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nal, or it can
t ¥ansm wchahel ﬁhairin@lpdesdthgi steps of broadcasting an amplitude modulated radio frequency

' signal having a first frequency spectrum, wherein the amplitude modiilated 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

g " 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 iﬁ-
‘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 modﬁlated both in-phase and -
-in~quadrature with the first carrier signal. ' ' "

25 - In AM IBOC DAB systems, frequency domain side lobe constraints together

' - with symbol rate and sub-carrier spacing requirements can lead to signal pulse trains with-

~ overlapping pulses. The AM transiission comprises a train of orthogonal frequency division
multiplexed (OFDM) pulses. The pulses are made up of evenly spaced sub-carriers. The -

. digitized data is subdivided into “m” bit words, converted to amplitude and phase values and

30 - then assigned to the sub-carriers. The shape of the pulses is selected so that the sub-carriers

are orthogonal to one another when matched filtering is applied at the receiver. In this way,




format where the renpval of the analog signal enables inmproxsg 2dogit al
coverage with reduced interference. |IBCC requires no new spectral

al | ocati ons because each DAB signal is 10 simultaneously transmtted wthin
t he sane spectral mask of an existing AM channel allocation. ]BOC pronotes
econony of spectrum while enabling broadcasters to supply digital quality
audio to their present base of listeners. U S. Pat. No. 5,588,022 discloses
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receiver. th@&éi%kﬁs.way, S5 April 2006 2 matched filtering can recover the
anpl i tude and phase information for each individual sub-carrier and

t her eby recover the Thalwaveforneased il ghe AMwhigital agdio heppdedstiagsiypteryistthe
required o | i u r n ar, i QN +s .t he
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-paper by MNgapsmitted rylgaiteain ometlap. The presence of this overlap introduces distortion in
 me output of me demodulator.
The distortion caused by pulse overlap has an effect similar to that of
- noise; i.e. demodulator outputs are displaced from their assigned constellation
locations. When a large number of demodulator outputs are superimposed on a graph,
they give a fuzz-like appearance to the demodulated signal constellation.
It would be desirable to reduce distortion caused by pulse overlap. This
invention seeks to provide a method for pre-compensating signal pulses of an AM

EBOC digital audio broadcasting system to reduce distortion.

SUMMARY OF THE INVENTION

In accordance with a first aspect of the invention, there is provided a




“Certain Topics in Tel egraph Transm ssion Theory," Trans. g\lopgs El ectr.
Eng., vol - 47, Apr. 1928, pp. 617-644). The solution is to extend the

| ength of the rectangular pulse and apply a raised cosine weighting to the
result. The transmitter and receiver- split the weighting with the
transmtter and receiver each applying the square root of the weights. The
wavef orm used in one AMdigital audi o broddcasting systemis the

convol ution of a Nyquist type pulse with the Gaussian density function.
This construction guarantees that the frequency domai n side-|obes neet
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In accordance with a third aspect of the invention, there is provided an

apparatus for pre-compensating for pulse overlap in a digitally modulated signal, the
apparatus comprising: an input receiving a sequence of signal pulses; a first modulator for
modulating the signal pulses to produce a first sequence of modulated pulses; a first
- demodulator for demodulating the first sequence of modulated pulses to produce a first
- sequence of demodulated pulses; a first combiner for combining the first sequence of
demodulated pulses with the sequence of signal pulses to produce a first sequence of error
pulses; a second modulator for modulating the first sequence of error pulses to produce a
first sequence of modulated error pulses; and a second combiner for combining the first
sequence of modulated error pulses with the first'sequence of modulated pulses to produce
a first sequence of compensated pulses.
In accordance with a fourth aspect of the invention, there is provided an
apparatus for pre-compensating for pulse overlap in a digitally modulated signal, the

apparatus comprising: an input for receiving a sequence of pulses; a first modulator for

. R




to produce a sequence of nodul ated pul ses, storing the noduhghiedopul ses,
usi ng non- consecutive pairs of the nDduIated pul ses to produce a sequence
of first order error terns, storing the sequence of first order error
ternms, and subtracting each of the first order error ternms from
correspondi ng ones of the nodul ated pul S?E to produce a first conpensated
signal. In accordance with a third aspect of the invention, there is

provi ded an apparatus for pre-conpensating for pul se over| ap in a
digitally nodul ated signal, the apparatus conprising: an input receiving a
sequence ofnodhBARl (RUPRGS: todprédcsta SRR rméd%ﬂated‘?dldé@tal gt §tbRg8 lefidddnt
pul ses to produce a first sequence of nodul ated pul ses; a first
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conblnlngth frrg ﬂuenc fodulated error pulses with the first
sequence oFF fséﬂ prsagd s oduce a first sequence of conpensated
pul ses. I n accordance with a fourth aspect of the invention, there is
provided an apparatus for re co ensatr ng for pul se overlap in a
digitally nodul ated signB [2ESGR ! "J-r hHh DRAWINGS | nput for

receiving a sequenc I . — r iﬁAB
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each of the first order error terms from correspondi ng ones of the
nodul at ed BWUFR#E¥Lto produce a first conpensated signal. BRI EF DESCRI PTI ON

CF THE DRAW NGS Fi g b | BOC
DAB -signal, show nglﬁl %?Svgu evezfmﬂb?k R%%Fﬁg?@&ghg%h%@ﬁfth%rbﬁgﬂ&% (%filﬁllg a
simplifi ednbzleuukn,ohmlgr am of relevant portions of an IBOC DAB transmtter,
whi ch may incorporate the pre-conpensation nethod of the present

invention; Figure 3 is functional block diagramthat illustrates the

~operation of the i npighid Hik;a @Bk detailed functional block diagram that illustrates the

operation of' the invention.

DETAILED DESCRIPTION OF THE INVENTION

Referring to the drawings, Figure 1 is a schematic representation of an
AM hybrid IBOC DAE composite signal 10, showing relative levels of the analog
modulated AM, and digitally modulated DAB signals. The hybrid format includes the
conventional AM analog signal 12 along with a DAB signal 14 transmitted beneath the
AM signal. The DAB signal includes a plurality of data carriers, evenly spaced
frequency. The digitally modulated carriers are generated via orthogonal frequency
division multiplexing (OFDM). This formal edables the spectra of these carriers to be
overlapped without any intervening guard bands, thereby optimizing spectral
utilization, However, a guard interval can be used in the time domain to compensate for
signal timing jitter. The OFDM modulation technique is extremely beneficial for
successful DAB operation since bandwidth is a premium commodity in the AM band.

. An additional advantage is that there is no need to isolate the DAB digital




Figure 4 is a nore detai.led functional block diagramthat ghbtistonat es ‘the’
operation of the inventioh. DETAI LED DESCRI PTI ON OF THE | NVENTI ON Referri ng
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nodul ated AM and digitally nodul ated BAB signals. The hybrid format
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‘complementary modulation “(i.e. complementary BPSK, complementary QPSK, or
complementary 16 QAM) and is more fully described United States Patent No. 5,859,876.
- 20 ' o Additional groups of quadrature amplitude modulated digital signals”are -

4

placed outside the first group. The need for these digital waveforms to be -in—quadrature with
the analog signal is eliminated by restricting the analog AM signal bandwidth. United States ..}
Patent No. 5,588,022 discloses additional information relating to IBOC DAB waveforms and
is hereby mcorporaied by reference. - ‘
25 Figure 2 is a block diagram of a portion of an AM IBOC DAB transmifter 30
N showing the signal processing functions that aré relevant to' this invention. A sampled audio
- signal is received on line 32. An audio encoder 34 converts the sampled audio into a digital
signal: This digital signal is subjected to forwa_rci error correction as illustrated in FEC .
encoder block 36. The FEC signal is interleaved as shown by interleaver block 38. The
30 resulting interleaved signal is modulated by a Fast Fourier Transform modulator 40 to
produce the DAB signal on line 42. To produce the analog signal on line 46, 2 sampled audio
' signal is supplied by source 48. The analog signal on line 46 and the digital signal on line 42

“are combined in summation point 50 to produce the composite signal on line 52, that is




guar ant ees orthogonalki'ty with the anal og AM waveform Thi $ AptReogd encodi ng
is called conpl ement"aljy modul ation (i.e. conpl enentary BPSIf,)/r conpl enentary
QPSK, orwéanpgbeaentary 16 QAM and is nore fully descri brdr/usizsssesSt at es
Pat ent No. 5,859,876. 20 Additional groups of quadrature anplitude

~modul ated digital signals-are placed butside the first group. The need for
these digital waveforns to be in-quadrature with the analog signal is

el i m nagigdedientie siadubitedgy W nevdaladg SAMisl gitialatddp delwalédito whierinadoSt Hices
Patent No. 5,588,022 di scloses additional infornption rel.ati .to 1BOC DAB
wavef or Wﬂ&ﬁ@nsm%teﬂéwély‘yamﬁ%i% thEFfﬁljfloFBf"}é‘?"élh ¥ thepravef o g 1a 1) ock

di agram of a portj of, I I; | pgnal
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processing functions t to this invention. A sanpled audio
si gnal swnbdcst wadisubacdriiecsp3dng Aruaradents bad copulsSttaine miibraveriaipmgspuigssed

audio ipto a djgi.tal, signal. This diqgital, signal s subjected to, forward
S8T0 BiiRe frerlad moqucrt, SRRl s dimSiedP e oSS Al aiorfint ™, ¢
interl egyedas GHAMINNe dBLEMISRY bndliRGkn38Fighhe 330 fiestahAll B1ecK fiaghleaved

signal i's nodulated by a Fast Fourier Transform nodul'ator 40 to  produce
t he DABi®i Jhatraion thei eperativn afothp iwxcbntien.t Abe fwadtioys diuprateddn Higwe 346m be

| ed di .Si | . lied .. 110 i li
36 ana PRt afGraich SR Reabor e Ry pAIS PO MR At 5071
pr oducejyt PP Phirity FOFDRN pliséeindthe fdi@tndys ddmARI ik IrecPRE oM0NB6052990

5 PCT/ US02/°38928 EUbsequently nodul ated by AM nodul ator 54 and ultimtely

d@! i ver Bhese pulsas angrracdidated peshosinga dlockrGdrfe predusy apirst madylaied signalaslinen e

general .f orim.sh e f h Qur n _ guency
domai n &ad SRR piF oVBE 5 Mok Bt Boge g TF cORAPHEL Billecd mfe o

spac_: ngd@ﬁmu]agaﬂemlnglew Hleckpéed Sﬂc:] Bllﬂﬂi‘alﬁ’&:dVﬁrdl? th%@ﬁlgﬁxap' pnlg_eqoidﬂ smsmatida Pul se

overlap introduces distortion at the qutput of the recei ver dempdul ator.

Thi s di Bei8F 7§ oAhapseling fygt crragsienal ¢p e 74 W@&%ﬁ%@@%&%ﬁc}?gﬁﬁ gure
3 1S Tuned i@etond! A6duSbAUAM of IR 76 id UBlbALE Sioh TacORRE folifhitcdsidraPat

I nvention. The functions ilTustrated in Figure 3 can be performed in

dénbi nasumnaert poihh@8.nothib atsolts in Uit edrawknbatedisignkl 40 Ik 30, gompriging As
shown in. Figure 3, a plurality of OFDM pyl ses in the frequenc inis
recei V'e@“%‘_w gﬁ@n@ﬁ."saﬁfpﬁ‘ﬂé?e Sb‘i/ﬂei‘ém_é‘?@“%ﬁ‘i?@f? Is°V§F}8PmﬁH‘? ﬂer%?(g@%%& to
produc emﬁpﬁt' Wil iRt 8Rios@N Ho @B phdcB® cafibe rdptafedRindit HRABsiBI0R SN & | ap
as illustrated by block 66. The overl apped pul ses are _denodul ated as shown
by bl ocin 88cpinble davsl.r acltiguref3s one adviition| dimedulsfigngaedulationseatarol shpghnt 70,

0 b L Bt PR e b 8 PR, BB

for st npelidsadre Hen®dGRAI @&t shown by block 84 and subtracted. from the original pulses in
h ' summation.poilit 86. The resulting second error signal on line 88 is then modulated as shown
in block 90 and the résulting third modulated signal on line 92 is subtracted. from the first
compensated signal at summation point 94. This results in a second compensated signal
- ,oﬁtput in the time domain that includes a second plurality of pre-compensated pulses on line

25 . 96, Some level of overlap will still be contained in the p_ulées on line 96.. _
o ‘ The invention takes advantage of the fact that a quantifative value. for the
" distortion is available at the transmitter, since the train of ovetlapping. pulses can be
. demodulated aﬁd subtracted from the demodulator input. The error, that is, the difference
" between modulator input and demodulator output, can be subtraéted from the modulator input

30 .. to. form a train of pre-compensated pulses. : o . .
| ~ Rather than implement the computationally intensive procedure described in
- Figure 3, the pulse over-lap pre-compensation of this invention can be implemented using

formulas that efficiently perform the demodulation function followed by re-modulation.

H




15 sunmmation point 78. This results in a. first conpensat eglAgfiivas on line
80, conprising a plurali t’y of conpensated pul ses. ‘Si‘'nce the conpensated

pul ses wwo oxoserdbap, the denodul ator output will still canvesowsshistortion. ’

So the process can be repeated until the distortion reaches an acceptable
"level. In Figure 3, one additional denodul ation/nmodul ati on sequence is
shown. The conpensated pul ses on Iine 80 contain overlap as shown by bl ock
82. The Figwfee 3ok efin2ibral birek {ﬁﬁ$aﬂemwmmads ds spweaiorbyf tHeombksreSdifiaiedt
subtracted fromthe, original ses in summation point 86. The resulting
second eMPEICKi gnal on line 88 is then nodul ated as shown in block 90 and
e g ot B hh 8100k BlihDfo Pienl GEONPHEBC | EHedt @B ff:
first conpensated si sunma esults 1n a second
conpens at(@darsi gmdhlatemw Lshow-m Hyhblotk rmzd ofh¢ nnfita to |ﬂm: mcdiatatian gecoessl are

plurality of pre:conpensat ulse n line 25 96. of erla
witl st |ﬂeﬂ“€l5'éef‘c‘éﬁﬁ°§il SRR eXoHOIds e @Btﬂcteaﬁ% Fisnt Sk il
advant aGe1ffce el ;J@Em@ ﬂﬁ@ﬁw&ﬁbﬂﬁl R to hOK c&%@eua@ibﬁt ortionis

avai |l abl e at t e tra ter, since e train of overlapping, pulses. can
be denodul ated ariﬂaeshmstmfa;he digithl irsttdaen ﬂhahﬁ:dmb&ha)mpmrqoahe OFWeyst@n arg hat

Is, the diff nce t and denodul at or, out an be
bt 1 c PTG P R Bresh o ig 106 tord denedl RrEsprat B gRe e ket T o

pul ses. feaiteens Fﬁ&lﬁﬁ m@m% &ﬁ'ﬁi&llat‘ichﬁ TPORMh I ERRDILY wordsaRSH 16 fn MEOBPEILD Sre
described I n ure. 3, the pul se over-lap prie-conpensation of this

i Wenti cnomxdnepmngﬂseﬂr@rdlemaluwﬂg aref userh dsaardresass tof 4 tahlenf e gamstedation he
‘dermodul a n function followed by re-nodulation. 5 April 2006 WD 03/0529%
PCT/ US02Y F§§§28 6 Figure 4 is a functional block diagramthat illustrate&-
the operation of the seidaelifulesate cApd 986N sﬂﬂeeggeﬁg%delxﬁémm TRt at
correspondi ng to each OFDM pul se is received on |ine and nodul ated as
shown byngiudaska P@)Eahfﬁ’h@f memmy dogaionh 0o a]tllooﬁldpﬂb%esrgw‘aﬁ@ﬂﬁog%ﬁ%‘f?c es
of conp te W ahues
hat ool BuisGe CRRm RS s RIS B, Sof el i ol B g BY YAV

t 05 as a uieukstial dfald @ingrafihe Iﬁbm&e@fpmbﬁy@tfmstairddmeimstemannmhau16 orms the
i nput to the OFDM system are assenbled into words of fixed Ien%t h. The

word 1'ength correshHindsY't Bropsrs indeimed belgy. oFhe st orei AT s Ase AlQ stoFeds he
const el liatipip v éﬁte?l?%lﬁe' He dﬁngfﬁyt gﬁ%%lvﬁ@ a"ﬂﬁt‘%ﬁg‘s Jgf;‘has , Eeﬁﬁmh ﬁ@é‘tlztz%nhh?410

nodul ati'on proc S are resses t’'o a tab
.t he conskhel UNt procesgak lapphed dgmin lamdhdvm ad bjpek s, ﬁlisatla:wtt@r&ﬁ ﬁrslt order sidrf t

rlggl s'&g%et e ni?efglli)lg_%gﬁll‘é ?3@90@8 g%?rpg rrln%ro?ll I{r}eylz%f e se A or %It é:r?cr»]r-s
20+ terms are stored in another shift register type memory 130, having memory locations 132 and

- 134. This process can be expanded using combinations of higher order errors to derive error

Sroia

© terms of any order.
The first order error terms are summed with the modulator outputs at
summation point 136, and the resulting signal on line 138 is summed with. the second order
25 error terms at summation point 140. The resulting signal on line 142 contains an overlap as - |
'shown by block 144, In the transmitter output, the compensated pulses must overlap since -
- the compensation process does noi reduce the lengths of the individual pulses. The
iniplementation shown in Figure 4 produces outpuis in blocks of 270 samples (the symbol
3 period). But the pulse length is 349 samples. Therefore; the processing applies the
30 compensation to all 349 samples of the current pulse. It then adds the first 79 samples of the
- cinrent pulse with the last 79 samples of the previous compensated pulse and outputs that

- sum together with the next 191 samples of the cinrent pulse (after compensation). It then




nodul at ed pul ses (separated by one pul se) are combi ned in RnapiIoeess denot ed

T

by "W" in 15 block ‘114 of the diagramto produce’ a plurality of first
order erWér03{oeza¥ on |ine 116. The "UV' process is definedriosxsgrgThe first
order error ternms are also stored in a shift register type nenory 118
having a plurality of nemory locations7120, 122 and 124. The WV process is
applied again as shown in block 126, this tine to the first order error
terns, tsevesithailast &9psammEes bf thef cisenordmpetiated gruler fdrafoffbiging IWite thk28xt The

second qrder e ror120 er are stored jn another shift register type

mermory P3GPHEFCRY S&M%B’gfqomni@%}ﬂ@”thMrﬁ ess can be

expanded usi ng CO@‘@%@@B ISRO%s Fhy MO AEARE PRSdeS! éfféc?shﬁ’ﬁéo‘ﬁﬁecglﬁ(z@[a&@s! s of
S rfDB g t e nodul ator

any order. The first order error ter are sumred w

out put s Tae ovetlamés i"gmupasesitthd 8Btorderd thah ecoues when fig: pilgnadre assemblod ih@Sa i S
s%rmed i th the secgnd.order 25 error terns at sunmation.point 140. The
resultiﬁgfsgitr Hal d?'naf“f' ﬂgg‘:’fﬁ%ﬁ ﬁ{‘}ﬁ i%é‘lpﬁﬂs%‘\?BPffélBSé’%veng% CIBRIS (p EROVE44. | n
the trambeidbiedulRsiPss, différBRisO 70 Ana Jdktidpidh Sza%nsﬂh%& tﬁ%vcﬁfnhnp%aﬁsa?i' ng ffre
- conpensation process does not reduce the | engths of the | |V|8ua pul ses.

The i np? dibikesybsraciondf preduceyeamrer feppuldesc eBubtheplangths iofi thuso pldsenftilP 70

sanpl es | i - But the pulse Length i.s 349 sanpl es.
Ther ef 0%&@@@’%@9 %Orﬁlg@e{lﬁfﬁ%ﬁ%g’s ﬁ%ﬁp%atc?g Rﬂgf‘ﬁs‘é’pf% TEB Ogggﬂtgég, Wheh| es
of the assembled iftolagelsel thait heTheastedag $Eaddotust fof Shatsvelifs ard thk AEmEERILEM

| se WS«%R:Eéfhe l.ast 79 sanples of the previous conpensated pul se and

t put s crengipg sogeedation 90, 2nd snbimgtion 94 corsae fhesseenndt source wf ewnt, ipul se

(after - j 0 A 6. VO 03/.052990 PCT/ US02/ 38928 7
saves tﬁ%@g}s}%ﬁ% ?grvrvp %ééggﬁ Q?‘ﬁ%@%értrc 8@9%58 %&éggeﬁﬁl%ﬁﬂo GHBT ng
wi th t hemmeitat adenfpansiat pdsqwhsttherige 6f DgverDpilisd AFPRD SRS Rth PUbEEHeE-©
~output gn.lin 148T gi ure 3 shows why the_conpensation process affects
non- conSEPyPitand (irdd<h pulppraliRet thegiras dermy 7on, Cansequentiye thei @t 1drth ik adat
occurs i1 Belspul L0t .S B ity -] hi.s

di stort(leﬁﬁpt h_gt theﬁg(gntgéﬁ)ggﬁégﬁb%? C%P %Pls'{ﬂi ﬁ{}séegt ﬁglﬁ ‘g’te%%ﬁé? sc%nrébliﬁ%n%]\rlég. The
dénodul ¢ansenitiss puldes fremetheiontpu? 80 and dherefird i taiffected Athpnetithe etrieterms 76,

conmpen Fon term.76 ot .the gubtractiagn 78 produces errqr_ free -

ol Ses. BT porertLi(e pnBs i his ot M doutipifin PincBiscetianns beymIche pafsod.

- Ther ef ofifsithichgide erpeReAbaRepUl S€S W || overl ap one another, when assenbled
into a pulse train. The overlap 82 accounts for that overlap and the

- denodul ation 10 ghhe algarithmaysed fpegormitioeifinationsnll@gratedrid Figiot 4 skt inow b84

- correct 0 f error: i.e.. the over . .Now the results
of the Q%S%eﬁggﬁg%ﬁ%a#ﬁﬁ @éﬂ glg%‘,lth%]flp"mlsfr?&q‘}%mﬁ’r bg‘g‘@gg’é’rf FB?lp{ef‘e‘Fahteat hat
abi se faomstellftiong wisfsn denceés the pulSé Bembér ad W isVRNnA 881 viried fichP! id Dss.n-th

*pul ses,_the (n- 1)-th, n-th=and (n+l)-th pul ses affect the error term 76.
‘Conseq L@{tapygi, quén)(lﬁ 1pR-zeyp oy {91 therg values of m, which correspond to an active sub-

carrier including the BPSK and IDS sub-carriers. The table below, lists the indices of the

- active sub-carriers..- As indicated in that table, the number and. location of the active: sub-

carriers is mode dependent. The main carrier is insericd later in the transmitter processing

25  sequence. _ o -
| The outputs of the algorithm are 270 sample pulses, which, when
~ concatenated, form.a train of overlap pre-compensated pulses. Each of these algorithm
output pulses begins with the 79 sample overlapped portion of two consecutive pre-
compensated pulses. The remaining. _1‘91. samples of the algorithm output are the un-

30 overlapped portion of the second of the t\iro pre—compenéated pulses. To be more precise, if
A ,x,:,_(k); k=1,2,..,349 denotes the n-th overlap pre-compensated pulse, then the corresponding

algorithm output is: S o




- .indices of the athé ve agdithmr ri eepeats As af ndi that ed OFPMhat symbele, . 'ithe

(n+l)-th pul ses affect the output 80 for the n-th pukse. Hgyqyvepsap 82
conbi nes three 15 consecutive pul ses fromthe out put ‘80 and therefore is ,
af fect edwddzrosrsglh the error ternms 76, by five consecuti veTpughs®ses In this -~
way, the conpensation process extends beyond the pul ses on either side of
.a given pulse. The algorithmused to pgerformthe functions illustrated in
Figure 4 will now be described in greater detail. The algorithminput is a
sequence, {X'(m}, of npl.e |, ye 0 .constgll ati ons where n denotes the
pul se nunmber and $1%§= %WHnﬁgy%Sﬁgﬁﬂéhgrésgfrb%#l to 256. For any n, X'(m

i s non-zero only bt 't HaséyaFds9Rf--y@70whi ch correspond to an active sub-
carrier including the BPSK and I DS sub-carriers. The table below, lists the

-

nunber ] el th ivye sub- carriers is node dependent. The
mai nCaf%%é?%/?iﬁ?%&ﬂ?&g%ﬁﬁéélﬁz.t he transmitter processing 25 sequence.
The outputs of thenah@esdd BcHNE odtpht SASR thePAMS &fnpleftaten, (108B5164)-270 ~

concatenated, form a train of overlap pre-conpensated pul ses. Each of
these at@fdi2idzam out put pul ses begins with the 79 sanple overl apped portion

of two consecuti v, re- comnpensate . Lengi.ni mpl es of
the al gorithm out PIRFE ke egﬁ’%fgﬁbm%&%%lgh :@r?qg?&%lﬁtgr é@%}ﬁ?ﬂ of the

t wo prefsc%@%gy.sat ed pul ses. To be nore precise, if x"(k), k=1,2,...,349
denotes the n-th overlap. pre-conpensated pul-se, then,the 3 rrespondi ng

al gorit hm out put i&b)(@_AQ/I‘(ﬁi}%Zﬁ(%ﬁ &38@{95 gf 81m( )-@2?58928 yn (0 {xn ~
~, k 199495, tk) Fo1'2= VA3, —Theval goki't repeat® at thg¢ OFDM synbol
rate, 1488375/32/270=11025/ 64;‘1‘1752;%%6 Hé The average effective output rate
is the AM sanple rate: (11025/84)270" 4 L3P Hz, is given by: The processi-Agy

bedi s wi ot _ N \ _

xn(m - YB3 RGBS ol P g e M e o he

%olnFl exoftthe sdoekdigidicosinpeiimiosv.and W(k) , ' 1c=1,2,.:.,349, are the terms 15
ol | ows: o 1

- The pre-distorted pulse, Xy, is given by
x, =50 - el

r=1 ,
where the terms, e,", are 349 point column vectors defined next. .
. For any integer T > 1, define the r-th error term for the n-th pulsé,. &, as
15 . :foliows:
0 =[x+ v x
- and:
e fue®eve®] o £y

"+ whete U and V are 349 by 349 matrices and 'xnﬂ(o)-and xn;l(ol"axe interpreted as Co}umn

20 - wvectors. The mat'riceé U and'V are defined by - |
| (w(a) w=271,...349, v =u—270
Uu,v =i d W(u)W(u + N), n= 15,16, ___’.93’ v=u+N= 270
19, otherwise o
Ei?v-z"(u),u=1, 2,...,79,v:"u.;4270 ' S : .
V., ={wla)w(o-N)u=257,258,...,335, v=u+270-N
10, otherwise - _ : .

The 349 by 349 matrices defined above are convenient for notational purposes
but are cumbersome (and unnecessary) for computations. The followjng steps evaluate U-a +

25 Vb, where a and b are 349 point column yectors.




For any |nteger r > I -define the r-th error termfor t he apl 2po06se, -e(r),
as e9 ) —IVxU+)|+\/XL}1e(r+I) - [U. e() + e ()i where U and V
are 349 wpo34Sepmt ri ces and xn+t (0) and x"-1(0) are inteppresedssss col um
20 vectors. The matrices U and V are defined by w2(ul u = 271,...349, v = u
- 270 10 of the roof raised cosine w nflow. The pre-distorted pulse, x,,, is
given by Rn = X() - C(r) nnr=1 where the terns, el,(r), are 349 point
col um vectors det']f)ezdotke&tl 2 L. vk49) W(u +N), u =15,16,..., 93, v = u +N -
270 0, otherw se (u), ué{ ?vuZ?O vto= u)w(u-N), u = 257,
258, ..., 335 v el 7 wiK):#ko 278) hdonk s@ 72349, }P 349 matrices defi ned

above are conveni gl a‘:ow k‘)owéugﬂa pgseﬁ)rkb:uis age-gvBper sone (and
unnecessary) for c :Aons2 gﬁ(fol oW n eps evaluate Ua + 25 V-b,
where a and b are® p‘g(&( e gkl itk e @or for i\ﬁ’flh 06 WO 03/ 052990

PCT/ US02/ 38928 9 a(kk)) Oc(ll’c? ,w(llz w(k34256§(ﬂ(1l+¥4)'\/2(ﬂ$x)1@(=|9527®58 fO,ijF_SZH 272,
349 c(k) = w(k).w k+256) a( k- 14 for k=15, 16, c(k)

c(k)+V\2(k_) b(k+270, fork=l,2,---,79 c(k) = c(k)+vv(k) wW( k- 256)b(k+14)
fork=257, 258, , m'aulﬂbﬂuh@it@that &@ubtsCarfhapoxdiotormhve@mi-eapemmré gctaec erve
sub-carriers are set to zero. _The follow ng tabl e shomgaét he nodul at or

i nput s Thafollosrrmiahlethews dheymodulator ipaisBat canian me-zerofaiz fogaliT pitbdhsueen

e PRI R PR AR
.| Adi qestﬂ%ﬁlimqubr :

“Hybrid Mode - | All Digital Mode
DFT Output | Sub-carrier Indices | DFT - Output | Sub-carrier Indices
Numbers 1 - - | Numbers I
2 through 53 +1 through +52 2 through 53 +1 through +52
58 through 82 | +57 through +81 = | 205 through 256 | -52 throwgli-1
176 through 200 | -81 fhrought -57 — - '
205 through 256 | -52 through -1

The above process can be performed in an apparatus for pre-compensating for
pulse overlap in a digitally modulated orthogonal frequency multiplexed signal, the device
‘ comprising an input receiving a sequence of pulses, a first modulator for' modulating the
0 pulses to produce a first sequence of modulated pulses, a first demodulator for demodulating
the first sequence of modulated pulses to produce a first sequence of vdemodﬂlatedfpﬁlSes, a
first combiner for .combining the first sequence of demodulated pulses with the first sequence
of pulses to produce a first sequence of error pulses, a second modulator for modulating the
first sequence of error pulses to produce a first sequence of modulated error pulses, and a

15 - second combiner for ecombining the first sequence of modulated error pulses with the first
sequence of modulated pulses to produce a first sequence of compensated pulses.

The apparatus can further comprise a second demodulator for demodulating
the first sequence of compensated pulses to produce a second sequence of demodulated
pulses, a third combiner for combining the second sequence of demodulated pulses with the

20 first sequence of pulses to produce a second sequence of error pulses, a third modulator for

modulating the second sequence of error pulses to produce a second sequence of modulated -




Sub-carrier Indices NunmbersNunbers 2 through 53+1 through 5-38@ dobgough 53+1
't hrough +52 58 through 82457 t hrough +81205 t hrough 256-52 through -1 176

t hr ough R@Pezns2ddpr ough -57 205 t hrough 256-52 through -1 pharsabesses process
can be perfornmed in an apparatus for pre-conpensating for pulse overlap in
a digitally nodul ated orthogonal frequegihcy nultipl exed signal, the device
conprising an input receiving a sequence of pulses, a first nodulator for
modul at iRgr hilSes, Q%&ﬁ?cérﬁbﬁéﬂ@k‘@&n&nﬁﬂgtﬁ& sS&RAI88fiRn&Y o OGS drrBhiEias, 2
first denodul ator for denodul atin the first sequence of nodul ated pul ses
to prodwdth the flirstsequamge of G@nmnsaregr@dlsbsatoatm@lmege@corﬁ sefirenye of erpersetetor
conblnlnglthe first sequence of denodul ated pulses with the first sequence
of pul s8%%FH produce a first sequence of error pul ses, a second nodul at or
for modul ating thgpki iSbnRAHLMEE cAborffdstds B lafeHath® foF Pedic@nFenkatiigt for
sequence, of nodul ated error pul ses, and a 15 second conblner for. conbining

t e fir prlseeuerbanda actigirstyunedudacd pribegopal egnengyt multiplexed signal copprisiganof

nodul at r.o, (o] The
appar a TPEdh Febfd SO S b lest SORSE W ouiOBP SR Bt s W7,
~first segdesee s@ﬁu@ﬁmnﬁ@mﬂﬁe@pﬁs% at frsp sioeige @lange donstosag tenmedultited
denodul ated pul ses, ~a third conbi ner for conbining the second sequence of

denodul avlé@s, ﬁlﬁrgte@mhmw fonusipgnen-pensedilyGPITe of)ﬂlem@é@eq BulgssdaPEXIUSe &econd
Sequence, gercgfoﬁrspﬁl% daf §rrct) et | %em%t&tagé 8lfeﬁrent P gﬂd{lﬁ# 'ﬂ‘ﬁgsgh{?%%cg 3;?5 Koril

.sequence error ses produce a sec sequence o

A006 \V\Gd2Bkfb2 %S,Pﬁﬂ’ MS&%& &82binet Goresubanctig mh of ahd frat tohdee @ndor heemsf or

conbi ning the second sequence of nodul ted error ses with, the fLel_ﬁg df
at e

sequenc S8 cumEpRKLng sl Iﬂéf'e@o%hblaﬁﬁg E%toal’fg@‘&? epranrusaied sigathp
pul ses. @Lﬁarhms{lpggﬁ r bobR& semﬁ&sfo%sﬁg 91%—%11%%0{1@% PhR- AP ERgat i ng

for 5 pulse over In a |g| y nodul at ed ©orthogonal frequency
mul ti pl exled esbgieats dxopmdusev mgecpnncmquiﬂecabmﬁ ondelcemn tegos agbigd etmc@ge(ﬁﬂerp@nts es,

a first .no ulat r for . Iatl e pul ses uce.,a S ce of

modul at 89 Sgege safierreot signd Butel FuRIRr i B S Ehetaoh it Son

-yl ses, oﬁtﬁé §e%5nd3 e R8for i@fnsUs| dwrc@ﬁl:lﬁdﬁ@( ;ﬁ:ﬁ@éﬂtlh\'tﬁe Bigdt r@nﬁfeni,alfﬁ §I§le|t§t ed
pul ses to produce a sequence of first order error ternms, a second storage

el ement pfogiucess sacond compensegdsigmeal. of first 10 order error terns and a
second conbi ner f subtractin the firsf o rom
correspondi ng onegigfpr?%eés%%gu&éfe dPoﬁc}Ljs e%WF%uO[S‘r %a ué‘g% u&fﬁé{p %t ed
. si gnal . siEh8l processing, wherein the various modulation, demodulation and com’ommg functions

can be performed in one or more signal processors.

L2000 ' While the present invention has been described in terms of what are at present

' beheved to be its preferred embodiments, it should be understood that various changes may

f(.\‘ "
i

~ -be made to the described embodiments without departing from the scope of the invention as
: d_eﬁned by the claims.




apparatus can further conprise a third conbiner for using mgpyoepsecutive
pairs of the first order error terns to produce a sequence of second order
error terns, a third storage elenent for storing the sequence of second
order error ternms, and a fourth conbiner for adding each 15 of the second
order error ternms to corresponding pulses in the first conpensated signal
to produce a second conpensated signal.1lThe processing, required for this
i nvention can be performed using digital signal processing, wherein the
vari ous nodul ati on, denodul ati on and conbi ni ng functions can be perforned
in one or nore giameds:processors. 20 Wiile the present invention has been
described in terns of what are at present believed to be its preferred
enbodi ments, it should be understood that various changes nay be nmade to
the described enbedimethtvd wof tjrewongepsatingndor rpmibset lneedappie ef digwellynventi on
as defined by theclainss., 5 April 2006 11 CLAIMS: 1. A nethod of

pr e- covpgulated figppls be methed comprsiag thesiePEPBi tal Iy nodul ated signal, the
met hod conprising the steps of: receiving a sequence of signal pulses;
nodul ati ng t he 1stejvialg aneiquencetdd signadipelses first sequence of nodul ated

pul ses; denodul af i Rg.: f &25% gﬁgﬂl roduce a
first sequenceﬁééﬂgté%gﬁléé\%@tﬁ]pgﬁgge ; .((:Igzr"rebl ni ngs@%%&xc?ﬁ??ﬁﬁg&agﬁcgnce of
denodsillggsed pul ses with the sequence of signal pulses to produce a first
sequence of error | ses; " npdul ating t fi,r equence of .error. pul ses to
produce a fi rst‘?@é‘gﬁ‘@r‘% g\‘enﬁfﬁhﬂeﬁ’t‘ ee‘?r}re’ér’rodﬂf#?i?,gﬂ% PEOBIKi hiFthe first
sequepiRicRic S ATBsle@plREs;PUl ses with the sequence of nodul ated pul ses
to produce a first sequence of conpensated zul ses. 2. The nethod of claim

1, further conmomtiiniggithe fissteygquerice dfidesno phkses mith the seawanceSdquence
o OB OB A UGB AR s ue s of  jerpaulated pul seo
si gnal pul ses thodulaitycthedirseeguenceasfieene uides es prdupe h st seqpehdeatfi ng t he
second seguence of error, pul ses to produce a second
modulated error pulses; and
combining the first sequence of modulated error pulses with the first
‘sequence of modulated pulses to produce a first sequence of compensated pulses.
‘2. The method of claim 1, further comprising the steps of:
demodulating the first sequence of compensated pulses to produce a
second sequence of demodulated pulses; ‘
combining the second sequence of demodulated pulses with the sequence
of signal pulses to produce a second sequence of error pulses;
modulating the second sequence of etror pulses to produce a second
sequence of modulated error pulses; and
combining the second sequence of modulated error pulses with the first

“sequence of compensated pulses to produce a second sequehce of compensated pulses.

3. A method of pre-compensating for pulse overlap in a digitally

modulated signal, the method comprising the steps of:
receiving a sequence of pulses;

modulating the pulses to produce a sequence of modulated pulses;
storing the modulated pulses;

using non-consecutive pairs of the modulated pulses to produce a sequence of first order

error terms;




sequence of nodul ated error pul ses; and combining the seceygrieagence of
nodul ated error pulses with the first sequence of conpensated pul ses to
produce a second sequence of conpensated pul ses. 3. A nethod of
pre-conpensating for pulse overlap in a digitally nodul ated signal, the
met hod conprising the steps of j2receiving a sequence of pul ses; nodul ating
the pul ses to produce a sequence of nodul ated pul ses; storing the

nodul at ed pul ses; , usi QI? non-conigc%ti(?/e ai£s of tdhe nodul ated pul ses to
“produce a sequenc®TEE S segrensE 9l st Or¢ L SIPRIHES: Banr i | 2006 12 storing the

sequence of fir skuifddeihg @EOHT therfiyst ordaidlersethbings froMdc@ABPordling digesfafr st
order error terns from correspondi ng ones of the nodul ated pul ses to

pr oduc ehemodplatedqumsss s prodycesy frshrompensated siptlhod of claim 3, further

conprising the syeps ‘Pﬁém%ﬁioﬂ%f@%ﬂﬁ%oﬁfrﬁl%%éﬂ{ﬁié?ﬁgﬂx%'s%E‘ sbipe first order
error terms to produce a sequence of second order errgr ternms; storing the
sequence of secomsingrubarcomsecntive grirs ofsthd fastdprigr eaoh tefms trepwdgemd or der
error ternms to.correspondin ulses in the first conpensated signal to
producegegu%‘EBﬂﬁec%‘ﬁﬁ’gﬁgle@gte Ynal . 5. An apparatus for pre-conpensating

for pul se overl agtokifg @dHeghéritklof sedvbd dkdtk efosieaidlandt he apparat us
conprising: an input receiving a sequence of signal pulses; a first
nmodul at or for nodediagcah eitbe spepndiordariesios tergsip saewonding pgtses dellgence of

nmodul atiﬁgt &ﬁlﬁgﬁﬁ‘e@s@%% P%ggpéjgg&?% c(glﬁéelgggggggng];i ng the first sequence

- of nodulate ses p uce a fiIrs equenc denodul at ed pul ses; a
first conbiner f6r cofhiappagtusifer prestmmasaimgcter phlsdemedap at edigitlllses with

t he sequence of. si.gnal pulses to.produce a first sequence of error pulses;
a seco&ﬁ"%ﬁﬂﬁ‘?%}%ﬂ’%PPE%GWFS?@HBQ%E first sequence of error pulses to

produce a first gefpanteeitingeithéicedr Sighsllpuliebses; and a second combi ner
for conbining the first sequence of nodul ated error pulses with the first

sequence of nodubafist medudder dor produlatias othei vignal spidsesntoe pEFduce s at ed

pul ses sequence of modulated pulses;

a first demodulator for demodulating the first sequence of modulated
pulses to produce a first sequence of demodulated pulses;
a first combiner for combining the first sequence of demodulated pulses
with the sequence of signal pulses to produce a first sequence of error pulses;
a second modulator for modulating the first sequence of error pulses to
produce a first sequence of modulated error pulses; and
a second combiner for combining the first sequence of modulated error
pulses with the first sequence of modulated pulses to produce a first sequence of
compensated pulses.
| 6. The apparatus of claim 5, further comprising:
a second demodulator for demodulating the first sequence of compensated
: pulsés to produce a second sequence of demodulated pulses;
’ a third combiner for combining the second sequence of demodulated pulses
with the sequence of signal pulses to produce a second séquence of error pulses;
a third modulator for modulating the second sequence of error pulses to
produce a second sequence of modulated error pulses; and
a fourth combiner for combining the second sequence of modulated error

- pulses with the first sequence of compensated pulses to produce a second sequence of




6. The apparatus of claim5, further conprising: a second glgsmduabat or for

- denodul ating the first sequence of conpensated pul ses to produce a second
sequence of denodul ated pul ses; a third conbi ner for combining the second
sequence of denodul ated pulses w th the sequence of signal pulses to
produce a second sequence of error pulses; a third nodul ator for nodul ating
t he second sequence of error pulses to produce a second sequence of

nodul ated error pul ses; and a fourth3conbi ner for conbining the second
sequence of nodul ated error pulses with the first sequence of conpensated
pul ses to produce a second sequence of 5 April 2006 13 conpensated pul ses.
7, A :%Qﬁﬁ r pre-conpensating for pulse overlap in a digitally
noduﬁét %?g#gw$&%he apparatus conprising: an input for receiving a
sequence of pul sBs; An bppaitusdot ped-compemsativgd Erapulseg ovdrtappin 8 aligitallypr oduce
a sequence of . npdul ated pulses; a first storage elenent for storing the
modul Beddated sigeal, the anpatusGORPINSEIE: f or - usi ng non- consecutive pairs of the

nmodul at ed pul sesad i@putifoPfbecivin SRAUaeerphlstd;r st order error terns; a
second storage elﬁgent f.or sL&Jing t he sgﬁyenfe of first order error ternmns;
and a second corfoifsh moegdplatonior Fuedvigtng & SPiseh do rRrpdycen? FERURCE P! ¢ er s
f r om meéilpted BBISET:ng ones of the nodul ated pul ses to produce a first

conpensat ed si gnafirst forab elearPefRisttingfih€maillaied pulket;her conprising a third
~conbi ner for using non- consecutjve pairs of the first order ifror terms to
produce a sequerfcBrshromBHISH T EHENABr¢assequEN pairaot Wiergrdaedigulsey Wnent for

St Salln GROMRISR SRl RSO B, o Lor (e and 2 four(h corbirer for
first conpensat efdseeb@dorded efmtht @& BorkQCBGcQNpe o8 Aisedrdes egoaterms;
and

A'm-a second combiner for subtracting each of the first order error terms from
corresponding ones of the modulated pulses to produce a first compensated signal.

8.  The apparatus of claim 7, further comprising |

a third combiner for using non-consecutive pairs of the first order error
terms to prodﬁce a sequence of second order error terms;

a third storage element for storing the sequence of second order error terms;
and

a fourth combiner for adding each of the second order error terms to

corresponding pulses in the first compensated signal to produce a second compensated

signal.




