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One proposed FM IBOC broadcasting system uses a plurality of orthogonal
frequency division multiplexed (OFDM) carriers to transxmt 2 dlgltal signal. An OFDM _

R slgnal comlsts of the sum of several camers modulated at” dxﬁ'erent equally spaced-".'-""
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occasionally has very high peaks. Thus the linear power amplifiers used in IBOC DAB
 transmitters need to operate with large power back-offs so ﬂxat the out-of-band power is
below the imposed limits. This results in very expensive and inefﬁcient amplifiers. Hence,
30  there is a need to reduce the Peak to Average power Ratios (PAR) for an OFDM DAB signal.



2 This invention provides an efficient schene for reducing the peak to
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; The invention also encompasses transmitters that perform the above method.
20 : N OF DRA
Figure 1 is a schematic representation of the frequency allocations and relative
power spectral density of the signal components for a hybrid FM IBOC DAB signal;
_ Figure 2 is a schematic representation of the frequency allocations and relative
power spectral density of the signal components for an all-digital FM IBOC DAB signal;
25 Figure 3 is a simplified block diagram of a radio transmitter that may

(D

incorporate the peak to average power ratio reduction method of the present invention;
Figure 4 is a graph illustration one type of limiting that may be employed in
the method of this invention;-
Figure 5 is a schematic representation of the predistortion of the data symbols
30  as applied in the invention; '
Figure 6 is a flow chart of the method of this invention as applied to a hybrid
digital audio broadcasting system;



Figure 7 is a graph illustration another type of limting that may be

enployed in the nethod of this invention; Figure 8 is a graph of the
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Figure 14 shows the bit error rates for the various scenarios illustrated in
Figure 13; '

20 Figure 15 is-a graph of the results of a simulation of the power spectral
densities of a modulated waveform processed according to the invention, assuming a high
power amplifier using the limiting function of Figure 7; and '

Figure 16 shows the bit error rates for the various scenarios illustrated in
Figure 15. | . | |
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Referring to the drawings, Figufe 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

30  spectral density represented by the triangular shape 14 positionéd in a central frequency band,
16 portion of the channel. The Power Spectral Density (PSD) of a typical analog FM
broadcast signal is nearly triangular with a slope of about -0.35 dB/kHz from the center
frequency. A plurality of digitally modulated evenly spaced sub-carriers are positioned on



4 either side of the analog FMsignal, in an upper sideband 1.8 and a | ower
si deband 20, and, are transmtted concurrently with the anal og FM si gnal .
Al of the carriers are transmtted at a power level that falls within the
‘United St W& dufzager al Communi cations Conmi ssion+wchannel PouAIS023184The
vertical axis in Figure 1 shows the peak power spectral density as opposed
to a 5 nore conventional average poWer spectral denS|ty characterization.
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sub-carriers, referred to as the extended all-digital signal 26, located in the central frequency

band 28. Once again evenly spaced OFDM sub-carriers are positions in an upper sideband 30

25  -and a lower sideband 32. The sidebands of the all-digital format of Figure 2 are wider than

the sidebands of Figure 1. In addition, the power spectral density level of the all-digital

IBOC signal sidebands is set about 10 dB higher than that allowed in the hybrid IBOC

sidebands. This provides the all-digital IBOC signal with a significant performance

advantage. Furthermore the power spectral density of the extended all-digital signal is about

30 15 dB below that of the hybrid IBOC sidebands. This minimizes or eliminates any
interference problems to adjacent hybrid or all-digital IBOC signal while providing additional
capacity for other digital services.
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replaced with low Ilevel digital subcarriers. Located on either side of the
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Since the g Gl ionOcke ddlaed Sifia Bifited hituplitude as ilustrated by block 40, then it
is demodulated as in block 42, and the symbol vectors obtained from the demodulator are

25  predistorted, or constrai_nec;l? to have a minimum in-phase and quadrature components in block

44, The constrained symb_els_. are then modulated in block 46 to produce a second modulated

signal that is subjected to: further limiting in block 48. This limiting results in unwanted
intermodulation products. 'The intermodulation products in the limited second modulated

iy

I.f'

s1gnal are then reduced or ehmmated in block 50 prior to passmg the signal to a high power
30  amplifier 52 for broadcasting via antenna 54.
Figure 4 is a graph that illustrates the operation of a limiter that may be used to
perform the function of block 40. The limiter is set to a certain threshold, or limit value, K1.
At any instant in time if the input signal power exceeds K1 it is clipped to K1. Since the

reduced or elimnated in block 50

C A



6 input signal is normalized, this ensures that the PAR of signal: at the
output of the limter is KI. Thus the operation of the |[imter (for real
X) can be illustrated as follows. If the value of the input signal (X) is
1 ess thanygeikdden the output of the limter is set equabCT/AS00ZBLI84| f t he
val ue of the input signal (X) is greater than KI, then the output of the
limter is set equal to 5 Ki; and i f6the input S|gnal S betvveen Ki and K1,
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follows. If the inpedt thenketa §yhbals vector— canstellation mwiires eretaverdds ih hehei N phase
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predetermined fraction of “A”, designated as “F”, defines the region to which the data

symbols are constrained. Thus the operation of constraining each element of the OFDM

m

20  symbol vector is illustrated as follows.
If the input symbol (x) is: x = a + b*i, where “a” is the in-phase component,
and “b” is the quadrature component, then the output (y) is defined as: y = a’ +b’*i, where a’

and b’ are defined as follows:
If abs(a) <=F* A
25 ifa<o, =-(F*A)
else, '=F*A
elsea’=a -

Ifabs(b) <=Fs+ A
ifb<0, b’=«(F*A)
30 else, =F*A
elseb’=b

With this constraint, it can be seen that the in-phase and quadrature
components of the symbol constellation points are forced to have at least a minimum
magnitude equal to some predetermined fraction of the expected in-phase and quadrature

35  nagnitude.



35 magni tude. WO 01/ 15402 PCT/US00/ 23184 7 Next, the constrained synbol :
vector i s nodul ated through the DAB nodul ator 46 and the podul ated. out put '
i's passed through the limter 48. Limter 48 uses a limting <function :

simlar towbwlsses Figure 4, but having a threshol d val uecefustiorsighhi s
ensures that the signal at the output of the limter 48 has a PAR of K2

since the input signal is normalized? 5 In order to ; nmake the transmtted

bl Gk 50 by zer of e B Wbl veHOis M Bpisd tppest By DA medsteior
embodi mong. ‘“’f“““‘ ﬁ‘g“‘é%“’*&‘)‘g““‘m;*" “W‘:g;gj‘é:ﬁ“““ ﬁg‘““g g;ﬁ'v“ﬁﬁﬂﬁ‘“‘é?‘%ﬁ[ Sl
enbodi nent _of a FE ctu :
t he non- fo thehe f%fey‘g "”g"ﬁ gopuess et thge ¢ wo

si del obess)gnmt thbrdiltpuﬂﬁl'tlﬁ liitez 48 hhssa m b2 elhaerthe inBadsignbl isAérirdtiRg, t he PAR
reduc}sl on net hod Oé’h‘ﬂ@?‘? ¥erg}§|[ ck 7q{‘ vvs th the DAB |q§ut OFDM
synbol. vector of rri

resul ti ngndskrthé signsiLis aleaedsigg A blogln sbluyezei’aing 6ut| unmﬁoﬂ-dathrkubw THe using a

first thr roducesg a.limted first nodul ated signal on |ine
78 U nat FEoBn JBtpsrel oban i drains 1P SBrBten i By e Pl
const el | adnibodimeni diﬂzSFMfIBUGEDABt@stéﬁ, thy a&todl prevedsGnvolves clippifig thé noddsta

recovered conste 0| n stort bl oc 4 so that they
are const®™ ‘7%&5{"5‘%& h@é‘l’a{éi‘?’r&h‘ggj‘?ﬁwﬁl Pﬂei%bﬁs&ﬁ%de i n- phase and
quadrat ur e corrponeFigﬁreaS usdasﬂbwsaﬁfl thitOifiestrafeé Bhe PAR ﬁﬁﬁdﬁoﬁﬁndmubtaﬂxes t he

6. Thi s BERETY PGk Gere i ghEPRA R bR ieel YerE et S5t B second

t hr eshol dnpt to PABSmodwlatoh#2.| The resoigng fiest moaﬂmearsigducmslmanersnmwhahl on
product s, e are du g n .t he |10 egse ted

nodul at ed"%°P§§§F‘“6ﬁﬁﬁ‘ﬁ£°s§‘2e‘ |léSl @éspé?fp a\évl ’é‘%{} M . The
denodul attha msubpaquemly demodulfted irsblpeks80etd recover the eastellitiont pojnts 6fthbki£tﬁ k 98 .
wher then data s rs are.cli edto ero. The r signal on
Iine gglr*?%ﬁﬁs g’ @% ﬁoﬁwﬁé“aﬁﬁ Hom RO ﬁeﬁﬁg’ﬁﬁ"gﬁ‘gﬂﬁ‘? 5%% on-line
104 i s I ithatt thely iare. bormstrkinéd 6o Have ai pgdemﬂﬂeérnﬂmmlm MMIxﬂpW)mdl n the '
preferred th vention 0oC 94 98,.102 and
106 are rqe"g%‘f" amfn\rk%"?;‘s ‘ﬁsc °‘?§"°tvﬁ-r ?51&0?}? ﬁtgﬁgé R&?d{’)'ﬂte'f Pofraned it he
first remsynbblieotors to nrbmlcsecsmmddmm}delat'eﬂisfryml dn linet 88. THIS second efodulated, but =
t he si gnaslla%nh%smgfﬂmﬁ bdﬂa%m%% eéo%dﬁn&hglga@?m-r ~anplifier for broadcast. -

For si mul n-purp oses S were u or the HPA. Moddel 1 uses a
30 "2o0curve" |im tSihemthei imiting operation produdes xﬁﬁegwdelaﬂon Pprodudts, nﬁheerarés set to

< o AL i e, S 0 e A el B AR 2000
curve" | idemoddlatocinibiork 94N Thé demarhlluedammabtelheaﬁns ipassethtota uienn-up step in

block 98 where the non-data subcarriers are clipped to zero. The resulting signal on line 100

ls modulated in block 102 and the third modulated signal on line 104 is limited in block 106

25  using another lnmt threshold (K3). In the preferred embodlment of the invention, the stepsin -

blocks 94, 98, 102 and 106 are repeated two times, using threshold value K4 in limiter 106 in

the first repetition. In the second repetition, limiter 106 is not used, but the signal is passed

on line 108 to a high power amplifier for broadcast. '

For simulation purposes two models were used for the HPA. Model 1 uses a

30 “Z curve” limit function as described in Figure 4. The limiter is set to a certain threshold K5.
At any instant in time if the signal power exceeds K5 (for a normalized input signal) it is
clipped to K5. Model 2 uses an “S curve” limit function. In this case a scaled error function

© IR



11" WO 01/15402 PGI/ US00/ 231‘84 8 110 is. used to nodel the I HPA (as
ustrated in Fjgure 7). The operating: point is set by KS. A K5 of 6 dB
lies that the signal rns is 6dB bel ow the 1dB conpression point. Figure

11

il

i nmp

8is a grwoﬁw ng the sinulated results of the power spgeasooadsissdensities
of the OFDM subcarriers in a sanple digital audi o broadcast signal using
limt value 5 of: KI = 3; K2, K3 am8l K4 = 4; and fraction F = 7/8, using
the limter of Figure 4, w.th various final clipping criteria, The signal

i |1 ust r af Kispyed tp fodel tbe HRA (asdlystrated m Figwrg d). othe agemfing ppintdsset by K. 414 shows

cl | PPi NOK8lof's aBrtBhpfd i tho ghe ks GIBMNIonk 1128 Baimphtssitnof2e 56 0B and |1 ne
118 shows the results for c |pB| ng at 4.0+0.88 dB. Figure 9 shows the

correspondi ng bit BEFES jsap oTOVHgsthe Simpfated gesulty, of the pPVeRetPeRer s for

cor r espo@étisities ofifle OFDM Eifbcarkibrd th alshfhpleaRigitd it SbrbilRast Bighdl RERE lifmASilueS -
Figure 10 is a -@h showi ng the sinulated results of the x‘gower spectr al

densiti e8Edfl B @GR4 and fraction B340, dsing dhe miter, of; Bigwse daWithst

si gnal  Ushddhs! fifdl clipihg! Orited.. e signdl illbdtratéd b e K42 TepreseRfColfppigl 40N F =
7/ 8, using the limter of Figure 4 in the PAR reduction method and using
the |inm PefO§P 4B Jeine 1A shgws glinpingat 3 Q885 4Bpling 116 shpws clipping at 086 i s the
transnit gl and ide UNS! $hBWE GheS rBie far&li'gbihgsdt r40+988bdB.| | Fiurd 20 shdwsthel22
shows cl i ppi ng%d?t 5.17+1. 09 S|g. = -8. Figure 11 shows the correspondi ng
bit errolOWEPeNdmepit FREmtes for s ég?nma%i“ﬁﬁs mﬂf‘ﬁéd‘ dpscqrgssponding

COr r ge PORstuig Iigs s deh@ teundlfppedredultsl OW chart that illustrates the PAR
reduction nethod of t jnvention for an all-digita nal . Block 124

. e | si

“shows that -t he DARFIBMEUY BrDgTaRY ng 3he Fmuiatsd W“‘?Lﬂféggd’f’@’ﬂ sreetali s i nput
It_o 'DtABd age =V 'tliHseith%Zﬁ'DM _b@cﬁrﬁ&? !ixiifﬁ%p?]é diéiﬁal mmwl ; Kilnﬁid_?dstﬁgﬁl%ging Firdif “1?“1-2? ijs

Irmte I N (0] usi_n a I.IrSst, resno ...nrs [ oduceSs. a imte
st oL S Z i it K B Enetion 5 78, wsing the e FEverh s BARG | 1

on e TedubudRaNal arkdteing GRTRAIGE b RS THEY HiGh Rwck BapHIk i Bl b Ol o
on I he . e re ver onstel | | ONn I N re readli stojrte I N ocC
295 d9°t R irmAmiien, The Grebpped sieaal 6 JIvsE by BRoLRd: dvine 12cshows Rlipsing.h

magni t udes. i71.0035e, angl Higarihows he thRapidingit eHdk eatesSRF thabitenarios)

addi tion, _unwanted non-data snis,carriers are also clipped to zero in this
step. DAB‘SWSBBT"Q%B eApfor FRTERsHonEing resplts: const r ai ned synbol vectors to

_p_rodu?:e_ a isecp[lddnl_ﬁi@lﬂem asﬂ@zz;haromat ilRtrakée’the Pm]&dﬁﬁia?rﬂﬁzﬁ&ﬂgm{eedt e

signal is lin in liniter ving a secon resho . Since the

li mi ting "BYFERR %r‘f‘np?lg%‘ﬁ‘ﬁ’i?gf’f]‘h e’?ﬁgﬂ&?‘gﬂm '&?to ﬁé"SB, WEE’M@WQ@ reduced

in thg fdeb\‘ﬁﬂ%ﬂkﬂbtghfﬁﬂataﬂi@lglﬁcvﬁﬂ ﬂddﬂiafrcﬁdngHWréﬁuﬁﬁlgaﬁﬂﬂﬁ:‘duﬁﬁd'siglﬂfﬂ 14?51)8

passed to @ ator in c e ul ated .output on line

i s passec?“t;lﬁ‘egﬁgocﬁ(hj‘fgfo“\m%kewgéﬁ‘&g@ Wgsm‘%gld‘t F@s Prodpcesja IEQFeBi%F are

pr edi st ormedilabsdcsigral om lifle 132 thatSis Belizeduehths dedlicdulated in block 134 to recover the
constellation points of the data symbol vectors on line 136. The recovered constellation

points are predistorted in block 138 so that they are constrained to have a predetermined
25  minimum magnitude in-phase and quadrature components as discussed above. In addition,
unwanted non-data subcarriers are also clipped to zero in this step. DAB modulator 140
modulates the constrained symbol vectors to produce a second modulated signal on line 142.

This second modulated signal is limited in limiter 144 having a second threshold K2.
Since the limiting operation produces intermodulation products, these are
30  reduced in the following steps. The second limited modulated signal on line 146 is passed to
a demodulator in block 148. The demodulated output on line 150 is passed to block 152
where data symbols from the central carriers are predistorted and the non-data subcarriers are
clipped to zero. The resulting signal on line 154 is modulated in block 156 and the third



- 3dB,  K2=4¢dBitid{ IF i OFDM siftfdBriets i 4 Shmple i hiaR BHBAHcSst si

clipped to zero. The resulting signal on line 154 is nodul ated in block 156
and the third WO 01/ 15402 PCT/ U300/ 23184 9 nodul ated signal on line 158 is
limted in block 160 using another |imt threshold (K3). In the preferred,
enbodi nent of i nvention, the steps in blocks 148, 15 160 are
repeat ed t\‘/\vg’t}ll%zs usi ng threshold value K4 in limter klﬁﬁmté e first
repetition. In the second repetition, limter 160 is not used, but the
signal is passed on line 162 to a high power 5 anplifier for broadcast.

Fi gur e 13nedulated signalon lneoldi8rig limited in hiegkal6@ dising anédther tiniit thneshqld \(3). dnect r al

Conal | paroprefes SREMiBLRAE frduif, dp SERRPuBlR 8L 192930 41 PREEEC) |

7/ 8, usi rfg’eﬂﬁé two fimesrusing threghold: vajue it limiter 16Qn thie rfixit repenppn. nin thei teri a.

The uncl igpe I hows_cli ppi ng
at 4.5+0. 78 meldfg%lj lgkgé\/\g&?fa%&mes{f?agégéﬁe#?r‘gﬁ]lg 030}? B°"i% shows
t he résulwllﬁmfobbprMg at 5. 5+0. 77 dB Fi gure 14 shows the corresponding

bit error rates f Fm’ehﬁsﬁ ® ﬂrsh&ﬁng‘ﬂﬁﬁ éd”ﬁgulﬁu&}htﬁ ioxv fpeftfad resul ts

correspondi ng resu : 51s . shovm n e sinu

of the pdlmﬁm%pé@lﬁ(EDM M@Pﬂsé%a wmm@rm@bmm msnd uging Maneﬂube

di g| t al fndSE [ | gLt , K3 and
K4 4, and ?r=g:{:t|og@|é = 7?@4 uaglaﬁg&l Pm-|’,r/%/'i:ugirl’&(ﬁ’cliimﬂure‘liil‘t g t PAR
reduct | orvareushnsl ahnmasvrngme h&hg um?tpeqd mrlswlmmfwm lﬁ4gthev166

anpl iyhi er, t m;p J64+-07F
|Irr})ugératsg%%b&ﬁsﬁnggwg@%ﬁem . om&%ﬁﬁ%ﬁ §n9 at &%&%ﬂéh%@o R =

6. 15+0. 95hmsulfarﬁa clippiag &tﬁé%v@ clflt!'fm Mghowatthesrogrespen@ng hARmr retesaﬁ»ro 88

dB. Fi guliResd feefdHoWSusindPriffel hERbE ok ohdif ;égﬁtsrat es for these scenarios,

using prined 20 nunbérs for correspon I ng esu ts. All sinulations were
carried out using Hgyre I]VI%%‘B’BISB"W% eoﬂmmﬂdfﬁaﬂféhemWQhWWere KI

E%nﬁq,gﬁbdered
were power spectral density (PSD) and Bit Error Rate E%m so, the
dermdéll atof Kk T k. Khands Sdbrand Saeion & ?’8 using;the limiter Figuterd indhe BAR r oduced.
25 In thqa@&nﬁ&ﬁaﬁaﬁhﬁngm&gofmgﬂwmmm% eemthaoagh%fpadd' ng
c .

the signal in frequen omai n.. To reduce conplexity of the PAR reducing

schene, tthistrqugmitter. s Thsy “'l?BBReG sigmaljs Hwstratpd by Jines 8adﬂ“€ﬁ 174shews elipping at Ther e

~woul d be s@g,,,gerd PARBNG. £5-035XH) Whd ke176 RS éibﬁm§fat an,wm 8,PAR Lieassiyggi d FM

| BOC I\/ask his invention describes a novel proa for Peak to Average
Ratio (PAB), Figare Wyshows dbe rorrespamiing it mrmeac %Abeswsqnem using primed

Si mubgt | GRAMbES ‘dr Sidifg résuitfld S curves for power anplifier) for this
approach show that the invention can achieve a PAR down to 4 - 7dB and

still be within th&ll simHations weFrecamied: it usigs 51 QR vmbalse The, optimum

- predi st OrpataBidters chosen were K1=3dB, K2=4dB, K3=4dB, K4=4dB, F=7/8. The performance

measures considered were power spectral density (PSD) and Bit Error Rate (BER). Also, the
demodulated signal points were plotted to depict the distortion introduced.

25 . In the last stage the sampling frequency can be doubled by zero padding the
signal in frequency domain; To reduce complexity of the PAR reducing scheme, the last
step could be done twice instead of three times. There would be a performance loss but the
PSDs are still within the Hybrid FM IBOC Mask. -

This inventibn describes a novel approach for Peak to Average Ratio (PAR)

30  reduction in OFDM for FM IBOC DAB systems. Simulatiqn"results (using Z and S curves
for power amplifier) fc}r this approach show that fhe invention can achieve a PAR down to 4 -
7dB and still be within the FM mask. The distortion introduced due to' this predistortion
scheme is minimal. In particular by using the parameters K1=3dB, K2=4dB, K3=4dB,

- T3



schene is mnimal. In particular by using the paraneters Kl =3dB, K2=4dB,
K3=4dB, WO 01/15402 PCT/ US00/ 23184 - 10 K4=4dB, F=7/8 a very good spectral
~occupancy pl ot is achieved for the DAB signal which is well wthin the FM
‘mask. Al s%sﬁ fsqfh StOrtion introduced with this particul gcragbomiseal ues is
m ni mal . rsi nvent| on uses a conbination of predistortion of the transmt
signal along 5 with clipping to mntimze the PAR of the transmtted
‘signal . The PAR reductions,in the optimzed transmt signal have_ been

denonst r 4R FT7/8 2 vemy gopd $peptzal gpqupancy\giot s achisvedi ot e DAR signal whish ihas been

i |1 ust r at\@gll withih W BV Hhask.t A1s8] 18E BistoRfbnIRiRA LIRS this fartfeiREbd obPatsidder St 00d
t hat various changes may be made to the di scl osed method and system wi t hout

departi ng'm“F’F‘@m t he scope of- the invention which is defined by the

fol I'owi ng cl ai s, ’I‘Hfs'dr\ﬁihﬁtﬂlJs@s@é&hﬁbﬁh@ﬂbﬁpr&hﬁbﬂi@ﬁofﬁ@hﬂﬁﬁf@bﬁlal‘b
i nvention has been illustrated in terns of |ts application to digital

audi o Sbr oWl slipningto wipmize theRARof the Eanamitied - c Bleg B‘ﬁRt"ﬁd‘Gfl%rms‘%t ens
1|‘ olr | tr anépﬁdﬁedrmm ki hmfue&niaéxilxdﬁlguﬁv% \gijz_;} .3;111%1284516% &Eulf\;ﬂmbmwmeamém L
PCT/ Usocv tzsmn h‘ﬂb% H%usva}e%wémd’f jtg preferred embedimenfs.fibshopld hgcmdersigedik t o

average p@:ﬂ@&aﬁoﬂi bﬁhng& ay 86lifade 10 @ URsefo¥edSmethad and Qﬁtdﬁwm&t%ﬁﬁ{xh ing the
steps of: nodul ating. plurality of sub-carriers with a urallt of dat a

synbol vefiem, e ssevep%&wc@vanwmwcmmféd % ithg, Sollowing clgims, jpcluding
magni foudeediivalchfa theréot! Forslhthalb Akl Biiieh hisbet Mastfaeddn tnh® bf itd dpblicaon

nodul at ed si gnal; depodul ati ng the first limted nodul ated signal to

recover t i9edigitlaandin Bropdcagting Brisit hep Jpere tgsperal apnlisation o other#ystems efof or s t o
provi de a“msﬂﬁmgggmﬁmoﬁwmmcmﬁ&@&m&%@nd guadr at ure conponents
thereof to produce predistorted data synbol vectors; nodulating the
plurality of carriers with the predistorted data synbol vectors. to produce
a second. nodul ated signal; limting the magnitude said second nodul at ed
signal to produce a second I|imted nodul ated signal; and 15 reducing

i nternodul ation products in said second |limted nodul ated signal.



2. The method of claim1, MW educi ng internodul ation
products in said second limt yl at ed sign conpri ses,the steps of:
denodul ati ng sai d second nodul imwmw"[)oduce a second-denodul at ed
si gnal ; g the non-da zero in s&gﬁ Isﬁﬁﬁ‘ifld
dermdul ate gw and nodul ati ng sai d secdnd denodul at signal to

produce a th| rd nodul ated signal. 311 The nmethod of claim2, further
conprising the step of 25 limting said third nodul ated S|gnal 4. The
met hod of Waatds elaigredfisir t her conprising the step of denodul ating said th| rd

nodul at ed signal te proguggnsy tey gﬁg%gl ?gg| IgN

non-data subcarriers to zero in s?aalg ir 3%?3’??& Si gnaF}p

modul at i n@eqmcasmﬁlr@emmemm@h sof:o produce a fourth m)dul at ed
signal. This Sheet Jdas L I 11111
i1l 1lh 1Uhl 1111 U d| |1 | | %ﬁgﬁné&%&:aq}hﬁ%@fﬂ%&g&&@ ‘é’h‘o‘]slz 5.
The net hdepmdueqaﬁrﬁxmodmmw corrprl sing the step of: linmiting said
fourtl nodul at ed sy;gRf thEmaddifid 1Bk Jqhg the
step of: denodul at| ng sal d ourtﬂaﬁ ﬂfs@ %&SF%‘ET”%‘B‘IB?&&% a ourth
denodul at!eqdulaseéslgwhl clipping the non-data subcarri ers to zero in said
fourth denodul at edggj, Wﬂﬂ&@%&\g S ki I si gnal
to produce a fifth m‘gﬂﬁgte signal. to 7a Tgn q%lﬁ%) vof cl al ﬁs&%gdmhe rein

sai d dat avestemhol vectors include a plurality of constellation points

representative of gdabRorgheY Gaa Saibdl Fefdrt5 pldtide Qi fhagnitude for in-

10 . phase and quadrature components thereof to produce predistorted data symbol vectors;

modulating the plurality of carriers with the predistorted data symbol vectors
to produce a second modulated signal;
limiting the magnitude said second modulated s1gnal to produce a second
limited modulated signal; and o
15 reducing intermodulation products in said second limited modulated signal.

2. - The method of claim 1, wherein said step of reducing intermodulation
products in said second limited modulated signal comprises the steps of:
demodulating said second modulated signal to produce a second demodulated

signal;
20 clipping the non-data subcarriers to zero in said second demodulated signal;
and
modulating said second demodulated signal to produce a third modulated
signal,
3. The method of claim 2, further comprising the step of: -
25 limiting said third modulated signal.
4. The method of claim 3, further comprising the step of;
demodulating said third modulated signal to produce a third demodulated
signal;
clipping the non-data subcarriers to zero in said third demodulated signal; and
30 modulating said third demodulated signal to produce a fourth modulated
signal. '
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havi ng an i n-phase conponent and a gquadrature—conponent, and said

predi storting step conprises the st X aling said in phase conponent
of each const.ellation point t |aﬂﬂﬁmﬁml tude greater than or equal
to a fi rst_w(wlzlg&%erm ned nagnl® B i d 'quadr at gegusswBmaent of
each const'e 'on point to have a magnitude greater than or equal to a
second predeterm ned magni tude; 8. Tie nethod of claiml1l, wherein said step

:of nmodulating a plurality of sub-carriers with a plurality of data synbols
to produce a nodul &t ed Hiegisthodobeigim 4 durthep 879 Yhase shift keying

nodul ation. 9. . TheRinp Q4ld &furthinidilald sighgr ein said plurality of carriers
are orthogonal frequency division multiplexed carriers. 10. The method of

claim 1, wherein tfie stBismsthodofriaings, fapher pomaprisingdhe ¥$Pof he first nodul at ed
signal to produce gerhddufiling 541 sifthRSHMAddCEarml B fodde WfolRl AethbdulatbeP Of

25 setting the maxi num magni tude of the first nodul ated signal to a
predefer iigfell constant nmagnitude. It. The method of claim 1, wherein the

step of 1imting tpgpiRaoRe hbklaatd ubdkiRrs'i8 hatcrincshics FRIAR  detnBaulsted! WipRaa i1 st

limted nodul ated signal conprises the step of setting the maxi num
magni t udeadf the first nodul ated signal to a 30 predeternined magnitude

defined by a scal eghoduiatip’Seid ¥ourth! B&ndRia0a0siBhal Gb Grbdute AVAGH Snbdutabd]
nodul ated carriers are normalized. This Sheet Has Been Replaced Ili 1111

11111111 signak| ||| 1 11111111111111111_11111111111_11 . V\D 01/ 15402 C L Ms
PCTNSQ0/ 23184 13 %3. Tiig mBethb@df Sthint I 2vhtrdin SMACdR] Bynitl FediérS indide a

nodul atin& a pluralit sub-carriers with a pluraljty of data synbol

of
vectors t u@}iard%eonateﬁqtiogtp%ﬂ gePRsEative i gata syinbpls, said ¢omgtellatiop pojits
appl yi N0 @Ridg"¥%E insphabA eémponeht! £id o gadiedtire BolPoncht, dandadail preaR@MtingCREPTS; S

applying a cyclic prefix to said data synbol vectors; and applying a root
rai sed coedmpEisesthei®epsio§ sai d data symbol vectors:

scaling said in-phase component of each constellation point to have a
15 magnitude greater than or equal to a first predetermined magnitude;
scaling said quadrature component of each constellation point to have a
magnitude greater than or equal to a second predetermined magnitude;
8. The method of claim 1, wherein said step of modulating a plurality of
sub-carriers with a plurality of data symbols to produce a modulated signal comprises
20  quadrature phase shift keying modulation. s '
9. The method of claim 8, wherein said plurality of carriers are
orthogonal frequency division multiplexed carriers.
10.  The method of claim 1, wherein the step of limiting the magnitude of
the first modulated signal to produce a first limited modulated signal comprises the step of:
25 setting the maximum magnitude of the first modulated signal to a
predetermined constant magnitude.
11.  The method of claim 1, wherein the step of limiting the magnitude of
the modulated signal to produce a first limited modulated signal comprises the step of:
setting the maximum magnitude of the first modulated signal to a
30  predetermined magnitude defined by a scaled Z curve. '
12. The method - of claim 1, wherein said modulated carriers are
normalized.
[
heet Has Been Replaced
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14. A nmethod for reduci ng peak o in a radio frequency

signal, the nethod conprising the ting a plurality of
sub-carriers with a plurality of Hiﬂ&f" !ll ﬂrs to produce a 10 first
nodul at ed g?g%a first group o s | yi ngcir/iseipBfs and

SO

| ower si deban a radi o channel, and a second group of said subcarriers

lying in a central band of said radi B channel; limting the magnitude of
the first nodul ate al to first Ilmted mpdul at ed signal ; 15
renmovi ng i nt er nodu t| 5 ﬂ?‘iﬁl&ﬂﬁ‘c‘}@gf Gis‘éﬂ‘?l“?ﬁ?‘ét”?PW@@%%P%&’ i gnal ;

denodul atsubgartibe itk stpmralﬁtyta‘ohawmdn%atvedms 1§ peddut® al fBEI0MBEulAtEE sign
constellation: poi nts predistorting the data. symbol vectors on sal d first
and secorfPMBPSHeSHPS 8ibcarriers to provide a mi ni mum magnitude for

i n-phase and quadr siplyisg sdApesdaktFoulie Tetisform fo $aftl dtDFHbE] REREl; St ort ed dat a
synmbol vectors; rmdu atin %hﬁh& IuraJlt% ofmc!arrlers with the pred| storted
data Synbol vector%pp HRE 116 tosaiddata s I"S‘it‘é‘a"’é‘fignal limting the.
magni t ude sai d secwm%ﬁhﬂeh@bﬁeaﬁndbﬁt@EMW limted

nodul at ed si gnal ; Q’S d{m e‘gﬁhl nt er.npdul atlon[aﬁ cts i n saj d second
linited nmodul at ed m 105, erdpdng, pegk, o ga%FaPQW%"yFﬂS‘BI n aciedies on

sai d secmugrcyu@nﬂjmsubmadedmngmemw de a m ni mum nagni t ude for

i n- phase uadr onents.t hereo rodu addi tion

pr edi st or’i‘%ﬂ‘]”gﬁg @Vﬁﬁ?ﬁl"?\?‘gf%ﬁ’? Wi allgmaimé’?r‘?g Blf""’ﬁ"ﬁ W]Pfﬁ'f‘l""ﬁ\ﬁer ein

sai d 18t emmfmddaml smal b fitse gronp of suid subcrias lyoigSin |uppaandlow:: sidébahdsoft ed.

ranar + & A aReoSh SRl nd i f G boecksr Rine 51 k] Baie SEBaR " o

- Repl aced chﬂxi{é[},lOllllOllll 112 111 laln! 111111111111111111111111111111 * WO
01/1502 C L Ms PCI/ 2318¢ | ) non- dat ar.rl ers to
zero in said secon ?ﬁ%&fd?%ﬁnéﬂ‘}es?féﬁea ‘ﬂ*tedes‘gmpm pm‘ﬁm limited

. modulated signal;
15 removing mtermodulatlon products in said first limited modulated signal;

demodulating the first limited modulated signal to recover the constellation
points; o : : . :
predistorting the data symbol vectors on said first and second group of
subcarriers to provide a minimum magnitude for in-phase and quadrature components thereof
20  to produce predistorted data symbol vectors;
~modulating the plurality of carriers with the predistorted data symbol vectors
to produce a second modulated signal;
limiting the magnitude said second modulated signal to produce a second
limited modulated signal; .
25 :emoVing intermodulation products in said second limited modulated signal;
| and '
predistorting the data symbol vectors on said second group of subcarriers to
pfovide a minimum magnitude for in-phase and quadrature components thereof to produce
additional predistorted data symbol vectors.
30 15. The method of claim 14, whereih said  step of removing
intermodulation products in said second limited modulated signal comprises the steps of:

demodulating said second modulated signal to produce a second demodulated
signal;
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nodul ati ng said seco nodulated signal to produce a third nodul at ed
signal. 5 16. The net hmllmmmmmnmurther conprising the step of:
limting said third no _ 7. The nethod of claim 16, further
‘conpri si ngwplegnsbep of : *defrodul &t irfg daid third .nmodul at eccsuseasisdo produce
a third denodulated signal; to clipping the non-data subcarriers to zero
in said third denodul ated signal; and? nmodul ating said third denodul at ed
Furt ner compr i ng SHHANG OB harieR s i g PP R oferdhal 1
19. The naidhod of claim 18, fu ther conprising the step of. denodul ating
said fourth nodul ate L.anal. .t roduc rth de | at,e si,gnak ;
clipping the non- dﬁogu%h%%?isgﬁogdt 0 ?g?l%eé n“égaadi ® ?%gl?cfu'ha g%%o ﬁfi‘g?qg‘(&j
signal; sipshl.20 nodul ati ng said fourth denodul ated signal to produce a

fifth nodul ated si,gnal ..20..T d | ai m. 14, erein said data
synbol5 vectors incllgde ghe Ftﬂ?gﬁc@&gs’% n“'srt%‘tg,'la ré?’l‘%tri%e%%?\'s representative
of data synbol s, sdindtingsaiithird mbduatedsigmd.s havi ng an i n- phase conponent
and a quadrature c oneqnt n .d.predi storting st 25 conprises the
steps of. scaling gg})d i g%ﬁtﬁg(go%cz%olﬁeﬁ?&%‘fcogg% "’%‘gﬁgg%?‘ation point to
have a magnitude glemadwdatinghsaid thirdagodulatédo signdl i to Siroduee dethird Mdemedulataedni t ude;
scal i ng sai d,quadrature conponent of each constellation point to have a

d
nagnitudes'é?aé’at er than or equal to a second predeterm ned nagni tude; 30 21.
The mat hod of cl ai rlifiging thie @oweilata sbcairiens épzeod inrseid uhint dengdulated sigadlj and of

sub-carders with a xgwukﬁkéts&do&#%ylM%@ls&g%lg%o%%gﬁea 3 gg{o ﬂggdsi gnal

conprises quadrature phase shi ng no hi's S Been
Repl aced bighallJ | 1111111 11111 TITI1I]T WD 01/15402 CL Ms * PGI1USQQd 23184
15

18.  The method of claim 17, further comprising the step of:
limiting said fourth modulated signal.
15 19.  The method of claim 18, further comprising the step of:
demodulating said fourth modulated signal to produce a fourth demodulated

signal;
clipping the non-data subcarriers to zero in said fourth demodulated signal;
and
20 modulating said fourth demodulated signal to produce a fifth modulated
signal,

20. The method of claim 14, wherein said data symbol vectors include a
plurality of constellation points representative of data symbols, said constellation points
having an in-phase component and a quadrature component, and said predistorting step

25  comprises the steps of:
. scaling said in-phase component of each constellation point to have a
magnitude greater than or equal to a first predetermined magnitude;

scaling said quadrature component of each constellation point to have a
magnitude greater than or equal to a second predetermined magnitude;

30 21.  The method of claim 14, wherein said stép of modulating a plurality of
sub-carriers with a plurality of data symbols to produce a modulated signal comprises
quadrature phase shift keying modulation.
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22. The nethod of claim 21, wherein said plurality of carriers are

ort hogonal frequency division multj riers. 23. The method of claim

14, wherein the step of limting “!ﬁ H lthefirst nodul at ed )

signal to, ] afirst limted conpr | tep of 5
Hogins S pEibpiais

setting th m magni tude of the first nodul ated sig

predet erm ned constant magni tude. 2415 The nethod of claim 14, wherein the
step of linmiting the magnitude of the nodul ated signal to produce a first’
limted nodul ated 3%-gnalbecBiefhed sefsclaige 24¢ ayhersin saidt plurglityn of reastiersuave
magni t udeorfbgddaPrrédueridy diRdet MbRiPlegddiadlerst 0 @ 10 predeterm ned magnitude :
- defined by a scaled Z curve. 25. The nethod of claim 14, wherein said

nodul at ed carri er s2%r e Thednetbad of glgim 34, whergin the step of bimiting shemagnitugsefi ei n

sai d st epm@firsiReutifbd Hnafto réﬂueéamétmitemuaws@mo)qph&s%&k ‘gl 1ty of
data synbol vectors to produce a first nodul ated signal . 15 conprises the
st eps Sof appl yi ng &tng, ks Jeaxpum - magpitude of thes ffisst nmodulated dsignal atos wnbol
vectors; mafttenfitid YédG@ntmaphfthdec Prefix to said data synbol vectors to said
data synbols. 27. A radio frequency transmtter providing reduced peak to

average power rat?b i nhe metkadpfilamm b herein ta step of Humiting aemegnitade of

conpr i si Nfle me@uiaBP#ignal & produd®4s sitsefirnfish ModakadgnhdcoRiprisdd ldg€rs with a
plurality of data synbol vectors to produce a first nodul ated signal; .
means for |imtingSaEe tesymaxipen omagniwdy j ofs thefiast| modwlated gsignal ti9 @r oduce a |

firstyl i nprbRibried hafRedS dined by ARaRE Zicavedenodul ating the first [imted
nodul at ed signal to recover the data, 25 synbol vectors; neans, for
predistorting the &ta Hgndwthodeek slaim ¢ it nvhersinesaid moduiatad camigni mede f or

i n- phase wyadalipeddr at ure conponents thereof to produce predistorted data

synbol vectors; neans fQor nmodul ating.the plurality of carriers with the

predi storted data 2%0 sﬁﬁﬁ?ﬁmwfmlf’&hmm&@étﬂdmﬁl%ﬂwayﬁ si gnal ;
nmeans f orsublchfriedsNgith BephiraitRi dfudhts Sl Yet6rd do PRsiiba b FifstSmBMiAdted Sighsioduce a

second |limted nodul ath signal; This Sheet Has Been Replaced I~II11I
| ~~| |} | |comprises thestepsof: -~ = . : p!

applying an inverse Fast Fourier Transform to said data symbol vectors; and
applying a cyclic prefix to said data symbol vectors to said data symbols.
27. . Aradio frequency transmitter providing reduced peak to average power
ratio in a radio frequency signal, the transmitter comprising: '
20 - means for modulating a plurality of sub-carriers with a plurality of data
symbol vectors to produce a first modulated signal; | o
_ ‘means for limiting the magnitude of the first modulated signal to produce a
. first limited modulated signal; ' '
means for demodulating the first limited modulated signal to recover the data
25  symbol vectors; ' . '
means for predistorting the data symbol vectors to provide a minimum
magnitude for in-phase'and quadrature components thereof to produce predistorted data
symbol vectors; ' '
means for modulating the plurality of carriers with the predistorted data
30  symbol vectors to produce a second modulated signal; ' '
.. means for limiting the magnitude said second modulated signal to produce a
second limited modulated signal; '

. This Sheet Has Been Replaced

RAWAT



ITilif WD 01/19402 PCT/USOOL23184 16 means for reduci ng internodul ation
products in" said second |i'mted.mdulated signal. 28. A radio frequency
transmitter providing reduced peak to average power ratio in a radio
frequency signal. the transnmtter conprising: 5 means for, i,Ng a
plural i ty%?gyl?ﬁ@zcarri ers with a plurality of data synbo? v;ec¥orgé4to
produce a first nodul ated signal, a fsirst group of said subcarriers |lying
in upper and | ower sidebands of a radio channel, and a second group of
sai d subcarriers |mpangforgedyciag intermodulation prgducts it #id sedond limitedmeddulatedans f or
means forg.hlym ting the magnitude of the first nodulated signal to 10

produce afirst limted nodul ated signal; means for renoving
i nt er modul ati on pr3fductAradie freguency fransmitter praviding redneed pealf to avempgapowereans f or

denodul atj id ga{em;' InhE fhe HRANRS Lgnal to recover the
constell g%tf}%ﬁtag%llln?s,- 1§Hs%lar’lsefor 6ré§?‘gﬁoﬁ;§?ng the data.synbol vectors on

sai d §i r sweaph for seasylating p phmality pf subarriery with atpurplity\of detazsymboli yestersvtegni t ude
f i n- . : ' ted
or 1n-p &8 $irdd mm&eur@gg %ﬂ?&;@ of s sibdardecds f}?%ﬂé@p&f adishe te

data synbol vectors; neans ing the plura carriers with

t he pr edisisiebandedf airadia chanpelyand asecondreroupef paid snbcyrigrs dinginch eental lbandef si gnal ;
20 means ;J]grmdig,m 'éiig t he magni tude said second nodul ated signal to produce
a second limted nodul ated signal; nmeans for renoving internodul ation
products in said saemsdon means &or limiting thet meagnitndpef the find mpdulatedfsignal to

pr edi;gt ordrddnde & Rt kel YRRl sygial; 0r S on said second group of 25
subcarriers to provide a m ni num magni tude for in-phase and quadrature
conponent s t her eof means fory remaviag imermofwation nredugtssin srid dustdimited gyodyldted, ect or s.
1111111:I5g1éfgll.l L1EEE 1l 1 111 €L Ms This Sheet Has Been Repl aced |

111111121711111 1111111111 :
means for demodulating the first limited modulated signal to recover the
constellation points;
15 means for predistorting the data symbol vectors on said first and second group

of subcarriers to provide a minimum magnitude for in-phase and quadrature components
thereof to produce predistorted data symbol vectdrs;
means for modulating the plurality of carriers with the predistorted data
symbol vectors to produce a second modulated signal;
20 ~ means for limiting the magnitude said second modulated signal to produce a
éecond limited modulated signal;
means for removing intermodulation products in said second limited
modulated signal; and
means for predistorﬁﬁg the data symbol vectors on said second group of
25  subcarriers to provide a minimum magnitude for in-phase and quadrature components thereof
to produce additional predistorted data symbol vectors.
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