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g (57) Abstract: This invention provides a method for reducing peak to average power ratio in a radio frequency signal. The method

v Comprises the steps of modulating 2 plurality of subcarriers with a pluratity of data symbol vectors to produce a first modulated
™~ signal; limiting the magnitude. of the first modulated signal to produce a first limited modulated signal; demodulating the first lm-
ited modulated signal to recover the constellation points; predistorting the data symbol vectors 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 the second modulated signat 1o
produce a second limited modulated signal; and reducing intermodulation products in the second limited modulated signal. Trans-
mitters that perform the method are also included,
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produce a second limted nodul ated signal; and reducing internodul ation
products in the second limted nodul ated signal. Trans- m

performthe nmethod are al so i ncluded. 3 February 2004 WO Oélyﬁﬁar%h{bm
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I nvention relates to electronic signal processing, and nore particularly,
to signal processing directed to reducing peak to average power ratio in
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interferénce environment. One propose | BOC broadcasting system uses a
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time in the future, when IBOC DAB receivers are abundant, broadcasters may elect to
transmit the all-digital format. The goél of FM hybrid IBOC DAB is to provide virtual CD-
_ qualjty stereo digital andio (plus data) while simultaneously transmitting the exisﬁng FM
signal. The goal of FM all-digital IBOC DAB is to proVide virtual CD-quality stereo audio .
20 along with a data channel with capacity of up to about 200 kbps, depending upon a particular
station’s interference environment. _

One proposed FM IBOC broadcasting system uses a plurality of orthogonal
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
interfere with each other. The magnitude of the transmitted signal .in such a system
occasionally has very high peaks. Thus the lincar power amplifiers used in IBOC DAB
transmitters need to operate with large power back-offs so 1ihat 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.
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t he out-of-band power is below the inposed limts. This resulfs’in very
expensive and inefficient anplifiers. Hence, 30 there is a need to reduce
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lying in-a central band of said radio channel; a mting t magni t ude
of t he réduecig instnpditlgibngirghiats insaidmecshddened modulated wigheld nodul at ed si gnal ;
characterized by.the steps of, renoving int dul ati on products .in said
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second limted
bancEn 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
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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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 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
provide a minimum magnitude for in-phase and quadrature components thereof to produce

additional predistorted data symbol vectors.
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BRI EF DESCRI PTI ON OF THE DRAWNGS Figure | is a schematic repre i on of
the frequency allocations and relative power spectral density of the
signal conmponents for a hybrid FMIBOghDAB signal; Figure 2 is a schematic
representation of the frequency allocations and relative power spectral
density of the signal pempeRicRIPPIORDETHEdYRAWINGM | BOC DAB si gnal ;
Figure 3 is a sinplified bloCk diagramof a radio transmtter that may
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invention; Figure 6 is a flow chart of the netho his invention as
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01/ 15402 PCT/ USO 7 h ype of
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limting functi of'8Hre 45 @ gap URIGUPRE GPE RowE HR! | mayrhemplgyessing or
the varhOMshogePafid Renttdnustrated in Figure 8; Figure 10 is a graph of the
results of a simulation of the power spectral densities of a nodul ated
wavef or m pr ocessdigwe 6ds displipnatictrhpresamagioniodthe mredistictoan of the ghtalsymbolser
anplifier he Ilmtl ng function of Figure 7; Figure 11 shows the bit
error raglf‘%él efidgt Y4iPPous scenarios illustrated in 15 20

Flgure 6 is a flow chart of the method of this invention as applied to a hybrid

digital audio broadcasting system;



Figure 10; Figure 12 is a flow.chart of the nethod of this invention as
applied to an all digital audio broadcasting transmtter,; s 28d4is a
graph of -the results of a sinmulation of the power spectral densities of a
nodul at ed wavef orm processed according to the invention, i imting
functi orW%f’”ﬁ"é{lre 4; Figure 14 shows the bit error rat esyéyr%%?%gﬂ#ari ous
scenarios illustrated in Figure 13; Figure 15 is a graph of the results of.
a simulation of the power spectral densities of a nodul ated waveform
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Conmmuni cati ons Comm ssi on channel mask 22. The vertical axis in Figure |
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densities of a modulated waveform processed according to the invention, using the limiting
function of Figure 4; . '
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 thcr Iimiting function of Figure 7; and
| Figure 16 shows the bit error rates for the various scenarios illustrated in
Figure 15. o
25 o _ 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 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



fromthe host FMcenter frequency as illustrated by the upper sideband 18
and the |ower 10 sideband 20" in Figure 1. In the hybrid ot al
DAB power in the OFDM nodul ated sub-carriers in each si d?%%lbg@rg%oli
about -25 dB relative to its host anal og FM power. The DAB signal is
transm tWeP1gAa4%2he OFDM subcarriers |ocated on either sidP@FUINEIW4al og

- spectrum The DAB system i ncludes of 191 carriers above and 191 carriers
bel ow the host FM spectrum Each DAB subcarrier is QPSK nodul ated at a

synbol 4. 5312 5. The in se,and u drature phase pul se
shapes %alrale?F%ot isﬁjalagél ?ygzlﬁgglt %r”@@%%&%&gg aﬁ& sgiebgnd 2handgies t o
suppr estsarishtta&peicumtbntBi with dResmalobF %la?e }ﬁhépﬁlerc%ﬁ-}élré Srel ffarf ﬁﬁ %r‘@l
subcarri er fre %%%Bspam ng of 363 372 Hz. The digital ly nodulafe

por t i orPVYerIReEe ity e Wnited SapsBedertl Gomemugipations GiorahisHte charmpeh

that Wi dhhob® tRR3MHG! 86 i@‘gﬁh‘% gl Jhe spectral
20 placenent and rel at |staHS|1 nal Ia%‘%ﬁrt déan5| ygfcea\:/)égﬁs opgi?)ﬁ%g cg'iga}tal
subs3 carmbeer@.nvtmwaakﬁvsmspdwm dpecir:fjldbmshtyléh&@é@niﬂ'roﬁat illustrated by item

nunber 24, is sh |n Fi qur.e al of Figure 1 has been
repl aced by an o%ﬂ Ii’mﬁ%ﬁijﬁ‘%q’ﬂé"’} 1°Brf88'{5§ma iy %ﬂqyee]é’rﬁnag%orth@g@a} ed to

as the ﬁ&jmeﬁe@hx@éwn GingtipletedS(QOFBI) 28b-chierd 8@ HlBcddnén S8 SRAE Jff GYURREY
. band 28 ﬁ agai n even]ly spaced OFDM sub-carriers are Eoleons in an
a

upper sagpad 8CopYng theyspeptram feasa Abpws 129 kil thiogehahowt 199 kHmaway
al | - di 9&&1?1' tht HoSRENOEerkdr FH B erc 111%9&&(} E)QE*.B u&:{}% s?&e%%q@ g rth'lgur e 1.

In addition, the power spec raI ensity he a
si dhal sidehabd A8 4n Fi sguseet hbfbaﬁlymd shBtdm tiectotal DAB pdraér mIﬂhe)M‘@M rmddmeat&wbr id

I BOC sj fehand ovi.de i tal gn

si gni fi cg’nﬁ%rberg noefar?a dg{’angdvﬁ gou% %Srglhg?lﬁﬂeemt‘ogmﬁ’o%@?o% °r“éqr Hensity
of the BABesiged ialtansflict an ﬁ‘ieg(DBDM Subth@itrs Rafkd HPeifl Qid BAhOInASE
hybrid | BOC m?ﬁg@ This minimzes or elimnates any interference

pr obl erfPet B Hd RyPET dncdipdegof 18i rmigrs 2imeE agdglr%wavmrs delomothiediosy

addi ti a

00 15400 L PRRRRIAK IR sttt gé SK RftdMe o symbf Olral%cé. AR of

t h&S hy bFhiedinqphdes audequadratige phmlm@eshgnalare bt tdnser:l rcesan@t@bgedc(emmps fithet=he
central n_is_ replace veI | subcarrlers
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100kHz and 5 incr SI ng the power by about 10dB. A proposed all digital DAB
system i ncl udes 2 Hiép?d“laFFde%HO% iod dba b ¢ienslotscasubsst of ithe alie

cent er -diEﬁﬁb%@i@%Pﬁﬁf WliFbe rinsthiet MAYLALEH ] IBOC DAB format. The spectral

20  placement and relative signal power density levels of the OFDM digital sub-carriers in a
proposed all-digital FM DAB format illustrated by item numher 24, is shown in Figure 2. The

analog FM signal of F1gure 1 has been replaced by an optlonal additional group of OFDM
sub-carriers, referred tq 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 lsideband 30

25 and a lower sideband 32. The sidebands of the éll-digital format of Figure 2 are wider than
the sidcbands 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 51gnal while providing addl’aonal

capacity for other digital services.
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20 Block 38 is the main block where the peak to average power ratlo reduction is

realized. The modulated output of DAB modulator 36 is passed as an input to this block. The
output of block 38 is the signal to be transmitted with a reduced PAR. To accomplish the
PAR reduction, the modulated signal is limited in amplitude as illustrated by Block 40, then it
is demodulated as in block 42, and the symbol vectors obtained from the demodulator are
25  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
signal are then reduced or eliminated in block 50 prior to passing the signal to a high power

30 amplifier 52 for broadeasting via antenna 54.
Figure 4 is a graph that illustrates the operation of a limiter that rhay 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 thc
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15 constraint, each OFDM symbol vector is in this step forced to lie in a certain region 54, 56,

58 or 60, as depicted in Figure 5, around the constellation peint. In Figure 5, constellation
. points 62, 64, 66 and 68 have an expected in-phase and quadrature magnitude of “A”. Some
" predetermined fraction of “A”, désignated 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 component,
and “b” is the quadrature component, then the outpﬁt (v) is defined as: y = a’ +b’*i, where a’
and b’ are defined as follows:

Ifabs(a) <=F * A

25 ' ifa<g, a=-(F*A)
else, a=F*A
elsea’=a
If abs(b) <=F» A
1fb<0, b'=-(F*A)
30 else, b’=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  magnitude.



35 magni tude. 3 February 2004 WO 01/ 15402 7 PCT/ USO0/ 23184 ‘Next, the
constrai ned synbol vector is nodul ated through the DAB er(:j”l:éHr@é 2864 and
the nodul ated output is passed through the linmiter 48. Limter rg uses a

i m tingwd hghd,on simlar to that of Figure 4,” but havin
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106 ar dhatethentad ctovmamecbsq haveng pridetsiiied WahibRm4nd Oghﬁxaéﬂlh%hageognd n the

etition, limter is not used, but
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signal is limited in limiter 90 having a second threshold K2. |
20 - R Since the limifing operation produces intermodulation products, these are
reduced in the folIowmg steps. The second limited modulated signal on line 92 is passed to a
demodulator in block 94. The demodulated output on line 96 is passed to a clean-up step in
block 98 where the non-data subcarriers are clipped to zero. The resulting signal on line 100
is modulated in block 102 and the third modulated signal on kine 104 is limited in block 106
25 using 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 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 cirve” limit function as described in Figure 4. The limiter is set to a certain threshol& Ks.
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

Hed (?f‘ltpéi FVPAsERIChrBhsis diariter e Taxm1t¢al48pxses:eslsmtmgol ves



10 "Z curve" |imt function as .described in Figure 4. The limter is set to
a certain threshold K5. At any instant in time if the si xceeds
K5 (for a normalized input signal) it is clipped to KB5. %ﬁ%ﬁrﬁ%@gg an "S
curve"” limt function. In this case a scaled error function 3 February 2004
WO 01/ 154621/6306 US00/ 23184 8 110 is used to nodel the HPAcFasookiisstrat ed

in Figure 7). The operating point is set by K. A K5 of 6 dB inplies that
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comsst eﬂieafaxﬁﬁumJ rm wiclipgtd stkafabisSylaRalted/BE 1igé $2@nLkﬂenﬁzzls%6ws Uﬁs fmgeevered
conste points are predl storted in block 138 so that they are

I
const rgl H%? Sithave-8a BIEWEdeihaye dbe WWWWW&gﬁT raigsefor ﬁwpmmamﬁd
quadr afiihep ﬁﬁﬁggﬁ%& fgiscoqlllegﬁdllﬁﬁ%d[ Qve. In addition, unwanted non-data
to Zer

subcarrlers are al.so cli o In this step. DAB nodul ator -140
modul at es the coﬁglmallﬁed asﬁmmmhavdhatoﬁhlsﬂrneqat}mdﬁm rdsaivandetiiod wWiahed

si gnal in%néi&rp?’orlénz 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 limited 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 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 15.2 '
-where data symbols from the central carriers are predistorted and the non-data subcarriers are

clipped to zero. The resniting signal on line 154 is modulated in block 156 and the third
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signal is ill ustrfg%ﬁed lgy’gl? ﬁ{e)apsb%."%ﬁ;el ulgiEsdes ﬂ? itﬁ?ﬁ %&chépget{a,f, = 6,
PAR = @pm?_cgfﬂlquFDMlsj;bbarﬂiers]iﬁﬁﬁsdnplmiig'tail p@cgagmgcﬁt ggnaltusﬁagamP]@BuE )

6. 38+0. 88-, dB, ..Ei gure _Sho e carresponding bit error rates for these

s cg’ﬁar i°§'§,(l u?i’ P’rg %? i%#ﬁ >t E\IA%%”&PQH %o"r '?@OW%%BJGM% of Eigwre 4 in fhePAR

si mul atéduotommemiodand usitly tHétlitHiirng Db 1 |

paranmeters chosen were Kgl:Sd]Il,B, Kr_2:_4 ,eK3:4QB¥wg§d§a&g?§meﬁ¢@mOf-

per f or MEERSIIEES Fhe dnelippsd fégnad is/ilrgratesivey linpd72.r hinediisshows CRSEng and Bi t
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depict tHe distortion infroduc
dB. Figure 16 shows the corresponding bit error rates for these scenarios, using primed

20 numbers for corresponding results.

All simulations were carried out using 512 OFDM symbols. The optimum
parameters 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 invention describes a novel approach for Peak to Average Ratio (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,



25 In the last stage the sanpli-ng frequency can be doubl ed by zero paddi ng
‘the signal in frequency donain. To reduce conplexity of thpelROGyroguci ng
schenme, the last step could be done twice instead of three tines. There
woul d be a performance |oss but the PSDs are still within the Hybrid FM

| BOC Mas¥yo dftisged nvention describes a novel approach for PgakubsAYss age
Ratio (PAR): 30 reduction in OFDM for FM | BOC DAB systens. Sinul ation
results (using Z and S curves for poetver anplifier) for this approach show
that the invention can achieve a PAR down to 4 - 7dB and still be within
the FM FeSHIB. IR/ 8ryenr gqodpeatnal ochupentydiet is achibvel for éwti BABsignahwhishhiene i s

Fobr uar yBGAIRG -G Thrs) AR AR BP AR S et SR oS
spect r ammomlipancy plot is achieved for the DAB signal which is well

- wWthin the FM maslf . Also,. the distortion introduced with this particular
set of values is HEHFYEHOn #za Wﬁﬁ’éiﬂﬁpmfa?é’ést%@wﬁﬂwﬁmt@rgnal along

predi st @ithi dippiy bhRidimaRsH: PAR ghale %ﬁggtte@s%jﬁalh. ﬁn% Eﬂwgedﬁ@tio%is Hh { jge the

[
PAR of the transmitted signal. The PAR reductions in e optimzZe ansm t
si gnal PRitBIZBG EAneRikBiEREhave beopidemagismatbdiwithrsimelstibt sesulthi Waile e preeaent

i ti | L at I [ of it .ef / di ts, . it
choul d BeeHeRPE Tash THUERER Eabl of B HRiated o Bifhibot Fuih e pdariabo
met hod et veymisechangdshmay belenaiet tondle didei¥ed hectBEPRAd 8 stérh GyitHaME BEpLgMhi Ch
I's defiped g_}/ t he foI{)I OWHQV% cl ai TE i.nc] {g‘dl ng 10 egél val ents thereof.” For
exanpl e °The™ fPeft P rtiheh B W ¢hyds [dstged by the loyring tedeimppincdudinon  to
di got al c:?ﬂﬁhl&tbﬂx@%éﬁa%ﬂ dxamplUtheiihved@isn RRY ﬁeeﬂf}gﬁiﬁ% daRRAhE Ak lt?%gﬁ 2 8§A‘er

ar n by eI duf"a ifon. 3

syst ens transmtting dlqlta Informatio mul'ticarrier

I
Februarlp dyal audippbroadagsingaibwbdt ihes more Aganetah capplioatione thu oiher speerkss tfor
aver ag . FH RN rad .equenc ignal, the nethod conprising the
st eps g‘f%ﬁﬁ“g?’?ﬁg‘“gﬁ% uartfgﬂ:b??%{wag‘ﬂ%rcrﬁ%ﬁ%t?@ with a plurality of data
synbol vectors to produce a first nodulated signal; limting the magnitude
of the first nodul ated signal to produce a first Iimted nodul ated signal;
and denodul ating the first Iimted nodul ated signal to recover the data
synbol vectors; characterized by the steps of:




predi storting the data synbol vectors to provide a m ni num magni tude for
in- phase and quadrature conponents thereof to produce predrsdr@ary@dodlat a
synbol vectors; nodul ating the plurality of carriers with the predistorted
data synmbol vectors to produce a seéend nodul ated signal; limting the
magni t ude sai d second nodul ated signal to produce a second limted

nodul f{&ﬁd .Si nal and reducing internodul ati on products in said second
limte AdaG HP%ISQ gnal. 2. The method of claim 1, further characterized
in that said st of | N0l -nmpd ti uet |nsa|dsec
limted nodul at 213 Si g%aiggggpﬁqrs%tgﬁéﬁg ]g%a% h)Oo Vglraggeﬁm%ul aatuionén sai %‘Pgecond
modul ét@@temygngmalx mepnmuud eompsigiagnbe @Iermdﬂ mesdethtiiggnlurality iof Bubhriidte

non- dat. 13 L e 0 zero in said second denpdul ated si gnal ; and
modul é’f‘ tys8 %ﬁ%u‘rﬂﬁ% tQ iPERrace tao it gerddated signa lrmtmlgathed

si gnalpg 1tuE[é1 AT C
limti ngg%sal d%{ﬁ gﬂﬁoﬁg?gthgg@sl 5%1;5 ﬁr@ﬂc%h%%n%t E}rﬁ%&&?&d{&é&@%gﬁé_] s er
char a@@dﬂbﬁnbythc hﬁrsstlapltcﬁ :molbriaed | gnahgtos atadvehithe daedulyabel vet@rgl to
pr odu%gat% tgehl [ ul ated signal; clipping the non-data subcarriers to
zero i'nTSardst C? 8 | at ed si gnal and nodul ating said third

denpdul ated si gflﬂédlﬁt@ 1pQHY B8 By F O RSO UhRNRE SirsiiAkm élaF%ﬂﬁierfo ﬁgd of
claim4, further characterized gyt he step of. limting sard fourt

modul 2haw Fgvadrange P@npmnys thewaf topreductipeedissonedidasa Sy:mhmlmeﬁi;ora‘ ur t her

characterized b dulatin |df rth nal to
produce a fourtﬁm’]éfn‘%t ?%durm Snalcm%eirf 3 tpﬁ% 8‘ﬁedd #a Sgﬁ%ﬁ’g}' Fs to
zero |tm1pﬂmluclei@a¢bt1ﬂlndﬁmmd dagped; signal ; and modul ating said fourth

denodul at ed si gnal to Br oduce a fifth nodul ated 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.
2. The method of claim 1,‘ further characterized in that said step of reducing
intennodulation products in said second limited modlilated signal comprises the steps of:

'demodulating said second modulated signal to produce a second demodulated

signal;

clipping the non-data subcarriers to zero in said second demodulated signai;
and | |

modulating said second demodulated signal to produce a third modulated
signal.

3. The method of claim 2, further characterized by the step of:

. Iinﬁting 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

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.



7. The nethod of claim11, further characterized in that said data synbol
vectors include a plurality of constellation points repregedmtidryeo®f data
synbol's, said constellation points haying an in-phase conponent and a
guadr ature conponent, and said predistorting step conprises the steps of.
scal ing said i n-phase conponent of each constellation point to a magnitude
greater than or i m ned fraction of the expected

al t I st _predeter
magni t ude of th_egi -e‘ﬁﬁfgggoﬁﬁﬁ%ﬁe_ negeharactegized by thristeP 8t ur e conponent of
each constel | ati agnb@iifting Si@ (OB HodRtedWi S €6 gg@%{c}e%fé)%ﬁgﬁdegﬁoﬂuﬁteﬁecond_

a predetermned fraction of the expected nmagnitu adrature
compon¥gmal; 8. The method. of claim 1, further characterized in that said

step of nodul ati .a pluraliity of subcarriers with a plurality of data
synbols to pr Qduglgm" uP%ﬂ'gﬂngPbWersctBr?ﬁF? é‘éém&JQB‘Etgtq%F‘@dBi%Qes‘%'Fﬁ?ft
keyi ngaf@dul ati on. 9. The nethod of claim8, further characterized in that
said plurality of carriers are orthogonal frequency division nultiplexed
carriers. 10. Theodpltiag sefd éowrthmdemofiylatedesignalatcaprastuce e fifth tivdulatdde st ep
of 'i”%iéﬂaﬁ‘g the magnitude of the first nodul ated signal to produce a
first-Trmted nodul ated signal conprises the step of: setting the maxi mum

magni t ude of the7f The tmemedlofit @@ns i1 g TadthdrOcharacRirRdetiar iHan 84l d COAs tsbol
magni tude. 11. The method of claim 1, further characterized in that the
step ofeclqriilpelige th@luraliynet Gerstellationepetpurepresaniativmal dasa myodalse saidf j r st
limted, - S I f: i.n i qum

gt t e ThEoTy BBt S TRk S cordfoneht S % guitae thebdeflE bl Rl

def i nepretigtostimrstpcoidpises e Sepfzadfr uary 2004 13 12. The net hod of claim1,

further characterized in that said nodulated carriers are nornalized. 13.
The nethod of cl %a'lzﬁ‘& S"“Eu'lnfﬁ\é‘?e E‘PFQP%‘&ﬁtnér"? £t CAPKLEANOB HANtstoch mpgnitude

modul agrbiter thaRlo#elhl 8 £ firs PaEREHBTE Mhdtdnfofhy reﬂ!pé:ctté’d aghRlR 'éf%?%-
vectors to produce a first “nodul ated signal conprises t g steps of:
appl yimgsagompanente Fast Fourier Transformto said data synbol vectors;

applying a cycl | chaﬁrr1§ fsr!ué qtugdrs.':lfauirg cgl%tpgnesh)( rg;?gélchvceocnts%4)3|ilsat’zioﬁ'Jl ggtmt to a magnitude
greater than or equal to a second a predetermined fraction of the expected magnitude of the
quadrature component. '
| 8. The method of claim 1, further characterized in that said step of modulating
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 plurality of carriers
are orthogonal frequency division multiplexed carriers.

10. The method of claim 1, further characterized in that the step of limiting the
magnitude of the first modulated signal to produce a first-limited modulated signal comprises
the step of:

~ setting the maximum magnitude of the first modulated signal to a
predetermined constant magnitude.

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

predetermined magnitude defined by a scaled Z curve.



applying a root raised cosine windowto said data symbol vectors. 14. A

met hod for reducing peak to average power ratio in a radi @ FéRaae2004
signal, the nethod conprising the ste of nodulating a plurality of
subcarriers with a plurality of data synmbol vectors to produce a first
nodul ated signal, a first group of said subcarriers |yi Pg i_nduppe[) and

| ower si debands radi o channel, and a second group of sai subcarriers
lying in a cent ri{l ﬁ%dmﬁho%éifdd?@ail@ féﬁhﬁnéh%facéwqdi i thatgpaichaagulgiidt ude
of thecarfibfsste MRAMLELd signal to produce a first |imted nodul ated signal;
characterized by the steps of: renoving internodul ati on products in said
first limted noddl Thedmsibgdabf cldmmidubahémghifeefizedtinl thai tseid mepubfat ed

i ' |l at i ints; predistortj t he dat I
vect or ORHEGEE Y Bhridy oF Rep-Sinedh B bl SEdnie AT Peectbs (resodish s ni mum

magni t pwdeulhed si ap%@&-@pq]e%%gro@ture conponents thereof to produce _
predi storted c?agt%a synbol vectors; nodulating the plurality of carriers with

t he predi st ort edapying sy hnsirsedéast Bowier floapfaduosaal det oyrdbstodetbat ed si gnal .
limting the magni tude said second ul ate i gnal to produce a secon
limted nodul at eappi.‘(laggpyclacewsﬁfcﬁg§qqﬁﬂgﬁam§p§¥% s ucts in said second
limited modul at eghjigpalrootaBileEQhet RIdbivE shid@iatRdgnii FEgbrsyect ors on said
second group of subcarriers to provide a mninmum rmagnitude for in-phase

and quadrature chhpbresiked fargedeting pegk danseagedeiivrdrontid ipreddistfmquentydat a
o0l g8, el TSN Bkof 8 Al s M) 3 SEh AR o
nodul aplechlisy gfidhtacymbiol sestotshed piodpse affirsSmbatlatidl %igRl04 Hkupabp candid
signal sfubgimgigxasl lérinsgiig ?Jgglnér a%idqg\%tlar; siggbceimcslsi gfnz? Ira'clio 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 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
predistorting the data symbol vectors on said second group of subcarriers to
provide a minimum magnitude for in-phase and quadrature Components thereof to produce
additional predistorted data symbol vectors.

15. The method of claim 14, further characterized in that said step of removing

intermodulation products in said second limited modulated signal comprises the steps of: -



14 denodul ating said second nodutated signal to produce a second

denodul ated clipping the non-data subcarriers to zero in sgdf,s696H4
denodul ated signal; nodulating said tﬁfond denodul ated signal to produce a
third nodul ated 16. The nethod of cla 15, further characterized by the
step of: limting said third nodulated signal. 17. The nethod of cl.aim 16,
further characterized by the step of. denodul ating said third nodul at ed
signal to producteraoduiiting @ihersandmagulatedpgnal te produona detcadsishmdniaiedr s t o
zero iﬂg§ﬁ§d third denodul ated signal; and nodulating said third

denodul ated signal to produce a fourth nodul ated 18. The nethod of claim
17, further char diiping thechdnyddtheubdagierdto zedol i daid&ecofdl YefrPuhifitd h;at ed
signal. 19. The nethod of claim 18, further characterized by the step of:
denoduf ing said fourth nodul ated signal to produce a.fourth denodul ated

Si ghal - rodul at | ngCaauR FER focBhd ShchEld BeRALP bR A TERE Bl

nodul a#igekl20. The nethod of claim 14, further characterized in that said
data synmbol veciors include. g plurality of constellation points
representative o#ﬁqa@feé‘l%‘&q@?lg%gigumé"d%?@ﬂeﬂ?"rcbw weisitPLthavi ng an

i n- phase conponelhitRgGtarl ia WM& § onent, and said predistorting step
conprises the steps of: scaling said . Tn-phase conponent of each

constel | ati on polhiThe eesharbefrilaiodts, fgtleatcharat thrizedby thgalp ofo a first a
predeterm ned fr I of the expect nitude of the in- phase
conmponent ; scal i%gﬁdsdg'?aé‘%éu%i'&‘f&ﬁlﬁ‘ﬁ)éﬂ%cﬁﬁi}g%g}ﬁ“agﬁo PEePrce oh dwied (dsmogwatedi nt to

a magreignatte greater than or equal to a second a predeterm ned fraction of

the expected magni tude of the quadrature conponent. 3 February 2004 15 21.
The method of ci%iPRirg4he nef-daiasubspariers te rdre duisaid thitthdesedudated signaf and

modul ating a pl upahiik quACAar 1 iLth.a plurality of_.d as‘ﬁgolsto
produce a nodul at ed" t}sﬁgg%%lﬁ @g%pgélgé@lgﬁécfﬂ%{a '8 %rﬁgg%e ghfq“% k@?ﬁ ed -
modul @igmeh. 22. The nethod of claim 21, further characterized in that said

plurality of carsriers are arthogonal frequency division multiplexed
carriers. 23. T?Fégr' hFE‘f’ ﬁ’(?g‘ogf‘)frﬂt‘%mrﬂ""lﬁ'-}ﬂl@&Fbﬁé?te%ﬁ‘élrt&bﬁlélﬁieﬂéﬂ: in that the

step of |im tingimiting 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 demodulated

signal;

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

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 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 comprises the steps of:
scaling said in-phase component of each constellation point 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.



the ' magnitude of the first nodul ated signal to produce a first limted
nmodul ated signal conprises the step of. setting the maxi miregrasiyizonge of
the first nodul ated signal to a predﬁerm’ ned constant nagnitudée. 24. The
met hod of claim 14, further characterized in that the step of limting the
magni tude of the nodul ated signal to produce a first |imted nodul ated
signal conprises the step of. setting the nmaxi mum magni tude of the first
modul at ed si gnal 4le Hhe predhiist of ralaiod 1Andurithardehagasctinived vy thet swid etpzotur ve.

25. Th 0 ai e 14, further characterized in that said nodulated
carri e%@%ﬂﬁoﬁrﬁgﬁh@e@ Slégm‘ﬁ?emﬁ%? REI alg?( nglﬁtlar'??' polsetg proy e@ﬁﬁ?cg]g?tﬁ i zed

i n thatsignal corsprives Qliadravarbphatd 6fi &eyihp hddulaiof subcarriers with a
plurality of data: S%O' vectors to produce a first nodul ated si gnal

conpri ses the steds 1oe: methpd yaf ridaien21.nipsthere cirragteriendr inethal said splurahiy of sai d

data syghal. : - I yel | X to said data synbol
vect or)sé to Ssézgrlgg)hgg %131;‘5}9 %ﬁ%g?hw&kﬁ}lgﬁ%&grc%ﬁghcy transmtter providing
reduced peak to @3eTagenduioest cluial 14, fufther ¢Haghicterfzee G @Re Yhe btgpaf lintitigg
transmtter con%ri?i ng .means (36) for _nodulating a Fl urality of =
subcar M rRagpityde gF the figst wodyated gnal yaspdusece dirst imited gaodwatgd rsigng]
modul ategehprisdsdRatiep BBans (40) for limting the magnitude of the first
nodul at ed "si gnal t% produce a first limted nodul ated signal; and neans
(42) for denodul atiting thee haxisun | magrétkdaodfll tieedirsti gmadulatéd sigwdves b he
vect.ors; charact zed by: neans (44) for predistorting the

d nb i
dgtg :i’ﬁ%‘%}ewﬁ&Pegtf"&‘WS’wﬁél a mni mum magni tude for in-phase and

quadr at ure conpomnantriie MPHROf 18P | P AuABePERHEIRIH S iR lRe si8Y TPYmiMRSt OF S;
means g46) for nodulating the plurality of carriers with the predistorted

data shymBegnijusdetaditke modplatsd signahtoserodiet aficht limited modyiated signfletomugisps 2004
16 rrea%&%%f_for limting the magni tude said second nodul ated signal to
produce a second |limted nodul ated signal; nmeans (50) for reducing

i nternodul ati on pemwdgctise iMadmiuch Seeahcidei 6f ted fMduhciubdedi gowdl. t@8a A
O e hagnitade ctmeR by a scalod 7 curve, . PEAK 1O average pover
25. The method of claim 14, further characterized in that said modulated
carriers are normalized. |
- 26. The method of claim 14, further characterized in that said step of
modulating a plurality of subcarriers with a plurality of data symbol vectors to produce a first
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 reduccﬁ peak to average power
ratio in a radio frequency signal, the transmitter comprising means (36) for modulating a
plurality of subcarriers with a plurality of data symbol vectors to produce a first modulated
signal; means (40) for limiting the magnitude of the first modulated signal to produce a first
limited modulated signal; 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;



ratio in a radio frequency signal, the transmtter conprising neans (36)
for nmodulating a plurality of subcarriers with a plurali BFebrusiakeosynbol
vectors to produce a first nodul ated1 signal, a first group of said
subcarriers lying in upper and | ower éidebands of a radio channel, and a
second group of said subcarriers lying in a central band of said radio
channel ; and neans (40£ for limting the nagnitude of the first nodul ated
signal to producgeanst {483 tforjlimitiag thepohabeituds siignigconthdnddytatede signahdo

i nter ti i id first [imted nodul ated signal;

char ag}gﬁégfgg%ﬁﬂngg%s%fﬂ@)&?S?gnaférmduI ating the first limted nodul ated
signal to recoveneargo{f®) gl atd@ingd titeinsoduledian Spodddts fiar said eedanionmitsd t he
data synbql vectors on said first and second group of subcarriers to

provi daodplgied signwh magni tude for in-phase and quadrature conponents thereof
to produce predi t gy f.ar |_at.j.ng the
plurality of car%’%g&g\? '? ﬂ"tqtaﬁ’zc%ﬁ ée}lc?fn\ét?&o-r@é?jldag ge'aﬁgédﬁg%alk t@e%@%%g Pt%gd'egr oduce
a secando nocutadiceffequennplsignak ahs tladdnitten comptikihi ngednb €360 hodidatig o
second .nodul at ed signal . to produce a second |imted npdul ated signal;
means % “Y_r%tfrsuge Tngith ﬁt@m@amﬁ@%ﬁwﬁk%mgs i PEsee & desaoilfed e
modul afag) Si ﬁ@@érbuﬁef*smeﬁﬁcaéﬁ%}é 1y inptgﬁ»gi’ %ﬂgweilgidk%d%{? 2 i BRnn¥Ect Or' s
on sai d second group of subcarriers to provide a m ni mum nagni tude for

i n- pheavd ametond ameunt of eaid cupoardens dyingenententtad hand i ceidacdia ¢lomat]; and

predi Sr}lgarnts ?&10)%}' ﬁinit?lygnglglma\l/g%?ttugé 3f the first modulated signal to produce a first limited

modulated signal and for removing intermodulation products in said first limited modulated

signal; characterized by:

means (42) for demodulating the first limited modulated signal to recover
-constellation points: | _

means (44) 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 vectors;

means (46) for modulating the plurality of carriers with the predistorted data
symbol vectors to produce a second modulated signal; |

means (48) for limiting the magnitude said second modulated signal to
produce a second limited modulated signal;

means (50) for removiflg intermodulation products in said second limited
modulated signal; and

- means (44) for predistorting the data symbol vectors on said second group of

subcarriers to provide a minimaum magnitude for in-phase and quadrature components thereof

to produce additional predistorted data symbol vectors.



