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frequencies. “These channels are sometimes called subbands or subcarriers. The

technology was first conceived during research into minimizing interference among
channels near each other in frequency. In some respects, OFDM is similar to
conventional frequency-division multiplexing (FDM). The difference lies in the way in
which the signals are modulated and demodulated. Generally, priority is given to
minimizing the interference, or crosstalk, among the channels and symbols comprising
the data stream.

[0004] In one area, OFDM has also been used in European digital audio broadcast
services. The technology lends itself to digital television, and is being considered as a
method of obtaining high-speed digital data transmission over conventional telephone
lines. It is also used in wireless local area networks. Orthogonal Frequency Division
Multiplexing can be considered an FDM modulation technique for transmitting large
amounts of digital data over a radio wave where OFDM operates by splitting a radio
signal into multiple smaller sub-signals or sub-carriers that are then transmitted
simultaneously at different frequencies to the receiver. One advantage of OFDM

technology is that it reduces the amount of crosstalk in signal transmissions where
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SUMMARY
[0006] The following presents a simplified summary of various embodiments in
order to provide a basic understanding of some aspects of the embodiments. This
summary is not an extensive overview. It is not intended to identify key/critical
elements or to delineate the scope of the embodiments disclosed herein. Its sole purpose
is to present some concepts in a simplified form as a prelude to the more detailed

description that is presented later.
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[0009] To the accomplishment of the foregoing and related ends, certain illustrative

P

embodiments are described herein in connection with the following description and the
annexed drawings. These aspects are indicative of various ways in which the

embodiments may be practiced, all of which are intended to be covered.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] Fig. 1 is a schematic block diagram illustrating a wireless communications
network and receiver that performs symbol timing corrections.
[0011] Figs. 2 and 3 illustrate example timing aspects and corrections for a wireless
communications network.
[0012]  Fig. 4 illustrates example time correction considerations for a wireless
Treceiver.

[0013] Fig. 5 illustrates an example data boundary pattern.



for a nulti-carrier system This includes aligning two
or nore synbols with respect to each other froma
W@ y0ubop90881bset in order to account for timng PCT/US2006/008490
di fferences between the synbols. The process then
enpl oys the tim ng di ff erences between the synbols to

chraonize .tinm ng to ope.or re synbol.s.in the.
(084} o1 PisrRatusgtsapmls simulalion G foaBine opottion process
[061¥] €J0FRY 1N dlisGhRt & 6xSple GRNIG! Portdclivs tirdédsy Cfor a wireless
enbodi nents are described hereinin connection with
systeid- f ol | owi ng descri ption and the annexed draw ngs.

se t re_indi ' 0 ' Y&l ich:
1014° e B3 Tc e &' oy SRR Lyl MDY Bt M1 Brctons
systafnended to be covered. BRI EF DESCRI PTI ON OF THE

DRAW NGS [0010] Fig. 1.is a. schematic, bl ock djagram .
1091 Tlust Fige i]r?glsaawg‘f‘%ﬁ@s@fué%?%n% SRPHRLS TREF WSVIECal0q B Wircless
sy ©gei ver that performs symbol timng corrections.

FOOll] Figs. 2 and 3 illustrate exanple tim ng aspects
[0618] coFigedtdi ons dizgram iNustedtimgsarc eramplieclrse otationefonoy kvireless

%[0012] Fig. 4 illustrates exanple time correction
SY&'8Msi derations for a wireless receiver. [0013] Fig. 5
[0019]ust Fas @5 iﬁ@dﬁéﬁfﬂﬁhlﬁstf’a%ﬁlg aRRUAE IV raRadch v orl ORdlbss system.

Figs. 6-9 illustrate exanple sinulation data for a

timng correction process. [0015] Fig. 10 illustrates

an exanple timng correction process for a wireless

system [0016] Fig. 11 is a diagramillustrating

exanpl e network | aDETAIL®D PESOCRIPIIONYst em [ 0017]

Fig. 12 is a diagramillustrati an exanpl.e user . .
(0824 o Syespma ot G SrQded| g)%ﬂgjenp}%n?ﬁ@%cwectwns in a
fofly AR dnlly HE&WoRL.! ﬂ%&%gﬁ%ﬁ@&%&ﬁ&ﬁ ifthotiqs pRyvided for a

W reless system [0019] Fig. 14 is a diagram
miilti-esastierastysten. aFhie xeiples aligring twd ve more symabals methasspect to each

otﬁé/rsl:rce)nq] a 251-{1 Iof' Eu seDtElsncgrldE;r Itcggccount for timing differences between the
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timing to one or more symbols in the symbol subset. In one example, timing
synchronization can be performed in a time filtering module that can be associated with
in a channel estimation block.
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[0021] As used in this application, the terms “component, system,”
“module,” and the like are intended to refer to a computer-related entity, either
hardware, a combination of hardware and software, software, or software in execution.
For example, a component may be, but is not limited to being, a process running on a
processor, a processor, an object, an executable, a thread of execution, a program,
and/or a computer. By way of illustration, both an application running on a
communications device and the device can be a component. One or more components
may reside within a process and/or thread of execution and a component may be
localized on one computer and/or distributed between two or more computers. Also,
these components can execute from various computer readable media having various

data structures stored thereon. The components may communicate over local and/or

remote processes such as in accordance with a signal having one or more data packets
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[0024] In one aspect, a multi-carrier communication system 100 is considered where
frequency domain multiplexed (FDM) pilots placed within transmitted symbols are used
for channel estimation. In this system, with FDM pilot staggering, several successive
received symbols 130 can be used to extract more information about the propagation
channel (obtaining longer channel estimates). In one example, this can be performed in
the time filtering module 150 of the channel estimation block 160 via the alignment
component 140. Since timing corrections can be performed concurrently with this

process, the alignment component facilitates that different OFDM symbol timings that
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different combinations of adjustments could occur where one symbol’s time was either
held or adjusted in view of the other two symbol members in the subset 130. For
example, a second symbol may have its timing corrected in view of a first symbols time
and a third symbols time. In another example, symbol one may be adjusted in view of
symbols two and three and so forth. As can be appreciated, different numbered symbol

subsets 130 and timing corrections may be employed.

[0026] Timing synchronization in multi-carrier systems includes determining the
correct position of an FFT sampling window used for demodulating OFDM symbols.
Assuming that the equivalent channel between the transmitter and the receiver is

characterized by a delay spread shorter than the length of the cyclic prefix embedded at
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three observations may produce a distorted result. The remedy is to apply the
appropriate transformation on the two previous channel estimates when timing offset is

nonzero, so as to keep them aligned with the present one.

[0028] The following provides some introductory mathematical discussion for more
detailed observations that are presented below.. The k" received OFDM symbol in the
frequency domain can be written as:

Y (k) =H(k) +w(k) =W, , h(k) +w(k)
Equation 1

where



synbols two and three and so forth. As can be

appreci ated, different nunbered synbol subsets 130 and
W@ 20960gp08%r r ect i ons maybe enpl oyed. [0026] Ti nP@IyUS2006/008490

synchroni zation in nulti-carrier systens includes

determ ning the correct posi8ti on of an FFT sanpling

W ndow used for denoduyl erboI . sum

that the feduihg a}u@?hereﬁgﬁfﬁ g‘B‘é’ESwé‘é‘i P&Q@ﬁ%@%ﬂlﬂt@s

and the réd@ieddy tharesei¥etact eri zed by a deI ay spread

short g ttﬁ‘é‘e‘{)ecttcrfg *%%% qfﬂ%l%hcﬁ‘céﬂdcﬂlerrﬁﬁée %'mg%mplex

atthe g}nnl ng o I'sS possible

avoi d t h&aypsdasyibyasasedis of i ntersynbol

interference JS conti.ngent upon t .

2bi 11y e mRRX ce.lég}ﬂ PO atuRik s dE Bt Hirfmotrix

position fromtﬁ ﬁ/stream of data. An optinum
|s]\ét r

pOSIWI oanngLegg pl acenent (also referred to as
symbol” sanpl i ng ting fromthe first sanple

after the cyclic prefj ystens, information
about ti r‘ﬂl??ée]g%@ﬁrt@ﬁ rﬂ‘é‘iﬂ?e&iﬁg@%’\i’l extracted fromthe
channel &gl | Rl ax R m@ﬁ prgﬁi‘a%ﬂhﬂ%d%ﬁmthe hel p

of pilot tones, ng SO m nary know edge about

t he (S, &@I | ng position. The choice of channel
estlﬁ[glte gllt(dgd synchroni zation is notivated by the

obser vat ivHerd hat ?J‘)fh@frfaéeﬁedl @)ﬂbh esyRdsei t etn@fgyof Withe tid-Tbove

wi ndow us for”channel esti on, res
appr opr i éﬁgn@ﬁ’?? bsfeats)ﬁéo @%ettg!ﬁataﬁl Cha]"?ﬂ?r 18? 3{16%% carrier in the
esti mat i AP domain satisligeneral |y equival ent to
estinptin zthe sanmpling offset. In nmany OFDM systens,
the ¥ rrF chrom zation bl ock uses the channel

estimate obt ai ned from previ ous data synbols to

calculate drift fromthe ideal sanpling position and

lieg thi t [

OB r Bl Plibi ib s St B MRS 0! Srarbiahy <P

Howeveel 1bh@dr ahdmieb eéstindate pa[rngSﬁera:libanmﬁirsd oforl eigffine upiming
to twice the cyclic prefix or nore. This

be., .
sya@ﬁplél%ttprby whileqrowiding s langer chaneel gshmate R ptianing the FFT
ovclaljoI Iﬁ%gﬂﬁih fRUcs eﬁtteﬂ rE‘ﬁelfggl Lid \})the'étﬂ?g %ﬁeéc\éﬁinogz@here the

ch conbi nes t he channel “0bservations  from at | east
chiaimaé daca mshwwpraaé I%Eﬂ\/ﬂhaly mmcbwhc Iprefm;l efo gm&rab @leagﬂ channel
|.onger chann esti

AGPRTRBRFL 1 0 (RS, e PR AATHOLSY, PP iesrle OFDM
syhﬂféls @en Oz__pﬁfo@ crfef ﬁ{dlé"é@ QW Ehddged PP biRessCOFDMBYthbBdls. For

the next nbol , the correspondi ng channel
simplicity, it can be assumed a two symbol staggering pattern: e.g., for one example

FLO system with 96 guard carriers, the pilot carrier indices are {50,58,...,4042} in the
even symbols and {54,62,...,4046} in the odd symbols. More generally, if the

uniformly spaced pilot carriers are of the form %n+no in the even symbols, they

would be —A—rn + 1y + N in the odd symbols.
P 2P

[0030] With such staggering, an estimate can be received of up to a length 2P by
using the pilot observations from at least two neighboring OFDM symbols.

Specifically, assume a channel with 2P time domain taps (and set 7, =2). Then:



observation will not be aligned with the two previous
channel observations (since those resulted in a

we banngdosest i mat e not aligned with zero). ThusPCT/li82006/008490
conmbi nation of these three observati ons nmay produce a
distorted result. The renmedy’is to apply the
appropri at ransfog )b of} the twg_preyi ous channel
estlp]aF o h)r‘lp’r’1‘7gﬁ$@f)‘1&s%el{}> pez’e#»& B0 as to keep
t hem &l gne OWIt the presen ohe [0028] The
follow ng provides sopp intr dug,t,pory,,,rrat hemat i cal
di scussi on %\r;,(gpyﬁedet Al l(em) |eDseivations that are
present ed - 'f'ecei ved OFDM synmbol in the
frequency dgnain can be \NI‘I tten g@s: Equation 1 where P
is the nucrbg\lh@kp}; flrey Sy ,aRflePViSgphe nunber
of channel ps assufé the redeiver. the vectors
Y,H w are of | ength P and the noise wis white conpl ex
Gaus¥fileh with variance JVO . the matrix WP is the PxD
submatri x of the whornalized DFT matri x where Vis the
total nunber of subcarriers. the vector h(k) is of
l ength D and nor mal Lﬁﬂﬁwﬂﬂ_ﬁﬁﬂ where Ep is the
r ecefiy € PR dfAbiDeener gy Wth the above

definitions, It is easy to see thlat th:z_ghannel val ue
at each car n.the frequ c—y”do [ atisfies

[ 0029] Fr mﬂg{&%jf ok thlﬂPfﬁﬁ"éﬁgél dént ¢ hat» Vhea NumdRr
of channel ©aps D P . However, |onger channel

est i Tiaisgtha piogetienatibiys idelkd ¢vetl ah@ bd@}yrhbdlecdr e Wetten as
synchroni zation - while providing a |onger channel

est i Wadh =dHd: él”’i’“f"é%)ﬁglhfxﬁé(m +W|(i’>JQ)ow to maxin ze
t he coIIected ene th scenari os

wver S D TErmas | 1o BF o mp oDl a3k Hnan the

Equ¥Gdnl2C Prefix. To generate a |onger channel estimate,
one aspect is to sta ger the pilots in frequency

across successi synbol s ize, st pilot carrier
i ndivwsge & e & eﬂ n s@:%é@g gef OF BV sy mhblstuaPond “excess”
1=0

refer to taps that correspond to / =0,...,P~1 and [ =P,...,2P 1.

[0031] To determine an estimate of the channel from the observations in Equation 2,

one step is to use the least-squares criterion:
h(2k) = AW Y (2K)
b2k +1) = A7 WY (2K +1)

Equation 3

[0032]  The estimates above include actual and excess components. One possible

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

froenat _ B(2K) + B QK +1)
2
h(2k)-h(2k +1)
—2j

]’iaxcess

[0033] However, this is a special case of a more general operation where the time-

domain estimates in Equation 3 (obtained every OFDM symbol) are averaged across



sinplicity, it can be assumed a two synbol staggering

pattern: e.g., for one exanple FLO systemw th 96
wWQ@aeaowss ri ers, the pilot carrier indices areP§BUS2006/008490

0,58,..., 4042} in the even lgyn‘ool s and {5_4, 62,...,

4046} in the odd synbols. Mre generally, if the JV
multiplcCORDM syoaosiel Thlsoit (k26 SRS 8ot chEnlc Ll Timo.

| n. the even synbols, they JV JV would be -n+nn -1
ﬁltel‘?é‘gc?&aﬁ%eyl?ﬁs&@ed pndiyiupliy 50 eaphttime-dehaint aggepiragly, aAd the

LRt r [ f to | engt h 2P by using

re e AL | R PP et € el g i o
OFDM synbol s. Specifically, assume a channel with 2P

time domaiyn,taps (and set n0 =2). Then:while Thus, the

il ,@bs s Jyh the even and odd synbol s can be
\Rﬁiﬁ}(e _ag%g’??lonﬁb and "actual" and "excess" refer
60 t aps t hat' correspond to / O...,P-1 and | =P,.
[0.3.4,]2P-Wh‘?1'e[ do3md T, detcetld memzher esf imatc@uefl BhE causal taps,

channel fromthe observations in Equation 2, one step
requct{vsfyu Jeisnpied gt due tpsirgsering,iit mey ant begmsaibleowo fBter the pilots

. . i.ncl ud t ual .,and excess .
b eyt AR B G RS p e oo frngpmain. In
+ othehawonds,, thessridemtlebs-sqiH03S&tintiave vad tinfeDfiBerin® Iﬁ)sggﬁgc%aﬁhot be

. nmore general operation where the tine _
mt%gﬁ?eﬂ%g{‘-egf% ﬁﬁaligJ £0¢f6pients ( hi apraeide ey brge-CRMdtsyerbghih due to

[ nbols. This is the
ool YRR afoL Bt romrmiels otk Mivek tho urront eymbol (educing
ildt j [ Henka 3 Lol Vi I for each . .
pﬂ?ji ﬁid()flodlrrglr lﬁ%gﬁa?e par at gﬁ}?@ﬂ%ﬁ%&%ﬁ gsl (Itr%‘(dﬁlé Mg Ry fration

noigg). ¢ &jyrther tasaHiusorBIVl abpwiobinee (g dstimatey dﬁ)E@%ﬁoﬂeS fincludes
i ere N - and.Nb, are the nunber o
oM ARGy M o Bl B S onbte v
to supptess dhie coatrivueigqelsivadl. Prior T8 Y¥inkOkl %:’BP ﬁ{eb%}ﬁﬁha estimates
filter the pilots in the frequency donain, an ence
from, sexerpl ?W@}qrffh gt 1 Jpexians toremsurenthahide chammeli estimates 4ra ahgr:jed in
.ot . . . east -.squares estilmatl on an
tlmt@.i ﬁngé_’f%op‘lgfvg% dﬁé&g%@é ?g“["i/&% an E%Qm%lg W means to determine and perform
such timing alignment for channel estimates collected from several symbols prior to

time filtering.

[0035] Figs. 2-3 and the accompanying discussion provide various examples of how
timing corrections can be performed in an OFDM system. It can be assumed that an

actual composite channel is limited to M taps in time domain, namely
M-1
H(z)=) h(m)z™ (1)
m=0

[0036] Also, in the following, bold face letters denote matrices and vectors. Symbol
Wy is reserved for a K x K DFT matrix and Ix for a size-K identity matrix. If H(z) is a
channel transfer function defined in (1), then use H[k] to denote its k&th DFT coefficient
(0<k<K-1), defined as

H[K]=S e ™% 2

=0



i nterchanged. The filter coefficients {an} provide a
trade-of f between gain due to collecting additional

w@erdioen9wser gy from synbol s other than the currBeCL/US2006/008490
synbol (reducing pilot noise), and | oss due to channel
vari ation across synbol S (ré&uci ng tinme variation

100317 Tt A0 R e Bl R O e PR B b GRS fomainypbanmel
gCasthe d@kiay tonedPRINGRtR, thd@intdns®n fof tHeFovgiee frhnsFb@f) &S should

can be used to suppress this contribution as well.
alppysdhe appateptigomithe eqnterd. of the channel estimtes from

DR i ORS00 St VRS (b5 s

sadipbing s the piranneldebseavatlenanmeoldér e atudly t thesbe t#E01s, Nderive the
and perform such timng alignnent for channel

chaupsl Rhserations) based o1 p ﬁﬁss@vértarla@y%er § %S dr When (thediming
alfghtdefif {sNRrfebO %@1‘?%}1 Fififinelds Bf qgl‘%t)}f BPANYHB8 (here N is the
i scussi‘on pfovi de various exa ow tinin éh
moaber of suboasiecsy R 1bﬁlepmrrim pepilats). armﬁam system It can
be assuned th c uaI onpasi_te channel is limted
toMtapsrntlmsHQ nan®(8) [0036] Also, in the
foll ow ng, boll|d ]‘fq"q}a Iette spAanot e matri ces and
vectors. Symbol W:i's ey ed:forj-a K x K DFT matrix
and I Kfor a sigz ;\(Jnﬂntlt tr . If Hz) is a
channel transf [ ion d in (1) t hen use
Hgk]] tq denote its i DFT coeffl cr ent 1), defined
[09391003 $oneeninting goechanpgl abies foncy @H?fsm(@)acw rfex Bord= P -1
L@sthe frequency-domai n channel gains on the carrier
y1
tones. .In general, the dinension of the Fourier
transform K, shoul d_al $ be appargnt] fromthg,ra
cont ext . [0038]5r ﬁl+txﬂreW§ b(w ngP scr"Jpﬂlor’Y -econki @
the effects of m spl aced s=yrrbol sanpling on the

NG B R B St Pt eBhh A I L e Ehigfel esponse

witRin@hd AR Qlids bil. Referfing toRN2 tN@abrafl 70 1§Eﬂtﬂ:[bg%[§ht bﬁas blns for
perfect, but the channel is of Iéngth M =N = 8

cheresleofiensthife 4096b diedmopseraricetien torms in (Nerna abesequence

[ an 0 ent I n
AL S NN R -
tajs, yidtldesults in alias terms. It is apparent from (3) that considering just a single
interlace, it is not possible to identify channels of length M > P, due to this aliasing.
This fact serves as a motivation for pilot staggering technique. Collecting equations (3)

for different values of 1, a matrix equality is provided

H[a] 1(0)
" [8:“"] WA SWoA, - e"””%aw,,Aa]- h(;l) . (4
H[8(P-1)+a] (N -1)

. A —j2n2E . .
with A, =diag,,,.,,q¢ " r- One conclusion is that each channel observation of the
form (4) consists not only of the channel samples contained in the zeroth alias bin, with
the appropriate phase corrections, but is a superposition of contents from all alias bins.

Following a similar notation as above, denote the vector on the left-hand side of (4) by



Note that the summation in brackets represents the

P-poi nt DFT of the channel response within the rth
w@bioasodoss. Referring to Fig. 2, a di agram 200PCT/US2006/008490

identifies eight alias bins for channel s of length N =

4096. The two phase correctidén terns in (3) are a

v© uenc |der|n n ero i.nterlace,

Vel SRSy debfits SRS P itnd: YA BR e R collected
andtuBeripeaetlotds thacﬁds?&ldﬁ@meﬂabé i s apparent from (3)

t hat considerin a single interlace, it is not
[084si bilworecasadhe Himjngsyashienigaiign 1sets@mdm> bpperdens, thus there is

S f S [

nd 51‘:11% %ﬂhte gggg%l %s-{lilr azec h]%%tth&%oéo ltl% ?sﬁrnr{ggPeélqcu %%ﬂeg :1}8{"3§3 response
atf2:ﬂ0 off Figer2epthrty ahﬂEB(OOfpohtloﬁedTat plase @)Xl shbymi & 210 of Fig. 2.

SR b o SRRyt B S 63 g
it g%fu}] bB %oﬁﬂﬁaggledhatsﬁﬁ%%ﬁle‘f gﬂéeﬁ{reﬂﬁ)ﬂ Y” *I:%né‘s?tk Urh bﬂé 0and 1

e appropriate phase co? ctlons bu
omyp€hyn &i thisadeabicaseppiekist s from all al i as bins.
Following a simlar notation as above, denote the
vector on the left-hand 5|%§ of (d@ (n), wher e
i ndex n denotes the tine ?ance ch t he

observation cted a upsey enjot t he

correspon?ﬂ«t(ﬂé %rie(@s" 8’8 O] Inﬂc@tﬂgase (gfh

timng synchronization is assumsd to be perfect, thus
there is no drift inthe nnel hi ot her

words, the estimted chan (2@ ﬂr%ﬁul sé’ ?P& nse at 200

Fi 9D ce Q. as

10851 e I et B Bleis P SHYRE Bloukl A Rehiaeilpy matw

t he maxi num del a gmread corresponds to 1024 sanpl e,
andithe seropd Fotspe bwi@@ tthetightkand admisl (Sbbg@mﬁatha&wﬁe a *h,(n).

n)_. consi sts of alj bins 0 and only. Thus, in this
Tl%f‘a%:fare e %Iglefmfféﬁ%ﬁ aé%’o@@iﬁl] bepesiaaiedh fpmeWPeeansecusive phgervations
whid sitotfodcd d@gnﬁéﬂd&@zsﬁ@@a@' at instance n by ha(") and

t he secon aps ) a@z) the right-hand side in (5)
beconmes Ther gf orel)+ghbmnel s of y.dngth-gfrngan be

est i mat edﬂff‘rom ) conse@ﬂ@il\leﬁzm_atjﬁgs when
pilots occupy interlaces 2 and 6 as Z“Ith S operation,

TigB | opeLXio8NdRY Ouerndetinsvee BRBSEmHEYIGe WDSEYMaink Os Heltbr noise
better noise averaging, is inplenented in a so-called

AVEESINEa i Hnplemsated I peso-Galed motsarsal digng filtemwhich operates in the

channel estimation block. In the following, a description is provided how these
observations and thus the channel estimate are affected by timing synchronization

CITOoIS.,

[0042]  The channel estimate h= [haThf ]T at time # is calculated from observations

Yu(n-1)y,,(n), ¥,,(n) and y, (n+1). Based on h, the data mode time tracking

(DMTT) unit calculates the correct sampling position for the next OFDM symbol.
Consider that the result of the timing synchronization suggests that the sampling
position needs to be changed. This implies that inaccurate sampling was used to obtain
the previous channel observations. In the following, the resulting impairments are

described.



channel estimation block, hi the followng, a
description is provided how t hese observations and

W@ baos/099088 channel estimate are affected by ti mP@IyUS2006/008490
synchroni zation errors. at tinme nis calculated from
observations ase on " the data node tinme tracking

g s SR et olS g §Eors ARLopVRER pispftp wrong

Fthemubw PAEitRMEC [WinBbw biifion $ U Q86 iSrdidtadd tohe aAyRLmPBrg and
posi tion needs to be changed. This inplies that

leadn de eudcdayed chapndl egtimets—sBewn tab 248t dNofe tthat iprthigicgepsa total of
. i Qn 0 t ing
o AReuPS S bl ool gl G0y Sty 4 BRI ! ipterea
chfparb oidegvatiol Ng errors are shown which result in wong
FFT wi ndow positjions. W ndow positi on 1 at 230 is _
referred to as eprly sanplj Rgr% _Ie)tads to a del ayet
channel estimatet shogn at “#40. re’ ha};e‘{?‘ﬁ;;;(bps_xgav
a total of three|con ecutlvezn%g)a ins contain
channel taps, wh|ch Ds ref§ect®d TH" h '&Fi;g de+1
channel observat|jon [0044] Sim.Jarly, I n the case
| ate sanpling (W ndow posi ti on '2 at 250), an: advanced

e
(¢]

channel es] bserved., i s supposed: to st art
from sarer y)r(as nd eﬁd at 2f - §(h(1Hel/}ever _stf. ©
insertion of cyc|ich@@efix in GFDM systéﬁs nrs

linear to circul fr convolut+@hssh@2é eqU|vw4uﬂ
channel estimate|{is shown at 260 gain, three
circul arly-conseg &IVG ghlas bins are occupi ed: bing
7, 0 and 1. The re§b dlng channel observation i$
now The time trafking uni t - s1ppo ﬁg to calrect the
sanpling instances for t i fu#i?e ols, but in

ur.e uni nterr rfo ance of ..t h
10 STt R Pl ST CREEE il 7 ot 250), am
adPfrRét @Hsnreh esm@{te RhoesEvat. i IoiSu ?p&eﬂ@o bert Woa0send100401d end at
The sequence of operations F or ned B/ t he channe]

2R-gt iHRWSVSH siied tnmyeripwekeyclis P in QDM sters tagsforms linear
to%&d]fagyckgg@gﬁﬁﬁg{@%ﬁﬁglegy%ﬂ%ghﬁ%§t@9§99 al;ogggaezs\f)awgqné three
cimhhtﬂlyeionmtwmfahadﬁ’bms -a2¢ oceupial: ihaTe0. andlt 11 hT]se paiesponding

d dul atiqQn block can start operating on symbol n -
?ngservat}on(}s now P 9 y

h(x) +e_j2”%h (P+x) +0
" & +0
h(x+1) +e~ﬂﬂ8h(P+x+1)
(Iate) (n) _ h (P _1) _jom ) +0 . (7)
np) te h(2P-1) e (o)
+0 .
h(P+x—1 : _jele
_ Pty 0 R

The time tracking unit is supposed to correct the sampling instances for the future
symbols, but in order to assure uninterrupted performance of the channel estimation

time filter, the distortions in previous channel observations are to be undone.



Concurrently, DMIT unit observes h(n - 2) and, based
on the algorithmfor timng synchronization, estinates
W b@eiymBe sanpling position for the next synbPCT/82086/008490
1). [0046] Suppose that a ngﬂzero sanpling of fset was
detected at this nonent, a sanpling correction
uld ed- t ) gram 30
[Oﬁﬂﬁs S|T§?15 Jrléeg(gfe0 ;%ra?%ﬁyg%r (girnegpj? fdg ?%a:@eldeb“u 39811 and DMTT

bloeksaisi shovaf at BO0Ci @t 3chdafal ®stied@itdnadt symbol n, channel
correction of the previaqus channel observations
obgprvabens o §YIB]P°1§énés A2 3pd nrd gipeady and ehagpel astiate iz -2) is

caﬂ:fu% At VRS ﬁ%teﬁtdgﬁoﬁﬁﬂa%ﬂr Block ¢ ’stahh r%@ lﬁqiggﬁﬁol n-2.

olsint I at e past has been :
Camurrelstbo @Mﬁouﬁd@bs&w@i bn 22) hind,ebasediont the sﬂgcmﬂng for timing

rrection e s not. affect th co i.on of
syeHoR Rt PR e SR gpsifion BT R grBLoL P o
[OOJIlger V8h 1%%5, tﬁz[t %rﬁcﬁﬁ%oéaﬁlpﬁng off@et]wﬁ%té'bted'@cﬁﬁ%’m&ﬁent ie,a
|f|ca i ons need to be applied for denpdul ati on data

sampéing symmmlon whauld pepplipd: th symbsl 7 O Bke herdiagramci9n Adiis signal

A0S 0P KR L Bt 0SB e

cortist oﬁthﬁpfbgmu\sﬁ@hhlﬁley 6lfhervhiloﬁl dWYth()ﬂt lagseofpepdialityy assume that
corrupted. However, the channel estimate h(n) that is

a @SFFEM? cdfselor wotrdsteciedsho MM hnieh thaesampking Efyseals in the

1%&@%?%& %Eﬁt %@%Eéég%r & hf%&b é@glrs] tQ %ﬁeo éﬂF%n% S N?)% thqpfﬁg timing
cogrcpieon anplied dbss ridiaffacthhe egmﬂnnhtlcamf thén ehanhalmsefnate for symbol n-

&%ﬁb‘e L m%%ét@bﬁ%ﬁgtgnas&gogpt 2 € dzs f@rg{j Inaﬁz,fqo 3 iEcations
nedB Rb itR%appled 5 HImbeuI MRICHath fﬁ%n§ ¥{aeb1 AJ1MDMING 4é rﬁeJct) OFDM
and éﬁmn) to generate h(n). [0047] During the next OFDM

anttch ghseayations 2w msand oy +1y gue-wispd émenlglate 2(n). Note

thv\ﬂ Oy(ld ﬁfé oS oj}qalhg% t%\g&lfe p%m%te%thﬁpcrﬂg?%ie f@ 15{?’8@/ y%)wﬁrﬁgprobably
cotptdde ol 186 chirdel bstindié Oiyhy (hatis) consphtémﬁtr syfoBd1 3 should
andgﬁemz arrive with the sane timng whi

mafch itRedmigia Windowi ysed fensannling the i sysmol.t ﬁ%théﬂwéﬁzﬁ)é done, there
wgﬁ%éu F’gﬁ Enemgl(:ﬂ Hetwd ézﬁ tﬁg Qﬁ"m‘iﬁ d%lﬁso e;&;%ﬁggééld%f‘%}% GRe lsg'mbd)l 0and the

ensure rres th
clfannelw@tmﬁhi)e h(iheeretaed fo teavida ghe datn é theonth @FDM bﬁnbol Hence,

axpRopsi sasrogHiy WL Eheles 1o b e Tty Syprbof Biting of y(n-1)

and y(n) to generate h(n).

[0047] During the next OFDM symbol, channel observations y(n), y(n+1) and
y(n+2) will be used to generate the channel estimate h(n+1) to demodulate data from
y(n+1). Note that new timing has been applied starting from y(n+1), so that y(n+1) and
y(n+2) arrive with the same timing while y(n) arrives with a different timing. Since, the
channel estimate h(n+1) is generated to demodulate y(n+1), it should be ensured that
h(n+1) carries the timing used for y(n+1). Therefore, timing corrections will be applied
~ to y(n) to match the timing of y(n+1) and y(n+2) to generate h(n+1). In this manner, it
is assumed that the channel estimates from A(n +2) on are aligned with zero, until the
next channel drift causes DMTT unit to react. The nature of the timing corrections to be
applied along with the operations involved for relative early and late sampling of

OFDM symbols is presented below.



Is assuned that the channel estimates fromh(n +2) on
are aligned with zero, until the next channel drift
W@ 2s090BMIT unit to react. The nature of the PCTHUSIP06/008490
corrections to be applied along with the operations
i nvol ved for relative earlyl3nd | ate sanpling of OFDM

resent d.bel o 8] A t.ransfar i on .
ok 1 & trRaBERAGE Pistloi St Ay % FEE By PO Ving matices
(a‘%&te‘éﬁﬁa;ﬁlo@ﬁﬁ&la@élﬂﬂﬁf&ﬂd\ﬁh jnterlace in the

| ow ng) early sanpling correction |late sanpling

correctl on: [0049] Note that earl|ysanplirg..cqarrection

by x sanskdy sanplingdoprecions pa@) & szl ement ed |k Vi(r$it (8)

performing a cyclic right shift X -BanPlesyan y riy

(n) and then j 2pa multiplying the first x san‘pl es

(those that spill over) by e 8 | Simlarkg

sanpl i ng latesaeplingrerteptisn:s ypi) e Oormr-y' t% (n)I aﬁ”’e’[(e) ®

i mpl enented by first performng|alcycli8eLeft|shift of

x samples ony ' e (n) and then nmultiplying the |ast x
[0849]p| eBlo(d tios @atlyadanyyling correctim dbyer satples dh .y T0@%B] easily

These transfornmati ons anount to a sinple cyclic-shift
infpdrh@werbpfirsa pednsiiagt oyoliplight shift bf plstmples on APP(i)eshd then

on a portion of sanples. The sequence of operations is

sunmari zed in the follown . | f theZsffset provided
s DR s Ghosottataiflgverby &by e sampiing

Start he sa I|n 21 1 he. next
cogrgﬁ*b% ¥ spaples 68 I @%ﬂ@ﬁ Shhlsrea Ihftrf?mn% dpyetic lef
n+l, cycl, hift the f e chan
i Sh R amP Ao r!oén@ 4 sher,pultindying i g X SEbiEr gheseafhat spill
appl y the early sanpling correction as given in
\Eg Ura“8 above. To obtain channel estimate h(n+2)
r-’s

yrrbo[ n+2, cyclically-shift the previous channel
[0058Jer v dhiesertangfonmatidds amouxt wangiingk dyoli¢-kiefil feflowedibiyla constant

c%%ﬁl yrnéti}e e S cll Ioﬂ% p%%rlgnegg sla%r})léass ’H{evseeauén%e of operations is
summarized in the followmg.
1. If the offset provided by the DMTT unit is x > 0 during OFDM symbol (n-+1)

e Start the sampling of the next OFDM symbol, n+2, by x samples late.

e To obtain channel estimate h(n+1) for symbol n+1, cyclically shift the future
channel observations from y(n+2) by x samples to the right and apply the early
sampling correction as given in Equation 8 above.

e To obtain channel estimate h(n+2) for symbol n+2, cyclically-shift the previous
channel observations y(n + 1) by x samples to the left, and apply the late
sampling correction as given in Equation 9 above.

2. Else, if the offset provided by the DMTT unit is x < 0

e Start the sampling of the next OFDM symbol, n+2, by x samples early.

e To obtain channel estimate h(n+1) for symbol n+l1, cyclically shift the future
channel observations from y(n+2) by x samples to the left and apply the late

sampling correction as given in Equation 9 above.



2. Else, if the offset provided by the DMIT unit is X

<0 Start the sanpling of the next OFDM synbol, n+2,
Wh00k/0988Pl es early. To obtain channel esti nmaPEI/H$2086/)08490

for synbol n+l, cyclically sigl ft the future channel

observations fromy(n+2) by sanples to the left and

ERuate B Shsged e g BE Bramien arhrdrebhitit she previous
for Rl obddraticiéCl(h Gall) Yy Shidnipled @ HeeNERUaneE BaMYahe early
observations y(n + 1) by x sanples to the right, "and
app| spphiag serrégiios apgiven i Baratieaiabavas gi ven in
ti ) 5 . . . t
OBSHISL 3R BERE bR DB SRR P R g

offone-assal titienBitdri Witk onwirioh-canel ney)-tha tischhiqua@isculed is quite
t echni que discussed i.s quite %eneral in scope and_can
I

geperab iy seope i dg spgilt pxended e dime filtghol anshisnath. Jmthe above

& il '
RIRISRVE SSPRSRed it Y75 ot SRUBATTREG I, aftiohcOREeds to be
alignedwithéhoother sysybolio Irsa nloire general easpe ald theel syodbsls, praddssed by the

e SRS B PR e AR BB AR @i sbove
cohBépt a3T0NEIyCRRGRBRE Al 18RI dathpHalRblresiANdill M@ SABRlcA%0 each

correction wil'l then be applied to each synbol with an
syavogl et agiaygandny gives Wbfheeeqrnsponding fiming) ofkdts &n partigular, it
e ' r the. tinmn f .
B Uy SRS 18 B0V ST 3 i TR posssing
shetildumeichahe Hmidpeuded No gendiste dhd sangdeefoatiee OFBM 3pfab6ISthat is to
for the OFDM synbol that is to be decoded. [0052] At
bg _‘)@Wd of the above set of operations, the channel
[0853] MelgSmBr&dadd ! HgNedet Bf toh@i%ti&%, eRARLS el WRimates are all
fil'tering of the tinme domal n channel "esti nates.
aliknsdim tigetit apabihieme filtsring obthe dimse dwhay chpmehebtifiatas. Assuming

it B2 S0 Lhtay Pt B, G o h e B e <hannel s
ettt 28 P tdpROheloskindth chatdel BiniAfoRTak Be BAPRIE L1 ME

correction considerations 400. At 410, tine
[0853]r ecthipnd idustraten psictemple time vomwctisn ¢ansiderations 480. At 410,

tirglé( Cc?o%?ecg?ﬁsg re® Q([)I?s?cgerécp b I \?;Qn% tli?ct?egﬁayg)g geléig?'sp E(%rlaya spread for

ven se co-eftrciéents

trRRIA®E sHlR1neIFoest LiveY istNo £ B8LefiRidHtY ¢a, }b,ySNR loss from perfect

channel estimation can be given by:

2
SNR,OSS=1010g[1+§i—£-2—2af[1+SN; )+(1+SNReff)(o-—;‘— ﬂ dB

P

Equation 4

[0054] It can be assumed that sampling (D =P) and E, denotes the data symbol

energy. The parameters » and o, are related to the time-filter coefficients and
variation of the channel across symbols:
N,-1 N,~1

r= Z a R(n) and o} = Z a.o,R(n—n")

n=-N; nn'=—N '



Equation 4 [0054] It can be assuned that sanpling (D

=P) and Ed denotes the data synbol energy. The
w@a0oan0et0es s r and s\ are related to the tine-fPCT/E82006/008490

coefficients and variation ?% t he channel across

synbol s: [ 0055] where R() is*the correlation function

BB, o i B OO Ty e
. 6l S [
noBFRUSEs{ BESHIRRY e OBFEI il 1pL85R] i poope

SNR as: [0057] where s ci can b e derived
ﬂ%ﬁé& I{/;”for a given Doppl er spectrum For the Jakes
spectrum a tight upperbound is given by: where 7 . is
the FFT dBtasbf2448¢9 not include the cyclic prefix).
[ 0058] Proceeding to 420 of Fig. 4, non-causal filter
selection is considered. The potential and performance
[0636] cauSAIR EJdBuddsi the effedt tof IChdud ff Depllgr anid it helated anthel actual
estimtes was studied in detail. The filter taps were
SNipas:mi zed using the Robust MVSE approach as well as
generalized |inear regression technique. But, the
anal ytjcal trSNRoff as well as sinmulation results
sho tﬁhﬁtﬁ_m not b e possible to get a
"reasonabl & "&ain over n o tine-filtering, for the
entire range of speeds (up to 120 km hr) and spectral

iciencies,(< 2.bps/.Hz) that are bei t ar get ed
(Of, cntigte” o 5t PELETYE BACHY A £ S HOOPPIPY ST GHE: Jfor the
sing..a L filter... An i nproved trade-off
;hggﬁm d@“ﬁ%@%QFngghgﬁgéggggg%YTIte?pis provi ded. The
use of nore thgn one non-causal tap may b e

prohibitiye L# :(rzrjrrs)?of buffering requirenments, so one
VAR

non- causal *t aps e preferred - however nore than

one can I FFIO E\&I | dob incRRE : P%th

i s enpl oye%frgngiq%ggg to ué(l?d 0 dt’%r@e‘:l caps t?%?};cth%é I
[065§]t er prokRedff 12420 QP'Ff’gS 0 nB8lchiBi @iltbNs3E@ohGs considered. The

channel's, one restriction’is that:[0060] Further, by

posgntiabtany pérfanmnee|ofcemusdl BIR dimefidtering n@y, =0) of the channel
substantially equal weights should be applied for the

espimates avad sfudiadria deRiV Ty fiiet tps Were eptimizihdsng thedRabust MMSE
constr ai ngsﬁﬁ the ch

appypagh s wie gp%ﬁﬁlézggih?lgargr%%rtsgsﬁq{gt%gﬁﬁages. algutf {hletalelzrllytical tradeoff
as well as simulation results showed that it may not be possible to get a “reasonable”
gain over no time-filtering, for the entire range of speeds (up-to 120 km/hr) and spectral
efficiencies (< 2 bps/Hz) that are being targeted currently. These results pointed to the
limitations of using a causal filter.

[0059] An improved trade-off can be made if a non-causal filter is provided. The
use of more than one non-causal tap may be prohibitive in terms of buffering
requirements, so one non-causal tap may be preferred — however more than one can be
employed. For simplicity, one past symbol is employed, giving a total of three taps for

the time filter. To get an unbiased estimate in static channels, one restriction is that:



paraneter - the central tap a0 . Using Equation 4
above, a0 can be varied to provide a trade-off between
W@ @blgoBHss and hi gh-speed | oss. Referring brP&f/Ug2006/008490
Fig. 5 the trade-off with the 4 tap MVBE filter from
to a 3 tap non causal filter is conpared via chart
' uat .
0 g&ﬁFor t e non causg?%htgél}&qzoﬁg} aF‘@S%X%‘S{é?‘% ﬁﬁ) Eg@%ﬂpy equal
weights ishould fbe dpplied for the fasoand Sytdge, ORDIM Ry©BSKESPOLES. Under
tono timefiltering, to (1.25, 1.4), which corresponds
th@ss cnmﬁrangs éhmdlowvecpfth gorf-oausglhfilter ho@éﬁagmhedhﬁ:es for @idosing one
hovvnt[? he non-causal filter js
Fastie:” (6 ot et o ‘é‘{aﬁﬁp BefisCairke Yrisditegrpvide a

BURA BRI
with thicldletap MMVISEUledr ffdrh t®h e ﬁbn—(zﬁt@;allﬁﬁér is %bﬁiﬁﬁreﬂ Wia chart 500,
mnimzes the loss in static _channels and this |oss

at @grp&eﬂln&%pf@%@aﬁ@ Psing ,E@na‘rgqm@d Iom dheyabs-causal filter, the
éilgﬂ\%\fqmerégp gﬁo 1BhveP hflg gg\l\éh\ﬁhﬁﬁf%%esggnds %S %> time-

del ay sprea osl ng

filteobgstn€E35t d. 4&,)(0»&1&31 dmirespoﬁdzr &aﬂavmgtéa@ap et for the three
excess del ay

061 ack to 430 of Fi N ( ..
SRR G5PANT oG AR ghmorsae Tike NS i ernins
at BphRPedds iahd ﬁﬁivﬁ%s%%kﬁ@acﬁ%ffﬁﬂ:ﬁl Ak ICQJ 1 FAESY £ L]nhermore

synbol in the frequency domain tlne omai n channe
it In&b§e‘?§’é§3©ﬁd?0 gnakezll ted tapoof the Honrensd Fittet agsal (tdehB¥ ,since it

m1:n 1tzgketlf%r1§gsrer£hcgta€ aﬁxce?s ggle h‘]éﬁv]los rr%ang'wglﬂg tg?e r@%/nexg in high
spesdathakneds) dHpwewdr, ot shotkral@cneilied B0 6 &bctidiTekbQE deMh §ftead in

the pilots are staggered by four carriers across
cheeringethe tapaw aelmiv, s yerveinsss toisscashdelay spteahimrthethdnnelt he

ure_and past OFDM synbols can be witten as Hence,
W\%ﬁ h RECsoECoAsk AP 48 pf Big 4 erecepreiidlast eonsisigratiens are described.

t
SR (hOTEhEn DS ERE HIRAIP Saiole 3P 312 Bites G OFEME bypfbol in the
freqmmpeimgm tiphe- -Romaianchatied tégsl H@bnd) 61[1’) atias it khief figs 51D taps.
h ctu (2a 0_-1) h cess [0064] is deS|rabIe to
Heges, gg ﬁ"&tpéesteﬂ‘é? hexees dglay spreadrihe Plhﬂmedri "t time+demain channel tap

a@ S G HK actual channel
© one. @Qﬁ@gﬁhk}){?ﬁgéﬁﬂe@@{ ﬁaée tting a0 to 1/2
|nstead of 1/3 . Another issue is how the non-causa

fi 1 tptk) wagtd Ghanfe gy, apians

[0062] Further, when the pilots are staggered by four carriers across successive
OFDM symbols, the observed channel in the future and past OFDM symbols can be

written as

By (e +1) = B (T +1) + RE (k +1)
By (k1) = B (ke —1) + jAE (k —1),1 =O0,..., P—1

Hence, with the non-causal filter, the perfect channel estimate becomes



in the excess channel. However, excess channe

variation is approxi mated as |inear over the three
WGawhod®ss it is evident that any symmetric choPCEUSZ006/008490

taps will elimnate the tinﬁ variation in the excess

channel as well. Fromthe abdve di scussion, a choice

of {0.25, q 5 0.25} for the non-causal taps renoves

t he hym&)¥aﬁ+é{hgm Dn-AUerpttual channel, any

wr ap- ar ound %f “excess del ay” channel taps and any

choosi A" L HUE Tape s naltal ‘oh ehaD k aps i < an |

increase in the static loss from1.25 dB to 1.38 dB,
whlch_Uggﬁﬁwﬂky+?inﬁﬁghWMh@nq_+ha¢¢ agitap filter is

adopted with coeffiZiénts {0 ;5 0 @H 8}25} for
E@&R&Iat i ng coded packet error results in the next

section. [0065] Proceeding to 440 of Fig. 4, energy

consi derations are di scussed for optimzing a

-t i, Ot g d re i scussi.on

o884, B WP RIS il By LSS S BH e a

md@pehﬂﬁlt BF llcobn@mtmier Sﬁ@ngsim Wneeto pove L&sttﬁmeﬂ*s t hat

t he total pllot + data energy is fixed, incredsed

[0p64]ot Ftywbddsirsbiertg\elingiasts the eRedst QIele@fhéU’ifﬂﬁd)utﬁﬁ.t ok dhlerved
(or .| oner pllot noi se), at the expense of | ower data

chappgl gnd Sﬁnnm%%fr%léﬂm% algne) Tifiecambe achienedthyessiting o, to
hos t the trade-off. For a_ static

l@héﬁ‘ﬁi 1r(5 ' ?X'a’a fisspg s g@de@' impzcéwaé@&qewoe& handle time-

vadiRfloddig thé@fc@é’s%ﬂﬁelo%etv&e ek %_ ﬁ%ﬁ@l JGHED Esea%érommated as

ratio is not optimzed is| [ 0066 etermint
ligam oken thei threehsynghody, i it i$ ogilesif that abheyohatesrid ohqnlcda @tf taps will
n as_been. opti.m zed n-cau filte
oI 3 Lo R s s o alle BFaph g oo sedssion, a
chBicgsOf @285 0.3, Ws23}afe? B ABRIcBus] MBps dbBRss thetirfe- %ﬁﬁtﬁa in the
correction process. Sinulation results are presented

acfusf clgnegl any ‘@@?rww ¢%ﬁXéesmel?whmgle taps glfzﬁbm}rfahe-vanatlons in
thgsfefeée gésg @%J . Z?I% 1s%_1eqﬁl%él¥s§r%&1g eré% 85 %pgégan increase

1ncthastalaa¢ loso flein 1/\@5 dBGﬁSlI KBEHB,dwlMchhs &g e ﬁﬁﬂl@hdﬂ BRh6d, athree-tap
dB bel. ow ﬂ%he mai n. ¢l uster and at a delay of 40ns . The

Jor ST adapith Bith fogicionts (4251 P-6nf-28 p dex perieratingrrodedh packet error

lﬁgﬂ@qnﬂ§lﬁ§ﬁ§gﬁ&ﬁlly static and the Rayl ei gh conponents
of the channels are assuned to fade with a speed of 20

[0R6G]hr . Preoeedingy o s, Fige pl atretePEDBsifdrafiddse sreadBcussed for
optimizing a data-to-pilot energy ratio. The preceding discussion assumed that the data
symbol energy is about the same as the pilot symbol energy. Under the constraint that
the total pilot + data energy is fixed, increased pilot symbol energy leads to better
channel estimation (or lower pilot noise), at the expense of lower data symbol SNR
(higher data noise.) The ratio can then be chosen to optimize the trade-off. For a static
channel, the tradeoff can be optimized analytically and the improvement over the case

when the energy ratio is not optimized is

2
1010g(1+2a3)——[2010g(1+ ];v Z_:OJ‘JJ _ 1010g[N]‘_7 PJ} dB




used with the sane cluster delay of 40 ns and a power
difference of 5 dB. Al paths in the "PEDB" channel
wae@oRepBei gh fading at a speed of 120 kni hr. MOF/US19€6/008490
results, it can be assuned at there are 96 guard
carriers, and the frequency domain interpol atl on

[0866]UMETh Ry ih AR éﬁﬂ%@ RAckURliN B Bichl agt% 1d B! -to-pllot energy
PiOEP

are the sane as the channe ue at 5SEd
ha’é baers aptimiged. pFpothe nod@883al Titer, rtkis uinpfovlemeﬁﬂ ig2qudl-t8 about 0.16
nclude the effect of I1Cl due to channel variation
d Wi thin an OFDM synbol. The I Cl should be included in

[0067 nOFRS. 6 ilaRGeteCHtaniPM QirhiNakiodsS fo#S£ Unlife IRttt process.

ca culation. An actual noise variance estination
Simlation ralts are pesgenteds f@d@PSK@rﬁ Qa\M hwidls st ¢t wgding (so spectral

TSI Lt g S5 B 2 Sl o e,

thexfepeated AG'SC crimmiel hﬂcelel was ﬁﬂﬁfcﬁfdd&ﬂnﬂfl b séddQd LivdRr g‘a@l')é'low the
OO{B Fi 8 7 present the performance of
m%ﬁﬁ& queQ&W? Abd FlﬁY |°S AQ 45 n EhesARCr channe) nagslghhast a Wmﬂg specular

he th t
coi%%n calr,tlfs?%llg ESﬁe{ﬂSalﬁfr sre{%t?e o ‘ﬁ’ﬁ’ }g ﬁ%gh cgfnpgjra%% oﬁl ?l@d@lannels are
assmorgdao datletvoith Hepeedd€ 20 kniier. tHoFRidH ‘FES‘ds' f@eét@d PEDB f:Bfiles are

with a_slow fadi ng channel. f or mance
“S?ﬁwﬁﬁ@ ﬁawemhgﬂersiebﬁmf léggus gndp pthhdl m@dcssOEﬁ) dBi Adl paths in

] I does in d cancel out the
the{ %DI\% 2(?1} 1th1 ({:UPI% AtsPepd gg ?ﬁqg a_FE’htélﬁ Aesults, it can
be esfinat ﬂlav\/ﬂie@& at6596 48t cab9erk Nnd ﬂﬁefré’cﬁl'éh ﬁ(%?%iﬁrih&'fpolation

The robustness of the non-causal filter
assymss St desachapes! valep at g suardipilotpeneitioy m&:as thé channel value at

th&@bg%@ﬂugtg %ﬁtf‘erd (ifich as robust MVBE for exanple) in a

spee nario. Fig. 9 shows the performance of
[O@BK r"HteeremﬂtscdelgaV@E) iaclnepeias effedd ABCE kiap @@'chﬂ[rféf 'vhﬁanon

Ok hr cor respondi ng to a Doppl er of
Wltz‘B’oEH %ﬁ@gﬁ&”m{bﬁ EP shopdd pp Illilﬁﬁegtlééh%l n@ismvnlgance estimate
tha@@sr 18atihqRe IE[RC@ﬁéllaﬂt?)QO ARTactial ﬁi)]? E%@%rﬁatlon algbnthm is
for purposes of sinplicity S anat1on

usqqiet ﬁb@dﬂl@gy, aélhl@khnldlngrtddmel iseﬂhe&Stogmﬂ%gteeﬁﬂﬁrnmset vgjlth a
1o be ,understood and appreciate
e IRFYG B T5 Brebidii s Bt RGP ba PeeriorE peistona th

timel#enpiler of acts, as sone acts may occur in different
aorders _and/ or concurrentlt}é with other acts fromthat

[006Rbwn Eigt ocad I preteat thernstformamme @)@?ﬁii end 16QAM slbithlagehs in
a slof faﬁﬁg%ﬁ&nn\@i b 4R 9&91‘5% 81%%1 nlg cHPBe sech %}a? tl}er%ﬁrtee ?ap non-causal

filter results in a gain of about 1.6dB compared to the case of no time filtering in both
the cases with a slow fading channel. The performance results in Fig. 8 and Fig. 9 at
high speeds confirm that the non-causal filter does indeed cancel out the time variations
in the channel reading to a channel estimate which is robust to the time variation error.
The robustness of the non-causal filter is more pronounced when compared to the
performance of a causal filter (such as robust MMSE for example) in a high speed
scenario. Fig. 9 shows the performance of QPSK rate % code over a repeated pedB
channel profile at a speed of 300km/hr corresponding to a Doppler of about 195Hz.

[0070] Fig. 10 illustrates a timing correction process 1000 for wireless systems.

While, for purposes of simplicity of explanation, the methodology is shown and



met hodol ogy could alternatively be represented as a
series of interrelated states or events, such as in a

W@ e@beomsagr am Mreover, not all illustrated BCT/BES100§008490
be required to inplenent a gwit hodol ogy i n accordance
Wi th the subj ect net hodol ogi"es di scl osed herein.

d@% 9‘9)7 AS a 2Gi&E g{' Htgmger o]foa]c f 1tiia§%@8 rléﬁt%%& | %Pé{%gﬁ%g\cﬁgat the

€ss recelver.

prbmﬁs\lhﬁcrﬂjﬁﬂm@fens nfeswt ligfird byrthe efd&d of Bott,| A Bodetabts may occur
pect to each synbol in the subset enployed for

mtdl rﬁ@t %réﬁwéﬂ%wonme@ﬂym@ piker petp from hawip apdhdaseribed
he? Abok Alan?2 Gho d.éugéﬁéﬁjﬁphleSMh \\%}1 deHIRNL R &)rgciiage that a

adj ustnent s ar’e termned at 1030 ere new a
methqdqi%spabmldrai'&:nwleelgfebee mprmnltedﬁas 4 Géfies afidntelrelated states or

e depodul at | roce recei Yef,S nbpols at the .
R oER S g alFe BTG Mprehuh SrA A EbaT iy be Foquired to
infbikidhdr Ch txﬂbﬂ%ﬂok%@t inO R ofAIBO lwitk it sibj 64! TrBMbARYHBY ldisclosed
I'S being denodulated according to anot her tinme

heg@nsi der ati on. As not ed above, a subset of filter taps

f
e e S S e

Al (Dh)a gytabole sithivathe QBcdi)‘l'ddCdymb'Bh th:»seﬁa‘re Rbg¥dted & H¥mb Sfiftrespect
whi | e denopdul at | ng a current synbol which rmi/h be t he
Sy

togach syppacb i the spbret employed fos tisEng §omertiont Agier the ipitig alignment
0B S006 SR COROBRIARALLS Yy SRGUAR K obtin
atdpdfmpitere Nevwand qial ¢wiiog patiérns Ay @aerhenes Aan04E and during the

ddetde m ned wh in ch g ﬁﬁ%ne determned time . .
P PR é’&“teés e@%‘ﬁ% £YRyRe WITGIGEP TeRCIERh 81 YaRey fimung

palteRisQYd Siptiell tdTtYgect SnS PR QVHlE LEfr U §ynfﬂ§€ﬂ id lbéﬁl% 8emodulated
di fferences between one synbol and the rest of

acpeiierte a@pﬂl@h@mg \sosBderati@p 723 neted abave, ralsulusgt ofafiléer taps may be

e o%wa(r) eﬁ?‘l&x‘t& 1 l)ﬁ#?_%)z 10910f0r o 6?158% @1{& % t(r;? A ime filter

modfle ien Glﬁmﬁﬁlcﬁshniaﬁo@'ﬁmm THusFlag prelzﬂous@fb@é’dakx}hﬂe demBdulating a
FLO air interface_ specification covers protocols and

cugept, $yEehol yYchemay ke .tlrrﬁgntbcsm@pblnhtb@.sa@set lecmg an integer), timing

h%%%és%@ﬁ{i r}'ég%/ﬁlglﬁs) cﬁp? fg%d éc&lé)cﬁrte (]:#7' é@ {n%x%rdlng Ip gubsequent

sysibio! irathe rsgbset) afmeé)gampllb dNew chgredsus( tdiitp patternk ayebe detasined

t ream sub-1| ayer. ers. can.i pclude conpression .
whgre m some cases)é new gg’cgrmmec? ¥1me is applied to a respectlr;rfg symbol, and in

other cases, a previous timing is applied to account for timing differences between one
symbol and the rest of the members of the subset.

[0072] Fig. 11 illustrates example network layers 1100 for a wireless system. A
Forward Link Only (FLO) air interface protocol reference model is shown in Fig. 11.
Generally, the FLO air interface specification covers protocols and services
corresponding to OSI6 having Layers 1 (physical layer) and Layer 2 (Data Link layer).
The Data Link layer is further subdivided into two sub-layers, namely, Medium Access
(MAC) sub-layer, and Stream sub-layer. Upper Layers can include compression of
multimedia content, access control to multimedia, along with content and formatting of
control information.

[0073] The FLO air interface specification typically does not specify the upper

layers to allow for design flexibility in support of various applications and services.
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lustration of a user device 1200 t
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0 e re aspects.set forth herein. User device
it ouBel®t S RRRERYESS Sron ohd o b ns it fort

hefeiomMUsérodevice 1200 comprises a receiver 1202 that receives a signal from, for

instance, a receive antenna (not shown), and performs typical actions thereon (e.g.,
filters, amplifies, down converts, efc.) the received signal and digitizes the conditioned
signal to obtain samples. Receiver 1202 can be a non-linear receiver. A processor 1206
can be provided for timing synchronization and channel estimation. A FLO channel
component 1210 is provided to process FLO signals as previously described. Processor
1206 can be a processor dedicated to analyzing information received by receiver 1202.
User device 1200 can additionally comprise memory 1208 that is operatively coupled to
processor 1206 and that stores information and instructions related to the embodiments
described herein.

[0076] It will be appreciated that a data store (e.g., memories) components

described herein can be either volatile memory or nonvolatile memory, or can include
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actidnk 238 ShdtioRR seNRAFH RO8m. RBRRLUST 1384 further coupled to a FLO

channel 1318 component that facilitates sending FLO information to one or more

respective user devices 1304.

[0078] A modulator 1322 can multiplex a signal for transmission by a
transmitter 1324 through transmit antenna 1308 to user devices 1304. FLO channel
component 1318 can append information to a signal related to an updated data stream
for a given transmission stream for communication with a user device 1304, which can
be transmitted to user device 1304 to provide an indication that a new optimum channel
has been identified and acknowledged. In this manner, base station 1302 can interact
with a user device 1304 that provides FLO information and employs a decoding
protocol in conjunction with a non-linear receiver.

[0079] Fig. 14 shows an exemplary wireless communication system 1400. The

wireless communication system 1400 depicts one base station and one terminal for sake
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digitizes the conditioned signal to obtain samples. A symbol demodulator 1445

demodulates and provides received pilot symbols to a processor 1450 for channel
estimation. Symbol demodulator 1445 further receives a frequency response estimate
for the downlink from processor 1450, performs data demodulation on the received data
symbols to obtain data symbol estimates (which are estimates of the transmitted data
symbols), and provides the data symbol estimates to an RX data processor 1455, which
demodulates (ie., symbol de-maps), de-interleaves, and decodes the data symbol
estimates to recover the transmitted traffic data. The processing by symbol demodulator
1445 and RX data processor 1455 is complementary to the processing by symbol
modulator 1415 and TX data processor 1410, respectively, at access point 1405.

[0082] On the uplink, a TX data processor 1460 processes traffic data and
provides data symbols. A symbol modulator 1465 receives and multiplexes the data
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generate
techniques may be implemented in hardware, software, or a combination thereof. For a

hardware implementation, the processing units used for channel estimation may be
implemented within one or more application specific integrated circuits (ASICs), digital
signal processors (DSPs), digital signal processing devices (DSPDs), programmable
logic devices (PLDs), field programmable gate arrays (FPGAs), processors, controllers,
micro-controllers, microprocessors, other electronic units designed to perform the
functions described herein, or a combination thereof. With software, implementation
can be through modules (e.g., procedures, functions, and so on) that perform the
functions described herein. The software codes may be stored in memory unit and

executed by the processors 1490 and 1450.
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Furthernore, to the extent that the term"includes" is

used in either the detailed description or the clains,

such termis intended to be inclusive in a manner
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correction nethod for a communication system

conprising: aligning synbol timng of two or nore

synbols with respect to each other froma synbo
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synbol s, and obtaining a channel estinmate based on the
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5. The method of claim 1, further comprising performing a channel estimate of

length 2P, where P is an integer number of pilot carriers.

6. The method of claim 5, further comprising employing pilot observations

from at least two neighboring symbols to determine timing corrections.

7. The method of claim 1, further comprising determining one or more time
filter taps to generate a channel estimate that is used for data demodulation and

determining timing corrections.
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an alignment component to adjust timing between symbols in the symbol subset

and to adjust timing of at least one symbol with respect to other symbol members in the

subset while demodulating a current symbol.

13. The module of claim 12, further comprising a component to determine a signal

to noise ratio for a channel estimation.

14.  The module of claim 12, further comprising a component to determine symbol
energy.
15. The module of claim 12, further comprising a component to determine

parameters relating to time filter coefficients and channel variation across symbols.

16.  The module of claim 12, further comprising a component to determine a Doppler

frequency.
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The nodul e of claim 12, further conprising a conponent

to determ ne a Doppler frequency.17. The nodul e of

18¢| aiThelrodhid 'fedimC TRl NG nplisingas Eorﬁgﬁegg Ebé&&yﬁﬂhe excess

filter to generate a channel éstimte f

detpyripeRadat i on and timing correction. 18. The nodul e of
claim 12, further conprising a conponent to determ ne
excess delay spread. 19. The nodul e of claim12,

19 ur tTR meQuIP bf slaitg 1At fultB&Tondphis B at 1938t 1BRRRINT Adrhdif Hlter taps
taps to generate channel estimate data denodul ation

to garerate shanget eytingate dajp demodulatinn anddimiag eprredtionm 19,
further conprising setting the taps to val ues of
{0.25, 0.5, and 0.25 respectively}. 21. The nodul e of

20c| aiFheliBpddluof kkimdonfrritst bgmpridngpatieg thet tapopt vaficse0.25,

at g t ilot. energy ratio. 22. The nodul e of claim
QgéygpégﬂggFmegﬁﬁ?ising a machi ne readabl e medi um

havi ng machi ne readabl e instructions stored thereon to

execute the tine filter conponent or the alignnent
21c onpiisemedule 3f claim| e fisther eanpusing erpompentnt ftooptimize a data to
M, [ receiver, conprising: means for receiving a
m%%ﬁ§£§§§503et in an OFDM broadcast; neans for

filtering the synbol subset; nmeans for aligning

symhol s within the subset; and neans for aligning one
2291 ridieamedie of glajm, 13, fagthertcompsisingermaching thaflahle swdivin having

machine readable instructions stored thereon to execute the time filter component or the

alignment component.

23. A time correction component for a wireless receiver, comprising:

means for receiving a symbol subset in an OFDM broadcast;

means for filtering the symbol subset;

means for aligning symbols within the subset; and

means for aligning one or more symbols in view of a current demodulation of
the symbol subset.
24. A machine readable medium having machine executable instructions stored
thereon, comprising:

receiving a symbol subset in a forward link only broadcast;

decoding the symbol subset;

determining a time correction for symbols within the subset; and

adjusting timing for one symbol during a current demodulation and in

accordance of the time correction.

25. A machine readable medium having a data structure stored thereon, comprising:



the synbol subset. 24. A machi ne readabl e nmedi um
havi ng machi ne executabl e instructions stored thereon,

W@ 09p0Y®B8g: receiving a synbol subset in a foP@EDS2006/008490
link only broadcast; decoding the synbol subset;
determning a tinme correcti éﬁ for synmbols within the
subset ;. .and adjusting.timng for one synbol during a
cur e BB ASHIP LB A R s Pt 88 of ¢ he ti me
COr rR§EhiAP- at’Jeast RGN ho@ caRaddiNee 1P dbtaibritay | 13 adjust timing
data structure stored thereon, conprising:receiving a

diffonepests vwithis the symbal sybsetl ess networ k; and assi gni ng at
| east three non-causal filter tap structures to adjust
timng differences within the synbol subset. 26. A

260 1 eA ed=leso nommuaRhilasapa@pis adongprisa@apr i Si ng: a

menory that |ncluges a conponent tqQ determi.ne tine.
cor re C1YHE t}hﬁj“r 1 q‘t‘%’é e} \FOEPSTHS of° gﬂs%lp? UHY correptiops; for a

re@CedVyRRE Sse@aiPCi ated with a receiver that decodes
at least one current synbol while adjusting the timng

f or dieshere pyedsedr dsspcidtes withb oécesish that deorles A least hugicurrent
L R R

corrections to be applied wth operations based on the
relative early or |ate sanpling of OFDM synbols; and
2her 1A mpstherd o Berdemm HErecypelrerizefipihiis® GOMHURiRoReRVieIment,
cdsthoor ate sanpling of the OFDM synbols. 28. The
et hod of clai m 27, further conprising at |east one of
t he detdrhniming giratpgatoredetionso tgp dief apphied heith amptatiogs based on the

e e aep s kP e () = e
performing a sampling correction based in part on the early or late sampling of
the OFDM symbols.

28.  The method of claim 27, further comprising at least one of the following

equations to perform the sampling correction:

¥ ()

a
izl
J”8

early sampling correction: y_(n)=
e Ay Oxx(P—x)

0(P—Jc) XX IP—x :l

a

_jz,z-‘_z.
late sampling correction: y_ (n) ={0xx(P—x) e ° .Ix:‘~ Uate) (n)

P-x 0(P—x) xXx

29.  The method of claim 28, the early sampling correction further comprises

performing a cyclic right shift of x samples on a value y°*” (rn) and then multiplying

4

J2na

first x samples obtained after cyclic shiftby e ® .



29. The nethod of claim28, the early sanpling

correction further conprises performng a cyclic right
W@ hiobn9wss x sanples on a value y e rly ) and tPEnUS2006/008490

multiplying j pa first x sagql es obtained after cyclic

shift by e 8 .30. The nmethod of claim28, the late

a ' t fag ther ' ' a .
SETCT T S 8 1afl 138 BE oS Wb PRLAU PG comprise
pdﬁﬁnﬁ@b&y tylic 1R shifiséf K sBATR @Fa hudi yiEdn Abh® thebRlliflying the

shi y

J2na

last x samples obtained after cyclic shiftby e 8 .




