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R ‘'signal is simultaneously transmitted within the same spectral mask of an existing FM channel

10 allocation. IBOC promotes economy of spéctrum while enabling broadcasters to supply |
digital quality audio to their present base of listeners.
- The advantages of digital transmission for audio include better signal quality
with less noise and wider dynamic range than with existing FM radio channels. Initially the
_ hybrid format would be adopted allowing the existing fcccivers to continue to receive the
15 analog FM signal while allowing new IBOC receivers to decode the digital signal. Some
time in the ﬁ.‘(ture, when IBOC DAB receivers are abundant, broadcasters may elect to
transmit the all-digital format. The goal of FM hybrid IBOC DAB is to provide virtual CD-
N quality stereo digital audio (plus data) while simultaneously transmitting the exisfing EM
. signal. The goal of FM all-digital IBOC DAB is to provide virtual CD-quality stereo andio -
) 20 along with a data channel with capacity of up to about 200 kbps, depeﬁding upon a particular

station’s interference environment. _ _
One proposed FM IBOC broadcasting system uses a plurality of orthogonai
frequency division multiplexed (OFDM) carriers to transmit a digital signal. An OFDM
'signal consists of the sum of several carriers modulated at different equally spaced -
25 frequencies, which are orthogonal to each other. This ensures that different subcarriers do not
interfer_e with "each other. The magpitude of ‘the transmitted signal .in such a system
occasionally has very high peaks. Thus the linear power amplifiers used in IBOC DAB
transmitters need to-operate with large power back-offs so fhat the out-of-band powcr' 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 DAR signal.
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APPARAT Uizereadito RERIUCE NediRmsted ot syaERabEed@dFRodulating 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; and
reducing intermodulation products in said second limited modulated signal.

In accordance with a second aspect of the invention, there is provided a
method for reducing peak to average power ratio in a radio frequency signal, the method
comprising the steps of modulating a plurality of subcarriers with a plurality of data symbol
vectors to produce a first modulated signal, a first group of said subcarriers lying in upper and
jower sidebands of a radio channel, and a second group of said subcarriers lying in a central
band of said radio channel; and limiting the magnitude of the first modulated signal to

“ produce a first limited modulated signal; characterized by the steps of: removing

iﬁ--u} intermodulation products in said first limited modulated signal; demodulating the first limited

modulated signal to recover constellation points; 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 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; removing intermodulation products in said second limited modulated
signal; and predistorted the data symbol vectors on said second group of subcarriers to
provide a minimum magnitude for in-phase and quadrature components components thereof

to produce additional predistorted data symbol vectors.
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\“) ' 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 symbol vectors to produce a second modulated signal; means for limiting
the magnitude said second modulated signal to produce a second limited modulated signal;
" means for removing intermodulation products in said second limited modulated signal; and
.means for 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.




for reducing peak to average power ratio in a radio frequeRggpgiafiios t he
nmet hod conprising the steps of nodulating a plurality of sub-carriers with
a plurality of data synmbol vectors to produce a first nodul ated signal;
limting the magnitude of the first no2wl ated signal to produce a first

i mted nodul ated signal; and denodulating the first |limted nodul ated

signal to recover the HRIEF PESORIPYRSK OFSTHEIBE AWIEIGSZed by the steps of.
predi storting the data_ _sympol vectors to provide a m ni mum magnitude for

i n- phase and quaddaguie & ischyphemetie tepresanieion of e ficaurnsk allpeations #id islptizat a
synbol : Af i : | ural i f LB RF S }d},]% he .predi storted
dat a syﬁgg%epééég?éﬁ?%ﬂ%@}%ﬂg%;ﬁ eal%o}sfl ?%‘Lhngglfr?g 15]& g %gﬁfs;ﬁag(‘rj]g ; %I%H%li ng the
magni tude sai d sed@fde d9slabehiefatis refiedentation bOth dRqBerkg Gtlochtiohsrhidlative

nodul at ed signal ;. and reducing internodul ati on_ products in said second

|i mi t ed DOBELFRecEd dengifagt the signdl companents igren all-digiteb EM IBGfe AR signale

i nvention, there i i-ded. h of; uct ng rage. wer
ratio in a radio flﬁ q%%ége&sfgn eﬂf&tdt E%Cfr{reqlﬁ%‘gﬂ g%%pﬁagc?r%gah %ﬁfgt\égttg%smg
modul at iineprporpleth@péakyto afersgeymaver irglicredidtionangthed éf the presént dateatiany mbol

vectors to produce_.a first nodulated, signal, a,first group of said .,
subcarriers |yi ngeﬁlg’r‘rﬁﬁp‘éra% il %Wo%?@e%ﬁagllﬁlﬁm}g Hmﬁyg’ﬁé"m?éqxedéﬁd a
second GrORRIRH o RlisinsbiRfmEriers lying in a central band of said radio
channel ; and Iimting the magnitude of the first nodul ated signal to
produce a first | iHigued isrodcicatatid reprgsemtation fvd thecpredistoettbniof thédats tsppbolsf .
renpvingﬁai &ﬁﬁg%gulat%on_products insaid first limted nodul ated signal;
gg?ﬁdul |R@: TP MM m ted nodul ated signal to recover constellation

poi nts; predi stor tRigge 618 adRMACIEHEOme WRERH & AR inveation bé hflicand a3588ad
group of subcarriers to provide a m ninmum nmagnitude for in-phase and

quadr at wigitad evgio heendsasting pstfmit o produce predi storted data symbol vectors;
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second nodul ated signal to produce a second limted nodul ated signal
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subcarriers to provide a mnimum nagni tude for in-phase and quadrature
conponents conponents thereof to produce additional predistorted data
synbol vectors. 3 February 2004 2a In accordance with a third aspect of the
invention, there is provided a radio frequency transmtter providing
reduced peak to average power ratio in a radio frequency signal, the
transmtter conprising nmeans for nodulating a plurality of subcarriers with
a plurality of data synbol vectors to produce a first nodul ated si gnal
means for limting the nagnitude of the first nodul ated signal to produce
a first limted nodul ated signal; and neans for denodul ating the first
liyn ted nodul ated signal to recover the data synbol vectors; characterized
by nmeans for predistorting the data synbol vectors to provide a m ni mum
magni tude for in-phase and quadrature conponents thereof to produce

predi storted data synbol vectors; nmeans for nodulating the plurality of
carriers with the predistorted data synbol vectors to produce a second
modul ated signal; nmeans for limting the magnitude said
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reduction nmethod_of the present invention; Figure 4 is a graph illustration
one type fiygrction af Fighg 4 hat may be enployed in the nmethod of this invention;
Figure 5 is-a .scheﬂmhi c i edi r&Lon- of-ntt

synbols as- applied™n tlé'&ﬂl&ﬁ(\%gtﬁ% ?’?)tn%%be%gg%wiesgéﬁ#ow C é)rgtluo %Fa?nﬂlgﬁ?

met hod offiguke E3;i nvention as applied to a hybrid digital audi o broadcasting

systzeom 3 Fe_br uar yF12g?19e41 18 OallgéLa%ﬁoo éC-I;/esU tgoé ,g ]égéulat?on of the power spectral

densities of a _mbdulated 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. _ .
25 DESCRIPTION OF THE PREFERRED EMBODIMENTS

‘ Referring to the drawings, Figure 1 is a schematic representation of the
frequency allocations (spectral placement) and relative power spectral density of the signal
components for a hybrid FM IBOC DAB signal 10 in accordance with the present invention.
The hybrid format includes the conventional FM stereo analog signal 12 having a power

30 - spectral density represented by the triangular shape 14 positioned in a central frequency band,
16 portion of the chammel. 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-cartiers are positioned on
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enpl oyed in the nethod of this i nventi on; Figure 8 is a graph of the
results of ~a simulation of the power spectral densities of a nodul ated
wavef or m PPBESY2Y according to the invention, using the | PREYSGZBhcti on
of 5 Figure 4; Figure 9 shows the bit error rates for the various

scenari os iIIustrated in Figure 8; Fi éure 10 is a graph of the results of a
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subcarrier frequency spacing of 363.3728 Hz.
The digitally modulated portion of the hybrid signal is a subset of the ali-
digital DAB signal that will be transmitted in the all-digital IBOC DAB format. The spectral
20 placement and relative signal power dens‘i-ty levels of the OFDM digital sub-carriers in a
| proposed all-digital FM DAB format illustrated by item number 24, is shown in Figure 2. The
) : analog FM signal of F1gure 1 has been replaced by an opnonal additional group of OFDM
sub-carriers, referred tq as the extended ali-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 -
srdebands. This prowdes the all-dlgltal 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-dlgltal IBOC si gnal while prowdmg addmonal
'capacuy for other digital services. :




transmtted concurrently with the analog FMsignal. Al of 3FkhgreayLogss are
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Comuni ca (ggfél mri ssi on channel nmask 22.-The vertical axis in Figure 1
shows t he% sé&mer spectral density as opposed to a 5 norRCKE¥I@SHonal
aver age power spectral density characterization. In one proposed nodul ation
- format, a plurality of evenly spaced orthogonal frequency division

mul ti pl exed ( OFDM TisdlRH GRdifal 6k St d_on .eac i de af the host '

" anal og FM si gnal oc.cgré&?énlgal_l ?ﬁozleglgg?c?&r%tfcﬁ?feﬁ%ﬁflgﬁ tting'bEﬂiP?q?erﬁfﬁ Heout
199 kHz #iRfe signabrivhinke preyiusiyMecenitd thef 0eRBHRISHCHOOREZ irkdibis td ﬁgedb‘)%ﬂtl i}ﬁ,,upper
si deband t ro 1 I deband 20- in Figure 1. In the hybri

syst em tﬁéit %gg?l %ﬁéﬁgﬁk}’ofzﬁe‘f 8 %ﬁ%/ﬁ#ﬁoqﬁ‘%elawdebelcmmme itwo aligital

si debandsifisbasds thhuodifbofibm tRPhybRd R R ViR oo og F r. . The
DAB zi gnal is translm"tteI:;Il on.)sﬁe O;U\Mﬁ%%gsrlﬁg?rsmﬁ%‘gg@& agﬂutﬁ@ﬁﬁ%agﬁlde of
the Anal B§eeLpetePawer anebahtdR, & preposed all disitabD A dy st frickidss 26Taseri@ad 191

carri er sinb® t ch. D bcarri.er. i SK nodul at ed
at a synbol .bl?\gitdtg%d%%f.égmgg TC—IZH tﬁ@l@ﬁ@%ﬁ%sﬁé‘g@ﬁﬂﬁqﬁé@% gduptadse
- pul se shbids-phasecandopedratiirs plibse paise shapap iabot r3isd@8dsind tahdid E‘étgs;,ﬁ =
suppress-”tlf@ a§a%céd'glt5| del obes. This pul se shape results in orthogonal
subcarr i;,;; Pequency” SpaePIy assiogobes. Tiseuliegibeps tegultstid irtibgatial
orti on swbcarlier endy S ' K ‘ - gital i gpal
Itohat.ﬂ will be.t rgﬁﬁsum ?i’egg?ﬁéfﬁg’_ﬁgfﬁggﬁg'tge Pg%gaEéAe@ugjogﬁ!&?y PI?HA% %bgg‘fral
20 pPac BRIt ignal shoplddesyediwithip theohlldRigitalFM IBOCahsskof t he OFDM di gi t al

sup=carriers in a D@S = di. gt -M DAB. . format illustrated by item
:ﬁqﬁbrrber 24, is. showfﬁéﬁ?\ggﬁﬁg‘lu%l:%&a%feoaéﬁ%%&ﬁ?@“ﬂﬁﬂ‘ ?qﬂi"‘(j'ﬁﬂt’@nf%ﬁjh% been
rep![ ﬁceoprg,s};zntaﬁn’ptlﬁl?ha_l a;z;:m%iQG dnsB Ig*ﬁgmm?saﬁm??gm sﬁﬁﬁopgéﬁﬂitrﬁ&ls ,3? rlﬁg&;cggd to
as the - .Si gRa , located in the central frequency -
band 28%%%‘5%&:9@@4“%" ce%“g‘tﬁﬂ;“é%g@g%%ﬁﬂmasw@&? cPuieiping sheinformasien fonban

© sitcmbaittd3Thede i | debands of t
| ~gi gi tal e & el €8 afGatdor 30 LIl P Aty otiommM, |

all-gi gitgl f.ormat of Figure are wider than the si

I n dddi tPERIEH aegpomilatehiopredice gelRABysignal GlormdliZetlp ik nebidglatiod includes

signal s ' ' hi gher ..t han that allowed in the hybrid

B 5o QSad sbold titbel? h SRRl Fbuisen bibes oy (BTt feate e

si gni f i QFRMguedwationn decydlid peafiagleng ﬁ&thtah@btﬁﬁfs@d&&ﬁu@@ﬁﬁbw?&%? fi&# to?.ﬁé‘Si ty
PIE 0 e

of the i

: al l.-digital si LS about 30 15 dB below't
hybrid | @ﬁgiggglggﬂo‘g’.‘&fﬁ%?em: ﬁfﬁ)eih%m@mepéshaﬁ@FT iand ¢he wimtomdng
pr obl empmﬁadisaeﬁﬁbdfwﬁ&nbéfoﬂﬁa.@ih'eﬂl?h{dﬁhla'ttﬁoc si gnal while providing
addk{}i onal capacity for other digital services. 3 February.2004 o
PCTAUSOD 23184  TIRA0ck 38 igiths main blasktevhiese thelpegk wniveeadeamiep patiof relifigion Y1 i d

mode wheegiztdeTheanakasted #\@3 ch vigusly occupied the central _
+/ - 100kHz r egi oncatlﬂs T ep? ggtgg{ % Inb?fﬁﬁa& 15 BK‘?&F&%? tpukiorthis block) Bhart ed
SDf ei t hettpyt dEblotk BRds kmveigrel ¢ be aafdneitied Wit 4 WRIELOPAR. TS 'aﬂ&ﬁﬁﬂ%@ &{gt '
aeffer fﬁmehhﬁg)hy rid (glt])de by increasing the bandw dth to about and
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Is demodulated as in block 42, and the symbol vectors obtained from the demodulator are —
predistorted, or constrained, to have a minimum in-phase and quadrature components in block

44. The constrained symbols 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

25

signal are then rgduced or eliminated in block 50 prior to passing the signal to a high power
30 amplifier 52 for broadcasting via antenna 54. '
| Figure 4 is a graph that iltustrates the operation of a limiter that inay 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
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Since the .3 February
predetermined fractlon 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

20 -symbol vector is illustrated as follows.

If the input symbol (x) is: x = a + b*i, where “a” is the in-phase componcnt

N} 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:
: o If abs(a)<=F* A : :
25 - ifa<0, 2’ =-(F*A)
' else, - a’=F*A
elsea’=a

Ifabs(b) <<Fe+ A
, . ifb<0, b =-F*A)
30 else, b’=F*A
_ elseb’ =

- With . this constramt, 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 predetermmead fraction of the expected in-phase and quadrature
35 magmtude. :
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equal to sorreygr edet er m ned fragt ?oﬂ@&?ﬂ?ﬁe expec"?%gpﬂlgﬁmr[)i asnspgm%f and
quadr at JQuadrature components as discussed above, DAB modulator 86 modulates the constrained
symbol vectors to produce a second modulated mgnal on line 88. This second modulated
signal is limited in limiter 90 having a second threshold K2.

20 - A Since the limiting operation produces intermodulation products, these .are
reduced in the followmg steps. The second limited modulated signal on line 92 is passed to a
-?f —} ; | demodulator in block 94. The demodulated output on line 96 is passed to a clean-up step in
o block 98 where the non-data subcarriers are clipped to zero. The resulting sxgnal on line 100
is modulated in block 102 and the third modulated signal on line 104 is limited in block 106
35 usmg another limit threshold (K3). In the preferred embodiment of the invention, the steps in
blocks 94, 98, 102 and 106 are. repeated two times, using threshold value K4 in limiter 106 i 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 {usesa
30 “Z curve” limit function as described in Figure 4. The limiter is set to a cerfain threshold K.
- 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
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constrai ned synbol vector is nodul ated through the DAB nodul at or 46 and t he
nodul at ed out.put is passed through the limter- 48. Limter 48 uses a
limting WOWRAE408n simlar to that of Figure 4, but havi ngPETUSIEZNS d .
val ue of K2. - This ensures that the signal at the output of the limter
48 has a PAR of K2 since the |nput S|3gnal Is normalized. In order to nmake .
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Theresultlngﬁflr nodul.at.ed signal on line 74 is limted in bl ock 76

using a P4l elipping citeria-tThe” sienal divstraged ibyi kns 112 mepresentsutlipping 8 gnal
on line sm gshcﬁé LﬁleSHllsﬁGHQ @h}t;ping%ﬂ?@% ng& s, 'hﬂ§ Oré’ﬁﬂfo& Glipplhe 5403 8¢ he
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are con rmned m-ni rum magni t ude |n phase and
quadr at ﬁ}r,{éé’égﬂ &ﬂn {‘é}¥5{- %%CQJE g@ﬁgesﬁﬁfnﬁ%%élsmg)@rﬁr‘%d B foscormeprndings ¢ he
congt r aresalis. Bmaﬂmprmmmd@cnpmuem@ second modul ated signal on-line

88, This second dul at d- signal is limted in limter 90 having a second
threshol d K2. 20 SteiER 10na & gfaphi showing fhei gimulpted gesnits of jthe pgwpr gpestrakes

.,nt erm  densities of the OFDM subcarriers in a sample digital audio broadcast mgna] using limit value
of. K1 =3; K2, K3 and K4 = 4; and fraction F= 7/8, using the limiter of Figure 4 in the PAR
reduction method and using the limitér of Figﬁre 7 for a high power amplifier in the output of

15 - the transmitter. The unclipped signal is illustrated by line 120. Line 122 shows clipping at
5.17+1.09 sig,., = -8. Figure 11 shows the coxrespondmg bit error rates for these scenarios,
using primed numbers for corresponding results,

Figure 12 is a flow chart that ilhistrates the PAR reduction method éf the-
invention for an all-digital signal. Block 124 shows that the DAB input OFDM symbol

20 vector of subcarrier data is input to DAB modulator 126. The resulting first modulated signal

| -on line 128 is fimited in block 130 using a first threshold K1. This produces a limited first

\) ' modulated signal on line 132 that is subsequently demodulated 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 consirained to have a predetermined
25 minimum magnitude in-phase and quadrature components as discussed aboﬁe. 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 ﬁ)redjstoﬁcd and the nori-data subcarriers are

clipped to zero. The resulting signal on line 154 is modulated in block 156 and the third
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All simulations were carried out using 512 OFDM symbols. The optimum
J -+ parameters chosen were K1m3dB,. K2=44B, K3=44B, _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 scheine the last

step could be done twice instead of three times. There would be a performance loss but the
PSDs are stlll within the Hybrid FM IBOC Mask:

| This mventlon describes a novel approach for Peak to Average Ratlo (PAR)
30 reduction in OFDM for FM IBOC DAB systems. Simulation results (using Z and S curves

for power amplifier) for this approach show that the 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,
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OFDM subcarriers in a sanple digital audio broadcast signal using limt
value of.. Kl = 3; K2, K3 and K4 = 4; and fraction F = 7/8, using the
limter of Figure 4, with various finmal clipping criteria. The unclipped
signal i's |IIustrated by l'ine 164. Line 166 10 shows clipping at 4.5+0.78
dB, line 168 shows clipping at 5.0+0.77 dB, and line 170 shows the results
for clipping at 5.5+0.77 dB. Figure 14 shows the corresponding bit error
rates for these scenarios, using prinmed nunbers for corresponding results.
Figure 15 is a graph showing the sinmulated results of the power spectral
densities of the OFDM subcarriers in a sanple digital audio broadcast
signal” usiing limt value 15 of: KI = 3; K2, K3 and K4 = 4; and fraction F =
7/8, using the limter of Figure 4 in the PAR ‘reduction nmethod and using
the limter of Figure 7 for a high power anplifi'er in the output- of the
transmtter. The unclipped.signal is illustrated by line 172. Line 174
shows cli pping at S|g,,,,, = 6, PAR 6.15+0.95 dB, and line 176 shows

chy pping at sig,l,,"’ 8, PAR =6. 38+0. 88 ‘dB. Figure 16 shows the
correspanding bit error rates for these scenarios, using prlned 20 nunbers
for corresponding results.




Al'l simulations were carried out ' using 512 OFDM synbol s. 3februapl0Gdaim
parameters chosen were K1=3dB, -K2=40, K3=4dB, K4=4dB, F=7/8. The
performance mneasures consi dered were power spectral density (PSD) and Bit
Error Rate (BER). Also, the denodul ated signal points were plotted to
depi ct %@ﬁ di §t.-or§i.gn introduced. 25 In the |ast stage the sanpling
- frequen LR BRed Kbl ed by zero padding the  signal in frequency donain.
To reduce conplexity OA HéddA i be
done tw-ce instead of three 0tai %erg%h'l'ﬁ%ie ep\ﬁﬂﬂ?ﬁe&%epé@?%r Fr%fnoggn Icaggés(ﬂ%ut
the PSIequeney signkl, the meihedtdeepkping tie Fidps ROGndddating Th phirality exfitsubearriers

descri b ovel h Peak to Ay Rat i PAR 0.reducti [
crom 1 oy PRERGABPLGE Sanbsl WeRGF 4p spdicect B TpoSnigd Sanell niipeves f or

pover ampghifuderdf fherfibNinodaRRUCOAEMSB f ; ' ' L a
PR don _"7dB and Still PaEITO ML 0 MR8 1 .g@rk‘lé&é‘.l@@of%ﬁ%h%&
i nt r odudesaodpladingo thet Fir [imétad smodulated sigodle e recovet rtheradata |symbal tvectotsar by

usi ng the =3dB, K2=4dB, K3=4dB, 3 February 2004 -WO 01/15402
PCTI US Bﬁ%ﬁ%%%ﬁ%ﬁfﬁﬁ@?' F=7/8. a very good spectral occupancy plot is

achi eved for the ﬁé&sﬁr@‘l’gﬁﬂhe‘ﬂ!ﬁﬁ%ﬂbﬁ vi&bds WibkdVide 4 i BknitfeSOr inl he
distortion introduced with this particular set of values is "mnimal. This
i nvent i Riies¢ aedqupdsaipmsicamppeentothersob i produed madistbrted data symbed tectirgnal  al ong

-5 with clipping ta. g . f .the .t,ransntted si.gnal..The PAR
reductions in theﬁgg%l?ﬁrégzég 4“?‘3%%gaé?%ﬂlhhﬁ\?é’f%‘;é%tﬂgﬂ‘iﬁg‘ﬁmPE&eWﬁh
si mul attogmodies alsteond\Modudatédhdgmiesent invention has been illustrated in
@ms of its preferred &nbodi ments, it should be understood that various
ehanges may be melfRiting Wi dnegniure saidl peaond anedwated sismel # mRerdice deprsondl ng
from t NemACPRBARhiclRGnbAYFNT I ON which is defined by the follow ng clains,
i ncluding 10 equivalents thereof. For exanple, the invention has been
illustrated in t ereducing intermodplation atddonts ih saidisgiobd lindtedimodvistad sigadli ng, but
it has nore generalappljication.to, of her systens for transmtting digital
i nformation by nﬁt%a’%?ﬁlhga ofS a¥'j1'lﬂﬂt.ﬁer3cl!ﬁéﬂ9Fel§1&F§/ 1 e sqil spppy o1 F%u@P&i med
is: 1. ifitefRbAgaidPprol@ds iR bQsel g0 :
frequency si gnal rp,? he&qnéé?ﬂh%gi %gﬁfgﬁl?ftﬁgﬁioﬁgﬁga&%@%?%n%@ﬁs%&ﬁé afgl urality
of subcarriers vfampdalatingsaidisegoraf madelatedsignal tovprotharesa sexopd demodulatedi r st
nmodul atsgéla?.i gnal; limting the magnitude .of the first nodul ated signal to
produce irst timted nodul ated signal; and .denodul ating the first
limted modul at ecclippgipathe nof-daBCAMRATeRCIF AL 1§ ¥HANecHRE HGhSdulated signal;
characterized by the steps of: predistorting the data synbol vectors to
provi déM8 ni hi nrum nagni tude for in phase and quadr.ature conponents 't her eof

to produce pr ?d' %géﬁlﬁ%gd%é‘ S%ggl'%) ldcl\l/lggtglg{ea;signal to produce a third modulated

signal. _
J | 3. The method of claim 2, further characterized by the step of:
 limiting said third modulated signal. -
4. The method of claim 3, further characterized by 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
A modulating said third demodulated signal to produce a fourth modulated
signal.

5. The method of claim 4, further characterized by the step of:
limiting said fourth modulated signal. |
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modul ating the plurality of carriers with the predistorted 3dabaussy abed

vectors to produce a second nodul atedjsignal; limting the magni tude said
second nodul ated signal to produce a second  limted nodul ated signal; and
reduci ng i nternodul ation products in said second |imted nodul ated signal.

2. The nmethod of ¢l ‘ r .characterized in that said step of
reducing i ntermd%fﬁgtl%%thp??%%@f% 3 ﬂlr@g{@aﬁcimdlby G §eP ﬂt)dul ated signal
conprises the stegdsmofulatitiesmd bt RbdaRI S860ME Rtk 3l RANEI RBRHukRd

produce a iﬁecond denodul ated signal; clipping the non-data-subcarriers- to-
zero i nS&8¥d second denodul at'ed signal; and nodul ating said second

denodul at ed si gnaly; I A third.nmodul ated signal .. 3-The r t hod f |
claim2, further %ﬂg@g&t@ﬂ@ggﬂgf%éaénas(g% Bfom IS?’ﬁint?’Pﬁb dgg]ogu]{gfﬁdrsdgnaﬁ
nodul at ead si gnal .- 4. The method of claim 3, further characterized by the
step of: denodul ating said third nodul ated signal to produce a third
denodul at ed si gnafedulatiag; saf dersth slemedulatedy bignalr foeiproduge & difth modulated
third. geppdul ated signal; and nodulating said third denodul ated signal to
produce a fourth nodul ated signal. 5. The nmethod of claim4, further
characterized by-7h&hstmethod .of dlaifi 11 Hartei chak@wiized TAOMbakAd &itd8hbol3
February 004, ]ﬁf 6. The thgd of claim5, further characterized by the
step of .e%‘aﬁola ude i h Plually phsrRsicliation Beints Epesantative 9f odnie symbplsyseid
denodul edReIsiieN dbints h&vih®RhNg-ghl 7 Calk %ﬁ% LG | yd
fourth denodul at gd Si gnél? andptrlrlo u%??%%hgaalﬁ%%f%aﬁf eér?gnoéq%g e céi%%rcllal to
pr-oduc ePigdistorting stepl admprists shagteps.of7. The -net hod of claim 1, further
characterized in that said data synbol vectors include a plurality of
"eggst'el lation poj Ats™E& e@éﬁ?&? icg,rgpgqenag? &ae@mt@la@aimlntc@rﬁmlaiﬁepn
poi Nt's frewten thadNor uBNASE iR RARERHni Aot IMasH @b kB PiaBERIde &Nl §@! d
predi storting step conprises the steps of. scaling Said I n“phase conponent
of eaChPll?éﬁE?‘BP?f?ﬁlﬁon point to a magnitude greater than or equal to a
];L);r;gnglr’lteqet erm ngcgﬂi;lé @&ih' Qldl%[‘l]r(ta nggélg)c%?to?gac rllllstteﬂgt?on Scf)in% Poea Imrill-gni%.l%se

~ greater than or equal to a second a predetennih'ed fraction of the expected magnitude of the

o quadrature component.

, 8. The method of claim 1, further characterized in that said step of modulaﬁng
a plurality of subcarriers with a plurality of data symbols to produce a modulated signal
comprises quadrature phase shift keying modulation.
9. The method of claim 8, further characterized in that said pluraiity of carriers
are orthogonal frequency division multiplexed carriess.

\) | , ' 10. The method of claim 1, further cha:factcrized in that the step of limiting the
magﬁmde of the first modulated signal to produce a first-limited modulated signal comprises -
the step of: ‘ | '

7 ' set-ﬁng the maximum magnitude of the first 'modulafed’ signal to a

‘predetermined cbnstant mégnitude.
| -11. The method of claim 1, further characterized in that 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
predetennined magnitude cfcﬁned by a scaled Z curve.




scal ing sai d quadrature conponent of each constellation point to a

magni tude greater than or equal to a second a predeter m netiF¢bruaryiZ9f4of

t he expected magni tude of the quadrature conponent. 8. The nmethod of claim
1, further characterized in that said step of nodulating a plurality of
subcarriers with a plurality of datal®synbols to produce a npdul ated si gnal

conprises quadrature phase shift keyingd dul ation. 9. The nethod of claim
8, further characterize qxﬁeqhﬂgpfg%qugg@m F%’dé?epcﬁr‘?‘?fg’?@ngeﬁ%mf?i%%onal
frequenGyib@hitiesd MRtk flinRligX 86l daRY $nfot vedlrs T @romicbadin Bodilsed sidral t her

characterized in that the step of I'imting the magnitude of the first
nodul at é’ﬁ@ﬂg?ﬁetheﬁ@lji)ﬁféduce a first-limted nodul ated signal conprises the

.Step of: setting t !pﬂ i LISt I d _signal to a
pr edet er m ned consagg%gn%%gggtﬁaﬁﬁrﬁfem%ﬁ%%@ Sba}d gﬁ%?ﬁﬁcﬁv E{ro er .
charsacterized in tapplyisgdhecwiliepreiix toisaididatagyhite! vedi@@niridude of the nodul at ed
- signal to produce a first |im.ted nodul ated signal conprises the step of:

‘setting' the maxi RRRIMREMHICLERSGCospe windogt tosaif fats Sankal yrelersi o a

predet erm ned magnigt udey dgks Y, I cyy f Yin2 ]

13. The nethod of claiml1, %Eg?%?nreggﬁ?x?ﬁg%%gf Hrréé.guel toﬁﬁg Igﬁg)llﬁr g%figf’gof :
sub- car flcguencyisignak thy method compfisingthe stopabfl vectors to produce a first

nmodul at i I ri teps . Qf a j Fas rier |
Transt ofRonisREg PSR of SEbAGeR BE » PR ¥ s WmbSL FHS R o 2
datia sy filomodabital dpndnsfifgp grotpnd saidrsabéarfiérs $gg G0 appe antl Melosy sidebaadstofdat a
synbol vec nmet hod for reducing peak to average power tig in a

{ﬁj‘ o P 5% éyl%giagﬁ% secol2op 196 gaid SHPGATESTH Jying dn &8P alchanwéa?' tedg a

phural i tyen@by sub-carriers with a plurality of data symbol vectors to
produce a 10 first ‘modul ated signal, a first group of said subcarriers
|l ying in upper antmitngthesnagpiiadelof Bk first madiilated Istgmabto, pradutesa St dimdtegr oup

of said rriers lying in a central band of said radio channel; 15
Iinitinﬁéﬁﬁ%&ﬂﬁgﬁpﬁude of the first nodul ated signal to produce a first

linsted nodul at ebntiviiBiniermeaBidiitWpiodt@s Fgid Afst Ghied adidulated sigsadj d first
limted nodul ated signal; denpdulating the first Iimted nodul ated signal

to recover const efitEeEHAHNg thet st Hmitgd Jreshated sighal ¥ates0sy mbolcopdeiiasios on
sai d fif;éi_hts?”d second group of

predistorting fhe 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 removing intermodulation products in said second limited modulated signal; -
and .

predistorting the data symbol vectors on said second group of subcarriers fo
provide a minimum magnitude for in-phase and quadrature components thereof to produce
additional predistorted data symbol vectors.
30 15. The method of claim 14, wherein 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;




subcarriers to provide a m ni mum nmagni tude for in-phase an® Fgbaubra2004
conmponent.s thereof .20 to produce pregjstorted data synbol vectors; .25 30
nodul ating the pl urallty of carriers wth the predistorted data synbol
vectors to produce a second nodul ated signal; linmting the magnitude said
second nodul at ed duce a se m t ed, nodul at ed si gnal
renovi ng inter mdat‘%[g&%‘ Eetcgn‘fl ﬁ“%dzgf ‘gé‘gﬁﬂdo Produced sméﬂatreguletegnm
and pesedalstorting the data symbol vectors on said second group of
subcarriers to provide a mni mum nmagnitude for in-phase and quadrature
corrponent s ther ethi’Rjn&ﬂWdE@edataddemralto erdinsgadd sednd demodylated|sigratt or s.
15. The thod of claim 14, wherein said step of renoving internodulation
products in said second |inited nodul ated si gnaI conprises the steps of:
demodul at| ng sai dnadohtdg aiukabfd EhtiRlattd s ?@ugggomﬁddm@g{eﬁt ed
signal; 3 February 2004 signal; signal. signal’ 5|g al . signal st gnal .
14 dendi@bitlat i ng said second- rrodul ated si gnal to produce . a second

denodul ated cl i pp} t.h¢ rriers to rQ in id second
derodul at ed si-gna??'nﬂ]rfr:olggtf]&?gf B F%Lfgés rﬁ!i'%t?ﬁ'dﬁ‘%&gﬁ Eﬁp al to produce a -
third modul ated 1Emiffigesaihirddnedulabdsiphd5, further characterized by the -

step of: limtin id third nodul ated signal, |IT The nethod of claim 16,
“further character ?ZZ@'CH?@@%O’CS@@}P b5, fuﬁbmgmmeﬁﬁgi bathd steploify d nodul at ed

signal to produceg@anbdiis t the non- data subcarri gLs to
zero in said third demdt&ggtgﬁ%q}s#rgnng&uql‘te J?am) GS%EIHI‘f ‘fﬂadul
denodul sigeal; si gnal to produce a fourth rrodul ated 18. The nethod of claim

- &%, further charaé%erlz ¥ t he limting said fourth nodul ated
sifgnal . 19. The nEIHTYE Sty CartletStt%erOdnaﬁléélmet foreerulpjed signaliand of

demodul ating sai dmbﬂb!raﬁﬁg RV defb@Naed ! Qe CBUSfdRd §Ufohiin ARERAH .t €9

signal.

18. The method of claim 17, further characterized by the step of:

limiting said fourth modulated signal.

19. The method of claim 18, further characterized by the step of: \
| . demodulating said fourth modulated signal to produce a fourth de‘n_lodulated
signal; |

clipping the non-data subcarriers to zero in said fourth demodulated signal;
and :

L modulating said fourth demodulated signal to produce a fifth modulated
) signal. |

20. The method of claim 14, further characterized in that said data symbol

vectors inelude 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 comprises the steps of:

scaling said m-phase component of each constellation pomt to a magnitude
greater than or equal to a first a predetermined fraction of the expected magnitude of the in-
phase component;

scaling said quadrature component of each constellation point to a magnitude

greater than or equal to a second a predetermined fraction of the expected magnitude of the
quadrature component.




clipping the non-data subcarriers to zero in said fourth denmsbaizay 2004
signal; nodulating said fourth dem)dullgt ed signal to produce a fifth
nodul ated 20. The nethod of claim 14, "further characterized in that said
data synbol vectors include a plurality of constellation points.
representative of data synbols, said constellation points having an

- in-phase conponentZlantheamathast of eine ddpdwaber, chanrterized isr 8wt Seaisk stergokt ep
~conpris ; l.J id in- S t g

conet ei I'apP e ERRrty of (kg0 o oG 37 HEA B RRER 1 ProdRE R modufareg
predet ersigmut dofiprdset ioadratird prasestpfikegidlg Ma@ltidde of the in phase conponent;
scal ing said quadrature conponent of each constellation point to

a
magni tude gr eat er?4 Hd% Bethad | cliis 31 Budey charpetedzadeimihab saif rplemlitnobt

t he e‘xpe&gﬁ- it L At he t 3 February 2004 15 21.
The net ho %?Q%%hhg%%l ﬂ%ﬂé‘%ﬁ% Fﬂ}gﬁglﬁg@#«fﬁ?x%g%@hat, said step of ‘
modul ating a pl ur &3. (The ofietbatbohiclaing 18, firthbr ehapdoicridettii thadt thiadtap of fihmddigg t 0
produce @ nodul, aa?]ed rSF'EgR,aI conpri ses quadrature phase_shift ke%i ng .

modul at i Bf. D2Su0ee, of tag Hist Bedelidnsignal toprodice & Hustalimited Apedylsed igmak aj d
plurali tdbﬂ%iris@@fhéis%é% are orthogonal frequency division nultiplexed
carriers. Z23. The tﬁod of claim 14, further characterized in that the
step of -limting setting' theagmatinden omagdimdei ot theo dirktatrectuddtephadignad pr oduce
a first |i 'tedlaeglodul ated si.gnal conprises the step of: setting the

maxi num FPRYE CogptantiRagude- pdul ated signal to a predeterm ned -
constant magni t udey, Fhe midiGod'Bt H1akn 2f, ﬁkﬁbmrﬂafactéﬁ%ephﬁmﬁmﬁé %S‘IS B LiffiGnd N

thgt the step of linmting the magnitude of the nodulated sig to produce
af i r st the magaigudesduhemedukategrrignal enprodeessa fitsh dingtedpmodulated signalocomipgises

maxi rrumc}qg%g%toﬁde of the first mpbdul ated signal to a predetermn ned

magni tude defined by a scaled Z curve. 25. The nethod of claim 14, further

characterized in tsefiingSahel mBtdlum Cthagfifiidei 8f Sthar Firftoddvlaed . sigkal 1hea

met hod of c¢laim 14, further characterized in that said step of nodul ating
a pl ur al FreSEigmingdynagnitade defjpedibyn sspledad ¢urye.of data synbol vectors to '
produce a Tirst —mdual adudhonabiaGomal 3o BerdlahBa S naP Rl AbMed
i nverse Fast Fourier ‘Transtformto sai ata synpol vectors; and applying a
cyclic prasaiérs atemosablicedat a synbol vectors to said data synbols. 27. A radio
frequency transm tS%tﬁg:%pr ovi ding . reduced peak to average power ratio in a

radio frequency ;. stgndl®, method Pﬁr@ﬁm tléy .fl%’élf*ﬁﬁr P}Sﬂf%@e%&n@ _([_%) sajdy step of
modul at i xﬂgdlﬁatir%'udéﬁelﬁ{aa'lip’ opsfubééfggfy\“ﬂ? b Srofhife] oft alth Wy AlbbE VecRirs d8pRdseE Phkst

vectors to pro irst no ated
modulated signal comprises the steps of:

" 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. A radio frequency transmitter providing reduced peak to average power
ratio in a radio frequency signal, the transmitter cdmpris-ing means (36) for modulating a
plurality of subcarrers with a plﬁraiity of data symbol vectors to produce a first modulated
signal; means (40) for limiting the magnitude of the first modulated signal td produce a first '
limited modulated si gnal; and means (42) for demodulating the first limited modulated signal

" to recover the data symbol vectors; characterized by:

means (44) 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 (46) for modulating the plurality of carriers with the predistorted data

symbol vectors to produce a second modulated signal;




signal; neans (40) for limting the nmagnitude of the first ul at i gnal
to produce a first Ilimited nodul ated signal; and means (4 %zﬂ,lary‘%oi
denodul ating the first limted nodul ated signal to recover the data synbol
vectors; characterized. by: means (44) for predistorting the data synbol
vectors to provide a m ninmum nagni tdde for i n-phase and quadrature
conponents thereof to produyce predistqorted data .:.s al v rs. (46)
for nodul ating thg‘%&éIr?cﬁﬂ‘;"@fm%gp?é@?tkowr?ﬁuﬁlg %Jrrgés 2 %r‘%@ga géotr&gﬁ%?y nbol
vect or sgiggaipr oduce a second. nodulated signal -; 3 February 2004 16 means for

reduci ng i nternodul ati on products in said second |imted nodul ated signal.
28. A radio frequdbcy #rBRANUERSHI IS Prowding SelusehReakdoATEREGROWdwner
ratio ipn.a.radj | G anshiE: i.L.ter conprising: 5 nmeans for
nmodul atlllgirtllé ‘Q%M?ﬁeﬁ%ﬁg@@s‘%’a- carriers r\t?\nﬁﬁlﬁﬁg?ﬂ% urality of data synbol
_vector smegns foranathdatingf a phiralitp il sabedrzigwith 2 plufality of gataugyndfol saftdrs to

subcarriers lyjng in. upper d Lower sidebands. of tadi o channel.. and a
second Bods biraanetutiBl Sienpl ARy Einyp il BB E Bt SPReh e )
channel g; 48RS of PfadiEaBnéiOhnd 4 Sacohd grdup & fBEE Rubdatieerd fyihd i 4 bétital badirat ed
signal to 10 produce a first lim.ted nodul ated signal; means for renoving

i nt er mowid wadioehapnelducts in said first linited modul ated signal; neans for
denodul ating the {n‘eﬁx?st folr'nggahg‘%om%hﬁﬁg d—ﬁéggxﬂﬁhe bP HELHRY HodutRAS bighdiabi on
or, predi g e I d

poi nts; 15 neans stortin ata synbol- vectors on said first
ando s egirodudgy DRt limited modalatddesignal;o provi de a mi ni num magni t ude for

‘i n-phase and quadrature conpanents thereof t roduc redi stort ta
‘.1;_S'A§Tb0| vectors; nPsHE f?’BFe Wé?tﬁ%mﬂ ‘OBIHE?(SPF‘%V %f‘FggﬁIﬁ}%ﬁ%fWoﬁﬂa e
predi st d data synbol vectors to produce a second nodul ated signal; 20
means for [imting the magnitude said second nodul ated signal to produce a

second |imted nouetnst fu atingetha sfimsb limitedovipAglatedt EEpH di® BRCPHH
products in,sai d second limted nodulated signal; and nmeans for
predi stEPPHEIPHE ™ a synbol vectors on said second group of 25
suhsarriers to pravimdoppridistoning theghid sytisbol eectin-oprsakkfiahandjserdnd gionp
Corrponeor%t ssul-)tcgr%regozo prto?ri(i%rg %%gnl?gxdglén?&%le ' %cyp aEsg rén%dqga%%wggjrgﬁon\éﬁtg tors.
thereof to p-roduce-predistorted data symbol vectors; _ |
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 isigna‘l to produce a
_ second limited modulated signal; _ | |
- _means for removing intermodulation ﬁroducts in said second limifed
- modulated signal; and '
means for prcdistorﬁng the data symbo-l vectors on said second group of
. 25 subcarriers to providé a minimum magnitude for in-phase and quadrature components thereof

to produce additional predistorted data symbol vectors.






