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modulation in which a signal is split into several narrowband channels at different

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 andio 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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result in a channel estimate that has better noise averaging and also resolves longer

channel delay spreads. When pilot observations from multiple OFDM symbols are

processed together to generate channel estimate, it is important that the underlying

OFDM symbols are aligned with respect to the symbol timing. Without such alignment,
erroneous channel estimates will be generated and thus proper operation of wireless

receivers cannot be ensured.

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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synchronize timing to one or more symbols in the symbol subset.

[0009] To the accomplishment of the foregoing and related ends, certain illustrative
Q embodiments are described herein in connection with the following description and the

ammexed 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 illusirate example timing aspects and corrections for a wireless
communications network.
[0012] Fig. 4 illustrates example time correction considerations for a wireless
‘receiver.

[0013]  Fig. 5 illustrates an example data boundary pattern.
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other from a symbol subset in order to account for timing differences between the

symbols. The process then employs timing offsets between the symbols to synchronize
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.

2 &L

network,

9% &

[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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esti mat i oncagponent 160 to rervetiming disseripeecics ra®NE shegwymbolst Fmingreanrsetions ed i n

an Ot hogonal yBREfEnexnEhit SLARalLE Wl g (06T DSLNE ey eTP! 0V

fegfward Iin prot oco medi a fer. annel
est mat i onobssrvgtmmaabbwseberakxynﬂmlsdﬂoform y spaced pilot tones inserted in
the frequency donmain, and in respective OFDM synbols. In a particul ar
i npl enent ajoizs], tGen@:itllyQESch cafee)fsﬂwmﬂ)o& IS@rdah@b&nﬁﬂW be uginpla difRrentinber of

pilot carr t ver he 12. 5 002 I n
aspect, iﬁﬁ_ﬁ f‘? &H%Iﬁ "Br‘}“i F@%‘ %Jr %‘H°W1‘E‘F e
fr equency %[&lsrbf'iﬁitbf‘eétp ITewE dinkinPMisdd ey Be &icﬂﬁﬁ@ dMett@P&eﬁtEa%ﬁﬂ% inltRél

synbols aré used for channel estination, hi's system wi th FDM pil ot

st agger i ngsampipg clockssandcids §imnel d}g@mme@sgsgrds@ltg theamobidity pbthggeasivien
extract ”D{;ﬁ) @e%&@i% exa Lgl%expée}‘ng‘&?etdr re HAARAG érsg?étﬁlsglwﬂxf' onger

channel es I'n” o I's can be per
filtering thechﬂlgmnérﬁ(bon@ondm léhana}ebe esbeiated ivdth bmﬁnﬁ&nvdlﬂe 15@ thak i gnnent

conmponent 140. Si i m £OrLEC n an.be or ned. concurrently with
Chi o or octmies WS & Tl e bBaGo Rt 19Gc: T rabRel SHHEE Lt PeHAE M
synbol ti Mrfi@fmittdddh an Orthogonal Frequency Division Multiplexing (OFDM) network that

employs forward link only (FLO) protocols for multimedia data transfer. Chanpel

estimation is generally based on uniformly spaced pilot tones inserted in the frequency

domain, and in respective OFDM symbols. In a particular implementation, the pilots
are spaced 8 carriers apart, and the number of pilot carriers is set at 512 (an overhead of
12.5%).

[0024] Inone 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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other cases, a previous timing is applied to account for timing differences between the

symbols 130. It is noted that symbol timing corrections can occur in a plurality of

combinations. For instance, if three symbols were employed, then potentially eight
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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synbol sartpé bagjhning ofteack 'sy:gbdl,ribris ph@iblef ta avoid ﬂmﬁﬁemf&deﬁspéd\e of yiitér- C

refix. In inf |zat.|o can be
gxt ract ed Oﬁg\/@%&%ﬁrﬁﬁe@#ﬁ ﬁ%atye %?‘ﬁ%%eé& i\ g’@ gﬁﬁ% f&gﬁ reﬁﬁ"ﬁ’i he hel p
of p: | ot twecw@sr ﬂiﬁ&bi{‘!ﬁctsmﬂﬂgh pcﬁsﬁic:cnrﬂ:dmﬂﬁ Tymmhmhgst‘@dmg)xgbb@m&%r Posigibn
sanplin 0 e.choi ce of ¢ nel estinpte-ajded synchrfoni zation is
ot | vat 3dpf%5?%#H§n6%‘§@#wssz%Aa¥%aqfe 1o s Fsymp m@gb@satqyrt%ﬁem thee FFT

Wi ndow Usefksf SdmlBamRL the BRdlicBEMEN ThEQEDME sys@erﬁmnﬁmgﬁw bistu® titithd ¢ Of

the estimate. Therefore, estinating this shift i's general I%/ equi valent to
¢

esti mat i ngsytlﬂm@aﬁmu ¢85 befexbeted ﬁﬁ%ﬁﬁh@d\/ﬁ@}ﬂm@nﬂms@ han bé nbtaiged
SLranT v ol 9 BeBCdr BRRS0hAC n6hE WARl: SERLARHTRRIBAAChdst 3 BOED 04

data synbo romt sarrp 0S]
applies t hsasnphﬁg pamtmm) Tha chomerﬁ chiEil esyinmate- adedl@&iﬂliﬂ:m’fﬁmnah advutighted

estinmatio s m10 e I, edln aII it to
process ch n Seﬁaﬁogﬁgqqﬁnﬂﬁgg%‘g 8 g@?ﬂnﬁé’fﬁ'ﬁ : eﬁrhi s can
be achi ev@dmhﬁo@tésﬁlts ﬁim@g@ topfate GHiEt S5MHE Wstitpie! Uﬂﬁ?ef@resestﬁfﬂnhgqms
non-causal time filter at e receiver 120 whi ch conbi nes the channel

ggr vat i ofydft 1S gsaerally paud entt te estimating, the sampling ooz ngny OFDM, systamss t o
cakCul at e @ kiRRGLEMERBRR A onIS i TRESthe WinnBl ésﬁmaferb%fblﬁéaﬁk evﬂﬁ Hgl ation.

I f the synchroni zatlon uni't 1 ndicates that a nonzero o
appl i ed wheymbekntol datnylat drifidiom drONEE watupling Pb&tlmandempdmsjthlsgoﬂkmnmel

observatlo,(ﬂ_n % gl%bglLI gned with the two previ ous channel observations
(since those e a channel estimate not aligned wth zero) Thus,

t he conbin ese . three observation rroduce a rted
resul t. @b# i;h?g {5e leﬁ%‘r@“lnrfé’ st IRpIS’b ?’3@@% g 1 P SHamReT A% he two
previ ous cinadmpﬁice&séhaﬁﬂdlesf Wagh ip fo ﬁﬁc@ﬂfes@bhtt prefiRAdIZR61R, 'Blﬁs 3an b keep
them al i gn eﬁfﬁ(ig present one. [0028]_ The follow ng provides sone

i nt roduct o‘?cg‘ X\Hﬂ?‘i %%ﬂge’éﬁ% e ppRctAingludes aso-alehponsepusal dians Blisr shs t hat
are prese W: [ g%g% 5N €4 f y
domai n cagﬁhgcejreg)rﬁ {lnff}t é%O -égﬁ(;ﬁ( daiﬁbﬁﬁg(ﬂ/l)edcvl\}(g%@t/I i (IL fl.Bﬁiw("1 T< léagggﬁ’%. on 1

consecutive OFDM symbols in order to calculate a longer channel estimate, which is

then used for demodulation. If the synchronization unit indicates that a nonzero offset
should be applied when sampling the next OFDM symbol, the corresponding channel
observation will not be aligned with the two previous channel observations (since those
Q resulted in a channel estimate not aligned with zero). Thus, the combination of these
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



where WO 20061099088 PCT/ US2006/ 008490 8 P is the nunber of pilots
carriers, and Dis the nunber of channel taps assunmed by the receiver.
t he vecto re of length P and the noise wis '

. 006709958 9 . .
Gaussi an v&\f? k\;}oar?ance No . the matrix Wo Dis the P\Aﬁgbﬁﬁ]ssg@?r@és?%&x of the
unnormal i zed DFT matrix W\, N(m n) =8e-.1 N C 2 where Nis the total
nunber of subcarriers. the vector h(k) is of length D and is normalized
so that E[h(k)" eh(P)]is the EEnbdref pil&iP cirsiershand Hcisitheupbdr of chanmpldbpsener gy .
Wth the above defasimedbpsiheirdceiver.easy to see that the channel val ue at
each carrier in the, freque domain _satisfi El .HP(k)I .Z = EP.[0029]
From Equation 1, % t 3o’ @fsqgﬁﬁ’wﬁ%toﬂﬁ@ﬁfnﬁgﬁﬁ%? n%lﬂ%&hélw@%?p%mt?l% P .
However, |onger chaf@aessiapsxithivariancgr .generally desired for a) fine timng
synchroni zation - ile prqyidin |.onger chappel esti mat d ..
positioning the #%e\mqﬁ’g%%mlsﬁ%?ﬁié&%@%B?ﬂ‘@WW@ﬁ@%)
dealing with scenarios where_they channel has a delay spread | arger than
the cyclic prefWNx.(m'[ﬁ)g@%r_g@@ﬂ(Jl onger channel estinmate, one aspect is
to stagger the pl’q ots in equ¥ngy across successive OFDM synbols, Le,
the pilot carrier indices. are changed Ln.successive OFDM synbols. For
sinmplicity, it can Hglefggg{f}%%‘o%?{l e§9mfar§1f”§ggeri ng pattern: e.g., for
one exanpl e FLO sY#ettior hik)96 ofeagtH Said ik 8bSnalizébsohatot carrier indices
are {50, 58,...,4042} in the even synbols and {54,62,...,4046) in the odd
synbols. More @{h@d’)ﬁh(@]=i‘3§ the wuniformy spaced pilot carriers are of
the formp n+n0 in the even synbols, they would be N-n + no + Nin the
gth synbol s. [ 0030] whieteh Budh the aggvadngilotasymbeli waergy.c dYitthghe edbeveed of
*to a length 2P byerabmittil8ashith e BRASHE ¥RdInAIValld RBadH cdrR@Sih the\o

nei ghbori ng OFDM sy ?H tsB@d | Yy, assune a channel with 2P tine
domain taps (and se?gﬁ%e%gy% .ﬁ%her?' WO 2006/ 099088 PCT/ US2006/ 008490 9

E|E,®f =E,

[0029] From Equation 1, it is evident that the number of channel taps D<P.
However, longer channel estimate are generally desired for a) fine timing
synchronization — while providing a longer channel estimate and positioning the FFT
window to maximize the collected energy; and b) dealing with scenarios where the
channel has a delay spread larger than the cyclic prefix. To generate a longer channel
estimate, one aspect is to stagger the pilots in frequency across successive OFDM

symbols, i.e, the pilot carrier indices are changed in successive OFDM symbols. For

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
N N .
uld be —n+n, +— in the odd symbols.
WO P v top ym’

[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:



2P-1 2xI [ (NI P)p+2] 2P-1 2xlp 4x! Hp(2k)=zh! (2k) e~ N =Ek(2k)ef P e’ N | =0
l'-o P-'" [hl(2k)+e 1 _ 2xP _ 4x! ~ hl(2k)+e N Itt+P(2k)]e J P €' t=0
P-1 2,40 = - 2k e P e NwhenN=8P t.0 while 2

p+(N12P) +§Yéﬁ?8§’3ﬁsﬂ: Z hi(2k+1)e’ N 1.0 P-1 x( 491 2%F}"%§&°L’(’M£’)

=E[ hl (2k+1) +j hl +p(2k+1)]e'Pe' N e f P9 whenN=BP Thus, the pi | ot
observati ons |n the even and odd sy nbol s can be witten as Y(2k) =WP p A

Cha-' (2K) - J i)' R @g k-)gf!ﬁ%%rgz—]l- %hgy)gppjaz-j%ac 1( 2k+1) +

jh‘x'"(2k+1)]+ on2{| B-1 where Al = diag | , A2
=diagj e Pe} and" ctual " and "ex es§, ”ol ) t=o0 refer to

t apst hat correspondt o_ g 2%k +P“f gn P’ P g igP-1. [0031] To determne an
estimate of the chann ? the ser ations in Equation 2, one step is

to use the |east-squares crlterl on: h(zk) 54 1W pY( 2k) h(2k+1) =AZ" W
pY(2k+1) Equation S_g I Sy STAFES’ D ippclgwde actual and excess
conponents. One possi Eﬁé\k‘% ‘%’8’? 3'[1 the furﬁylgeg]?apyﬂhannel estimate is:
haawal = h(2k) v;rhiﬂ(ZK + 1) 2 h as = h(2k)-h(2k+1) -2j

2p-1 27l{(N/P)p+(NI2P)+2]
H,Qk+)=Y h2k+1)e" N
1=0
P-1 u'l 4::1 2zlp

=>[ h(2k+1)-l-]h,+,,(2k+1)]e Pe'Neg P whenN =8P

1=0

Thus, the pilot observations in the even and odd symbols can be written as
Y(2k) =W, » A, [ 0" (2k) - h= (2K) |+ w(2k)
Y(2k+1) =W, , A, [ 0" (2k+1)+ jh= (2k + D |+w(2k+1)

Equation 2

_jand D-1 et D1
where A, =diag<e ¥ , A, =diag e Pg W and “actual” and “excess”

1=0 1=0

refer to taps that correspond to / =0,...,P—-1 and I = 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)=A;' 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:

frooner _ B(2K) + B2 +1)
2
oo _ h(2k)-h(2k+1)
—2j

[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



[ 0033] However, this is a special case of a nore general operation where
the tinme- domain estimates in Equation 3 (obtained every OFDM synbol ) are
aver aged 006/ 099088 PCT/ U52006/ 008490 10 '
synbol s. %ﬁ‘?g&?@%&% time-filtering step of channel eg?.k?éﬁ%@ﬁ’%‘%\é -
filtering can be perforned individual 1Y for each time-domain tap
separ at el y, ti estipate. of tap | _at any OFDM synmbol m (odd
or even) cné?ll&glg (\SNI’I t%ﬁ&giss" I\ﬁgﬁ lsstﬁ? Fﬂﬁf%“ﬁ?%ﬂ% phehannelpstimati@oIinenner e N.
and Nb ar eflteriog wenbe pecfbrmeah indbidally ddeseR UHa-ddnRRs 1z Eegﬁ#}fﬁ‘i#ia‘ﬁﬁltﬁ- It is
not ed thatmSu e to staﬁ%eynng, it 1y not be possi bl ept T1rer the pilots
in the frégueneySHBAEOR Bab/ne ang AFDM syrhol i (0dd iongveny candrefvarittechsi n t he
time-domain. In other words, the order of |east-squares estimtion and
time-filtering possi bl_%/ cannot be interchanged. The filter coefficients

f

(74

N,

{ap} provide a de tween gain due to collecting additional pilot
energy from syr?f)@s e, e'rg’)ﬁ]\zgﬁ) the current synbol (reducing pilot noise),

and | oss due to channel variation across symbols (reducing tine variation
noi se). FUPEMEr, vaere | Nyond adgd ambdhe, nusibies coft Men-8ksh @S chudaEqyat i On 3
includes contripution fromthe excess del ay conponents, the time-Tilter

coef f i ci efPRELHRY " igated thas, dugio steggeringiitmayomitibelpossilsle tafltad@hd pildly | OF O
time filt e iHagy ahan mates . from several synbols, ‘it is

i mportant to enésag?ﬂgpl?l hat ¢ %gagﬁl}%:%lg% @ge{?%éﬁ%%ﬁ)gpg‘igﬁhgﬁg&dqmam.i%_ The

f ol | owi ng o8ieE woudsi B opdemwifd@st-mlumexmﬁmaﬁomﬁnmaﬁlkﬁndgi?&s%fbm Bt perform

such timap i.an for chapnel estinmates collecte rom’several synbol s
pmr to ?f??f%%m%#? Qhen@;er[% enfs; %} wogde adtradeenfh betwrepm myinndpedios cUssi on
previ de vapitse SHEENaESiRf tim corrections can _be performed in
an OFDM sy;sit e{rﬂn}§g !ht caﬁﬁé&ggsgﬁga%ﬁﬁ%m%&%ﬂe QeTepbumbe! Ghdusingl i s
limted t@ileinoiel and lessrime doohinnel vagintidnyackdsh siaBIls WaiMiAs ti . =0 [ 0036]
Al'so, in ) f O h&ﬁn ngs .ﬁol d face letters deng}?e ﬁg&ri ces %légy)“?/%t{é‘tﬁors.
Synbol V\kgﬁl ) EHRST, 48 illpsteatd” gboye,ppincq e, pstimates in Buaticn 3 ineludesi dent i ty
mat ri x. | tortfilajtion $rodn tHeNRBES Idelay 30 hGents URE LikRmAe b a8 10 (1),  then use
Hk] to d?not e its kth DFT, coef?i Ci i((;,nten %ﬂ(}){g?}g%f}g 9@%@?16‘6%1;:%%%%@;@

0 suppress this contribution as well. Prior to time filtering of the chamnel estimates

from several symbols, it is important to ensure that the channel estimates are aligned in
time. The following discussion provides an example of 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-l

H(z)=Y h(m)z™ (1)

m=0
[0036]  Also, in the following, bold face letters denote matrices and vectors. Symbol
W 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 kth DFT coefficient
(0<k<K-1), defined as

M-

ot
H[K]=Y hm)e "% (2)

m=0



Hk]-Eh(me x (2) MO0 W 2006/ 099088 PCT/ US2006/ 008490 11 [0037] If K=
4096, the coefficients (2) correspond to the frequency-domai n channel
gai ns on r tones. In general, the dinension

t ransf or kazzo%thJsvb al ways be apparent fromthe cont 3&%6[%?({98@@]‘4 In the
foll owi ng description, consider the efiffiects of m splaced synbol sanpling

on the channel observations. In order to study these effects, derive the
channel obl983Tat i Biks= B%@mefﬁdﬁmt&s(%wﬂemwdltaﬁe freqOencyalomain/chatuesd t he

timng al] ' o 1t hannel ~ksof .lenath M= N = 8P =
4096 (her eéﬁ%&ir@%%ééﬁn&qr%e% tm su ctggglﬁgfalsslon P’ﬁ:hg F?’%ﬂﬁfja%‘#épn’olf’ SB‘?IPI& s).
Thi s vyi el daiwhfsﬂieabﬁﬁhtﬂdﬁﬂihesﬂﬁteﬂ( 1) HN 1] h( N- 1) [ 0039] Concentrating on
channel v on I, Nt rI ace q for ields P-1
CISMTE! VAU D Elowitl, SeaRp Rt ioBeiagotiy s o8 yisplhted ppbolot o
that the Sséﬁﬂiﬁhg% ihe dh&ﬁ&k%ﬁaﬁ@ﬁh@sqnt&dérhﬁ Eiu@ﬁltﬁbfse (el adli ﬁQa““e'
response within the rth alias bin. Referring to , a di agram 200

i dent i fi eschapeghtobggryationpibaseds en piletsapmdnterlase & ehgd lmf NE M&QGﬂleTthmngV\D

onzer o1 rieidfh s B8l fr'ld oRkBeRis iRISLETC Y - 3ie e BRERNE 2T aps.
whi ch reSLuiMmiaernfmbcmefsd?m&hehﬂmb&oﬁpﬁmg)eﬂ‘hlsfymdﬁ (3) that conS| dering
just a single interlace, i.s.not possiblLe to identify channels of
Iength M> P, due to thi [Qﬂ& ng. Th(Q:) flact serves as a notivation for
pil ot staggering techniq eH | lfecti pgh ()u tions (3) for different val ues
of 1 a matrix equality is prow Fellw [a h(0) H8+a] =I WPA e j2 WA
‘V\POI (4) LL (11~ ( P- y+a] h(N-1) with A A
o "ZA N One concl é&]%ﬁ ils th &a channel observation of the -

-Z(:L,-r ];,? Lmal( ﬁ@ggﬂnm Et > ntcr)atttm%ncl) cl?aflmctalh\?ahﬁag%gnae{nl& n@l‘lgcsé gz,OPoraO ne}d " %he

yields

H [81 +a i[ih p+rP) ﬂ” ]-e_jMENE -e_ﬂ”[sﬁ. 3)
r=0| p=0

Note that the summation in brackets represents the P-point DFT of the channel response
within the #th alias bin. Referring to Fig. 2, a diagram 200 identifies eight alias bins for
channels of length N =4096. The two phase correction terms in (3) are a consequence
of: (a) considering a nonzero interlace, and (b) having fewer observations than channel
taps, which results 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] h(0)
HE*al |l wae™w,a, - ™ wa, SO
H[8(P-1)+a] (N -1)

. L 22%E.
with A, =diagy, cp, {e g } 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



t he appropriate phase corrections, but is a superposition of contents from
all alias bins. Followng a simlar notation as above, denote the vector
on the lefts iJde of (4) by WD 2006/ 099088 PCTI US2 Q 12 Y.
(n), wher y?%@gﬁggﬁésdenot es the tinme instance at which ?’%&A%g@g&%% on is
coll ected and subscript denotes the darresponding interlace. [0040] In
one case, the timng synchronization is assunmed to be perfect, thus there
is no driYe®nwhere tadexrmdenotestthertime instance mhwhichcohe sbservatior sg toliztied
channel i I . E“:ﬁ% 2 starts with h(0) positioned at
pl ace O, Q%‘dgﬁ%%lﬁa%ﬂgt%gthg%ﬁg%gn B IEEST ng the assunption that the

maxi mum del0840]s pr Bechewase; tepimins synohrbiiRdtiarispdsemied td Be peafdcRius taed ivded

hat the channel observation Y. ists of alias bins 0 and 1 only.

Tos, 1 CH GO tUBF AR oo ol ), B pepaey cEopaghipinie isbont ) =

h(1) +e 12Aag0B+d) Fig. @Sstartsrith %X@eﬁ)o%ﬁ%ﬁﬁéﬂ aPplhde bPQﬁQﬂogQPQf))Qid‘gffF > vector
a a(n

of the first P taps of the channe i nstance n by and t'he second

P taps by ReseHing theassymphian thati{be mpximunndqls) sped sawaspaadsp-1624 sanes, (n) .

Therefore,: I WA ty from two.consecuii ve
observati olﬁgmaﬁgé\&%n egtt@?g%%%py eﬁf‘ot'ﬂ Se&?aélg’éy arzr(% ;ﬁ%lsgtsagf‘ ‘Hlaé\]?ﬂlsﬁ?&# (n) and
he =Y2( n- 19nly6TInjs, inZhiR ideallduss yigpdsr at i on, only extended over three
consecuti ve observations for bettep noise averaging, is inplenented in a

so-cal |l ed non-causal tinme filter whi emé% i he channel estimation
[ %Kb)ﬁ'pe pr, @?a?g

bl ock. In the follow ng, a descripti S ow t hese ',

observations and thus tte _ghagnel estjimate*an e¢t by timng
shroni zation erry&@ﬁeﬁ“‘(}gﬂ%f&;'ﬁa (ﬁ@%ﬁz: élglt)?%t "H’= [hahe ] T at tine
n%s cal cul ated fromobservations |ya, (n-1)ya2(n), Ya2(n) and yarn+l).
Based on It, the data node tinme tragks +e(’l‘.’5|§/ﬂ' P_%lejit cal cul ates the
correct sanpling position for the Rext DM syhbo Consi der that the

result of bsjti nbeﬂotﬁlﬁnﬁ@{zwmrm@ﬂrsﬁpgﬂﬁ%ﬁhé Hahnd1DE #EANRY J, BY n,@YSi tion
needs to be changed. This inplies that inaccurate sanpling was”us to

mpai r ment SAIPEYCAHE PR .08 BB HRGL BiesR  stB Blale W™= 1

Therefore, channels of length 2P can be estimated from two consecutive observations

when pilots occupy interlaces 2 and 6 as

h, = Y (n—ll'l')'s (n) , and h, = Y, (71—12).--)’6 (n) '
J

This operation, only extended over three consecutive observations for better noise
averaging, is implemented in a so-called non-causal time filter which 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

CIrors.

[0042]  The channel estimate h= [haThf ]T at time 7 is calculated from observations

Yo (n-1)¥,,(7), Vo, (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.
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+e h(2P-x-1)

i

(;l%kl ’
f}&

h(x+l)
P-1) +e
unit is
nbol s,
mati on

. (6)

Similarly, in the case of late sampling (window position 2 at 250), an

advanced channel estimate is observed. It is supposed to start from sample -x and end at

2P -x. However, since the insertion of cyclic prefix in OFDM systems transforms linear

to circular convolutions, the equivalent channel estimate is shown at 260. Again, three

circularly-consecutive alias bins are occupied: bins 7, 0 and 1.

channel observation is now

O

(Iate) (n) _

h(x) +e_j2”%h (P+x) +0
o +0
h(x+1) +e Sh(P+x+1)
' 0
WP-) e |
w(p) +e th(2P-1) L FTEp(g)
- —j2nl%
h(P+x-1) 0 Wieos h(x-1)

The corresponding

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.

- 12
250),

prefix

-12=1

but in



time filter, the distortions in previous channel observations are to be
undone. WO 2006/ 099088 PCT/ US2006/ 008490 14 [0045] The sequence of
operations performed by the channel estinmation and DMIT bl ocks is shown
at 300 i n v SoosBeseddur i Ng the reception of synmbol n, chaprglsio0plsgsvations
fromsynbols n - 3, n- 2 and n -1 are ready and channel est?nate h(n -2)
Is calculated. At this p0|nt a denndélatlon bl ock can start operating on

symbol n Concurrent DMIT uni rves 2) and, based on the
al gori t hm Pﬁ‘?s]t i n&ﬁgsquwe RF BPFTIATS BFF °r@§ aé%e?%ﬁpn% A BMRg

position felbckshis dwh 8ty BO®lin (Fig+31) Dunh@%@%o%ﬂﬁ@ﬂ&ff §ﬁ&\$ol@z Nt O

sanpling offset was detected at this nonent, i. sanpling correction

shoul d be ¥ppvatans fgmssyphels -3, - %@émﬂ@rwemmvb@ml tesh(grlis
triggers tugubhdier APRE a&mpras%e nfol5lation bRER L Haftlo op ﬁﬁng%ysg%ofgv.t nel

estimate and correction of t revi ous channe bser out
| oss of geGQencutrently, DMMTT rmntt tbbsstsrvcs &(mpo8) and; dasddf ew thex algarithohe foe dingitlg by

DMTT, i h ls .0 the. | di_at e ) been early.
Thi s corregnoﬁlélﬁ%ig;g’zéfggxo E?ygn%gsmmp%p?ﬂté?n Chee Mﬁé(ﬁ‘ t@r"'? ction

appl i ed do[e9946]ot Sfifpesd thahe nowsepsandpliog offfet twae deteatreaat tlﬁ§inbﬂ%ﬁte1é0£ symbol
n- 1 which us |Iot og‘@%atlosfro synbos - and_n. Hence, no

modi fi cati %‘ﬂ@ QaEpction b5, applied 19 WF&?Q@E%@?Q%%&W n-i.
During t hewriggesk t@&%erﬂdﬁ@&ﬁonsc@%gl@eﬂota‘ﬁ@ﬁ%ﬂ’ﬁta'c%?x%nb’(:ﬂann@l) ety taﬁ@ghxé( n

+1) are used to cal cul ate h(h that An +1) 1s obtal ne
| at est t i nfomgetiaprafitie grevious ghappal obsermationse Witkyd sy of gemeralifyt, e@umm@wever

th h t tch th
L Coy g gL Rt e Bborded o0 WO e So SRS B AR B hor e
wiTl be a mimedidiepasbbisbeen carhe Thiscorespands tvs240xqfehig. aﬂdﬁ@telﬂ;at theainiihd synbol

GFDM oy moctoroRgepp oA apt e EOE Goadticnte Ui Phmmsl ity Basyebdonen) 1o

mat ch t he swmaluséspnongbs&vaﬁbﬁkﬂam sflm §n¥( H)1 4nd 10 CAEICR! Ko MoMicatlodd4 7]
Buring the n nbo] , channel observations y]§n) é§n+l and y(n+2)
| yursing

will be us%ﬁ‘& b@é‘*ﬁéll%@/ for demogplaiiene fate diorh xrebah mnl- msauOEPM dat a

f + J +

56 that 3(i@bfﬁﬁﬁgﬁﬁiﬁﬁ%%§9$W?‘é@”% nEah SRR AB LT L
with a di fﬂlétrx(ntﬂt)um gunegu\mﬂethet latest tmalgnmhllesy(nﬁia)tmdqy(m}la;fe psbadyer at ed
to denodul h t the t

0, ool i by, o8l A S A oo SAL R, 1
mat ch t he mamh li@ tirhing (windgw asszll fof Eahi@lmg ahegehaymbel. hif ik )s ndt I@lohé',l lteréranner ,

it is assuned that t echann Stl es from + are aligned with
zero. unti a mismatc between at.ins exper?enceé gy tﬁe nt% symbol and ﬂgl

-5

channel estimate A(n) generated to decode the data in the nth OFDM symbol. Hence,
appropriate cotrections will be applied to y(n+1) to match the symbol timing of y(i-1)
Q 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.



next channel drift causes DMIT unit to react. The nature of the timng
corrections to be applied along with the operations involved for relative

early and ing of OFDM synbols is presented

2006/ oggoéié%dé‘?’?%@ooes/ 008490 15 [0048] A transformat ?’gh}i}é{é‘é’%’%”a
desired formis given by the followi ngsmatrices (a denotes the pil ot
interlace in the followng) early sanpling correction: y (n) UXx)xx IP X vy
(WW (n), [0848]s' |4 teprsiomatioh backjto a flesired Sexmmpisigingndyr the dollawing fmajrices Ox x
(P-x) @ 4 adholl bl ihflizce Mo hflagiylf P-) xx @ [0049] Note that early
sanpling correction by X sanples on yq (n) is easily inplenented by
first performng a cyclic right shift of x wlxes en vl -r'y (n) and then
J2xa mul tiplying theady santpling saretias ¢1apse jbat spill oye®)(Hy@® S .
Simlarly, late sanpling correction by x mBtES M.y | (n) can be

I mpl enented by first performng a cyclic |éft shift of x sanples on
y'1"(n) and then nultiplying the last x sanples (i{haselthat spill |2Aa
over) bye 8 . [0050Ilatdtaempding comestion:myy, (pasdameunt t &k slfiPp(rg . €9l i c-shift
followed by a constant conplex nultiplicatign aphlied fon a portion of
sanpl es. The sequence of operations is summarized in the followng: 1. If
t he of f set[0p49vi diatehtiatt évarlyDaDiplingg torrsction>by) xdsumples G DN S@yizotasilyn+| )
Start the sanpling of the next OFDM synbol, n+2, by x sanples late. To
obt ai n champidmentetlibyefiret geffosthing facrycky righd|shiftrdf x sapaplescad b <) fnid thxe f ut ure

channel observations fromy(n+2) by x sanples to the right and apply the

I ' | j ti ' i.n Equati & 8 _above. T t ai
@yl o ST BRIV 56 5] pepries (e Ghapill eyl B i Ty SHREAD: Hee Bredis
| ob ' + 1) tat he | at
garrplniengoc%geé’éﬁn: bg'?%a}é/r(pgﬁsvoél n} i ﬁxgc?ﬂg’? ?Eg E@e%tg%bgﬁr%%@%%ﬂg ??9 ({i{ﬁge%f fe S e? ©
i ded : |t lae : [ d f 1y OFDM
E;%Bl e n%ﬁ Ef;x %@ﬁ%?’g sya'egni)f(%/nﬁ Hen muitfplyidd B SAR! daRP1ed (bl HmBER N

J2nee

over)by e 3® .
[0050]  These transformations amount to a simple cyclic-shift followed by a constant
complex multiplication applied on a portion of samples. The sequence of operations is
summarized in the following:
1. If the offset provided by the DMTT unit is x > 0 during OFDM symbol (n+1)

o 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 nt+1, cyclically shift the future
channel observations from y(nt+2) by x samples to the left and apply the late

sampling correction as given in Equation 9 above.



To obtain channel estimate h(n+l) for synmbol n+l, cyclically shift the
future channel observations fromy(n+2) by x sanples to the left and

apply the ling correction as given in Equati
2006/ 09905%&@??%2%06/ 008490 16 To obtain channel edCF ﬁ&?‘g’g’ﬁ‘?"#“’z) for
synbol n+2, cyclically-shift the previléus channel observations y(n + 1)

by x sanples to the right, and apply the early sanpling correction as
gi ven in Equat i’JEmolﬂaiatsbmmel ¢stiBBtE] h(ho2) ot $yatbobued, culhlma@hshilfethabm%

dISCUSSIOI’lISC Usin n caysal me filter
with one non- caus e?;gg%?&athﬁ ° ¢ Cﬁg?%gﬁg Sé%ss%’e% r’gﬂﬁtﬁna ﬁi‘ &Y | n
scope and can tsamphﬁgbgtreeuéream&nhmeqanbnfslabbﬁ of any Iength In the

above al so_assuned tha onl.,y one synbol jis out of sync
and henceaﬁgézﬁs t O%A?gﬁataqv%ﬁ’é’&} 1#hPYRediziussien 1§ qeindout pring apsxanRlener al

case, all hensy.oRRAISHRE RS %ed s ﬂoﬂﬂ:auﬁh@dﬁn%e fRshdigwt alealséédgi@rduﬁtém woul d

arrive with dlfferentp@%nbol timng. The above concept of early sanpling

and | ate sgenpial Hyscepe ped eanobe odsily ezm@d@dﬂe tipepfiltercftany dength. Isyim)diovw th an

ar gument Igi E‘I@ [

shoul d begég%%g}egﬁvﬁ%%lsg %ﬁ%%??nﬁhggﬂlgf&lé 19“‘&1 mc%gggéc\?;ﬁ[?g& used for
pr ocessi ngaligaédwithi theeitidr syrnbols. |Ixramny)rm gasrd oasgatl%akmbdlﬁpmaeﬁpém ther the
OFDM synbol th t s to 1§grtﬁqua¥v 005 N, the e d of .the abqve set of

oper at i onsth ﬁth‘)éﬁ Hergrietymbe! fimipe.( Theathomf e time

filtering @hncéphedfticaty sdlﬁﬁmyarﬁfﬂﬁfbn@knpﬁﬁg icBRbdtion WiHSHEA B ap%I tolddghe is no

excess del ay sPread (see discussjon below, and _ that the channel is
t pemcat ed DEDE! Mhsan AEEMEREIVEY by, theneatrraponding; traineorfsehrin martionlary i ed.

[5053] Fi Ghoffidi Bd stshiedltst B GANANH A fib Warklel bheia 2B éx%ﬁé Qg 490.

At 410, tine corrections are considered in view o no excess
del ay spr eshguldgnatch thertiming meed to\aeheshts therempdesgfor the GEPIModymbol thaf isdo ent s
{an}, SNR ﬂe%}? &erdom perfect channel estimation can be given by:

SNR1=10l 0155 2% J+(1 +SNReN)[Et _|)] Cl+Equation 4 | [0054] It can be
assunmed t hf@052anpli ke ehdl of e abudedt df opérationsh theddiaang yextivhteengy giY. The
paraneters .r dcr area{)el ated to tg&)gtl ne-filter cqefficients and

variation %‘fgn?‘ﬂ@ i fneblg tegipg B ihg timgdomagp chanpel eplimgaley. ASSEMBZ oh = 7

anan, R(Nn -3t there is no excess delay spread (see discussion below), and that the channel is
truncated to P taps, the loss with channel estimation can be analyzed.

[0053]  Fig. 4 illustrates an example time correction considerations 400. At 410,

time corrections are considered in view of little or no excess delay spread for
transmitted symbols. For a given set of co-efficients {a,}, SNR loss from perfect

channel estimation can be given by:

SNR,.. —1010g[1+— =Y .0 (

NReﬁJ+(1+SNReﬁ)(:-—E—1ﬂ dB

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

Equation 4

energy. The parameters » and o] are related to the time-filter coefficients and
variation of the channel across symbols:
Nb—l Nb"l

r=Y aRn amd oj= ) a0R@n-n)

n=-N; nnn'=—N '



-Nf n,n~-Nf WD 20061099088 PCT/ US2006/ 008490 17 [0055] where R(n) is the
correlation function of each channel tap, with argunent nornmalized to the
OFDM synbol interval T,. For the | akes nodel with Doppler frequency fd,
R(n) = Jow [ 0056] SNR., includes the effect o Doppl er
and is relvg?g@élg%gﬂéshe actual SNR as: SNR SNR ff 1+or%§&gﬁﬁgt’|@?§g@] wher e
acr can be derived exactly for a gived7Doppl er spectrum For the |akes
spectrum a tight upperbound is given by: / x a 61 CI =6 fdTFFrY where
TIFT is t HBOSSET owhere i Rw) (8 Becorrsiatioh ngten efheachebping] tape with Jargunjedd 58]
Proceedi ng to .420 of . Fi nqQn; causal filter, selection. is considered.
The pot eaioffﬁ?hzﬁg&op%?fmw%@} I%SWE]aIZf'FI I thédakss| aqs] wwith Qoppler g)  of

t he channeﬂe ugscti tes was studied in detail. The filter taps were

optim zed oS r%’gyt ¢ Robust MVBE approach as well as generalized |inear
regression techni que. But, the analytical tradeoff as well as sinulation
resul ts showed that B@® weyCadiT,me possible to get a “reasonable" gain
over no tine-filtering, for the entire range of speeds (up to 120 kni hr)
and spectral efficiencies (< 2 bps/Hz) that are being targeted currently.
These resyliss] poi BNRBg; irehtdes theleffoettfIChde tofDappien gndisaelated!to ftid dcaral [ 00591
An inproved trade-off can be nade if a non-causal filter is provided. The
use of nor¥NRPA#Hn one non-causal tap may be prohibitive in terms of
buffering requirenents, so one non-causal tap nmay be preferred - however

nore than one be _efDRoyed. For sinplicity, one past synbol is
enpl oyed, giving &t oI%fIgNK hree taps for the tine filter. To get an
unbi ased estimate in static channel s, one restriction is that: -~an =1. WO

2/ 099088 PCTI US20061008490 18 [00601 Further, by symetry of channel
correl ati qgoger Whéfe o5 UOm G ididbd ¥x&HYRr a given Doppler spectrum. For the

Jakes spectrum, a tight upperbound is given by:

2
Ol =%(.ﬂTm)Z
where T, is the FFT duration (does not include the cyclic prefix).
[0058]  Proceeding to 420 of Fig. 4, non-causal filter selection is considered. The
potential and performance of causal FIR time-filtering (N, =0) of the channel
estimates was studied in detail. The filter taps were optimized using fhe Robust MMSE
approach as well as generalized linear regression technique. But, the analytical 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:

Zan:l'



wei ghts shoul d be applied for the past and future OFDM synbols, a-,=a,.
Under these constraints, the choice of the non-causal filter co-efficient
reduces to choosing one paraneter - the central tap ao. Using Equation 4

above, aowiguhheuoNgr i ed to provide a trade of f bet V"eeﬁi&hﬁidoﬁ/odsﬁb%s and
hi gh-speed | oss. Referring briefly Fi 5, the trade-off wth the 4 tap

MVBE filter fromto a 3 tap non causa fllter is conpared via chart 500,

i for Poroord BRE o5 el AR oo esive i spheisy el whi ch

cor r espondscigits steuld Beapﬁltddtﬁf ltl[bgpasf end futd® OHDM) SYHYHMSCmCDU e fs to
havi ng equal weights for the three synbols. FromFig. 3, I's shown that

t he non- cdbesecorstrpints; thesheiob afthe non-vausa filer catfficivat ©dades o a{boslﬁ gas and
provi des bet% r 4radeof f tha the causal Efilter. Furtherrmre it

may seem BEANGE - g Genip] tap tﬁoe 11g Bqyfiop fabavs, %5 Be qudtt@tpr%@flfaﬂ (to
1/3), sin l%’a% 5 t d t

remai ns aﬁﬁr?gés%ff ggﬁéﬁ?}]&% (#uﬂi%ﬁ Sg&g%%a#%ieefggg%@ %ckdﬁfd al so
cog&der tvnﬁlﬂaﬁﬂeqtl\@ﬁSEﬁdielsﬁomega)z ta%onmachrt]xsalﬁlteh 061]e‘dt;@a§md5@gl ggt E
robust ness XC ead,in the chanpe roceedi ng bac

to 430 of aﬁﬂ% %Stra&‘%&t?gg‘sa%%‘?% %%E?%%&Pttwﬂsf a%@f h@s‘%ﬂnf‘{?é%f filte, the t he
channel i segied b iteriekt @ahéryﬂ&ameeqtnatﬁoﬁitzsw htich SM8s oﬁ[?t/'n%’ﬁm | in the
frequency ﬁorral { -domai n channel gs beyond 512 alras into the first

512 taps. ﬁ@ﬂ%et" 12% h]e4)pr"é1§@}h<99ﬂ‘@ﬁp°@§c s Baviieg sguaépwezghtﬁ ﬁ)héheoth;m ved |

time-d |

nter ! ace Tp g@ I8 i £03, § Mttt bRl B Gl AMpPhaiond ¢
Tot s ar et Bighgppedeendyy oMmamrtmesffalmnahscmmther@@meﬁwﬂeol s, the

ey o, SOAAP R ft Ul P b SR RO S ™ *

0, , P- 1 nveintiees the tidsstih aestatiorchametaind ihis REs retnta@nsloahto@pﬂle%enﬁlmgﬁt | mat e

becones WO 263 S/ 09I9SO§_§MPCT/ uszq@eéio¥849o 19 aghr (

[h, (k-1)+FPYRE Ry 99 s §91 cogsifer the affget 0%@1@@@)@@59@@@0 (k) +J

11 oo(hl cAsdskrglhertdh we Ogﬁ %Jrobt@ﬂﬁ?sltb %eés &ele{;ps%ﬁe}leialgﬁ%ech%ﬁl ase of a static

channel, t he act ual ess ¢ anne are k, and the
filter out[pedl] si rmbctefedlﬁ@ bhck #%'430-of 229, exbpsstilela§ considerations are described.

Since the channel is being critically sampled at 512 pilots every OFDM symbol in the

frequency domain, time-domain channel taps beyond 512 alias into the first 512 taps.

Hence, in the presence of excess delay spread, the observed /* time-domain channel tap

can be written as (for even k and pilot in interlace 2)

by (k) = e (k) — e (k), 1=0,...,P~1

[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 (ke +1) = B (e + 1) + jhEe (k +1)
By (k—1) = B (k — 1)+ jA== (k—1),1 = 0,..., P—1

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



[0064] It is desirable to elimnate the excess delay contribution to the
observed channel and estimate the actual channel alone. This can be

achi eved ' ao to 1/2 instead of 1/3. Another i i s how t he
non-causalwq?q%%/gdrg&\%oul d handle time- variations in thePgialggogkli%é9 nel .
However, excess channel variation is dpproximated as |inear over the
three synbols, it is fVi dent that any symmetric choice of taps wll
elimnate the tj T@if,qn i E@ cess channel as well. Fromthe above
di scussion, a cﬂlzéuglkjég af E{lg%gﬂ'% +ﬁ$ 25} for the non-causal taps renoves
the tinme-variation in thel_a,oc ual channel , any_ w ap-around of excess del ay
channel taps ard @y f(ikbré-—\é;a'r ’aafl"&hsl)iﬂﬁ,"“"f'flesk)]excess taps. One issue in
choosi ng these taps instead” of equal taps is an increase in the static

| oss from 1. 25 dB gl 38 é_’ﬁhﬂl@@ S 1§ aj ddsy, mili Ml . Hence, a three-tap
filter is adopt ed’ Wt h g‘?e%fizi ts (I{co.lgg%" 0)(@5111)3 25} for generating coded
packet errgp,gpgsults in the next section. [0065] Proceeding to 440 of

Fig. 4, energy considerations are discussed for optimzing a
data-to-pilot energy ratio. The precedi ng discussion assuned that the data

mbol ' j | | .U th
constrai ntopd: * FRctobaf SHCHa: sifialh B0 (AL Yoo THERE crarbd e o o
symbol eneih@e)pehdbﬁd@fk,(hnheﬁéﬁllteroﬁﬁﬁﬂﬂﬁhﬁﬁ&ttbrh?’f"‘i’%z&oofl)h‘@""er pi | ot noise),

at the expense of |ower data symbol SNR (higher data’ roise.) The ratio
can then bi80eHosel it desipbleniozeliminatetthadreess tlelaj-@ontaibatid@t tCtheCdbaeped , t he

tradeoff can be optim zed anal ytically and the inprovenent over the case
f&n t he e%é?lbe@/e a?‘g?ﬁtlala?esgﬁaf%%ﬂ%e}é ne.g Tty 1csp be-eshisyed by esiting o tPza 1
10#¢0 N J P ( 2006/099P88 PCT/ 06/ 008490,, 20 [ 0066]
The term ?ir?zt hlgieé%ﬁgﬂégbr%g%}é%\gsﬁug 1$ﬁ%ws %P?%carufig?glgqrtv&?“?‘fh%nd&%f‘%‘ﬁ o- pi | ot
ener gy hasuribiiens inficientese chanhell Hdweva Bxdeachahne ivhiifion if Spfodimpe@yenent is
equal to about O. dB. %ﬁg?]. Fi %s, 6-9 illustrate exanpl e sinulations
for a tinmMF*cB¥F ¢ ithyFe 5 $sit 18 VISERE Rt BaRmetEC ghaicp ol aps will  or
QPSK/ 16 QAdyimyihdtéhie Bnfe-vatidti ORI tREedcS® chRRe! Asbvell. S rhinGh & ivE HisPlssibn APS/ HZ
and 2 bps/Hz) and | ow hi 8h speed channels. For | ow speeds, the repeated

ATSC chanrfépicheddl-20al-5cBA8} derr g nphthusal tape ovmbves thet tme FaidBiobeh dke t he
o0 S P,y hoiho 0ot oG ERE RSL RSl fihe oL o0

specul ar conponen at 1s essen onents
of the chaherelescens taps.aOse et inchbodiey thisdetas ingeAtofatuAQaps it b inckte hi gh

speeds, r %B%ﬁlet set\gicpltl)zs[g%r an ?f2|5 ld%S toaf.g’\S dB, which is fairly minimal. Hence, a three-tap

filter is adopted with coefficients {0.25, 0.5, 0.25} for generating coded packet error

results in the next section.

[0065] Proceeding to 440 of Fig. 4, energy considerations are discussed 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+Za,f)—|:2010g[1+ ];Vz—:j:] - IOIOg(N]X P)jl dB




used with the sane cluster delay of 40 ,us and a power difference of 5 dB.
Al paths in the "PEDB" channel are Rayleigh fading at a speed of 120

ki hr. Fo Its, it can be assuned that there r
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appr eci at 3%%%?‘%{ ﬁg%h%lrngfg‘éailgégt S%ﬁdﬁ’élﬂ{st?é‘? éﬁeﬁm&? &s thstchanne] valee ¢y t he
order of #etclosestsrasmmigtedipiles. may occur in different orders and/or

acts fromthat shown and descri bed herein. For

it th
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with the guRjef - hodo 1 as. discl osed herein.. . [00711 Proceeding to
1010, a synbol sa{)@té({h’ %s{h?%%‘gl?l\%ofe%?mé‘evﬁf r‘@?‘%g% n}lgéaé‘? PEpt noise, with a
threshold of 0.1. The thresholding is carried out after the time filtering operation in the
time domain.

[0069] Figs. 6 and 7 present the performance of QPSK and 16QAM modulations in
@ a slow fading channel with an ATSC profile. It can be seen that the three tap 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 etror.
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
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symbol in the subset, for example. New or previous timing patterns can be determined

where in some cases a new determined time is applied to a respective 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.



of Service (QOS) requirenents. Features of Physical Layer include
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menory (W, ﬁ\hi,ch cts _ as external cache nmenory. By way o ustration
and not clay, retlections of previous symbols are removed and the orthogonality is preserved.

[0075] Fig. 12 is an illustration of a user device 1200 that is employed in a

wireless communication environment, in accordance with one or more aspects set forth

herein. User device 1200 comprises a receiver 1202 that receives a signal from, for

instance, a receive antenna (not shown), and performs typical actions thereon (eg.,
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



limtation, RAMis available in many forns such as synchronous RAM ( SRAM ,
dynam ¢ RAM (DRAM), synchronous DRAM (SDRAM, double data rate SDRAM (DDR
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can be substantially sim|lar or different e exenplary € ati on
and analyzed by a processor 1314 that is similar to the processor described above, and which

is coupled to a memory 1316 that stores information related to user ranks, lookup tables
related thereto, and/or any other suitable information related to performing the various
actions and functions set forth herein. Processor 1314 is further coupled to a FLO

channe]l 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



term nal described below. [0080] Referring nowto Fig. 14, on a downli nk,
at access point 1405, a transmit (TX) data processor 1410 receives,

formats, ofd.erl eaves, and nodul ates (or synbol ic data
and provi ﬁﬁ‘g%n%’%dﬁ ation synbols ("data synbols"). A 3317%@?’;"#%’%{'%% or 1415

recei ves and processes the data synboP4 and pilot synbols and provides a

st ream of nmbhal s.. A'S al dul ator 1420 nul ti pl exes data and pil ot
symbol s ar?g%revb 1 Govey %/fgﬁmlf ¥ op PpPLaTAlRd; that the, gysteny qapringludelmore thar hne r ansmi t
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frequency division nultiplexed (FDM, or code division nultiplexed (CDVM.
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nor e anal [ I .. conditions.e.q ,, anplifies, filters, and
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condi ti onsy%ﬁ. g , filters, anplifies, and frequency down conver

recei ved SYRRAF aaghgrovidieythemlae ransmition ani¢ (BMER) 442 aFadhdraplsiitisymbelnpl es. A
synbol derﬁp@lg t sjyﬁﬂ:'é | des received pilot synbols

t @ processoreadldﬂ%gao forl’é1 a%%ﬁ%??f%%q?lg{]aﬂl\éggz 181 %ﬁgﬁﬁ%ﬁyg‘% 45

f 5t her r deeenieconsinpoustiuianeachr sysihoh periab t Mimtptlot &anbdlh@asl Wentrégukndyr om
processor g4 r a_denodulation an. the received data synbols
to obtain dgfg%gn rg@%&q%@i@ﬂ%toﬁo Wr}éﬁq"ﬁ}“@' ‘gglﬂoﬁﬁ?‘ggplﬁ*edt@m\ffhﬁﬂﬁ tted
data synidblision nattipleed (TORD, frbgenat @ivﬁmnﬁlhlgga{(ém@m), (P Bl B¥isilat 2

processor _145 ' denodul ates (i.e., synbol de-nmaps), de-interleaves,
and decodggﬁ?ﬁ@‘eﬁg{:ﬁ ynbol estimates to recover the transmtted traffic

data. The [go8@Fessi NMgMIR $3000RLAQMRRUAY t.a,_processor
1455 is conplenmentary to the peflocessi ng %ﬁ/s %%%g@%%%ggoﬁolﬁfrand TX

dat a pr oc &¥s%pnajog signgle gpd durthee onditions {e.ge smplifien tfilted) and [RGBy @p t he
uplink, a t 60 0 traffic data and. provides data
aymbol 5. - Soms e BERRIAR « AL RGHRER hipR i Byl el iiseBh v o
2006/ 099088 WEI¢sySROMEN (URARGMIAR sigyatiiothen Waishiféd Biouph Hh GhGnndRIBOT NS
modul at | O th%ncgmgxrlaqglgtetcsem%nglt 1r4§8,manozfmtgl%gbl%bs iecéives the downlink signal and

provides a received signal to a receiver unit (RCVR) 1440. Receiver unit 1440

conditions (e.g., filters, amplifies, and frequency down converts) the received signal and
@ 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 (i.e., 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



transmtter unit 1470 then receives and processes the streamof synbols to
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@ techniques described herein may be implemented by various means. For example, these
techniques may be implemented in hardware, software, or a combination thereof. For a
hardware implementation, the processing units used for channel estimation may be
implemented within one or more application specific integrated circuits (ASICs), digital
signal processors (DSPs), digital signal processing devices (DSPDs), programmable
logic devices (PLDs), field programmable gate arrays (FPGAs), processors, controllers,
micro-controllers, microprocessors, other electronic units designed to perform the
functions described herein, or a combination thereof. 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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6. A channel estimation nodule (160) for a wreless receiver, conprising:
an alignnent conponent (140) to align synbol timng of two or nore OFDM
synbols froma subset of OFDM synbol symith respect to each other to
account for timng differences between the synbols, obtain a channel

esti matCainsased on the synbols fromthe subset, of which one or nore
synbol s have been aligned in tine, and enploy the channel estimate to
generate t.im k i rat. ihe synbols in the subset or
for - oymtor BB AP R LA E S8 SIS Y e e m 6. fur ther
conprising a time filter conponent (150), to generate the channel estimte
fortimng aigningdunbal tiiserefden citmpre KFDS symppisfromadiulse ooPrDb suntivis ith iaspeqt Biershs ai d
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of the nostermipatiserg chricttorst . 13. The nodul e of claim8, further conprising a
conponent to determ ne a Doppler frequency for use in calculating at
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conpri sing e-reada um erein the tine filter conmponent or

the alignnment conponent is enbodi ed as nmachi ne-readabl e instructions

st or ed- i mchermal epinakan madyled L LBy aavirpiess recaer coBPisMBie nodul e of claim 6, wherein
the network is a forward Iink only network. 19. Amachi ne-readabl e nmedi um
havi ng nmachi digneiteswbidal (ojist ructions stored thereon which, when read by
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0 account for timing differences between the symbols,

obtain a channe! estimate based on the symbols from the subset, of which one or more symbols have been

aligned in time, and

employ the channel estimate to generate timing correction information for the symbols in the subset or for

symbols outside the subset,

7. The module of claim 6, further comprising a time filter component (150), to generate the channe! estimate for timing
and data demodulation.

8. The module of claim 7, wherein said time filter component comprises at least one non-causal filter having at least
one tap to generate the channel estimate for data demodulation and timing correction,

9. The module of claim 8, further comprising a component to determine excess delay spread for use in calculating at
least one tap of the non-causal filter.

10. The module of claim 8, further comprising a component to determine a signal to noise ratio for a channel estimation
for use in calculating at least one tap of the non-causal filter.

11. The module of claim 8, further comprising a component to determine symbol energy for use in calculating at least
one tap of the non-causal filter.



a nenorythat includes machi ne-readabl e instructions which, when read by a
processor, define a conponent to align synbol timng of two or nore
synbol s of a received OFDM synbol subget; obtain a channel estimte based
on the synbols fromthe subset, of which one or nore synbols have been
aligned in tinme, and enpl oy the channel estimate to generate timng
correction information for the synbols in the subset or for synbols
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13, The module of claim 8, further comprising a component to determine a Doppler frequency for use in calculating at
least one tap of the non-causal filter.

14, The module of claim 6, further comprising at least three time domain filter taps to generate channel estimate for
data demodulation and timing correction.

15, The module of claim 14, further comprising setting the taps to values of {0.25, 0.5, and 0.25} respectively.

16. The module of claim 6, wherein the OFDM symbols contain data signals and further comptising a component to
optimize a data to pilot symbol energy ratio.

17. The module of claim 6, further comprising a machine-readable medium, wherein the time filter component or the
alignment component is embodied as machine-readable instructions stored in the machine-readable medium.

18. The module of claim 6, wherein the network is a forward link only network.

19. Amachine-readable medium having machine executable instructions stored thereon which, when read by a machine,
configure the machine to execute the method of any of claims 1 to 5.

20, A wireless communications apparatus, comprising:

a memory that includes machine-readable instructions which, when read by a processor, define a component to
align symbol timing of two or more symbols of a received OFDM symbol subset;

obtain a channel estimate based on the symbols from the subset, of which one or more symbols have been
aligned in time, and

employ the channel estimate to generate timing correction information for the symbols in the subset or for

symbols outside the subset; and
at least one processor associated with the memory and a receiver for decoding at least one current OFDM

symbol while adjusting the timing for another symbol in the symbol subset.



