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ymbol can be a data symbol (1 e., a modulation symbol for data) a pilot
symbol (i.e., a modulation symbol for pilot), or a signal value of zero. The transmitter
transforms the Ng, transmit symbols to the time domain using an inverse fast Fourier
transform (IFFT) and obtains a “transformed” symbol that contains Ng, time-domain
chips. To combat frequency selective fading (i.e., a frequency response that varies
across the N, subbands), which is caused by multipath in a wireless channel, a portion
of each transformed symbol is typically repeated. The repeated portion is often referred
to as a cyclic prefix and includes N, chips. An OFDM symbol is formed by the
transformed symbol and its cyclic prefix. Each OFDM symbol contains Nj, chips

(where N =N, +N_,) and has a duration of Ny, chip periods, which is one OFDM
symbol period (or simply, “symbol period”). The transmitter may transmit the OFDM

symbols in frames, with each frame containing multiple (Ngym) OFDM symbols. The
frames of OFDM symbols are further processed and transmitted to a receiver.
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SUMMARY

[0008] Techniques for performing frequency error estimation and frame

synchronization in an OFDM system are described herein. These techniques can
provide good performance even at low SNR conditions and are based on a metric that is
indicative of detected pilot power at the receiver. The metric may be defined in various
mamners depending on the method used for detecting pilot power. If channel gain
estimates are not available, which is typically the case when frequency error estimation
is performed, then the pilot power may be detected by (1) cross-correlating two received
symbols obtained in two OFDM symbol periods (typically two received symbols for
two consecutive OFDM symbol periods), for each of the pilot subbands used for pilot
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[0012] The features and nature of the present invention will become more apparent
from the detailed description set forth below when taken in conjunction with the
drawings in which like reference characters identify correspondingly throughout and
wherein:
[0013] FIG. 1 shows a transmitter and a receiver in an OFDM system;
[0014]  FIG. 2 illustrates pilot and data transmission for one frame using a
frequency-time plane;
[0015] FIG. 3 shows a process for recovering the data symbols for each frame;
[0016] FIG. 4 illustrates the correlation of M, metric values with a, expected values
for frame synchronization;

[0017] FIG. 5 shows a process for performing integer frequency error estimation;



[0013] FIG 1 shows a transmtter and a receiver in an

OFDM system [0014] FIG 2 illustrates pilot and data
wonres®masi on for one franme using a frequency- PCIEIS2005/000400

pl ane; [0015] FIG 3 shows a,process for recovering

the data synbols for each frame; [0016] FIG 4

illustrates the correlation of Mh netric values with

OB R SR S M LR b0

[001%Ue FEE. BEHMs 28 DHDMIdepiodudid Syt thd fécele‘weg Iaﬁws a
mg}ocess for perform.ng franme synchronization; [0019]

@ 7 FiGohehosys acpenifielderan for the OFDMKlemodulsicfer ; and
[0020] FIG 8 shows a specific design for the OFDM
deerdul at or. DETAI LED DESCRI PTI ON [ 0021] The word

"exenplary" is uscDEWATEED DES@RIPTIQNVi ng as an

exanpl e, instance, illust ion." gnbadi nent
OFED G e uominaanaler nisatsod: it 19 yhedhs “edtine ' o Sample,

1n &S R f1ldstatidh DK ORSESHELnASr BESHE Eés%ﬁb&l herein as “exemplary”
vaht ageous over oOther enbodi nents or designs. [0022]
is ﬁbeaectsahbm e dohstuied s prpfarmed for advantageaus oear ottied eabgdiments
%Trecelver 150 in an OFDM system 100. At transmtter
OIHEEEN% transnit (TX) data processor 120 recei ves,

[obgZ]Mat FIGANGh6WEE Bldck @i dkfinde Dtrbhsnditer 11U MldBidceiver 150 in an
bit's) to obtain coded data. The codi r%%nl ncr eases the

OFBM axsiten thp0ofAl trrasupitien 1 Panstranssiio @atmyoqemr Jd8 receives,
fogr[&%t(r-s)re %ego%% {I‘Qfgic Fig%ioi.e.bﬁﬁmit?@{ 91?53 rt AL 1l ¢o (%rdr%? "ﬁ]}e coding

incedéed g{l? ﬁdfhaBthD obihealataotiardsheissiof .and Immy:mdluﬂg er®r detection (e.g.,
ically perfornmed for each data packet, .whj ch
Cﬁﬁsecoéma, SFERL GTSStPRN (R & OP XV%IHF%P% Jugaty optitforg block)

cdeii el e d8ie! 2 GHAND pebGHLPRYCGch data

e interleaving provides ti requency
padkete rvehitly naaagiahm&:t a dededt @r vamisblpdehgthf f €&t datanpronsspor 120 then

o RReoP So5! TS 1 ot it e BB g et By prowids time
aﬂd%reﬂ'récﬁ@ﬁ@ddﬁéﬂsgﬁ%ﬁﬁéﬂ défétéi’i'&l&[ﬁtﬁ‘éﬂ@c@%ﬁﬂ'rﬁléy 8180 be performed

schenes SO on) to obtain
fod gach dgrtabmblset Tive dstarmsoenssad ﬁ% ne¥it mné’dmeat@ onsyubemaaps) the

ol oanir S o, SRRl Bh IR Rra ORER MR -

QRPIML04ndsyo®O| 16 obtain data symbols. The same or different modulation schemes

may be used for the data and pilot symbols.

[0023] An OFDM modulator 130 receives and processes the data and pilot symbols
to obtain OFDM symbols. The processing by OFDM modulator 130 may include (1)
multiplexing the data symbols, pilot symbols, and zero signal values onto data
subbands, pilot subbands, and unused subbands, respectively, to obtain Ny, transmit
symbols for the Ng, subbands for each OFDM symbol period, (2) transforming the Ngp,
transmit symbols for each OFDM symbol period with an Ng-point IFFT to obtain a
transformed symbol, and (3) appending a cyclic prefix to each transformed symbol to
form a corresponding OFDM symbol. The pilot symbols may be multiplexed with the
data symbols as described below. OFDIM modulator 130 provides frames of OFDM
symbols, where each frame contains Ny OFDM symbols and may correspond to an

integer number of data packets (e.g., one data packet).
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[0028f €S Xntrbfi@s 140 and 180 direct the operation at transmitter 110 and receiver
150, respectively. Memory units 142 and 182 provide storage for program codes and

data used by controllers 140 and 180, respectively.

[0027]  FIG. 2 illustrates data and pilot transmission for one frame on a frequency-
time plane 200. The vertical axis of plane 200 represents frequency and the horizontal
axis represents time. The Ny, subbands are assigned indices of 1 through Ng, on the
vertical axis. Np subbands are used for pilot transmission, where in general

N, =N, >1. The pilot subbands are indicated by the shaded boxes in FIG. 2 and may
be distributed (e.g., uniformly) across the Ny, total subbands. The Ngym OFDM symbols

for the frame are assigned indices of 1 through Ngm on the horizontal axis. Each
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[0030] A sequence of Np pilot symbols is transmitted on the Np pilot subbands in
one OFDM symbol period. The pilot symbol sequence is denoted as {p(k)} and

includes one pilot symbol for each pilot subband. The same pilot symbol sequence
{p(k)} is transmitted in each of the Ngym OFDM symbol periods for the frame.

[0031] To facilitate frame synchronization, the pilot symbols for each pilot subband
are scrambled with a PN sequence. The PN sequence is denoted as {b,} and contains
Ngym PN chips, where each PN chip is either +1 or -1 (i.e., b, € {l,—1}). For each pilot

subband, the Ngym (same value) pilot symbols for the Ny, OFDM symbol periods for
the frame are multiplied with the Ngym PN chips to obtain Ngym scrambled pilot symbols
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[0033] Equation (2) assumes that the fractional frequency error (i.e., of less than one
subband) has been estimated and corrected prior to performing the FFT. Fractional
frequency error of up to +BW, /2 can be estimated based on the cyclic prefix
appended to each OFDM symbol or using some other techniques known in the art.
Fractional frequency error causes inter-subband interference and is thus estimated and
removed with a phase rotator prior to performing the FFT, as described below.

[0034] The frequency error f is a large frequency error that may be caused, for
example, by different transmitter and receiver oscillator frequencies. The frequency

error f is in integer number of subbands since the fractional portion has been corrected

prior to the FFT. The integer frequency error f results in transmit symbol S, (k) sent



Rn(k) is the received synbol for subband k in synbol

period n; q is an unknown phase offset that is
woanstiamii acr oss all NSb subbands; and / is a PCE®S26400400

of fset (in integer nunber o subbands) to be

estimated. The transmt synbol Sn(k) may be a pil ot

synbol Pn(k) or a data synmbol Dn(k) . [0033] Equation
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caaget inteFisalttand ieér fdremgu Sids/frequeney erserses thustberresadyied gither prior

interference d._i us estimted d rempved with.a
to gh 488 SRR B FET 4 hejaratmina s RUowie deygriplibd, Mquency
erf@s fhd BRAuBRY Ofset’ ARBdhhod Aol teakkREYare Li§edlintertifangeably.

| arge frequency error that may be caused, for exanpl e,
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error. gnly shifts the speg rum and does_ ngt cau]?
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thus, he re ej,ther prior.to o fter perfqrm.ng. .

ret S PP SRS PELEREE PRSP 61 o e SEAERP BeR i i el
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P BB Ak i P RIS Qe ey bl

(si:eb@16ﬁ> _shovvs a flow diagram of a process 300 for

recovering the transmt synbols Sn(k) for a frane. o
[0036)t i alOnge thenintdgar Egarenty &g sesfewionggnds the dragne isypgheenization

based tric Ma(f). h L. nbol
R PR PALTHBAPY BB S e g VAR ks freauency-
QR Iy SEEPT Bobd®) <5/ aH e SHAE SRR (ep R orhed on the
BT ERE R T N

frequency-corrected pilot synbols Pn k)qé,i .e.,
oht@celewtﬁdmaraosyr@mdﬁﬁ) fohich lage pitineptessefbibadada cynbels D, (k)
) B S on T e e R SR o or e
fritht ¥ prdVIERE st dublegBent YBdcessing (step 322). Each of the steps in FIG. 3 is
described in further detail below.

and does not
t he

[0037] For step 312 in FIG. 3, the integer frequency error fis estimated based on the
metric M, (), which is indicative of the detected pilot power at the receiver. The
metric M, (f) may be defined in various manners, depending on the methods used to

detect the pilot power. The receiver may use different methods for pilot power
detection depending on whether or not channel gain estimates are available. Several

pilot power detection methods are described below.



[0036] Once the integer frequency error correction and

the frame synchroni zati on have been perforned, the
woheosreidigai n Hn(k) can be estimated based on PO®/US2005/000400

frequencycorrected pil ot syqpols Pn(k) (step 318).

Data detection is then perfornmed on the

frequency-corrected data synbols Dn(k) with the

Ggior & BReksoToaRCReLPE B be bl BrfeiBe Fielte Pd power
whst @ahe] afnkdstifRAfk abYndth@aildasithe teeivest Bis 32§ pic aly the case

proper sequence of detected data synbols for the frane

atj the pines theefequsncs goe goiematiq scpafirngd.( Hosghisompthoda decision
f th ' ' ' in further detail
sl RBESH gt en e BE kiRl | OT TPE er

frequency error/is estinmated based on the netric M(/)

. WhichAi_st adi i e -oet.eut e iA ower at
o, rvgﬁn‘“f%?’n%“?—ef’i*ﬁﬂ%) Ry pdoB Tk ROt Fq(3)

vari ous manners, depending on the methods used to

detect the pilot power. The receiver may use different
whert hgdis afhypothediodd fpayvencydetact i on dependi ng on whet her

or not channel gain estinates are avail able. Severa

pi | ok -+poves heirilesized sutbahodsiclaiseofiiedtsr ifbfeoin pilot subband ;

bel ow. [0038] A cross-correlation nethod can be used to

det et (Hh§) riede) Meelved kahbFlofe hypbrassiadanbbind)aHny in symbol

estimates are not available at the receiver. This is

typi cal | yperiod m;ase at the tinme the frequency error

estimation is performed. For this nethod, decision

st at idstf)css hotecigions sintégtic foy gupotbsszedofrpquenpcperror 7 in symbol

expressed as: A(f)= +f)-RUk+f )- , for feF, Eq (3)

where / iRe®AWypot hesi zed frequency error; Jc+f is a

h i zed ' ' f l: I j |
Tt R R L R
hypot hesi bb +f: ] ' or i
a Geci o o2t dwti Par ki SRR G Peslan ot or
f i n«<synpobiReld Qthdlex Ci afe. Set of hypot hesi zed

frequency errors to eval uate, i.e., = (O + 1 ...

1 i i t. . .
=l M bR PSR AR e e
frequehbeerorpotivasicied. frequency errors in set Fis a

diff t [ t
[00|39] er ?rrl] quzgaso%I %B,ethlenpifo% esrymbols for pilot subband k are assumed to be

shifted by the hypothesized frequency error ]7, and the received symbols R, (k+]7)

and R, (k+ f) for the hypothesized subband £ + f (instead of the pilot subband k) are

used for the decision statistic. Equation (3) effectively computes a cross-correlation

between two received symbols for two consecutive OFDM symbol periods, i.e.,
R, (k+]7)-R:_1 (k+j~"). This cross-correlation removes the effect of the wireless

channel without requiring the channel gain estimate, which is typically not available yet.

Equation (3) then accumulates the cross-correlation results for all Np pilot subbands to
obtain the decision statistic 4, (]7) for the hypothesized frequency error 7.

[0040] The exponential term e*™/"+ in equation (3) accounts for phase
difference (i.e., phase shift) between two consecutive OFDM symbols due to the

hypothesized frequency error ]7 Different hypothesized frequency errors have



frequency error at the receiver. [0039] hi equation

(3), the pilot synbols for pilot subband Jcare assuned
woaois@7shift ed by the hypot hesi zed frequency ePCOUSE005/000400

and the received synbol s Rn(#c+f ) and i ?n_ (Jc+Z) for

t he hypot hesi zed subband Jc} (instead of the pilot

subband Jc) are used for the decision statistic.

.Equation (3).effectively.,coqputes a cf,0ss;correlation i
R At B o WY 36 R oFtrtis”HBhaRE tvirdsorBmel i
appYsriRhbteBe bRt br QariesRBloWey DveRitwd OFDKIZymbbl Periods. This

cross-correlation renoves the effect of the wreless o
asgyraplingl isngengeally treq) o ag wyBlsmenhahireHuyiy pfdhe idaeision statistic

Wi ch i ypi cal not avail ahl e .yet. Equation (3)

4 Qfe)ns%gtfiﬁ&‘%ﬁeééfl the, i heless hagee var & ke RS s for al

Np pil ot subbands to obtain the decision statistic .
08tk ) fTbe derdsiony puetidisi zoO/ ¥ risqoempyted fopr egch of odwodifferent
The exponential terme ~32NIN in egquatiop (3) accounts
hyfpothepdsase/f. diX fsetr ehdecigipn etafistidsagg( f9hi bt )/ bdt wsesbthimed for all

consecutive OFDM synbol s due to the hypothesi zed
hypothgsised {requeney erors IDpdtifar ent hypot hesi zed frequency

rs l: 1ase shifts. Equation (3) also

“@ééﬁnes ?ﬁ%ﬁh{ﬁgkaﬁ%%fgss channel is approximately
constant or varies slowy over two OFDM synbol

peri ggs 7 I, Aunption is generally true for nost Eq (4
Syst ol TS of the deci sion statistic An(/) o
sinply degrades if the wirel ess channel varies nore
THEBS i sthRA Ll (F)6is $ekdr kPR corhfbk $hiu€ afl bhly thSreal part is used
conput edsfor ed’c(z‘?ofs%t%ﬁéé (ﬁ)f?er@nt hypot hesl)gs o¥efa. pA 18 e
fop ®le @étrideci sion statistics An(f) , for / e, is

obt ai ned for all hypothesized frequency errors in set

[0043) 0042 iTtRgernEaquicRcy eTafepn he @stimated as e kyprihigpizeyl frequency

( eel Si QF | St .S .0 r .

erp it e R TNl 47 i OTRE B bY cforegeed as:
metric. [0043] The integer frequency error can be
esti fateggd, asxt g ¢Hpot hesi zed frequency error that Ea (5
resu??s in.khelnﬁggﬁuh1nagnitude for the netric. This 16)
can be expressed as:

where fn is the estimated integer frequency error determined at OFDM symbol period

n. The metric can have both positive and negative values because the pilot symbols are

scrambled by the PN sequence {a,}. Taking the magnitude of the metric removes the

~ effect of the scrambling.

[0044] The integer frequency error can be estimated either once using one pair of
OFDM symbols or multiple times using multiple pairs of OFDM symbols. Frequency
error typically varies slowly and the same estimated integer frequency error is often
obtained for each OFDM symbol pair. Multiple estimates of the integer frequency error

can be used to detect for a bad estimate and to provide greater confidence in the
estimated integer frequency error. In any case, one estimated integer frequency error f
is obtained for step 312. Furthermore, the integer frequency error estimation typically
only needs to be performed once when the receiver first tunes to the transmitter and a
large difference exists between the transmitter and receiver oscillator frequencies.

[0045] At the correct hypothesis £, the metric M, (f) may be expressed as:

L}



/,, arg m DA M(f) \ , EqQ (5 where fnis the

estimated i nteger frequency error determ ned at OFDM
weynisa7iqeri od n. The metric can have bot h pospPCTas2@8/d00400

negati ve val ues because the]HiIot synmbol s are

scranbl ed by the PN sequence {an}. Taking the

magni tude of the netric renoves the effect of the

scranbl i ng. [§g44] The gnte%er f;equen9¥ error can be

est i Atdd =t RelH e/ Usi irfkan® |pavs(kgt S oRDM synbol s E4.(6)

or multiple tffes using multiple pairs of OFDM

synbol s. Frequency error typically varies slowy and

L S92 Ar { 5.of ten
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of the integer frequency error can be used to detect

i e ooy iBad P rafindy torfor ) ff‘n’@#df’jﬁi e B4 (M

one estimted integer frequency error / is obtainéd

for step 312. Furthernore, . the jnteger frequency error
alé(gti ﬁatszeh iy VER) oy D 9@18@8?’??% performed once E4(®
when the receiver first tunes to the transmtter and a

T éfuondl (69 BHE(R),La Exithd SorkpitivReRtwdia tivb PN Bipd B ardB | for two
recei ver oscillator frequencies. [0045] At the correct

chmppattive OFIMtdymbotpariods,Miferg thedN euendervaspedroasd. Mh( f )
=in H(k +f ) \2 -\p(k, +f ) +vn + ,.Eq (6 ere .
[k +q§0r)am il E@Pﬁﬁl%wmé? ;Ag}rﬁi&)rﬁym’g‘@f’ the el gain
ress : orfiind - W =h.a = :
AR S TR o HoeB oo (o PR SRl fR A metric
e ' ' and 1 for two
Agm%%é%f'g@ﬁ g&ﬁ%f&a@r@%@ﬁ“&hé‘re t he PN sequence
wraps around. [0046] For an additive white Gaussian
noi se (A chapnel , phe channel gain Hn(k +f ) can
be ommqmy% (6). In this case, the SNR ofEq(9)
the metric P at th€ correct hypothesis/my be
expressed as: where Ps is the transmt power for each

ilot. s ol, whichis Ps =E{\p k , . Where E [
whegs é’x ﬂéﬂ%éaarwmtwwa %9& cagh plof W‘{Pﬁ‘i"%ﬂvﬁ@és 3 =§ ¢ 1%}, where
noi se Vn +[.) .., whi is C.=C -P; sl is the
vaL?ance(zgxéH%ﬂﬁ6¥%%ﬁ$%&%%eqfx(Np Ps )2 ?s ;ﬁe si gna
g?wte %Q%éﬁerfag@%ezc}tﬁh% %gd v (WP kidh NS DQhSE pover

o’ is the variance of the noise N, (k);

(N, -P,)? is the signal power of the metric M, (f);
N, - o is the noise power of the metric M, (f); and
SNR , is the SNR of the metric M, (f).

[0047] In equation (9), the ratio Py/o” is also the SNR of the received data

symbols. If the number of pilot subbands is sufficiently large, then the SNR of the
metric M, (f) can be high even when the SNR of the received data symbols is low.

For the exemplary OFDM system described above with N, =512, the SNR of the
metric M, (f) is approximately 27 dB when the SNR of the received data symbols is 0



SNR/ is the SNR of the netric WMh(J) . [0047] In
equation (9), the ratio P/ sn 2 is also the SNR of
woheosroeai ved data synbols. |f the nunber of pPCOIUS2005/000400
subbands is sufficiently lange, then the SNR of the
metric WMh(/) can be high even when the SNR of the
recei ved data synbols is low For the exenplary OFDM
stem descrl bed aboye vyltg =512, the SNR of the
ter,.%Nlrm %2%&@’&% eﬂh%lcsm%?an thus be
t he recei ved data Sy nbols s 0dB (i.e., SNR/ e " dB
reméﬁ eﬂsnatgd basgd eB}he TR M é@e qunraéé% AR @nﬁswn&an
reli.abl timat ed ased on, t.he et
lO@ " o PFHERAL R ERONTE: BRBORSREE [PIaRiia: Foectigh due to the

eﬁlﬁg(f) J{L}e nl%epégar% Zq 312% e} lgfiedg&r%%%iaon Ke{tfsﬁg tzei ff %%? teUefined
W ﬁ&it%ﬂlggha%@&frggdoﬁtéﬁ{/ spe defined without this
r

ase C rectlonterm 2s foll ows: The metric may then
be defined as Mh(/) An(/) . The integer frequency
erroA' &Agfmwﬁmég(kaﬁﬁhom in equation (5). In Eq(10)
general, is a conplex value and the square of
t he magnltude |An(/) | 2 (instead of the magnitude) can
be nore easil mput ed and used, for equation (5). It
Tleeametyie rsdyothen l);h definedeas IR OF= HiHeneths interer(frgquerdyi enesy can be
based on An' (f) is approximately 3 dB worse than the
estibfRtedf agt $tewmeinr equaliteg /(}). déf igeentalpad € d) ds aAetiiplex valne sind the
3 dB degradation in SNR can be conmpensated by doubling
sdubfe BfIERemaghitie P! (FYPDGIBad [FOREImAgmmieheth be Ihat easily
net hod can be used to detect for the received pil ot
cqomeed it nsah fornejuatien 1(5)es it cat bs shoen dbati thaliNR atf théenetric
receiver. For this nethod, the decision statistic
MyD edefioed hestdasn 4 ) Ps (eRproximately 3 dB worse thanethe| SYR of the
where Hn(k+f ) is the channel gain estinate for
mbrjeo tMig§1) z éefiredblesadl do+f4, (f).n Eojead idBn dégradationhie SNR can be
mul tiplication by Hh *(k +f ) renoves the effect of
cmhwmtccbbbéwb&lhgrﬁmumle@m@fpﬁ@ Sﬁbbﬁtndpl i cation by Pn

169890 ; ARGt Rt et e 47 8ok BEoF o pover

wheathapasltgadf estiffitadesd 5\l'eti)lﬁble at the receiver. For this method, the decision

statistic may be defined as:

AF) =D R, (k+)-B(k)-Hy(k+ f) , for feF, Eq (11)

keP

where ﬁn (k+f) is the channel gain estimate for hypothesized subband k+7. In
equation (11), the multiplication by H . (k+]7) removes the effect of the wireless
channel, and the multiplication by P, (k) removes the modulation on the pilot symbol.
The metric M, (f) may then be defined to be equal to the real part of the decision

statistic 4, (7) ,1.e, M, (f)=Re {47 (]N’)} , similar to that shown in equation (4). Other

methods may also be used to detect for the received pilot power. The metric is defined

based on the decision statistics provided by these methods.



statistic An(J) , i.e., Mi(/) = KQAM/)} , simlar to
that shown in equation (4). O her nmethods may al so be
waged/wowidet ect for the received pil ot power. PO®US2005/000400
metric is defined based on tge deci sion statistics
provi ded by these nethods. [01 50] For step 314 in FIG
3, the estimated integer frequency error / is renoved
to obtain the fre%uency corrected synbols Sn(lc).. The
[0050]e ge ot plendahdy Y&y Drihe sstiated Biieden frepenss ef1eF feds removed
either prior to or after the FFL at the receiver. For
top obtain frequenenesyrestedo pyrabals eSi(tbn, Eheeintegesi Yegwency error
symbols Rn(Jc)are sinply translated b bbands and
carfegtion gauéﬁdgﬁr@mi el P§‘>9ﬁ‘HbP%af§‘ﬁ (e ¥FFL ?F SFIHEd Ligg post-

JCc+ all. a bIe alues f.Jc
FiEb Feginc ot vastpstiny e s SRS o) behE tFretag > /
i nteger frequency error / can be corrbl ned_wit h % )
sdobm% o8 FEqUERRIFIEX-FEFeCLR oBYEPMS t i (Fbt aé}re obtained  as
Jrequency error. The input sanples are then phase
Sp@ stBy 6k by )t hfer alnophcraglm aalugs &frlor , Fem@re-KET Fitqquescy error
performed on the phase-rotated sanples. The frequency
carfectibig theestinaded insaget frequency amora)f senlbe cadjbirsdenitiothe dractional
phasel ocked | oop (PLL) to correct for the estimated
frpql@a% REGT tor olypin/the tqtgbgqquep@f SrIt pTlquglpp‘h sgmppdps age then phase
r
roftd'tédﬂr%x;t%@%c f,ﬁ%%%ﬂcg régl? :H‘EP; @gq{fglﬂ é%ﬁé?%r%ﬁeé%%hﬁé}ﬁse rotated
sanipdes( 2'he Heeqhermyuehthececsieat edillatdratansatstobe sidfasied djy. a phase-
The frequency error estimation in step 312 provides
lockest loogx (RIn) tesoree fowthe estimatedbfre@moty GEBN sy ol
whi_c n.be expressed as. M=WhCf

R o Y e @8 it & Gt (FEtF BRSHAM BRI istPéFfoﬁ%ﬁ?df 'yaSSﬁq 5741) the
e Hlorie  FLELE' TR0l PHqPRZ 0 Wbt Sl 10 0 Bequency-
cog{)etcgeld rl?té t cgg g‘\(kgh ﬂ%riﬂ: -Een y;e?%orl}/:égtggnatgdn in' lpufﬁ I_Pg{)fides the
ot A, 5B, RN B

performed for each OFDM synbol period, as follows:
V\IherMNGMS(ﬂ)he Iength of the correlation, which is NEq(12)
> Nc > 1; andCn is the result of the cross-correl ation
between (1) the Mh values for the Nc nost recent OFDM
whyRbaf (ggrmagiaaeaasﬁﬂea) bdsb® oANeithet UL$ f%ss] t/h(s]g‘ i rile Nenplified

OFDM sy periods in each frane.

décll%l(j)hs Etﬁ@tﬁsA,U(IZ? alt?lg% behadd i@ ﬂletlﬁfe‘éﬁeﬂecfdaﬁcﬂh&qg céfected prior to

ues
performing the FFT. The M, metric values are obtained based on the frequency-

corrected pilot symbols by the frequency error estimation.
[0052] A cross-correlation between the M, and a, values is performed for each
OFDM symbol period, as follows:

Ng-1

C,=>. M, -a, , Eq (13)

i=0

where Nc is the length of the correlation, whichis N; 2N, >1; and



sequence with the first Nc an values for a franme is
shown at the top of FIG 4 and given indices of 1
wohowwgipiNc- A sequence with the Nc + 1 npst recems2008/000400
val ues are shown in the mddie of FIG 4 and given
indices of n - Nc through n.” For each OFDM synbol
period n, one Cn correlation value is obtained by
corr Iat runcated an.se uence i th e
sequen bR getilh ot BETRSHmB R E HGRER oy i Moo dar e N
ef fect i vemystsBednk ORDM Ogﬁbbleﬁdno\a@aﬂd @)BYVaMialMed foe tHeSfirst N
obt ai ned for the next DM synbol period. The an
sequence OEPMWle@@n@ciﬁanyacl{ﬁ;@sm The an val ues are
t he expected values for the Wnh values. For the
[086Blodi 6L 4dHssiratdsdbie edrolationtiebvesm theMicadar, evaties.i Addmeated

bn -b bt ai b .
TR N R
m‘dﬁ%& of{ EnreesENp! edsdthbdetwid BN 1¢ hh—@%n@sﬁ ré’d&ﬁt PN vilues f@fshown

hi s enbodi rent, enhanced perfornance for frane

msmqh{daw BRIFIGN 4N Bfeeldi@¥ et hE N hanfdNeh 9AUEBE @ach OFDM
{bn} is defined such that the {an} sequence is also a

S}Jﬂ%cﬂ @68 65 ondl, cdpelativs Wakike! iy obtdigedChy ssrrélatingethat thoioated a,
bet ween_t he {an} sequence and its shifted versions
SeﬁH@‘lﬂedwﬁh the rM» §pauesse é@@c@ﬁt OFR&A sypmbot weriekquiscdh sequence

eficEivaly' s8R0 tiPk RS ek st ol e rlgEt SRDNESymbol

are o talned ased on ecision statistic own 1 n
paq@aﬂm@mn@&@kmcehmxmmsuabmns are sinply equal to the

| f he PN
D3l s 1TRe rmopiaene B EREchn RS oL AR 1y el For the
eﬁﬂ%(yﬁén@ﬁ&cﬁpédaéﬁ?) g thé Qogz?LesP ﬁ@iﬁeﬂ dEsd Lon 4l 5 because the M,

performed on correlation va ues obt af néd f

validd BleestiaibP¥ys Yoraitingefn 0 denseutilRt RESVEE pilbe sﬁhadslg that are
of a frame. A Correlation peak appears when the M

soramnbled vethetved Py rebipsvi enpd bhe Bor tbléleaé@dlm@éke@én@dme@fnnnance
Rt B PR i oF 61 B0, SHISE (o ool S that
thg’g M(ig nget%,r gﬁceg a{ﬁg}(ﬁé gsgélgeilpglr g\é\é{?ﬁ@?}@v@?ﬂ{/m%le cross-correlation
begtwg?rhgf ! %@22&1\8’&%6%%% 01(3? %‘rlﬂ%(p gerts%)ga %1(9 bv%r X E|1§r§ eeécept when
ORI TSP A BRI A i

based umtthe{ dﬂﬁfﬁc}n Q’ch‘estfcrshnwnmya@rmon (9t therm, waguea hrecirhply equal to
end of. a fr

defect for t
B he Vol or Ghe TSP 28l oomERPREY 8P ypendent on the
m2B8h&Gh WhekhtthE he@Rles are obtained.

[0055] Peak detection is performed on the C, correlation values obtained for
different OFDM symbol periods to determine the start of a frame. A correlation peak
appears when the M, values are aligned with the a, values. Peak detection may be
performed in various manners. For example, the C, correlation value for each OFDM
symbol period may be compared against a threshold value, and a correlation peak may
be declared whenever the correlation value exceeds the threshold value. As another
example, a correlation peak may be declared whenever the C, correlation value exceeds

the average or the next highest correlation value by some amount.



portions of the sequence of an val ues corresponding to

the part of the frame to be detected. In general, the
woanrs@retiion i s between (1) M val ues for Nc OPOKIUS2005/000400

synbol periods "nmarked by ge current OFDM synbo

period n and (2) an expected”values for the M val ues

at a designated OFDM synbol period or portion of the

1oh S e e R s e SRR BR pstoRESE T Eth e gd of a
A of @68 Fhdrgalt bNtHe@ar®hNR TOfis ERE bEACKIRVERbAEIBRIng different

val ue at the peak. Hence, robust detection for frane

poggrmsmﬁmezmu@wm of povalnes eoresspondingdo ﬂm)mrt Sfthe frame to be
it{o el
G800, DT s SPREEUPL PR IRLD BE s U5 RE by
pdmbdwﬁeﬂceg’r Bathercugent OFDMSHRts qbegbe atand (n)e&nl expedted yalues for
rame detection. However, nore menory is needed to

th§ %r"él"teﬁ &t asesignatsd OFIIM symbol a?rg@ror\p&m@ fithgfranp 5]

Si W@NFEE)] r :
IOtE ﬁgl\/h n’@;g %ﬁe/s may be qd;t%‘tglg%%(géngn 1 t s, " %er"éﬁ @lgégrlh gam of
N(Et@lhe derggtinlo€ thet ¢rardidtionplings SWR dfetheandorzttion valmeent Whd peak.

er.f or hard deci si opns on.these val.ues.
He s EER LoD, et BBt RIS RAS e Shat Mifes nogr SNR
co\ﬁuidan& herigneotRidRS B8eth NOWRark 'Be%@lé@feld%sédl %}1 vahe@s’i%ors
I'f the pilot synbols are scranble

la@q wveheefasNd eps@‘rld@e areatﬂ)\@m umeSNRwendpgne@ﬁer gglmbdltz in frame
OGESRRC S BE R B g HOAP LR AR R e vt

of e frequency corrected pilot synbols Pn(k) can then
be descranbled by nulti pl |ng these synbols with the
[083%ip| eiompb@ah@pwe&sw NG ReEoniTHions figrveraltes may be

d I
il 6788 1Rt I £ EDPAGHoR thy B0 GRRE A S 2BR to one
bit By perférating Hardrdetisiont ve dhusa eyives. r Ehd quhntiatd)s yatoed Glenoted as
Dn(Jc), as follows: where Hn(lc) is the channel gain
Me,9 miayehteecoistatesiipitia the d, vehes gabownge eqerdion;(13nd Dn( k)
s the detected data synbols for subband k in synbol

lolﬁé?lu od Iﬁthvméom%aréé@rﬂmhlmlﬂat@d%ée%@nw grribad above,
oG8 15C RSP B SRS U5 TR EBAR e o
pezfoamed ard tler statbs tgufemte Brimoess i Tig. fr¢dBady}-cdrteCied pilot symbols

~Sshows a flow diagram of a process 500 for performng
Pj(f} eepayr then be descrambled by multiplying these symbols with the complex

conjugate of the PN sequence. The channel gain H,(k) can be estimated based on the

descrambled pilot symbols.
[0060] For step 320 in FIG. 3, data detection is performed on the frequency-

corrected data symbols 5,, (k) , as follows:

D, (k)

1"),,(k)=ﬁ ® Eq (14)

where H , (k) is the channel gain estimate for subband % in symbol period n; and

ﬁn (k) is the detected data symbols for subband % in symbol period 7.



frequency error estimation at the receiver in the OFDM

system Process 500 nay be used for step 312 in FIG
wG@20(@0642) Initially, a value for the nmetric MCEUS2®35/000400

conmput ed for each of a nunber. of hypot hesi zed

frequency errors based on the received synbols (bl ock

510). This can be achieved by selecting a hypothesized

oy e SRR e elon bE PR Rih Pl Wi Re B b bp O e e

dedive dbtat Wanbode Gbiv 8¢ SXAB IS WRbYided@sl dn8 dedlence for subsequent
consecutive OFDM symbol periods on a hypothesized

PEaesHEd k +f that is of fset by / frompilot subband k
p e r onet.e
o035 5 SpANEBCA00 AEERCRE s hLERYSE) et intoger
frequeaty erer és%irnmd af 1y recaiher 1y ths VKNI syisam. oRracessUi0smay be
far. all |Io Ié bands are accunul ated to obtain a
t

used dPissten 1 gy c An(f) or An'(f) for the

RBE padiey 4?%8%@& Bl BEERT A, (T ormhidd ok ol O g uber of
h Hete 'eﬁo?st‘t%lgecﬁéﬁihe feB&Ped HRPMOGERR J165. UTHR can be
o step 51 to sel ected anot her hypot hesi zed frequency

achidvell blyaeleetiad &alpaResiA HRIQWEIRS: erfor SR tfoPévalRtibh Estep 512). For
values is obtained froma set of decision statistics

ebtmlon eubtfand falal crésspotielasion ésl perfenuadnimyweany twcsretchlarbd symbols
have been evaluatedzéstep 520). The netric may

olfpinp@ in Wk consgeutiygrQFIIM m@@ @erigdsoen %Mth?ﬁl?@dcﬁubbWé k+f
entire decision statistic. 00654 The frequency error

that ist ofésst bEtf riare dilphsdbandt ki(piep Sdé). o nhase paregtipy deym may or

bl oc Thls i s achi eved by conmputing.the
m%%’l F% fl 1 e Shtrar e gf?miﬂh SRy lﬁluﬁﬂ@?“%’ﬁ (@han (10). The
cﬁ?&édr&lﬁfﬁ‘)’nuﬁsulﬂqfor@lt f)il& MbH&ds Bret RBuBGlated oot a decision
|'argest magnitude (or | argest squared nmagnitude) is

stafi@it 4f (75dof £ €P) B&2he hiPethbypat heqiched e GUeRRY 516). If all

error for this identified metric value is provided as
hypjutheszed fratwshey eiragdiavé netcheen eyaleatedb (as (@steanind@4g step 518), then

}{E‘y OGEJQP E&Eﬂ{%{%}e %{:;ég t(te(g %glgc%@ o r St | galzeg drequency error for
eEABHBhE ONIRLe! Dot B? ﬁﬁh‘l’ce&alﬁésrﬁ Bbtraﬁl'é@ $rohiPa bl Bf decision statistics

transmtter or at the start of data transm ssion
obitined fer alldnyothesizetifrefuchenetrors |they haveaee & aloated (dhep 520). The

BT AP o LS 550 B b e g e
[Go68pIue MG fr@ﬁién@sf cirbe iy’ 8l %BimdR06&bd nGhe et bPUSetdc values

fl ow di agram of process 600 for performng frane

(blgake FAOn T Thisi BrachioveR by oDV fhs TRENIGRENOS yBe egyare of the
nfa é&ﬁ%%)c‘ oP98n %@fnp Galtle e'fihef Retrflfue in the set with the largest magnitude

(or largest squared magnitude) is identified (step 532). The hypothesized frequency

error for this identified metric value is provided as the estimated integer frequency error
(step 534).

[0064] The integer frequency error estimation typically only needs to be performed
once, for example, when the receiver first tunes to the transmitter or at the start of a data
transmission after a long period of inactivity. Thereafter, the mechanism used to
estimate and track out the fractional frequency error can be used to maintain frequency

lock at the receiver.



316 inFIG 3. [0066] Initially, a netric value M is

conputed for each OFDM synbol period based on the
wonroesg7carr el ati on between two recei ved symnbol BCT/US2005/000400

obtained in two consecutive DM synbol periods on

each pilot subband, as described above (step 612). The

metric value Mh is obtained after the integer

S5t b 5By BRRR ARy Spffmin e

syREhiofatich SEHE EREReOin th OFDM e§stérar P|N€ce6§6(ﬂ) may'®s used for step
recent) OFDM synbol periods is correlated with a

3KigdFed of an values to obtain a Cn correlati on val ue

th r| ,
109851 "SR UTEES (AR e SSppR ok Ra8 Ol period
bdsbe@ oM thal cress-adrreldtienpbetpeen t twoe reden\gadmsymbolﬁ’ealktamed in two
detection_is then perfqormed aon the rrelation.v
copseaAive OFIOM shital rpéﬁpgepmagly RHBS S lﬁ@ﬂ@o@g f‘é?’%‘&‘ ahgve (step
dgg.gk s&%ﬁm 9Rle "N{' %”oﬁt%n@@%h@f B MRSBr FreGii Iefownhas been

etected (step 618). The detect ed corre ation
eqhiaaitecbard mmowetpldwd ptoFFher posiriFIof Fer dackh @F oyl symlvel penod a

ot her t of ne, de endi t he, seque

sGhetp ol e FENETF ot wegent] BBEM sTRuSFPRiflE s Bbmolated

wﬁ}ifhcéb" QBhoeadfl QNvalRY tBbRah faorMBélrélich ¢416¢ atUdk GRESMSsymbol
qf each frame. The frane synchroni zati on na

p%uosio aaasshoa@r incaqpetipred 3hestapetl 4)-e The an slughae shepgupegipd values for
|
oL RN Shor b AL S L mRAP MRl S5 Lh AR o e

corfdlatich ¥dltes dbtaifeddrfor ﬁfffﬁiﬁﬁ@FDM@yth@lepetﬁﬁls e(ﬁttép 616) Frame
processes the jnput sanples fromreceiver, unit

sypchrpngration gleglagrdadhsap tigs pegh 18 dstegied Sep 6178]130 Tﬂ?ﬁﬁetected

ccﬂ'?é’lét n{%e%ﬁ%ﬁxll Cork&hEnF LS va FrhiAE bk 90 oﬁﬁfi art of the frame,
possi I nteger frequency correction, cyclic prefix

depemdmglon t]ams;bqsmoermf apvaldeased ﬁeatohellatmg An FFT unit

100427 B, e BONPR/ AR TS TR BTG o8- o

4 (Fhe. Erﬁ@%%ine& bhiSatiARLY alsb B8 pébfobrhéd IHEIBY, e.g., at the
error estimator 750 estimates the integer frequency

Stertpéca@tdataehieistver 150 based on the netric M(f) and
desc
DO TR -

16® aterdcbl@ér psce mpFEB ERSH prelffo@ssdr TlOERUENEsyantiopoeskbésOthe input

unit 730. Pre-processor
samples from receiver unit 154 and provides pre-processed samples. Pre-processor 710

may perform sample rate conversion, fractional and possibly integer frequency
correction, cyclic prefix removal, and so on, as described below. An FFT unit 720
performs an FFT on the pre-processed samples for each received OFDM symbol to
obtain received symbols R, (k).

[0069] A metric computation unit/frequency error estimator 750 estimates the

integer frequency error at receiver 150 based on the metric M,(f) and the received
symbols R, (k), as described above. Unit 750 provides the estimated integer frequency

error /} to either pre-processor 710 or a frequency correction unit 730. Pre-processor

710 can perform pre-FFT integer frequency correction, and frequency correction unit

730 can perform post-FFT integer frequency correction. A frame synchronization unit



710 can perform pre-FFT i nteger frequency correction,

and frequency correction unit 730 can perform post-FFT
wonbesgeroir equency correction. A frame synchr orRCZAS2@®E/000400

unit 760 receives M netric v% ues fromnetric

comput ation unit 750, perforns frame synchroni zation

based on these netric val ues, and provides a Frane

78 e e B8 ST O 7352 e

sYHcRFBAEAGYN Gasddest these sBirfc Vakikspb@Y bflRsdes a Frame Sync signal to a
fre&égncy corrected data synbols Dn(Jc) to a data

Bmatez 3 7@n dhe Fraggeryay St%ﬁlrlééllcéfés Ehe|saﬁ ofiaeply frgme.
[(gﬁ ()]g ?gn%?%&;]?)ﬂ %8#1’60%1%}1 IR 950 %rzc%é%eg;ﬁ%%h%ﬁ%ﬁ%doﬁatz g9mbols

requency-co
Deppd 9Ratah®etdck@ R0 A Gl &ngt rR&{ekl PRloe s Bkﬁ P e channel
gg?)(re} basgd on the descr 6ri}lb G|c§)| | ot ?}i/lrrbo S, ang{) chanme
esgm(iatdnd ¢30.c h@hagiel %témamt’!mﬂe@rdm}ﬂé@ )thé dred@brcy-corrected pilot
etector 740. Data detector 740 perforns, dat i
syabele brend om the, drame qies signaly estduptes ta%ucamggﬁﬁtgamsbwé ipn the

G ﬁ@pﬁo&%@?@?@@a&ﬁ% ot i o o phdetecor
R T B

syxﬁlbcﬂs Gaitty élid eharthtD ghidCédtiviesesand sbony dht Gqubtien i(M)Uknd provides
sanples (at the sanpling rate) into interpol ated
detactpd ésta §mnbolkeD,dhj.p rate). The chip rate refers to

the rate of the chips that nmake up the OFDM synbol s at

[Q078] t r FA&Hi& shews atlecksdiggiammef @ apasificedesign fop QM rdgmedulator
C
1§ Syt HRESIo kot Pl 3itel ol S 0 858l oo e
1ﬂﬁiug banpleheat thdearfipling fagd) énto Qnﬁ:tpm:hted yarhples €itithe cﬁil'p fate®. The
receiver. Atine acqw sitjion unit 12 acqg uiLres

chip afg referst elheatels b deorkRs sty%make (8. ele BQ%oﬁymbols at the
trh Mt %C di‘lfe 3k uuh ? te ELS Ecmlf%%%etug HREREL G5t %1 ‘Eorlﬁ%ltlze the

receive and provi I'mng signals
reseived signalc élélﬁlsaxylphlmg taSe mntyﬂIcahlyC%lBMedemrbd hightothard 6@ chip rate to

(not own in FI G, r.sinmplicit racti onal.

SOy SOy P BF Terek B rtinge gt oAt S\ SO he i of the
rechFvg&' M %angl’)ls% gl B@sefl %ﬁ%é’ @}FchQ %?&gi) Odbtérﬁﬁné%}fﬁé b&indaries of
prefix in the interpol ated sarples. A’phase rotator

tig1@ceiped i(EDNr sprnbiodss aamdfprev.fdem tiyieg isignalgdor efben precessing units

withfy, TR PR By TR iy SBWRRIIETY for simplicityy A Fractional

Ozgméncﬁ TeBrok aI¥ReRs S1heestijthtds thpripictisna ppepeas; tRoracthe receiver
nbol by the transmtter and PTOVIdeS t he
€S

besed protheseishic Papy isthe interpolated samp
fractional frequency error correction to the interpolated samples and provides

-

A phase rotator 8§16 applies

frequency-corrected samples. A cyclic prefix removal unit 818 removes the cyclic
prefix appended to each OFDM symbol by the transmitter and provides the pre-
processed samples.

[0072]  For the embodiment shown in FIG. 8, metric computation unit/frequency
error estimator 750 uses the metric defined based on the cross-correlation method.
Within unit 750, a correlator 850 performs cross-correlation on pairs of received

symbols obtained in two consecutive OFDM symbol periods on a hypothesized subband

k+ ]7 . For each hypothesized frequency error £, the cross-correlation is performed for



[0072] For the enbodi nent shown in FIG 8, netric

conputation unit/frequency error estimator 750 uses
woheosmetniic defi ned based on the cross-corr el aPCOWS2005/000400

method. Wthin unit 750, a cggrelator 850 perforns

cross-correlation on pairs of received synbols

obtained in two consecutive OFDM synbol periods on a

PSR IER BB R B mfay b ek Bt FRE P BROPE st prmection

R e e Ry e Do AR SR p bk W e 852

aédhﬁﬁﬂmbcmeqromraubn redilts XBE WNEuBbH S ﬁ@ﬁ%ad%rm{é&fe‘sﬁgd frequency
unit 852 accunul ates the correlation results for al

esoio A oblainf #rdeeisioh dntistit hegi i73 efbr fthetqhgpothesier Uit t832 prov1des a
obtain a decision statistic An(f) for that hypothesis.

méfid v AN FY if6sach hyBbthbsizedatdiedY dnor based@aGhe real | part of the

hypotheS|zed frequency error based on the real part

dtdi§os %&kﬁ@m ff;:ltdrsthe Cenf\%( &éma ts&%sﬁ@tA' gf) de@é&él&gg §50 and

statistic Corre Oand aécunul at or
aédahmlatt&essnefohh%@a{% éérhﬁ\ﬁaﬁidﬁ {mit. AATRE ﬁuael %eté@ttoﬁ 859 etects
854 detects A for the nmetric value M(/

forahgagtricabn MJ¢ ) fvdth thaddrgédt Didgaitadoior Bﬁjhl @EDM symbol period.
Det ector 854 provides (1) the estimated frequency
DRI 854 pfovided QUEIRG ¥stiRAte Gle@hcy Ridor 7}8% feqiches bdedtdibn unit
frequency error detector 814 and (2) the Mi netric

%@ lon éi‘jlcﬂl@)lai frrqeensy rector dafeztat 804 andi (2) #@0M/, pO@iSvalaes to frame
th dlmang hown in FIG 8, a correlator 860

IP%H%‘ ?/qsmhr oni zation unit 760 correl ates the

[Mvspet Bk tha! atfSodinbit SRR VRIGIES, anchrRiAY @66 Within frame
correlation value Cn for each OFDM synbol period. A
syshiongratien it 7@B®rpﬁé¢tﬁsﬁmﬂl preetikicdetuse wiith thaey, \talhES @nd provides

o SRR Bl i Bac ey PR psro G R g 8 pertorme
pédkaddtédtion bat thef € £esteNgionevAlads ﬁ)‘itdlﬂa’éhtOOFBM s$BéEperiods and

synchronlzatlon have been described for an exenpl ary
PW@@FMT% Sypc gewdr al , the frequency error

t
gan g% )T}SZ I?)P’tkﬁﬁ@@*eﬂ%ﬁ %s‘giﬁ?ao %%{ %gwng%yﬂaﬁgnlzatlon have
b&unr tieseribat dor M&xémphtey QBIDMr systemat | in géreedin iU 68quency error

descri bed above ma sed i ndependently of the
e 98N gAY SSy d%sgﬁbwﬁtaﬁevﬁ T ?ﬁ pdcpadeibe of; the frame

s%ﬁhidﬂ%ﬁ@i@n@ﬁftﬁermm@ thé %W%cﬁoh%ﬁ&? tdc R h&ndescnbed above

techni ques, or the frame synchronization te i ques,
may b aised mﬂ@ehd@rque}fdlye gequencesiromastimation rvdnﬂrmme be achieved in
ues _descr |

ﬁirﬁghga%%gt Irg@lé% \elégque eﬁla?r ge Wagon e{eghnqques o the frame

synchronization techniques, or both the frequency error estimation and frame

synchronization techniques described herein may be used at the receiver, depending on
its design.

[0075]  The pilot transmission scheme described above supports both frequency
error estimation and frame synchronization. Other pilot transmission schemes may also
be used. For example, the pilot symbols may be transmitted in a non-continuous
manner (i.e., only on designated OFDM symbol periods), on different subbands in
different OFDM symbol periods, and so on. The pilot symbols do not need to be

scrambled with the PN sequence for frequency error estimation. The metric is defined



Its design. [0075] The pilot transm ssion schene
descri bed above supports both frequency error
wesgbismatdion and franme synchroni zati on. O her pPCOUS2005/000400
transm ssi on schenes may aI;&)be used. For exanpl e,
the pilot synbols may be transmtted in a
non-conti nuous manner (i.e., only on designated OFDM

.synbol periods)., on different s ands .in different

i PRy oG RRB e g8 S0 FerSTr R ey i Bishiohischime used by

tHRAOFIDREH stemr. be scranbl ed with the PN sequence for
frequency error estimation. The netric is definedin a
[0f6her Eher fsqpanedi agon esamation rsdsfiame gymolranigation | tyehniques

[ i Ssd Qn h t 0Q7 .
d C%B?C?iééai‘glél %zﬁer fr!}ﬁer%érﬁ?dﬁ ."%ﬂ"%;ﬁ %ge% ?ﬁ% e%g}npie, alegé techniques
niy Hehihpkddatddin Haedwdre dsdsyale e ra doatbimeioai thero®y P& a hardware

.inplemented by varjous_ neans. For exanple, these,K .
mplsmsrigles thaprogessinggmifseisecdte R‘?ﬁfoﬁar%tﬁﬂ&%iy HY eifpation and/or

ﬁ%e%g&&%hﬁ@ﬁ&?ﬂlagw fﬁg;lemgﬁ’t@d il IHE'E more a é)lifation specific
APl ementatt on, the processing units used to perform
iftegrafieé reirguies (ASICs) tdigitdl isEmah pobcessofsr(BXBPs), digital signal processing

GO BN RS Ry b LSRS08 QP Se s

EPOALRIpr&egRR, BRREIRSS Ahitrd-BSHRllersdntibioplocts@RAlother electronic
processi ng devi ces §D§PDS), progr ammabl e | ogi ¢ devi ces

ufiity @esjgned fepatiopmabe bsedegenibeddiereity or aEPGARLion thereof.

essors., controllers 1cro-centroll er N
RS opr e sghre Spneforiedlicn, B BoQpy B eqimatin,and frame
spehtafizatbh etethtigids Oy BS Gipl@tbnbe@r @lith, nWdukes (e.g., procedures,

conbi nation thereof. FOO?;%EFQr a software.
fimebipasrand &0 ophthat perferpe thgdpastions deicribed ngeein o hbe prftware codes

hrQpi i OF [ =rl t
i SR ARG B (L LA WIEY D BB, TR &oted by 2
ptdratsop €e.5oreontrbiter f 1803.t | Tes nemey ube dnine beiimplébwmted within the
sof tware codes be stored. in a nenory unit (.e.
DFRERSIL oL i Fnale Th PIRpesor 11 HHEBSREuE PR tapp Gitficlpgoupled

td freProces PR 1aQlakiBhis s as TdRndRIRItNe MRI ¢ mRY be
I npl'enmented within the processor or external to the

[078¢ e s SBhe, previowhdeasbripticgeofi the dmelokrd enshadimeéntsiis previded to enable
coupl ed to..the processor vi.a various neans . as is.knowQ .
]?ﬂle 087 on. arious

Th §RE P ¥ e&’p e 05 HEslei BEraH BrY et

ntbddaBis AltoemBRANRIAIS erits whll B iretiily lapp S8Rl ahedRYskIRASA Rhe art,
skilled in the art to make or use the present . .
apdhtherganenc pNegiplesidefinsdiMerdnamayhs alpbllf@%g’s@h@‘rﬁmdﬁ%@ﬁt% without

SRS PG 40 AL e
igpgdedad be timitet & the rhhddhmsitssshowintietedin but is to be accorded the widest

scope consistent with the principles and novel features disclosed herein.

[0079] WHAT IS CLAIMED IS:



departing fromthe spirit or scope of the invention.
Thus, the present invention is not intended to be
woiimstoetb11o t he enbodi nents shown herein but i BCTWSh®5/000400
accorded the w dest scope copsistent with the
principles and novel features disclosed herein. [0079]
WHAT IS CLAIMED | S: CLAIMS 1. A nethod of performng
frequency error estimtio rame synchroni zati on
at a receiver in an orthoggﬁgﬂwgrequency di vi si on
mul ti pl exing (OFDM communi cati on system the nethod
conprising: estimating frequency error at the receiver
based: on Heceiethed ofnpufasming Fequeney cerrardiestimptien ond frame
-ed. pi . Vi esti.pat ed f.r.equen
s 0B 8reRRHEl ol GIRELDA AR U E myPRRRR DM
cpemfunidatiog sfstenehsynethod @oinpdsingn based on the netric
and the frequencycorrected pilot synmbols. 2. The
met hGEFUBAING HEAHORCY \GHEF &f fhq FRecHist tiaged en Hgedvpdopymbols and a

- . ' wo received synbols for two
n%hﬁi%d&%é@@b@&ét%%\g@ﬁ\ge y

riods. thod of claim1, wherein the
met r rgmowng dbe cestmatedt fépeinéy letrer itogobtainefreqensy-tredesed pilot
mﬁgh%ph nnel gain estimates. 4. The nmethod of claiml1,
SWieP'&1 9% he estimating frequency error includes

COMPYEHBEning OfrarR@ Gn@rofzRldil Bhdell Yor? fthdMR&aHBERMZ &R frequency-
frequency efrors, a value for the netric based on the
comeded/pilptsymbolss, wherein each of the hypot hesized
frequency errors corresponds to a different possible
frequency error at the receiver, and wherein a

pl urality Thé ni@héd 6f Maihl eswhdreinahé aichedisitked H€ cross-correlation
plurality of hypothesized frequency errors,

betfessn tW9 Fecsivad snbele ferdwasymbelpariggest nagni t ude

anong the plurality of netric values, and providing

t he hypot hesi zed frequency error for the identified

met ri3c valThe nashddef daitd hrawledeih teometrivyis dasadron MmatcHdiefiltering
met h erein the performng frane

r%%?h"@ﬁ g&% ngltv&iglrrgh%hne\f%am estimates.

4. The method of claim 1, wherein the estimating frequency error includes

computing, for each of a plurality of hypothesized frequency errors, a value for
the metric based on the received symbols, wherein each of the hypothesized frequency
errors corresponds to a different possible frequency error at the receiver, and wherein a
plurality of metric values are obtained for the plurality of hypothesized frequency
errors,

identifying a metric value with largest magnitude among the plurality of metric
values, and

providing the hypothesized frequency error for the identified metric value as the

estimated frequency error.

5. The method of claim 1, wherein the performing frame synchronization

includes



i ncl udesconmputing a value for the netric for a current

synbol period based on frequency-corrected pil ot
weynisarmiobt ai ned i n one or nore synbol peri odBCT/US2005/000400

i ncludi ng the current synbol,,period, correlating a

plurality of nmetric values, "Obtained for a plurality

of synbol periods marked by the current synbol period,

with a plurality of. expected values to obtajn a .
cor r%cfnéfurt’é’ﬁ an%'ée i )%ﬁ%énegﬂ? rtg’ﬁta SHE S 1"?108?“0(1 based on
FONRMEY-BofkEifedpilbt 8Ynbdls Obtaitl BC bRCoMAbMETMBO Ep&0de Gichtlling the
values for the plurality of nmetric values at a
cyessit gyrab@des9dbol period, and perform ng peak
detection.qn_c ' I 0 | ' r
ymp St dsBhEbE RbeE i T B ALk A pfl il G bymbol
p%ﬁtﬂs rm:inrlgl@cﬂ byfﬂlﬁ |cajf'rant]synfbbt paésd, oitp ?i}ﬁin:a!jty of expected values to
escra ing t requency- correct pil ot synbal s X
OWWhaaFoﬁ'@@GGB-Yai‘FFdé‘?ﬁ ﬁwn%‘%ent PRIROSE REeL eVhereBh g Rlurality of

PSSR P AT Sor L33 DRSPS i
seshdlpatiodjgndhannel gai n based on the descranbl ed pil ot
synbols. 7. Th thod of claim®6, further ,Si Ng:
oo ¢ BETTBEAP SRR Sne<gr g i i BTG TR symbol
p&YIHR® Setéintife GAABROACHISHiZhtRAL | Mates to obtain detected

data synbols. 8. The nethod of claim1, wherein the
estimated frequency error is renoved by rotating

ti medonai anppl.e £iQr rform ng fast Fourier
tr ang’f or mlTE%%fg}%fig%ggl%ﬂ&ﬁh glp‘?oentlclgrllsr\ﬂl synbols. 9. The
met haekcimbting thelfreqeateeorrédiel @sibt Beindolsl with uensyudo-random

error is renmoved by shifting subband jndices by the
nwaber (BN FeqyeBge Ehe a’élrdreé‘ir?mg@d lof e¥mbler Whispiarthe G5V sequence
isHHioREd BRGPBAnd ERYERENoHMhH, alamul L1 Pl exi ng. (OFDM
co nication system conprising: a frequency error
est i asinmatingphamtel ga@in based ohithedascfanddekpitof sembals. at t he
recei ver apparatus based on a netric and received
synbol s, wherein the netric is indicative of detected

pi | o powehe ghefHoRGHRNRH 6CRATBEEIidiY:t operative to
renmove the estimated frequency error to

performing data detection on frequency-corrected data symbols with channel

gain estimates to obtain detected data symbols.

8. The method of claim 1, wherein the estimated frequency error is
removed by rotating time-domain samples prior to performing fast Fourier transform

(FFT) to obtain the received symbols.

9. The method of claim 1, wherein the estimated frequency error is

removed by shifting subband indices by the estimated frequency error.

10. A receiver apparatus in an orthogonal frequency division multiplexing
(OFDM) communication system, comprising:

a frequency error estimator operative to estimate frequency error at the receiver
apparatus based on a metric and received symbols, wherein the metric is indicative of

detected pilot power;



obtai n frequency-corrected pilot synbols; and a frane

synchroni zation unit operative to performfrane
weymshoni zat i on based on the netric and the PCT/US2005/000400

frequency-corrected pilot sypbols. 11. A receiver

apparatus in an orthogonal fTtequency division

mul ti pl exi ng (OFDM conmmuni cati on system conpri sing:

means for estimating frequency error at the receiver
A ppaf SN SRH G RBEAEVS Ko remap e b reguency error to
oMBRI Bl et decdRictdd piloBsynbls ahd ve of detected pil ot

power; neans for renoving the estimted frequency

er r op framephynalinenizatgepuenit gpardiveciotnetiopn| frmes synsbrosizatipe based
ans f.or rformna fr nchrani zati on based on
off T etif e e oS- onela pIOESIRILA pi ot symbol .

12. A nethod of performng frequency error estimation
at a receiver in an orthogonal frequency divjsi

1.0N . .
mul t 1Pl exPnipoeivpDMPaEaismimat stthegonal Eegugney livisign qagtiplexing
| Shyalmi DG, .each of a plurality of

(?ypogﬁéy zed&?p}éq %ér%lg’ycogﬁ)?lgrg: a value for a netric

basetheans foe estinathgsysnohcy, erwin @t thiemedelveer mpparatos bssed on a metric

i ndi catjve of detected pil.ot .power, erej ach of
s IR Sther b RS b PO e B AaTo, B

di T f B8R [P PSRORAE tHe! RAMBRE YrBLERY cRor i) @btﬁﬁcﬁéqt\ﬁ@ﬁoy-corrected

and wherein a plurality of netric val ues are obtained

pilatrsymibelspend al ity of hypot hesi zed frequency errors;
and estimating.the freguency.err.or. at.th re%ﬁ%ver

bas B ttfe PRILCIARE (A STRSFozafion Rised 10 U, gctric and the

frogidhed cofrecib@pilotkgmbylier ei n the netric is defined
based on crosscorrel ati on between two received synbol s

for two synbol periods. 14. The nethod of claim 13,
wher ghn tRe ARLG! G p\é?ﬂoﬁﬁitnfgggei%?@%% n%ﬁc?%sﬂﬁﬁ#iéﬁ d 2 rﬁce(i)\fer in an

frequéncy error i s conmpu ing, Tor eac

oAhgdonahlfrdgquerndy divigidn smbliplstmgu$@BEDM)r cpmioinication system, the

transm ssjon, cross-correlation between two received
OEIPHEYEt ned in two synbol periods for

oL HEET T2 ¥ Scuaney aror PROEC e b or LR e fors
metric based on received symbols, wherein the metric is indicative of detected pilot
power, wherein each of the hypothesized frequency errors corresponds to a different
possible frequency error at the receiver, and wherein a plurality of metric values are
obtained for the plurality of hypothesized frequency errors; and

estimating the frequency error at the receiver based on the plurality of metric

values.

13. The method of claim 12, wherein the metric is defined based on cross-

correlation between two received symbols for two symbol periods.

14.  The method of claim 13, wherein the metric value for each hypothesized
frequency error is computed by
computing, for each of a plurality of pilot subbands used for pilot transmission,

cross-correlation between two received symbols obtained in two symbol periods for a



summ ng results of the cross-correlation for the
plurality of pilot subbands to obtain a decision
wereaisiigidic, and deriving the nmetric val ue for PO®US2005/000400
hypotheS|zed frequency error. based on the decision
statistic. 15. The net hod o@ claim 13, wherein the
cross-correl ation between the two received synbols for

pot 4 frequ kes .i.nt o account

B PR £t oRt by e i B SRy R o the pilo
subBagdle hypot hesi zed frequency error. 16. The nmethod of
claim12, wherein the metric is defined based on

mat cseeming| realisdfsthetsorss-conglatiqm éomige iberabity ef pilohsubbands to

t he ric.,value for each hypothesi zed

dﬁ%@ﬁd%ﬁ§§n1$£@§°f@dconputed by multiplying, for each

of adeviti@lliet peffc Pilhoforsthebisypdthesized! ffequeriyl @tor based on the
transm ssjon, a channel gain estimate for a

degisin Haldstited subband with a received symbol for the

hypot hesi zed subband to obtain a matched filtered

synbol for the pilot subband, the hypothesized subband

bei ngs.of f $hé niethoth df fedaimi 13y twisndib diredcroys-¢dreelation between the two

hy. h tched filt
reg b EnRs RS BPGraRa eyt T Ha U aScaat Bl erence
bAWHSEIRRIRD r&deflel $lrhbols ARSARE hypdiResiZel RhéEAS ey@k ue

for the hypothesized frequency error based on th
deci sion statistic. 18. The method of claim12,

wher ein est i [ t.he ney errof el n

ent6t yi ﬁE FRlrof 2 i g2 whb R e e sl e‘ﬁ?"tsg‘gén matched
finereagyhbsspl urality of nmetric val ues, and prOV|d|ng a

hypot hesi zed frequency error for the identified netric

val ue as an estinmated frequency error for the

r eceh.y er. g nﬁtﬂoﬁ%?'c n 1%p%&%frpt?x&g%%}?@v8{lé @&%@l@hﬁ)othemzed

frequency “di viston nultipfexing conmuni cat
ﬁ&y&EEﬁbncﬂmbﬁmpmﬁ@bya correlation unit operative to

for each | yr al of th
gm?tlplylng, for each of a phﬁ)raidty oflptﬂ%t subb 1>1/cPsouse %Irzpei‘l%t transmission,

a channel gain estimate for a hypothesized subband with a received symbol for the
hypothesized subband to obtain a matched filtered symbol for the pilot subband, the
hypothesized subband being offset from the pilot subband by the hypothesized
frequency error,

summing matched filtered symbols for the plurality of pilot subbands to obtain a
decision statistic, and

deriving the metric value for the hypothesized frequency error based on the

decision statistic.

18.  The method of claim 12, wherein the estimating the frequency error
includes

identifying the metric value with largest magnitude among the plurality of
metric values, and

providing a hypothesized frequency error for the identified metric value as an

estimated frequency error for the receiver.



frequency errors, a value for a netric based on

recei ved synbols, wherein the netric is indicative of
wdebwsaredl pi | ot power, wherein each of the hypsChasz@sdoo400

frequency errors corresponds,io a different possible

frequency error at the receiVer, and wherein a

plurality of netric values are obtained for the

| ity of hypothesized f - and. L
et edor  ApiEraY Py PGS A CEICHENT Fedaan sy ario B muipiexing
(OFBM)R68inYSlicalBRayMMScdaRRReheon the plurality of

metri'c val ues. 20. The receiver apparatus of claim19,

wher aicarrelation BRit @peralive tuapmpyte, fopeach o plurdity @4 diypothesized

hypot hesi zed f e [ o) .
BRHRRGY S0y 8 gpE STt e ob ek RBE ol iR et i
indi@fisgio$ Jerbted 308 power, meetdin @achbef the diypbilesizal feyesficy errors

synbol s obtained in tw synbol periods for a, )
CW‘?F:BPW@S_FOZ eqdisigrsmh Mestiblgt requefyt gger BY the, geceiver, and wherein a

c r el ,

KRRy B R AR BB EREA ol HRTPRRAP OO RpRHRPEY femency
enbrsparidt subbands to obtain a decision statistic, and

derive the nmetric value for the hypothesized frequenc

err of it e BTl e Ko 09 8 e sty goppparatus
b%%@ﬁ@ﬁlﬂdﬁtﬁ&ﬁ%ﬂ&%ﬁﬁ@' frequency division

nmul ti pl exi ng (OFDM) conmruni cati on system conpri sing:

means for conputing, for each of a plurality of

hypot,hesi zed frequenc 1 QLS,. . I for ' -

pacedlon PBEdrbails HRasRLY Al {5 Whelsdl e plblation wnit is

op&diiea forvack hysith@iica dreguérely chovyes , Wherein each of

t he hypot hesi zed frequency errors corresponds to a .

di f f épERwtep s Gaph of ﬁrl@hﬁ’@é‘%ﬁ: of pilqt subbands yised &xapilpd transmission,
c?o%?—%&%{:lgﬁon g&g'em 6 'r&‘]eﬂleﬁls&{n@ust%t&fle tMoCseyél%df $Rriods for a
are obtalne or the pluralrty of hypothesiz
hiyp@bhestredysubbandrthat iandfsaeisintheflypothsdizadafrequgnt herror from the pilot
frequency error at the receiver apparatus based on the
SPPh#fdd i ty of metric values. 22. A processor readabl e

nmedi ' i i : :
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deﬁdonsmﬁahyambg for a netric_based on received
;iylrrg?ilerswe Vc\}{?ee Tmettic tVrE]lEle otrrt § llly?)o{hggllzgda tﬁle\cﬁsen%fy gr%regatls%g on the
decision statistic.

21. A receiver apparatus in an orthogonal frequency division multiplexing
(OFDM) communication system, comprising:

means for computing, for each of a plurality of hypothesized frequency errors, a
value for a metric based on received symbols, wherein the metric is indicative of
detected pilot power, wherein each of the hypothesized frequency errors corresponds to
a different possible frequency error at the receiver apparatus, and wherein a plurality of
metric values are obtained for the plurality of hypothesized frequency errors; and

means for estimating the frequency error at the receiver apparatus based on the

plurality of metric values.

22. A processor readable media for storing instructions operable to:



power, wherein each of the hypothesized frequency

errors corresponds to a different possible frequency
wenrowro7etiia recei ver, and wherein a plurality s€TmS205/000400

val ues are obtained for the %Iurality of hypot hesi zed

frequency errors; and estiw&te the frequency error at

the receiver based on the plurality of netric val ues.

23. A nethod of . perfqrm. rane synchroni zation at
r ecefFRRUL Olé\ﬁacarﬁr?&aﬂ%ﬁg‘?ﬁwggﬁé’ée@ %ﬂ%ﬁ%ﬂ ekrors, & vafbe for a
mEtHct hREE B NGcdiEFDNMBENTr6iat the e tie Mdiddiee BEIdRRGted pilot
conpri si ng: con;gutl ng a value for a netric for a
o

pawery sieredty gl ofptheitonothasieel Gaqremeriomers porresPondyipq different

for.one or nore synbol .peri | ncl udi :

e iso e Epe D g ot Aot g g bl AR Vatues are
otsigined f@dhepluailitpeiBipotheszedireduengy argbiand ity of
- metric values, obtained for,  a plurality of syafol, )

per i ostEnate thee frewipney erron aF dhet TeepiYER bassdy o1 dhe phupality of metric
v h#;ality of expected values to obtain a correlation
val'ue for the current synbol period, wherein the

plurality of expected val ues are expected val ues for

t he urality of tric values at a.designated symbol .
peri Ot afd MEERLOPRPRIOTAK R SHISHODATD: Flop FPRer n an
oNRIoRSl FrRiyREde§d afviiorfl i chilIBpRREngS YOPOM)P8binBRBichfon system, the

det'erm ne ‘frame synchroni zation. 24. 'The nmethod of
methaideo2Prisiogr t her conpri sing: performing frequency

error_estimation t.o obtain.an estimted fr .

or  oroiuigt bl 1 of MG AT R BB oL i g received
P& syinfld1E B @t orS ko byriisdli egliods Geulidifg ftle clifiént symbol period,

estimated frequency error. 25, The nmethod of claim 23,

wiprsineiha madc isardicative o fleteeted BUYIMOMSENed by conpari ng

t he ' for . r y '

agai COrOER b ity B¢ it ARy bFineRy B pREIP ST symbol
p&joishnaked diyi the cufredthsymndot petiad, i with waplumlitys ofjexmeted values to

than the threshgld _val ue.26. The_ nethad,of . claim23, .
iRy & FPTHBORRYANS: altisecesint (Wbl PPERd e trﬁﬁeﬂusaaﬂy of

. tai Cear , .
e#%gfee:?\/\gagl{bgi cg t@ﬁgegtenggilagtfe?g?r ?%eﬂlﬁﬂaﬁiy SPReIMREIESs at a designated
symbol period; and

performing peak detection on correlation values obtained for different symbol

periods to determine frame synchronization.

24.  The method of claim 23, further comprising:
performing frequency error estimation to obtain an estimated frequency error at
the receiver, and wherein the metric value for the current symbol period accounts for the

estimated frequency error.

25.  The method of claim 23, wherein the peak detection is performed by

comparing the correlation value for the current symbol period against a
threshold value, and

declaring frame synchronization if the correlation value is greater than the
threshold value.



current synbol period and received pilot synbols for a
prior synbol period. 27. The nmethod of claim 23,

wohers@rmii or each of a plurality of pilot subbaadaSe®sedoo400
for pilot transm ssion, pil 5 synbols for the pil ot
subband are scranmbled with & pseudo-random nunber (PN)
sequence prior to transm ssion. 28. The nethod of

cl ai 27 V\,her t.he .plural ect ed
va opeifnbar Bt Posuiiaeh A Betieyalle Bt REGHFat symbol
pePRUis %taﬁ@dp&séd‘ ohN@oRNcsRAUEH BRtwe2E. re&lﬁﬁpﬁilé‘teiymbols for the
apparatus in an orthogonal frequency di vi sion
cupight $ypibek beripd aDdmRyeivashpiioh xrakals for eypsios symbelmsriedi ng:
a metric conputation unit operative to conpute a val ue
for a netric for a current synbol period based on

receaned Thd raéthed 6Delasin L8 rwitknein dor saoh ef 8 yshinﬂity pﬁpﬂ@tdﬁbbands
including the current sy

usgdtfpy pilotstrangmission; P@%?Yné&lse@tféé ﬁﬁ%?‘l B0 @re %crambled with a
I V., Jurality of
PRI Finh oGt B Eahéhep BHb o Re Rl o bl
peri ods marked by the current syrrbol period, with a
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he plurality of ric valuées at a designated synbol
period; and a peak detector operative to perform peak

detegtion,on correl ation. val a i .
Synol pebi Be e graaR e PP BROhERRkY bt Hiiblexine
e6ahvigicaB@Pestimi Sofiprisingi m 29, wherein for eaCh

of a plurality of pilot subbands used for pil ot

t r and e OMPUEAtioptuniApEELIYe tosompide pivplye f%rmsm fgy @ current
u
syl RS, Yk b PREHAA iR REROTRE oh0h SGIEHRGQL periods
ineludin® tBO cumkeirsgitbol period twheeein atheumefrivr istihdicativer afindetected pilot
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P®¥¥ween received pilot synbols for the current synbol
peri Q@oﬂ@lgto'f %ﬁ@faﬁ@g tQicbRblakY F%ﬁ]rﬁltPfo et Willues, obtained for a
synbol per1 od, wher el n eac he plurality of
plaxgity b dymh(blqwods mﬂyked be dhebyurrﬁnbsmb@lr edrimd; Mgthaa plurality of
res N se

AR e oS ispdip acor i gk AR e P G gRl et wheirin the
pRdify BE exgedtbd (vVakiel)ars expBdtet Galied HoiSths tphifelif 0sh bisic Nalues at a

designated symbol period; and

a peak detector operative to perform peak detection on correlation values

. obtained for different symbol periods to determine frame synchronization.

30.  The receiver apparatus of claim 29, wherein for each of a plurality of
pilot subbands used for pilot transmission, pilot symbols for the pilot subband are

scrambled with a pseudo-random number (PN) sequence prior to transmission.

31.  The receiver apparatus of claim 30, wherein the metric value for the
current symbol period is obtained based on cross-correlation between received pilot

symbols for the current symbol period and received pilot symbols for a prior symbol



means for conputing a value for a netric for a current

synbol period based on received pilot synbols for one
wonrosmre1synbol periods including the current Bgmsko05/000400

peri od, wherein the netric i, indicative of detected

pil ot power; neans for corrélating a plurality of

metric values, obtained for a plurality of synbol

i od ked . nb i 00, Wi,
o S AT el o D SRS o5 Rl T ey coss
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plurality of expected val ues are expected val ues for
the plurality of netric values at a designated synbol
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means for computing a value for a metric for a current symbol period based on
received pilot symbols for one or more symbol periods including the current symbol
period, wherein the metric is indicative of detected pilot power;

means for correlating a plurality of metric values, obtained for a plurality of
symbol periods marked by the current symbol period, with a plurality of expected
values to obtain a correlation value for the current symbol period, wherein the plurality
of expected values are expected values for the plurality of metric values at a designated
symbol period; and

means for performing peak detection on correlation values obtained for different

symbol periods to determine frame synchronization.



