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the first carrier signal. In the United States, the_em ssions of AM
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frequency signal having a first frequency spectrum, wherein the amplitude modulated radio
frequency signal includes a first carrier modulated by an analog program signal, and
simultaneously broadcasting a plurality of digitally modulated carrier signals within a
bandwidth which encompasses the first frequency spectrum, each of the digitally modulated
carrier signals being modulated by a portion of a digital program signal. A first group of the
digitally modulated carrier signals lie within the first frequency spectrum and are modulated
in-quadrature with the first carrier signal. Second and third groups of the digitally modulated
carrier signals lie outside of the first frequency spectrum and are modulated both in-phase and
in-quadrature with the first carrier signal.

In the United States, the emissions of AM broadcasting stations are restricted
in accordance with Federal Communications Commission (FCC) regulations to lie within a
signal level mask defined such that: emissions 10.2 kHz to 20 kHz removed from the analog
carrier must be attenuated at least 25 dB below the unmodulated analog carrier level,
emissions 20 kHz to 30 kHz removed from the analog carrier must be attenuated at least 35

dB below the unmodulated analog carrier level, and emissions 30 kHz to 60 kHz removed
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also gives rise to interference with respect to the digitally modulated signals in the output of
the receiver demodulator. The orthogonal frequency division multiplexed (OFDM)
waveform used to transmit digital information in the hybrid system permits easy removal of
the analog modulated signal effects for the complimentary sub-carriers, the sub-carriers
directly beneath the AM spectrum. The construction of these sub-carriers guarantees their
orthogonality with the analog modulated signal after they are demodulated and appropriately
combined. The effects of the analog modulated signal on the other, non-complimentary sub-
carriers, however, cannot be removed by processing in the receiver. "

This invention seeks to provide a method and apparatus for reducing distortion
in the digital signal transmitted by the non-complementary carriers resulting from the analog
modulated carrier of an AM IBOC hybrid digital broadcasting system.

SUMMARY OF THE INVENTION

This invention provides a method for pre-compensating an analog signal ina

composite digital audio broadcasting signal including the analog signal and a plurality of
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resulting fromthe analog nodulated carrier of an AMIBOC hybrid digital
br oadcastwogssywirm SUVMARY OF THE | NVENTI ON Thi s i nvent POm/USpZ3&s8es a
nmet hod for pre-conpensating an analog signal in a conposite digital audio
broadcasting signal including the anal 8g signal and a plurality of WD

03/ 050943 PCT/ US02/38580 3 digitally nodul ated sub-carrier signals, the
nmet hod conprising the steps of sanpling the analog signal to obtain
successidygtally anbdulatd sabpherr sipaisd teatmiethgd emoiprising the $iepscls sanfiplingapl es

to obtain a plurality of denodul atqr qutputs, re ul.ating t dul.at or
out put s an%‘ﬁ&ts‘%ﬁoeg FdSHCEETHE @?%&%ﬁﬁpieéd dgﬁg@ﬂ%ﬁmg{ ﬁaeC%d? g&"?éﬁ%s of
modul at %ng{é?}& 8bthintd pRIrAINRS dbRodRERF YEPuRNredMJdRNatim dR@ dems@bitbRGktbRg t he
error sign romthe one of the blocks of sanples to produce a

pr e- conplemtsatrespobtl de kho predeatephissd oaeslot tebligitally mpdulpied-subrepeies steaalsgPock

of sanples with a plurali of DM pul s t rodu

conposi tpéoc&caﬁﬁle?rorsggﬁﬂsﬁb\t%aﬂ}%@ﬁ:gn8 St aﬁnrs)ff Oélg tt%a%n%o@gtP?g%%gggﬂ 0 Eéegrt.o The
nunmber  QhodiRER! & comPehsidHISckConPaipial el fdrabikingsthppeé-esapinsatedbiicktad t he
nunber of sanples in an OFDM synbol. To produce the_ denodul at or out puts

that cosamplesmithtap!wehtycefiRFRMeRIses Jo RipBUCHFPNRINSAtEH COBOHE HeHak t e signal,
the dempdul ator owl puls. i P?o%ks? 81{ ga?rﬁ:?émiqn égesr(fagﬁpicﬁ TR AT he ng#lhércﬁf samplez Can

be set to zero. The invention also inclu appar at us

pr e- CONpg k@ pidi@nasensdied dipck Sk peferably equabnpdss hembkrgeft sdmpdesdinoan OFDM
broadcasting signal including the anal og, si gnal an(g a ‘El urai i t\H/ of

di gi t al IsymiekiuTatrsedusgbe dempdylator guipuss thah coriaspand, 1, o SBPIEIERY s f or
sanplin ' : j j 5k She ns
for derr%aﬁkgst ?Q%E%g%@hggﬁglﬁag’ @Ptggtlgd%? ﬁggﬁ*%:ugsgth?d 0 obt %?{r\d g’%ﬁﬁ?m idtﬁg?of
denodul aubscamigtguahde satarzsral or  renodul ati ng t he denodul at or out puts t hat
correspond to the_predeterm ned .oqe& of the di gfl t al lX nodul at ed alo
sub-carrier signalldet BVEHIGURISO dRCIBdesoIn SPRATAIS oL RS CYBPCSAE AR (APRGSt he
error signal if hUShiJesitOARiQAl ahdie hbRRksingfsisMhaGdhE tRE QHMBE signal and a
pre-conpensat ed bl ock of =~ sanpl es, and means for conbi ning the

pr e- compdurshityedf BigiteRy ofiodiatpd esubwirrier Hignalss dhg @ppaghtus QRDNISUIZS Bgansy for

b oduce 3 SRIPRRSSHE SAREPbhE LER v PRLRE SR T B et
showi ng dagh @i the Higke! & implee tAldbaii aDABrasityg 0él demodulator outputs, means for
remodulating the demodulator outputs that correspond to the predetermined ones of the
digitally modulated sub-carrier signals to produce an error signal, means for subtracting the
error signal from the one of the blocks of samples to produce a pre-compensated block of
samples, and means for combining the pre-compensated block of samples with a plurality of
OFDM pulses to produce a compensated composite signal.
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a schematic representation of an AM hybrid IBOC DAB signal,

showing relative levels of the AM and DAB signals;

Figure 2 is a éimpliﬁed block diagram of relevant portions of an IBOC DAB
transmitter which may incorporate the predistortion method of the present invention;

Figure 3 is functional block diagram that illustrates the operation of the
present invention; and

Figure 4 is functional block diagram that further illustrates the operation of the

present invention.



Figure 2 is a sinplified block diagramof relevant portions of an | BOC DAB
transmtter which may incorporate the predistortion nethod of the present

i nventi orwvolsgsmes 3 i s functional block diagramthat ill ueCcratSer3sske
operation of the present invention; and Figure 4 is functional bl ock
diagramthat further illustrates the oﬂerat lon of the present invention.
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frequency bands. The central frequency band is about 10 kHz wide and encompasses

frequencies lying within + 5 kHz of the central frequency of the channel. The upper sideband
extends from about +5 kHz from the central frequency to about +15 kHz from the central
frequency. The lower sideband extends from about -5 kHz from the central frequency to
about -15 kHz from the central frequency. The FCC emissions mask is represented by item
number 24.

The composite analog and digital DAB waveform includes a plurality of
modulated carriers that are fully compliant with the FCC emissions mask. A first group of
the digitally modulated carriers are positioned within a frequency band illustrated by the
envelope labeled 18 in Figure 1. Most of these signals are placed 30 to 40 dB lower than the
level of the unmodulated AM carrier signal in order to minimize crosstalk with the analog
AM signal. Crosstalk is further reduced by encoding this digital information in a manner that
guarantees orthogonality with the analog AM waveform. This type of encoding is called
complementary encoding (i.e. complementary BPSK, complementary QPSK, or
complementary 32 QAM) more fully described United States Patent No. 5,859,876.

Additional groups of quadrature amplitude modulated digital signals are

placed outside the first group. The need for these digital waveforms to be in-quadrature with
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also gives rise to interference with respect to the digitally modulated signals in the output of
the receiver demodulator. The orthogonal frequency division multiplexed (OFDM)
waveform used to transmit digital information in the hybrid system permits easy removal of
the analog modulated signal effects for the complimentary sub-carriers, that is, the sub-
carriers directly beneath the AM spectrum. The construction of these sub-carriers guarantees
their orthogonality with the analog modulated signal after they are demodulated and
appropriately combined. The effects of the analog modulated signal on the other, non-
complimentary sub-carriers, however, cannot be removed by processing in the receiver.

This invention uses the sampled analog signal to produce an error signal that
can be used to compensate for distortion of the digital signal carried by the non-
complementary carriers that would occur at the receiver demodulator.

Figure 3 is functional block diagram that illustrates the operation of the
present invention. To begin the process, an audio signal is sampled to produce a plurality of
signal samples, as illustrated in block 60. The samples are digital signals representing

voltage levels. A predetermined number of the samples is read to form a first sample block,
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are added to the remodulated signals as shown in block 72. This produces an error signal at
line 74. For the case that the OFDM window function exceeds the OFDM symbol period, (as
in the AM IBOC DAB) the error terms overlap in the sense that the error terms for one set of
349 samples overlap the error terms for the next or the preceding 349 samples. But the
invention does not require that the pulses overlap. The error signal is then subtracted from
the AM signal and the corrected 270 samples are combined with the OFDM pulses as shown
in block 76. Block 78 shows that if more data is available, the last 79 samples are saved and
the read address is incremented by 270 as shown in block 80, and the process illustrated in
Figure 3 is repeated until more data is not available and block 82 is reached..

The error signal is subtracted from either the digitized AM (i.e. audio) signal
or the OFDM signal. It is crucial that the error pulses be synchronized with both the OFDM
and the digitized AM. Figure 4 is a block diagram the illustrates how the analog pre-
compensation fits in with some of the other processing in a DAB transmitter. In Figure 4, the
baseband amplitude modulated signal is received on line 84 and converted to a digital signal

on line 86 by analog-to-digital converter 88. The signal on line 86 is then subjected to the



are added to the renodul ated signals as shown in block 72. This produces an
error signal at line 74. For the case that the OFDM wi ndow function
exceeds twe oGBBWHszynbol period, (as in the AM I BOC DAB) tplaa/1e502/6858¢ er ms
overlap in the sense that the error terns for one set of 349 sanples
overlap the error terns for the next or the preceding 349 sanples. But the
i nvention does not require that the pul ses overlap. The error signal is
then subtracted from the AM signal and the corrected 270 3sarrlees are.
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i's incr WnoTn and the process illustrated in
Figure 3rdfucéepaahps dipiizbd baseeandaignal on lint 9@vai | abl e and bl ock 82 is

reached.. The error signal is subtracted fromeither the digitize (1.e.

audi 0) signal or Theedigtahvingoryragen if regedved, grjlie ?ﬁé‘flhtrmg‘él?ﬁeérbypgq be

synchr oni Zﬁi’at& fdh R)géﬂadﬁ ethgq?ﬂM s 160 2. ZeniAMbIdtkaLI4sis 4ndlsded ol ock
| ust es how the anal

di agramr’il el r w 0og pre- conpensation fits in with sone
of the qhdiefte fHaodrsmialng pro-camppBlses amsymehrenized witkigu@BDM pulpes. Thasiskand

l'itud dul at ed si o i ved | i .84. d
G g1t al ek s IRP 40 Bl hecFEoNS L iR BB TR her
line 86 5.1 BEMins WY RGhbHadic iR WO R}yRE84E-ROTseBtY 88580nd the OHDNM

pr econpe atl on 1 n accordance with the 'process shown in Figure 3, as .

i | | ust r qiuisds imsunfhagionepodnti 196 1 pokug0a cophpensied serppesits sigapt ¢t ling Hifathabis | i ne
92. A de) ay el enent %4 is used to produced a del ayed digitized baseband

si gnal &Ren YaveoyETtedrfoX biRagedsky i nfornmtion is received on line 98 and

nodul at ed by OFDMRdmeilgab@igke0, tie Rrasdidstidisrot¥soi MR snatuldtione TE2.
Tim ng block 104 is included to indicate that the anaLeog re-cor’g) %I ses
are synchmumiuasignroduoeh@ ORbVE fd0sweapleshe Thelasl 79 prpRies R the PR ¢ o
align the error signal. w 1G4 1d p%%g hee.nsddultor ok gral on
line 92 qUPY fym g%etglggblf)r&o%mf%gr%&gp%geddﬁlgic%%??%e gﬁ%o%nd si gnal and t he
OFDM  pwusiest pulseS THEEY combied simplestdgethpr withdlee vext dfheamspiced tho wpaeritire

signal on line 108, that is_ then up-converted for broadcast. ,Returni to
Fi gur e 3noduiaor utpBIE ARoTbERG ek & @C%M@oﬁmpﬁ% Q)f(l?f.ﬁe fH’é(emrbéQ‘#D%ﬁ@?i on
produces mg%@'es of r34R 8 sahiifed BBlthd Ye-pRMR]absH &Itgﬁthﬁrer@v%dw Heor

out put fro previous pulse are added to the first 79 sanples of the
r e- nodul beessihgbf theaextchloclesft AMidasplesThe 79 conbi ned sanpl es together with

the next 191 sanples of the current - dul at or . out put .

subtracted fromt r@vquapg?g]‘%l?é(ss%fﬁg? ééi B‘i‘r’rﬁ’)]ﬁ S@B&rf@m’ t@ oe E{ %fthgﬁgocessmg
illustrated in Figure 3. These blocks are 349 samples long with 79 samples of overlap, that is,
the first 79 samples of any block are the same as the last 79 samples of the previous block.
The processing outputs non-overlapped, contiguous blocks of pre-compensated AM data.

Each block consists of 270 samples.

In one embodiment of the invention, the host AM signal can be sampled at
59535000/1280 = 1488375/32 kHz. The number of samples in the demodulator input is 349
and the OFDM symbols period in samples is 270. The output comprises the sum of the AM
and the negative of an error signal in blocks of 270 samples in synchrony with the OFDM

pulses.
The demodulation output for the n-th block of AM samples is:

A(m;n)=exp (— 2-n-j-§2—'(—g—:1—))§w(k)- a®(270 -n +k)

exp(_znjﬁrn_l)%l).)’ form=1, 2, oy N



AM sanpl es. The remaining 79 sanples of the re-nodul ator output are saved
for the processing of the next block of AM sanples. Overl apped bl ocks of
t he AM sawplosdsmigyinal formthe input to the processing i lPCwatShzassE60 i n
Figure 3. These bl ocks are 349 sanples_,long with 79 sanples of overlap,
that is, the first 79 sanples of any EI ock are the sane as the last 79
sanpl es of the previous block. The processing outputs non-overl apped,
contiguous bl ocks of pre-conpensated AM data. Each bl ock consists of 270

sanpl eswhere a(k) dennies the sequsnce ofeAMnsasmlesond Nu2dthisdhe mupafghanM sample
led at, 59 280. = 1488375/.32 in.th
Sl e 8L o FRRIO0AA3ANG ARRETRERRD e 0 Rl (R g e

The out plthirCBPuisees id the windovofunttien, AMi kdna sirhmatiegaidexe of an error signal
in blocks of 270 sanmples in synchrony with the OFDM pul ses. The,
denodul ati on out pdf Felset HigeSaInies WrsERONGingA @anqane%on? eMemHary GRS, Wag
A(mn) = elddd i MNrierd J (m1)(k-1)1 ~-
, fornel %‘361632&*\?56%@ té)% g%%réél%néhéépﬁswl S%Ig)égt tgE%Zﬂ\r/(\)/here a(0) (k) denotes
t he sequence of AM sanpl es ([and2N;2563is the ratio of the AMsanple rate to
t he OFDM sub-carri ;8paeds ._56%20 n i §%§ he pul se nunber, in is the sanple
nunber w thin the pul se, S \% ndow function, and k is a sunmation
| ndex. 7o sel ect GRS, SHIBIGINE A6 LABRMLAL! QblARIAOdrRARLRIRRE RN to
carriers, the sanples corresponding to t conplinmentary carriers are set
t 0 zer otheAblpwing eguétion?, 3, - ,53 , in = 205, 206, , 256 Error ternms for
the non-conplinentary sub-carrjers are ner at.ed accglr(dmiln to the

i

fol | owi ng equati ors(k;%lg;v[;l()ﬁ% N(hA pr.j’z(}i'r—lj+8§\ I 31) (m1)

fork=1,2,---,349

where 8(k;n), for k=1, 2, ..., 349, are the error terms for the n-th AM data block.

To add overlap and subtract error from the AM signal, the pre-compensated

AM samples for the n-th block are:

a®(270-n+k)-8(k,n)-8(270+k,n) k =1,2,--, 79
a(270-n +k)= ,
a®(270-n+k)-8(k,n), k = 80, 81, -, 270
While the present invention has been described in terms of what are at present
believed to be its preferred embodiments, it should be understood that various changes may

be made without departing from the scope of the invention as defined by the claims.



n, , for k=1, 2, , 349 where 8(k;n), for k=1, 2,..., 349, are the
error terns for the n-th AMdata bl ock. To add overlap and subtract error
fromthe wblosiogneas , t he pre-conpensated AM sanples for tReTroSoti3dsBock are:
a(270 n + k) a(0)(270. n + k) - 6(k, ?) - 8(270 + k, n), k =1, 2, , 79
=a()(270 n + k) - 6(k, n), k = 80, 81, , 270 Wil e the present

i nvention has been described in terns of what are at present believed to
be its preferred enbodi nents, it should be understood that various changes
may be made wit hdVRatgepaimedds from the scope of the invention as defined

by the clainms. WD,03/050 S aﬁ’éﬁ@% dl 21 ai 1S, gidigal A
met hod for pre-co%ens%@ﬁ%ogﬁﬁgg%ﬁglﬁgﬁ%%n a %lhlg%g]:l?gsﬁgalltt%aqlét%udi o]
br oadcagidio breddghdingi sighal dncigdihg ¢heamad]logy mooldlatelt exlrieasigh@randi gphiraldpadfa

(F:)lolrjr}r)?: ;hx@g{lh@%@ggﬁl% Tcggr?kﬁlrjr:%i!ag;‘%g’ tﬁ%g‘e‘éﬁrglrcbg{pﬁss‘lﬁ'%g fl’ist’ﬁpst te airrﬁt gagcessi ve
bl ocks of sanpl eségnuﬂgr{%ﬁyEﬁélb%?gﬁai@@o&faintﬁ%g&!si‘?gBﬁ)cﬁi ofSAMIAS to obtain a

plurality of deno out putS; renodul ati ng the denodul at or out puts

t hat correspond tdembéulptitgiench mfndw bborks of sampledi to tobldiy alulakityedf
sub-carr,i er slitgnalts t o produce an error signal; subtracting the error
signal fFBATYART BHBYSt the bl ocks of sanples to produce a pre-conpensat ed

bl ock of sanpl es; rGRsHuEAH Ak Mnmlodelafr UEANP @S abAdsganack thé pealeRhamedi th a
plurality of OFDM pul ses to produce a conpensated conposite signal. 2. The

met Eod ohesaifahndigitapheodilated sob-earsieysigefie® ppdiieslerior Sigaspl es  overl ap
each other. 3. The t hod..of cl ai in Lp the
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pre- conpensated 5‘!’% qua e nu synbol
in the spnRsidnSatedlb@ik af samylesy alt oadcasting signal. 4. The nethod of claim

1. further conpri ?:E)rggintir?gethsetp?g-cgrfnpgr?szltce):idr‘]b?octkhgf samples with a plurality of OFDM
pulses to produce a compensated composite signal.

2. The method of claim 1, wherein successive ones of block of samples
overlap each other.

3. The method of claim 1, wherein the number of samples in the pre-
compensated block is equal to the number of samples in an OFDM symbol in the composite
digital audio broadcasting signal.

4. The method of claim 1, further comprising the step of zeroing the
demodulator outputs that correspond to complementary sub-carriers in the composite digital
audio broadcasting signal.

5. The method of claim 1, further comprising the step of:

synchronizing the pre-compensated block of samples with the plurality of
OFDM pulses.

6. An apparatus for pre-compensating an analog signal in a composite
digital audio broadcasting signal including the analog signal and a plurality of digitally
modulated sub-carrier signals, the apparatus comprising:

means for sampling the analog signal to obtain successive blocks of samples,

means for demodulating each of the blocks of samples to obtain a plurality of
demodulator outputs;

means for remodulating the demodulator outputs that correspond to the

predetermined ones of the digitally modulated sub-carrier signals to produce an error signal;



denodul at or out puts that correspond to conpl enentary sub-carriers in the
conposite digital audio broadcasting signal. 5. The nethod of claim1,
further cwopsiosiong the step of synchroni zing the pre-conpeasatser3ssbock of
sanples with the plurality of CFDNIpuﬂFes. 6. An apparatus for
pre-conpensati ng an anal og signal in a conposite digital audio
broadcasting signal including the analog signal and a plurality of
digitally nodul ated sub-carrier signals, the apparatus conprising; means
for sanpling the B€anofPr Sulyrasting theshiossignal fzap dlg one qfltb%k@ggﬁf ofssamplesdo
means for .denmpdul at i 0 of sanples to obtain a plurality
of denBHﬁPg?% gbu%%%%%ﬁgﬁggﬁéo¢%ﬁu$%hn ul ati ng the denodul ator outputs

t hat correspond t eneahefor poatimireythe pedcomensaéd bloek df gantAed withagbiralitgef
sub-carrier signals to produce an error signal; W 03/050943 PCT/ US02/ 38580
10 neangﬁigﬂp§g5§VdﬁP¢ﬁ§‘Vﬁ@q€P¥%¥1%¥@%§Fe%gﬁﬂ1the one of the bl ocks of
sanpl es to produge a figy 050815%h B) WhkeidfsusRRRY & SnesThIRATS afBles

conbi ning the pre-conpensated bl ock of sanples with a plurality of = OFDM
pul ses beerfapedcicethar.conpensat ed conposite signal. 7. The apparatus of claim

6, wher ei f bl ock, of | h,other, 8 Th
apparat us of ol ai b 6, WAEABPHEHRET GBS Heran s BEUPH GETBIE.in s prs at e
bl ock i §omptRhtel %1%&% BYHI86 _ﬂféfnuls@dw b€ Sarhpleih 4FOFDRY sPaboli iR théeorfguEResi t e

digital audio broadcasting signal. 9. The apparatus of claim®6, further
conpr i siigygal andambrohdeasting sigmal- t he denodul ator outputs that correspond to
conpl enentary subgcarriers in. the.co i.te digital . audi o broadcasting
signal. 10. The agpara Sa@?“%P%?ﬁ?%FpgﬁﬁFﬁ%fS%§%§§?sing: means for
synchr ogieghdr B@ifY tedefpaniant odtphtsatikt @iressuigltesomplementuey syb-varaibistiy of
OFDM pul ses.
P the composite digital audio broadcasting signal.
10. The apparatus of claim 6, further comprising:
means for synchronizing the pre-compensated block of samples with the

plurality of OFDM pulses.



