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(57) Abstract: A method for ransmission of data in a digital audio broadcasting system inclndes the steps of providing a plurality of
orthogonal frequency division 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 ransmitted. The reference sub-carriers
are modutated with a sequence of timing bits, wherein the sequence of timing bits includes an unambiguous biock synchronization
word, and the number of bits 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
black synchronization word and use the block synchronization word to coherently detect the digital signal representative of infor-
mation to be ransmitted are also included.
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with a sequence of timng bits, mhereln t he sequence of timng bits

i ncl udes an unanbi guous bl ock synchronization word, and the nunber of bits
conprising the block synchronization word is | ess than one half of the
nunber of bits in said timng Q sequence. Then the orthogonal frequency
division multiplexed sub-carriers are transmtted. Receivers that
differentially detect the block synchronization word and use the bl ock
synchroni zation word to coherently detect the digital signal representative
of infor- mation to be transmtted are also included. WO 0l/ 35556 A2 :
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1 METHOD AND APPARATUS FOR TRANSM SSI ON AND RECEPTI ON OF FM I N- BAND

ON- CHANNEL DI Gl TAL AUDI O BROADCASTI NG BACKGROUND OF THE | NVENT{ &y 2R04
invention relates to nmethods and apparatus for transmitting and receiving
digital data, and nore particularly, tolfsuch nethods and apparatus for use
in digital audio broadcasting systens. 5 Digital Audio Broadcasting (DAB)
is a nmediumfor providing digital- quality audio, superior to existing
anal og broadcasting formats. Both AM and FM DAB signals can be transnmtted
in a hybrid format where the digitally nodul ated - signal coexists with the
currently broadcast analog AMor FMsignal, or in an all- digital format

w t hout an anal og signal. |n-band-on-channel (1BOC) DAB systens 10 require
no new spectral allocations because each DAB signal is sinultaneously
transmtted within the same spectral mask of an existing AM or FM channel
al l ocation. |1 BOC DAB pronotes econony of spectrum while.enabling
broadcasters to supply digital quality audio to their present base of

| i steners. One hybrid FM | BOC DAB si gnal combi nes an anal og nodul ated 15
carrier with a plurality of orthogonal frequency division nultiplexed
(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 |BOC DAB
systemelimnates the anal og nodul ated host signal while retaining the
above sub-carriers and adding additional 20 sub-carriers in the regions

from about 10@1#EOPARDBUEP ARATUSF SR tﬁm@ﬂlé éﬁ{fyﬁmﬁécan These

addi tional sub-carriers can transmt a backup May 2004
2 used to pr oduc@MﬁN&ﬁmpM}mNEédHﬂl@%AHDI@@RQABCA(SH"IHGI oss of the

main, or core, signal. The devel opment of high-quality stereo codec

al gorithm; i ndi cates that vi rtual - CD stereo quality is practical at rates

as | ow as 96 kbps. i fio 4k B Y EM] OI | ocati ons because

h DAB signal i ] h
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and spect r al receiving digital data, and more partjcularly, to such methods and apparatus for use in

digital audio broadcasting systems.

5 Digital Audio Broadcasting (DAB) is a medium for providing digital-
quality audio, superior to existing analog broadcasting formats. Both AM and FM
DAB signals can be transmitted in a hybrid fonnat 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 eéonomy 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  camrier with a plurality of orthogonal frequency division multiplexed (OFDM) sub-
carriers placed 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 ali-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



occupancy, to be transparent to the analog radio listener. |BOC bronotes
econony of spectrum while enabling broadcasters to supply di gT Zéfglﬁl ity
audio to their present base of listeners. An FM I BOC systemis descri bed
in a coomonly owned patent application 2\0 99150980, entitled "FM | n- Band
On- Channel Digital Audio Broadcasting Method And Systent. Published PCT

appl i catused td/frodbéHdd Bltpdi Sahe sRRivardRIHOEvdrRbf 4 s bof HRSHAIRSHUBr signal.
reference signals in an OFDM system that includes a constant arrpl i tude zero

autocoirelation (CAZAC) bit sequence. Brian Kraogor et al., "Robust Mdem

And Codi ng Temndmr@ﬂ o‘FMIg.wauauw btdo U a|gbﬁﬁﬁ1sTrnai&§®§tthaﬂsmaa| CD
Br oadcasigng&uagm enber 1997 di scl oses signal coding
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fromthe co-channel anahﬁcgﬁtransm ssi on. desirable to provide an
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digital information at a reduced rate. SU THE | NVENTI

accor dafRECHR while epaliingrpadqasisrs %I%%-‘HPM@E'L‘EF’ swality ulie tpdhej Bﬂﬁsaétopaéerﬁét hod

for trams@hemsi an FMfiBOT sydien |§ ddisgifel maél%ﬁmtb’nﬂﬂ%ﬁéé bﬁ%n?ﬁ?élggld%nn gg/o

conpri si roviding a pluralit or t hogonal

di \r/TP S| 095%9?9?%9@;&@# QEM @%Pﬁﬂ%r Qn-Cheangl Qﬂitaia‘?“#q“ér%mﬁ eastiag nifethadaAnd
sub- car gyelem"and reference sub-carriers; nodul ating said data sub-carriers
with a digital signal representative of information to be transmtted;
nodul ati ng each of said reference sub-carriers with a sequence of timng

bits (58), Hb%r%@mﬂ%ﬁpﬁﬁatlbh WO D758 1 'd"b%idé@é %Qn@ﬂt'ﬂoﬂ W&Wﬁé%ﬁkﬁlsgioﬁcd?
ation mo 2004 2a 66), wherein nunmber of

synchron
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t he nunpeAzac) bit sequegncsai d tim ng sequence wherein the nunber of bits (L)
in said sequence of timng bits is defined as L<_ 2 Z (S - 2) + 1, where
Zis the nunber of logic zero bits in said block synchronization word, and

S i s the numBpianMrabjdreetian, SRosLSEMRIKM ANNTHIMY FerhhRDe¥Fof FVAAGbrid IBOC
DAB", IEEE Transactions on Broadcasting, vol. 43, no, 4, December 1997 discloses signal
coding techniques for an FM digital audio broadcasting system.

IBOC DAB signals méy be subject to interference from adjacent channels, or
interference from the co-channel analog transmission. It is desirable to provide an IBOC DAB
system that is tolerant of such interference even in a multiple station, strong-signal urban
market, while being able to transmit the digital information at a reduced symbol rate.

SUMMARY OF THE INVENTION

In accordance with a first aspect of the invention, there is provided a method for transmission
of data for a digital audio broadcasting system comprising the steps of:

providing a plurality of orthogonal frequency division multiplexed sub-carriers,
said sub-carriers including data sub-carriers and reference sub-carriers;

modulating said data sub-carriers with a digital signal representative of
information to be transmitted;

modulating each of said reference sub-carriers with a sequence of timing bits
(58), said sequence of timing bits including an unambiguous block synchronization word (60,



transmtting said orthogonal frequency division nultiplexed sub-carriers.
in accordance with a second aspect of the invention, there is Z)MWlQQQﬂ a
nmet hod for receiving data in a digital audio br oadcast | ng system said
data bei ng nodul ated on a plurality of 2aorthogonal frequency division

mul ti pl exed sub-carriers, said sub-carriers including data sub- carriers
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t he nunber of bits in said block synchronization word, said nethod
conprising the steps of: differentially detecting said bl ock
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differentially detecting said block synchronization word; and

using said block synchronization word to coherently detect said digital signal representative
of information to be transmitted.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic representation of the frequency allocation and relative power spectral
density of the signal components for a hybrid FM IBOC DAB signal;



systemthat can receive signals formatted in accordance with this
invention; and Figure 8 is a bl ock diagram show ng the channel 7 422004
estimation technique used in the receiver of Figure 7. DESCRI PTI ON OF THE
PREFERRED EMBODI MENTS Referring to the girawings, Figure 1 is a schematic
representation of the frequency allocations (spectral placenent) and

rel ati ves Spe ; 1 ; 1 | f : .0 _FM
|00 DAB LT SoePiatl 38Riceén@lon R (i SASAATRRIGHLT: o Blal o
format speeiral dersityipé theotignah corpenentaios ap ralicligitehFMdBOCHDAB sighahavi ng a power
spectral density represented by the triangular shape 14 positioned in a
central frequency band 16 portion of the channel. The Power Spectr al

Densi t y FigusDp ina sghamaticogpresantation Fihe fieqdencyt allocativms forsthe npper sidehandrgul ar

with a slopn BhcBRELiRd Bkl L I8 FalPinbhguency. A plurality of

digitally no te nl'y space carrrers are positioned on either
side of the analog FM signal, in an upper sideband 18 and a | ower si deband

20, and Iy ' j . [ ALl of the
car 1 or & e HiESEherhalh CBRRURICR L e dlehlPatRRaR MR N o diang s
St at es HedeMdBOCIMB sigoalin ansordamee widh the peesembisiventicsk 22. The vertical axis
in Figure 1 shows the peak power spectral density as opposed to a nore

conventional average power spectral density characterization. 7 May 2004 4
The powEiguspdcisr alsciemeiic yegresmitatioh of BPSKctmingMdsuence ased sn dnalpréfeseteen

measur e@n*b%dfr%n’ﬂ@%la%réj{gh?ﬂ?%&h-i n dB with a slope of about 36 dB/ kHz from

the center equency. Firs acent FMsignals, if present, would be
centered at a spacing of 200 kHz. The total FM power can be found by

i nt egr aty 1 i J RS =, )
10- 0. 301575 b ¥ DlobBRaYIFH oPSYRherTREFfl e AL Tblt augl't@bioatio BN g,
i deal t camkgusitsigrals isonettedipescerdhneckenwiih this invedtionat ed 13.8 dB bel ow the

total carrier power reference |evel (0 dBc) as shown in Figure 1. The DAB
power |evel on each side of the FM spectrumis placed 25 dB bel ow the total

FM powEigure Riis a-fpactigpel blarl diagegm o aangicaivenfsr eise dn acdigitataaiddioebropacdsting
interfe i L ARS; J I ; Ldth can be
cal cul at% gﬂ% tbrﬂecra lgiém%r sﬁ%%aggr.@lng end;ﬁ[h? ‘%’?ﬁal‘ %%Biﬁﬁégﬂ[bg&ﬁ& be
approximated by dividing its total power (-22 dB) by its bandw dth (140

kHz) . Figure 8 is a block diagram showing the channel state estimation technique used in the
receiver of Figure 7.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring to the drawings, Figure 1 is a schematic representation 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 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 friangular with a slope of about 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
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.



PSDDAB = -22.1 0 - 10g(140) = 46 dBc 1 kHz The basel i ne Hybri d DAB sgstem
has 191 subcarriers above and 191 subcarriers below the host ?Magﬁg rum
Each DAB subcarrier is QPSK nodul ated. The i nphase and quadrature pul se
shapes are root raised cosine tapered (g£xcess tine=71128) at the edges to
suppress the spectral sidelobes. Al though this pul se shape reduces the
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signal of Figure 1 has been replaced by an optional additional group of
OFDM sub-carriers, referred to as the extended all-digital signal 26,
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el i m nat-gg dary]byntgbgﬁamamr(qaopﬂgpl ens to adj acent hybrid or all-digital IBOC
signals while providing additional capacity for other digital services.

Figure 3 is a schematic representation of the placenent of the signal

conponents for the upper sgighaadopiq gmdéMcIo?@ququ.gpal i n accordance
with the present invention. The total power in each sideband is set to

about -25 dB relative to its host FM power. The individual OFDM
subcarriers ane HISknd PIgLIADAB 8Ystarf‘hde3iPP sicarietd Aol Bhdatgh adiktarriers
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f uncti ogsadratugel pulde shamds aréheotiaisetbéihe tapered (excess time=7/128) at the edges to
suppress the spectral sidelobes. Although this pulse shape reduces the 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.

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 subcarriers 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 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 positioned in an upper sideband 30 and a lower
sideband 32. The sidebands of the all-
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sub-car rfnje‘a{léncﬁ'&a& ﬁﬂ? opﬂﬁr.msi %1%? %?éfelleﬂcé Qﬁb&a?ﬁérgrarg fspé&% 19 subcarriers
apart starting from location 356 through 546 on  either sideband.
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 (CSl) estimation.

Subcarriers 356 through 507 carry about 96 kbps of infori-nation. Subcarriers 508
through 545 can cérry an additional 24 kbps of infori-nation 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 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 corresponding to subcarrier
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19 sub-carrier sxseiamhhe hgbnld esibodingnt, i if theQnftbg siRA&Nn FOLRLBER ARy BhEENCe

sub-carrier. scaled back, for example by removing stereo information. Sub-carrier group 40

includes sub-carrier positions 280 through 317 and is used in the all-digital

embodiment to transﬁit a delayed backup version of the program material at a lower

20  datarate, 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 -



The sub-carriers in both sidebands use orthogonal frequency diyvision 5

mul tipl exi ng and are FEC coded usi ng Conpl enentary Punctured ChHMAI4¥0f on
(CPC) codes. CPC codes are known in the art, for exanple, see S. Kallel,
"Conpl ementary Punctured Convol ution (CPC) Codes and Their Applications,”
| EEE Tr ans. Vol . 43, No. 6, pp. 2005-2009, June, 1 6 kbps
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most vulnerable to corruption, and the interference on the upper and lower sidebands

is independent. Since the power spectral density (PSD) of an FM broadcast signal is
nearly triangular, then the interference increases as the OFDM sub-carriers approach
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 group 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 parity bits
here improves the FEC code rate over the main channe! from R=% 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 comesponding sub-carriers in the fower
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



kbps enbedded code. This |lower rate backup data is delayed to _anhance
perfon-nance wusing tine diversity. This backup data of the al
systemrepl aces the analog FM blend of the hybrid systemwhich is
described in comonly owned co-pendi ng &pplication "A System And Met hod
For Mtigating Intennittent Interruption'In An Audi o Radi o Broadcast

Syst ent kbéé Eﬁl@e@éoo@&ﬁe \% Q&rﬁer l%?é 'b% dal?&é%?ay%@zto Skl (ﬁe%ﬂikﬂ&@s

Pat ent nne ata’ls corrup te ackup
dat a caHsing rtlmeu quqrﬁl&y dbisi hﬁckgﬁaga@rnf thqsalhd@talrﬁersmr@mtac&attl@e arale® fipt bleedi of

an enbegded ﬁ%’fﬁPE Qbmt \Wﬁlcﬂq%‘ rl:le%@%lé?ze‘n cgﬁ\hﬁa ﬁ/‘ f)\ﬁn?& *&srﬁéﬁ‘a{ﬁpp@ﬁﬁe?tﬁ:[hab/ie

addi ti onal error otec I on Ml n c
enbodi mekitemsHnd d\éﬁth%ﬂ:@r Nitmtlnldétennmgt inderpption dn viin Audigr Badlgc%medlcash t he

central s&ét@ﬁhueﬂ!%& éétﬁée?% '1@9?' GWliS Rio. %%%&S%mgeg& %{H e3P a8t end

DAB capaci ty annel rate over t exten hout
codi ng §é7§1§dﬁt V‘@’Gﬂ the pdain CB@B@lei@tauﬁl forafptadhithe backiimi datd caarﬁillm:trteowdn)t ed

by a fiEsdmadli 8 %@&?@egc@ﬁ% is eac}ﬁpﬁ‘&o %ﬁ%rﬁ@éﬂd&g éuﬁg%quus nﬂmhgm%ﬁf

applied to eac e exte carriers
t hr oughdgtaditsHiba bgcitr ap anablesageifionak erormrotestiongortbi-naain channsl.- 1 t hr ough
Then, if either half becomes corrupted, there will still be a rate 2/3

corrpl enentary code on the remaining half. In this case, the information
capaci t Ip thetadrdigital embpdimestliswg-cagiend fom index 1780 2TRds whichrade tbcatdd. iditieg t al

band i sc&xp@%edud 'lfgn%r{?ﬁfnelaiﬁﬁreoﬁné’anf bOWs& B gﬁt Jﬁﬂg%%}{en Y AB%aBQ?W

all-digital |nter rer present protecte ur gui I nes
maxi numl hevéenegl bit gate foves tthigdesiesded"i bansiwidth awithout -0ediBgr is| @hqut:éSSﬂokhnse

host St BbtARe i difthit tﬁérLd%&dtﬁ%ﬁ“tfe“E%[EJHté‘d b'<frst SaiBfentBAB Sidhal, the CHE

then the interferer can | 'evel
of the FES%teasingdteshmigue $h@1|@>bﬁeﬁmw baﬁacrshaif ok theoexgerded; wdwldib.nlterlsblhte to

the COdbéPﬁe&q'tﬂrdﬁﬁﬁ @Tb%oglﬁ%’aﬁgrtﬁé sgﬁ'l'ésihi%zﬁm& ﬁfuﬁﬁﬁrﬁgﬁr‘q rthrloaf’ﬁh@% E

same | evel as the extende les t an a
first aeithesdmif b@ﬁomersma@fumtthg@ mﬂ stilaie azmtelgf%@pmlqm@t@wmle ot the

It er esiontaifing Rl ki cREL A0 rkiFaubA ol aREy R0 SRESRRARGoLS: HASIHs.

Reception of The exten ata m ght be po Si b frrst adj
present at 20 dB; however robust reception in fading probably requires at

| east opge bkicplieddi-ARMAIL baHd ls?é%pggéoofo mL nce ' dhiy f#6mPY %?9@3? A | gﬁ@ﬁ?nt

channel interference,” the outer carriers ‘are nost
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f r equendiydigitaldBOG: Hrendhp inderfrrer can be up to 14 dB higher than the leve 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
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.

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



signal. The coding and interleaving are specially tailored 7 May 2004 WO
01/ 35556 PCT/ USOQO 42061 9 to deal with this nonuniformint erféx/@’!(c?@oéuch
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| ower) of theddyhsmsrier. Al though additional sub-carrierspdr/isiwand t he
basel i ne system can be activated to enable the transm ssion of all the code
bits of the rate 1/3 FEC code, the baseline?system enploys a code rate of
2/ 5. Each sideband can be detected and decoded independently with an FEC
codi ng gai n acHhp 8¢ avithdhis gopupiterm imerfesence vl that theagammuirdyation f difermiatiom|
code. An optional,,Rged Sol onon code (144, 140, GH(8)) outer code can al so be
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CRC on each audi o or dat ah¢ |RPQ@DABwysematill Sankeibtalldhe digiid dadioinfopetion bis

Couai |y both ot aLE AR tckr or Gl e D PR st fudh SRR porii”
codi ng gai ns $prwidahe baseline systes cam be belivetep koosmtiictibe danmilsiontof 2Rtk @dpar at e
strong first adjacent __int rer,s .such that "recoyered" DAB sjdebands can
be successful | %‘%%ﬁﬂ’.eﬁ%&q(%ht’§5°°fi%|‘@"r gqsgl’rieawﬁ%mfemp!"tys&cﬁog%éﬂ? °¥£§er ers.
The reference sidebarichebsdacce:dmddtabetinidpeiiently @i at FPQ cd&nP biin BRRKed .
ally encoded prior to_transm ssion. The

timng sequence, which js.differenti

ref erence subE_E"’Xr"‘r"lmgr‘lz5 @B‘r‘v@h}’r{ﬂ‘??@ eonyolptiprakrode. 1 fin oplignal Reesialgman godeyr 1 i er
ambi gui ty on aguus, BI0{GIYS)) odter t&Radan RBIR db?‘ﬁéil[ irthef QForREBHEPLLIRGHET ent
detection, 3) local .nqise 20 and/or interference sanples for eStimtion of
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sequence permts detection of the BPSK tinm ng sequence pri ) .
est abl i shnent #&puallfdotiotidsseans corabippdipcrrovide additional signsb ppweraand; ¢eging gain.

subcarriers. Ti@ecislitbdhaiqg@ad éadl deYenthth 216 deRBIYIRE Ond &Ipéﬁ?e{gt%ﬁgirét%d EdiPVe

the data nodul ation fromthe 25 ref'erence subcarrie eaving informtion
about the | ocaintpgres sush theb “respvaredilRARssidgbprdspan i suscessfullntcombived e e

sanpl es. Thiss iSedESed BsClldc-BRiRerfddfs CS! needed for subsequent
sof t - deci si on decodi ng.
The reference subcarriers are modulated with a repeating 32-bit BPSK

timing sequence, which is differentially encoded prior to transmission. The reference
subcarriers serve multiple purposes: 1) resolution 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 codiﬁg 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
differentiélly 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 2 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) i-s placed in
non-contiguous fields 60, 62, 64 and 66. Field 60 includes seven bits, fields 62 and
64 each 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
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BPSK Tim Sequence is relatively small to start wt desirab eto
use nor @l grﬁnﬁ%ptpb-gapm%l@catlons and is coincident with the block of the mterleaver 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 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 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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L<2-Z-(S-Z)+1
block sync length of S bits and Z.
Furthermore L is maximized as a function of S only when the bits of
the block sync pattern are distributed nearly evenly between logic ones and zeros.
2
—+1; Seven
<13
S 1
— - Sodd
2 2
20 Using the above inequality, a BPSK timing sequence of length 1=32 bits requires a
block sync pattern of no less than S=8 bits to guarantee nonambiguity. In fact a
pattern of exactly S=8 bits was found that meets 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 syne pattern : 0X10XX0XXIXXXX0OXXXXXX1IXXXXXXXXX
Three additional bits were also fixed in the block sync patiern; this decreases the

probability of false detection when bit errors oceur.
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reference subcar ields a robust reference even un
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DAB transmi ttersul%ﬁmem%é}& £13Bust RFQesleastn &Hc%} ﬁa_@'moil 0 B0 %r?c;etahﬁ‘g si gnal s

i n accordance with the present 1| nvention. SI gna source rovides the
signal to be tF‘éﬂﬁ’i‘?hCPB@gonSThe source signal may take many forms for

exanpl e ancanal 09 progighisi@nak iR alBl GPEITER! Rt SUE afn/ OF
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a digital .information si resent nessage
traffic 15 i nf bfoadeapiahigita a’éﬂlgbltoaﬂcastu@mgnabrm@emdance( Dsﬁ)ﬂmdammdt msreimioat or 80

processes the 4sg aF?ou?éegi@ roJ:ﬁEsqgecgérqa??& Be Whdshidedr 119U oKQ mngl i natlake

processi ng techni gues, _ )
many fOIT.{lS, for example an analog program signal that may represent voice or music

- and/or a digital information signal that may represent message data such as traffic
15 information. 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 shifted up in frequency, filtered and interpolated to a higher sampling
20 rate in up-converter Slock 86. This produces digital samples at a rate f., on
intermediate frequency signal fir on line 88. Digital-to-analqg 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

fc - 2fir (for a low side lobe injection local oscillator). Low noise amplifier 120
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reference subcarriers is illustrated in Figure 8. This CSI weight combines the amplitude
weighting for maximum ratio combining (MRC) along with a phase correction for channel
phase errors

CSlweight =a*/s?,

where & is an estimate of the complex conjugate of the channel gain and sZis an estimate of
the variance of the noise.

The operation of the CSI recovery technique of Figure 8 assumes 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).
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Modem frame synchronization is established with knowledge of the block count field.
The coherent detection of this signal requires a coherent phase

reference. The decodéd infoﬁnation from the BPSK timing sequence is used to

20  remove the modulation from the training subcarriers leaving information about the
local phase reference 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 the received training subcarriers by
multiplying them by the synchronized 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
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t he correspondi ng | ocal databearing synbols received on |ine I\ﬁz after
they have been appropriately delayed as shown in block 184. qupo-lopér 186
t hen produces the soft decision output on line 188. This invention

provi des a robust In-Band On-Channel (NMBOQ Digital Audio Broadcast (DAB)
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be transmtted nodul ating each of said referénce sub-carriers wt
sequenc&e®r bifs i ﬁ@'dbl‘i"?%!‘ SX'B’!E')"’"'%?&PH wrduand eS dg the muAgebiof dits rie | saqid h@clan
unanbi gggnthrédifgibn orgmani zati on word (60, 62, 64, 66), wherein nunber of
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the nunber of bit &aNsMEaFA] prthrgosaliraveRcY v inltilexagmbreagiersi ts (L)
in said sequence of tlmng bits is defined as L:5 2 Z (S - 2) + 1, where

Zis th rrlg' zero bits in said block synchronization word, and
Sist h ge ngﬁthqg ]E?Ilﬁl 5 xyhgreip said block synchronization word is comprised of: '

a plurallty of block synchronization bits positioned in non-contiguous block synchronization
fields.

3. The method of claim 2, wherein said block synchronization word is distributed in said
sequence of timing bits such that when the bits of said sequence of timing bits are correlated
with @ known training sequence of bits, there is at least one bit mismatch at every correlation
offset except zero.

4. The method of claim 1, wherein the timing sequence comprises the following bit
sequence: 0X10XCXOXX XXX T1OXXXXXXX, where X can be eithera 1ora 0.

5. The method of claim 1, wherein the number of logic zero bits in said block
synchronization word is equal to the number of logic one bits in said block synchronization
word.

6. A method for receiving data in a digital audio broadcasting system, said data being
modulated on a plurality of orthogonal frequency division multiplexed sub-carriers, said sub-
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interpolating the channel state information over a group of said data sub-
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multiplying the local channel state information weights and corresponding data

symbols.
9. The method of claim 6, further comprising the steps of:
determining channel state information weights;
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.

10. The method of claim 6, 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 to
produce reference symbols;



processi ng the sequence of timng bits to determ ne channel st

information. 8. The nethod of claim?7, further conprising the 1NH%¥Q9§
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