratity of
sddasitbbandy. t he second group. 24. An access point in a
Wi rel ess commruni cati on system conprising: a
dermodul at or operative to receive pilot transn ssion

i o ormt o SunerbEofuafhdo SRR RfoRrbitatronsdor o wirless

pharmal, cbmpnaﬁgusabl e subbands and wherein each of the

one or gg grn1nals transmts a ﬁl|0t on a specific
gr oup EFNSIBIORHHENE ARinifiyl esimeaterfdhe freavansk rgspomsg|of the wireless

Qﬁarﬂhb}SﬂoiDh@itrs%l}%O&Sgg bansittlgnds and assigned to the
term nal 04/ 040813 PCT/ US2003/ 034506 28 a

cont r olekey fopderiting ent enhabted astamate roft thal frapjenmtr@;poﬁse of the
sponse ﬁf an for each of

SR ST R P EIEENT of S SRS vspomse

totaeuie nWMerefneﬂd@Oéiﬁlﬁn&:ﬁt fréfleSicy %sp@ﬁs‘éhesttlﬁ{a'@ 'fbah g5a§ed on an
the group of subbands assigned to the ternln

6%inadte e ap ampulse fesphrsepif the viredass ehargicd tha m:emplmﬂy‘ ooenplicitly
rive an enhanced esti mate of the
Pg}?veh%raggdqcﬂ'l the %ﬂgaldt? ufnhcg reiﬁornﬁekes W%ﬁ% el for

guency response o each of
the one or nore termnals based on the initia

frequzﬂcy response estinmate for the termnal, wherein
the efhanc&fe faPegaBrcyt F@%o%%ewégﬁelmébee seaondegrehp includes the

Etﬁﬁaﬁﬂl(ﬂﬁh thefirsf é)'u% ?gd Eﬂéfsg of a&ﬂu %%ﬁ? 2l 1ﬁ Ehee first group.

i mpul se respon mnre ess c
term naI that is |n'pI|C|tIy or epr|C|tIy derived

? ﬁze? % E e Ia%grlat%ls of clatm E‘fywrhgrse?nort]}?ee1m§uslgel g:%{)gnsfe oersumate is
derived based also on a first discrete Fourier transform (DFT) matrix for the subbands in
the first group, and wherein the enhanced frequency response estimate is derived based

also on a second DFT matrix for the subbands in the second group.

24. An access point in a wireless communication system, comprising:

a demodulator operative to receive pilot transmission from one or more
terminals, wherein a plurality of disjoint groups of subbands are formed from a plurality
of usable subbands, and wherein each of the one or more terminals transmits a pilot on a
specific group of subbands that is selected from the plurality of disjoint groups of

subbands and assigned to the terminal; and



25. The access point of claim 24, wherein the subbands

in each of the plurality of disjoint groups are
waiioho#esity di stributed across the plurality of PUFERI063/034506
subbands. 26. A ternminal in a wireless comrmnication
system conprising: a denodul g or operative to receive

a pilot transmssion on a first group of subbands;

and a controller operative to obtain an initial

esti mgt C . f.. a.downl.i nk channel

For 1 peontfondt opbGELEREAEANGE Hord 8h% il 3ihonse of an

tplanis nhamebforr eckiof etle wha or eorsushAMdS, Whete® thef infitsdl frequency
roup, and derive %n enhanced estimate of the _

FSROfSE e mals Sgnswhotermingl geves ithk 25oHpnakIsubbands assigned to the

RMANY Akl RUB e dHANREN e ?gﬁletgw‘%ﬂﬂgs% Jeﬁei,i% om the terminal, and

frequency response estinma erei n the enhanced
f r equdertye anesboncd esateatf¢hé feqlenty edpbased teugEihk channel for

[ [ L f.th i rel ess ]
g%cynoggtﬁg pﬁ%p? %)Sor% E%ﬁ\r%fst l{a;;g’ Srrll Zﬁep?qltéqltf%g\{lm%}yi KgERPIpE edigmate for
o tebhiRal, RiHerdh the SAMMOEY fk&@d@ﬁzg‘ésépgygéé B8lfate #6r eabCerminal is

term nal of claim26, whereint ond group
feitieddrased pe ansgspatedefl imimpelsé responsgrafuthe aviccless dhemsd for the

RAGiAAH]t Esofﬁ%licﬁﬂpglagx%lieﬁfy &e:rllivte:!dq %ageldr dc’nt thd rir?ilfligl frequency response

estimate for the terminal.

25.  The access point of claim 24, wherein the subbands in each of the
plurality of disjoint groups are uniformly distributed across the plurality of usable
subbands.

26. A terminal in a wireless communication system, comprising:

a demodulator operative to receive a pilot transmission on a first group of
subbands; and

a controller operative to

obtain an initial estimate of a frequency response of a downlink channel for the
first group of subbands based on the pilot transmission received via the subbands in the
first group, and

derive an enhanced estimate of the frequency response of the downlink channel
‘for a second group of subbands based on the initial frequency response estimate,
wherein the enhanced frequency response estimate is derived based on an estimate of an
impulse response of the wireless channel that is implicitly or explicitly derived based on

the initial frequency response estimate.

27.  The terminal of claim 26, wherein the second group includes the

subbands in the first group and at least one additional subband not in the first group.



