TI ME SYNCHRONI ZATI ON USI NG SPECTRAL ESTI MATION I N A
COVMUNI CATI ON SYSTEM [ 0001] This application clains
woOheoswesmBi t of provisional U S Application Secrais2086/021053

60/ 580, 811, entitled "Tinme Synchronization Using
Spectral Estimation,” filed Jyne 18, 2004. BACKGROUND

I . Field [0002] The present invention rel ates
gener a t o communi cation, and nore spec:| fica
F e TEYH Y S HRONIRATION U§W%W§TMA¥ION N A
Background [0003] ACOMVUNIEAEKQNS i cation
system can support comruni cation for nmultiple user
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base stations. [0004] mﬁ?‘@a&f’ﬁ@ link, a base
fltatl (1{1 (r{ay receive transm ssions from multi pl e user

&r i nat The transm ssion from each user term nal
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gnal paths for different user termnals typically
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[0004] On the reverse link, a base station may receive transmissions from multiple

user terminals. The transmission from each user terminal travels via a different set of
signal paths. The signal paths for different user terminals typically have different
channel gains and propagation delays. Consequently, the transmissions from these user
terminals may arrive at different times at the base station for the same transmission
starting time. The transmissions may interfere with one another if they are not properly
time aligned at the base station. This interference may adversely impact the base
station’s ability to recover the transmission from each user terminal and may degrade
performance for all affected user terminals.

[0005] A time control loop may be used to adjust the timing of each user terminal so
that its transmission arrives at the proper time at the base station. The design of the time
control loop may be challenging due to various factors such as, for example, difficulty

in obtaining an accurate measurement of the arrival time of a transmission. This



I n obtaining an accurate neasurenent of the arrival

time of a transm ssion. Thisdifficulty my be due to
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channel conditions, and so on. [0006] There is

therefore a need in the art faor techniques to

accurately measure arrival tinme at a recejver and to

sliisalty maxdjeudne teiths mgnegr in vhieh e tranapissigngs sent, adverse channel
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| na curaty e arrival time nmeasurenent.
adbistied mmal ﬂnﬁe mmmpubed frel may be filtered with a lowpass filter. The filtered

or unfiltered time error is scaled with a gain, which may be fixed or adjustable based on
one or more criteria. A time adjustment is then generated based on the scaled time error
and using linear and/or non-linear functions. For example, the time adjustment may be
limited (or saturated) to be within a predetermined range of values to account for
possible inaccuracy in the arrival time measurement. The time adjustment is sent to the
transmitter and used to adjust the transmit timing at the transmitter.

[0009]  Various aspects and embodiments of the invention are described in further

detail below.



transmtter and used to adjust the transmt timng at
the transmtter. [0009] Various aspects and

wonbwdiosmnt s of the i nventi on are descri bed i np€unmsShm®s/021053

detai |l bel ow. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0010]
The features and nature of the present invention wll
becone nore apparent fromthe detail ed description set

forth bel ow WBRIEFRESCRAPTHANQE(THE DRA
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ssayinginyhigh hk@ref%reel%@%@?ﬁ%ﬂ?&%&&ﬁﬂ?ﬁ’oadﬁﬁg’gﬂmu out.
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gﬁﬁf’zgf or Fﬁi}.faf éHo?JEta n&del 884 Ase bR AbofFEL) shows a
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qpebt]r al FEGS.idtasidAB shp0tve) exen@larg tehsmissign s¢hsenes.

ARG " Rl SRS esirmetBinioret el i R g oponse

Udbie] DEFf LeBoEStep!rEspofbes0f@0imd bentiud icbp foxéifeiene YCL gains.

i's used herein to nean "serving as an exanple, . .

i 081 Anc e F1Gr 7 showis ¢ paadegmior Ppﬁ-gmé‘ﬁﬁ dﬂlil‘?@ﬁ{éEWZéEQ’il gAns spectral
de§crlbed herein as "exenplary" is not necessarily to
BISHYr ued as preferred or advantageous over other

D8l MeRIG. Dshodesi ock dib GRS ahisE tefimimhbmml abask steties s
nmul ti pl e-access conmuni cati on f%(?{t em 100. System 100
i [98191d e s FEG U shosrs a0 Mdegnoduaiorang aiime,cRIUOl Btk ¢

comuni cation for a nunber of user termnals 120. A
base station is typically a fixed station used for
conmuni cating with t bETAMEED BESGRIPTION nay al so be
cal |l ed an_access_poi n

« , ,&.Node, B, or sone qf her
t @P2hhol g&?.W@ere"F’é‘PiﬂrﬁaF% uieélOE%fF’él {3, Biean sgrving as an example,
GinSRfdeS Bf iﬁlﬂﬁ%ﬂi’(ﬂb@ UAny BRbSdiicRiTdr @RtbneRehiBedeerein as “exemplary”
termnal may be fixed or nobile. A user termnal may )
ails 0t heressatilye e conbinied astpaefened onadisaiageasioyaeether embodiments
UE),. a wirel ess conmuni cati on device, or
or designs.
[0021] FIG. 1 shows a wireless multiple-access communication system 100.
System 100 includes a number of base stations 110 that support communication for a
number of user terminals 120. A base station is typically a fixed station used for
communicating with the user terminals and may also be called an access point, 2 Node
B, or some other terminology. User terminals 120 are typically dispersed throughout
the system, and each user terminal may be fixed or mobile. A user terminal may also be
called a mobile station, a user equipment (UE), a wireless communication device, or
some other terminology. Each user terminal may communicate with one or more base
stations on the forward and reverse links at any given moment. For simplicity, FIG. 1
only shows transmissions on the reverse link. For a centralized system, a system
controller 130 couples to the base stations and provides coordination and control for

these base stations.



sonme other term nol ogy. Each user term nal nmay

communi cate with one or nore base stations on the
woaoosaweriand reverse |inks at any given noment PCE@S2005/021053
simplicity, FIG 1 only shows transm ssions on the

reverse link. For a centralizgd system a system

controller 130 couples to the base stations and
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[0023] OFDVA systemutilizes orthogonal frequency
400233 onAmJ‘DFDMféﬁWﬁ@m( ofilings. ontrmongls frgquanry i divigiop; @ultiplexing

SOERNP GEMER Dot mimuiicy (FlstiaR? bt HrRRSel Mapitons he
foveauengens bhibrids inth emetiplehDOnstshagoralafremenoymsubiapds. These
cal |l ed tones, subcarriers, bins, and fr]?lguency

shblrands are glse icomumIhnqalies! QBeH SPhgaERerY Pifs-deEppienp, ghanvels.
%ﬁgﬁ il i Q%Docfmé/ Qfﬁh@péé% e s‘&b i@ mA) JeOmblulated with
nodul may be

_ alons sent onteNtotaI subbands
idatag agh tdOR Mcﬁﬂiﬁml symbolisanay bBeheeseomtieiN amtalcﬂmbba}ndsoﬂl gach OFDM
are converted to the time- q)& in wth

isppbpkreriods tThess mpdilatq SATE FREFYIC ?60 @8 aikgn%}n with an N-
yoﬂﬁslﬁa%rg@‘%as% tﬂﬁéfoﬁﬁm toN gbhd¥Bre 40 iR FofRbdSymbol that

r sanple To co at I nter- synbol |nterference (rsl
wbn’(ahlSIN timerid@miain\chipsexysemples s dloceumihag inftewdsymepal intgrference (ISY),

et B sG] Sranpipy R it ist & HRHSHE R bl ictips of the
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one OFDM symbol and is equal to N +C chip periods.

[0024] As shown in FIG. 1, multiple user terminals may transmit to each base
station. The user terminals may be located throughout the system and may have
different propagation delays to the base station. The propagation delay for each user
terminal may also change over time due to movement by the user terminal, changes in
the wireless channel, and so on. The timing of the transmission from each user terminal
may be adjusted to account for the propagation delay observed by that user terminal.
This ensures that the transmissions from different user terminals arrive time aligned at

each base station and do not interfere with one another.



[0024] As shown in FIG 1, nultiple user term nals nmay

transmt to each base station. The user term nals nay
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di fferent propagation delays to the base station. The

propagati on delay for each usey term nal may al so

change over tine due to novenent by the user term nal,
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fset |
bt et e nwgan b dnin b GERES Tomdbo pSne, SRGPLLme forgthe data
%ﬁgﬁﬁgsfont WA ACEOhE kgl of o tﬁ&ﬂéjmtéi'@d] St ige Whaé StatiSn R4 allocated

e initial time offset. [0026] The base station
rtecthe weer tetmeindht Fhe ases sate computosrthendiffpzamce wog remion detween the

%ﬁgasrreas i r%?ﬁ tt ne rt&g, \cll?s&'rehltﬁvag El I cfe{ ﬁ%?nrys %ﬁirﬁ@adéustment for

Cthé“ﬂg&%ﬁmﬁﬁle THEDs8 Statibh AkHFendsd e mh@ aajlastmeﬁasa thé SEH. The
arrival tinme of the data transm ssion may be djfferent

fusgmerm@ah@gmrveﬂthg timeadiugtment, ppdatesHts tgppsaut timing accordingly, and
n start of a tine
%éﬁl\%?gﬂta lfng\%ﬂé&}giaag%%% ¢ %f%ﬁ has allocated to the
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tinme adjustnent via the
user termmal updates its transmit timing for each timing adJustment received from the

base station. The current transmit timing at the user terminal is determined by the initial
time offset plus all time adjustments received from the base station. The user terminal
uses the cutrent transmit timing for transmission to the base station.

[0028] FIG. 3 shows an exemplary model 300 of a time control loop (TCL)
between a user terminal 120x and a base station 110x. The user terminal transmits on

the reverse link using its current transmit timing. The transmission observes a



user termnal receives the tine adjustnent, updates

its transmt timng accordingly, and transmts data
wa0msgothne updated time of fset. [0027] The ti nmPa®US2005/021053

adj ust ment process typically continues through the

entire data transm ssion fromghe user termnal. The

base station neasures the arrival tinme of each
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arrival asur enent n the c T .
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are, ent the 58 h I

Febod i e Lo e TR B el it SRR e bF omina
téﬁ@ul%)’&dv@ﬁé&@ﬁ k@ikd 19 Q30miA timihg ispl they th31Parmidsiqal frem the user
the del ayed tine error fromdelay unit 314 with a TCL
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_ 1 ow. post processor
qdaﬂhlﬁmﬂhﬁkmmeedeﬁtEMnﬁr r or, per forns post

rocessin if an 0
p[0031 % ﬂ(le user tgr)mma g&b recelves the time adjustment from the

base station, sums this time adjustment with the prior transmit timing stored in a register

322, and provides the current transmit timing. The current transmit timing is stored in
register 322 and is also used for the next transmission to the base station. Summer 320
and register 322 form an accumulator that updates the transmit timing at the user
terminal based on the time adjustments received from the base station.

[0032] The processing for the initial time offset may be different from the
processing for the time adjustment. For example, the time error for the first

transmission received from the user terminal may be scaled by one (instead of the TCL
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val ue, and provides a tine adjustnent for the received

transm ssion. For exanple, post processor 318 may
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within a predeterm ned range of values. The tine

adj ust mrent i ndi cates whet her tjshe user term nal should

advance or retard its transmt timng so that the,
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pdates the transmt tinmng at the user term nal based
dechinfymes. | Asuidaljlerseanmensent sesbhigud nfay s selseted hgged on various factors
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tA Bilofds kabWRNdata B4t BXP0Béseed bhe thansMmitedr Br aflafowthmanner. A
first transm ssion received fromthe user term nﬁg&l may
enswittes nayyiranseit 3 pelclRPsHst ¢ Keeever geiionn veriQlst fpetions such as

t i ni L i . SSi TRV -
L
wintl Ro tohe Jeveral eten@siayi ttankinissiog schertdsefos armsomttimgedatagnd pilot are
for the time adjustnment. [0033] FIG 3 shows a

fdepatbed bgIOM-t i me control loop with one accunul at or

ph3yyn ¢ | . Siph | ARSI sBheh®e B that ma

Yrts)g ]t 0 gg?u‘ggeltl%vg %fﬁg%%ér%efht i %%g@t t he user Y
therused dbr the QitRMUAsystam. tFrequenapbepptingeandendgmize interference and

i ntrQduced by the wrele channel .. F ex a .
SRt oY YRS Bt IriSBRoNRY e Wb reatency hopping,
(208 4ker TREmBAT iy Mdsidrel®a @fffeferit AN SedSoht® ThalBididetes the particular

measur ed using various techni gues. sui tabl e )
reshsandéntuse o heack hopnesriode Eatheber penied arpyospapueofsmultiple

DR Pttt heBosn o T Rfeneh A BRI dglo Fled Bands 10

kRev®y Easmidstoat Tife 1M GeQRacss fon differai w8 tbddinkls iR communication
known manner. A transmitter may transmt a pilot to

awith ge samechess viationarer asthogoralite gae puethen WnthalR Bvg yser terminals
ti r i N 0 i . - o o N

E5,E SOOI,y AN 5 A R 9HEESY v
exeotigl the Wsel teambmil scinomusicitangesith the same basei stdtiong Tde Fal sequences

and pilot are .
for eerl)ch base stafion are pseudo-random with respect to the FH sequences for nearby

base stations. This randomizes “inter-cell” interference among the user terminals in
communication with different base stations.

[0036]  For the example shown in FIG. 4A, S sets of subbands are formed with the N
total subbands, and each set contains M subbands, where N=MxS, M 21, and S>1.
The M subbands in each set may be contiguous (as shown in FIG. 4A) or non-
contiguous. Each user terminal may be assigned one set of subbands in each hop
period. Data symbols (which are modulation symbols for data) may be time division

multiplexed (TDM) with pilot symbols (which are modulation symbols for pilot), as



descri bed bel ow. [0035] FIG 4A shows a frequency

hoppi ng (FH) transm ssion schene 410 that nay be used
woanostoog71OFDVA syst em Frequency hopping can r RT@S2606/021053
interference and provi de frequency diversity agai nst

del eterious path effects. WtR frequency hoppi ng, each
user termnal is assigned a different FH sequggie th

. - . t
shrticiatiIS. #he Transniissioraschamp BaR apay)berised,fer PR rfOIh@s reverse
E ngéégﬁﬁgénggﬁgpriod may span one or nultiple OFDM

5%85 "ods’ " Each FH sequence may pseudo-randomy
$OU3GFt  SRIichaBoshotve atlSsteflaved transaisbion isciremeT429 thd may also be used
sequences for different user termn nal

&R QRN Aosy st h For thesskample, shovwat 1 ?%nﬂﬁ,es sets of subbands are
?JerH%lg%a t;flea&f’ sét Q:%nﬁﬁﬂlt@ﬁ/f Blgcg)ahﬁ‘s?t TOPrdWi@e He&lency diversity, the M

. use the sane su nd I n any given hop
pestiands inBatlsse weiyde uhiformby-spetdd aparitberS swbbards. dig fpubband sets

RS oI SaE S S48 L1t 18 ST EM symbo
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_ ase stations. "This random zes "inter-cell"
iseth of fubbemdsenayntigpet fier datetransorissiona | Rifferent siFband seis may be used

th . different ba st at i 0361 . For
S b b 6B O 9 R B, 0 SRRt
sbectdh iR tApscabPAMdE nRRfercrd), $8th & PN abqeendd) or a deterministic
subbands, where N = M&kS, M> 1, and S > 1, The M

sudobem (g rvithaehprsdatenmipedysequshed giidensth 2 ashehnyn i FIG. 4B).

EIlG 4A) or .n ti e 1hal i
degiegiiipro e, T e B e SRR ARG oL AE oY PRk in the
OrMiASsysteht. ch are nodul ation synbols for data) may be

DTSkt ch are modul s bol s 1
(O ohdraagaipien Sherss M FLa PORDRIGE pT hesSfiothomgs shown in

k ol 1SS -
e
Eg%ﬁgdﬁd EqubarﬁBtlsam aresfoamed,ne. g1 lhsachawvi nadd@i $48i oHoweaneach hop
) that may_al so f the CF For.
tﬁﬁ'@o‘é)@Hﬁfﬁ! @)‘/13%%9 i l,iqsy%l%ojfgegoggtagldo:&at% %at{;ﬁ{ﬁ% agt? ‘rglme division
frﬂ&lﬂ?lg}ée%ﬁ bR EHHaR8 in ERAMRD @Jeﬂgd, M & Lbkapea in FIG. 4A.

prov equency diversity, the Msubbands in each

§0039Tay hegeneidl,oany yushrxccsubband: setsymay dgifoamess andgachsset may

subband sets are.then interlaced with o

OBt sy mympber agd any cggjsbﬁlaag gk}%gﬁspgfﬁ? gt gﬁéfesrg asurement
Ofnd SHRO 3PEhrofYatidl MaE bel i fobnbdtin tdifReMI Masts @eperidivey on the
remal ning S-1 sets of subbands may be used for data

trastivsitrr seticore, useil fardlataandilob BARFIYEAY may be used for

Cransm Ssion. | . . :
Q{hé‘gﬁ < u%b:afrl?d Séé‘l'é)gguﬁrgg{id lBlliéIIee (G RhrSEEMoRY T YerBRAdP ARing spectral
estimation.  Spectral estimation can provide relatively accurate arrival time

measurements based on a narrowband pilot that is transmitted over only a portion of the
overall system bandwidth at a time, e.g., on M subbands among the N total subbands as
shown in FIG. 4A or 4B. Spectral estimation may also be used for a wideband pilot that
is transmitted on all or a large percentage of the N total subbands, e.g., in 2 TDM
manner with data.

[0041] A wireless channel in the OFDMA system may be characterized by either a
channel impulse response or a corresponding channel frequency response. As used
herein, and which is consistent with conventional terminology, a channel impulse

response is a time-domain response of the wireless channel, and a channel frequency



sel ected in a pseudo-random manner (e.g., wth a PN
sequence) or a determnistic manner (e.g., wth a
wonred@bensi ned sequence of length S, as shown PaTISEN05/021053
4B). Transmi ssion schenme 420 nmay be used, for exanpl e,
for the forward link in the ObDVA system [0038] A
transm ssion schene that is a conbination of the
wsbwess & foawencyrdpmes respenggell UB chanchelnd %111?164 d?tﬁéystem the
rever.se |ink al
RPBE BemiriCyghSing L Uf o LRURE, FobR BARRSH, (BET) of the channel
fohalse? Bespbiier v @ihe &fﬁﬁﬂelhmﬁptﬂ)w ragospaisscompdskd| e OFBlyence of
synmbol periods, and data and %gigghetlme%lws rt 1
mhatmqht anseawEh eash phasnelian deing dedurd R¥ 3 Fernd dap gaig (or simply,
afc & uenc
SRS ahd a"cint fop, WORF RS SRGRCHR) derfy SRR froquency
f’ponse ib esmposdd anfya sr:Mnﬁf‘ciﬂnndngamﬁs”stbaﬂ@dg charmel gain being for a
arrival tine measurenment and time synchroni zati on may
Bﬁmﬁﬁt$%P%¥H in different manners depending on the
Cu"ﬁ{e EﬂFéT%ngt?l@Qszﬁ&ns@%h@L%dnﬂHl ks of interest, e.g., L channel
ntsS|on an enbodi nent, tinme
wpn @Iﬁrsafﬁcmt sengtls wleré dr §20. ech ghamet tapdias a complex gain of 4
estimation. Spectral estimation can provide relatively
andisrlataedatrd delby of we. hegsnardireavhshbared dapomay be located anywhere
narrowband pilot that is transmtted over onl )
pemtcen i anfl N fve 1cvd@raN]), whet dhiskdsedhs time spen er f)éngfb of the wireless
e.g., on M subbands anong the N total subbands as
shannel. | Therl @p gainsare daotedmecliytalor &s formiet §.ch -ndy- ahab tap delays
be used for a wideband pilot that is transmtted on
atel denpted ak dfge opek: dent a@ezof b helhy tepgains $k b ssseyrelated random

., In a TDM manner w t h_dat 0041
(thaﬁhi%ﬂl thptvary at erpipueteyat bhzéﬁ pe}%}s%rg?(ﬁn pf gagdw% ess channel. -

h I :
S AU B B2 B, K o
egtmﬁ?@&hﬁe%gﬁbé@getjbvponvent| onal term nol ogy, a channel
S

e response 1s a tinme-domai n response of the
\50046I] es sTlehelnnedl, impotie aesphaserroty be eqpuesentpd és thermsdomaindy an L-

frequency ?O%gtr&ﬁ%m@hﬁttﬁg”&h@nﬂipcyl Pegponse s

a d| screte Fourier transform (DFT) of the channel
i mpul se response. The channel i mpul se response i's
conpos;ggz)@i sgé;uence of "channel taps", with each Eq (1)

channel t elng defined by a channel tap gain (or

sinply, tap gai n' ) and a channel tap del ay (or

simply, "tap del ay' The chann e S
ok b e & el o SRR ARG g o CEgPien TRLgRRY of the ith

CHAME apI AR c'ﬂ%'n[éil ﬂlﬁﬁls@response may also be represented by an L x1 vector

h, without explicit reference to tap delays {d,}, as follows:

h=[h h, .. 17, Eq (2)

where “T” denotes a transpose.

[0044] A channel profile may be defined as follows:

P =diag(h-b') , Eq (3)



speci fic subband. [0042] The channel inpul se response
has L channel taps of interest, e.g., L channel taps
wohowwh$ilgi ent strength, where L < N . Each chaaoneis2d0ap21053

has a conplex gain of ht and is |located at a del ay of
di . In general, each channeligap nay be | ocated
anywhere between 1 and N (or 1< d . <N), where Nis
aihse (Nedérobss aspacaveradingigpdratiin; t he wi rel ess channel .
The L tap gains are denoted as ) , or ht for i =1, 2,

. L diagRivg is 4 dipgadel mysixawih fishibt dthgasal{elenients aoffa mftrix M ; and
for i =1, 2, ... L. The tap gains {/z.} are
cor r elPafssmh b arid dimgomal insirive Hr theathavmelprefilea r at e
determ ned by the Doppl er spread of the wreless
AN@ANRBhal MhBRixLcdEing Pobkiblt/Hon-FerdiSaleh lalafy fHeediagdrap and zeros
del ays {d{} are unknOwn and nay be estinmated as
dizswhérbe Thb diaganal[cddugits ThE wheesers|a dhapedl peofile dpdpsicby h. The
may be rggées,en,ted in the z-domain by an_ Lta finlilteh
ichanaekprofidsisdndigativel ¢the jqnggerm pmeyaveraged epergy pk the channel taps

e ~| | a,0f o b P1ePELel .
B3¢ sl AN S3rBoRS; YRS DR TEREIeEIe Pt Alnde short e
efrastp elich axtading, Degnanssd soayn. al boclizanelgpoflsdn thad ildicarve of the
Lxl vector h , .Wit%iout ﬁ' I.Ci t. efereTce to tap
deflegiuity/fansmissigty off 4 Pgumyia ‘_"ﬁ’{c fignal mayjiavel. © gq
erg f ncyd i RRSEbe biRdALd HHrEagiheiband used

E?‘?ﬁ’?e ﬁaﬁyqugncaeafiiﬁnﬁeh i Shdhlel BHIARRESS & ag(h-h r ) , Eg
(@) pitoe trensheisiog sis foltawse- aver agi ng operation; diag {M
is a diagonal matrix with just the diagonal elenents
of a matrix M; and P is an LxL diagonal matrix for
t he chgpgelf& predd ke, A dimponal matrix contains Eq (4)
possi bl e mgn-zero val ues al ong the di agonal and zeros
el sewhere. The di agonal elenents of P represent a
channel profile defined by h . The channel profile is
iwhere an,i e regeivadepilop pygnbal dog subhiddier aged energy of
t he channel taps in the channel i | se, response. The
channef: isragfiiof W‘@f&ifaﬁ%{nﬂieﬂ@’fllﬁﬂ@agﬁg'

i#4 erm effects

such as fadi ng, Doppler, apnd so on, The channel

prof i 15 iisa ehanael; 59 esiimaleefop subbgad .

reflectivity/transm ssivity of a mediumvia which a
FiogRahplivity, bg@ieh. (4) QSkhhies Ahdtridoemenetise sabandhareneded for pilot
gain may be estimated_for each subbang uds.eg flgr pi_l ot
{FaRPRIFIOn; B asshopgip EiE- 4A, so that the subband index £ runs from 1 through

M. In general, any subbands may be used for pilot transmission, and these subbands are
known by the receiver.

[0046] M channel gains {H,} for M subbands used for pilot transmission may be

estimated based on pilot symbols received on these subbands, as shown in equation (4).
The channel gains are frequency-domain values. Each channel gain may be expressed

as a Fourier transform of the L (unknown) time-domain channel taps, as follows:
L L
H, =) (b yny=3%" (- +n), for k=1,2,.. M, Eq(5)
i=1 i=l

where , =27 d,/N is an angular frequency (in radians) for the i-th channel tap; and

n, is the noise for the i-th channel tap.



H= , for Jt =1, 2, .M,Eq(4)vvhereyk|sa
recei ved pil ot synbol for subband k ; pk is a pilot

weyodsmootiBansm tted on subband k ; and Hk i s archasmms/021053
gain estimate for subband k. For sinplicity, equation
(4) ~assunes that M consecuti vel subbands are used for

pilot transmssion, e.g., as shown in FIG 4A so that
fThe faidrbahd 1i r(m@s@aﬂ qf Lms; Tkr’drﬁllth? FKRATGALSND. Gualieih 6Dds due to a

?\ﬁégﬁf 33 Badl S8 iBan Byeehe °5ecef€2?almg@3fo%§ﬁ“?ﬁlges @ for
Ch al nsﬁ%g é&& gcrg{n:\ﬁlﬂﬁéjng ase saglqel;)%msp l{}g%‘banfl are directly
agtg(li t%e %ﬁkﬁ p%@ﬁ??%q%he @}ﬁnﬁ%‘?fg@ufsg ré%?biﬂ;%' Q‘He@ delays may

annel galns*are”frequency I'n val ues

ahanebstiitet BRYpebRrmangr %Q-Steal REmAL6 bhi Be cmamafganm {H,}, as
of the L (unknown) tine-domain channel taps, as
]EiedchaSbelkw—b - ed<( -1)/N + | (/z. e +",

or =1 [

19044d]1 an %‘i@ﬂP‘é(s)fm@’qllFe%ﬁesﬁdﬁm%P’éﬁ%‘}n FB?OIM{‘@ z- th
channel tap; and n is the noise for the z-th channel
tap. The f—aﬁtﬂr "kgl" (instead, of justyfk™ fhThe
exponent g i'n uation (5) is due to al subpand | ndex
that stanth, wihef'inst&ad of- O etfie aplul| ar”»

D

frequepci 93, |V foro=l, 2o, . ... L fare.frepuene Eq (6)
conponents.of the.channel gains (H } d arle.d rectly
rel ated tothe|iihknown tap del ays fof|the chanhnel

i mpul se reﬁl\pan &M The JY¥P del ay g’/ MY s| bien et i nat ed

by performng Spectral estination on’the channel gains

{Hk} , as described below. [0047] Equation (5) may be
o¢preggedQnanptrix form as follows: Eq (6) or H= Ch Eq(7)
+ n Eq (7) where His an Mx 1 vector containing the

channel gain estimates for the M subbands; Qis an MXx
lwhekeo U iig an DM pé"ventat containomtthe cﬁangeltgaén estioratastier ik dhsubbands;
in equation (6); and n is an Lxl noise vector. [0048]

The piQois @y Mbw Lt r“Hosrierttypel otk fooataining She selgmenys shown in

subbands in different
equation (6); and

n is an L x1 noise vector.

[0048] The pilot may be transmitted on different sets of M subbands in different
time intervals, e.g., as shown in FIG. 4A or 4B. For the transmission scheme shown in
FIG. 4A, the pilot may be sent on subbands k=1, 2, ... M in one time interval, then
subbands k=145, 2+b, ... M+b in the next time interval, and so on, where b may
be any arbitrary offset value that is determined by the FH sequence. The channel gains
for the pilot sent on subbands k =1+b, 2+b, ... M+b may be expressed as:

=Q.E.h+n

Eq (8)

where B is an LxL diagonal matrix given by B = diag (e”*”', €, ... ).

[0049] An MxM correlation (or outer product) matrix of H may be defined as
H-HY, where “ H> denotes a conjugate transpose. A long-term time-average of the

correlation matrix of H, denoted as R, may be expressed as:



tinme intervals, e.g., as shown in FIG 4A or 4B. For

the transm ssion schene shown in FIG 4A, the pilot
woaysmesdent on subbands k =\ |, 2, ... Min oneCrTiUSE005/021053

interval, then subbands k I +b, 2 +b, ... M+ in the

next tinme interval, .and so onj2where b may be any

arbitrary offset value that is determned by the FH

sequerge (H'E thanpelQgabfisl for the pilot sent on Eq (9)
subbands %k =I +b; 2 F#b, ... M +b may be expressed as:
H=QB-h+nEgq (8 where Bis an L x L di agonal

Wafetd q G aﬁqaelﬁﬂy Blamrixhvas oﬁ@s]dlo onal @dd zerob elsewHere; and
... eJ JbbawsLL , | | 49] n M xM

correl@HSQHeoa{ane@bﬂhembﬁe.uct) matrix of H may be
defined as H-H , where " H" denotes a conjugate

tﬂq?(r 101 gﬁ 1?_|8bt|a%@@ ‘b‘a%' B éd%%ﬁ&i’se(}ﬁ@@) ,%hdat(Be pat:EItY d()ﬂ’iét values

enote expressed as:
Jmay QecPselRctesl? (d.g., 1Eqa(ﬂ)suddamnéom e asdeshownymrrﬁl(m AA or a

with ones along the dia and. zergs el sewher and
Ssterminigic mapehacdogn @%ian@?’%@“'hﬁ%ﬁﬁgﬁ nmgigices T an ensemble of

e ) ions
é)’{f‘?rslir‘l[e‘ﬁ 5¢ ag‘fffs ar ra‘%%ﬁa%’ezs? Sray ?tkjs b ﬁ) ecatasré{1 ﬁ§1§1?1tgan’10ulnﬁ of averaging
8 perdeTieANHO e RRERE oA SnBHi@srobtdindd Gr dfffereiit thne intervals, then the
determ nistic manner as shown in FIG 4B) such that

tBemBrices cinsekoftoandade sptsansheinoR diFquatieth(9)oflses agsumes that the
val ues averages.to In thi f ff

efﬁﬁ%m’f ngise 15, &ldif g g\fen‘@é‘ 5%8,8128rnﬁ§§ (gﬁé &m degf 462(? g}épﬁ,‘nae\r)anance of
tcr’]e’ agg%g 0LaRed.d Ic{ff Srent 4inme intervals, then

natrices cance d do~not appear in R.

i on |'s assu s that th n0|s
TobiR e Blaehy i es PTG rD g bE RAERYTN ins G Th EL s foflows:
vari ance of s2 , and an autocovari ance rratrlx of f -s2
L . gnval ue deconposition nmay be perforned
on thglgrrgii EX—R as follows: E=Y-DV' |, Eq (1O where Eq(10)
Vis an MxMunitary matri x of eigenvectors of R; and

Ruiiete 20 M Wrdinao9ghaly ML ot RlenflAGRYARIEMAOT R -

D isan M xM diagonal matrix of eigenvalues of R.

A unitary matrix M 1is characterized by the property M?M=1I. The columns of a

unitary matrix are orthogonal to one another, and each column has unit power.
Eigenvalue decomposition is described by Gilbert Strang in a book entitled “Linear
Algebra and Its Applications,” Second Edition, Academic Press, 1980.

[0051] The M diagonal elements of D are referred to as eigenvalues of R. The M

columns of V are referred to as eigenvectors of R. Each column of V corresponds to
one eigenvalue in D. Thus, the first or leftmost column of V corresponds to the
diagonal element in the first column of D, the second column of V corresponds to the
diagonal element in the second column of D, and so on.

[0052] The M eigenvalues in D may be ordered from smallest to largest and
denoted as {1,, 4,, .. A,} after the ordering, where A, is the smallest eigenvalue

and A, is the largest eigenvalue. When the eigenvalues in D are ordered, the



A unitary matrix Mis characterized by the property M

M=1 . The colums of a unitary matri x are orthogonal
woeo@edanot her, and each col umm has unit powePCT/US2005/021053

Ei genval ue deconposition is described by Gl bert

Strang in a book entitled "Lingar Al gebra and Its

Applications,” Second Edition, Academ c Press, 1980.
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equal to the noise variance sl and are referred to as

"noi se" eigenvalues. The ML eigenvectors in V

corres ogngj ngizt(el)fwbeefwﬂcl)/ngj_.s%ﬂedMg@hv/all yes (i.e., the Eq(11)
ML | eftnbst colums of V after the ordering) are

referred to as "noi se" eigenvectors of R and are

denat ed i@8n i¥ddx repilenting: anVuiltdewn tap d¥ay"ME & within a range of 1
el genvectors are orthogonal to the colums of Q.

[tBfm3h Nl oe £l {la2, gaidjs/ power are contained in the

matrix P and the L tap_ delays are contained in the

n@0541x QA coshimciigm max be defgiedpa oIV has t he

following form g _Me ./2*C'-i)/Ne j 2p(i-\)m

A2¢(Mic*-i)/INyE g (I | ) where is an index

r epr es€()i=ngan—unkrown farap=teRay. Bhd is within a Eq (12)
range of 1 rlq{jg{a ., or e {1, 2, ... N. [0054] A

cost functi (o rrﬁy_'b defined as follows: ¢ () I> 2> N

Eq (12 ) The L unknown tap del ays may be obtai ned

D BRkiogme v SelBcmebec ki e R e ot neon C(0), s
, 0L . f | .=\ . . .

BPuEetbe catiffissondt praien Prsactupblbe PEPO IR Rerle £. Lo, for

t apq, ROr  eaciERVERET 4 réfiseRCd RypoiiRsized idelagtvalue for a channel

D

determ ned as shown in equation (11) and nultiplied .

Viaph Feaelchofalidef Wt thenvice ¢ Befirseddtensnedaiitosimninhquation (1 1)
i nner

and multiplied with each of the M—L mnoise eigenvectors to obtain M—L inner

products, g, = qf .y, for k=1, 2, .. M—L. The power of each inner product is then

computed as | g, |*= g, - g; , where “ * ” denotes a complex conjugate. The powers of

the M—L inner products are then summed, and the inverse of the summed power is

provided as a cost value C, for this value of £. N cost values, C, for £{=1, 2, ... N,

are obtained for N possible values of £.

[0055] Since the columns of Q are orthogonal to the noise eigenvectors, the inner
product of any column of Q with any noise eigenvector is small or zero. Consequently,

the summed power of the M — L inner products for each column of Q is small, and the



products, gk =q V for Jc =1, 2, ... M- L . The power

of each inner product is then conputed as \gk \2=gk
weghkoefoo97ishere " * " denotes a conpl ex conj ugaPeT/USh®s/021053

powers of the ML inner products are then sunmed, and

the inverse of the summed powgs is provided as a cost

value Cl1 for this value of . N cost values, Cl for =

invegse of thisNumnzadepootsr a$ teege- f Bhe N 1pigsssi vslues waongdheN cost values
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s represent the L unknown tap del ays for the
channel inpul se response. These L identified val ues of
are used_ Q_&ﬁr the matrix Q and are al so used al ong Eq (13)
with t#e ®no bffset value to formthe matrix B .
The L tap gains may then be derived as follows: | =B-
1 1 = | I t :
PP e PR GHBERF o ek fRE b imPhon| B st of M pilt
subbands; agshdls;isadan Lxl vector for a channe
I npul se response estimate with L taps. An inpul se
r esporniseisest L mhtvectos farmychbenet impulsexgspanse e¥ingte wafhdniaps.
response estimate H6 , which is obtained froma pil ot

t H‘%ﬂl‘ | ECERIMRI h0 M AN SRipuddd oy ench¥@sponse estimate
F%%u sé§§ggg€hse est; mhtes for different sets §p@p

SHObRNKA i$Bbtaied FOGH @%ﬁét frinsetiéstinreddival el agesttiofsublaads. The
response estimate with L taps. [0056] hi the

depalst pésponseadstimetes forddiffoteat sdthef subbrvads rody bhaveneged to obtain an

taps to. be _estimated,. where < M. hi general, L may
We%ﬁmulwemawﬁwf%@thm of channel taps

((ba5d) )t thd1QedtibtBh dbBPell BEddBRROME EmbhbdrNer Whdnaklesdps to be
channel. If L = Lact < M, then the Lact channel taps

neatimbedewherealetMas Inlesoerab dd mayosremay fot be equal tgrife pumber of
< M, .then channel t representative.of the

AP BT Gk o F e MO PETES ORAITRErt ey ipless channel. 1f
obt aj ne s.described .above hi general s, M .
i1 c"rafesasfggla’ ‘ili‘ﬁ’? &% Han n@an{lép@p%“?aﬁn%eo%h%%% ragléifscglr?gd above. If
htg;thL ' eash%l Et<| l\/oIn, tHgIY Lbc%agr?élltgp%t r%gr'esél%tiv% of tﬁg %ﬁ‘%el profile for the

act
wireless channel may be obtained as described above. In general, as M increases, more

channel taps with good accuracy and high resolution may be estimated. For a wideband
pilot with M being equal to or approaching N, a full channel impulse response with up
to N taps may be estimated based on the wideband pilot.

[0057] To measure the arrival time of a transmission received via a wireless
channel, the spectral estimation technique shown in equations (1) through (12) may be
performed with L set equal to one. If L=1, then the spectral estimation technique
provides a single channel tap situated at the center of the channel profile, assuming that
M is greater than one. The tap delay corresponding to this single channel tap may be

used as the measured arrival time for the transmission.



pilot wth Mbeing equal to or approaching N, a full

channel inpul se response with up to N taps nay be
woeztiematasd based on the w deband pilot. [0057] PCw/US2005/021053
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ot otbo o TR ab Ry S BREEC B B gy cach hop
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[0061] FIG. 5 shows a plot 510 of the channel taps for the wireless channel in one

750

TCL update period. The 38 channel taps are randomly selected for the TCL update
period. FIG. 5 also shows a plot 520 of an arrival time measurement response provided
by the spectral estimation technique. The peak of plot 520 is the center of the channel
profile, as estimated by the spectral estimation technique. FIG. 5 shows that the spectral
estimation technique can determine the center of the channel profile even if the number
of channel taps exceeds the number of subbands used for pilot transmission in each hop
period. The time instant corresponding to the center of the channel profile is provided

as the measured arrival time.



perform ng equations (10) through (12) with L =1 .

[0061] FIG 5 shows a plot 510 of the channel taps for
woOheowws@aBess channel in one TCL update peri odPCThS288/021053
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arrlva |ms|s-50h|p offset. The arrival time is
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S R05 8 T Sorge Hesith auits o PRl B pEg) hich may be
%@E‘ﬁraﬁieotlsloﬂgm Bwes &@?%@sp@ﬁset Wvidd 8 sbﬁ[ih% @ tHeOdired arrival
for a step input with different TCL gains ots 610,
6izge andi ne 3yershoot. tAhh@télpnqteprwns@§I 6 Besten FRsponse with a time

chg%r ch of{yﬁfn’ xmliy tglyggh &%al O%d Ress 1}6 mllg%e %&ﬂex%‘% 5wuh a TCL gain of

R &ls <55 B¢ sponse
84.t | TG step Fespdhsaapgho®nl IRFEEY6 33:(6 Qibflﬂﬁk&i, W\Miblﬁithsaﬂiﬁytldﬁe by post

too sl ow. %I ot 630 shows a step response having 8
anpgessasB18eFKhGot and ri ngl ng, which may be
ira 0 ¢S h
D8R R ah 1P RRNICR, Sl AL R Spr b bristic, which
aleesrmineothe réﬁpbimughe notveH s wie nmsd:p@formanea off thp time control loop.

response wth
hepT L ga}g may %e aI fl{med value that is selected based on a tradeoff between these

two performance criteria. The TCL gain may also be a configurable value that is
selected based on channel conditions. For example, a high TCL gain may be used for
high SNR to improve tracking performance, and a low TCL gain may be used for low
SNR to improve noise performance. The SNR may be estimated based on the received
pilot. A high TCL gain may also be used for a high rate of shift in the channel profile,
and a low TCL gain may be used for a low rate of shift in the channel profile. The rate
of shift in the channel profile may be estimated based on the measured arrival time. For

example, a high rate of shift may be deduced if multiple time errors (or a high
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arrival tine estimates that are inaccurate by a large
anayube achifived maydrpugmraanerst hat t he channel profile may

i, .4 1 ERb ] BB s Pl .
{QERIEAIYY JEBY pRIGERUE 8186 b akitlih EpredétenmEined rngatofattues. This

i naccurate by several chips (e.qg., o
range may be selected based on the maximum rate of shift in the channel profile. For

example, if the maximum rate of shift is 0.1 chip per TCL update period, then the time
adjustment may be limited to a range of +1 chip to —1 chip. This saturation reduces the
amount of timing jitter due to inaccurate arrival time estimates.

[0069] In another embodiment, post processor 318 provides a large time adjustment
if multiple large time errors are obtained. Post processor 318 may limit the time
adjustment for the first large time error, as described above. Post processor 318 may

provide a large time adjustment if the subsequent time error is also large, which may



by 4 chips for the scenario sinmulated). The nmaxi num

rate of shift in the channel profile may be a fraction
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post processor 318 derives the tine adjustnent based
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r secon
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spectral estimation determines a dominant frequency component in the frequency

response estimates and derives the measured arrival time based on this dominant
frequency component.

[0074] A time error between the measured arrival time and a desired arrival time is
determined (block 714). The time error may be filtered with a lowpass filter. The
filtered or unfiltered time error is scaled with the TCL gain, which may be a fixed value
or an adjustable value that is determined based on channel conditions and/or the
selected operating mode (block 716). A time adjustment is then generated based on the
scaled time error (block 718). The time adjustment may be limited to be within a
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provide a more accurate arrival time measurement with a time resolution of T, /N.

As illustrated by the example above, T /N may be much finer than the T, /M

time resolution obtained with any one narrowband pilot transmission if M is much less
than N. Accurate arrival time measurement is important for time synchronization to
avoid or minimize interference among multiple transmitters and also for receiver
processing to capture as much energy in each received OFDM symbol as possible.

[0077]  For clarity, a specific spectral estimation technique, which is often referred
to as a multiple signal classification (MUSIC) technique, has been described above.

Other spectral estimation techniques may also be used to ascertain the frequency



conmponent of the channel gains, which is then used to
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data. The processing by OFDM demodulator 856 and RX data processor 858 is
complementary to the processing by OFDM modulator 820 and TX data processor 810,
respectively, at user terminal 120x.

[0080] On the forward link, a TX data processor 882 processes traffic data and
control data (e.g., for time adjustments) and provides data symbols. An OFDM

modulator 884 receives and multiplexes the data symbols with pilot symbols, performs
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cessi‘ng DM denodul at of 856 and RX dat a
ﬂﬁ&pmpe:mvass ands magpetferme ine yyrcbranigation deectivns doigrminal 120x
é)gl uJ at % 820 and,.TX data processor 810,
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ic data and control data (e.g., for tinme
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the reverse the transm sso ene shown in
haln{®. 91418pm3debeedm&d pilot symbokapvianel cbntmd unk 868 and received data

transpitte
symbols to a data detector 916. Data detector 916 performs detection (e.g., matched

filtering or equalization) on the received data symbols with a frequency response
estimate and provides detected data symbols to RX data processor 858.

[0084] Time control unit 868 performs receive-side processing for the time control
loop for the reverse link from user terminal 120x to base station 110x. An arrival time
measurement unit 920 obtains the received pilot symbols and measures the arrival time
of the transmissions from user terminal 120x. Within unit 920, a pilot processor 922
removes the modulation on each set of received pilot symbols and provides a frequency

response estimate for the reverse link for user terminal 120x. A speciral estimator 924



unit 886 receives and processes the stream of OFDM
synbol s and generates a forward |ink signal, which is
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[0081] At user termnal 120x, the forward |ink signa
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s to RX data processor 858. 6084 Time contro
wnmadﬁl@@ thmTehrgam to@ckipveeths |dqsrqdrmcfeggan¢g ferghe time coptyel loop.

007 tdehe e el e Rl fky P RBE Pt i pented n

YRirneP&hiRPtAHAB ddsbfbddestRivy 6t thi |r@¢er§e)’lﬁik0| Forahi§ time control loop,
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adJustment for the forward link based on the measured arnval time and a desired arrival
time for the forward link transmission. The base station adjusts its transmit timing for
the user terminal so that the forward link transmission arrives at the desired arrival time
at the user terminal.

[0088] The time synchronization 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 for time synchronization at a receiver 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



response estimate for the reverse link for user
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gain to achieve the desired performance for the tine
control loop. [0087] Atine control loop for the
forward link, if needed, may be inplenented in a
manner simlar to that described above for the reverse
link. For this time control |oop, user termnal 120«
nmeasures the arrival tinme of a transm ssion received
from base station HOx, e.g., using spectra
estimation. The user termnal then generates tine
adjustnent for the forward |ink based on the neasured
arrival tinme and a desired arrival tine for the
forward |ink transm ssion. The base station adjusts
its transmit timng for the user termnal so that the
forward link transm ssion arrives at the desired
arrival tine at the user termnal. [0088] The tine
synchroni zati on techni ques descri bed herein may be
i mpl ement ed




by various neans. For exanple, these techni ques may be
i npl emented in hardware, software, or a conbi nation
woOhers@o$713 For a hardware i npl enentati on, the pPOTAS008421053

units for time synchronization at a receiver may be
i.nmpl ement.ed wi thin.one or norp application specific
integrated circuits (ASICs), digital signal processors
(DSPs), digital signal pro | devi ces (DSPDs),
progr bl ¢ devices (PLDs), fieldprogranmmble
gat e g&%ﬁ?ﬁaﬂ E@ﬁs processors, controllers,
m cr ot.cont AOhjeod, oﬂ”ipéffaﬁﬁmgeﬁmer synchiohmtien éat 2 aoimmunication
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shstean, OMPFISIHEconbi nati on thereof. The processing units
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uni t Beteritingfltidne 8Jjustmenhesediorthefiimeerpitocessor (e. g.
controller 870). The nenory unit may be inpl enented
Wi thin the processor or external to the processor.
[ 0090}, TheTRE enstiis oflEBEA I1IPWHRFEiR fihd RRadliringl the @dival time of the
enbodi nents is provided to enable any person skilled
hanmm$m¢om1ma¢ake or use the pr esent i nventi on.
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gener p&rfRidifg spdcasl é@fmeﬂlﬁd diﬁlheldhamj/ ektématp (b iobthirt the measured
ot her enmbodi ments wi.t hout departing fromthe spirit or
subipbtine fonfbe TARSENESIOM. Thus, the present invention is

not intended to be limted to the enbodi nents shown

herein but is to be accorded the w dest scope

consi 8t ent The fiethdieop claine i2p whsream thenahtaihingethe whamel estimate for
di scl osed herej CkAII\/ISV\hat is clained is: 1. A

st ‘B?lcap?@i‘lfchi“ﬁ% EOFPHES synchroni zation in a
CPmWB?ﬁﬁﬁﬁga Hi§f £OJIRAEP ké%gons@ree@ﬁmate@ Goh phirblityadf sets of
time of at sm sSion received via a comuni catij on

dleguenely sulshands, sptereindhe dwnnelestimate epoansisps Hierpdurality afefrequency
error between the neasured arrival time and a desired
ZPPRSQIeSHmASt or the transnission: and generating a

ti me adjustnent based on the tine error. 2. The nethod

of claim1, wherein the neasuring the arrival ti of .
the 4. The method of claim 2, wherein the performing spectral estimation on

the channel estimate comprises
determining a dominant frequency component in the channel estimate, and

deriving the measured arrival time based on the dominant frequency component.

5. The method of claim 1, further comprising:
scaling the time error with a gain, and wherein the time adjustment is generated

based on the scaled time error.

6. The method of claim 5, further comprising:
adjusting the gain based on at least one condition of the communication channel.

7. The method of claim 5, further comprising:



transm ssion conprises obtaining a channel estimate

for the communication channel, and perform ng spectral
wegticatiien on the channel estimate to obtai n PO®US2005/021053

nmeasured arrival time for the transm ssion. 3. The

met.hod - of claim 2, wherein thg obtaining the channel

estimate for the communicati on channel conprises .

obt ai adjnsjing the geialtiasgd of an operigting node splepise fwer pwang g plurality
for aplurality of .sets _of .f.L erein
b toSifhthfdes Vel B o sl GRHBEE i BRAEo ot
frequency response estinmates. 4. The nethod of claim

2, wherein the glerfor rri,n% spectral estimation on the
chann8! esThemethod ohslaimes B FORPHE a doni nant

fr equﬂ&‘é}f?@?ﬁp&’ NGRL of Bhid6h GhARAGRY GREIdRBbRineA Hom the spectral
deriving e-neasured arrival tinme based on the
daimatnt add equency conponent. 5. The nethod of claim

1, further conprising: scalin he.tjne,errpor with a

gai n, agiMehng{as é‘i‘lﬁif‘??g S raég?@é@ﬁgh{heicgaralgﬂgl}oﬁeed

based on the scaled tine error. 6. The nmethod of claim

5, further conprising: adjusting the gain based on at

| east 9one ThadietticdrofotaimHe whereiuthic @anéraiingthe tines adjystment based

The method of claim5, further conprising:adjusting

PREGHPR TBYOFRIChn operati ng node sel ected from
amngﬁ@teﬁhyﬂﬁltﬁﬁyﬂgﬁr,ﬁﬁpr ating nodes conprising an
acqui sition node and a tracking node. 8. The nethod of
cl ai mdsrivibgthettime adingimient baged erethedilierrddimeaciet e of

shift in a channel profile obtained fromthe spectral
estimation; and adjusting the gain based on the rate

of shitht i Tht hetisddadMedlimor, Girthee cofipristhe net hod of
claim1 wherein the generating the tinme adjustmen

based h@ﬁﬁn&télettmmad@ﬂsgraﬁméa RpMidEga Pli‘efitﬁ@’fninﬁﬁ‘ij tange P% Yues.
error, and deriving the time adjustnment based on the
filtered tinme error. 10. The nmethod of claim 1,

f urt han. combe insdthngt of claim 1, wherein the generating the time adjustment based

on the time error comprises

determining magnitude of the time error,

generating the time adjustment based on a first function if the magnitude of the
time error is within a predetermined range, and

generating the time adjustment based on a second function if the magnitude of

the time error is outside of the predetermined range.

12. An apparatus operative to perform time synchronization in a
communication system, comprising:

a measurement unit operative to measure an arrival time of a transmission
received via a communication channel using spectral estimation;

a summer operative to provide a time error between the measured arrival time
and a desired arrival time for the transmission; and

a post processor operative to generate a time adjustment based on the time error.



limting the tinme adjustnment to be within a

predeterm ned range of values. 11. The nethod of claim
wa 20060898 N t he generating the tinme adjustnment POBISL006/021053

the tinme error conprises determ ning nagni tude of the

time-error, generating the tigge adjustnment based on a

first functlonlf the magnitude of the time error )
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claim 127 wherein'the neasurement unit conprises a
pubb@nd&p rmdewhmelmpl@r ghanpel testimate eapeprisepithe tplagahy of grequency
communi.cati on channel and to derive a channel
E?P‘?If‘?ﬁte%mfl%tfasthe communi cation channel, and a spectral
estimator operative to perform spectral esti mati on on
the channel estimate to qgbtain the neasured arriva
time f&r tAbe @pparais SSickm 1% thﬁ@nébﬁé’ﬂ% BOCSOt FSaP}?ﬁrat“’e to
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requency response estimate
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claim 14, wherein the pilot processor is operative to

receive pilot synbols on each of the plurality of sets
of fréquendye apphmtudsofaddlm d 4devhievain teaeh S¢te@|ﬁ1élﬂ1b9nds includes a
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frequency subbands. 16. The appar at us of claim 14,
wherei n each set of subbands includes a subset of N,
t ot al 13ubbdhdsipparatuseofsglaine i, whetewn sachsseh ofisuplapds includes M

%onsecf‘uve sugban%s in the system, where M is an integer greater than 1.

18.  The apparatus of claim 14, wherein each set of subbands includes M
subbands uniformly distributed across N total subbands in the system, where M and N

are integers greater than one, and M is less than N.

19.  The apparatus of claim 14, wherein the plurality of sets of subbands are

determined by a pseudo-random sequence used for frequency hopping.

20.  The apparatus of claim 13, wherein the pilot processor is operative to
receive a wideband pilot sent via the communication channel and to derive the channel

estimate based on the wideband pilot.



17. The apparatus of claim 14, wherein each set of

subbands i ncl udes M consecutive subbands in the
weyesismny7ishere Mis an integer greater than 1. pd8uUsites021053

apparatus of claim 14, wherein each set of subbands

i nel udes M subbands. . uni form y7distributed across N

total subbands in the system where Mand N are . )
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on t he, chanpel esti US| L.pke_si gnal
cl ass?%‘i ca{ﬂj‘%ﬁpqmn%ﬁ?lg{:%?Lthrﬁhee?%é&ggéllﬁ%dogr am
t echnh Gh@tipRerRIpRAiYive 36 ktmé tHe, tire etroPwathr £p4in, hmr wherem the post
deconposi tion techni que. 23. The apparatus of cl%i' m
time error.

processar isiperabiveis zeverite the time adjustment basrdron the ecal

scale the tinme error with a gain, and wherein the post
processor is operative to generate the time adjustnment
based2gn t Mae appdratds bf cieine 28,owher2if. thd ainappdnstedibased on at least
claim 23, wherein the gain is _adjusted based on at

oae gendifipn %h%l?‘fm’@ﬁmﬁﬁt?qr’r@af}%ﬂwni cation channel. 25.

The apparatus of claim23, wherein the gain is

adj usted based on a signal-to-noise ratio (SNR) of the
trans@bssi Ghe @Parafiiseofaplobm 3ygvhskein|the rgait3is adjpstpdbased on a

conprising: a roller operative to select an
éﬁ@i"]atpmﬁ’é%rfﬁ%?%ﬁéh%ﬁ@l ¥iM-ality of operating
nodes and to adjust the gain based on the sel ected

operating node. 27. The apparatus of claim12, further
conpr 26i ng The apparetys obglainn2d, farthes coMPESNgt he ti me

S { ggre'gstg)%trpﬁgrgﬁé ?%a\{e\?ttg u%e%e%t aff | o%iefgtiglé ’méM!ae erﬁnaﬁ'l&’r:g Qqﬁﬁrality of

operating modes and to adjust the gain based on the selected operating mode.

27.  The apparatus of claim 12, further comprising:

a filter operative to filter the time error.

28.  The apparatus of claim 12, wherein the post processor is operative to

limit the time adjustment to be within a predetermined range of values.

29.  The apparatus of claim 12, wherein the post processor is operative to
determine magnitude of the time error, to generate the time adjustment based on a first
function if the magnitude of the time error is within a predetermined range, and to
generate the time adjustment based on a second function if the magnitude of the time

error is outside of the predetermined range.



limt the time adjustnent to be within a predetermnm ned
range of values. 29. The apparatus of claim 12,
wohers®osriB he post processor i s operative to depPermiSmms/ 021053
magni tude of the time error, to generate the tine

adj ust nent based on a first fagmction if the magnitude

of the tinme error is wthin a predeterm ned range, and

to ged@rat dberrepeiahe efogleist ﬂr%nWh?fﬁg’eﬁled?Psépgé’Ei?ﬁH 1s _Operati"e to
f.un %f&ltle Ak t!ilrcrl;e %H‘ﬁs%%{‘b&s% bn ﬁ‘ge tﬁﬂg b d8h 2Q¢ordlshe® Withi 08t order
The pr ede erm ned range. 30. Fe apparatus of claim

1cap fohgieainte $ymehpaphtipi.ocessor is operative to
generate the tinme adjustnment based on the tinme error
and in accordance with a first order loop for the tine

synchpgni thhieodé adtus of QaidPREr #heRirPTheChodt Proedssor is operative to
n the po P

wher ei processor is operative to generate,
tghmerbiierthe Hidjeurstjustmentiimsatioro thet thae eirap ard npaccarign¢enwith a second

accordance with a second.order |oop for the tine
é’ﬁf‘éﬁ?‘&’nﬁgﬁg’tﬁitﬁﬂ‘? S@ﬁﬁmﬁ@tl%par atus of claim 12,
wherein the communi cati on systemutilizes orthogonal

frequency division nmultiplexing (OFDM. 33. The .
appar d2us dfhecippimtusof altiey b2.hereincheneomimamiGagan system utilizes

system an _arthogonal . f e Avision multiple
é’%@‘g%@# %Eﬁﬁ&fy giyéﬁ%%nuggﬁ&%# @ppa%t us operable to
performtime synchronization in a comruni cation
system conprising: nmeans for neasuring an arrival

tinme 88-a thhenanpeeiysopt Flaim e VRArEN £he CRAATHICHIPR System 1s an
c o1 :

R o S

time and a desired arrival time for the transm ssion;

and neans for generati nlg; tine adjustnment based on .. .
the tiXe erdlr PREEAUSTHE %@ﬂﬁr & ude ?ﬂ%r‘imﬁ SYociipiizalion m a
L RERAGRIoh Q) stiR At he arrival tinme of the

transm ssion” conpri ses means for obtaining a channel i
est i maheank ofort heagwimgu e cativeh tiskarefela, trapgnigsiemstepgyed via a
perform n.% sgect estiymati on on the channel estimate

P

l.
CTpRieaRop e BaRsL BS e BPeST S URAUT e for ¢ ho

transmhssk4Br d3@rmihhy ARRY aksiSb@iveed HidNmdasurathefrivaNtime and a
the nmeans for obtaining the channel estimate for the

alesimedharciael tome Biahmizansoussion; aed

means for generating a time adjustment based on the time error.

35.  The apparatus of claim 34, wherein the means for measuring the arrival

time of the transmission comprises
means for obtaining a channel estimate for the communication channel, and

means for performing spectral estimation on the channel estimate to obtain the

measured arrival time for the transmission.

36.  The apparatus of claim 35, wherein the means for obtaining the channe]
estimate for the communication channel comprises

means for obtaining a plurality of frequency response estimates for a plurality of
sets of frequency subbands, wherein the channel estimate comprises the plurality of

frequency response estimates.



means for obtaining a plurality of frequency response

estimates for a plurality of sets of frequency
weubisanga3 wherein the channel estimate conpri Bes/USh®5/021053

plurality of frequency response estimtes.37. The

apparatus of claim 35, whereipgthe neans for

perform ng spectral estinmation on the channel estimte

conpr i3des nibgrappri@FusHRi dpim ﬁﬁﬂﬁh@e@oﬁhﬁﬁﬁ?ﬁmf fppgerdorayng spectral

gﬁ@ﬁ and neans for

et?{i%gt?c'ﬁrm gc}r}%gjgg Zr roq’r\?ﬁlill ti rre based on the

domi n améanﬁ feqleemmhing adomanht f&fiendheomppentinube diannel estimate,
cI aim 34, further conprising: means for scaling the

error with a gain, and wherein the tine

adJ us H—H%g G h 8d efl thd B®minant frequenc
error Eﬂ@S ap a?%?ﬁ%Q%%SC aléﬁgﬁf&%urther aneney
compoh&itng: neans for limting the time adjustnment to

be within a predeterm ned range of values. 40. A
nmet hod of neasuring arrival time in a conmunication
systemng CoweI@RMms@@kﬁiﬂenm@Ws1 mpstimate for a
conmuni cati on Channel; perform ng spectral estimation
on t henesna fereicaling ihnﬁmee ereoroeitter ghineand wherehthe time adjustment is
fre nen n th channel estimate; and
oggp%?fﬁg’gﬁe%rfgggﬁfs’c %? “time based on the doninant
frequency conponent. 41 The net hod of claim 40,
wherei n the obtaining the channel estipate for the
comurideat i B¢ appataivsiof elsim Artsligth @kﬁoﬂmﬂsﬁ’@ a plurality

of fr i |
sets oPUifPt: LERBRNEE GRLWARLERnl R b8 Bt 8l dtctiyined range of

ealiegnt e conprises the plurality of frequency response
estimates. 42. An apparatus operative to neasure

arrival time in a communication system conprising:

means foor obt e HgoP RO 8%d e 0% Bommunication system,
conmuni cati on channel ; neans for perform ng spectral
emhipmginigon on t he channel estimate to deternine a

obtaining a channel estimate for a communication channel;
performing spectral estimation on the channel estimate to determine a dominant
frequency component in the channel estimate; and

deriving a measured arrival time based on the dominant frequency component.

41.  The method of claim 40, wherein the obtaining the channel estimate for
the communication channel comprises

obtaining a plurality of frequency response estimates for a plurality of sets of
frequency subbands, and wherein the channel estimate comprises the plurality of

frequency response estimates.

42.  An apparatus operative to measure arrival time in a communication
system, comprising:

means for obtaining a channel estimate for a communication channel;

means for performing spectral estimation on the channel estimate to determine a

dominant frequency component in the channel estimate; and



dom nant frequency conponent in the channel estimate;
andneans for deriving a neasured arrival tine based on
woOhersthosritmant frequency comnponent. PCT/US2005/021053

30
means for deriving a measured arrival time based on the dominant frequency

component.



