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a W reless communi cati on system a radio frequency

(RF) nodul ated signal may travel via a nunber of

signal paths froma tr BEKGROUND a receiver. If the
S|gnaJ gaths have different delays, then the received
elgnEw t the receiver would include nmultiple
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apdgofray thus experience different effective
c annel's and may consequently be associated with
di fferent conpl ex channel gains. [0005] An accurate
stinmate of the wirel ess channel between the
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[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.

[0004] 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.

[0005] 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



receiver is normally needed in order to effectively
recei ve data on the avail abl esubbands. Channe
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subB&fisY ednhhdePlesBNARON 19\ @ficdiRepéf@aiedi by 8endihg @l pilot from the
synpbol , and can determne the ratio for each subband )
trarsedttéromdpneasuring shespies it dhe repeioen] Amilobas made §iiof apesiplation
r esents.over head . e OF t . S
BT DB S GO Rh A By T, RGBTy iR e B channel
reBsE BY the rdi 8f gRRedevedgiiioe vatbdloveenditngsmittedipilot symbol, and
synbol s on a subset of the N total subbands and using

canrdsseming e rajipnigb pashisyblrdinsed ERRABIANSEYSHRt es f or

[0k SUBIRD A5, GhiskiBh erEﬁ%%ent vaGsfr iPgd GEDAVsyddlB. Thus, it is
coﬁbutatlon Po dertve'the channel estinates can be

depirable td l&’rlﬁni&ﬁzé pilot tmysthisain sl tie exgent possitde alipis ean pd pchaeved by
spectral ly shaped system.t hat t ot it .

scpding/Rifor symis e @ﬁ&gﬁéﬁg}h@ﬁg é@glgsﬁﬁb{]“%f and BB g Rilgt symbols

tC BB chdnRBS Bidmalad P il QhbBIhdS &t RieRest.ubRa niscr{tRddbelow, the
zero or DC subband). There is therefore a need in the

camputhtion uo]glctme theeshanne! estimapeenn be geatifppgcstaimystemsriieh as, for
respon or these systens..SU . ni

cHEP L RIS aprd Pl M 2 hRE dDBL AU The band

c@stk 8D 4 §Jsten il tdmpbetrataassativpllel @sceralmsubbhndsr(egn zero or
DM systemwi th inactive subbands, are descri

b
Disesubband) THSES i éh%_ﬁﬁoéeu@:ge?@a‘? the aff Segteplyraugs r@gg\jﬁienﬂy estimate
ﬂﬁ%ﬁ%@%%%%8§F§?§ﬁ§§%&§mghkpt on subbands that are not

uni across N total subbands. An
exanpl e of such a systemis a spectrally shaped OFDM

systemin which only Ms whi ch are centered
anmong the N total subbanggﬁﬁgﬂikxéed for data/pilot
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[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.



second set (e.g., pilot subbands anong the guard
subbands). Moreover, the subbands in the first set are

wanodomon3y spaced apart by N/ P subbands. PCT/US2006/007227
Extrapol ati on and/or interpolation nay be used, as
necessary, to obtain the ini8ial frequency response
estimate. [ 0009] A tine-donai n channel inpul se response
estimate for the wireless channel is then derived
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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;



[0013] FIG 1 shows an exenpl ary subband structure for
an OFDM systenm [0014] FIG 2 shows a pil ot
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frequency response estimate of a wirel ess channel;
[0015] FIG 3 shows a uniforfnpilot transmni ssion
schene that can sinplify the conputation for a | east
squar e channel irrpul se response estimate; [0016] FIG
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design'described herein as "exenplary" is not
necessarily to be construed as preferred or

advant ageous over g@g ndesigns. [0022]
FIG 1 shows an exen*i%fary sgg%an ﬁv{r ucture 100 t hat
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e stem only Mof the N total
o;sdﬁstmsds are used for data/pilot transm ssion, where M

< . re ing N - band d f
(22D, pillr e PRIk e vugel, Ltk Ry osge for an
ORDM Wykthg . OTRMCHISVIEstetn KRE hn TRERIIN SktefBblndwidth of BW MHz,
r equi rerrent s. The M usabl e subbands incl ude subbands F

whivhoig grartitionfl -intoaN dorghogona} subbandy vsigt @FBYL afsaly stphang 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



total subbands. [0023] The N subbands of the OFDM

system may experience different channel conditions
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be associated with different conpl ex channel gains. An

accurate estimte of the chahnel response is normally

needed to process (e.g., denodul ate and decode) data

at a receiver. [0024] The wirel ess channel in the OFDM
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index and mis a colum index. [0025] The i npul se
response of the wireless channel can be characterized
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i mpul se is applied to the wireless channel by the
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[0625] 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). That is, 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 longer 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 Hy,, 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



response of the wireless channel based on this inpul se

stimulus. The nunber of taps (L) for the channe
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the system which is the tinme difference between the

earliest and |atest arrivingdsignal instances of

sufficient energy at the receiver. A |longer del ay

spread corresponds to a larger value for L, and vice
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ndkdlelibbiiis ghanpet M RpEhdeyeitng NiF Bdesablersublehdd @layybe used for
spread. [0028] FIG 2 shows a pilot transm ssion
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transmt on each
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b t t d t
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nfﬂn%fﬂ?@ daff hﬁ’k§ Oty S&Qb@fﬁgﬁlhénmhc Butlses of ttheNVIL-IPe sbbEAEE can be
usabl e subbands (i. M). The remaining MP
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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.



[0029] The M P subbands can be used to support a

communi cation link with a single user or nultiple
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Addi tionally, each of the subbands may be nulti pl exed

to support nmultiple users or7multiple data links. In

one enbodi nent, a subset of the M P subbands can be

all ocated to a distinct comunication |ink. [0030] The
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par amet er or conbi nation of paraneters.[0032] In one
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sofiapddi. t@fieoudeg tHeatybem i§ @oMimitediteehdvite elavdyomodeseof opgration, and

%&A‘W’ rate Vl%turbo coge; 16 I\/ér te 2/ 3 turbo code;
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(0331 at erpl/ Boddl FRAhE OFBM bavdh achyQRIpregtaragy ratio 4,

rate 1/2 turbo code; Layered QPSK, energy ratio 4,

rate 2/ 3 turbo code; Layered QPSK, energy ratio 6.25,

r at e r) 3 Hun bagode;, Layered QPSK, energy ratio 6.25, Eq()

rate 1i turbo code; and Layered QPSK, energy ratio

6.25, rate 2/3 turbo code, The term "Ener y ratio" . h
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can he deLRrghaedcRS vath Rt&efledt BPmBAS @blae@rby the receiver for
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n,,, is an Nx1 noise vector for the N subbands; and
“5” 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 ny,, is assumed to be additive white Gaussian noise (AWGN) with zero

mean and a variance of 0.
A_init

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

may be obtained as follows:



squared. O course, the systemis not limted to

havi ng el even nodes of operation, and other systens
woayoclvass7 gr eat er or fewer operating nodes. [0088Bjusiive/007227

nodel for the OFDM system nmay be expressed as: Nci = H

Nx oc NxI + n Nel , Eq (3 where xNxl is an NxI

vector with N "transmt" synbols sent by the

transmtter on the N subbands, with zeros being sent

on tRhe:unysed, su nds, 1 ,NxlI is an NxI vector with N

"recgwerdl%xx § Eg’ié’b!%!all /e by the receiver for the N B4 @)

subbands; n NxI is an NxI noise vector for the N

bband th d h
PHE R L R S E
NXI th duct th h
L Pl L TR
Ot 2 A B e RSP S s

respgnse of the wireless channel, , may be obtained as
f ol | Big:iHaPx1 pectoriforthe 1mt1«a§reqpenc})<feiP0nSEeﬁlf{1@t? wher e
X1 i s aPx1vector with P pilot synbols sent on

t he Bfpid 0P xduishserndstor forithe Papilpksubberdsorndni t h P
recei ved pilot synbols for the P pil ot subbands HJ

i s el vd@(g)] Por) thie,) AP ndl... RegUdisy T esphane e ds) and
the P pilot subbands; H px, i s a Pxl vector for the
initial fPéqucyemswm&%mcﬁwaﬂ endj transgitee) pitei syEnbols for
vector for the P pilot subbands; and x1 1=[P(S1) I P(S1)
P(S2) | P( S2iJot subbapdsp) / P(sP) f wher e P(s,) and P(S)

are respectively the received and transmtted pil ot

s for band.
T A0 AR AR et O S
NX |, , pifRr di pg $he
e N S L R e i S T

Rt ety e b .
org 3%,0%@{@-%% Okios BiBQ Bcdifed HitotlshABSIE th iRdurMsh@ited pilot symbols

'\ init

for the P pilot subbands, ie., Hpq =[H(s,) H (85) .. H(s,)I", where

H (s;)= ﬁ(s,.)/ P(s,) is the channel gain estimate for subband s,. The vector I_—AI_;: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
based on the initial frequency response estimate E::l 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:

B =min |7, -

—Lxl

~Weohiy ”2 > Eq (5)

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

W,.. isa PXL sub-matrix of Wy,y; and

A ls . .
h,,, is an L.x1 vector for the least square channel impulse response estimate.



for the P pilot subbands, i.e., HpxJl = [HC 1) H(s2)
H(sp)] , where HS =P(S )IP(S ) i s the channel
wganos/esis7 mat e for subband 1 . The vector H px®CiI/U$2006/007227
i ndicative of the frequency response of the wrel ess
channel for the P pilot subbands. [0035] A frequency
response estimate for the N total subbands may b e
obt ai ned m | based on the initial frequency response

[ﬁ@é@ ‘gﬁegpuégllxe }{ta{ns Qtuﬁ)ﬁ&;seo“fqm i V&Oxﬁ, @orfgs%@rﬁ:ﬁng to the

|on

tn’a]ﬁb%al%s t Iﬁlc ”PBW of WeSp%}ﬁ QfL te eéff'ft§o %}ﬁéﬁ are the first L

Ranne obt al net base t | owm ng

e?a@é)én@g S@E%Pneéﬂonﬁfn% Bwl of M <\ T%e@pﬁhnfhtio'n'm lIgation (5) is over

whereé h Lxl i s an Lxl vector

afl osﬁb#yoﬂ%%?(ﬁrh ek e@%&ﬂs&?@hr es%@?&s@quh@%h%ﬁeﬁrﬁﬁlﬂse response

anne L subBsmatrix of W NxN an

e]s%aéesg‘xf gss%é!ﬁlstgetégg egl g%g%}%%ﬁ_fwné&ﬁsﬁa{e? Ll €l hat results in

contains P rows of the matrix correspondl ng. Lo A" ana
TRIETEIENeAs SRR e A HN? G ﬂ“cyo"r?t*%‘?"r%% Himite By an

el enents, which are the fir rmMs
tb@frp@s@aéh ESREPSE GRITBT ORI 10 ?‘Dh ewgme‘ HEYER 8}5
[ﬁ@g@g In g E"Q(g 2 olun?Hov e 2(%1)'%1%6 a1S’o|nbI bfelﬁ’? %%géd g&la%%n (5) may be

re nneI
E&ﬁﬁgg@g@;estlnate h is equal to the hypotheS|zed
annel inpul se response hLx, that results in m ninmm
mean square error bet ween the initial frequency

respoH Se=ew] yHw Abd t he frequency response Eq (6)
correspon Hby?%qh L\Aﬁgch is given by . [0037] The

sol ution to t he opt|n1zat|on probl em posed in equation
[pa}S]may lee feecpmsss aekpasse POLBRG fqnhéher metplesh cspapred JeaY dhen be

FP5h T i Syl SR A b

estimate, as follows: where WAXL is an NxL matrix wth

the f st b{ ojlurms of WAN ; and H\Nxl is an NxI Eq (7)
vect of=Mdor et équency response estimate for all N
subbands. a [0039] The vector HNX[ can be conputed in

FREME" IV TBORE X LA SRXRIPHE firdtIecolumns of W ; and

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

Al .
[0039]  The vector Ij:m can be computed in several manners. For example, the
vector ﬁifxl can be computed first as shown in equation (6) and then used to compute
~ls . . . - H
the vector Hy,, as shown in equation (7). For equation (6), (EZQ_WWL) ‘W, is an

v Als
LxP matrix that can be pre-computed. The impulse response estimate h,,, can then

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

frequency response estimate Egm can be more efficiently computed by (1) extending
Als . ~ls
the LXx1 vector h;(l (with zero padding) to obtain an NX1 vector hy, and (2)

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



vector hLxi can be conputed first as shown in equation

(6) and then used to conpute the vector is an Is LxP
worboeiog4ashat can be pre-conputed. The inpul se PETUSHBE/007227

estimate h can then be obtained with L P conpl ex

operations (or multiplicatidfs). For equation (7), the

Is frequency response estinmate HNxlI can be nore

efficiently conputed by (1) extending the Lxl vector

h ddi
s R b0 i Y g o
o052 apL 95y SO R 2R PSP B RPN oopor e
O SR TR (P 8 P SRR B i

g conputed directly fromthe vector BKI y comnbining
H@gdartqombsnl(lg)?qleﬁﬁl@w@anég)f@ﬂ@ﬂys where Wx (WxLWxL
)-1Wpx is an NxP matrix that can be pre-conputed. The
frequency response estlnate HN\N><1 can then be obtained
wi t hil, t-oWal, OV NW,coilaBoper ati ons. [0041] For theEq(®)
two conputation methods descri bed above, the m nimum
nunber of 1|s conplex operations needed to obtain HNxI
whae Whe, FDVVEYNDEW s iNap Nxlfi mafr{x_that sarpbe pre-tergnyted. The
NP} . If pilot syrrbols are transmtted in each OFDM

fréQiehef reshHie8 e@hﬁatfeaﬁ§xloéanctﬁﬁm bt abtadiedi witiNapotal 8 N-P complex
m|lion operations per second (Mps), which is Nop BW
ofNrdtwps, where Tsymis the duration of one OFDM synbol

. S R R g o
i TS AT T @@Epsysﬁg%m
{
Sy S Y s oo
o@@imﬁ% i L T P g
R IV D -
T AT OGP S LSO e
cc;:dgjglek Bp@rgff«‘%s' R0 G be E/&Q‘h@éh BirlaQIORD NS Ble fSWRRA aS&’@@ ABmber of

.2 ddes not inpose a constraint on th
subbends. oms aroéxam;de gt an O apigtem mﬂeamg'fqral;(bmdth of BW=6

l\/ﬁgzr]tle“:néfcb% to?a‘f’séulggan sh p mastlﬁI pﬂm%ands and L. =512 taps, 420 Mops

Al

are needed to compute I_Lf,xl 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 W,y

corresponding to the P pilot subbands. This results in the need for P complex operations

. Al
for each of the L entries of the vector hlid .

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

. . . Als
computation for a least square channel impulse response estimate hy,. For scheme



corresponding to the P pilot subbands. This results in

the need for P conplex operations Is for each of the L
wenosies3nof the vector h . [0043] FIG 3 showsprar/us2006/007227

uni form pilot transm ssion schenme 300 that can

sinplify the conputation forlla | east square channe

i mpul se response estimate . For schene300, the P pil ot

subbands are uniformy distributed across the N total

3004 BRaNTot SUSEntf Ale REBEREUWIitMBUBE berbssStbDa@ES s@lﬂfands such that
spaced apart by N/ P subbands. Furthernore

conegrEve @E)lgt aglsbanés 5% apased (2paBebe IAP  supbprls. n&wﬁb@méﬁe the
B PR bbb B p S PRI D

[0984]1Q= N/Ifﬁé uﬁﬁl@ﬁﬁ tsismissieschemo eshofvnt ineFEl [ angd bs &ioaﬁgmred as
configured as the pilot signal and P -. 1 subba

Qsal/® s(uhhar@eseaq Ve ene PBﬁt?aﬁtuBbalE‘a%ﬂﬁS 51 canfiguipg as the pﬂot signal
anidﬁﬁ?%? é %%%E)saétaiéig)eba?logﬁgé %(ﬂ&l’ﬂ[tﬁdE%h f @gbtd%tg ggmds%ts can

across tota
aIE(Q@eﬂ&:]nfﬂgﬁre@rhS Pegatagib®andshaifoahBl disttibied acabsssthb batottd subbands.

N, can_be 4096 and the nunbe f band ts, . Q
[0S hase GRER, dhe #al 1omeh gh AN dc ik kitaggR and the
\ﬁﬁlﬁer oMslilhahli €ers UBPERAR SCBRY, LG REMP-09h GabbMIRE @a%ﬁ]subband

band, occurrinhg once every eight subbands. [ 004
sek,nwithitke sa@mndmpwmngm@nﬁlﬂiﬁalfmmm% they hgud= ogcuskieg @nfe every

e |dent|ty matrix, and equation (6) can be
el%ﬁ%ﬁg‘? &d as: h' p s. -W Lpxpfi ft*px*i Bda \(9J))

ti ) RARNGYH | {pul s
[Oggggong% ttélgtcaée t-e-"’ﬁ’ ca#;@se o%?al ned gily""bm‘ﬁpf orl?nvﬁ%erg L is the

idBn iR ik Fhnd e@lﬁaﬁd@ﬁ(ﬁ) SintteimphREIIAACY T esponse
estimate HI The vector hp i can be zero-padded to

| ength N The zer o- padded vector hNxl can then be
tranﬁf‘o&rwd ﬁ"’t’h an N-point FFT to obtain the vector Eq(9)
HNxi , aS Tollows: S WNXN INXI . Eq (10 Is An Sx 1
vector HSxI for the frequency response estimate for S

\EA? 1n‘afcak9|§ LS 8Rd el i ﬁ%ﬁs%%s%%n@ésﬁhﬁ%j hbases beBbtained
e Ve C

wher e |n ge is a

b‘g Bf fr)wlllfsi%%f P- pomt I%',Ejla" 1n 1a rteqlll:elil-gycr%spogger E:&fnrﬂté OHW

vector ﬁpxl can be zero-padded to length N. The zero-padded vector ﬁgm can then be

. . N
transformed with an N-point FFT to obtain the vector I_I;b<1 , as follows:

A ls A Is

Hle = Wy - Eq (10)

An SX1 vector _I:IISSX1 for the frequency response estimate for S subbands of interest may
also be obtained based on the vector hle , Where in general N=S>P. If S is a power

of two, then an S-point FFT can perform to obtain Hlssxl .

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

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



[0047] Wth pilot transm ssion schenme 300, the nunber

of conplex operations Is required to obtain HNxl for
wonec@Bmsy synbol is Nop = 0.5 (P log P + N | ogrty/uammde/007227

the rate of computation is 0.5 BW(Plog P+ Nlog N

/ N Mops. For the exenpl ary I@DM syst em descri bed

above, HNxlI can be conputed with 39.38 Mps using

pil ottransm ssion schene 300, which is much | ess than
rdldRiARY_ MpBme Rd achifiOks PhdcAtlety @fagNhe d20NVEREaRFRdRDEr pilot

0048] The reduced-conplexity | east square channel
traum&ﬂsm schapod¥b estimati on descri bed above in

t i o
o L35 ke 28 S S50 S a8 Y Bmatin
des&Yitstld a%blb@ﬁ;"@}%atl@lﬁ@)?and'r(he) fwebem tvad kémumpum;u al to
t he nunber of pilot subbands (i. = P). These two

as s uTpiring @’Spllo"trﬁ’&b%%ndlé’@@?ﬁﬁéﬂlc E&SM thé N ot élhbbﬁhﬂs’éhh@ ns
in a practical OFDM system First, for_ sone

syst2nghe nnmbesofifaps 1beqlpfd§@tmlr@mb@r Pfrlal}%ﬁvl?bami% ge. L=P).
synbol s on P subbands uniformy distributed across the
Tlh‘ése mtvalassamhmmnsl Smpeer 1nq>oatlap11 restrictions/Epiationsliny giaetirall OFDM
stem no ols are transmtted .on th
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orf’p S%BQ:HE@ run@RoaiB] istriitcdlhss B W’tdiﬂVsuBb&nd@erFﬂrtexample in a
pilot/data transm ssion on certain subbands (e.

speetrdlyothapel OFBRA sustemARo yEnbeln @f%améu%ﬂp% thepgqabé sylppnds in
ot be
oo Ao PSR B MRt GEOPVE e s
n&\ebeiTHiloglith clanfeission ioni deytainf subband® (pigl, abrosmrﬂb@rsdbband) As

Y aePel %‘Aﬁm&%ﬁé? H,EHQSQ@'S%W@E% o Stﬂ%gar%@/:ﬁ% ¥ fegeiver filer
l%l[ﬁélﬁeﬁt 619&1%/(%1}@{11% ?%OB T Bér RESWIPEIR Notri &5 08Bt Y€ the P pilot

e qu Ity o |na annel “frequency response
subbhndyasozoddNble entilrd N:mta]bsl‘té)hmdmlst ty@tcatlhelo@l pebdiblp. ofecond, the

astﬁ&@m%&ﬁ%ﬂ;—ﬁa FUEL S, G335 R 158 ANGHER) Jf e e

b I P,
5e 89 Rl e et SR SR T by e
| r I
IVTTENT It ot s
edstieddd El (1Bt aumed m@be tyuainay Pne) theepit sppbalodnergyois the same as
sonme systens. [0049] Various techniques may be useg, to

tHe\dafCyfbol berkyyant&s) tinetdoonin fikerirg ibadt pdrfprmed B s, or Hle
extrapol ati on and/ or interpol ation rm(; be used, as

ton gqﬁg@aatq;l;thr@l obergyn Thinseeunyeindessadasiap dg thg rchpnnel estimate
o Y% SPAGESSHREARGS. RARGd on the received pilot

[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 ﬁl;xl to be derived with a

P-point IFFT. Second, tap selection may be performed on the P elements of ﬁi:xl 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



synbols. This allows the channel inpulse response

estimate to be derived with a Is P-point |FFT. Second,
woOameneksecti on may be performed on the P el emercs/ustooh7227

to obtain a higher quality channel estinmate.

Ext rapol ati on/interpol ation l@nd tap selection are

described in detail below. [0050] FIG 4 shows a

uni form pilot transm ssion schene 400 for a spectrally

acSORREE NOFIN! BRI sublR fhat CoRFEBUHApildtheibBarilis| a@¢ spaced apart by
subbands are uniformy distributedacross the N total
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Plémesubh@ﬁ‘g”)t Hdo pilgs e fda §M1E?Ba]ﬁ 0P§3 rgpsTRiftash op Piloh ‘%ands that are

"active 0 5
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subbands”). The receiver thus obtains pilot synbols
ﬁFéWiWH€“§d¥kW@J Bhandst subbands and no pilot symbols for

[doB¢ ! nqﬁ‘l ? R S%P%%Wor [88adhe HcGrequetbP ¥aspanse estimate

process aining the frequency response

ESt 'f&aéa%ﬁ %@Wﬂhﬁg 5)[‘ aaphiaHRARitNichi DFEMagal dF €6 multiple-
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maméxe@am@teﬁ%wah PBR 0L BREROAGS HIE Wdaigemﬁﬁah%% e, code rate,

nlo%ﬁﬁ%gn cﬁgg L. %ol 3Y &l ﬁ&g ﬁz%hﬁ‘ltah&p SHBBEE a %yﬁﬁﬁﬂp%ay be

acterized wt base and enhancenent

]‘f@e{rga&?%ﬁx;vﬁﬁ&ﬁ Dade ﬁﬁténﬂgﬁc%ﬁ%enfﬁ%uencﬂésgéﬁsﬁ 'eﬁ!imates H,,. An

gquency response estinmate tor a fi1rst et of

1ﬂﬁélfﬁéqﬁeﬁcﬁ%?&ﬁeséébﬁﬁfédﬁ)rlanlﬁsbtsaﬂ o masmlpnpacé@mubbands is
exa (ﬁ synbol s received on a second set of
oblabisdrinsecisndior @%mppleopﬂptr '@ﬁ%‘?ﬁl% ggesived ot Reappg)set ¢ gubbands

S I
uiseﬁ{ ft%ﬁ gﬁgt fx n%gﬁs% ) (P%cgﬁazl T %%Etbﬁ d@dékon%t r%laék@ lbHE 8¢hband not
iftaled i tehaosis))set @.) pilu Isslﬂ)ah%mmtheguandebeB) tAvgimpulse
wi rel ess channel is next derl ved based . on the

resPRRGEREPaedSp bR SETASS ChatE! PISSERSTEE )basiéq%{h‘ﬁ‘8|mit‘iifﬂagrequency
r%ﬁ%%@%xﬁxﬁéer e £ 588 | RhRS 1ﬁ%ﬁlswsbbﬁ§e%s%% $yhekiple OFDM

fo ‘obtain a higher quality channe
sy‘:mbultmrﬁa@f Hetfilrdd 15]c$>)am Ahﬁgheaquaﬂxt:e queanehestimeeairinsk 516). A final

’(%fsﬂt“leﬂr‘r’gg’gséﬂg’réﬁ (re?gilmlmf {joﬁ eeifi‘dfﬂ é’P?‘S?eH‘ ngleg)%&t ﬁfmbolp of "brom
viiteldst @hSthePlis tHehidetiQE® Bhse@hanthel (filtereud! Greunfiltered) 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
estimate H_fm in the spectrally shaped OFDM system. Initially, received pilot symbols
are obtained for P, active pilot subbands with pilot transmission (block 610). Channel

gain estimates I;(s ) for the P. active pilot subbands are then derived based on the

A _init

received pilot symbols (block 612). The output of block 612 is a P, X1 vector Hp 4



response estimate (block 518). Filtering may al so be
perfornmed on the initial or final frequency response
wegbieet37 (i nst ead of the channel inpul se respeasas2006/007227
estimate) to obtain higher quality channel estinmate.
[0052] FIG 6 shows a specifldc process 600 for
obt ai ning the frequency response estimate Hin the
spect rally shaped OFDM system Initially, received
fo'?' rgbiﬂb?}eﬁué}fc ohbahseedstifite Paat tacth,y ead@ivbcgﬂot subbands.
sub ands wt ot transm ssion (block 610 annel
Extaipolation amdtoesnwmlz)homoare tpseforaed a&@@q‘—%arpuw @btain channel gain
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estiewes fatlye P sobbaids voﬁ@nhpﬂotg@nﬁn@gpnnﬁgéi ¥ bveqes He, for the

subbands wi thout pilot tra de

ingfe! GPAUBRYCIESBARS  CSHMRLS; Eorﬁénﬁﬂ?@ﬁtspa?e%?%g’ﬁmgfﬁ thgn formed
Pext x | vector HPo X1 for the initial fr enc it

based perh dbe eahiappglt gaif o estinpatespdiom fﬁsbxﬁ?a%rs mﬁw woufihi Hepa: €8
transm SSI on. The Pxl vector for the initial frequency

A Esos Hg%;% (s108101616). unitfeotinyels paiaecktimabh fodsadhs of the P
tPﬁen f6rmed“based on the channel gain estimates from
stibbendse cinay S belP d%ﬁl/e&nd)akdﬁexd)n(l either. ga , rddeived bipplok symbol or

616). The chapnel gain estimte for each of the P
e@%&‘l‘@‘é’fﬁﬁ? Herl ved based on elther a received

il ot synbol o pol at | nt e it [ 00
iis3bi A Fepeind Garrsraed oh bhaedirdr 1 9ol e Px1

obtajp the Pxl vector h for the Ieast squar e channel
vcmnﬁefqrébmm@@q@@c ichanmel mgﬂsgﬁesmnwsw@é& AHEPQUgY in equation

(é)g@?&a T gxgglpngég i el It?%%}%%m]@ r(l)o c fe? {;lgﬁgel impulse
OFDM synb I Atzs bt it h
SRR EFETSH dok Szm%t?piﬁg?h%ﬁé R Pl & P1Epg: Syt ghannel

mtt r f
THENC SR S
oﬁfﬂehh@f@de@bnmstﬁﬂaws efteadasttimpulse edspoess eBtimates.i Ebe {filtered or
L taps, V\,here Lis typically less than P. The vector h

uhﬁltér@@f‘v&i&03§§ aftlides Febrfés fgdodipst aherednds tipialy dessrthan P.
zero out remal ning taps, as described bel ow (bl ock

Oh, & o N ol bSO aleIdiREREEr Iz8r0 out
I@%tz‘)ecm': ﬁ%“ ?gﬁlé&g g%c %%8 tlekf)l@‘gsdetc%gpahl\b( for the Lo on

r&hanRME! tapsyas deRribed below (block 622). For each mode, zero padding is also

performed to obtain the corresponding N X1 vector ﬁix, for the channel impulse

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

A Fad l . .
1_1:,Xl to obtain the vector E;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



response estimate (block 624). An N-point FFT is then

perfornmed on the each vector hNxI to obtain the vector
wolde/ober37t he final frequency response esti mat eCTms2006/007227

each node for the N total subbands (bl ock 626).

Ext rapol ati on/ I nterpol ati on1p0054] For bl ock 614 in

FIG 6, extrapol ation can be used to obtain channel

gain estimates for inactive pilot subbands that are
théf» ?&%%dra%g@.n OR&hehAmel dstERbANGS codr@pords’ u@ilboRubbard and y

X) , where a set of y values is available for a set |
conksponda| to eshamheld hgain estimeten Eaifgpoledon caip drapsriimed ninpyarious
used to estimate a y value for an x val ue outside
e known range. For channel estimation, X

[0055]" €S pPBESext@pplation scheblamd chixthey gain estanme fiotseatioinactive pilot

channel gain estimate. Extrapolation can be perfor m%(il)
subhandis LSl B hanpEoEE) eMAgH IO 0% REARRSY SRt GrPLIor Subband, as
1bﬁ8@$ne’ the channel gain estinmate for each inactive

prl'ot subband is set equal to the channel gain

estimate for the nearest active pilot subband, as

fol | ows: H _&$ the channel gain estimate for

subbﬁqg) ?Eggsgﬁﬁg’fiWst active pilot subband, and Eq(11l)

se is the ngg)aq%fge>@jhot subband, as shown in FI G

4. [0056] 1n danother extrapol ati on scheme, the channel

gain estimate for each inactive pilot subband is

whak ajes i?@i?ee&xa%ﬂelg%ﬂﬁ iegihed ot ehant Ne, Ghanne) fig@iabive pilot

estinat'es for the tive pilot subbands. Tf the number

subbalBRd s, isSthé ?a%ﬁa&ig@@?i@trsuﬁﬁﬁﬁi, a$ ShdwWiEinFuGbgr of

active pifot subbands .e., L Pact ), then (in the
[0BBSENC&n ahothel S@lapblagonkdtehes theawhaimiet Igainasstitmate for each inactive
conpl etely characterized by the channel gain estinates
pifci gl s oo PRESE o foNBRbEd By OL P RABFLESY SRS Tor the
aGRE hiloP AN s, Pif L nﬁ%@lapfjtaﬁ 12350& @RhS Gr Whld? t8 the number of
respective set of extrapolatrion coefficients, one
adee ot bbhndsali.c edch Paot ihee (ipi thetbsubdbaimbise)tiey wirekshchannel
coefficient may be a zero or non-zero value. The ' _
caxbe apolphitély ndhardceripod dtyi te ¢annelhgain regdmatee for Ity active pilot

subbands, may be expressed .in matrix for s..followsy -
sqERG. CBop the e et maer o1 i Sphdea win o
P&tk Cde@NS1S extkdYdPaflon TRGFALIBRE! 08¢ CRMMi@X RReéRhi aftbve pilot

required for extrapolation in equation (12) is Pext
sutband, Wi eashbepefficienhamey vbe pRl Geros ShaRawers ydye  The

ex:travfaﬁg)Farti%n%tlePpolation for the inactive pilot subbands may be expressed in matrix

m

form, as follows:

A_init ~_init

Ii AR = .Q mem_I:I_ Xt 2 Eq (12)

xXP

act

where C; . isa P,

ext

matrix of extrapolation coefficients.

[0057] The number of complex operations required for extrapolation in equation
= [Eﬂ‘—c—}] , where G is
N

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

(12)is P, -P,

ext act *

The number of inactive pilot subbands is P,

ext

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



N t he nunmber of guard subbands and "[V]" is a ceiling

operator that provides the next higher integer for x.
woheoroanizer of inactive pilot subbands in the BgTUSm06507227

typically small if the nunber of guard subbands is

smal | . For exanple, the OFDM6systendescri bed above may

have only 10 inactive pil ot subbands (i.e., Pext =10

) out of 512 pilot subbands (i.e., P =512 ) if there
dé%ﬁﬁbé%oab%t&@rngaysmmﬁ 101intive Gilot &Q}bandlé"(lteh' B Gﬁﬁ)@ out of 512

comput at1ron required for éxtrapol ati on does not

piftt RAbBMAS QS qa§§19?ﬁnldér@tard)8mgua@@ﬁimb@ﬁd§&e ,The 80). In this case,
comput at i onal exity can al so be reduced

thexqﬂmmtattioyl to;guur@chtf@n cﬁm@@lqﬂﬁé does rnns oreatho ran@swem@utatlonal

SR D S U, i R AR g

thélex@apolzﬁfcﬂ(t@ﬁmli QithsetEskelactive ilotsi t eri on such as
| east - squares, mni mum nean square erro

[0958bn. Tmrexrrm@@uwff&e@&ﬁ%%ﬁm #hd d%e%@?% ?f&"@n@ e., pre-
, f
o {48 S PG PLRR AEARhtty SUANE o e e

(MMS@E)P&@PM &fl FSYRARMudrBeetRbiatioN\L Eodei¥lenflmarEy @? may

“i1ll-conditioned", which means that the conputation “OF

bd 8&FideR L€ FESR vt th| s matrix may face nuneri cal
stability issues. In this case, a correction term may

be used to get around the il I-cond|t| oni ng probl em
and €’§n;gd=1‘Wg,del(\§éf,’s;;Lun<g} &W ext rapol ation matrix Cp Eq(3)

acl

may be ‘defined as fol lows: where d is a snall

correction factor. [0059] For MVBE extrapol ation, a

wheef Weiens anBf rilx sgbFnatit ofaV g . d&f armrectiss! Systdrothe matrix
SSk. nwL( wPLwL+lyl, Eq (is) where g the

y%gﬂfr tLO‘lﬁl%l' B€ “GlbRiifi&NR), ohidhheehRs ehat efle piohlatation 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';f;me may be defined as follows:

Cr o =W (Wh W, 0 +6D7' Wy Eq (14)

- cxIXPacl

where & is a small correction factor.
[0059]  For MMSE extrapolation, a coefficient matrix Cp", may be defined as

follows:

mmse

C > Py ﬂy_mexL_W_gc,xL(V,V_VmeL_wgc,xL +D7 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

mmse

optimize performance. The vector HP  obtained with C; o is an MMSE estimate



Tj is a factor used to derive an unbi ased estimate. In
t he absence of SNR information, g may be consi dered as

wea pmroasster that can be selected to optim ze PCT/US2006/007227
performance. The factor h is a scalar quantity may
al so be used to optinize perflormance. The vector Hp xl
obtained with Cor e mxtXPr aci is an MVBE esti mat eof
the channel under the assunption that the taps in the

oft ihERK AR LA tRe dSuaptioh AbAdha fgs Ak eheofimedioalaie B gitorrelated
Equati on (15) assunes that the autocovariance matrix,

ang are jo§ enual swergye tRguation 65 grammscthataibe japtocpyaripnce matrix of the

subband is the identity matrix. EqQuati.on (15) may_be .
TR o 196 e 2T PR S 00 DB Y | BaNegion (15)
it i1s known by the_receiver. [0060] I.n.yet another .
may Pe BRIFLRC; B ACCUREHAS thip AUOCHVARARSS HATA ity W&W@%Yoﬁhe TeCeIVer.
[ ' [ ded e %€
[@ﬂgﬁ Eﬁc);e't \:éﬁ8ﬁ’1%3% ?Rt_r%é.bll’é%ﬁglbsdgﬁgégheiglg@neﬁr eélﬁ ¢s@imate for each
inBd Ve Rt @ﬁb&ﬂdr{aye@lqhﬁl toeepgikQred) £0 fok hek spandey, s.s,. The
and this is wthin the scope of the invention. For
e;lamb‘mien n(ﬁjaymltd be pbrfextedaipaltixtri romiessc and thiess witbin the scope of
i near and_quadrati c_extrapol ati qn.ma e used. .
RS TiSGar Fox R olTSHOTR P ARBT BAT A IS Bish g finear and
qﬂéﬂr?ﬁ e%@ﬂagol‘ﬁ{i&hhﬁ 138588 N RollidehPERMRbHBH tRAHRLESRay also be
12). [0061] A pi P,ot transm ssi on schene may not
ugtidswhicbdialewithin the génegalgranastwosk bbeqrdsiontlPor m y acr oss

M usabl e subbands. JIn this case,. .| |.at i
B8, " o ol BHPRRRGR ot ey G2 b P Qe Bllor Whbans
uMfdefy BénsssSiBa 0 dslbfibasdsWith his cidepinkrpsialidremay also be used to

subbands. The interpolation nmay be perforned in

obtgin erpanplaEdier estimstasi foarunilgrnhaspased HPRRGS AldyR theM usadle
SLlﬁfr@%lﬁ&p ohf 'igfgrpollzﬂiqggﬁllgg?er’o?eﬁr'gg’fngHQhaHrﬁﬁs efs, (sjimﬂar to that

erpol-ation may S necessary based on
dédodibay abdvalibreextapeliatied i dentrab emirapdation apidfaiintexpioation may be
gain estimates fo

r P subban i f. )
o s s S S Pk T s o8l B3R channe
o84 2stiflatEt for Pubb&fis RhA6RSS sPateti SRR {HRMNRSalQUbBANES.
vector h to select or othérw se determ ne good taps

for the channel inpulse response estimate. A "good"

TapProedseing to a tap whose val ue contributes to the
channel i npul se response

[0062]  For block 622 in FIG. 6, tap processing is performed on the vector l_n_ll;1 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




estimate w thout contributing undue noise. Wat
constitutes an undue noi se contribution nay depend on

wea @rooesy of factors, including, but not |im petd/use06/007227
an operating node of the data subbands for which the
final channel estimte is asi®oci ated, a channel nodel,
ot her system paraneters, or a conbination of factors
or paraneters. The tap processing rray be perforned in

vari ous manners. The proces of .th val ues,.in
(09351 e Te Rl ot Drprsstins 8 LG Dircieges Re S ey s s by is
on the tap delay, tap energy magni t ude, or anpl L
trowcated te dmealessribi thatli Bis of theavisgiesabamsdr §ye V?ﬁi@‘nhtxu e(éntams P

elg;n@xgténggfx%é dPg ﬁe?ﬁh s ugzgrgqltas?ﬁ% 19 916 || Sg’éE%B é]g{j}gﬁ)g}gd by the number
fﬁgé,r@taﬁ e Bﬁ%‘xﬂﬁlaﬁxﬁg iftrvial M@ér%ﬁcﬁ He $neplés dBRSeAl However,

Wi re ess channe The vector hMcontains P

thel debayndpsgadwiiethe cﬁameL impuitbe raSpeisermaait be sjpacated Hep ghorter delay
eter

SRR SRR 0Bl 8RR o e

rés@lﬁﬁg flnhioamwl,frehb&cgi%@m@pr ead of the channel
i mpul'se response nmay be truncated to a shorter del ay

[@uEad P thie WetesnGidticl taRBEIMtica dchetnt N@e titsr ICRnmats of h,, are
i mpul se response estinate and the resulting final

cafsidersel a§ gmﬂjmpsyand ersqanmd,eanc{ 06t PorL tefi¢msents are replaced with

z%Fe%e i‘f< Igr gs%g!sgéthé%c gl 18851111%%§sp0i&r§e o3 n&atfr:] B dth L taps
@@ﬁe td%ealﬁeﬁtwﬁdm %é%nﬁnbe%f&frﬁné@ m;a@ednmg ra aﬁﬁ@a with P taps,

, the least squares channel

pmé@rpomge Pemlntrﬁfﬁ" wid Huucaﬁlaeéh%@ﬁt - @pt- ZE i dllaﬁ ) Bﬁﬂeflts in

SS Ln erf mance S I

3 S RETERGRepl, FoSPB e RO g ol mpte
rés@%sepeshmfaﬁ:p@an Fhiagihasyisone aenaftitichal beretitd af the FFT and not
situations. For exanple, if L < P/2, then the |east

C%Bw%théf‘@hw&ta?%pul se response estinmate can be

(?](g{ i edT pﬁré feiglgﬁl:;' &“p}%p re?@t?ﬁfnlnﬁ? A Lh®eMaded@deast in

corrpu [ ng The truncation
phengi the dperstiag medqr Gtieteemay meob d'mndctcmndaeomm& dt, for each
| east in part on peratin The
Peredlp ABETARR TOdF: Sh SO OHE ﬁ@&&ﬁ%%s‘?f‘ Yp@finfhe in which
nfle QiRd8ds 48 opdtatin AihderRediheRihcatidnel &8 BloMed plurality of
cant e‘ltigr?ﬁmr%e clisn Wﬁ?ch n%%he t he data subband% are P 4
timpeatanilengtiamdussedterct it memoryuncati on [ ength froma
plurality of truncation |ength values stored in

ﬂ%m’a&hﬁuﬂe Thresholding

Als .
[0066] In another tap selection scheme, the elements of h,, with low energy are

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

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

taps. These elements of ﬁ_l;,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



Tap Magni tude Threshol ding [0066] In another tap

sel ection schene, the elenents of hMw th | ow energy
wanesroegisaced with zeros. Alternatively, the ebPemmst®e/007227

of hM having | ow energy can be repl aced or otherw se

processed to result in substl@ntially negligible val ues

for these Is taps. These el enents of hM correspond to

taps with | ow energy, where the |Iow energy is likely

re§PHsd) Ol ARoluf e GiRaMoS dERAdeaNEY GY mddstied @Bialel rdsBonse).
used 'to determ ne whether a given elenent/tap has

A seipfivecibegsholdrran fp camputeddases pethede gi ietal o averaga) epesgy of the

zerged _qut . Thi 1 S
crbhetandiresiins® cObBSR THEBHR Fonk 51 e Ihrehd Bnenres e 1) the
thRAREEin@N isv abi Qdperidet @ns vaddions matlicouseivednaresgy Bné (2) the
threshold can be a relative_val ue (i dependent .on

.e.,
elementpfiaps UhaidarehRiasat hus Hfls YW Grengh CREEY| e 100 gepgd out- An
e ed.; :

b e B Rd BERg Mot 8Bl ooy o e

recalvéhthe(lewest ené1@ly akpatedafoe tageyeivetbpitpt spihbolcarshmnome| The use
i mpul se response estimate. The use of the relative

oft the ebiwdhted threshuolé Sorcbathe(elgmérie of g hahatit sgme sninphum value in
dependent on variations in the received energy and (2),

ordpretoeheerattined. t Ape thrasoldiean plee dewomputediiased P Omyipgtion of
en - . 0 shal

EORL B SE OB S bk ElpEshel gy con e

cdnhygutée baved atn, thehaelgves theeshangyl iepplsetrespohey estimgate and further

recei ved pilot synbols, and so,on. .The use of the
comHEA © HerFaBEHBI0H STegie: S RIS SRR R TR YA et

Nl AL i ' i i ' rs. Tfifone thresholdin
lﬁ?ﬁggshgﬁg ca#ﬁgpggcggbg %%@?gglggggg&%ﬁﬁggzongf%ation 5
sohEmE Abe drreshobting fsqerfoshed iftes tamidunsbEon sndemanpestivbged as:
For exanple, the threshold can be conputed based on
the energy of the channel inpulse response estinmate
and ﬂgéth 0 consirr|aimdi vol|ng [€dlial to or grﬁqier t han
e

a pré 0 hol di ngtd 1©)

%Y pi ned ni ni mum val ue. [0068" TRe th
can be pet PBPne8MER§%ri ous manners. In one
t hreshol ding schene, the thresholding is perforned
after ,the truncati on and nmay be expressed as: / 0 fol )

where hR) =|[260)-AD 1| (P —1D]f,orhere the last P-1 plemgnis\gre prpdgced with
ot herw se V\,he{)e hM = %TJ(O) lz(l) ... h(P- )]t ,
wher e t heZ9'8sby BeruBcdiint s are repl aced with zeros by
the {EA9Ra RNknckdy ithe An kst e eneray of the 71-th

I ﬁﬁxl I* is the energy of the channel impulse response estimate for the L taps; and

o || _ﬁ;d |> /L is the threshold used to zero out low energy elements/taps.

Ix]|*> 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 ¢ provides more noise suppression but also
increases the likelihood of a low signal energy element/tap being zeroed out. The

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



Il pci Il 2 1S e energy of the channel inpulse

response estimate for the L taps; and a -Hhp j || 2/
wO 20@/00k037t hr eshol d used to zero out | ow ener gyCT/US2006/007227
el enents/taps. Il x Il 2 is the normof vector x and

is equal to the sumof the §uares of all of the
el enments in the vector x . [0069] In equation (16),
the threshold is defined based on the average energy
2185 bd Bided HLARS onlthe t@iednbis) @idtead of ShesBletpb@belpgp e tilnchannel
a trade off betmeen noi se suppression and signa
&trb nse%sﬁhﬁtheﬁ value for a provides nore noise
ppre sion but also increases the |ikelihood of a |ow
[0876nal Theehgyhodd emyrie fiapl beidagteddrasetion tite opdiging mode of the
coefficient can

SEESAPE o Bt LGSR o v
vigs esh ?@PEQ@ Jnoéﬁltheeﬁﬁﬁgl)’lal( bt eagd fodul@oA e or rate of the

energ he  Chan ul se rzﬂfonse esti mat e hPx
data smmpelfrg dembdwlathd () mlayerb@ 1hiexBER)r pasieiarent rfg <BER), block

e . bt Potng D er Slroh e PEIGER Flifeindfe, ¥RMRE @) some
ommd@&ﬁﬁétdrs\ﬁahwnﬁ@aaathﬁlsbased on (1) the particular
ng and nodul ati on scherme or rate of the data

[@Flbamﬁoemmquxeﬂ% b atosdigpreyl b SURPOEY 08 PlafROre iRRyes can be
c&?fgé%t ﬁwr {ille £taite§st(cr %R%redekf?ér?rﬁﬁec? 'EHrQJhoTc?‘V&lué Ef’&Eglch f/i%de The
SOIfe ot her error rate per

or mance requirenent,
reC ) eiseumedetdriviiie Waichmaod the alath smbh&ldﬂenr@bpe;mtsng {\rﬁbd'ah] selgct the

ohame el b S 51 b1 Robe 8870 By, e
vAL&IGRE 7 n?ng@lgea g&g&%@%r@a}{ék WBri e fr8RGHe MHPaluck®n be compared

recel ver can rmne whi ch node the data subbands
agaimst Gratheisheld candabrretesansd haped @pﬁ!ﬁdbrﬁsmlé _Vﬂmee $epexpmple,

froma Iurall f thre hol d e ore (V... ..

2 reeL P AR eIHRTOHE 4 Ftis 1 bt BB FSaalETo ¥ disinet
gk vied rgée‘?\ﬂé‘rtclaﬁ dEt%PmMﬁl tHe %Péi@ﬁné3 e harad deamista threshold
the threshold or a val ue determ ned based on the

bided e hiad @bmpmng:awahmarﬁhle endividnaldep eesrgy aalust eanebegcompared
f wval ues, each a val ue orres

sodest
ot T fosheld \Rbifoicies Pt Gurey SAOGLESY PRGN REHold value

Qﬁgers%“mrgrode and can determne a threshold based on
correspondi ng a val ue. The individual tap energ cf/
[805R1Les Toamobeer cthrasholdbgasphiemst thenéhreshobding izl peefpeed on all P

and taps having energy values |ess than the threshol d
eleaents of dn (Hee s siithpat trancation) @Sing]a singla fuedheld, similar to that shown

thresholdln schene, the threshqldin per.for med
iggquapion (16). %n yet another thresholding scheme, %‘16 ﬂs'uresholdmg%e pex?ormed on

all P elements of 1_1;4 using multiple thresholds. For example, a first threshold may be
used for the first L elements of f_xi;l, and a second threshold may be used for the last

P—L elements of ﬁtxl . 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



elements of hM (i.e., without truncation) using a
single threshold, simlar to that shown in equation
WO 260)6/094037yet anot her threshol di ng schene, thePCT/US2006/007227
thresholding is perforned on Is all P elenents of h
using nmultiple thresholds. REdr exanple, a first
threshold may be used for the first L elenents of h ,
and a second threshold nay be used for the last Is P-L

mﬁ EBENES cRinnldl endid§ &ﬁ@@ﬁﬁtédhfrﬁWWbanEa&e tgeotreypends to a

an the first threshold. In anot her threshol di ng
rescdhzm@ sign#lepatth m@nbffmengnmg de f oh RSO phamAp inehdes %fréﬁ signal

P- L el epent.s n fj t
P Al G e Be et Brbneti e ifitkade) Bl feserigl paths
Jﬂrbﬁslﬁfigedl THe ft@sv&h‘es dirgdtof weala oWInbﬁJeaﬁsﬁng lségmak paths can be
IS "sparse", such as a wireless channel in a
zem@ﬁr@i@émhemﬁe Pedassilica)st em A sparse wirel ess
channel hasmuch of the channel energy concentrated in
Chgﬁaﬂﬁﬂ!agggpt&g% corresponds to a resol vabl e si gnal
= time delay. A sparse channel
[00'7@1 udes, RSN M6t Bsaky Block eMoh FIG. dethaycimpndaithpulse
i.e., time difference) between these signal paths

nay
1ebponsa|egtgnat’¢h’ea}{ b@ﬁlt@@drlggb@ﬁme@n@a@n WelRE aplowpass filter such as a

AR 000, TR S B ARape r0 v, or so
othert fype ioh glltbﬂgTHé Ihd5q1ass|l)f1ha1<rnl531 8e iarcabdalfilter emldclb perfarng2filtering
|nFIG6tecannei ul se res I mat
%@a&tuqnfiésﬂlér&nﬁ PAORINES)t 9T AR RS ﬁﬁ?fp@qﬁ 89\9%%{3? fliqryhg on past
zﬁlﬁ ek Q?:B@e& BhidiRe Uy%ﬁfé‘i‘l%g) ( FbRxandp1d, Sor n@zﬁlcausal filter

| ‘nite 1 mpul se response” (IR lter, or sone other
tyq)ype;h@frecfewet @an biififer Ioowpfmmstﬁlﬂt@re rmuﬂayleb@xaan@lmmates and can

e g g apat e PP pRArER SOk T occuring
cﬁdnh&leédtﬁhgat&n FRsth, the UefeRdtice pot dfUh Utieers anminels estimate, channel

obt ai ned bufferl\@g For exanpl e, for non-causal
emrmztt@srbas«ycb@slatqrh@cer éW’b@lS@a@nfuﬁlIﬁﬁ@PP]é? ot her wi se

ot €5 £ Q18&edbased
(R Gl HBRERRE g SirgMRARE R R A0 6 TyRtedtbased on
tHeSdhagacteris@Es OF ther wirelgsscéiannel Eisid-dmtais filleriogmirebe performed
reference point of a given channel estinmate, chan

sepsrateh fereabh spidhe Phimep! ke VePoRsBEIe iz a?‘ﬂPBle OFDM
%‘ﬁ&?geﬂm %896? 34 dﬂ;fé @@ﬁ%ﬁ%@y‘ bs bildasrof ﬁ‘:e&aps &ede \vhAHAR) impulse

ter ect ed based on the
respaiisa Céstirmatd. | C]éheoéoelfh@emw rfet @sch sheinfidier nRynke divedi @r may be

shi et oF ARerE aeRLReRbery niptorii BB R R fne dme

a5 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
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[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

{ﬁdn (s;)} to a processor 770 for channel estimation.



[0078] Atransmitter unit (TMIR) 722 receives and

converts the stream of OFDM synbols into one or nore
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anplifies, filters, and fregrency upconverts) the
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(E{,g)/vfdrlthk uplink may be the same or different from the number of pilot subbands
(P4y) 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 receiver unit 742 to obtain samples. An OFDM

demodulator 744 then processes the samples and provides received pilot symbols

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

up
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The channel estimation techniques may be used 1n 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
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[0691]  The buffer 804 is coupled to an input of an FFT moguleSS%gpclogflgured 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 recejver 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.
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[(%9|6(])t e’lalseh 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 IFFT. Reducing the
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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 multiplexer 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
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[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.



do not exceed a conparison threshold determ ned based
on the node dependent threshold value. [00104] In one
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aver age energy val ue of the channel inpulse response
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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



i mpul se response. [ 00107] The output of the tine filter
860 is coupled to a phase rotator 870 that can be
woaondeiogused to rotate the phases of the inpul seCT/uS2006/007227
response taps such that the resultant final channel
frequency response estimate 30orrespond to the data
subbands to be processed. In the OFDM system havi ng
periodic pilot and data subbands, where the subband

wiRR A 1, BRtMEE FoaHBb 2R s Beh YD) f H¥@fharl Rensldann&ld the like or

I mpul se response taps can be rotated by a known value
sognec fothien aeantse fore yransfoming riage evteiplese spandeqgpency representation.

coj ncident_with the dat b . .
sEphE5L NI bt W e 00 Bt TEARE FIR M P e
HEE&Pndrh daniforf Offd GENRE dranyrsanisile mBanh dorclianfueing a frequency

i mpul se response to a final channel frequency_respons
daesmain senresentpiien (g RSHOMABERDIGSaH RN c BMS: alﬁriéﬁl‘ quligf‘véo can

a i ; L doOt g5 nghs -
LRI PR S0t T HTRGS: O SMRRSPAS T mocui
88Bhndemnk enemanforgenadtingthp ginhloohamee] SauemiymespeRE. estinate.

t of . th FT.nodul e 880 h [ .
B Shale et S0, (op eme e finalp e o
s%ﬂgg&ga lqBciRAtibn RIddbREaDEE 1ikd N sbinR@thet hang torfek REMBIBGNE pilot

ponse Is coupled t the denodul ator 810 for use in
seahepiesd uThe idesgranhiden 824a caubb asdermedoioy] @9y cqmbinpiéene pl) elements or

R 1 aGu bRt el <hec SeRBRR T, $arSRRARAnE process

ingMekbtted Qb tHeQrpRire Adsuehythenizs@hmblepldn4 @b by imblemented as
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[ ; 28 gn@%n{r%%{é gg%é '688% g?];;] %tac‘xteglﬁ;' RE Ok frdan FBRREInalog filter, cavsal
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, 2 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



[00111] The receiver 800 enbodi nent includes a
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functional equivalents. Additionally, the order and
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complempent of the scrambhng 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
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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-depcndent 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.



[00121] The receiver proceeds to block 930 to
descranbl e each of the pilot subbands. The pil ot
weubisands7can be scranbled at the transmitter acTwsgiongo7227
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The recei ver truncates
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VEJE&Roﬁl%Qné. erfgﬁ' Nexapfl thése fBR8Gudsapsy HRalmplepeasena hardware,
the | ongest delays are truncated fromthe channel .
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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
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t he conpar.i son threshold [00129] The receiver then
@F@B@@ége?ﬁcﬁ‘)@ck 970 and performs tine filtering of
ha I

e PE 0 R AR BT RRRfE BHEEN to cnable
atyapasbn i siplldds én r éspanse wradkaeer tukat the ppmesemt| inverdt®n.  Various

synhol s. 0] After t rin the recei )

PH IR o 1P J8 ettt L he rofan AGpast o &S skiffed in the ar,
£RSHRe %él@encTﬂ}ﬁlcﬁﬁ@sedéfﬁEd GaRIDAAE Ibatagpwedf tbrtﬁther%maﬁhems without
frequency response estimate at™ t he subbands

depertingpiarendithy spit oh eccwat@ the btyam@rsx Thes, thec piesant invention is not
B'Eel%ﬁgc? %S%IQmRéé) tcokthg 81911) eﬁg% 1{%?1 eglft 1?\.60\/ X Al corded the widest

e recelver ase ro ues
fepavEBistdhe w@ﬂhan@plhndlplayhﬁﬁndvelsn@mﬁ@ degosgé hereat. ed
from sanples of the pilot subbands. The pil ot subbands
Wi thin an OFDM synbol are distinct fromthe data
subbands, but are typically offset by a known and
fixed frequency, such as a fixed nunber of subbands.
Thus, by phase rotating the channel inpul se response
tap val ues, the receiver can produce a channe
frequency response estinmate that coincides with the
dat a subbands. The recei ver proceeds to block 990 and
generates a final channel frequency response estinmate
by perform ng an FF7T on the truncated, threshol ded,
time



filtered, and phase rotated channel inpulse response.
[00131] The channel estinmation techniques descri bed
woeomin4asay be i npl enented by vari ous nmeans. FBCT/US2006/007227
exanpl e, these techniques may be inplenented in
hardware, software, or a comfddination thereof. For a
hardwar e i npl enentati on, the processing units used for
channel estimation may be inplenented within one or
\@A‘i’l@ﬁ@ﬂ& ygs.speci fic integrated circuits (ASICs),
i'gital signal processors (DSPs), digital signa
processi ng devi ces (DSPDs), progranmable |ogic devices
(PLDs), field progrannabl§¥%§%& arrays (FPGAs),
processors, controllers, -%ontrollers,
m croprocessors, other electronic units designed to
performthe functions described herein, or a

conbilnat i Anmethededfestipging 2| leag ong frequepay gesponse for a wireless

I mpl.enment at.i. on he . [ i -Ques may
chRpR R Elb Eoqrs i AR PELRlcaliBh bAfnd CRIHGHE

f unchbiaisng amehisa fequehbytespetisecestimateefdrunfitst setsof P uniformly

descri bed gherei n. The software codes may be stor.ed in'frml
spacae FBPBANdH basedeon changel,gaiy espinates %@%aa‘%ﬁo@%% epgnttormly

i ; nd LAC €5 & Yosver 3P two, and

stk BB R B et A o O Trey o
whbeirpthe dzstser includesdt drastdnetsubbanel it dsdudsdrin therpegdiidasts

case it .can be comuni cati yel qupl e 0.1 :

pr oc 88LHPE\A é“’%\ SRbit %@%‘% 1g§n u?sf _eﬁ%(\’li\%sgier?h{}ﬁtee for, the wireless
chRdBHsed. B&tﬁé«’:}ﬁiﬁ@umcﬁeﬁ?ﬁre@po@steaimme;aanﬂet hod or

process may be perfornme

in the order shown, or ma Ee

per f demidlg iarfingh Seaeancy reRpPnseAFHMa oI CRSh MEHR Wé‘ihmr%rc symbol

Qcessor th -om nor e
BB SERIS M RUR B BE T ko P RS Aol RARAE, T
and processes. An additional step, block, or action
may be added in the beginning, end, or interveni .
exi st% ng dihemsipad ‘Effdftlﬁ‘el’ﬁ@'lefg?é‘a gleéﬂ DIGEREERS .molaglatmn type.
[00134] A coupling or connection need not be a direct
connection. The various nodul es can be coupled to one
anot Ber t Aheughhae ofi dieot 1, odendn theonpdedgoneises d aprle 1,
or through an indirect coupling where one or nore
intervening elenents nmay be used to couple the
respect i veryeagith&sor JA8LBMhergadid@sdac@nprives b gedulation layer.
herein for reference and to aid in locating certain
sections. These headings are not intended to [imt the
scope. of e conc S SCri .t herel ]éﬁg :
t hese conc trgetrggg%ﬁac\l/ag&a%p‘ivﬁ%glgi tllﬂlgtﬁjdap ﬁfég?‘ﬁ%? nse estimate
®RphisENS bidarfesi@bruit response estimate and an enhancement frequency response

estimate for a layered modulation scheme.

6. A method of channel estimation in an Orthogonal Frequency Division
Multiplex (OFDM) system, the method comprising:

determining a channel impulse response having a plurality of taps, the channel
impulse response based in part on a plurality of pilot signals from a received OFDM
symbol;

processing the plurality of taps in the channel impulse response based on a data

mode within the OFDM symbol to generate a plurality of processed taps; and



the entire specification. [00136] The previous

description of the disclosed enbodi nents is provided
woOaomnakise any person skilled in the art to nmakReTws2008007227

the present invention. Various nodifications to these

enbodi ments will be readily 3&pparent to those skilled

in the art, and the generic principles defined herein

may be applied to other enbodi nents w thout departing

fromdBeyapi 4 chafel B9l rebftist éeMaicoBased NS thet PRirality of

present 1nvention is not intended to be [imted to the
prevdssali tapnit S shown herein but is to be accorded the

wi dest scope consistent with the principles and novel

features disclosed herein. WHAT IS CLAIMED I'S: CLAI M5

1. Ayret hpgk ekthea ol BRih Bgfuathet casprisoie f r equency

response for a wireless channel in a multiple-access

wi r esamapding shevigaeived PERPM y¥Peek conpri sing: obt ai ni ng

an initial fr Y ! e set

of Pk Rae UL EIR ARG RAAOTRLS bkt a8l

est i gmtetng othea Heatind sfetpibft nipnalsniffonnitye sfreguedcy domain

subbands, where P is an integer greater than one and
repEesenigiéfler of two, and wherein the first set includes

at | east one subband not included in the second set;

deriving a time-domai n channel inpulse response )
esti 8mt e The metiwdwi driss §, shearsireprasassing &e nlwelifynek fags in the
frequency response estimate: and..der \i: '

chanag] JoLse IS HRENE SOBRY SR Y oo %rr’g ggec{)wlh}rl%l eog\nw{ph iq%ingaacwresmld
va¥ebakd of thd@tniiogt asmiciha OFMbBaa®dl.on t he channel

i mpul se response estimte. 2. The nethod of claim1,
wherein the node conprises a nodul ation type. 3. The

met hgd of ' 1N gt e ' e, £t
rat e.e‘ 4. :Fﬁéeaﬁr%gethégdé‘%? [ac aig?nn%e%\}ﬂe?%?%gg{ﬂézﬁﬁeo?e 9 of taps
c@apiNesses a nodul ation layer. 5. The nmethod of claim

2, wherein the final freguenc esponse .esti nmat e

conpEFsERlng W@P%‘dﬁ‘é@?ﬁ?ﬁ%ﬁ%ﬂ%@e gl%tfl %*H’i‘i ‘éar‘@:ﬁd an

enhaP&ﬁ g Jﬁﬁ@@g&@m&@ﬁ%%&a 86tk %ﬁir@lit QF s @ itRI®ehparison
on sc a

nmodul at ene. 6. A nethod of channel estination
threshaid; @d hogonal Frequency Division Miltiplex (OFDV

tem. th t hod.. i sing; .det 0]
pur@ing S g8 RGO ng “aE SRt PR B SHTEE e g BARkated trom
1 ¥8P RAkss than the comparison threshold.

10.  The method of claim 6, wherein processing the plurality of taps in the
channel impulse response comprises processing the plurality of taps using a truncation

length determined based on the data mode within the OFDM symbol.

11.  The method of claim 6, wherein processing the plurality of taps in the
channel impulse response comprises:

truncating the channel impulse response to a length based on the data mode to
generate a truncated channel impulse response; and

thresholding the truncated channel impulse response based on the data mode.



I mpul se response based in part on a plurality of pilot

signals froma received OFDM synbol ; processing the
wolhoweabssy of taps in the channel inpul se respeasas2006/007227

based on a data node within the OFDM synbol to

generate a plurality of prod@ssed taps; andgenerating

a channel frequency response estimate based on the

plurality of processed taps. 7. The method of claim§6,

furtfer oprieidi0or BRI 6 Nehrthle cofpeisingdfikiriiy ﬂ%én’pmlrahty of

generating a frequency domain representation fromthe
pmetmpécbisps and weteimtei ohgnich ephancasppnsstespimatstis gprpaied based

e fre nc in representatlon 8. The
FE%@H P"@Fg ﬁP%%eﬁﬁgf Pn processing the plurality of
taps in the channel inpulse response conprises
processing the plurality of taps using a threshold

vaI ula3 basEee wathoref ektim Grideram e G7ia MOIOPPIIPESAHIcast one of
arb?nucp ﬁngtrtmgﬁehgg?&ng %zltg a%gdulmrt & o?%%%ﬁl%ﬁiaﬁgn tGeof.

conpri ses: €rating a conparison
t hreshol d based on the threshold val ue; conparlng a

val ue generated fromeach of the pluralit
t he &‘bnpaTh%dﬁeb@f} é{gnh wﬁgglglt gﬁrberr[l wggltpe c arfr)le] frequency

Kg@ﬁggggﬁ%&% n?ﬁ&ge those taps for which the val ue

ner at e the tap is I ess than the conparison
t hr epliwst dotatifly thehplundithofl podcestedi tap6io @breratp @ plurality of phase
%esslng the plurality of taps in the channel
sponse conprises processing the plurality of
t apstrhk%lf&ﬁnﬁ% EHeUﬂ%?eIhltP B%k)/lﬁﬁ&tl’ﬁta@ﬁ epsia et Hasahante] tieguency
dat a node nbol . 11. The nethod of
re@pcmsnﬁmma/méwplﬁrqéﬁb@%@%a ﬁ&%@%freﬂllﬁn&eﬁt y of taps in
t he channel inpul se response conprises: truncating the
channel inpul se response to a Il ength based on the data
node1$.0 gamnekppRatas tfonndaned edtamatmin iim‘pm sythrogepdn&egquency
and thresholdiga the truncated channel. .i npul se

Diwsips Adtiplas € BRDsEcRatls JpBiats SOTPHENEt hod of
cl ai puBnsthih WRk1CUMBELRRS gbhdrite al RAdnidd SmPhise Adspérse Bhsed on

an OFDM symbol, the channel impulse response including a plurality of taps;

a mode-dependent processing portion coupled to the transform module and
configured to process the plurality of taps based on a mode of a received data subband
to generate a processed channel impulse response; and

a frequency transform module coupled to the mode dependent processing
portion configured to transform the processed channel impulse response to a final

channel frequency response estimate.

16.  The apparatus of claim 15, wherein the mode-dependent processing
portion comprises a truncation module configured to truncate the channel impulse

response to a length dependent on the mode.

17.  The apparatus of claim 16, wherein the truncation module is configured
to truncate the channel impulse response by setting to zero a number of taps
corresponding to a delay greater than a predetermined mode-dependent channel delay

spread.



processed taps, and wherein the channel frequency

response estimate is generated based on a filtered
wol2ealouasy of processed taps. 13. The net hod ofcCTiuaRws/007227
6, wherein the data node conprises at |east one of an
encodi ng type, a coding rate38a nodul ation type, or a

conbi nation thereof. 14. The nethod of claim6,

wherei n generating the channel frequency response

estimate conprises: phase rotating the plurality of
processed taps to generate a plurality of phase

r ot atl@d t dihe; appachtey ah sixmnil hg wheeiplte ahddeydepbndshb paocessing
rotated taps to the final, chapnel ,frequen response

ORI RATRPTLRES & EIMGRAN T9Ue CHROEE it THETOIL s chlfaEy of taps of
tHé:’chaﬁﬁ‘el@ﬁ?@Fs@Pééﬁoﬁs@rba%_&?d_H ihr&BbldRldeRsdciht@with the mode.

Ot hogonal Frequency Division Miultiplex (OFDM system

t he apparatus conprising: a transform nodul e

configured,to generate,a channel .i opul se. r. . X
pased on aie PRy e 1o s R (e ETRRARE s cgniigured
th Nddtetdiing a8 Meicdl chahnef chaf@y, of e parrdieyeotients, and is further

processi ng portion coupled to the transform nodul e and
cephgured Fe et o ap ivdEyEcans yalye (heseiteRs WROC£HEIAYLME isress than a

Y t b
B0 3 1 AREBe GRS e, M RaAnERIRAIR B 5 guode dependent
thresindd esloe.nodul e coupl ed to the node dependent
processing portion configured to transformthe
processed channel inpul se response to a final channel

frequency AesppRafisesér FRifel IBtimihien aRPaK abkBogdnal Frequency
cl ai m 15, wherein the node-dependent processing

Diwistandviulsiptex (OFBXVIxs ystaum diag inparatsdiomeprisgt i gured to

deperae 1o efetBi e TRiHCr SubAgRaNRRsd adyd £PBlcy of aps, the
dhReTed ifpiibe rdsporbesak@ninPatibe ai ueitf obpil@didmals from a received

truncate the channel inpul se response by setting to
¥W9kber of taps corresponding to a delay greater

Spr e As P B RE TR PR (pF CRREL R Saesponse based
aoodni g mpéa déthin the OFEXdi sgymbpbtotgeneraeangniasigsofgrocessed taps; and

truncation nmodul e confi gur e to threshol d th@
pl ur aNFa0§ fof geppiatipg a channe frequency response esfimate based on the

plurality of processed taps.

21.  The apparatus of claim 20, wherein the means for processing the
plurality of taps comprises a means for truncating the plurality of taps to a

predetermined length based on the data mode.

22.  The apparatus of claim 20, wherein the means for processing the
plurality of taps comprises a means for thresholding the plurality of taps based at least

in part on a threshold value dependent on the data mode.

23.  The apparatus of claim 20 further comprising:
means for phase rotating the plurality of processed taps to generate a plurality of

rotated taps; and



t he channel inpul se response based on a threshold

val ue associated with the node. 19. The apparatus of
wol2edermodB7 wherein the truncation nodul e i s corCrgse@d007227

to determ ne an average channel energy of the

plurality of taps, and is fuBpher configured to set to

an insignificant val ue those taps whose energy val ue

is less than a fraction of the average channel energy,

the fraction determ . 5
o udVRegh g TP cEonpife (0o AR M eond 0 estimate
cehiphieonadns Focmetpiayy insfainmg i iphirplitgof f@ERVEapsy st em

t he apparatus conprising: neans for deternm ning a
channel inpul se response having a plurality of taps,

t he cfpann ] S i n
t’%}l O?Ihlgq%{e‘}o BadHRP RS GuRASE- ol PRlth @ Bﬁ/lmputer program

plurality t signals froma received OF
@yfipakd tovdiaets afpovcegsoo cepsfany théetepd comaprising: of taps in
t he channel i npul se response ba

d
Wi t hi determanipg g m(ﬂnp e é@ﬁ@p%ﬁbﬂvg&pz? Bﬁli%lﬁ}/&?ngeps, the channel

15{ ARE S8 ERnEABXed 30 PaifBANS pliRAlitg VTRt kiddald fed@Aneteived OFDM
rpequen y response esti maFe based on the plurality of

yymbokssed taps. 21. The apparatus of claim 20, wherein

t he neans .for, processi e.pl |

conprir8gssigs %egﬂl ra?%’f Of%ﬁ% téh a’%hlg i gl Blgﬁle E%P@%%%??@“SP aged s ° data
h8dEwikiadRs OFIIM e¢nbeing gbndiats agplualityhd priadessedvaps; aiRD.

The apparatus of claim 20, wherein the neans

for .
pr oc eZSETRgNE He B ficayensy Fase SHpnpcedessd fisafie plgrality of

{ng the plurality of taps based at least in
I%}Jfalq)éef%gonagé'thr eshol d val ue dependent on the data node.

23. The apparatus of claim 20 further conprising:

means_for phase rotati the. plurali.t f oce .
t aps %{) ge g{nép\.gerpqegq?a%ﬂq Wdlg‘fn ?fﬁqlg{fﬁ%&tfgﬁé@ SSRfESed to direct
@egmégs%ub gé}fbrmﬁ@ae{)@eon%mﬁ{gat ing the channel
requency response estinate conprises neans for
f r equenplingtistdred OFDMsypbelial ity of rotated taps.

24. Conputer readabl e, nedi um i r
A S
the s{@RSLEOH Shlaalitydesferpiiodi Bignalscfesmelthd nivedueeacy domain

response having a plurality of taps, the channe
representation.

26.  An Orthogonal Frequency Division Multiplex (OFDM) receiver, the
receiver comprising:

an analog to digital converter (ADC) configured to sample a received OFDM
symbol and generate a plurality of samples;

a transform module configured to transform the plurality of samples to a
plurality of subbands;

a pilot extraction module configured to extract a plurality of pilot subbands from
the plurality of subbands;

a mode dependent processing portion configured to process the plurality of
subbands based on a mode of a received data subband to generate a processed channel

impulse response;



I mpul se response based in part on a plurality of pilot
signals froma received OFDM synbol ; processing the
wol2oealosasy of taps in the channel inpul se respeasas2006/007227
based on a data node within the OFDM synbol to
generate a plurality of procé8sed taps; and generating
a channel frequency response estimate based on the
plurality of processed taps. 25. The conputer readable
medi Ymyohuenb Rl tfndfbrm| WddiR! c@iiéd 99718€ heddidep&ddehd Processing
processor to performthe steps conprising: sanpling
potienr emdiguedt CFDMBymbdhe pogensesedt ¢hagnel fpidpgeresyonse to a final

omajn representatiagn from.the sanples; and extracting
el e Ry 5B RORAE BHal s £ rom the 1requency

donaiyRehRANRER RbA5188d t2femdAinl ¥ tHeosivdd EHtLs1daRY based on the
Di vision Multiplex (OFDM receiver, the receiver

fiehghengsl dgpqueneyappootp esidiegi t al converter (ADC)
configured to sanple a received OFDM synbol and
generate a plurality of sanples; a transform nodul e
configured to transformthe plurality of sanples to a
plurality of subbands; a pilot extraction nodul e
configured to extract a plurality of pilot subbands
fromthe plurality of subbands; a node dependent
processing portion configured to process the plurality
of subbands based on a nobde of a received data subband
to generate a processed channel inpul se response;a
frequency transform nodul e coupled to the node
dependent processing portion configured to transform

t he processed channel inpulse response to a fina
channel frequency response estinmate; and a denodul at or
configured to denodul ate the received data subband
based on the final channel frequency response

esti mat e.



