WD 01/ 35556 PCTI USOQ 42061 METHOD AND APPARATUS FOR TRANSM SSI ON AND
RECEPTI ON OF FM | N- BAND ON- CHANNEL DI A TAL AUDI O BROADCASTI NG BACKGROUND
OF THE I NVENTION This invention relates to nmethods and apparatus for
transmitti reyoamsssse ecei ving digital data, and nore parti cBCAUSY/4286 sych
nmet hods and apparatus for use in digital audio broadcasting systens. 5
Di.gital Audio Broadcasting (DAB) is a nediumfor providing digital- quality
audi o, superior to existing anal og broadcasting fornmats. Both AM and FM
DAB signals can be transmitted in a hybrid fornmat where the digitally
nodul ated signal coexists with the currently broadcast anal og AM or FM
signal, or in an all- digital format w thout an anal og signal.
| n- band- on-channel (1BOC) DAB systens 10 require no new spectral
al | ocati ons because each DAB signal is sinultaneously transmtted within
the sane spectral mask of an existing AMor FM channel allocation. |BOC
DAB pronot es econony of spectrum whil e enabling broadcasters to supply
digital quality audio to their present base of |isteners. One hybrid FM
| BOC DAB signal conbines an anal og nodulated 15 carrier with a plurality
of orthogonal frequency division multiplexed (OFDM sub- carriers placed in
the region fromabout 129 kHz to about 199 kHz away fromthe FM center
frequency, both above and bel ow t he spectrum occupi ed by an anal og
nodul ated host FMcarrier. An all-digital |1BOC DAB systemelim nates the
~anal og nodul METHODAND APBARWTIUSF QORIERANSMISSMONANDERECEPFAION @Fs and
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can transmt a backup signal that can be MO 01/35556 PCT/ US00/ 42061 2 used
to produce an output at the a loss of the main,
or core, signal. The developtes =ttt f eo codec al gorlthms
indicates that wvirt uarrmgli}n&hﬁcs:e&lﬁhadol rhythb@s aafda@tpmﬁis fof tadn@fingSandow as
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exi sting all grpihl Adio br&fdeadanB systerilesi gned, through power |evel and

spectral occupancy, to._be transparent to the analog . radio listener. |BOCC
5 Digital Audio Broadcasting (DAB) is a me 1um for providing digital-

quality audio, superior to existing analog broadcasting formats. Both AM and FM
DAB signals can be transmitted in a hybrid format where the digitally modulated
signal coexists with the currently broadcast analog AM or FM signal, or in an all-
digital format without an analog signal. In-band-on-channel (IBOC) DAB systems
10 require no new spectral allocations because each DAB signal is simultaneously
transmitted within the same spectral mask of an existing AM or FM channel
allocation. IBOC DAB promotes economy of spectrum while enabling broadcasters

to supply digital quality audio to their present base of listeners.
One hybrid FM IBOC DAB signal combines an analog modulated
15  carrier with a plurality of orthogonal frequency division multiplexed (GFDM) sub-
carriers pléced in the region from about 129 kHz to about 199 kHz away from the FM
center frequency, both above and below the spectrum occupied by an analog
modulated host FM carrier. An all-digital IBOC DAB system eliminates the analog
modulated host signal while retaining the above sub-carriers and adding additional
20  sub-carriers in the regions from about 100 kHz to about 129 kHz from the FM center

frequency. These additional sub-carriers can transmit a backup signal that can be



pronot es econony of spectrum while enabling broadcasters to supply digital
quality audio to their present base of |isteners. An FM I BOC systemis
described in a |0 commonly owned patent application entitled "FM In-Band -
On- Channel vbgis3ssd6 Audi o Broadcasting Met hod And Syst eniPCT®S800/42061 NO.

09/ 049, 210; filed March 27, 1998. |BOC DAB signals may be subject to
interference from adj acent channel s, or fnt erference fromthe co-channel
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SUMMARY OF THE INVENTION

A method for transmission of data in a digital audio broadcasting

system includes the steps of providing a plurality of orthogonal frequency division

20 multiplexed sub-carriers, with the sub-carriers including data sub-carriers and
reference sub-carriers, and modulating the data sub-carriers with a digital signal
representative of information to be transmitted. The reference sub-carriers are
modulated with a sequence of timing bits, wherein the sequence of timing bits
includes an unambiguous block synchronization word, and the number of bits

25  comprising the block synchronization word is less than one half of the number of bits
in said timing sequence. Then the orthogonal frequency division multiplexed sub-
carriers are transmitted. Receivers that differentially detect the block synchronization
word and use the block synchronization word to coherently detect the digital signal
representative of information to be transmitted, are also included.

30 BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic representation of the frequency allocations and

relative power spectral density of the signal components for a hybrid FM IBOC DAB
signal;
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Figure 3 is a schematic representation of the frequency allocations for 5
t he upper sideband of the FM I BOC DAB signal in accordance with the present
i nvention; Figure 4 is a schematic representation of the frequenc

al | ocations M@012556 | ower sideband of the FM | BOC DAB si grPIT/YS0/88¢lor dance
with the present invention; 10 Figure 5 is . a schematic representation of
BRSK ti m ng sequence used in the preferred’enbodi nrent of the present

i nvention; Figure 6 is a . di 0, NS i ks

digital audio broadcast f%&ggéﬁe;&ngg'ﬁgﬁc %S%S%Eaglﬁéﬁ{htgiqueﬁg%y% g?ﬁgﬁsﬁa&x dl n
accordance Wi t hretatives powenspedtiabdensitp of thgLsignal/ cdnsponerits) ftancalladigitd] ddvk IRO&gr am
of a receiver fBr use i'[;n a digital audio broadcasting systemthat can
receive signals PBBRF ed in accordance with this inventi on; and Figure 8
is a bloc kf di agr am show Fggueh3iiedchahaticaemedehtation oMhé fequehepusliocations fc}’rﬂ t he
receiver of Figure 7. | SCRI PTl F THE PREFERRED EMBOD| MENTS Referring
to the drawi ﬁgsthewmﬁléwgﬁeé’%@ﬁgmﬁ sigpal Inapcy F‘Eﬁ‘?‘ﬂgj‘#ﬁgres‘?‘\tequency
al | ocations (spgeidih; pl acement) and rel ative power spectral density of the
signal conponents for a hybrid FM|BOC DAB signal 10 in accordance with the
_present invention. The hyHw#4 isersehematicaprrensatationoitbefreanenenallocations ferr eo
anal og 25 sign %%wep | ) : AS) I t he
triangul ar shaglge 4 %giﬁfgﬁﬁgwl@g%%ﬁ?ﬁ%gﬁw bvgﬁgtﬁ%ggps)%\ft i on of
the channel . Thavéntiemr Spectral Density (PSD) of a typical anal og FM

rom the colfor frequoncy B e ALEPRH ebrRenSIReT shoic B siducie a1

fromthe center frequency. p nodu y
spaced sub- car rindheprefesedembadiment of the présentanveptiog of t he anal og FM 30
signal, in an upper sidebkand 18 L ower sideband. 2 nd ape. .
transmtted concurrently 'mf%liﬁgp%ggfa&é%ﬁggrﬁﬁsﬂ’gﬁﬁf%gﬁ %ﬁgﬁlraruld‘eors
are transm tt edbragdcastingveystem ¢hae|cah hansftasigsalsviforinarted He ddoomdenmteSwvithethis
Federal Communicati.ons Comm ssion channel mask 22. The vertical axis in
Figure 1 shows TF&US%ak power spectral density as opposed to a nore
conventi onals aver age powFigusgPistafahctidaalblock didpparn of £receiatr foruse\fa dipitdb556

PCTNS00/ 42061 aélldio broadcasting system that can receive signals formatted in accordance with this

invention; and
Figure 8 is a block diagram showing channel state estimation technique
used in the receiver of Figure 7. : _
20 DESCRIPTION OF THE PREFERRED EMBODIMENTS
Referring to the drawings, Figure 1 is a schematic representatibn of the
frequency allocations (spectral placement) and relative power spectral density of the
signal components for a hybrid FM IBOC DAB signal 10 in accordance with the
present invention. The hybrid format includes the conventional FM stereo analog
25 signal 12 having a power spectral density represented by the triangular shape 14
positioned in a central frequency band 16 portion of the channel. The Power Spectral
Density (PSD) of a typical analog FM broadcast signal is nearly triangular with a
slope of about -0.35 dB/kHz from the center frequency. A plurality of digitally
modulated evenly spaced sub-carriers are positioned on either side of the analog FM
30 signal, in an upper sideband 18 and a lower sideband 20, and are transmitted
concurrently with the analog FM signal. All of the carriers are transmitted at a power
level that falls within the United States Federal Communications Commission channel
mask 22. The vertical axis in Figure 1 shows the peak power spectral density as

opposed to a more conventional average power spectral density characterization.



The power spectral density (PSD) of a typical FM broadcast signal has been
neasured to be nearly triangular in dB with a sl ope of about -0.36 dB/ kHz
from the center frequency. First adjacent FMsignals, i woul d be
centered alv®P1B3&[hcing of 200 kHz. 5 The total FM power %%ﬂﬁ%%ﬁ#}@und by
Integrating the triangular power spectra density. P., =f P, .10-0361f
I|hO . df = 24.12747 P_, or P, ,B -13.8 dB The. peak of the ideal

triangul ar FM power spRetposer spectsl dynsitg (PSIadfadypida FBI tBadraitaignaliast ot al

carrier power reference |level (0 dBc). sho i n Fi gur 0.The DAB
power |evel BFFPIARRNT @é’ed‘Fark% awl?ﬁi'éaﬁrvﬂ&a\v@c’pﬁlﬁé t’Z‘%@’BéFS‘W’[ he total
FM power (t hite cester fd3ments! Figst BliicenEFMdighalsif bresém), vasddbaesitheal Apeci al
interference situations). The DAB density in a 1 kHz bandw dth can be

cal cul ated. spasing95q} pectral density of the DAB signal can be

approxi maged by divi difig ¢ c Found 3¢ iftBeratiyg thedri power (140
kHz) . 15 IgDSDLm' 8 = -gszgﬁﬁf%gﬁﬂio?%@- 43.}2 dg%r/ %(HZ Tﬁ?u%g’gel i ne
Hybrid DAB sypsceshdepsity191 subcarriers above and 191 bel ow the host FM
spectrum Each DAB subgarrier is QPSK nodul ated. The in- phase and

quadrature pul se spapesfmrej¢ o't arsed 10051 de L apeped (axgems time=7/128)
at the edges to suppfes Phe spectral sidel obd¥* Alt’h""crugh this pul se shape

reduces the 20 throughQut capacity .relatjv o the regtangul. ul se by
5.2% perfornmance in IPFi%bgfta‘heﬁdéa'itﬂﬂ’rgﬂi?égl\é‘??d"efP%W%sq%?%yr\g{%%?{:t ral
si del obes ar g3 g@BeRAk the (& chrfigr pdvitr eéfbreficeiiew] (0 dBd)aeshvavith Fiygrd M | BOC

design, 191 OFDM subcarriers are placed on each, sjde, host FM signal
occupyi nd®t h&he BAG payyer fevelpngaeh ¢ ﬁ%fghﬁw Spm"a'agﬁpiaf%fi‘iépém% romthe
host FM cent gja1 Ve g\Gdt Gitiis -2 dBEGalé By BE Adjusiatibloat@sinhisiatd Pecigll the hybri.d
signal is a subset of the all- digital DA Z(lagznal that wl g}ﬁ transmtted
in the all - dinggrfessnee sitietionsls ThelRAB densiy in 3 Jddizbandwithenbricalatifted-el ati ve

si gnal pover THepNdr¥pdct¥itdefisi§fof ED ABRneN Ghbahppithimated by iddiding fis @ proposed
all-digital FMDAB format 1l lustrated by item nunber 24, is shown in )
Fi gure 2. Thtotelpawerf-22dB)iby i bardwidth{ld®kH2z)has been repl aced by an opti onal
30 additipnal group of ORJIY sub-garid el .saoff s the extended

al | - di gi Al si gnal 26, Ié)g():ﬂé.’f”e'a ?2:11 %%@é‘ﬂirﬁ'??&‘h’gﬁgy band 28. Once
again evenly spaced OFfbielbaseline HybiidDAB sysiemplos 191 subsariiers aboveppé19ki deband -
130 and a | ovgy o bk Receli® EALABAY Relier D BPRK iR 33038

phase and quadrature pulse shapes are root raised cosine tapered (excess time=7/128)

at the edges to suppress the spectral sidelobes. Although this pulse shape reduces the

20  throughput capacity relative to the rectangular pulse by 5.2%, performance in
multipath is improved and the resulting spectral sidelobes are reduced, lowering
interference. In the baseline FM IBOC design, 191 OFDM subcarriers are placed on
each side of the host FM signal occupying the spectrum from about 129 kHz through
199 kHz away from the host FM center frequency.

25 The digitally modulated portion of the hybrid signal is a subset of the all-
digital DAB signal that will be transmitted in the all-digital IBOC DAB format. The
spectral placement and relative signal power density levels of the OFDM digital sub-
carriers in a proposed all-digital FM DAB format illustrated by item number 24, is
shown in Figure 2. The analog FM signal of Figure 1 has been replaced by an optional

30  additional group of OFDM sub-carriers, referred to as the extended all-digital signal 26,
located in the central frequency band 28. Once again evenly spaced OFDM sub-carriers

are positions in an upper sideband 30 and a lower sideband 32. The sidebands of the all-



5 digital format of Figure 2 are wder than the sidebands of Figure 1. In
addition, the power spectral density level of the all-digital |1BOC signal
sizdebands is set about 10 dB higher than that allowed in the hybrid I BOC
si debands. TNYQ01#58%6i des the all-digital [|BOC signal w thPETAIS§M2061cant
performance advantage. Furthernore the power. spectral 5 density of the
extended all-digital signal is about 15 dB Bel ow t hat of the hybrid | BOC
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(44100/ 128) Sandiegsly otheaadsd pllydignal sigaalds al?ﬂb‘bbi dB elowshatmf the hybnd 4BOC
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with 7/128 excess tine functions as guard potential subcarrier
15. | ocati ons ardl- ‘i@é?él&cﬁ%“@d?nfomdmghédmma&mwfblr@hﬂ!émlylSleonqslsus or
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subcarriers are at plus or® requency us or
m nus 198402 Hzconiphrentsifor the uppmmpbmﬂiwﬁlvbm(r P\ Bssigrehinrdceordamek viithethe

basel i ne syste I m.nus e r gguenci es
of plus or ﬁlt [p rgs%%@%%%ﬁhgdn‘gé?@rﬂe%% o‘gﬁrbnég?crhl sédr%gan\zgrlés ogbpo Eezf(; (%
subcarriers apa'clanmtarlﬂsihng FM powéro @ae individiabOF DM siboarniéfs aeenQBSK her

et orence for JORMT Lo LT (Tl frdrif oreineopRlrorndnedibng
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S nchronlzatlon te i nf.ormati o l)., esti n. .Subcarriers
3%6 t hr ough 50? @*%ﬁc E’Sﬁ%”%?%ﬂﬁ%?ﬁéﬁ‘%ﬁ )“‘elz‘%e'é\ﬁ% FEFET s 508

t hr ough 54515c arloaabmsyarahxdaekdlﬁdrmmb atdfe Rbmnﬁf frbq’u‘ﬁﬁéy;f&tpﬂtﬁlbr h‘flﬁﬁs Tjﬁo atCreate
Placement of el fie A0 aaow R e itk asioig ROGTRBOME 4B R1 | s
avoi ded in the miBBSRI6i with Spemtep Feqnitney 6F1ud 6 it PB4 A NTheMsigpt r oduced
into inadequately filtered receivers. However the broadcaster will have

the option to dRfoppationdeaning sybarrists ofthe haseliny sypjemiare lorated ‘?terls(?\Vénﬂ‘lfbust ness
of the digital 33868 cehteidquantiésr plus oPditisd295Fl di | Fdt@tncedBbARRS 4RY
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These reference subcarriers are used to establish a phase reference for coherent
detection of the other information-bearing subcarriers. The reference subcarriers are
also used for frame synchronization and channel state information (CSI) estimation.
Subcarriers 356 through 507 carry about 96 kbps of information.
25  Subcarriers 508 through 545 can carry an additional 24 kbps of information bits to
create an effective code rate of R=4/5 on each side of the FM signal. The placement
of digitally modulated subcarriers at +15 kHz about 114 kHz is avoided in the
baseline system in order to reduce the noise introduced into inadequately filtered
receivers. However the broadcaster will have the option to utilize this portion of the
30  spectrum to improve robustness of the digital audio signal and/or to provide additional
datacasting capacity. This option is attractive if the broadcaster avoids stereo
operation of the FM signal.
The upper sideband 30 represented in Figure 3, is comprised of

information-bearing sub-carriers 280 through 546 comesponding to subcarrier



The upper sideband 30 represented in Figure 3, is conprised of

I nformati on-bearing sub-carriers 280 through 546 corresponding to
subcarrier WO 0]/ 35556 PCTIUS00/ 42061 6 frequencies 101,381 Hz through
198, 765 Hz WOREBSsS&rrier 546 is a reference sub- carrier. PCHESWEpsE si deband
I's shown to be divided into several groupg 34, 36, 38 and 40. G oup 34
represents the nmain channel and contains sSub-carriers 356 through 507. The

mai n channel - regr i, the prpgram naterial to be 5
br oadcast in %eﬁsrrilogf}%bg{éu%ﬁ%g f@?’*ﬁ%ggﬁ%ﬁarﬁﬁ%&?{shw prence sibs of at
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the conbined code and they are least inportant to the error correction

ability of tHex¥igRedata- TheteESt Eroup BE CHEE SpLpcqanang enbseawiarositions 588 e used
to carry thesgroRgipssyiab lueea%tlu?nggm ?Lﬁw bitd] 1R Db-caltRiCAE hidiL fikeld id Be used in

the all-digital enbodi nent he“invention to carry parity' b or
optional dat &orrupied by intnuisreny thew gubagarriens thaiexs positionad eldser o theeetybafi the
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base band signal is fu | ack- Ln. the.al,l-digital odi pent ,
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| ocati on 546 1 . f G gnal A2..The sup-carriers in.the
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each, wi th ssbaledbadkeforOexamplee by iergoving storeb nigfoamatéiner Sob-earsieh grompr4ter . The

sub-carrier placement in the lower,sideb hown.in Figure 4 .. represents
a mrror inagré&b Stsl'{;é'csu ]t é’?lplg t zgﬁati‘gor?ﬁaﬂgs ]is,na?vglés u‘ﬁﬁ%%ns eglé'ﬁ@' r mat
wi t h negat i venibndiseststoandsrhit e gelaysi mskup version of the progehmmateriahaarietverd 6

cont ai ns 2tohe

data rate, of for example 24 kbps. The sub-carriers in this group would not be used in

the hybrid embodiment unless the analog base band signal' is further scaled back. In

the all-digital embodiment, the sub-carriers of group 40 provide data that can be used

in the event of a loss of the signal transmitted in the main channel. The sub-carrier at

location 546 represents a reference signal 42. The sub-carriers in the upper DAB

25  sideband are partitioned into groups 44 of 19 sub-carriers each, with sub-carrier 0 of
each group being a reference sub-carrier.

The sub-carrier placement in the lower sideband shown in Figure 4,
represents a mirror image of the sub-carrier placement in the upper sideband format
with negative indexes and frequencies. Lower sideband main channel 46 contains the

30  sub-carriers at locations -356 through -507 and is used to transmit the same program
material as is transmitted in the upper sideband main channel, but using punctured
convolutional coding that is complementary to that used in the upper FDAB sideband.
The sub-carriers in groups 48, 50 and 52 are utilized in the same manner as the sub-

carriers of group 36, 38 and 40 of the upper sideband. The sub-carrier in position -



30 sub-carriers at locations -356 through -507 and is used to transmt the
sane program nmaterial as is transmtted in the upper sideband main
channel , but using punctured convolutional coding that is conplenentary to
that used i nwoevispgser FDAB si deband. The sub-carriers in RETARIY4206 50
and 52 are utilized in the sane manner as the sub- carriers of group 36, 38
and 40 of the upper sideband. The sub-carrier in position WO 01/35556
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sub-carriers in the upper DAB are partitioned into gr ups 6 of
19 sub-carri er ssideband arv\Parhtlsrwld4malgrdllps56051981!@&@1109&@9@Vbthsmg -carrieefef ence
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the frequency of a first adjacent signal. When parity bits are transmitted, the coding
20  and interleaving may be specially tailored to deal with this nonuniform interference
such that the communication of information is robust.

Sub-carriers 318 through 355 in group 38 of the upper sideband and
sub-carriers -318 through -355 in groﬁp 50 of the lower sideband can carry either
additional parity bits for the CPC code, or data. This selection is optional in the

25 ~ hybrid system, but mandatory in the all-digital system. The transmission of paﬁty bits
| here improves the FEC code rate over the main channel _ﬁ'om R=Y2 to R=2/5, or R=4/5
on each independent DAB sideband. If parity bits are transmitted in both regions 318
~through 355 and _508 through 545 (and. corresponding sub-carriers in the lower
sideband), then the overall code rate is R=1/3, or R=2/3 on each independent DAB

30  sideband. - |

The all-digital system will utilize sub-carriers 280 through 317 in
group 40 of the upper sideband and sub-carriers -280 through -317 of the lower

sideband to carry a lower data rate version of the data in the main channel, e.g. 24



on each independent DAB sideband. If parity bits are transmitted in both
regions 318 through 355 and 508 through 545 (and correspondi ng
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i nter irs ce ri :311 i al interferer.
Under prdéeni? Wéﬁ‘@’&f‘%ﬂ‘ Gl &E{E‘abté]t?el S|CQUEPeSf the
first adj acewerd wilksilleteas rate2/3 6&5’?1&1%@5 ry\:8dé 6n theeeaifitng HaH! T©this ¢dse,t hi S

first adjacent terferer js an diqgltal hen the interferer can
be up to 14 WSEP@W“F?P&H"‘XWF%?/W co gfsrfé’f’“tﬁ?“‘{’l?ﬁ t he extended band.

The extended band st ayfeSextead@Pall-Higitall Ban8 G expoded R nferfeRfics oAl TorPal N When

t he spectral denS|t¥ of the interferer is about the sane | evel as the
ext ended ban&rst p@ hygyid or all-digital interferer. Under present protected contour -

20  guidelines, the maximum level of the first adjacent interferer is -6dB relative to the

host station. If this first adjacent interferer is an all-digital IBOC, then the interferer
can be up to 14 dB higher than the level of that half of the extended band. The
extended band starts to positively contribute to the coding gain when the spectral
density of the interferer is about the same level as the extended band signal. This

25 implies that an all-digital first adjacent interferer must be at least 20 dB below the
signal of interest (20 dB di/du) before that half of the extended band is useful.
Reception of the extended data might be possible with both first adjacents present at -
20 dB; however robust reception in fading probably requires at least one first adjacent
at -30 dB or lower.

30 In the presence of adjacent channel interference, the outer OFDM
subcarriers are most vulnerable to corruption, and the interference on the upper and
lower sidebands is independent.. Since the PSD of an FM broadcast signal is nearly
triangular, then the interference increases as the OFDM subcarriers approach the

frequency of a first adjacent signal. The coding and interleaving are specially tailored



25 inplies that an all-digital first adjacent interferer nust be at |east

20 dB below the signal of interest (20 dB dildu) before that half of the

extended band is useful. Reception of the extended data m ght be possible
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fadi ng probably requires at |east one first adjacent at -30 dB or | ower .
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i n';rgr f e{j ers srtﬂmtxh?techﬂ@xeﬂum belémpléFedsiodihrdoiate g sbphrﬁu @ﬁ&fgshfiﬂci h?acent
conbined to er at ar first ' nt .interferers. The reference
subcarriers aré® lg‘bﬂ ec&"?’& egggn é’f"ﬁ? gangpryguccessfylly, caphinrgntoe
which is difs ertentdtahﬂgyﬁﬁnsdjs&ﬁxﬂﬁfaerst ) transm ssion. The reference

subcarriers serve nmultip oses resol t|o qQf subcarrier anbiguity
on acquisition, 2) local Lfﬁ'hgfg'a 18 FRb FHm B’B? QA repeAtBE SAbit tion,

3)" local noise tnﬁﬁg aa;déw: Whitk is Bfferomflly ATIdES phiét to @ahdniiBdiok TIRfrefeftac €]
and 4 phase _errqr _information for_ frequency and

state information
synbol ‘tracki ng;f'“b‘lﬁf'ﬁl %eé‘fﬁ‘f“élpp (?HTR?@CSODIFFFQ““O“ of subcarrier ambiguity on

acquisition, 2) local phase reference for subsequent coherent detection, 3) local noise

20  and/or interference samples for estimation of channel state information (CSI), and 4)
phase error information for frequency and symbol tracking. Differential codihg of the
BPSK timing sequence permits detection of the BPSK timing sequence prior to
establishment of the coherent reference needed for the remaining subcarriers. The
differentially detected pattern is then used to remove the data modulation from the

25  reference subcarriers, leaving information about the local phase of the reference as-
well as noise or interference samples. This is used to estimate the CSI needed for
subsequent soft-decision decoding.

The reference carriers are used to transmit a BPSK timing sequence 58
(prior to differential coding) as shown in Figure 5. The preferred embodiment of the

30 invention uses a 32 bit timing sequence. Eleven of the 32 bits are fixed for block
synchronization purposes. A block synchronization word (or pattern) fs placed in
non-contiguous fields 60, 62, 64 and 66. Field 60 includes seven bits, fields 62 and
64 cach include one bit, and field 66 includes two bits. The 11 bits of the block

synchronization pattern are sufficient for uniquely defining the boundaries of each



BPSK tim ng sequence permts detection of the BPSK timng sequence prior to
establ i shnent of the coherent reference needed for the remaining
subcarriers. The differentially detected pattern is then used to renove

t he data my@0IBsssén fromthe 25 reference subcarriers, PEBUBWE26Nh or mati on
about the | ocal phase of the reference as, well as noise or interference

sanples. This is used to estimate the CSI iOneeded for subsequent
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timng is i nce sub-carriers SYNENTSINi zati on
is establi shﬁdldmdrsemogiparmm forf futirel expansiolni nPapgmmpattechmlquc)forhnlM: @ront ai ned

within the B Ktlm ence. BPQK .timn uen | s nt ai ns
sone ot her i %Fnsé'fll Bons ‘,i]‘% (i g8 Irﬂ§YocE"'E':lg‘tﬁentwo?| el%lﬁ‘ fjgdgeteﬁe%% d and
sone spang betosscoelatingt the eec&wpdrssqwnce Mthalmmferbmhmmmewbxdr Alspedqalor

frame synchronlz ti IS Lo enp n word'..t hat ¢ tected by
15 crosscor r BI°Rf 5Ptﬂﬁénnqu1ea%g|0{/e qgaetgtusellr?gféiq’w?f'ﬁcuf%thfne rea?{?:edb aﬁﬂ@ word. A

special pr opaahinyhaBPSKenmgqumem dIhlSth]dtOﬂeh redmmlthhtnm dax beicodedt hi n any
valid data pat | S _wWou

require that®{§ h%%élgwu%gu out g aﬁgs R aPH%Ya Sﬁ@ LP%H‘%%EC ?@etﬂ)'gﬁtgf (r%l];ﬁ'tagn'an
i nval i d dat acsiugie aesdedSa rfator oEs suffielentht lang unique word such that the probability
20 of its occurrence within the data is acceptably small sequence is redundantly
transmitted at all reference sub-carrier locations and is coincident with the block of
the interleaver defined in the block count field.
In the preferred embodiment of this invention, the total length (i.e. 32)
of the BPSK Timing Sequence is relatively small to start with. It is desirable to use
25  more than half of the 32 bits for information fields (i.e. Mode, Block Count, etc.). If
the unique word were conventionally defined as a sequence of contiguous bits, then
the length of this unique word must be greater than half the length of the 32-bit
sequence. This would prevent the possible occurrence of the unique word within the
data portion of the BPSK Timing Sequence. Furthermore, the unique word would be
30 a binary sequence with low autocorrelation values (e.g. Barker-like code) such that
partial correlations with the unique word and the data fields would not result in a false
correlation. Maximum-length binary sequences are also commonly used to minimize

autocorrelation properties of cyclically shifted sequences; however, all the bits would
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: the block sync pattern are distributed nearly evenly between logic ones and zeros.

—2i'+] 5 Seven
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20  Using the above inequality, a BPSK timing sequence of length L=32 bits requires a
block sync pattern of no less than .S=8 bits to guarahtee nonambiguity. Iﬁ fact a
pattern of exactly S=8 bits was found that méets this minimum bound. This minimum
‘block sync pattern is defined with 1’s and 0’s in the appropriate locations, and X’s in
the don’t care positions. _ _

25 Minimum block sync pattern : 0X10XX0XX1XXXX0XXXXXX1 I XXXXXXXXX
Three additional bits were also fixed in the block sync pattern; this decreases the

probability of false detection when bit errors occur.



bl ock sync length of S bits and Z. Furthernore L is maxi mzed as a function
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program signal that may represent voice or nusic and/or a digital

i nf or mat i on $FRSTmEHSE exaEiple ap pralegRrogrAR gzl thakeRYSERRseRt VaiseaTmusic] 5

i nformation. Ay it MifcRBlio 5IRRASAA mAyYPRPlesAA SR 470 UdlAhRh: 28 raBfOCESSEeS
the source signal in accaordance wi th various known signal processing

t echni quel§, dnfemnatign. A digital signal processor (DSP) based modulator 80 processes the '

source signal in accordance with various known signal processing techniques, such as
source coding, interleaving and forward error correction, to produce in-phase and
quadrature components of a complex base band signal on lines 82 and 84. The signal
components are shiﬂed up in frequency, filtered and interpolated to a higher sampling
20 rate in up-converter block 86. This produces digital samples at a rate f;, on
intermediate frequency signal fir on line 88. Digital-to-analog converter 90 converts
the signal to an analog signal on line 92. An intermediate frequency filter 94 rejects
alias frequencies to produce the intermediate frequency signal fir on line 96. A local
oscillator 98 produces a signal fi, on line 100, which is mixed with the intermediate
25 | frequency signal on line 96 by mixer 102 to produce sum and difference signals on
line 104. The sum signal and other unwanted intermodulation components and noise
are rejected by image reject filter 106 to produce the modulated carrier signal f. on
line 108. A high power amplifier 110 then sends this signal to an antenna 112.
The receiver performs the inverse of some of the functions described
30 for the transmitter. Figure 7 is a block diagram of a radio receiver 114 capable of
performing the signal processing in accordance with this invention. The DAB signal
is received on antenna 116. A bandpass preselect filter 118 passes the frequency band
of interest, including the desired signal at frequency f., but rejects the image signal at

f, - 2f¢ (for a low side lobe injection local oscillator). Low noise amplifier 120



source coding, interleaving and forward error correction, to produce

I n-phase and quadrature conponents of a conplex base band signal on |ines
82 and 84. The signal conponents are shifted up in frequency, filtered and
i nt er pol at ed woomsséssgher sanpling 20 rate in up-converter bpegbsodmosiThi s
produces digital sanples at a rate fs, on internediate frequency signal ff
on line 88. Digital-to-anal og converter 90 ddnverts the signal to an
anal og signal on l.ine 92 erne at e frequenc filter 94 rejects

ali as frequenci3B®lfigs the 8‘§E‘g ﬂé ?Peaﬁga% e‘%’i“@‘ﬁ%éﬂc‘?"‘g‘f dRaI Wik aoleceli ne

96. A local osgtillhtat @gnad8, ﬁffgﬂé&ﬁﬂuﬁ 124 B9 al tudabf® 1061 biclRidi06. Misheds
m xed wth the interngdi ate frequency signal on line 96 by mxer 102 to

produce sum andu@h{erichod Apbdifiersaes @ -di) signateon bue 128, dntenadite;fraqueaiifiierher

unwant ed i nt er nagphatd @ ﬁ@ﬁﬂé‘&fh@@fr u@ﬁks' r j ect
filter 106 to proguce he nodul at efjlq ca ¥ ra?&-an% %%?e%ﬁemes Afkﬁ I gh

power anpl i fSi er‘hel@dwf’é]ho%féhd@dﬂ]meé S@h@rﬁé’lmmstamlambaﬂa-dnglmtconT'IaEarrléde| ver
perforns the inp geaésygsﬁlésaoagﬁko&ﬁﬁaﬁ]? HRSELR Wit SEHIRCE, 130 159", b1 Kot  of

transmitter. ifagram of a°ra recei
performing t he lbg:@ﬁiadouplr cossernt3a ﬁ-emncy chifis £ filters hantd hdesimatese tiei Signal ibe DAB

signal is rec o na.,116., A bandpas [£S9 | ec passes
the frequency E’ dg‘ge R’?"e ?"é‘? e “1ﬂ?ﬁ%ﬁ?‘ﬁ%‘g)ﬁ%@mgé@"?é&"éﬁnﬁﬁﬁfgﬂdli‘feqﬁency
ff, but r 6j| ect iihglﬂale sTgln'algpr@esyﬁﬂlbaseﬂ defquulat&; 142 fﬂ%]opmbmgﬁ idggglggﬂbﬁi gnal

i njection | qcal_oscill.ator ow noi.se .anpl-ifi

PCJT/ US00/ 42861 PTOFSSSIIgIP PFAdNGe nQURYE Signal on élﬁﬁﬂri"ﬂpe e¥jc§HAP- i s nixed in

mxer 122 with a |ocal makdxmmvltebmwbdxﬁ@wmmhghﬁﬁg&m:hmaﬁmilx%nby a
tunabl e | ocal oscj)|at his creates sum (ff_ + fin) and difference

(ff - fin) sigfyPenpg( T%’ e’ieﬂ‘béﬁ’mda‘?%%ﬁ@ﬁawwmhqlwmmmpasses

t he internmedi ahﬁniﬁi‘ﬁlb@%ﬁvs‘ﬁﬂﬁ%&mﬂ sme”-mﬂe ﬁﬁé&?&ﬁéﬁﬁlﬁérﬁﬂl&&?‘v&? o Si de
of 5 the bandwi _dt h of _t he nodul at ed si i nt er est .

anal og-t o- di gi t%SURRRAES (fEsauensy) ang tim ‘L§§° a@?qﬁ'geéadens@@wem@mel figtet o
produce di gist aEnf&Mbﬁ?CSl?lS'ﬂ&@&dl@éd@hVﬁ%’ h&h& tﬂ@wexgﬁh&'ﬁ)la{he gy erter

136 frequency shifts | ters and deCinmates the sig ro uce [ower
sanple rate in TheGSkestimation teahnigue-should ha dpsiensd to Me@mpgeearf@ﬂmmo A

di-gi tal si gnal baHdesMASOhp RADEE Q@M&'hﬁ&ﬂh&%ﬁl? xﬂ\ﬁlledﬁ%ﬁg

signal |0 processing to produce an out put si |ne or ou put
devi ce 146. Sof9QME= & Bapplensprend ofieverd wrwcwdmtmcalr@tham lamgei mum rati o

combi ni g ( NRCprk s ngl e b rddh §6:h ot DA HAd: Bhal IR Widhede of P! OV €0
e S

to mnimze | gsses over the chann SI nce t e Interterence I gnal
| evel s var y0 ov#he technique for estimating both the phase reference and the CSI from the reference

subcarriers is illustrated in Flgure 8. This CSI weight combines the amphtude

~e

CSlweight = :—2,

where &’ is and estimate of the complex conjugate of the channel gain

o _andc * isan estimate of the variance of the noise
weighting for maximum ratio combining (MRC) along with a phase correction for

channel phase errors.
The operation of the CSI recovery technique of Figure § assumes
25  acquisition and tracking of the frequency of the subcarriers, and the symbol timing of -
‘the OFDM symbols. The frequency and symbol timing acquisition techniques exploit
properties of the cyclic prefix. The frequency and symbol tracking is accomplished
through observation of the phase drift from symbol to symbol over time or frequency

(across subcarriers).



the subcarriers (frequency) and tinme due to selective fading, tinely
channel state |5 information (CSl) is needed to adaptively adjust the

wei ghti ng 1&9@8@5 sof t-synmbols. The CSI estimation tech&quéoﬁ@&) | d be

desi gned t date a fading bandw dth of up to abo
maxi mum vehi cl e speeds in the FM band aroypnd 100 MHz. A Doppl er spread of
several mcroseconds is typical, although |larger. spreads have been

nmeasured in some envi r AfeE Atdhisithor untbbtnaomiueﬂiﬂyom gymaleh] akmidk, Sfhchidn-
techni que for_ estim |n9 ?oth t he ph s?l rqelp ence ‘and the, CS| fromthe
reference suBtign, foethe Bleck; sypg paptepf the %ﬂ“@“@ SeepeRCeCs) atigapipdt X onbi nes

the anplit udecrosgélrwtﬁgtme di’ffe@erzlan&aedeeecteﬁ BBESKRNWq@ntd WAt 1R bloble syReP! ex
conj ugate of the channel gain nd 6 2 is an estimate of the variance of

t he noi se meu@ﬁsmnﬁé#fermalrﬁmcww iseedermsd overpll SvRearriers astyming thatdhphase
correction fo l@cauﬁﬂ%‘?'ﬁfé il né%uﬁéaﬁfé"é is, lmﬁupmﬁmwno nAoéroéstb%re%n (RGRyery

techni que of Figure 8 assu acqui sition and tracking of the frequency

?f t he subca&knoemdﬂocémdmt pasterny with thet detricted bits of each sobwanierysperfamedhd
requency an 0 es of .
the cyclic pr e? Xﬁ&fﬂﬁélgﬁrdégﬁgﬁg#&;ng& Jlrr‘w’%tsﬁ gﬁlgpfﬁﬁggf%e%a{é%ko%?ﬁﬁﬁd
t hr ough obserigaddétetedof Bloek pdyadvonizatfon {and nsubgaret and)lgmybmttsohMQm) tis ne or
frequency (ac 3555 | USOQ/ 42C
ncaut o1ty on arBeet PRERRERSHEY of BT SR IReRY g ot et e B, | e
bl ock synui p adritéiar{e.gf 4 subearBESisrrelationsgpaced d etuitiple of la)tshhcmmasiapayt) :
crosscorrel ating the dlff lally d C BP uenc .t p_the Dbl ock
sync pattern. The di f A eﬂ?&a’l"”ﬁ@t étéﬁfsgﬁé‘?' ﬂ@ﬁo@'ﬁ% nﬁvgl?fygi{ P& &bcarriers
asium ng ; hatsequkacécalnlcbe dbdoded. ?Thetdilﬁ?eréﬂthll?l datected et thiese Garlableifieldsiatd | y
unknown. cr sscrre ati.on of the knwanoc .th. the
det ected bit ed onfmEREYAYolG basisiagrosy 'FH?’HE‘& Shlﬁaxéefﬁfg‘g]? ‘?ecg%ﬁ B ation is
ge tcl a { eg vvlg3 Ie r]:oEstlB%En Simedfithebe !;ubbbﬁgﬁrs(bi' bitd¥ee bdrfifpkeds VIThe 19 Blocks Withih S

etecte ock synchroni zati o nd supcarrier ui t solution) is
establ i sh¥d viIenmpfem hﬁ‘ﬂﬁéﬁe“BPg?ggﬁ%‘ﬂPF‘?‘ Y@BP’r%‘ngb'b?E‘ ‘h%l@@g °%F fexceeds the
tlgr eSBO' d 1%16de&eﬁtlﬁéldxfeaﬂvayélsestob&adﬁm&rmmwﬁioahﬂﬁmer expadets.a nul tiple of
in ts lﬁl ecglr:)rlee{ y esy'?\n:l'gu"grrnzamcb(le(isi< es%géﬂghed wi Jeldgehgfd thé &%cﬁ/&%t elc‘l% fiel dS_

The coherent detection of this signal requires a coherent phase

reference. The decoded information from the BPSK timing sequence is used to

20 remove the modulatioﬁ from the training subcarriers leav}ng information about the
local phase referenée and noise. Referring to Figure 8, the complex training symbols
carried by the reference subcarriers are input on line 148 and the complex conjugate
of the symbols is taken as shown in block 150. The complex conjugate is multiplied
with a known training sequence on line 152 by multiplier 154. This removes the

25  binary (+/-1) timing sequence modulation from thé received training subcarriers by
multiplying them by the synchroﬂized and, decoded, and differentially-reencoded
BPSK timing sequence. The resulting symbols on line 156 are processed by a finite
impulse response (FIR) filter 158 to smooth the resulting symbols over time, yielding -
a complex conjugated estimate of the local phase and amplitude on line 160. This -

30 value is delayed by time delay 162 and multiplied by an estimate of the reciprocal of
the noise variance on line 164 by multiplier 166. The noise variance is estimated by
subtracting the smoothed estimate of the local phase and amplitude on line 160 from
the input symbols (after appropriate time alignment provided by delay 168) at
summation point 170. Then squaring the result as shown by block 172, and filtering



sequence can be decoded. The differentially detected bits of these variable
fields are decided on a nmpjority vote basis across the training
subcarriers such that decoding is possible when sone of these subcarriers
or bits are cU¥POLPYE. The 16 bl ocks within 15 each nodem f PEHESMH42061
nunbered sequentially fromO to 15. Then thgsMSB of the block count field
is always set to zero since the block count never exceeds 15. Mbydem frane

synchr oni zat i 0nhé Sorkgib2RbikSaaRpiesiat keavd BB 74 e Rcgibctaunt field. The
coherent detection of this signal requires a coherent phase reference. The

decoded i nf or meAPPE¥iImAteR{ WitediBdeky zeiei Riglegioglasibewn by bivell 176 s EShove t he
modul at i on 1 OMip id frilepbifia SWP AR e SBbrliGaded S ObFRELAM ERAHL tNe

| ocal phase reference and noise. Referring to Figure 8, e conplex

trai ni ng synbolsybcarzers peilluyatedhy bledkel78rie produdearasultingriecah €81 waights onitink i ne
148 and the co e i - t s taken as sho j.n bl ock
150. The corrsgl 2?)?'0 bgﬁfﬁgr%%ig’%% tsrré\%]I= ﬁ%?’?@ﬁ%“?ﬁ%@ﬁ?ﬁ%&ﬁ? d3’5(5?{%’|°%{1Yrg15151{>i’<'aquence on
line 152 by nulbeagihg symbbisreceitedoniined 82 afteiwhepbaviibear appfoptiate)y delayed gs
sequence nodul ation.fL:0 e .V raini bcarriers b ul.tiplying
t hem by the syﬁ%ﬂ%m{z’lggé ggr%d,M'g@gfbedgg,s skﬁﬂ@’?ﬂ?’??szg"esr@i‘gpwgloﬁ%ﬂk BPSK
timng sequencel88The resulting synbols on line 156 are processed by a

finite inmpulse response (FIR) filter 158 to s th the, resultin _syrrbdl S
over time, yielding a coipi'® %P{Pdéfééé rakyst {Prgg@do@nﬁ@meb@qu)ﬁé’séﬂand

anpl i tude om | iAwidBfbadddst DAB) Shaterffok SmptovadiRefoRNankt BPereisag ARRaff ¥
mul tiplied by zig estimate of the reci %gﬂl@gjg t he noi_se_variance on |line
S

164 by mul ti pl i%EPadeEHne ipropesed by [ 54 {Fhedeegtion is bothforyendiand t he
snoot hed est i Mjagkvedrd t bsinpatibR! vAMBEE 1A CalRRIont uﬁeaaaﬂiohaxn%hé&q f@@&@g.he

i nput synbol s (Bafter appropriate tinme al |gnrrent _provided by delay 1 at
summat i on poi ntBreadsastars £an siangoysly He@nsrai bpth analogimadidigite! signalk within thend
filtering WO OLiI3&R&OcHRETHURAR ARMe AP coREabaiTP Mith aeé@g %&%Lﬁ&i@é&

illustrated by block 174:. The reciprocal i's approximated
di vi de- by- Z¥r o Thedreationalso glovsnbrppdepsters|to srnsmiban glhfligitdSignalieepjiring the

i nterpol ated oyghrid H:?alé@digft‘(gg hil 911 o8 IeAM: &ﬁﬁtEﬁa@ﬁceﬁn?%ﬁﬂfen{é b9

subcarriers as rllustrate ock 178 to produce result oca
wei ghts on | i n@r intardgyency feae tesro-ghanng tanalag dransmeissions evert in anoiultipdé ytatiog

correspondi ng |sQGRY.sighdl Arball GrkRY r ' | fter they
have been appropri z_ftl%%y del ayede@_a'smgs ow}?\cei sﬁﬁﬁhﬁ%ﬁa@&fd f@f@ﬁ%ﬁ g‘rlrpfse%
then produces tnrdudig acquisition; easkivg: andtestimatiomes cha®] state information (CSI) and

20 coherent operation.

While the present invention has been described in terms of its preferred
embodiment, it will be understood by those skilled in the art that various
modifications can be made to the disclosed embodiment without departing from the

scope of the invention as set forth in the claims.



This invention provides a robust |In-Band On-Channel (I1BOC) Digital 1 o
Audi o Broadcast (DAB) System for inproved performance over existing AM and
FM broadcasting i s proposed by USA Digital Radio. The i i s both °
forward an(yvoﬁ‘ﬁ’gféﬁ/ard conpati ble without the allocation g&@%@?ﬁ%nal
channel spectrum Broadcasters can sinultaneously transmt both anal og an
digital signals within the allocated channel nmask allow ng full .
conpatibility with existing .anal og receivers. 15 The invention also allows
broadcasters to transmt an all-digital signal, replacing the hybrid

anal og/digital signal. It is also tolerant of interference from adjacent
channels,- or interference fromthe co-channel analog transm ssion, even in

a nmultiple station, strong-signal urban narket. Thﬁwg_ﬁg!i ers
are used for nultiple purposes including acquisition, tracking,

estimati on of channel state information (CSI) and tﬂ i on.
Wil e the present invention has been described int mnm’myﬂﬂigha:red
enbodi nent, it will be understood by those skilled i} the @rin svarious
nodi fications can be nade to the discl osed enbodi nent w t hout departing
fromthe scope of the invention as set forth in the clains. W 01/ 35556
PCT/ US00142061 LLLLrrrrerrerrr > co ittt s 16 What is clai ned
is: 1. A nmethod for transmission of data ¥or a digital audio broadcasting
system conprig I’tl% tlhe Is_eps of : providing a plurality of orthogonal
frequency di TP pl exed sub- carriers, said sub-carriers including
data sub-carriers and ref erAsenmethed bfoe atransmissipn Sofireldial &éri rag digital chudiat a
sub-carriers with a digital si. nahlgr resentative of information to be
transmtted; PRBAcASHE H eg‘acf’ﬂ’pf‘%f‘% ﬁ@ S izb-carri ers with a sequence of
timng bits, said seqpevidingafphirhlity bforiliogenal frequendyndjvision imdtiglégdsuls bl ock
synchroni zati on. word, . whesrei.n nunber of bits c i sing,said bl ock

synchr oni zat CHFRCRoEF Jb-cpes ’Pﬂﬁ%n%ﬁ%a SUp-CaITIELS ?"%g%rqeﬂ%e BABEETSt bits in
sai d tim g sequence; modhlitingRaididataistlcafiers withtahdigioah signdl remesentativeddfVvi si on .

[ tiplex -
mul ti pl exed ?r'ijflgrmation to be transmitted;

modulating said reference sub-carriers with a sequence of timing bits,
said sequence of timing bits incli_:ding an unambiguous block synchronization word,
| wﬁerein number of bits comprising said block synchronization 'word is less than one
10 half of the number of bits in said timing sequence; and

transmitting said orthogonal frequency division multiplexed sub-

carriers.
2. The method of claim 1, wherein said reference sub-carriers are
~ differentially encoded. _
15 3. The method 6f claim 1, wherein said block synchronization

word is comprised of: ,

a plura]ify of block synchronization bits positioned in non-contiguous
block synchronization fields. |

4, The method of claim 3, wherein said block synchronization

20  word is distributed in said sequence of timing bits such that when the bits of said

sequence of timing bits are correlated with a known training sequence of bits, there is
at least one bit mismatch at every correlation offset except zero.

5. The method of claim 1, wherein said sequence of timing bits

further includes:
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carriers. . 2. The nmethod of claim 1, wherein said reference sub-carriers
are differentially encoded. 15 3. The nethod of claim1l, wherein said
btock synchroni zation word is conprised of. a plurality of block
synchr oni zat W@P13535¢ positi oned i n non-conti guous bl ock sPEREMSSIA296!: | on
fields. 4. The nmethod of claim3, wherein gaid block synchronization 20
word is distributed in said sequence of timng bits such That whenm the bits

of said sequence of tighiagkbbinsfae correlated with a kg hdih
sequence of bits, there is at |east one bit nismatch atlgm ﬂmﬂﬂyﬂﬂmﬂn
of fset except zero. 5. FRedaBeldoandof claim 1, wherein said sequen x
timng bits further inghg%fﬁ'- Jhi heet Has Been Replaced illlll 111111
ff1 101 1111 WD 01/ 35556 {%g%/ﬁ%dgm 17 a block ::::" 1111111) 111 111
11(11 11111 a nmod L 11164 a TFhe inethdd df gieinall, Wheatid .theSpuriiber ofbith (o) iofsaidl ai m
1, whereinthe e . bifs i;n.said 5 sequence of timng bits is
defined as:’ L:%a%%éfﬁﬁﬂgbﬁlggéﬁ'fd%‘ the nunber of logic zero bits in said
bl ock synchronization, and Lk <¢he (Skaykay bits in said block

synchroni zatio% 7., .The nethod_ of claim 1, wherein the nunber of |l ogic zero

bits to in saFRFHEd%ibe bRy efbogisizermbifioinsaidblesk synchrenigationn andhB is thegi c

one bits in sa3uthbef KisKn saiy DlobK SHcRRhizakonror d. 8. The nmet hod of claim 3,
wherein said bl ock synchroni zation word consists of eight bits and said

sequence of timing bits7-consigmetyed of clgim 4, whereinithe pambeycpfdpsie zerorhits.
wherein . sy d;pef: | | s: Ler
Al d ih sfigbREK ?yn@%ﬁ%ﬁdrﬁﬁ?gﬁ? ﬁ%ua%@ thY ?ﬁgﬁeé' :]?giﬁ F)Eﬁﬁits?m Raif Rdck "

positions apart in fredquency. 10. thod o erein sal
sequence of t ispqkepnizatian werd. dj f f erenti al | y coded using binary phase shift
keyi ng. 8. The method of claim 3, wherein said block synchronization

word consists of eight bits and said sequence of timing bits consists of 32 bits.
9. The method of claim 1, wherein said reference subcarriers are
15 spaced nineteen sub-carrier positions apart in frequency.
10.  The method of claim 1, wherein said sequence of timing bits is
differentially coded using binary phase shift keying.
11.  The method of claim 10, wherein said differentially coded
sequence of timing bits is mapped onto said reference sub-carriers using quadrature
20  phase shift keying. '
12.  The method of claim 1, wherein said sequence of ﬁming bits is
transmitted on each of said reference sub-carriers.
' 13. A method for receiving data in a digital audio broadcasting
system, said data being modulated on a plurality of orthogonal frequency division
25  multiplexed sub-carriers, said sub-carriers including data sub-carriers and reference
sub-carriers, said data sub-carriers being with a digital signal representative of
information to be transmitted, and said reference sub-carriers being modulated with a
sequence of timing bits, said sequence of timing bits including an unambiguous block
synchronization word, wherein number of bits comprising said block synchronization
30  word is less than one half of the number of bits in said timing sequence, said method
comprising the steps of:

differentially detecting said block synchronization word; and
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11. The method of claim 10, wherein said differentially coded sequence of
timng bits is mapped onto said Em’uﬁfm,’ I ers using quadrature 20
phase shift keying. 12. The neth " mmgWrei n sgé,g sﬁlg"?gce of ’
timng bi t VQUBSEPansnitted on each of Sail rse ence subt¥¥ . 13. A
met hod for receiving data in a digital audi o broadcasting system said
data being nodul ated on a plurality of orthogonal frequency division 25
mul ti pl exed sub-carri esmg sadblbck synchmnizatorswondad cehieregtlyl détectsaild-degmal | er s and
reference sub-cgrri er t.vsai d datg sybé c(aarri er being with a digital signal

r epr esent at | VEROFPTFHFEIMNGSS IAomagoR L e aRened, and said reference
sub-carriers bei ng noddl at @te wiethbd af claimg L3 fareheporhiprivingghdstegs,of sai d sequence
of timng bits including an unamnbi guous . ock .%yncgroni.zathon wor d,

wher ei n nunber of bit PTEEHEG Uentfatency of Wpweshiivcior dxteming shansel figted i s

| ess than ongfdimbfiof the nunmber of bits in said timng sequence, said

met hod conprising the steps of:; differentially detecting said block
synchroni zati on word; land %H?E‘eéﬁééfd%lﬁéwe%&ﬂ‘%%m?ﬂﬂslq: I111H DI
LTI T T 1 1 ] lipgbrpblaling i ehidbll ;0 iA¥baaia Gighaldvid & idkblof said

PCTI USO0/ 42061 18 using sai d bl ock synchroni zation word tQo coherently
detect sai d @ataypubgarriess &ypemqumtrafemee 8b-gaFriesy tpaptpeicetlecah ghannel

transm tted-ﬂz]télinfa_ﬁ?ati[}ﬁ%i%ﬂmogndc' aim 13, further conprising the steps of:
processing the sequence of timng bits to deternine channel state

i nformation. 15. The meultiliingf the alogal1#harngl t siate  infompration ngveights sandps of

I nterpolatin I e information signal over a group of said

dat a sub-car%%%ng@?&eggwgmgg'of said reference sub-carriers to produce

| ocal channel state i16f or Fhe mgthodwef cjhins 14, furthencomprisingi thejstepsof] ocal channel

state information wei ﬁﬂ? r le7ell Q?ﬂ ynbols. 16. The net hod
of claim 14, further g%%%?l S rfglgl&?ﬁ{ﬁ%?eps 0 09%%%’%?m ning channel state
i nformati on wei ghts; phase equalizing said data sub-carriers with said channel state weights;

filtering said data sub-carriers; and
interpolating said data sub-carriers between two of said reference sub-
carriers.
- 17.  The method of claim 13, wherein the step of processing the
sequence of timing bits.to determine channel state information comprises the steps of:
| removing timing sequence modulation from the reference subcarriers
1o produce reference symbols;
producing first signal representative of local phase and amplitude of
the reference symbols; and '
multiplying the first signal by a second signal representative of noise
variance to produce a channel state information signal.
18.  The method of claim 13, further comprising the steps of:
processing the sequence of timing bits to determine channel state
information and a phase reference.
19.  The method of claim 18, further comprising the steps of:
phase equalizing said data subcarriers;
5 filtering said data subcarriers;
interpolating the channel state information signal over a group of said
data sub-carriers between two of said reference sub-carriers to produce local channel

state information weights; and
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phase equalizing said data sub-carriers with said channel state weights;
filtering said data sub-carriers; and:interpolating said data sub-carriers
bet ween two of said reference sub- carriers. 17. The nethod of claim 13,
wher ei n t he woa3886 pr ocessi ng the sequence of tim ng bit@CTASHR2eHA M ne
channel state information conprises the stgps of renoving timng sequence
nodul ation fromthe reference subcarriers 0 produce reference synbols
producing first signal r G5 f"’ tqﬂév At hamal Q‘Jﬂgs mtiggplwdg‘qse t he
reference synbols; and nu tlg glng the first signal y a secon gng

repr esent at i vecopfesprodimg datagymbelse t o produce a channel state information
signal. 18. The nmethod of claim 13, further conprising the steps of:
processi ng the sequence of timng bits to determ ne channel state
information and a phase reference. 19. The nethod of claim 18, further
conprising the steps of: phase equalizing said data subcarriers; 5
filtering said data subcarriers; e channel state
dinformation signal over a group ﬂ!l!ﬂ i@g" ME-carri ers between two of

said reference sub-carriers to nel state information

wei ghts; and This Sheet Has Been Replaced 11111111111111 IN 111 1111 WO
01/ 35556 PCT/ US00/ 42061 !9 multiplying the |local channel state informati
wei ghts and correspondi ng data synmbols. TLIILIT TIEIET OJF 111211 11 111

on
I

C L This Sheet Has Been Replaced 111111111121111 INTII I1 |

This Sheet Has Been Replaced




